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Abstract 

The Pterosauria is an enigmatic group of volant reptiles from the Mesozoic. Despite 

demonstrating conspicuous apomorphic conditions, including an enlarged humeral 

deltopectoral crest, elongate wing spar comprising the fourth manual digit, and unique skull 

bone configurations, their cladogenesis is uncertain. While the ingroup monophyly of 

Pterosauria is clear, their interrelationships are contentious.  

The earliest studies of pterosaur phylogeny were concerned with phenotypic groups. The 

earliest cladistic analyses of pterosaurs in the late 20th Century were simple and were 

superseded by more comprehensive analyses in the early 21st Century. These analyses are 

comparable at the genus, family, and suborder level, but the ranks between these are 

incongruent between authors, leading to nomenclatural disputes. 

This study aims to understand the differences that exist between the competing phylogenetic 

hypotheses, why they exist, and to establish a more robust phylogenetic hypothesis. An 

extensive review of pterosaur phylogeny, cladistic character coding, and data transformation is 

performed. A distinct cladistic analysis is developed independently of the literature, providing 

a reference tree for a meta-analysis of topological congruence. Furthermore, this distinct 

analysis is supplemented with published characters to produce a comprehensive analysis 

which is a robust hypothesis of pterosaur phylogeny. Taxonomic actions are taken on the 

wastebasket taxon Pterodactylus and the paraphyletic genus Germanodactylus, to improve the 

taxonomic content of the analyses. 

The results demonstrate that analyses sharing characters produce trees with greater levels of 

congruence. Although this may be due to the introduction of biases, it is far more likely that 

the improvement seen in the comprehensive tree at least, is due to improving the phyletic 

content, sampling of anatomy, and reducing the negative effects of homoplasy. This is 

supported by the comprehensive tree’s congruence to the stratigraphic record. The 

comprehensive tree agrees with the common clades of other studies, but some families are 

found in unique positions, most notably the Anurognathidae.  
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1. Introduction 

 “Nothing is more dangerous than a dogmatic worldview - nothing more 
constraining, more blinding to innovation, more destructive of openness to 

novelty.” S.J. Gould, 1995: 96 

1.1. Preface 

Pterosaurs, the flying reptiles of the Mesozoic are a group whose palaeobiology and evolution 

has only recently come under intense scrutiny (Unwin 2005). Since their discovery in 1784 (Fig. 

1.1.1.) and the pioneering work of Cuvier (1801, 1809), Sömmerring (1812), Meyer (1860), 

Wagner (1837), Owen (1857), Seeley (1870, 1901) and many others, the group has been of 

scientific and popular interest (Martill 2010). As well as interest in pterosaur palaeoecology 

and anatomy, most early studies were concerned with alpha taxonomy and it is only recently 

that the “first and arguably most important milestone in pterosaur research – a basic 

understanding of what these animals were and how they worked” (Unwin 2005 p.269) was 

reached.  

 

Figure 1.1.1. The holotype specimen of Pterodactylus antiquus BSP AS I 739, first described by Collini (1784). 
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Since the 1970’s there has been a pterosaur research renaissance and a more explosive 

“revolution” (Hone 2012) in the last ten years. Simultaneously, there has been a revolution in 

phylogenetics, with the introduction of computed cladistic analyses (see 1.4.). Consequently, 

the late 1980s and 1990s saw several pterosaur based cladistic analyses presented at 

conferences (Unwin 1992, 1995; Viscardi et al. 1999), within papers (Howse 1986; Bennett 

1989, 1994) and a Ph.D. thesis (Kellner 1996). Subsequently, two comprehensive analyses were 

published synchronously in 2003 (Kellner 2003a; Unwin 2003a). These phylogenetic models 

were the most robust available for the Pterosauria at their time of publication, each with their 

subtle differences in topology and therefore nomenclature. There has been little attempt to 

resolve these differences, or even to understand why they exist considering the similarities in 

data and the software packages used to analyse the data. More recently, the Kellner and 

Unwin analyses character lists have been modified and even combined by various authors (e.g. 

Lü et al. 2009; Wang et al. 2009), undertaking new phylogenetic analyses. Although 

congruence has improved there are still nomenclatural disputes between the two major 

phylogenetic bauplans. More recently, Andres and Ji (2008) and Andres et al. (2010)have 

published yet another distinct phylogenetic model, with matrices compiled from the character 

lists of previous analyses and supplementing them with new characters. These two analyses 

were approached differently, by running an analysis for the paraphyletic 

“Rhamphorhynchoidea” (Andres et al. 2010) and a separate one for the Pterodactyloidea 

(Andres and Ji 2008). However, these analyses were not meant to resolve any topological 

disputes. In fact, the  resulting supertree (Andres and Ji 2008; Andres et al. 2010) is also 

topologically incongruent with the cladograms of Kellner (2003a) and Unwin (2003a) (see 

2.2.8., 2.2.9., 2.2.18., and 2.2.25.). Subsequently, Andres et al. (Andres and Myers 2012; 

Andres et al. 2014) published a ‘supermatrix’( 265 characters and 111 OTUs [operational 

taxonomic units]) that supports many of the unique relationships observed in the Andres and Ji 

(2008) and Andres et al. (2010) phylogenetic models. Currently, it is unclear which 

phylogenetic model has the greatest fidelity and what the source of incongruence between the 

different authors’ trees is. 

1.2. Aims and objectives 

The aim of the analysis presented in this thesis is to establish a robust phylogenetic hypothesis 

for the Pterosauria using cladistic methods. An important objective is to identify and 

understand significant incongruences between published phylogenies that used similar 

primary data sets. For this purpose an exercise in building a phylogeny from ‘scratch’ is 
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undertaken, to produce an independently generated phylogenetic model (distinct 

analysis/cladogram) using the same fossil materials only. New character generation is based 

entirely on personal observations about the anatomy of pterosaurs – rather than simply 

selecting characters from previous analyses, editing them and supplementing the analysis with 

new characters. Additionally, the processing of morphometric data is left almost entirely to the 

computer program TNT (Goloboff et al.  2008a), avoiding arbitrary numerical partitions (see 

3.3.2.2.). However, morphometric data will be rescaled and transformed to avoid 

mathematical misrepresentation (see 3.3.3.3.). A “meta-analysis” using various methods to 

compare the topology of the distinct cladogram to published trees aims to provide significant 

support to these trees or sub-trees. Additionally, a comprehensive analysis is performed, using 

a composite matrix comprising characters from the distinct analysis and those available in the 

literature. 

1.3. Pterosaurs 

Two major morphological bauplans have been identified for the Pterosauria: the early long-

tailed, short-skulled “Rhamphorhynchoidea” (non-pterodactyloids); and the later short-tailed, 

long-skulled Pterodactyloidea. Additionally, intermediate non-pterodactyloid 

monofenestratans (Lü et al. 2009; Wang et al. 2009; Tischlinger and Frey 2013) that possess 

long tails and long skulls were discovered recently. The three morphotypes (non-

pterodactyloids, monofenestratan non-pterodactyloids, and pterodactyloids) are well 

constrained temporally (see 1.3.1.) and morphologically (see 1.3.3.), thus they are fundamental 

to our understanding of pterosaur palaeobiology and evolution. 

1.3.1. Temporal range 

The earliest pterosaurs are found in the Norian (Upper Triassic, 228.4–208.5 ma) of Italy (Dalla 

Vecchia 2003a, b) and Greenland (Jenkins et al. 2001), or possibly the Carnian–Norian (237–

208.5 ma) of Brazil (Bonaparte et al. 2010) (Fig. 1.3.1.). Faxinalipterus described by Bonaparte 

et al. (2010) has been regarded as an early South American pterosaur, but the holotype cannot 

be confidently referred to the Pterosauria as it is too fragmentary and lacks pterosaurian 

synapomorphies (Soares et al. 2013). With the exception of Faxinalipterus, Triassic pterosaurs; 

Preondactylus (Wild 1983), Austriadactylus (Dalla Vecchia et al. 2002), Eudimorphodon 

(Zambelli 1973), Carniadactylus (Dalla Vecchia 2009a), Peteinosaurus (Wild 1978), and 

Caviramus (Fröbisch and Fröbisch 2006) exhibit derived pterosaurian morphologies (Dalla 

Vecchia 2014). Thus, the origins of the Pterosauria (see 1.3.2.) are uncertain, but are likely to 

be earlier than the Norian. 
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The last record of non-pterodactyloid pterosaurs  is possibly in the Aptian (Lower Cretaceous) 

Yixian Formation of China in the form of the anurognathid Dendrorhynchoides (Ji et al. 1999). 

The non-pterodactyloid monofenestratans Darwinopterus (Lü et al. 2009) and Wukongopterus 

(Wang et al. 2009) occur in the Middle Jurassic (Bathonian-Oxfordian), preceding the 

pterodactyloids. Pterodactyloids were prevalent from the Upper Jurassic to the Upper 

Cretaceous, diversifying markedly during this period (Prentice et al. 2011). Reports of 

fragmentary material suggest that pterodactyloids may have their origins in the Middle 

Jurassic, but these cannot be confirmed with any certainty. For Example, the earliest reported 

pterodactyloid is the alleged cf. Gnathosaurus (OUM J.01419) from the ‘Stonesfield Slate’ of 

Oxfordshire (Buffetaut and Jeffery 2012). The specimen, OUM J.01419, comprises only a partial 

distal rostrum or mandible (originally figured by Phillips [1871]) which lacks diagnostic 

features, but nevertheless, has a bone texture and teeth more like those of a thalattosuchian 

crocodile (pers. obs.). A fragmentary specimen from the Oxfordian of Normandy was identified 

as an early pterodactyloid wing metacarpal (Buffetaut and Guibert 2001), but it cannot be 

confidently assigned to a particular group. Andres et al. (2014) described a very fragmentary 

pterosaur specimen from the Oxfordian of China which they named Kryptodrakon progenitor. 

In their cladistic analysis Kryptodrakon was found outside of the two major clades 

(Archaeopterodactyloidea and Eupterodactyloidea) that constitute Pterodactyloidea and the 

authors (Andres et al. 2014) concluded that it was the most basal pterodactyloid. However, the 

specimen is so fragmentary it is unlikely to preserve conditions that would include it in the 

apomorphy-based clades Archaeopterodactyloidea or Eupterodactyloidea. Therefore, due to 

taphonomy alone, Kryptodrakon could appear more basal (Sansom et al. 2010). Furthermore, 

the most conspicuous synapomorphy of Pterodactyloidea is the reduction of the fifth pedal 

digit (Lü et al. 2009), which is not preserved in Kryptodrakon. Therefore, Kryptodrakon should 

be considered Monofenestrata incertae sedis. There are many reports of possible 

pterodactyloids from the Kimmeridgian of Western Europe, but due to the incompleteness of 

some of this material it is currently impossible to confirm whether they are non-pterodactyloid 

monofenestratan or pterodactyloid (e.g. Unwin 1988; Buffetaut et al. 1998; Unwin and 

Heinrich 1999; Martill and Etches 2012). However, there are certainly pterodactyloids in the 

Kimmeridgian of Germany in the form of an un-named dsungaripteroid (Fastnacht 2005) and 

an as of yet un-named gallodactylid (Bennett 2010, 2013a). The latest pterosaurs are found in 

the very latest Maastrichtian: “Nyctosaurus” lamegoi  (Price 1953), Brazil; Quetzalcoatlus 

(Lawson 1975), Texas, USA; Phosphatodraco (Suberbiola et al. 2003), Morocco; and 
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Hatzegopteryx (Buffetaut et al. 2002) from Romania are all examples of pterosaurs that 

persisted to the very end of the Mesozoic. 

In summary, the Pterosauria has a temporal range of approximately 162 million years, with 

their origins likely to be during the Middle Triassic. The non-pterodactyloids had a temporal 

range of approximately 115 million years, while the pterodactyloids had a temporal range of 

approximately 100 million years. 

Figure 1.3.1. Pterosaur diversity across their temporal range. Red dots and bars are non-pterodactyloid 

pterosaurs. Blue dots and bars are pterodactyloid pterosaurs. Purple represents the transitional 

monofenestratans and the red/blue mix represents taxa that can’t be confidently placed in Pterodactyloidea. 1) 

Possible pterosaur; 2) earliest known pterosaurs; 3) dimorphodontids; 4) rhamphorhynchines; 5) 
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scaphognathines; 6) anurognathids; 7) non-pterodactyloid monofenestratans; 8) monofenestratans incertae sedis 

(e.g. Normannognathus); 9) gallodactylids; 10) dsungaripteroids; 11) Pterodactylus; 12) ctenochasmatoids; 13) 

istiodactylids; 14) ornithocheirids; 15) nyctosaurs; 16) pteranodontians; 17) Tapejarinae; 18) chaoyangopterids; 

19) thalassodromid; 20) azhdarchids. 

1.3.2. Origins 

The origin of the Pterosauria has been the subject of much debate. In the past pterosaurs have 

been considered mammals (Sömmerring 1812), reptiles (Cuvier 1801) and reptiles related to 

birds (Seeley 1901). The structure of the lower jaw, the presence of both superior and inferior 

temporal fenestrae among other osteoanatomical traits leave modern researchers in no doubt 

that pterosaurs are diapsid reptiles (Owen 1857; Phillips 1871). More specifically, the 

consensus is that they are archosauromorphs, although the placement of the Pterosauria 

within Archosauromorpha is still disputed. Gauthier (1984, 1986), Benton (1985), Sereno and 

Arcucci (1990), Sereno (1991), Juul (1994), Bennett (1996a, 2013b), Peters (2000), Hone and 

Benton (2007, 2008), and Nesbitt (2011) have all tried to resolve the topology of 

Archosauromorpha using cladistic methods. To date, there have been at least five different 

placements of Pterosauria within Archosauromorpha. Notable examples are: pterosaurs as 

ornithodirans (Pterosauria + Dinosauria) (Gauthier 1986; Benton 1990; Sereno and Arcucci 

1990; Sereno 1991; Juul 1994; Hone and Benton 2007, 2008; Nesbitt 2011) (Fig. 1.3.2. A), 

pterosaurs as sister taxa to Prolacertiformes (Peters 2000) (Fig. 1.3.2. B), pterosaurs as non-

archosaurian archosauriforms (Bennett 1996a, 2013b) (Fig. 1.3.2. C) and pterosaurs as basal 

archosauromorphs (Benton 1985) (Fig. 1.3.2. D). 

 

Figure 1.3.2. A schematic dendrogram of Reptilia, with Pterosauria superimposed onto some of the nodes 

hypothesized for their origin. A) Ornithodirans; B) sister taxa to Prolacertiformes; C) non-archosaurian 
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archosauriforms; D) basal archosauromorphs. The dashed lines indicate the uncertain position and the boldness 

of the line indicates how many publications support the hypothesis, with “A” being the strongest. 

The overwhelming majority of analyses recover pterosaurs as being the sister-group to 

Dinosauromorpha, in Ornithodira (Gauthier 1986). The most recent analysis to recover an 

ornithodiran origin for pterosaurs (Nesbitt 2011) boasts 412 characters, 80 species level taxa 

and a consensus based on 360 most parsimonious trees (MPTs). Nesbitt’s (2011) phylogeny is 

relatively robust, however, supporters of non-ornithodiran origins argue that atomization of 

potentially homoplastic characters skew the results (Bennett 2013b). Indeed, six of the twelve 

supporting characters for Ornithodira (Nesbitt 2011) are based on reportedly homoplastic 

hindlimb characters (Bennett 2013b). A seventh character: the absence of osteoderms, could 

also be homoplastic. An eighth character relies on the correct identification of the second 

manual digit, which is arguably either the first or second digit of the pterosaurs’ functional 

manus, depending on the homology of the pteroid. Wild (1978) even suggested that the 

nasoantorbital fenestra was homoplastic, which could place Pterosauria outside of Archosauria 

altogether. 

In summary, Pterosauria’s precise position within Diapsida is uncertain. Their position within 

Ornithodira, sister-group to the Dinosauria is well supported but largely based on 

morphological attributes that have been subject to debate. The highly specialized anatomy of 

pterosaurs makes it difficult to establish homologous states when comparing them to other 

diapsids. Therefore, it is not unreasonable to speculate about their affinities with 

prolacertiforms or other basal diapsids, but currently, none of these hypotheses hold any more 

support than an ornithodiran origin. 

1.3.3. Diversity 

Throughout their ~162 million years of evolutionary history, pterosaurs had a wide distribution 

(see 1.3.4.) and occupied many specialist niches. Within the major groups, non-pterodactyloids 

and pterodactyloids, a wide variety of morphologies can be observed, although the 

Pterodactyloidea occupy the greatest area of morphospace (Prentice et al. 2011). Prentice et 

al. (2011) noted that the maximum level of disparity at any one period of geological time was 

in the Early Cretaceous, however, this might be due to sampling bias. 

Regardless of when pterosaurs were most diverse, the morphological diversity was extreme in 

many cases. In dentition alone, there were pterosaurs with heterodont dentitions including 

multi-cusped teeth (e.g. Caviramus), serrated teeth (e.g. Austriadactylus and Preondactylus) or 
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even simple elongate teeth versus extremely tiny teeth (e.g. Dimorphodon and Pterodaustro) 

(Vidovic 2010). Furthermore, there were pterosaurs with homodont dentitions that exhibited 

very distinct dental distributions. For example, the teeth of Dsungaripterus, where the teeth 

were absent from the jaw tips; and Cycnorhamphus, where the teeth were restricted to an 

extremely anterior portion of the jaws. 

Key events in pterodactyloid evolution allowed them to occupy and specialize into many more 

niches than non-pterodactyloids. The lengthening of the midsection of the wing and the 

change in wing-membrane configuration made pterodactyloids far better terrestrial 

locomotors than their predecessors, allowing them to diversify into many more ecological 

roles. Pterosaurs were no longer restricted to taking prey on the wing, but could instead wade 

into the water to filter-feed (Pterodaustro), tactilely hunt (Gnathosaurus), probe 

(Aerodactylus) and possibly eat shelled organisms (Dsungaripterus). Later pterodactyloids are 

even suggested to have stalked and captured their prey on the ground (Witton and Naish 

2008). Nyctosaurus forsook its terrestrial locomotor capabilities by extremely elongating the 

mid-wing and deleting its digits 1–3, presumably in favour of a life on the wing and on the 

water. 

 

1.3.4. Distribution 

Pterosaurs had a wide distribution through much of the Mesozoic. Even in the Norian the first 

pterosaurs are pan-Tethyan (possibly near global), found as widespread as (see 1.3.1.) Italy, 

Austria (Dalla Vecchia 2003b), Greenland (Jenkins et al. 2001) and possibly Brazil (Bonaparte et 

al. 2010). This trend of wide distribution seemingly continued throughout their evolutionary 

history, although the delicate nature of their bones and a lack of Konservat Lagerstätte bias 

our understanding of their distribution and vicariance. 

1.3.5. Pterosaur phylogeny 

There have been numerous phylogenetic hypotheses for the Pterosauria (see chapter 2). 

Arguably pterosaurs were first placed in a broad systematic framework by Von Meyer (1860) 

and first placed in a phylogenetic framework by Haeckel (1866). The first examples of 

pterosaur specific phylogeny were presented by Young (1964) (see 2.1.3.), Kuhn (1967) (see 

2.1.4.), Wellnhofer (1975, 1978) (see 2.1.5. and 2.1.6.) and Wild (1978) (see 2.1.7.), but none 

used cladistic methods. The first phylogenetic framework developed using cladistic methods 

was that of Howse (1986), but it was not comprehensive or computer generated (see 2.2.1.). 
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The first comprehensive analysis to include representatives of both “rhamphorhynchoidea” 

and Pterodactyloidea was that of Unwin (1992), although this was only published as an 

abstract and no supporting data was presented (see 2.2.3.). A similar phylogeny was once 

again presented by Unwin (1995) and he kindly provided me with his original data matrix (see 

2.2.5.). Later, Kellner (1996) conducted a review of pterosaur phylogenies in his Ph.D. thesis, 

but his results were never published (however, the thesis is available from UMI dissertation 

services). It wasn’t until 2003 that anyone published a comprehensive analysis including 

supporting data when both Unwin (2003a) and Kellner (2003a) published analyses 

synchronously in the same journal volume. There was a degree of incongruence between the 

phylogenies presented by Unwin (2003a) and Kellner (2003a), causing conflict over clade 

names and their definitions. Subsequent analyses (e.g. Lü et al. 2009; Andres et al. 2014) have 

resolved some nomenclatural disputes, but others remain. Here, the analyses of Unwin 

(2003a), Kellner (2003a), Lü et al. (2009), Wang et al. (2009) and Andres et al. (2014) are 

reviewed and treated to a meta-analysis using trees from a distinct and a more comprehensive 

analysis. 

1.4. Classification and phylogeny 

1.4.1. Taxonomy  

Taxonomy is the systematic process of naming and arranging organisms. The word taxonomy 

comes from the Greek taxis, meaning arrangement, and nomia, meaning method. The 

methods by which taxonomy is performed have varied over time. Although there were pre-

Linnaean attempts to categorize (e.g. Aristotle, Theophrastus, Dioscorides, Plinius; Ray 1682, 

1713; Tournefort 1700; see Bartlett 1940) and catalogue organisms, Linnaeus standardized the 

binomial system of classification. Linnaean taxonomy takes a typological approach. In the late 

19th and early 20th Century, it became apparent that typology needed replacing by a more 

inclusive taxonomy, considering populations. “In 1957 Ernst Mayr announced that Charles 

Darwin had replaced typological thinking by population thinking” (Winsor 2004). More 

recently, numerical taxonomy and cladistic analysis have attempted to be more objective and 

inclusive by considering more parts of the organisms. These concepts continue to be improved 

upon and developed as more researchers utilise cladistic analyses in their descriptions of new 

taxa. 

1.4.2. Taxonomic codes 

Stearn’s (1959) review of taxonomy concluded that the value of Linnaeus’ work lay in “(1) the 

orderly clear arrangement of material and  the uniformity of style; (2) the precision of 
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terminology consistent to the knowledge of the time; this involved the introduction of new 

terms and the redefinition of old ones (cf. Stearn, 1955); (3) the use of an international 

language, Latin, and an international binomial nomenclature for species based upon it; (4) its 

worldwide scope”. The binomial and its associated ranks are now regulated by codes decided 

upon by international congress. 

Linnaeus’ standardized system has been adopted and built upon by systematic biologists, both 

in botanical and zoological disciplines. The International Code of Botanical Nomenclature 

(ICBN), now the International Code of Nomenclature for algae, fungi and plants (ICN) was 

established in 1905, it states that all botanical names erected after 1753 -the date of 

publication of Linnaeus’ Species Plantarum- are valid. The International Code for Zoological 

Nomenclature (ICZN) was established later, in 1961, and it states that all zoological names 

erected after 1758 –the date of publication of Linnaeus’ Systema Naturae- are valid. Although 

both codes that we currently adhere to are relatively recent, there were prior attempts to 

install a code of conduct, Strickland’s code (Series of Propositions for Rendering the 

Nomenclature of Zoology Uniform and Permanent [1842]) being the most notable from a 

zoological perspective. 

The rules of the ICZN are being continuously reviewed and updated. A recent amendment 

being in article 8 “what constitutes published work”, in which it is stated that all taxa erected 

in electronically available journals post 2011 are valid. Here on in the 4th edition of the ICZN is 

used and referred to when necessary. 

1.4.3. Numerical taxonomy 

One of the first examples of numerical taxonomy is the methodology employed by Adanson 

(1764) for his Familles de Plantes. Adanson’s (1764) method was to take various parts of each 

taxon, convert character states for these parts into numbers which were then tabulated to 

calculate similarity indices. This method was largely rejected due to the time it would take to 

process such an analysis without the aid of computers. Although in the mid-20th Century the 

method underwent a revival, due to new computational devices that meant similarity or 

dissimilarity indices could be calculated relatively quickly. The method was more data inclusive 

than the subjective classification systems applied by those who were not using the method. 

However, the method was vulnerable to the effects of plesiomorphic states and therefore it 

was superseded by Hennigean cladistics. 
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1.4.4. Phylogeny, phenetics, and cladistics 

The etymology of phylogenetics comes from the Greek phylon, meaning tribe, and genetikos, 

meaning origins. True to its name, phylogenetics is the practice of determining the origins of 

taxa relative to others. There are multiple methods for producing a phylogenetic tree 

(dendrogram), including phenetics and cladistics. The practice of phylogenetic analysis uses a 

large amount of computational power, to either construct a tree based on similarity only 

(phenetics) or to calculate the most parsimonious tree from a set of randomly generated trees 

(cladistics using parsimony), resolving similarity with descent. The process of phylogenetic 

analysis uses a large dataset, most commonly consisting of genetic or morphological data. 

When studying clades it is often necessary to use morphological data, or else ignore the 

evidence presented by fossil organisms. There have been numerous arguments about how 

informative morphological data is, but the arguments against its utility are usually quashed by 

ethics: “Studies that combine the two approaches [molecular and morphological cladistic 

analyses] can thereby maximize both information content and usefulness” (Hillis 1987); “a 

primary effect of ignoring fossils is that some relationships that are substantially less 

parsimonious in the complete analysis become more parsimonious” (Donoghue et al. 1989); 

“Cobbett et al. (2007)... demonstrated, fossils are not a special class of organisms but may 

provide pieces of information that are as relevant as any other taxon; therefore, their 

exclusion from the data analysis seems completely unjustified” (Escapa and Pol 2011). Due to 

the apparent necessity of using fossil data and therefore morphological data, it is essential to 

be careful and selective when choosing characters for an analysis and to be mindful of how the 

data is treated. 

 

Phenetics is one method of studying datasets of phylogenetic data. The methodology of 

phenetics employs similarity indices to construct a dendrogram. Phenetics is intimately linked 

to the science of numerical taxonomy, and like numerical taxonomy, phenetics is vulnerable to 

the effects of homoplasy, struggling to distinguish between symplesiomorphies and 

autapomorphies. In fact, shared character states do not necessarily indicate a close 

relationship – they indicate shared ancestry or homoplasy. 

 

Cladistic analysis has been favoured due to its ability to identify homoplasy and to distinguish 

between plesiomorphies and autapomorphies (Camin and Sokal 1965; Hennig 1966; Farris 

1970; Felsenstein 1983). Cladistic analysis commonly refers to what Hennig (1966) called 

phylogenetic systematics. A modern cladistic analysis works by testing the topology of a tree 
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against a data matrix, searching for the most parsimonious tree. Using parsimony (Camin and 

Sokal 1965) to tree search, every time a topology performs better than the last it is retained 

and the suboptimal topology is discarded, the search continues until the limitations of the 

search are reached (Farris 1970). The search limitations may be the computational power of 

the machine used to run the analysis, or limits may be generated by the operator. Since the 

1990s cladistics has increased in popularity among palaeontologists as computational power 

has increased. For a detailed discussion of tree searching see 3.3.4. 

1.4.5. Summary 

The practice of taxonomy and systematics has developed throughout the history of pterosaur 

research. When the earliest discoveries of pterosaur bones were made their diversity, 

geographical and temporal ranges were underestimated due to a limited dataset. Later fossil 

discoveries coincided with developments in taxonomic thinking and systematics, thus it was 

necessary to readjust concepts of pterosaur diversity, relationships and nomenclature. 

Cladistic methods were initially applied to small scale problems, using small datasets (Howse 

1986; Bennett 1989). Comprehensive analyses came much later and caused nomenclatural 

disputes (Kellner 2003a; Unwin 2003a), rather than clarifying pterosaur systematics using 

more objective and holistic methods. More recent cladistic analyses have had greater 

congruence with each other, but problems remain. Furthermore, it is not clear if the greater 

congruence between modern tree topologies is because of higher fidelity with respect to the 

exact phylogeny, or a product of sharing characters.  

Here, two new cladograms are presented. One is the product of a distinct analysis, which can 

be used to indicate why congruence is increasing among modern, comprehensive phylogenies. 

The other cladogram is the product of the most comprehensive cladistic analysis achievable. 

Both cladograms will be compared to published phylogenies, as part of a meta-analysis of the 

trees and sub-trees that currently comprise our understanding of pterosaur relationships. 
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2. Review of pterosaur 

phylogenies 

“The most parsimonious cladogram, the one least refuted, is only the focus of the 
next round of testing, and so it goes.” A.G. Kluge, 1997: 93 

2.0 A history of pterosaur phylogenies 

2.0.1 Introduction 

The following chapter reports a review and re-analysis of pterosaur phylogenies published over 

the last 150 years. The first section (2.1.) reviews historical phylogenies that were asserted by 

researchers as they begun to grasp the complexity of pterosaurian evolutionary relationships. 

The second section (2.2.) investigates the modern computational models published since the 

advent of cladistics (Hennig 1950; Kluge and Farris 1969; Farris 1970, 1972). Both the 

publications and phylogenies receive a brief discussion. Where it has been possible, the 

original data are re-analysed using modern methods to see if shorter trees can be discovered 

and to check that the correct tree topologies were figured and reported. 

Andres (2010) noted that to discuss all the phylogenies would be exhaustive and is arguably 

unproductive. However, there have been exhaustive reviews of some earlier phylogenies 

(Unwin 2003a; Lü and Ji 2006).Many papers on various topics in pterosaur palaeobiology are 

now accompanied by the latest iteration of a previously published cladistic analysis with 

amendments, additional characters, and new taxa. Clearly, it is not productive to discuss every 

single phylogeny and analysis in the literature, but it is useful to understand how the science 

and concepts have progressed. Therefore, key papers and their phylogenetic models 

subsequent to 2006 have been reviewed in addition to those prior to 2006. This review 

includes studies that show how analyses have ‘evolved’ (e.g. Kellner 1996, 2003a, 2004, Wang 

et al. 2005, 2008a); those that changed our understanding of pterosaur evolution (e.g. Unwin 

1992; Lü et al. 2009); and some alternative phylogenetic bauplans (e.g. Andres and Ji 2008; 

Dalla Vecchia 2009a,b; Andres 2010; Andres et al. 2010).  
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2.1 Historic (asserted) phylogenies 

2.1.1 Haeckel 1866 

Andres (2010) noted that Ernst Haeckel (1834-1919) was first to propose a phylogeny (Fig. 

2.1.1.) for the Pterosauria (Haeckel 1866). Indeed, the phylogenetic tree presented by Haeckel 

(1866) placed Pterosauria within a clade also containing Chelonia and Aves. However, there 

are no pterosaurian relationships inferred, due to only two taxa (Rhamphorhynchus and 

Pterodactylus) being included. Note, at least three taxa must be present to infer a phylogenetic 

relationship. Haeckel (1866) placed Pterodactylus further up the tree than Rhamphorhynchus, 

possibly suggesting that the former was more derived than the latter. The diagram presented 

by Haeckel (1866) certainly demonstrates that researchers were thinking about larger scale 

relationships, but this analysis is now  of historic interest only. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

15 
 

 

Figure 2.1.1. The phylogeny of amniotes proposed by Haeckel (1866). 
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2.1.2 Plieninger 1901 

For the Pterosauria, Plieninger (1901) erected two distinct clades: the Pterodactyloidea and 

Rhamphorhynchoidea. Clearly, Plieninger (1901) understood that pterosaurs were not just a 

small aberrant group of reptiles, but were a much more complicated and diverse group. The 

Pterodactyloidea of Plieninger is a clade of short-tailed, large-headed pterosaurs with a 

confluent nasoantorbital fenestra and reduced 5th pedal digit. This is compared with the 

Rhamphorhynchoidea in which pterosaurs have longer tails, shorter skulls with separate nares 

and antorbital fenestra, and a large, complete 5th pedal digit. Erecting these clades was the 

first step towards recognising more complex evolutionary relationships among pterosaurs. 

However, the “Rhamphorhychoidea” is now known to be a paraphyletic assemblage (Unwin 

1992), which is now more appropriately referred to as the non-pterodactyloids. The non-

pterodactyloid paraphyletic assemblage now includes the transitional monofenestratans, 

Darwinopterus Lü et al. 2009, Wukongopterus Wang et al. 2009 and Changchengopterus Lü 

2009 etc. which possess the large skulls and confluent nasoantorbital fenestrae, but 

maintained the long tail and large 5th pedal digit.  

2.1.3 Young 1964 

Young‘s (1964) sketch of pterosaur evolutionary relationships (Fig. 2.1.2.) was the first 

phylogeny to be proposed solely for the Pterosauria. Young (1964) inferred several 

evolutionary lineages, but he was clearly unsure of their relationships and did not unite many 

of the groups that he had identified. Young (1964) imagined that pterosaurs were descended 

from a group also containing Scleromochlus, placing them in Sclermochiloidea in his phylogeny. 

Young (1964) regarded Dimorphodon as the most basal pterosaur, based on stratigraphic 

evidence (no Triassic pterosaurs were known at the time). From Dimorphodon Young had a 

lineage comprising of Scaphognathus and “Ornithodesmus”, “Ornithodesmus” being the most 

derived. The lineage comprising of Dimorphodon, Scaphognathus and “Ornithodesmus” 

accompanied by Rhamphorhynchus constituted Young’s “Rhamphorhynchoidea”. The sister 

group to the “Rhamphorhynchoidea” is the Pterodactyloidea (after Plieninger 1901) which for 

Young comprises six independent lineages, with the Cretaceous forms in Dsungaripteroidea. 

Young’s (Young 1964) concept of Dsungaripteroidea contained all pterosaurs with a notarium 

(azhdarchoids had not been discovered), but excluded the basal members of his lineages, 

rendering the group polyphyletic. Germanodactylus is basal to Dsungaripterus which is in the 

polyphyletic Dsungaripteroidea, as is Pterodactylus to Ornithocheirus in a second lineage, and 

Anurognathus to “Criorhynchus” in a third. Nyctosaurus and Pteranodon were also in 
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Dsungaripteroidea but were in an exclusively Cretaceous lineage. The remaining two groups 

are made up of Ctenochasma and “Belenochasma” only.  

Young’s (1964) ideas were important, not just for presenting his concepts of pterosaur 

relationships, but more importantly, because it presented an opportunity for other researchers 

to propose alternative hypotheses.  

 

Figure 2.1.2. The phylogenetic hypotheses presented by Young (1964). 

 

2.1.4 Kuhn 1967 

In 1967 Oskar Kuhn gave a detailed account of the higher level clades that had been proposed 

since Plieninger (1901) had erected the “Rhamphorhynchoidea” and Pterodactyloidea (Kuhn 

1967). In abb. 24 fig. d Kuhn (1967) presented a roughly sketched diagram (Fig. 2.1.3.) of the 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

18 
 

Pterosauria, illustrating the family-level relationships. Unwin (2003a) noted that Kuhn’s (1967) 

diagram was similar to that of Young (1964), however, this is not the case. Kuhn (1967) was 

also uncertain of the specific relationships of the families but placed Anurognathidae and an 

independent Criorhynchidae within the “Rhamphorhynchoidea”. Kuhn (1967) also placed the 

Rhamphorhynchidae as the closest family to the Pterodactyloidea, which Young (1964) had not 

done previously, but this view was later corroborated by Wellnhofer (1978). Seemingly Kuhn 

(1967) believed that there was a large distinction between Pterodactylidae + 

Ctenochasmatidae and the groups Dsungaripteroidea, Ornithocheiridae, and 

Ornithodesmidae. He seems to have made note of four major pterodactyloid lineages 

(Pterodactylidae + Ctenochasmatidae, Dsungaripteroidea, Ornithocheiridae, and 

Ornithodesmidae) having uncertain ancestry, placing question marks next to ghost lineages 

and leaving a large gap between the aforementioned two groups (Fig. 2.1.3.). With the 

exception of Ctenochasmatidae having a recent common ancestor with the Pterodactylidae 

Kuhn (1967) makes no other inferences of higher resolution relationships. 

Few implications were made in this diagram and it could be interpreted as a side note, but 

despite this, there were significant alterations to the phylogeny proposed by Young (1964).  

Kuhn’s (1967) ideas were later adapted by Wellnhofer (1978); they formed the basis of the 

early cladistic analyses using Rhamphorhynchus as the outgroup for Pterodactyloidea, and fit 

fairly neatly with some modern views of phylogeny. 

 

Figure 2.1.3. The phylogenetic hypotheses of the Pterosauria proposed by Kuhn (1967). 
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2.1.5 Wellnhofer 1975 

Wellnhofer (1975) presented his opinion of rhamphorhynchoid relationships graphically (Fig. 

2.1.4.) in a similar style to that of Young (1964), considering there to be two ‘major’ 

monophyletic clades constituting “Rhamphorhynchoidea”. One ‘major’ clade contained three 

sub-clades or lineages. One lineage comprises of Dorygnathus, followed by a more derived 

Rhamphorhynchus, while another comprises of Parapsicephalus, followed by Scaphognathus 

and the final clade contains Campylognathoides only. Wellnhofer’s other ‘major’ clade 

contains Dimorphodon, followed by a more derived Anurognathus. 

 
Figure 2.1.4. A phylogenetic hypothesis of “Rhamphorhynchoidea” by Wellnhofer (1975). 

 

2.1.6 Wellnhofer 1978 

Wellnhofer (1978) took his phylogeny of rhamphorhynchoids and added the Pterodactyloidea 

to it, forming his view of the Pterosauria (Fig. 2.1.5.). Wellnhofer’s (1978) new phylogeny 

adapted Young’s (1964) and Kuhn’s (1967) ideas of phylogeny, reflecting Kuhn’s more closely. 

Wellnhofer made no implications on the ancestry of pterosaurs, excluding Scleromochulus 

from his diagram. Similar to Young (1964) and Kuhn (1967), Wellnhofer did not infer many 

evolutionary relationships, which demonstrates the uncertainty that existed at that time. The 
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dashed lines in his diagram (Fig. 2.1.5.) are presumably representative of uncertainty or ghost 

lineages. 

In Wellnhofer’s (1978) analysis, Eudimorphodon is considered the most basal of all pterosaurs, 

based solely on the stratigraphic evidence. Four more lineages or groups were suggested to 

have existed within the “Rhamphorhynchoidea”. Campylognathoides and a lineage comprising 

of Dimorphodon and Anurognathus (Anurognathus being more derived) were closely related to 

Eudimorphodon. Parapsicephalus and Scaphognathus (Scaphognathus being more derived) 

form the second lineage, and the third comprises Dorygnathus and Rhamphorhynchus 

(Rhamphorhynchus being more derived). Pterodactylus is shown to be the most basal 

pterodactyloid, and Wellnhofer considered pterodactyloid origins to be rooted in the 

“Rhamphorhynchoidea”, close to Dorygnathus and Rhamphorhynchus. Wellnhofer had less 

confidence in the relationships within Pterodactyloidea, just two lineages are presented: a 

group comprising a basal Germanodactylus and derived Dsungaripterus; and a group made up 

of Ctenochasma and Pterodaustro (Pterodaustro being more derived). Wellnhofer also 

included Ornithocheirus, “Ornithodesmus” (=Istiodactylus) and Pteranodon in 

Pterodactyloidea, but he was clearly uncertain of their relationships. 

 

Figure 2.1.5. Wellnhofer’s (1978) hypothesis of pterosaurian phylogenetic relationships plotted against 

stratigraphy. 
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2.1.7 Wild 1978 

Wild (1978) presented a cladogram of diapsid reptiles (Fig. 2.1.6.), showing an uncertain 

pterosaurian relationship with other diapsids. He suggested that pterosaurs were somewhat 

basal diapsids “of an eosuchian grade” (Howse 1986), with their origins somewhere in the 

Early Triassic or Later Permian. Wild (1978) illustrated an early dichotomy between 

Dimorphodon and other Pterosaurs. Eudimorphodon was at the base of a clade also containing 

Campylognathoides, while Rhamphorhynchus was uncertainly rooted below that clade. No 

other pterosaurs were considered for this phylogeny. 

 

Figure 2.1.6. Wild’s (1978) hypothesis of eosuchian phylogeny, including some uncertain pterosaurian 

relationships.  

2.2 Phylogenies using computational methods 

2.2.1 Howse 1986 

Howse (1986) was the first to reportedly apply a “cladistic” methodology to the problem of 

pterosaur phylogeny (Fig. 2.2.1.). The analysis was “done by hand” (Kellner 1996), not using 

any computer software to infer phylogeny, and focused solely on cervical vertebrae. 19 taxa 

and 10 characters were used in the analysis, and the assumption that “Rhamphorhynchoidea” 

was more basal than Pterodactyloidea was made. Howse (1986) developed two cladograms 

which would accommodate his character transformations, but it is likely that this was done 
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using phenetic methods, not cladistics. The “tall-spined pterodactyloids” were problematic, 

with no clear origins within Pterodactyloidea, hence multiple trees being suggested. 

The first cladogram presented by Howse (1986, fig. 11) depicts Santanadactylus separate from 

other ornithocheiroids, or the “tall-spined pterodactyloids” = ((Ornithocheirus + Nyctosaurus) + 

Pteranodon). Whereas the second cladogram (Howse 1986, fig. 12) has Santanadactylus and 

the “tall-spined pterodactyloids” in a single clade in-between Pterodactylus antiquus, 

Pterodactylus longicollum, Ctenochasma and Pterodaustro and what is identified as 

Azhdarchidae Nesov 1984. In both cladograms, the “Rhamphorhynchoidea” is the most basal 

group, containing a basal unit: Eudimorphodon, Dimorphodon, and Scaphognathus, and a more 

derived Rhamphorhynchus, with its postaxial cervical vertebrae of variable length. Next are the 

“primitive pterodactyloids” (Howse 1986), Pterodactylus elegans and Pterodactylus kochi. Also, 

in both cladograms, there is an intermediate group of pterodactyloids, that lack 

postexapophyses. The intermediate group comprises Germanodactylus, “Gallodactylus” and 

Pterodactylus micronyx, in the first cladogram (Howse 1986, fig. 11) this group also includes 

the “tall-spined pterodactyloids”. The “long-necked pterodactyloids” occupy the remaining 

subtree. A clade comprising Pterodactylus antiquus, “Pterodactylus” longicollum, Ctenochasma 

and Pterodaustro occupies the basal region of the “long-necked pterodactyloids”, 

characterized by a lack of postexapophyses on long shallow vertebrae. The next distinct clade 

is occupied by Santanadactylus, with or without the “tall-spined pterodactyloids” as detailed 

above. Finally, after Santandactylus Howse (1986) recovered what he considered the 

Azhdarchidae. The Azhdarchidae comprises “Doratorhynchus”, Azhdarcho, Titanopteryx 

(=Arambourgiania), Quetzalcoatlus and an indeterminate vertebra from the Cambridge 

Greensand, characterized by very long, low postaxial cervical vertebrae with postexapophyses. 

Howse (1986) recognised that the dendrograms were not to be treated as true models of 

phylogeny, but instead, neatly summarised the progression of pterosaur cervical vertebrae 

evolution. He wrote: 

“This analysis of cervical vertebrae alone is not sufficient to justify a change in classification 

because of the possibility of evolutionary convergence within a single system. Hopefully the 

information outlined in this paper will be useful in connection with the study of other regions of 

pterosaur osteoanatomy.” Howse 1986, p. 325 

Kellner (1996) later tested Howse’s (1986) models by reconstructing them in MacClade 3.03. 

This revealed that the trees presented by Howse were 14 steps longer than the most 
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parsimonious trees recovered in PAUP 3.1.1, and were therefore not the most parsimonious 

solution. The trees that were recovered in Kellner’s (1996) reanalysis were considered poorly 

resolved by the researcher. Additionally, Kellner (1996) noted that two of Howse’s (1986) 

original characters were uninformative. None the less, Howse’s (1986) analysis was the 

starting point of cladistic analyses on pterosaurs and his characters continue to be used or 

adapted in conjunction with characters from other regions of pterosaur anatomy as Howse 

had intended. 

Figure 2.2.1. Taken from Vidovic and Martill (2014). Cladograms based on the results of a cladistic analysis by 

Howse (1986). Pterodactylus elegans = Ctenochasma elegans; Pterodactylus micronyx = Aurorazhdarcho micronyx; 

Gallodactylus = Cycnorhamphus; Pterodactylus longicollum = Ardeadactylus longicollum; 

Doratorhynchus = Pterodactyloidea incertae sedis. (?azhdarchid?); Titanopteryx = Arambourgiana; Greensand long 

cervical vertebrae = no specimen number or reference given. 

2.2.2 Bennett 1989 

Bennett (1989) produced a more comprehensive pterosaur cladistic analysis and was the first 

to present the data matrix and character list used to generate it. Thus, his was the first truly 

testable analysis. The analysis consisted of 19 taxa and 14 characters, nine/ten of which had 

ordered states (character 9 was ordered and unordered in the two iterations) and was run in 

PAUP version 2.4 (Kellner 1996). Note, Kellner (1996) incorrectly reported that all of Bennett’s 

(1989) characters were unordered with the exception of character nine. In fact, only characters 

4, 5, 10 and 11 were unordered. When Bennett (1989) ordered the states in character 9 he 

resolved a single most parsimonious tree, but otherwise resolved an additional two 
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cladograms. The single most parsimonious tree had a tree length of 19 steps and a CI of 0.947. 

When repeated in PAUP* (4.0b 10), with Rhamphorhynchus and P. kochi as the outgroup, and 

character 9 ordered, 12 trees are recovered with a tree length of 156 steps and a CI of 0.654, 

this is extremely different from the original findings which appear to be unrepeatable. 

The single most parsimonious tree of Bennett (1989) assumes that Rhamphorhynchus and P. 

kochi are the most basal pterosaurs, as noted above. The analysis finds a clade with 

Nyctosaurus gracilis and Nyctosaurus lamegoi (Nyctosauridae (Williston 1902)) to be the next 

most basal. This clade is based on the autapomorphy “hatchet-shaped deltopectoral crest”. 

The sister group to this clade is Dsungaripteridae = Dsungaripterus + “Santanadactylus” spixi, a 

group defined by the presence of a “dsungaripterid carpal”. The sister group to 

Dsungaripteridae is the Pteranodontidae, a clade consisting of a polytomy comprising 

Pteranodon, Ornithocheirus, Ornithodesmus, Santanadactylus araripensis, Santanadactylus 

brasiliensis, Santanadactylus pricei and specimens BHI 1276. Pteranodontidae was defined by 

features of the humerus; (1) a warped deltopectoral crest; (2) a pneumatic foramen on the 

dorsal side of the humerus near the ulnar crest; (3) a posteriorly directed ulnar crest; and (4) a 

subtriangular distal end to the humerus. Finally, as the sister group to the Pteranodontidae, 

Bennett recovers the Azhdarchidae, a polytomy of Quetzalcoatlus, Azhdarcho, Titanopteryx 

and Doratorhynchus. The Azhdarchidae is defined by cervical characters only; (1) extreme 

elongation of the mid-cervical vertebra; (2) cervical vertebrae with low or obsolescent neural 

spines; (3) cervical vertebrae with “unossified neural canals” [sic] (Bennett 1989).  

The higher clades (Nyctosauridae + (Dsungaripteridae + (Pteranodontidae + Azhdarchidae))) 

are defined by four characters of the cervical vertebrae and two of the shoulder girdle; (1) 

atlas and axis fused; (2) cervical vertebrae with accessory exapophyses; (3) cervical vertebrae 

with pneumatic foramina lateral to the neural canal; (4) cervical vertebrae with tall neural 

spines; (5) notarium of fused dorsal vertebrae and dorsal ribs; and the (6) the scapula is 

rotated so that it forms a steep angle with the vertebral column. The higher clades; 

(Dsungaripteridae + (Pteranodontidae + Azhdarchidae)) are defined by the presence of (1) a 

supraneural plate and (2) the scapula articulating with the supraneural plate. However, these 

characters appear to be co-dependent and were not coded with a dash when absent. 

Furthermore, the clade Pteranodontidae + Azhdarchidae is supported by a single 

synapomorphy; “articulation between the scapula and the supraneural plate is 

subcircular”(Bennett 1989). 
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The two additional cladograms presented by Bennett (1989) (Fig. 2.2.2. 2 & 3) which were 

recovered by running character 9 as an unordered state were markedly different from each 

other, but each had 19 steps. The first was described as “essentially the same as the cladogram 

discussed above” (Bennett 1989) (i.e. Fig. 2.2.2. 1) but Dsungaripteridae, Pteranodontidae and 

Azhdarchidae formed an unresolved trichotomy. In the second, equally parsimonious 

cladogram, the Nyctosauridae and Dsungaripteridae swap positions in the cladogram. 

This analysis has become obsolete since new analyses have been published, as it was far from 

comprehensive. There was no attempt to run the “rhamphorhynchoids” in this analysis and 

the few taxa that were included outnumbered the characters. Clearly, more comprehensive 

analyses were required to make any phylogenetic implications, but in this pioneering study, 

Bennett (1989) had started the movement towards using both cranial and postcranial 

characters and analysing the matrix in a cladistic software package. 

 

Figure 2.2.2. The cladograms presented by Bennett (1989). 
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2.2.3 Unwin 1992 

Unwin (1992) presented the third cladogram, however, it was once again performed manually. 

The only record of this analysis is a detailed abstract and the cladogram is supposedly figured 

(Fig. 2.2.3.) in Unwin’s (2003a) own review of cladograms, but the details provided do not 

match the figure. The analysis consisted of over 100 characters for more than 30 genera. This 

was the first cladistic analysis to be fully inclusive of the “Rhamphorhynchoidea”, thus it was 

the first to confirm the group’s paraphyly. Unwin (1992) found the Triassic pterosaur 

Preondactylus to be the most basal pterosaur based on cladistic data, opposed to the 

stratigraphic data of previous phylogenies. Preondactylus is followed stepwise by 

Dimorphodontidae, Anurognathidae, Campylognathoididae, Rhamphorhynchidae and 

Pterodactyloidea. Dimorphodontidae only comprises Dimorphodon as far as the evidence 

shows us. Anurognathidae is currently considered to be Anurognathus + Batrachognathus + 

Jeholopterus + Dendrorhynchoides, but it is unclear whether Unwin (1992) used 

Batrachognathus in his analysis. Dendrorhychoides and Jeholopterus were certainly not 

analysed because they represent later discoveries. Campylognathoididae is defined by Unwin 

(1992) as Eudimorphodon and Campylognathoides, and the Rhamphorhynchidae is defined as 

Rhamphorhynchus and Scaphognathinae. Finally, Unwin (1992) reported that the 

Pterodactyloidea consisted of three major clades: Dsungaripteroidea, Azhdarchoidea, and 

Ornithocheiroidea. It is unclear what the order of these clades was, as the diagram provided by 

Unwin (2003a) does not appear to reflect the information in the abstract, but it is possible they 

formed an unresolved trichotomy. The Dsungaripteroidea comprises Germanodactylus and the 

dsungaripterids Phobetor and Dsungaripterus. Unwin (1992) reports the Azhdarchoidea as 

containing, stepwise, Pterodactylus, Ctenochasmatidae (no definition given), Lonchodectes, 

and the Azhdarchidae. Finally, the Ornithocheiroidea comprises Nyctosaurus, Ornithodesmus, 

the Ornithocheiridae and the Pteranodontidae. The Ornithocheiridae comprises 

Ornithocheirus, Anhanguera, and Coloborhynchus, while Pteranodontidae comprises 

Pteranodon and Ornithostoma. 

Although this cladogram was not as resolved as those of the 21st Century, it was the first 

comprehensive cladogram. The cladogram reinforced long suspected relationships and 

allowing new conclusions to be drawn, such as the relationships of the ‘rhamphorhynchoids’, 

their extent in the fossil record and the origins of Pterodactyloidea. Homoplastic characters 

were also identified, shedding light on the ontogenetic nature of the notarium, synsacrum, and 

the fusion of the ankle and wrist bones.  
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Figure 2.2.3. The cladogram Unwin (2003a) presented as his 1992 tree. 
 

 

2.2.4 Bennett 1994 

Bennett’s (1994) second analysis of the Pterodactyloidea had a larger dataset than his first 

analysis, consisting of 37 characters and 27 taxa. Although not as large or as inclusive as 

Unwin’s (1992) previous analysis, Bennett’s (1994) was published in a peer-reviewed journal, 

and it was accompanied by a character list and matrix, making it a more reliable resource. The 

cladogram produced is probably a consensus tree, although this is not stated the polytomies 

suggest it to be the case. Details of how the analysis was run, or the tree length, CI or RI scores 

are not provided.  

Bennett’s (1994) cladogram (Fig. 2.2.4.) showed a Pterodactyloidea containing three nested 

higher clades, the Eupterodactyloidea, Ornithocheiroidea, and Pteranodontidae. The most 

basal pterodactyloids are Pterodactylus kochi and Pterodaustro which occupy an unresolved 

polytomy. The next clades stepwise are another polytomy containing Ctenochasma, 

Germanodactylus, Gnathosaurus and Huanhepterus, followed by “Gallodactylus” (= 

Cycnorhamphus), and then Eupterodactyloidea. The Eupterodactyloidea contains 

Nyctosauridae and Ornithocheiroidea. Nyctosauridae = Nyctosaurus gracilis + Nyctosaurus 

lamegoi, and is defined by one shared synapomorphy: humerus with hatchet-shaped 

deltopectoral crest. However, Bennett (1994) noted that there are a further five 

autapomorphies of N. gracilis that may well be shared with N. lamegoi, but a lack of material 

prevents the identification of these synapomorphies. The Ornithocheiroidea sensu Bennett 

(1994) contains a polytomy made up of Brasileodactylus, Ornithocheirus and an unnamed 

clade containing the Dsungaripteridae and Azhdarchidae. The Dsungaripteridae contains 

Dsungaripterus weii, “Dsungaripterus parvus” and “Santanadactylus spixi” in a polytomy. The 
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sister group to the Dsungaripteridae is the Azhdarchidae. The Azhadarchidae is a polytomy 

containing Doratorhynchus, Azhdarcho and an unnamed group containing Arambourgiania and 

Quetzalcoatlus. The sister group to the polytomy containing all other ornithocheiroids is 

Pteranodontidae. Pteranodontidae contains a polytomy made up of “Ornithodesmus” (= 

Istiodactylus), Pteranodon and an unnamed clade containing Santanadactylus brasiliensis, 

Santanadactylus araripensis, Santanadactylus pricei, Anhanguera and sister taxa 

Tropeognathus and Criorhynchus (in a distinct clade: node 13 Bennett 1994 p.60) in another 

polytomy. 

The use of outgroups in pterosaur phylogenetic analysis was first discussed by Bennett (1994), 

but he did not provide any other details of his analysis. Kellner (1996) stated that Bennett 

(1994) had used MacClade 3.01 to run his data matrix and that he considered all characters to 

be unordered. Based on Kellner’s (1996) misinterpretations of Bennett’s (1989) ordered and 

unordered characters in his previous analysis (see 2.2.2.) this information should be viewed 

with some scepticism.  

Here the data matrix has been re-analysed using PAUP* 4.0b 10, with unordered states and 

Rhamphorhynchus as the outgroup. The heuristic search was aborted after three hours, over 

900,000 trees were retained, each having a score of 64 steps, a CI of 0.766 and RI of 0.857. As 

with Kellner’s (1996) reanalysis the strict consensus collapsed all branches except for 

Nyctosauridae. The Cladogram presented by Bennett (1994) reportedly had 67 steps and a CI 

of 0.73 (Kellner 1996). In fact, when Bennett’s (1994) cladogram is reconstructed in MacClade 

(4.06), as done here, it scores a tree length of 71+ steps. When poorly coded taxa 

Doratorhynchus, Criorhynchus and Santanadactylus spixi are removed a score of 68 is 

achieved. However, when the taxa are rearranged to resemble the modern consensus (i.e. Lü 

et al. 2009; Wang et al. 2009) scores of 66 can be achieved. 

The tree scoring 64 in the reanalysis here resembles the tree of Bennett’s (1994) analysis. 

However, there are some differences which affect some of the clades suggested by Bennett. 

For example, Pteranodon was not recovered in the “Pteranodontidae”, but instead, it is found 

to be the sister taxon to Nyctosauridae. The clade comprising Nyctosauridae and Pteranodon is 

the sister group to Bennett’s (1994) “Pteranodontidae” which additionally contains 

Brasileodactylus and Ornithocheirus. “Ornithodesmus” is no longer in “Pteranodontidae” and 

instead shares a common ancestor with Nyctosauridae, “Pteranodontidae”, Dsungaripteridae 

and Azhdarchidae. Preceding “Ornithodesmus” stepwise is Santanadactylus spixi which is no 
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longer in Dsungaripteridae and preceding that is “Gallodactylus”. Additionally, Pterodaustro 

was recovered in a polytomy with Rhamphorhynchus, resulting in Pterodactylus kochi forming 

a polytomy with a distinct clade (= Ctenochasma + Germanodactylus + Gnathosaurus + 

Huanhepterus). 

In conclusion Bennett’s (1994) analysis is not repeatable, but similar scores can be achieved in 

PAUP*, but without replicating the results. The analysis is hampered by an excess of missing 

data and is not very comprehensive when compared to both earlier and later analyses. 

Furthermore, the reported tree topology scores higher with its own matrix than some modern 

tree topologies tested against the same matrix. Bennett did not provide many details of the 

analysis and as a result, it is not much more reliable than Unwin’s (1992) analysis.  

 

Figure 2.2.4. cladogram and original caption presented by Bennett (1994). Bennet’s caption reads: “Cladogram of 

the Pterodactyloidea based on 37 characters.” “Numbers by nodes correspond to those discussed in the text. 

Abbreviations: A. Azhdarchidae: D. Dsungaripteridae: N. Nyctosauridae.” 
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2.2.5 Unwin 1995 

Unwin (1995) authored a second abstract on the subject of pterosaur phylogeny, this time 

presenting the results of a computer processed analysis, and recovering similar results to his 

previous phylogeny (Unwin 1992). He noted that there had been few previous attempts to 

reconstruct the evolutionary relationships of the Pterosauria because Bennett (1989, 1994) 

and Howse (1986) had largely ignored “rhamphorhynchoids”. He also noted that previous 

analyses employed very few characters. In response to this gap in the research, Unwin (1995) 

generated a cladogram (Fig. 2.2.5.) with operational taxonomic units (OTUs) based on over 40 

genera, for which there were over 60 synapomorphies. The analysis was reportedly polarised 

by a composite outgroup of ‘all other diapsid reptiles’. Other details of the analysis are not 

provided, although a list of nodes with their synapomorphies is provided (Unwin 1995, 

appendix 1). Dr. Unwin kindly provided a copy of his matrix used for this analysis. The matrix 

contains 52 characters and 14 OTUs, although the majority are at the family level and 

represented by multiple specimens and taxa. The matrix does not contain the reported 

outgroup (Unwin 1995). 

The tree recovered by Unwin (1995) contained a paraphyletic “Rhamphorhynchoidea”, as 

before (Unwin 1992), and a monophyletic Pterodactyloidea containing 4 major monophyletic 

clades. Unwin (1995) reported that Preondactylus was found to be the most basal pterosaur 

because it “lacks a variety of characters uniting all other pterosaurs”. The rest of the 

Pterosauria, stepwise, is arranged as follows: Dimorphodontidae; Anurognathidae; 

Campylognathoididae; Rhamphorhynchidae; Pterodactyloidea. The Pterodactyloidea contains 

the Ornithocheiroidea, Ctenochasmatoidea and an unnamed clade comprising 

Dsungaripteroidea and Azhdarchoidea. The Ornithocheiroidea’s content is: “Ornithodesmus” 

(=Istiodactylus), Ornithocheiridae and Pteranodon stepwise. The Ctenochsmatoidea’s content 

is Ctenochasmatidae and Pterodactylidae. The Dsungaripteroidea’s content is 

Germanodactylus and Dsungaripteridae. Finally, the Azhdarchoidea’s content is Tapejaridae 

and Azhdarchidae. The taxonomic composition of the named families is not given. The Unwin 

and Lü (1997) cladogram is reportedly the same as Unwin (1995), and although there is no 

data matrix provided there is documentation of the major groups and their synapomorphies.  
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Figure 2.2.5. A simplified cladogram (Unwin 1995) provided with the original abstract. Key nodes discussed by 

Unwin (1995) are A) Pterosauria; B) all pterosaurs excluding the plesiomorphic Preondactylus; F) 

Pterodactyloidea; G) Ornithocheiroidea; M) Dsungaripteroidea; N) Azhdarchoidea; K) Ctenochasmatoidea. 

The tree (Unwin 1995) (Fig. 2.2.5.) was reconstructed here in Mesquite 2.74 and tested against 

the matrix provided by Unwin: tree length 64; CI 0.8125; RI 0.875. The matrix was re-run in 

TNT using a traditional search with TBR branch swapping. The result was 4 most parsimonious 

trees (MPTs), each with the best score of 64. Notably, the major clades remain in all 4 trees, 

but some nodes swap. In one MPT the Campylognathoididae and Anurognathidae have 

switched position with respect to the rest of the tree. In another MPT the Dsungaripteroidea 

and Ctenochasmatoidea have switched positions with respect to the rest of the tree. In the 

final alternative MPT to the one reported by Unwin (1995), both transformations listed above 

have occurred simultaneously. In both strict and majority rule consensus cladograms the 

Anurognathidae and the Campylognathoididae occupy a polytomy between the 
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Dimorphodontidae and the Rhamphorhynchidae, and the Dsungaripteroidea, 

Ctenochasmatoidea, and Azhdarchoidea form a polytomy. Other rearrangements were 

attempted in Mesquite. The results of the experiments in Mesquite show that the tree length 

is unaltered if Preondactylus is not the most basal pterosaur. Preondactylus in a clade with 

Dimorphodontidae, or Anurognathidae, or Campylognathoididae could be the most basal 

branch without affecting the tree score. It is likely that this is caused by missing data and 

further study of Preondactylus as the most basal taxon of Pterosauria is required. 

Unwin (1995) was the first to run a comprehensive cladistics analysis in PAUP for the 

Pterosauria. He showed a paraphyletic “Rhamphorhynchoidea” and presented the idea that 

Preondactylus could be the most basal pterosaur. Furthermore, he was the first to recover the 

Dsungaripteroidea and the Ctenochasmatoidea in a computed cladistic analysis.  Despite a 

number of possible rearrangements of the tree presented by Unwin (1995) the clades that he 

named and general topology are very stable. This was certainly the most robust and 

comprehensive analysis to date. 

2.2.6 Kellner 1996 

In an unpublished Ph.D. thesis (available from UMI dissertation services) Kellner (1996) 

presented a new and comprehensive cladistic analysis of the Pterosauria that differed 

significantly from previous analyses. The focus of his thesis was the description of some well-

preserved ornithocheirid and tapejarid material. However, a considerable 52% of the thesis 

focuses on pterosaur phylogeny and provides the first comprehensive review of pterosaur 

phylogenetic studies. Kellner’s (1996) analysis consisted of 32 pterosaur taxa and two 

outgroup taxa, with 66 characters, and recovered a tree with 129 steps and CI = 0.868; RI = 

0.947; RC = 0.822. Reanalyses of the data matrix here, in PAUP* 4.0b 10, recovered six trees 

using a heuristic search with default settings, with the same values that Kellner (1996) found, 

and further successive weighting analyses found this tree to be stable. A further reanalysis of 

the matrix in TNT using a new technology search with default settings also found the same 

results.  

The cladogram recovered (Fig.2.2.6.) finds Anurognathidae (Anurognathus + Batrachognathus) 

as a discrete clade on the basalmost branch of Pterosauria, followed stepwise by Sordes, 

Scaphognathus, Dorygnathus, Dimorphodon, and another monophyletic clade of 

Eudimorphodon and Campylognathoides (Campylognathoididae), and Rhamphorhynchidae 

(Rhamphorhynchus muensteri + Rhamphorhynchus longicaudus) which constitute a 

paraphyletic “Rhamphorhynchoidea”. A monophyletic Pterodactyloidea is recovered 
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containing what Kellner (1996) interprets to be two major clades: Archaeopterodactyloidea 

and Dsungaripteroidea (sensu Kellner 1996). At the base of Archaeopterodactyloidea, there is 

a polytomy comprising Pterodactylus antiquus, Pterodactylus kochi, and Germanodactylus. 

There are a further two monophyletic clades within Archaeopterodactyloidea, the sister 

groups Ctenchasmatidae (Ctenochasma + Pterodaustro) and Gallodactylidae (“Gallodactylus” 

suevicus + “Gallodactylus” canjuerensis). Dsungaripteroidea comprises three monophyletic 

clades. The Nyctosauridae (Nyctosaurus bonneri + Nyctosaurus gracilis) is the most basal 

branch within the Dsungaripteroidea, followed by the sister groups Ornithocheiroidea and 

Tapejaroidea. The Ornithocheiroidea contains the Pteranodontoidea, which contains 

Pteranodon, “Ornithodesmus” (=Istiodactylus) and the Anhangueridae (= “Tropeognathus” + 

Anhanguera santanae, A. blittersdorffi, A. sp.) stepwise. Within the Tapejaroidea there is a 

monophyletic clade named Dsungaripteridae, comprising a polytomy of Dsungaripterus, 

Noripterus, and Phobetor. The sister group to the Dsungaripteridae is the Azhdarchoidea which 

in turn contains the sister groups Tapejaridae (Tapejara + Tupuxuara) and Azhdarchidae 

(Quetzalcoatlus + Azhdarcho).  

Pteranodontoidea had exactly the same content and definition as Ornithocheiroidea when it 

was erected. Ornithocheiroidea (Seeley 1870) has priority over Pteranodontoidea (Kellner 

1996), consequently, the latter can be considered a junior subjective synonym of the former. 

The issue was readdressed by both Kellner (2003a) and Unwin (2003a) but was not resolved 

harmoniously. Andres and Ji (2008) maintained Kellner’s (2003a) definitions in order to avoid 

synonymy. 
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Figure 2.2.6. The cladogram presented by Kellner (1996). Numbers correspond to the nodes that are discussed in 

the original text. 

2.2.7 Viscardi et al. 1999 

The Viscardi et al. (1999) analysis was a “metadataset” created “from previously published 

work (mainly pre-1997)” which was filtered for character overlap, ambiguity, error and 

exclusion of data due to the characters being ‘out of date’ (Viscardi pers. comm.). The 

intention of the work was to “maximise information retrieval from a very gappy dataset” 

(Viscardi pers. comm.). The final analysis was compiled for use in PAUP (unknown version). All 

characters were treated as unordered, so all previously ordered characters were converted 

into equally weighted multistate characters “to minimise assumptions of relationship” and to 

avoid sampling biases created by a “chronologically clumpy” fossil record (Viscardi pers. 

comm.). In correspondence with Paolo Viscardi he explained that “Once we had the dataset 

we carried out analysis using an early version of PAUP and unsurprisingly got vast numbers of 

MPTs (100,000+) and a massive polytomy. We then ran the dataset through Mark Wilkinson's 

TAXEQ2 programme to reduce taxonomic equivalence, which resulted in fewer MPTs 

(85,000ish) and we used Mark's [Wilkinson] REDCON to create a reduced consensus tree that 
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actually provided some useful information about in-group relationships, which we reported.” 

The results were presented at the 59th Annual Meeting of the Society of Vertebrate 

Paleontology, Denver, USA, but was never published as a paper in a peer-reviewed journal. 

The analysis (Viscardi et al. 1999) reportedly recovered a paraphyletic “Rhamphorhynchoidea” 

containing three clades: Dimorphodontidae; Anurognathidae; and Rhamphorhynchidae. “The 

Pterodactyloidea is monophyletic and divided into three clades: Ctenochasmatoidea is the 

sister taxon to the clade comprising Azhdarchoidea and Ornithocheiroidea” (Viscardi et al. 

1999). Additionally, the authors note that the contents of the pterodactyloid clades differ from 

previously published analyses. In his review, Unwin (2003a) (Fig. 2.2.7.) had no more 

information to add to the discussion of Viscardi et al. (1999) but noted that the tree topology 

was reminiscent of Kellner’s (1996). In Andres’ unpublished thesis (Andres 2010), he says of 

the Viscardi et al. (1999) analysis:  

“The reported results after taxonomic reduction match Unwin (2003a) for basal pterosaurs 

(the position of the campylognathoidids is not mentioned) and Kellner (2003a) for the 

pterodactyloids. The reanalysis largely recovers the reported topology except that some of the 

traditional rhamphorhynchids are separated from a Rhamphorhynchidae plus Pterodactyloidea 

sister group by Campylognathoides liasicus, and some of the traditional ornithocheiroids are 

just outside of a Azhdarchoidea plus Pteranodontoidea sister group”. Andres 2010, p. 109. 

A data matrix kindly provided by Dr. Andres (which is claimed to be the Viscardi et al. (1999) 

analysis) contains 62 taxa including one outgroup taxon and 92 characters. A reanalysis in TNT 

using default settings recovers 5 trees with 129 steps. Furthermore, running a traditional 

search with Wagner trees and TBR, 20 trees were recovered with the same values. A reanalysis 

in PAUP* was terminated after 940,041,436 rearrangements, 75249 trees were retained with a 

best score of 229; CI= 0.441; RI= 0.766. 

 

Figure 2.2.7. The cladogram of Viscardi et al. (1999) after safe taxonomic reduction according to Unwin (2003a). 
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2.2.8 Kellner 2003a 

The publication of the Evolution and Palaeobiology of Pterosaurs (Buffetaut and Mazin (Eds) 

2003) was a milestone in pterosaur phylogenetic research, containing two seminal papers 

(Kellner 2003a; Unwin 2003a) on phylogeny. The Kellner’s (2003a) paper presented a tree 

recovering many of the major groups that Unwin (2003a) also found, but arranged somewhat 

differently, and with a different taxonomic nomenclature. It is in large part the incongruence 

between these two trees that stimulated this Ph.D. project. 

The analysis presented by Kellner (2003a) contained 42 OTUs, 3 of which were outgroup taxa, 

with 74 characters. According to Kellner’s (2003a) methodology, the tree search was 

conducted in PAUP* (4.0b.10) using the heuristic search method, with equal weights and 

unordered states. The cladogram presented by Kellner (2003a) is a strict consensus from 80 

MPTs, which was further analysed in MacClade 3.04. The reported shortest tree-length was 

161, with a CI = 0.8075 and RI = 0.9246. Reconstructing the consensus tree in Mesquite 

produces a tree with the length 161, CI = 0.8074 and RI = 0.9265.  Rerunning the data matrix in 

PAUP* as described in Kellner’s (2003a) methodology also recovers a tree of 161 steps. The 

strict consensus tree from the PAUP* reanalysis has the same topology as the published tree. 

The strict consensus (Fig. 2.2.8.) presented by Kellner (2003a) finds a paraphyletic 

‘Rhamphorhynchoidea’ leading up to a monophyletic Pterodactyloidea. The most basal clade is 

the Anurognathidae, which contains Anurognathus and its sister group the Asiaticognathidae, 

which in turn comprises of Dendrorhynchoides and Batrachognathus. The next most basal 

clade in the Pterosauria is a monotypic clade containing Sordes pilosus. Sordes is followed 

stepwise by a polytomy made up of Preondactylus and Scaphognathus. The polytomy is 

followed stepwise by Dorygnathus banthensis, which is in turn followed by another polytomy 

between Dimorphodon and a monophyletic unnamed clade composed of Peteinosaurus and 

‘Eudimorphodon’ (= Carniadactylus) rosenfeldi. Following this polytomy, stepwise, is the 

monophyletic clade Campylognathoididae sensu Kellner (2003a), which contains 

Campylognathoides and Eudimorphodon ranzii only. After the Campylognathoididae, stepwise, 

is the Rhamphorhynchidae which contains Rhamphorhynchus muensteri and R. longicaudus. 

The Rhamphorhynchidae is the sister group to the Pterodactyloidea. According to Kellner 

(2003a), the Pterodactyloidea contains two major groups: the Archaeopterodactyloidea and 

the Dsungaripteroidea. The Archaeopterodactyloidea contains two unnamed sister groups, 

one comprises a polytomy of Pterodactylus antiquus, Pterodactylus kochi and a monophyletic 

group containing Germanodactylus rhamphastinus and Germanodactylus cristatus. The other 
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unnamed group within the Archaeopterodactyloidea contains two named sister groups: the 

Ctenochasmatidae and Gallodactylidae. The Ctenochasmatidae contains Ctenochasma and 

Pterodaustro. The Gallodactylidae comprises “Gallodactylus” and Cycnorhamphus. The 

Dsungaripteroidea sensu Kellner (2003a) contains the most recent common ancestor of 

Nyctosaurus and Quetzalcoatlus and all their descendants. As such the Dsungaripteroidea 

contains the Nyctosauridae, which comprises Nyctosaurus gracilis and Nyctosaurus bonneri, 

and is the sister group to the Ornithocheiroidea sensu Kellner (2003a). The Ornithocheiroidea 

contains the sister groups Pteranodontoidea and Tapejaroidea. Pteranodon is at the base of 

Pteranodontoidea, followed stepwise by Istiodactylus (named Ornithodesmus in earlier 

studies), Ornithocheirus, Tropeognathus, and Anhanguera. The Dsungaripteroidea contains the 

Dsungaripteridae, a monophyletic clade comprising a polytomy of Dsungaripterus, Noripterus 

and “Phobetor”, and the Azhdarchoidea. The Azhdarchoidea is made up of the Tapejaridae and 

the Azhdarchidae. The Tapejaridae contains Tupuxuara and its sister taxon Tapejara. The 

Azhdarchidae contains Azhdarcho and Quetzalcoatlus and is defined as being all pterosaurs 

“closer related to Quetzalcoatlus than any other pterosaurs” (Kellner 2003a, p. 125). 

In summary, Kellner’s (2003a) study was comprehensive and addressed many of the 

contemporary phylogenetic issues. However, its topology and nomenclature caused 

contention with a simultaneously published study by Unwin (2003a) in the same volume. 
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Figure 2.2.8. A cladogram of the Pterosauria presented by Kellner (2003). 

2.2.9 Unwin 2003a 

Unwin (2003a) provided a comprehensive review of previous pterosaur phylogenetic 

hypotheses before presenting his own analysis. Unwin’s (2003a) matrix comprises 20 OTUs, 

one of which is the outgroup, and 60 characters: 30 cranial characters; 30 postcranial 

characters. 

Re-running the data-matrix of Unwin (2003a) in PAUP* using the branch and bound method, 

both with AccTran and DelTran produces the same number of MPTs with the same topologies 

as those presented by Unwin, but with different tree-lengths, CIs and RIs. Likewise, 

reconstructing the tree in Mesquite finds different tree values. The matrix has been compared 

again with the published matrix to check for errors, but none were found. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

39 
 

Regardless of the tree statistics the trees resolved here are those presented by Unwin (2003a). 

They vary slightly depending on the method employed, but the strict consensus tree presented 

in figure 7a is a reasonable representation of the findings. The strict consensus presented by 

Unwin (2003a) was calculated from 6 MPTs with a tree-length of 112. Reanalysis of the data 

finds the tree-length to be 107, with a CI = 0.654 and RI = 0.825.  

The tree topology reported (Fig. 2.2.9.) finds Preondactylus to be the most basal pterosaur, 

followed stepwise by the Dimorphodontidae, the Anurognathidae, the Campylognathoididae 

and the Rhamphorhynchidae. The Rhamphorhynchidae contains the sister groups 

Rhamphorhynchinae and Scaphognathinae. The Rhamphorhynchidae is found to be the sister 

group to the Pterodactyloidea. Unwin (2003a) also reported alternative hypotheses, showing 

the Pterodactyloidea to be the sister group to the Rhamphorhynchidae + 

Campylognathoididae or a sister group to the Anurognathidae, but it is unclear how Unwin 

(2003a) derived these alternative hypotheses. According to the phylogeny presented in his 

figure 7a, the Pterodactyloidea contains two major clades, the Ornithocheiroidea and the 

Lophocratia. The Ornithocheiroidea comprises Istiodactylus (named Ornithodesmus in earlier 

studies) and its sister group Euornithocheiroidea, which in turn contains the Ornithocheiridae 

and its sister group Pteranodontia, which comprises Pteranodontidae and Nyctosaurus. The 

Lophocratia comprises a trichotomy of Ctenochasmatoidea, Dsungaripteroidea, and 

Azhdarchoidea. The Ctenochasmatoidea contains Cycnorhamphus at its base, sister taxon to 

Euctenochasmatia, which is a trichotomy of Pterodactylus, Lonchodectidae, and 

Ctenochasmatidae. Like Unwin’s (1992, 1995) previous phylogenies, the Dsungaripteroidea 

contains both Dsungaripterus and Germanodactylus. Finally, the Azhdarchoidea contains 

Tapejara and Neoazhdarchia, which comprises Tupuxuara and the Azhdarchidae. 

The phylogeny (Fig. 2.2.9.) presented by Unwin (2003a) is reasonably well resolved and was 

comprehensive for the time. However, the way in which family level groups were coded as 

OTUs in the analysis introduced considerable a priori assumptions and potential biases. The 

analysis (Unwin 2003a) supported Unwin’s (1995) previous findings but contradicted Kellner 

(2003a) and earlier phylogenies (e.g. Bennett 1994) in finding the Ornithocheiroidea to be 

basal within the Pterodactyloidea. Only further appraisal will determine the validity of this 

bauplan. 
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Figure 2.2.9. The cladogram of the Pterosauria presented by Unwin (2003a). 

2.2.10 Unwin 2003b 

In Unwin’s (2003b) second paper in the same year, he presented a non-pterodactyloid analysis 

focussed on genus level relationships. The analysis consisted of 14 non-pterodactyloid OTUs, 

plus a Pterodactyloidea nexus and an outgroup (16 in total), coded for 53 characters. Twenty-

eight of the total character list were new characters, the remaining characters were selected 

from his previous analysis (Unwin 2003a). 

The results describe a strict consensus of 13 trees (Fig. 2.2.10.), with a tree length of 84, a CI of 

0.824 and an RI of 0.898. The topology shows Preondactylus to be the most basal pterosaur, in 

agreement with Unwin (2003a). Next stepwise is a monophyletic clade, Dimorphodontidae, 

containing Dimorphodon and Peteinosaurus, followed by another monophyletic clade, 

Anurognathidae, which contains a polytomy of Anurognathus, Batrachognathus, Jeholopterus, 

and Dendrorhynchoides. The Anurognathidae is the sister group to the Lonchognatha, which 

contains the three major clades, the Campylognathoididae, the Rhamphorhynchidae and the 

Pterodactyloidea. The Campylognathoididae contains Campylognathoides at its base, which is 

the sister taxon to a clade comprising Eudimorphodon and Austriadactylus. 

Campylognathoididae is the sister group to Breviquartossa, a clade comprising 

Pterodactyloidea and Rhamphorhynchidae. The Rhamphorhynchidae is further divided into the 

Rhamphorhynchinae, containing Dorygnathus and Rhamphorhynchus, and the 
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Scaphognathinae, containing Sordes and Scaphognathus. Unwin (2003b) also recovered the 

newly erected clades, Lonchognatha, Caelidracones and Macronychoptera (Unwin 2003a). 

Caelidracones contains Lonchognatha and Anurognathidae, and Macronychoptera contains 

Caelidracones and Dimorphodontidae. 

Reanalysis in PAUP finds the same topology, the same number of MPTs, but the tree length is 

72 steps, the CI is 0.792 and the RI is 0.899 (see above for values reported by Unwin 2003b). 

Further testing in MacClade and TNT also finds these values. This is a similar situation to that 

found in 2.2.9 (Unwin 2003a), and it is likely that the same error can account for both 

occurrences, whether it is an operator error or a program bug in the earlier version of PAUP is 

unclear. 

 

Figure 2.2.10. A cladogram demonstrating the evolutionary relationships of basal pterosaurs, based on a cladistic 

analysis performed by Unwin (2003b). 

 

2.2.11 Kellner 2003b 

Kellner (2003b) specifically focused on pterodactyloid relationships (Fig. 2.2.11.). While he 

states that characters were derived from various resources, it is unclear if a new analysis was 

performed or if the tree being discussed is a pruned subtree from his previous study (Kellner 
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2003a). Regardless, the tree topology is an exact subtree of the one in the previous publication 

and warrants little discussion. 

 

Figure 2.2.11. A chronostratigraphic subtree of the Pterosauria including Rhamphorhynchidae and 

Pterodactyloidea (Kellner 2003b). 

 

2.2.12 Kellner 2004 

Kellner (2004) generated an updated version of his previous (Kellner 2003a) cladogram to 

determine the relationships of tapejarids. The analysis comprises 80 characters and 45 OTUs, 3 

of which were the outgroup. The analysis was run using a default heuristic search with AccTran 

and was re-run and replicated successfully. When Scleromochlus is omitted from the analysis 

the tree-length is 177, the CI is 0.763 and the RI is 0.910, which corresponds to the information 

presented by Kellner (2004). 

The tree topology (Fig. 2.2.12.) is very similar to the one previously presented by Kellner 

(2003a). The only differences lay where new taxa were added. For example, Jeholopterus 

formed a polytomy with Batrachognathus and Dendrorhynchoides, and Thalassodromeus is 

found to be the sister taxon to Tupuxuara, forming a sister group to Tapejara. Additionally, 

Zhejiangopterus is found in a polytomy with Quetzalcoatlus and Azhdarcho. 
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Considering the additional characters and taxa, the unchanged topology – in regard to Kellner 

2003a – makes the phylogeny presented by Kellner (2004) seem very robust.  

 

Figure 2.2.12. The updated cladogram of Kellner (2004). 

2.2.13 Maisch et al. 2004 

A matrix of nine pterosaur taxa, coded for ten craniodental characters was subject to a 

heuristic search in PAUP* using unordered states and equal weights by Maisch et al. (2004). 

The results (Fig. 2.2.13.) demonstrated a monophyletic Dsungaripteroidea, containing a 

paraphyletic Germanodactylidae and Germanodactylus spp. A reanalysis in TNT finds the same 

single MPT with a tree length of 18 that Maisch et al. (2004) reported. 
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The analysis was limited due to its small taxon list and limited character list, but Maisch et al. 

(2004) acknowledged this. Subsequently, more comprehensive analyses have also found G. 

rhamphastinus closer to Dsungaripterus than Normannognathus, Pterodactylus, and 

Eudimorphodon. Furthermore, several analyses have found Germanodactylus spp. to be 

paraphyletic. The taxonomic status of Germanodactylus rhamphastinus is tested and discussed 

at length in Chapter 6 of this thesis. 

 
Figure 2.2.13. The cladogram presented by Maisch et al. (2004) exploring the relationships of dsungaripteroids. 

 

 

2.2.14 Wang et al. 2005 

The Wang et al. (2005) analysis is yet another iteration of the Kellner (2004) analysis with an 

additional three taxa: Gnathosaurus, Feilongus, and Nurhachius. A re-analysis of the matrix 

found the shortest tree length of 187, CI of 0.743 and RI of 0.904. The re-analysis was 

subsequently run without Scleromochlus, for which the shortest tree length of 187, CI of 0.743 

and RI of 0.903 were found, which matches the report (Wang et al. 2005). 

The cladogram’s topology (Fig. 2.2.14.) is exactly the same as the Kellner 2003a and 2004 

topologies, with the exception of where new taxa were inserted. Gnathosaurus and Feilongus 

are both found in Archaeopterodactyloidea. Gnathosaurus is the sister group to the 

ctenochasmatids plus the sister taxa Feilongus and gallodactylids. The last additional taxon, 

Nurhachius, was found in a monophyletic clade with Istiodactylus, the Istiodactylidae.  



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

45 
 

 

Figure 2.2.14. The cladograms presented by Wang et al. (2005), The caption reads “a, Cladogram showing the 

phylogenetic position of Feilongus youngi gen. et sp. nov. and Nurhachius ignaciobritoi gen. et sp. nov. (see 

Supplementary Information). b, Simplified cladogram showing the relationships of the most important pterosaur 

groups, including several taxa reported from the Jehol Group (based on this study and information from the 

literature). A, Araripe Basin (Santana Formation, Aptian–Albian); J-J, Jiufotang Formation of the Jehol Group 

(Barremian–Early Aptian); J-Y, Yixian Formation of the Jehol Group (Barremian–Early Aptian); S, Solnhofen 

limestones (Early Tithonian); 1, Pterosauria; 2, Pterodactyloidea; 3, Archaeopterodactyloidea; 4, 

Dsungaripteroidea; 5, Gallodactylidae; 6, Istiodactylidae.” 
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2.2.15 Martill and Naish 2006 

The analysis performed by Martill and Naish (2006) attempted to resolve the controversy of 

Tapejaridae (sensu Kellner 2003a, 2004) versus Neoazhdarchia (sensu Unwin 2003a). The 

analysis consisted of nine OTUs, one of which was an outgroup, coded for 23 present/absent 

characters. The data matrix was analysed using NONA 2.0. and only equal weights were used. 

The results presented by Martill and Naish (2006) differ from those recovered in a reanalysis of 

the data using TNT’s traditional search. In the trees from the reanalysis Azhdarcho and 

Zhejiangopterus switch positions, but otherwise, all three topologies are replicated and the 

tree values are the same. Furthermore, when the reported Martill and Naish (2006) tree is 

reconstructed and measured against the data matrix it is one step longer than the authors 

state. After consulting with one of the authors (pers. comm. Martill) we believe the switched 

taxa are likely to be a drafting error and the topology recovered by the analysis performed 

here is correct. 

 

One of the three cladograms recovered has a single monophyletic group with a succession of 

taxa. Stepwise, Tapejara navigans is followed by Sinopterus dongi, then Tapejara wellnhoferi, 

Tapejara imperator, Tupuxuara, Azhdarcho and the sister taxa Zhejiangopterus and 

Quetzalcoatlus.  Another cladogram resolves a very similar topology, but Tapejara wellnhoferi 

and Sinopterus dongi switch positions. The final cladogram resolves two major clades, with a 

basal split. One clade contains Tupuxuara at its base, followed stepwise by Azhdarcho, and the 

sister taxa Zhejiangopterus and Quetzalcoatlus. The other clade contains Tapejara navigans at 

its base followed stepwise by Sinopterus dongi, and the sister taxa Tapejara wellnhoferi and 

Tapejara imperator.  

 

Despite the dichotomy between the three tree topologies in each cladogram supports 

Neoazhdarchia (Unwin 2003a) rather than Tapejaroidea (Kellner 2003a). This analysis was very 

specific but does independently test a hypothesis, lending strong support to Neoazhdarchia. 

Thus this portion of the pterosaur tree can be considered relatively stable. 

 

2.2.16 Lü and Ji 2006 

Lü and Ji (2006) used a modified version of the Kellner (2004)/Wang et al. (2005) analysis to 

assess the phylogenetic positions of Chinese pterosaurs (Fig. 2.2.15.). The analysis was 

conducted on 56 OTUs, coded for 80 characters. Tree lengths and scores are not reported in 

the paper, and there is no discussion of the topological changes relative to Kellner (2004). A 

reconstruction of the tree excluding Liaoxipterus finds a tree length of 262 steps, but 
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reanalyses in PAUP and TNT find 261 steps to be the shortest tree length. The only difference 

between the published tree and those found here is the order of Pterodactylus spp. therefore 

it is likely to be a reporting error. Here, it is suggested that Pterodactylus kochi should be closer 

to the polytomy at the crown of Ctenochasmatoidea than Pterodactylus antiquus. Given this 

topology, the Lü and Ji (2006) analysis has a tree length of 261, with a CI of 0.456 and an RI of 

0.783. 

Like the Kellner (2004) tree, the tree presented by Lü and Ji (2006) (Fig. 2.2.15.) finds 

Anurognathidae as the most basal clade. The Anurognathidae comprises a succession of 

nested clades. The most basal anurognathid is Anurognathus followed stepwise by 

Dendrorhynchoides, followed by the sister taxa Batrachognathus and Jeholopterus. The 

Anurognathidae is followed stepwise by Dimorphodon, followed by Preondactylus, followed by 

a polytomy comprising Sordes, Scaphognathus, and all remaining pterosaurs. Dorygnathus is 

next stepwise, followed by a clade containing the sister taxa Campylognathoides and 

Eudimorphodon, followed by another clade containing Rhamphorhynchus spp. 

Rhamphorhynchus is found to be the sister taxon to Pterodactyloidea. At the base of 

Pterodactyloidea, there is a well-resolved clade, the  

Ctenochasmatoidea (closer in composition to Kellner’s [2003a] Archaeopterodactyloidea Fig. 

2.2.8.). The Ctenochasmatoidea contains Beipiaopterus, followed stepwise by Pterodactylus 

antiquus, then Pterodactylus kochi (see discussion above). Pterodactylus kochi is the sister 

taxon to a polytomy containing Eosipterus, a clade containing Germanodactylus cristatus and 

G. rhamphastinus, and another clade containing two sister groups. One sister group contains 

Ctenochasma and Pterodaustro, the other contains “Gallodactylus canjuersensis” and 

Cycnorhamphus suevicus. The Ctenochasmatoidea is the sister group to a clade containing two 

major clades, the Ornithocheiroidea, and another unnamed clade. The Ornithocheiroidea is 

comprised of Anhanguera, Boreopterus, their most recent common ancestor and all its 

descendants. Boreopterus is at the base of Ornithocheiroidea in a sister group with Feilongus, 

and following them stepwise is Haopterus. Haopterus is followed by the clade containing 

Nurhachius and Istiodactylus. Next, stepwise, is Liaoningopterus, which is followed by the 

Anhangueridae. The Anhangueridae consists of a polytomy, containing Tropeognathus and 

three Anhanguera spp. The unnamed clade that is the sister group to the Ornithocheiroidea 

contains Nyctosaurus at its base, followed stepwise by Pteranodon, followed by Eopteranodon, 

followed in turn by Eoazhdarcho, Chaoyangopterus, Jidapterus, and Zhejiangopterus. The clade 

that follows Zhejiangopterus contains the sister taxa Quetzalcoatlus and Azhdarcho. Next 

stepwise is a clade comprising of the sister taxa Tupuxuara and Thalassodromeus. This clade is 
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the sister group to Tapejaridae plus dsungaripterids (not named in this paper). The clade 

containing dsungaripterids resolves Noripterus at its base, followed by the sister taxa 

Dsungaripterus and Phobetor. The Tapejaridae contains a further two clades, one containing 

the Brazilian pterosaurs Tapejara wellnhoferi and T. imperator, the other containing the 

Chinese pterosaurs Huaxiapterus, followed stepwise by Sinopterus dongi and S. gui. 

The topology is different to any previous analyses, finding dsungaripterids within the 

edentulous Neoazhdarchia, Pteranodon and Nyctosaurus outside of Ornithocheiroidea, and 

finding Pterodactylus to be paraphyletic. Additionally, the tree length is increased relative to 

Wang et al. (2005). This suggests that the topology is susceptible to dramatic changes with the 

inclusion of additional taxa. Furthermore, the characters can produce significant conflict, 

which is not demonstrated in previous renditions of this analysis (i.e. Kellner 2003a, 2004; 

Wang et al. 2005 and later Wang et al. 2009), despite employing similar procedures. 

 

Figure 2.2.15. The cladogram presented by Lü and Ji (2006) based on the character list of Kellner (2004). 
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2.2.17 Lü et al. 2006a 

The analysis presented by Lü et al (2006a) was similar to the one presented by Lü and Ji (2006) 

with five additional OTUs. The tree recovers Liaoxipterus in the Istiodactylidae, compared to 

the tree presented by Lü and Ji (2006) which recovers it as the sister taxon to Anurognathidae 

and it was omitted from one iteration due to a lack of phylogenetically informative characters.  

 

The chapter is written in Chinese and there is no translation available, making it difficult to 

know what search criteria were used, but it seems a heuristic search was performed in PAUP* 

using a TBR swapping algorithm. The tree (Fig. 2.2.16.) presented by Lü et al. (2006a) is a 50% 

majority rule consensus cladogram and it is not clear how well resolved the strict consensus is, 

or how many MPTs were recovered by the search. Regardless I have been unable to locate or 

reproduce the matrix, making it difficult to test the results. 
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Figure 2.2.16. The cladogram presented by Lü et al. (2006a) with five additional taxa. 

 

2.2.18 Andres and Ji 2008 

Andres and Ji (2008) boasted the most comprehensive cladistic analysis of pterodactyloid 

pterosaurs to date (superseded by Vidovic and Martill 2014). Their analysis was intended to 

test the phylogenetic position of Elanodactylus, and in doing so they ran an analysis on 61 

OTUs, coded for 111 characters. Andres and Ji (2008) reported an Adams consensus of two 

MPTs with a length of 338 steps. However, when the analysis was re-run using their 
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methodology 100 MPTs were saved (100 trees being the cut off), with a length of 330 steps. 

Additionally, the reconstructed tree in Mesquite demonstrated a length of 330 steps, further 

supporting these findings. Therefore the tree values reported by Andres and Ji (2008) are 

incorrect. Note the CI is 0.485 and the RI is 0.806 (nothing is reported in the publication). 

The tree (Fig. 2.2.17.) presented by Andres and Ji (2008) is rooted at the node between the 

two major pterodactyloid groups, Archaeopterodactyloidea and Ornithocheiroidea (sensu 

Kellner 2003a). The most basal clade within Archaeopterodactyloidea contains 

Germanodactylus cristatus and Germanodactylus rhamphastinus. The next clade, stepwise, 

contains Pterodactylus antiquus and Pterodactylus kochi. Next, stepwise is “Pterodactylus” 

longicollum, followed by the Gallodactylidae, which contains Feilongus youngi, sister taxon to 

the sister group Cycnorhamphus suevicus and Gallodactylus canjuerensis. The Gallodactylidae 

is the sister group to the Ctenochasmatidae. The Ctenochasmatidae comprises two unnamed 

sister groups, one is a stepwise succession of nesting clades, with Boreopterus at its base, 

followed by Mesadactylus, Kepodactylus, Elanodactylus, Huanhepterus, Plataleorhynchus, and 

Gnathosaurus subulatus and Gnathosaurus macurus in a sister group at its ‘crown’. The other 

clade within Ctenochasmatidae contains Ctenochasma elegans and Ctenochasma porocristata 

in a sister group as its basalmost branch. Ctenochasma is the sister group to a polytomy, 

containing Pterodaustro, Eosipterus and an unnamed clade containing two taxa, Beipiaopterus 

and Gegepterus. The Ornithocheiroidea is a much more diverse and complex arrangement of 

groups. At its base is Haopterus, followed stepwise by two major clades, one contains 

Nyctosaurus bonneri and Nyctosaurus gracilis which is the sister group to Pteranodontoidea. 

The Pteranodontoidea comprises Pteranodon (P. longiceps + P. sternbergi) which is the sister 

group to an unnamed clade containing Istiodacylidae and Anhangueridae. The Istiodactylidae 

contains Nurhachius as its basalmost branch, which is the sister taxon to a polytomy 

comprising of Liaoxipterus, Istiodactylus sinensis, and Istiodactylus latidens. The sister group to 

Istiodactylidae is Lochodectes plus Anhangueridae. Stepwise, after Lonchodectes, and within 

Anhangueridae there is a polytomy comprising of Liaoningopterus and Tropeognathus. After 

the polytomy, stepwise, is a monophyletic assemblage of Anhanguera species, Anhanguera 

blittersdorffi is the sister taxon to the subsequent sister taxa Anhanguera santanae and 

Anhanguera piscator. The other major clade within Ornithocheiroidea is also unnamed and is 

the sister group to Nyctosaurus plus Pteranodontoidea, containing a collective of pterosaurs 

considered to be azhdarchoids by Unwin (2003a), with dsungaripterids nested deeply within 

them. The most basal clade within this group consists of Azhdarchidae and its sister group, 

which is made up of Chaoyangopterus, followed stepwise by Jidapterus and Eoazhdarcho. The 
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Azhdarchidae in this instance consists of Bakonydraco, followed by a polytomy of 

Quetzalcoatlus, Zhejiangopterus, and Azhdarcho. The unnamed clade containing Azhdarchidae 

is followed stepwise by the Dsungaripteridae, which comprises a polytomy of Noripterus, 

“Phobetor” and Dsungaripterus. Following Dsungaripteridae, stepwise, is the Tapejaridae. 

Here, Tapejaridae contains a basal polytomy of Tupuxuara longicristatus, Tupuxuara leonardii, 

and Thalassodromeus, it is followed by two sister groups, one containing Chinese tapejarids 

and the other containing Brazilian Tapejarids. The Chinese clade contains Huaxiapterus, 

Eopteranodon, Sinopterus gui and Sinopterus dongi in a stepwise succession respectively. The 

Brazilian clade contains Tapejara wellnhoferi at its base, followed by the sister taxa Tapejara 

navigans and Tupandactylus imperator. 

The phylogeny presented by Andres and Ji (2008) does very little to resolve the contention 

between the two major phylogenetic bauplans (i.e. Kellner 2003a; Unwin 2003a). 

Furthermore, this tree supports some more unusual concepts, such as Dsungaripterids nested 

within Azhdarchoidea (Lü and Ji 2006), which is anomalous given the presence of teeth in the 

former, the relative lengths of the distal wing phalanges and overall skull architecture. 

Additionally, by primarily adopting Kellner’s (2003a) nomenclature and definitions, it leaves 

large parts of the tree lacking names and unaccounted for. Lastly, there is very little discussion 

of the cladogram, despite it being both comprehensive and contentious. 
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Figure 2.2.17. A cladogram of the Pterodactyloidea presented by Andres and Ji (2008). 
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2.2.19 Lü et al. 2008 

The cladogram (Fig. 2.2.18.) presented by Lü et al. (2008) was based on the character lists of Lü 

and Ji (2006) and Lü et al. (2006a), which were in turn “based on Kellner [(2003a, 2004)] and 

Unwin [(2003a)]” (Lü et al. 2008: Supp 2). The intention of the analysis was to phylogenetically 

place the pterodactyloid pterosaur Shezhoupterus. The only non-pterodactyloids analysed 

were Dimorphodon and Rhamphorhynchus which were set as the outgroup. Thirty ingroup taxa 

were studied with seventy-three characters. The matrix was analysed in PAUP* 4.0 using the 

branch and bound method. Reanalysing the matrix using precisely the same methods finds 

2340 cladograms one step shorter than that presented by Lü et al. (2008). The difference 

between the published Adams consensus cladogram and the one recovered in the reanalysis is 

that the step between Haopterus and Istiodacylidae is reduced to a polytomy. It has not been 

possible to replicate the cladogram presented by Lü et al. (2008) with this step. 

The topology of the Pterodactyloidea, as presented by Lü et al. (2008) is a trichotomy 

comprising Ctenochasmatoidea, Ornithocheiroidea, and Dsungaripteroidea plus 

Azhdarchoidea. The Ctenochasmatoidea comprises Cycnorhamphus at its base, followed by a 

trichotomy of Pterodactylus, Eosipterus and a clade containing Pterodaustro and Ctenochasma. 

The Ornithocheiroidea comprises Haopterus, followed stepwise by a clade containing 

Istiodactylus and Liaoxipterus (Istiodactylidae). Following the istiodactylids is yet another 

trichotomy, containing Boreopterus, and two clades: one comprising Ornithocheirus and 

Coloborhynchus and the other comprising Nyctosaurus and Pteranodon. A third clade is an 

unnamed clade containing Dsungaripteroidea and Azhdarchoidea. The Dsungaripteroidea has 

a polytomy comprising Germanodactylus, Noripterus and a clade containing the “Tatal 

pterosaur” and Dsungaripterus. The sister group of Dsungaripteroidea, Azhdarchoidea, 

contains three major groups arranged in a trichotomy. One group of azhdarchoids includes 

Sinopterus, followed stepwise by Tapejara and Huaxiapterus (=Tapejaridae sensu Unwin 

2003a), another group consists of a polytomy of Eoazhdarcho, Chaoyangopterus, 

Shenzhoupterus, Jidapterus, and Eopteranodon. The third clade within Azhdarchoidea is 

Neoazhdarchoidea, comprising Tupuxuara and Thalassodromeus in a clade, that is the sister 

group to a polytomy containing Quetzalcoatlus, Azhdarcho, and Zhejiangopterus. 

The cladogram presented by Lü et al. (2008) is somewhat reminiscent of the Unwin (2003a) 

topology, but with reduced resolution. The Ornithocheiroidea is not viewed as definitively the 

most basal group of pterodactyloids, instead, it is uncertain how each of the major three 

groups relates to the non-pterodactyloids. Nonetheless, much of the nomenclature provided 

by Unwin (2003a) fits the cladogram neatly. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

55 
 

 

Figure 2.2.18. (A) The cladogram presented by Lü et al. (2008), with bootstrap and Bremer supports (B) and the 

more resolved 50% majority rule consensus azhdarchoid subtree (C). 

 

2.2.20 Wang et al. 2008 

The Wang et al. (2008a) cladogram (Fig. 2.2.19.) was yet another rendition of the Kellner 

(2004) cladistic analysis, as was Wang et al. (2005). The topology is largely unchanged, with the 

only difference being the addition of the new taxon Nemicolopterus. In the cladogram 

recovered by Wang et al. (2008a), Nemicolopterus is stepwise after Nyctosaurus and the sister 

taxon to Pteranodontoidea and Tapejaroidea. Therefore, Wang et al. (2008a) consider 

Nemicolopterus to be a dsungaripteroid and sister taxon to Ornithocheiroidea (sensu Kellner 

2003a). 

Their supplementary material reports that there were 4,239 MPTs with a length of 193 steps. 

However, when re-run in TNT and PAUP* MPTs with the same topology, but 192 steps are 

recovered. Likewise, when the cladogram is reconstructed in Mesquite, a length of 192 steps is 

reported, therefore it must be assumed to be a reporting error. With Scleromochlus included 

in the analysis, the CI and RI are 0.724 and 0.895 respectively. 

To test the validity of the findings of Wang et al. (2008a), Wang et al. (2005) and Kellner (2004) 

taxa were deleted from the Wang et al. (2008a) matrix to match the taxon content of the 
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preceding analyses. The modified 2008 matrix found the same topology and tree length for the 

Wang et al. (2005) analysis, but the Kellner (2004) analysis was increased by a single step, 

suggesting that despite a lack of additional characters and taxa the matrix differed somehow. 

Upon further investigation, it became apparent that between the Kellner (2004) and the Wang 

et al. (2005, 2008a) matrices the coding was altered. A list of affected taxa and characters is 

given below. 

 Sordes pilosus – Ch. 18: ? (Kellner 2004)  0 (Wang et al. 2005; 2008a) 

o Ch. 18 Lacrimal process: broad (0); thin, subvertical (1); thin, strongly inclined 

posteriorly 

 Peteinosaurus zambelii – Ch. 1: 0 (Kellner 2004)  ? (Wang et al. 2005; 2008a); Ch. 2: 

? (Kellner 2004)  0 (Wang et al. 2005; 2008a) 

o Ch. 1 Dorsal margin of the skull: straight or curved downward (0); concave (1); 

only rostrum curved upward (2) 

o Ch. 2 Upper and lower jaw: laterally compressed (0); comparatively broad (1) 

 Dsungaripterus weii – Ch. 29: 0 (Kellner 2004; Wang et al. 2005)  1 (Wang et al. 

2008a) 

o Ch. 29 Palatal ridge: absent (0); discrete, tapering anteriorly (1); strong, 

tapering anteriorly (2); strong, confined to the posterior portion of the palate 

The changes in Sordes and Dsungaripterus are justifiable as corrections, although the dorsal 

process of the Jugal in Sordes could be considered thin, and the palatal ridge in Dsungaripterus 

could be considered strong. The alteration to character 1 in the coding of Peteinosaurus is 

correct, but it is not possible to code character 2 confidently, thus it should have remained a 

‘?’. Analyses demonstrate that the altered coding does not affect the topology, but the tree 

length is affected. Changing the coding of the Wang et al. (2008a) back to the original (i.e. 

Kellner 2004) states finds a tree length of 191 steps, one step shorter than that reported above 

and two steps shorter than the paper reports. 
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Figure 2.2.19. The cladogram of Wang et al. (2008a).  

 

2.2.21 Lü 2009 

The cladogram (Fig. 2.2.20.) presented by Lü (2009) was produced to explore the systematic 

position of Changchengopterus pani. The analysis was modified from the Lü and Ji (2006) and 

Lü et al. (2006a) matrices, and all edentulous pterosaurs were excluded. The analysis was run 

in PAUP* 4.0b10 using the heuristic search function with TBR. The analysis comprises 41 taxa 

(of which 3 are outgroup taxa) and 80 characters, and it reportedly recovered 34000 MPTs 

(forced constraint) with tree lengths of 186 steps, a CI of 0.602 and an RI of 0.836. 
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Figure 2.2.20. A cladogram of the Pterosauria presented by Lü (2009). 

Lü (2009) did not include the outgroup in the data matrix, so it is not possible to re-run the 

analysis and test the results. However, when the outgroup from Lü and Ji (2006) is used, a TNT 

new technology search finds a different topology that has a greater tree length relative to the 

one reported. Irrespectively, the analysis is now obsolete. Since the discovery of 

Darwinopterus (Lü et al. 2009), it has been suggested that Changchengopterus is a 

wukongopterid (Wang et al. 2010), which means the phylogenetic position of the taxon 

inferred by Lü (2009) is unlikely to be correct. Indeed, more comprehensive analyses find 
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Changchengopterus to be closely related to Wukongopterids (Andres 2010; Andres and Myers 

2012; Andres et al. 2014).  

 

2.2.22 Lü et al. 2009 

The tree presented by Lü et al. (2009) was in support of the hypothesis that Darwinopterus is 

an intermediate pterosaur, between non-pterodactyloids and pterodactyloids (Fig. 2.2.21.). 

The 500,000 MPTs were reported to be 400 steps in length. However, reanalysis in TNT finds 

that this tree is suboptimal by 26 steps, furthermore, reanalysis in PAUP* also finds MPTs with 

a length of 374 steps. The strict consensus of fundamental trees with a length of 374 steps 

finds a much more resolved cladogram than that presented by Lü et al. (2009). Additionally, 

there are reporting errors in the methods (presented in D. 1. of their supplementary data), 

where it is reported that a heuristic search was used with additional sequences set to 

‘furthest’. It is not possible to set additional sequences to ‘furthest’ in a heuristic search, this 

option is only made available using the branch-and-bound method. Running the branch-and-

bound method with additional sequences set to ‘furthest’ finds the shortest tree length of 374 

steps. Using the heuristic search method with additional sequences set to ‘simple’ also finds 

the shortest tree length of 374, but due to memory constraints, it is necessary to terminate the 

analysis before all trees are found. Using a new technology search, TNT will search a far 

greater number of rearrangements, utilising various algorithms to ‘jump’ between local 

optima. However TNT’s new technology search does not store all trees of the shortest length, 

but using a traditional search to swap from the saved trees will save more. performing this on 

the Lü et al. (2009) analysis finds in excess of 100 trees. Despite the number of saved trees, the 

cladogram remains better resolved than the one reported by Lü et al. (2009). Notably, 

Noripterus is present in the matrix presented in the supplementary data, however, it is 

excluded from the final analysis without explanation. When the analysis is run with Noripterus 

it is found as the sister taxon to Germanodactylus cristatus, while Germanodactylus is found to 

be paraphyletic, contrary to the findings of Unwin (2003a) and the results presented in the Lü 

et al. (2009) study. 

 

The tree from this analysis is one of the ‘key’ cladograms analysed in this study and is 

described and discussed further elsewhere. The optimal MPTs are used for comparison to the 

other phylogenies analysed, not the version reported in the publication. 
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Figure 2.2.21. A cladogram of Pterosauria presented by Lü et al. (2009) (a); a demonstration of modular evolution 

through time (b); a chronostratigraphic tree of key groups (c) – the numbers relate to the groupings designated in 

(a). 

 

2.2.23 Wang et al. 2009 

The cladistic analysis conducted by Wang et al (2009) was intended to resolve the phylogenetic 

position of Wukongopterus. They analysed 58 OTUs for 89 characters taken from the Kellner 

(2003a) analysis which had been “continuously updated by the inclusion of new characters and 

taxa”(Wang et al. 2009). Wang et al. (2009) reported that the tree excluding Scleromochlus, 

Changchengopterus, Harpactognathus, Angustinaripterus, and Cacibupteryx scored 225 steps. 

Indeed, the shortest tree length recovered after re-analysing the dataset is 225 steps, but it is 

not the tree reported in the manuscript – the tree reported in the manuscript is 228 steps. In 

addition to this reporting error, the pterosaur Changchengopterus is not included in the data 
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matrix. Furthermore, Eudimorphodon rosenfeldi and E. cromptonellis (Carniadactylus and 

“Arcticodactylus” respectively) have switched positions. 

With the exception of the inclusion of more Triassic taxa – and the resulting separation of 

Eudimorphodon and Campylognathoides – nothing has changed between this tree topology 

(Fig. 2.2.22.) and that of Wang et al. (2005) (Fig. 2.2.14.). Wukongopterus was recovered in a 

polytomy with Dorygnathus and a clade which is also a polytomy of eudimorphodontids, 

Dimorphodon and Novialoidea. Note, this cladogram is incongruent with the current consensus 

on the phylogenetic position of Wukongopterus (Andres 2010; Wang et al. 2010; Andres and 

Myers 2012; Andres et al. 2014). 
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Figure 2.2.22. A cladogram of the Pterosauria presented by Wang et al. (2009). 
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2.2.24 Dalla Vecchia 2009 

Dalla Vecchia (2009a) conducted a comprehensive analysis on the non-pterodactyloid 

pterosaurs, to test the hypothesis that “Eudimorphodon rosenfeldi” required a new genus 

name. The analysis comprises 73 characters and 24 ingroup taxa. Subsequently, the analysis 

was modified to accommodate new specimens of Triassic pterosaurs, which resulted in no 

change in relationships among the remaining OTUs (Dalla Vecchia 2009b). The analysis (Dalla 

Vecchia 2009a, b) is arguably the most comprehensive for non-pterodactyloid relationships to 

date, with only two fewer characters than the subsequent Andres et al. (2010) analysis, but 

more taxa are examined. 

Like Andres et al. (2010, 2014), Dalla Vecchia (2009a, b) found anurognathids to be the sister 

taxa to pterodactyloids. However, this analysis lacked data on wukongopterids which had not 

been discovered (or at least described) at that time. The Dalla Vecchia (2009a, b) tree differs 

from the Andres trees (Andres 2010; Andres et al. 2010, 2014; Andres and Myers 2012) in the 

placement of Preondactylus and Austriadactylus in a monophyletic clade on the most basal 

branch of Pterosauria, distinct from other Triassic taxa. Following this most basal branch is a 

stepwise succession of other Triassic taxa and the Lower Jurassic Dimorphodon. This group of 

stratigraphically confined pterosaurs is followed stepwise by Dorygnathus, then the 

scaphognathids (Sordes and Scaphognathus), then Rhamphorhynchus, followed by the sister 

taxa Anurognathidae and Pterodactyloidea. 

This cladogram (Fig. 2.2.23.) is highly incongruent with Unwin (2003b), from which the majority 

of the characters were taken, but it is stratigraphically congruent. 
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Figure 2.2.23. The basal pterosaur phylogeny presented by Dalla Vecchia (2009a). 

 

2.2.25 Andres et al. 2010 

 Andres et al. (2010) presented a single MPT (Fig. 2.2.24.) of 145 steps, recovered from a 

matrix coding 22 OTUs for 75 characters. Reanalysis of the data in TNT confirms the findings of 

Andres et al. (2010). The analysis focussed on non-pterodactyloid pterosaurs and was 

conducted to assess the phylogenetic position of Sericipterus. 

The tree demonstrates that Preondactylus is the most basal pterosaur, followed stepwise by 

other Triassic pterosaurs. Following Preondactylus is a clade containing Eudimorphodon and 

Austriadactylus, followed in turn by Peteinosaurus. Peteinosaurus is followed stepwise by the 

Lower Jurassic pterosaurs Dimorphodon and Campylognathoides. Campylognathoides is the 

sister group to Breviquartossa, which comprises two sister groups. One of the sister groups is 

Rhamphorhynchidae, which contains Scaphognathus at its base, followed by 

Rhamphorhynchinae, which is a stepwise succession of Dorygnathus, a clade containing 

Cacibupteryx and Rhamphorhynchus, Harpactognathus, and Sericipterus plus 

Angustinaripterus. The other clade contains Sordes, followed stepwise by Pterodactyloidea, 

Anurognathus, Batrachognathus, and Jeholopterus plus Dendrorhynchoides. 
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When compared to stratigraphic data, the cladogram presented by Andres et al. (2010) is the 

most robust phylogeny of basal pterosaurs currently available. Surprisingly, the analysis omits 

Caviramus which is represented by good material. 

 

Figure 2.2.24. The relationships of basal pterosaurs presented by Andres et al. (2010). 

 

2.2.26 Andres 2010 Ph.D. thesis 

With the exception of a few very minor differences, the unpublished tree presented by Andres 

(2010) in his Ph.D. thesis (Fig. 2.2.25.) is the same as the one published by Andres and Myers 

(2012). Incongruences with the Andres and Myers (2012) tree include: Austriadactylus is not 

the sister taxon to Preondactylus; Anurognathus and Jeholopterus switch places; Huaxiapterus 

jii (Sinopterus jii in Andres and Myers 2012) and Eopteranodon switch places; Sinopterus gui is 

in a monophyletic Sinopterus; there is a polytomy between Tupuxuara spp. and 

Thalassodromeus; Eoazhdarcho is not a chaoyangopterid; Zhejiangopterus and Azhdarcho 

switch phylogenetic positions. For a more detailed discussion of the analysis see 2.2.28. 
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Figure 2.2.25. The cladogram of Pterosauria presented in the unpublished thesis of Andres (2010). 
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2.2.27 Andres 2012 in Butler et al. 

A cladistic analysis compiled and performed by Andres was presented in the supplementary 

data of Butler et al. (2012). In the supplementary data Andres (in Butler et al. 2012) noted that 

the analysis was not a valid phylogeny, but merely a practical test of a methodology and he 

wished it to be treated as such. Although this is an unusual practice the resulting cladogram is 

so similar to Andres’ later analyses (Andres and Myers 2012; Andres et al. 2014) little could be 

gained by providing a commentary on the cladogram. The only noteworthy difference being 

that several polytomies form and a monophyletic Archaeopterodactyloidea is not recovered. 

 

2.2.28 Andres and Myers 2013 

The tree presented by Andres and Myers (2012) (Fig. 2.2.26.) was at the time of publication 

the most comprehensive pterosaur cladistic analysis by a significant margin, analysing 109 

OTUs coded for 185 characters. The reanalysis was run both with and without the fragmentary 

Texan specimen USNM 13804. A new technology search combined with a traditional search – 

to find the maximum MPTs – recovers 24 trees with a length of 644.079 steps. The same 

search method, excluding USNM 13804, recovers a single tree of 644.079 steps when all zero 

length branches are collapsed. This single MPT is comparable to the tree presented by Andres 

and Myers (2012), with the exceptions of the polytomies between Nesodactylus, 

Rhamphorhynchus and Cacibupteryx, and Quetzalcoatlus northropi, Quetzalcoatlus sp. and 

Arambourgiana being resolved. The tree presented in the paper is reportedly an Adams 

consensus tree of 12 MPTs (Andres and Myers 2012). It is not possible to replicate these 

findings, but notably, Andres and Myers (2012) use TBR and SPR algorithms to tree search, 

which is only possible in a computationally limited traditional search. When the analysis is run 

using Wagner trees, with 2000 additional sequences, and the search is set to save all trees: 14 

trees are saved. Only one of the trees saved is of the shortest length: 644.079 steps. The 

Adams consensus of these 14 MPTs is significantly less well resolved than the one presented 

by Andres and Myers (2012). 
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Figure 2.2.26. Another iteration of the Andres (2010) cladogram containing pterosaur material from the USA, 

presented by Andres and Myers (2012). 
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Their pterodactyloid tree is remarkably similar to the topology presented by Andres and Ji 

(2008) and the non-pterodactyloid sub-tree bears a reasonable similarity to that of Andres et 

al. (2010). Although, the relationships of basal taxa are changed between this tree and the 

Andres et al. (2010) tree and the wukongopterids have been added to this analysis. Despite the 

inclusion of wukongopterids and their suite of transitional morphologies, Andres and Myers 

(2012) still find anurognathids to be the sister group to Pterodactyloidea. 

2.2.29 Andres et al. 2014 

Yet another amended version of the ‘Andres’ analyses, the Andres et al. (2014) tree (Fig. 

2.2.27.) is the most comprehensive cladistic analysis of the Pterosauria in the peer-reviewed 

literature (Vidovic and Martill 2014 provide the most comprehensive pterodactyloid analysis, 

while Andres et al. 2010 and Dalla Vecchia 2009a, b remain the most comprehensive non-

pterodactyloid analyses). The analysis comprises of 112 OTUs, coded for 224 characters, 39 of 

which are continuous. 

Despite the inclusion of additional characters and taxa, the cladogram is largely unchanged. 

The most significant difference is the movement of Boreopterus from Archaeopterodactyloidea 

to Boreopteridae in Ornithocheiroidea. Other changes are minor and seem to be chiefly 

because of the addition of taxa that are more closely related to one taxon than another in the 

pre-existing tree. 

An executable file, including the matrix, means that a re-analysis is possible and the exact tree 

and scores are recovered. Reanalysis using more exhaustive search procedures produces the 

same tree. 

The purpose of the analysis was to test if Kryptodrakon is the most basal pterodactyloid. 

However, Kryptodrakon is represented by only partial or fragments of scapula, coracoid, 

sacrum, radius, wing metacarpal, and wing fingers, which could cause rootward slippage 

(Sansom et al. 2010, 2013; Sansom 2014). The lack of morphological states coded would mean 

it is less likely to recover an apomorphy that would place the taxon in a clade. Furthermore, a 

lack of measurable material renders proportional data useless for the purpose of placing the 

material phylogenetically. Finally, the Painten pro-pterodactyloid (Tischlinger and Frey 2013) 

demonstrates that the defining features of a pterodactyloid are the proportions of the wing, 

the reduction and loss of elements in the 5th toe, and the reduction of chevrons in the tail – 

none of which can be demonstrated with confidence on Kryptodrakon. Therefore, the entire 
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premise of the paper hinges on an artefact of taphonomy and the cladistic method (Sansom et 

al. 2010, 2013; Sansom 2014). 

 

Figure 2.2.27. A chronostratigraphic tree of the Pterosauria, with subjective wing shapes, plotted against the 

branches, presented by Andres et al. (2014). 
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3. Materials and Methods 

“Good science requires clearly explained, repeatable methods. Yet, practitioners of 
morphological phylogenetics tend not to be explicit about their methodology” J.J. 

Wiens, 2001: 689 
3.1. Introduction 

The aims of this thesis are (1) to independently verify phylogenetic signals observable in 

pterosaur morphology using cladistic methods, (2) to identify and contrast differences in 

pterosaur phylogenetic hypotheses and (3) suggest why previous analyses might have differed. 

In order to achieve these goals, it is necessary to apply a methodology that is fully justified by 

the literature and preliminary experimentation. The ability to identify differences and 

similarities between various methodologies and results is a requirement of this project. The 

following subchapters detail the material and procedures utilised in this project. 

3.2. Materials 

3.2.1. Introduction 

An ideal cladistic analysis would include every taxon within the study group, with each taxon 

represented by numerous and complete specimens. The fossil record does not deliver this 

ideal. Additionally, time, money, distance, questionable taxonomic practices, and specimen 

authenticity mean that this ideal is not achievable. A comprehensive list of specimens used in 

this study’s analysis is provided in table 3.2.1. A list of institutions housing this material is 

provided in section 3.2.4. Each institution marked with an asterisk (in 3.2.4). was visited in 

order to collect data by direct observation. Data from specimens housed in institutions that 

were not visited was made available by other researchers (David Martill; David Unwin; David 

Hone; Mark Witton) or curators in the form of photographs or casts. In some cases, it was 

necessary to use descriptive text, photographs and tabulated data from peer-reviewed 

publications to supplement the data. 

Wherever possible the taxa included in this analysis are represented by near-complete 

skeletons. However, several taxa are represented by partial skeletons. This is deemed 

necessary where the specimens represent a monotypic clade, occupy a problematic region of 

previous phylogenies, or they are maintained for comparability with published analyses that 

have previously utilised these specimens. Although they are available for study, several taxa 
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represented only by fragmentary material have been excluded from the analysis due to a lack 

of diagnosable features (e.g. Rhamphocephalus, Liaoxipterus, Hatzegopteryx, 

Normannognathus), thus they are of dubious validity. It is likely that many of these 

undiagnostic specimens would not increase the resolution of the phylogeny, and will conflict 

with the information available from more complete specimens. It is acknowledged that poorly 

preserved specimens will appear more basal in a cladistic analysis (Sansom et al. 2010, 2013; 

Sansom 2014), causing more derived or unusual anatomical features (i.e. autapomorphies) 

that are preserved to affect the phylogeny of more basal members of the ingroup. For taxa 

with incomplete holotypes, additional exceptionally well-preserved specimens confidently 

referred to the taxon have been used to increase the coding completeness for the data matrix. 

In some circumstances, additional specimens were used to represent a taxon to express the 

diversity of form. For example, both Darwinopterus and Pteranodon have cranial crests with 

polymorphic character states due to sexual dimorphism (Bennett 1992; Lü et al. 2011), so both 

male and female specimens were employed. 

3.2.2. Table of specimens 

The following table (Table 3.2.1.) contains a list of taxa that have been analysed in published 

cladistic studies, in addition to specimens that are used in the cladistic analyses presented 

here. If the column named “notable authors of cladistic analyses” is left blank, it means the 

taxon is unique to the analyses presented here. The “notable authors of cladistic analyses” 

column is populated by references to notable analyses studying the phylogenetic relationships 

of the corresponding taxon. If cells in the column named “specimens used here” are left blank, 

it means that the taxon is either a nomen dubium represented by poor material, or is just 

represented by poorly documented material and cannot be included in the analyses here. 
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Taxon 
Notable authors of 

cladistic analyses 
Specimens used here 

? 
(Andres and Myers 

2012) TMM 42489 
- 

Aerodactylus scolopaciceps 

(Meyer 1860) 

(Vidovic and Martill 

2014) 

BSP AS V 29; BSP 1937 I 18; BSP 1883 XVI 

1 

Aetodactylus halli Myers, 

2010 

(Andres and Myers 

2012) SMU 76383 
- 

Angustinaripterus 

longicephalus He, Yan, and Su, 

1983 

(Wang et al. 2009) ZDM T8001 

Anhanguera araripensis 

(Wellnhofer, 1985) 
(Bennett 1989) BSP 1982 I 89 

Anhanguera blittersdorffi 

Campos and Kellner, 1985 
(Kellner 2003a) 

Campos & Kellner 1987 holotype. Cast in 

Munich BSP 1990 I 44 

Anhanguera piscator Kellner 

and Tomida, 2000 
(Kellner 2003a) NSM-PV 19892 

Anhanguera santanae 

(Wellnhofer, 1985) 
(Kellner 2003a) BSP 1982 I 90 

Anurognathus ammoni 

Döderlein, 1923 
(Kellner 2003a) 

SMNK cast and Bennett 2004. BSP 1922 I 

42 

Alamodactylus byrdi Andres 

and Myers, 2012 

(Andres and Myers 

2012) SMU 76476 
- 

Arambourgiania philadelphiae 

(Arambourg, 1959) 
(Howse 1986)  

VF 1 (additional material: SMNK 1978 / 1; 

SMNK 1285 PAL; BSP 1988 I 40) 

Ardeadactylus longicollum 

(Meyer, 1854) 
(Howse 1986) SMNS 56603 

Aurorazhdarcho micronyx 

(Meyer, 1856) 

(Howse 1986; 

Vidovic and Martill 

2014) 

NMB Sh 110 

Austriadactylus cristatus Dalla 

Vecchia, Wild, Hopf, and 

Reitner, 2002 

(Unwin 2003a) SMNS 56342; SC 332466 

Azhdarcho lancicollis Nesov, 

1984 
(Howse 1986) Specimens in Averianov (2010) 

Bakonydraco galaczi Osi, 

Weishampel, and Jianu, 2005 

(Andres and Ji 

2008) 
MTM Gyn/3 

Barbosania gracilirostris Elgin 

and Frey, 2011 
- MNHS/00/85 

Batrachognathus volans 

Rjabinin, 1948 
(Kellner 2003a) PIN 52-2 

Beipiaopterus chenianus Lü, 

2003 
(Lü and Ji 2006) BPM 0002 

Bennettazhia oregonensis (Andres and Myers MPUC V.126713 
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(Gilmore, 1928) 2012) 

Boreopterus cuiae Lü and Ji, 

2005a 
(Lü and Ji 2006) JZMP-04-07-3; IVPP V14585 

Brasileodactylus araripensis 

Kellner, 1984 

(Andres and Myers 

2012) 
MN 4804-V 

Cacibupteryx caribensis 

Gasparini and Fernández, 

2004 

(Lü et al. 2009) IGO-V 208 in Gasparini et al. (2004) 

Caiuajara dobruskii Manzig et 

al., 2014 

(Manzig et al. 

2014) 

CP.V 1449; CP.V 2003; CP.V 1005a; CP.V 

1000; CP.V 1013; CP.V 1025; CP.V 871b; 

CP.V 866b; CP.V 869 

Campylognathoides liasicus 

(Quenstedt, 1858) 
(Kellner 2003a) 

GPIT 9533; SMNS 50735; SMNS 54049; 

CM 11424 

Campylognathoides zitteli 

(Plieninger, 1894) 

(Andres and Myers 

2012) 
SMNS 9787; SMNS 18879; SMNS 51100 

Carniadactylus rosenfeldi 

(Dalla Vecchia, 1995) 
(Kellner 2003a) MPUM 6009; MFSN 1797 

Caupedactylus ybaka Kellner, 

2012 
- MN 4726-V 

Caviramus schesaplanensis 

Fröbisch and Fröbisch, 2006 

(Dalla Vecchia 

2009a) 
PIMUZ A/III 1225; BNM 14524 

Cearadactylus atrox Leonardi 

and Borgomanero, 1985 
(Lü et al. 2009) MN 7019-V (CB-PV-F-O93) 

Changchengopterus pani Lü, 

2009 

(Andres and Myers 

2012) 
CYGB-0036; PMOL-AP00010 

Chaoyangopterus zhangi 

Wang and Zhou, 2003b 
(Lü et al. 2008) IVPP V 13397 

Coloborhynchus clavirostris 

Owen, 1874 

(Andres and Myers 

2012) 
- 

Coloborhychus robustus 

(Wellnhofer, 1987) 
(Lü et al. 2009) BSP 1987 I 47 

Coloborhynchus wadleighi 

Lee, 1994 

(Andres and Myers 

2012) 
- 

Ctenochasma elegans 

(Wagner, 1861a) 
(Howse 1986) 

JME SoS-2179 (C. “porocristata”); BSP 

1935 I 24; BSP 1920 I 57; BSP AS VI 30; 

BSP 1875 XVI 501; PTH 1950 33; SMNS 

81803 

Ctenochasma “porocristata” 

Buisonjé, 1981 

(Andres and Ji 

2008) 
- 

Cycnorhamphus suevicus 

(Quenstedt, 1855) 
(Howse 1986) GPIT 80; MNHN CNJ71 

Darwinopterus linglongtaensis 

Wang, Kellner, Jiang, Cheng, 

Meng, and Rodrigues, 2010 

(Vidovic and Martill 

2014) 
IVPP V16049 
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Darwinopterus modularis Lü, 

Unwin, Jin, Liu, and Ji, 2009 
(Lü et al. 2009) ZMNH M8782; YH-2000; ZMNH M8802 

Dendrorhynchoides 

curvidentatus Ji and Ji, 1998 
(Kellner 2003a) GMV2128; JZMP-04-07-3 

Dimorphodon macronyx 

(Buckland, 1829) 
(Kellner 2003a) 

NHMUK PVR 5910; NHMUK PVR 1034; 

NHMUK PVR 1035; NHMUK PVR 41212 

Domeykodactylus ceciliae 

Martill, Frey, Diaz, and Bell, 

2000 

(Maisch et al. 2004) 

Departmento de Ciencias Geológicas, 

Universidad Católica del Norte, 

Antofagasta 250973 

Dorygnathus banthensis 

Theodori, 1830 
(Kellner 2003a) 

GPIT 1645/1; SMNS 50702; SMNS 51827; 

SMNS 55886; Wyoming 3D specimen 

Dsungaripterus weii Young, 

1964 
(Bennett 1989) IVPP V2776; IVPP V4065 

Elanodactylus prolatus Andres 

and Ji, 2008 

(Andres and Ji 

2008) 
NGMC 99-07-1 

Eoazhdarcho liaoxiensis Lü 

and Ji, 2005b 
(Lü and Ji 2006) GMN-03-11-002 

Eopteranodon lii Lü and 

Zhang, 2005 

(Lü and Ji 2006) 

BPV-078 
- 

Eosipterus yangi Ji and Ji, 

1997 
(Lü and Ji 2006) GMV 2117 

Eudimorphodon 

“cromptonellus” Jenkins, 

Shubin, Gatesy, and Padian, 

2001 

(Wang et al. 2009) MGUH VP 3393 

Eudimorphodon ranzii 

Zambelli, 1973 
(Kellner 2003a) MCSNB 2888 

Europejara olcadesorum 

Vullo, Marugán-Lobón, 

Kellner, Buscalioni, Gomez, De 

La Fuente, and Moratalla, 

2012 

(Vullo et al. 2012) - 

Feilongus youngi Wang, 

Kellner, Zhou, and de Almeida 

Campos, 2005 

(Wang et al. 2005) IVPP V-12539 

Fenghuangopterus lii Lü, 

Fucha, and Chen, 2010 
- CYGB-0037 

Gallodactylus canjuersensis 

(=Cycnorhamphus) Fabre, 

1976 

(Howse 1986) See Cycnorhamphus 

Gegepterus changi Wang, 

Kellner, Zhou, and de Almeida 

Campos, 2007 

(Andres and Ji 

2008) 
IVPP V 11981; IVPP V 11972 

Germanodactylus cristatus (Howse 1986) BSP 1892 IV 1 & NMING F15005; SMNK 
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(Wiman, 1925) PAL 6529 

“Germanodactylus 

rhamphastinus” (Wagner 

1851) (see 6.3.) 

(Kellner 2003a) 
BSP AS I 745a & b; JME Moe 12 & BSP 

1977 XIX 1 

Gladocephaloideus 

jingangshanensis Lü, Ji, Wei, 

and Liu, 2012 

(Vidovic and Martill 

2014) 
IG-CAGS-08-07 

Gnathosaurus subulatus 

Meyer, 1834 
(Bennett 1994) BSP AS VII 369; JME-SOS 4580 

Gnathosaurus “macrurus” 

Seeley, 1869 

(Andres and Ji 

2008) 
- 

Guidraco venator Wang, 

Kellner, Jiang, and Cheng, 

2012 

(Wang et al. 2012) IVPP V17083 

Hamipterus tianshanensis 

Wang, Kellner, Jiang, Wang,  

Ma, Paidoula, Cheng, 

Rodrigues, Meng, Zhang, Li, 

and Zhou 2014a 

(Wang et al. 2014a) 
IVPP V18931; VPP V18933; IVPP 

V18935.1; IVPP V18936.2 

Haopterus gracilis Wang and 

Lü, 2001 
(Lü and Ji 2006) IVPP V11726 

Harpactognathus gentryii 

Carpenter, Unwin, Cloward, 

Miles, and Miles, 2003 

(Andres et al. 2010) NAMAL 101 

Hongshanopterus lacustris 

Wang, Campos, Zhou, and 

Kellner, 2008b 

(Andres et al. 2014) - 

Huanhepterus quingyangensis 

Dong, 1982 
(Lü et al. 2006a) IVPP V9070 

Huaxiapterus benxiensis Lü, 

Gao, Xing, Li, and Ji, 2007 

(Andres and Myers 

2012) BXGM V0011 
- 

Huaxiapterus corallatus Lü, 

Jin, Unwin, Zhao, Azuma, and 

Ji, 2006b 

(Lü et al. 2006a) 

ZMNH M8131  
- 

Huaxiapterus jii Lü and Yuan, 

2005 
(Lü and Ji 2006) GMN-03-11-001; CDM V30001 

Ikrandraco avatar Wang, 

Rodrigues, Jiang, Cheng, and 

Kellner, 2014b 

(Wang et al. 2014b) IVPP V18199; IVPP 18406 

Istiodactylus latidens (Hooley, 

1913) 
(Bennett 1989) NHMUK PVR 3877 

Istiodactylus sinensis Andres 

and Ji, 2006 

(Andres and Ji 

2008) 
NGMC 99-07-011 

Jeholopterus ninchengensis (Unwin 2003a) IVPP V12705 
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Wang, Zhou, Zhang, and Xu, 

2002 

Jidapterus edentus Dong, Sun, 

and Wu, 2003 
 (Lü and Ji 2006) CAD 01 

Kepodactylus insperatus 

Harris and Carpenter, 1996 

(Andres and Ji 

2008) 
DMNH 21684 

Kryptodrakon progenitor 

Andres, Clark, and Xu, 2014 
(Andres et al. 2014) - 

Liaoningopterus gui Wang and 

Zhou, 2003a 
(Lü and Ji 2006) IVPP V13291 

Liaoxipterus brachyognathus 

Dong and Lü, 2005 

(Lü and Ji 2006) 

CAR-0018 
- 

Lonchodectes compressirostris 

(Owen, 1851) 
(Kellner 2003a) NHMUK PVR 39410 

Lonchognathosaurus 

acutirostris Maisch, Matzke, 

and Sun, 2004 

(Maisch et al. 

2004) 
-  

Longchengopterus zhaoi 

Wang, Li, Duan, and Cheng, 

2006 

(Andres and Myers 

2012) 
- 

Ludodactylus sibbicki Frey, 

Martill, and Buchy, 2003a 
(Lü et al. 2009) SMNK PAL 3828 

Mesadactylus ornithosphyos 

Jensen and Padian, 1989 

(Andres and Ji 

2008) 
- 

Moganopterus zhuiana Lü, Pu, 

Xu, Wu, and Wei, 2012 
(Lü et al. 2012) 41HIII0419 

Muzquizopteryx coahuilensis 

Frey, Buchy, Stinnesbeck, 

Gonzalez, and Di Stefano, 

2006 

(Lü et al. 2009) UNAM IGM 8621; MUDE CPC-494 

Nemicolopterus crypticus 

Wang, Kellner, Zhou, and 

Campos, 2008a (=Sinopterus 

juvenile) 

(Wang et al. 2008a) - 

Nesodactylus hesperius 

Colbert, 1969 
(Lü et al. 2009) - 

Noripterus complicidens 

Young, 1973 
(Kellner 2003a) GIN125/1010; IVPP V4062; IVPP V4059 

Normannognathus 

wellnhoferi Buffetaut, Lepage, 

and Lepage, 1998 

(Maisch et al. 2004) 

MGCL 59 583 
- 

Nurhachius ignaciobritoi 

Wang, Kellner, Zhou, and de 

Almeida Campos, 2005 

(Wang et al. 2005) IVPP V13288 
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Nyctosaurus bonneri Miller, 

1972 
(Kellner 2003a) FHSM VP-2148 

Nyctosaurus gracilis (Marsh, 

1876) 
(Howse 1986) FMNH P 25026; KJ 1 & KJ 2 

Nyctosaurus lamegoi Price, 

1953 
(Bennett 1989) - 

Ornithocheirus mesembrinus 

(Wellnhofer, 1987) 

(=Tropeognathus) 

(Bennett 1994) BSP 1987 I 46 

Ornithocheirus simus (Owen, 

1861) 

(Andres and Myers 

2012) 
- 

Painten Pro-pterodactyloid 

(German monofenestratan) 
- Private specimen 

Parapsicephalus purdoni 

(Newton, 1888) 

(Andres and Myers 

2012) 
GSM 3166 

Peteinosaurus zambellii Wild, 

1978 
(Unwin 2003a) MCSNB 2886 

Plataleorhynchus 

streptophorodon Howse and 

Milner, 1995 

(Andres and Ji 

2008) 
NHMUK PVR 11957 

Prejanopterus curvirostra 

Vidarte and Calvo, 2010 

(Pereda-Suberbiola 

et al. 2012) 

CPE/242-6a; CPE/242-6b; CPE/242-20a 

(FA 20; FA 21; FA 29; FA 50; FA 69; FA 

112; FA 114; FA 137; FA 163; FA 185) 

Preondactylus bufarinii Wild, 

1983 
(Unwin 2003b) MFSN-1770 

Pteranodon sternbergi 

Harksen, 1966 

(Howse 1986; 

Andres and Ji 2008) 

CMNFV 41358; UALVP 24238; CMC VP 

7203 

Pteranodon longiceps Marsh, 

1876 

(Howse 1986; 

Kellner 2003a) 
YPM 1177; YPM 2594; FHSM VP-2062 

Pterodactylus antiquus 

(Sömmerring, 1812) 
(Howse 1986) BSP AS I 739 

Pterodactylus kochi (Wagner, 

1837) 
(Howse 1986) SMF R 404/BSP AS XIX 

Pterodaustro guinazui 

Bonaparte, 1970 
(Howse 1986) 

NHMUK PVR 10151; MHIN-UNSL-GEO-V-

57; MHIN-UNSL-GEO-V-135; MIC-V263 

Pterorhynchus wellnhoferi 

Czerkas and Ji, 2002 
(Lü et al. 2009) CAGS02-IG-gausa-2/M 608 

Quetzalcoatlus northropi 

Lawson, 1975 
(Howse 1986) - 

Quetzalcoatlus sp. Lawson, 

1975 
(Kellner 2003a) 

TMM 41961; TMM 41954; TMM 42422; 

TMM 42161; TMM 41544 

Radiodactylus langstoni 

Andres and Myers, 2012 

(Andres and Myers 

2012) 
- 

Raeticodactylus filisurensis (Dalla Vecchia See Caviramus 
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Stecher, 2008 (=Caviramus) 2009a) 

“Rhamphorhynchus 

longicaudus” (Münster, 1839) 
(Kellner 2003a) - 

Rhamphorhynchus muensteri 

(Goldfuss, 1831) 
(Howse 1986) 

BSP 1927 I 36; BSP 1938 I 503/1; BSP 

1929 I 69; BSP 1934 I 36; BSP 1989 XI 1; 

GPIT 7321; SMF R 4128 

Scaphognathus crassirostris 

(Goldfuss, 1830) 
(Kellner 2003a) GPIB 1304 & SMNS 59395 

Sericipterus wucaiwanensis 

Andres, Clark, and Xing, 2010 
(Andres et al. 2010) IVPP V14725 

Shenzhoupterus 

chaoyangensis Lü, Unwin, Xu, 

and Zhang, 2008 

(Lü et al. 2008) HGM 41HIII-305A 

Sinopterus dongi Wang and 

Zhou, 2003b 
(Lü and Ji 2006) IVPP V13363; D2525 

Sinopterus gui Li, Lü, and 

Zhang, 2003 

(Lü and Ji 2006) 

BPV-077 
- 

Sordes pilosus Sharov, 1971 (Kellner 2003a) PIN 2470/1;  PIN 2585/3 

Tapejara navigans Frey, 

Martill, and Buchy, 2003b 

(Martill and Naish 

2006) 
SMNK PAL 2343; SMNK PAL 2344 

Tapejara wellnhoferi Kellner, 

1989 
(Kellner 2003a) SMNK PAL 1137 

Tatal pterosaur (=Phobetor 

parvus) 
(Bennett 1994) - 

Thalassodromeus sethi Kellner 

and Campos, 2002 
(Kellner 2004) DGM 1476-R 

Tupandactylus imperator 

Campos and Kellner, 1997 
(Kellner 2003a) 

MCT 1622-R; CPCA 3590 and a privately 

owned specimen 

Tupuxuara leonardii Kellner 

and Campos, 1994 
(Kellner 2003a) MN 6592-V 

Tupuxuara longicristatus 

Kellner and Campos, 1988 

(Martill and Naish 

2006) 
- 

Wukongopterus lii Wang, 

Kellner, Jiang, and Meng, 

2009 

(Wang et al. 2009) IVPP V15113 

Zhejiangopterus linhaiensis 

Cai and Wei, 1993 
(Kellner 2004) ZMNH M1330; ZMNH M1325  

Zhenyuanopterus longirostris 

Lü, 2010 

(Andres et al. 2014; 

Vidovic and Martill 

2014) 

GLGMV 0001 

Table 3.2.1. A list of pterosaur species and specimens studied by published cladistic analyses. Specimen numbers 

belonging to the examples examined by the cladistic analyses here are given. 
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3.2.3. Outgroup selection 

In phylogeny, it is impossible to distinguish monophyletic clades from paraphyletic and 

polyphyletic clades without a root (Smith and Zamora 2009). To establish a root either 

character polarity must be ascertained before rooting in the most basal position, or an 

outgroup must be established and the root placed at the node between it and the ingroup. An 

outgroup is used to establish character polarity, as without one it is impossible to know for 

certain if commonality in character states represent plesiomorphic or apomorphic states 

(Watrous and Wheeler 1981) (Fig. 3.2.1.). 

Outgroup polarization (Maddison et al. 1984) is the most commonly used method for rooting. 

Outgroup polarization makes the least assumptions of all the methods for rooting phylogenies 

and is, therefore, the most reliable method, however, it is not always possible to establish an 

outgroup with certainty, especially in the fossil record (Smith and Zamora 2009). For this 

reason, several variants or other methods of tree rooting have been suggested. Smith and 

Zamora (2009) presented four alternatives to conventional outgroup polarization: 

1) Lundberg rooting: All zero states are used to polarize characters – note that this does 

not necessarily mean ‘zero’ states, but characters that the researcher considers 

primitive (e.g. a long tail of many tetrapods). In the Lundberg rooting method, a priori 

assumptions/decisions are made about the ‘direction’ of evolution in order to 

reconstruct a hypothetical ancestor. The method is highly subjective and prone to 

confusing plesiomorphies for apomorphies and vice versa, potentially distorting the 

topology of a tree and the monophyly of a clade (Fig. 3.2.1.). 

2) Ontogenetic outgroup: It is possible to establish some plesiomorphic states by looking 

at the developmental biology of an organism (Queiroz 1985). This is not the most 

precise method available but does aid the reconstruction of a hypothetical ancestor in 

the absence of any other data. The ontogenetic method is not easy to apply, especially 

in the fossil record, which is largely incomplete. Moreover, it is possible that 

paedomorphism, varying rates of heterochrony and misidentification of the most basal 

growth series available can misdirect the analysis. 
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Figure 3.2.1. Redrawn from figures 3.1, 3.2, 4.1 and 4.2 of Watrous and Wheeler 1981. a.i) and b.i) hypothetical 

cladograms showing actual relationships; a.ii) and b.ii) respectively, cladograms of same taxa as a.i and b.i, based 

on common = primitive for all characters. 

3) Stratigraphic rooting: Some researchers root a tree next to the oldest known taxon, or 

use that taxon as an outgroup (e.g. Fortey and Chatterton 1988). This method is 

limited in that it presumes a complete fossil record and absence of homoplasy through 

parallel evolution. In the case of pterosaurs, the oldest best preserved and 

anatomically informative specimens come from the Norian, when there were at least 

five distinct genera (if Austriadactylus is not a junior synonym of Preondactylus) with a 

wide distribution (here I reject the splitting of Kellner 2015). This situation makes it 
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very difficult to ascertain the most basal pterosaur to use as an outgroup using 

stratigraphy alone. 

4) Mid-point rooting: Mid-point rooting (MPR) (Farris 1972; Hess and De Moraes Russo 

2007) is a method of rooting a cladogram where the cladistic analysis is run unrooted, 

and then the resulting cladogram is rooted at the mid-point between the two most 

divergent operational taxonomical units (OTUs). The distance between the OTUs is 

measured in terms of maximum tree steps. The limitation of this method is that the 

“theoretical basis of MPR relies on the assumption that all OTUs in a given tree should 

display the same average evolutionary rate (Tarrıó et al. 2000; Huelsenbeck et al. 

2002)” (Hess and De Moraes Russo 2007). Despite this Hess and De Moraes Russo 

(2007) were able to recover the same topologies using the MPR methodology as those 

produced by outgroup polarization on an average of 70% of runs. More impressively, 

when Hess and De Moraes Russo (2007) compared MPR roots to those obtained 

consistently in several reanalyses of the same datasets, using multiple outgroups, they 

achieved 94% similarity. 

There have been several outgroup solutions in previous pterosaur phylogenies. Some early 

analyses focused on the phylogeny of the Pterodactyloidea and used Rhamphorhynchus as an 

outgroup (e.g. Howse 1986; Bennett 1989). Later, Andres and Ji (2008) adopted this approach 

but used a non-pterodactyloid complex of Dimorphodon, Campylognathoides, 

Rhamphorhynchus and Anurognathus as the outgroup for Pterodactyloidea. In Andres et al.'s 

(2010) non-pterodactyloid cladistic analysis Ornithosuchus, Herrerasaurus and Scleromochulus 

were used as an outgroup complex, following Kellner (2003a). Unwin (2003a) used a single 

compound outgroup taxon which was coded from the shared characters of ornithodirans 

(sensu Gauthier 1986), basal archosauromorphs (sensu Bennett 1996a) and prolacertiforms 

(sensu Wild 1978), which have all been suggested as potential outgroups. 

In the pterodactyloid analysis by Vidovic and Martill (2014) Darwinopterus modularis and D. 

linglongtaensis were used as an outgroup for the first time. Non-pterodactyloid 

monofenestratans, such as Darwinopterus represent the last stages of a stepwise succession 

from early basal pterosaurs to pterodactyloids, making these taxa ideal for polarizing 

pterodactyloid characters. 

The commonly used outgroup taxa Ornithosuchus and Herrerasaurus are derived within their 

respective groups and are therefore not a suitable test of monophyly, or for determining the 
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position of pterosaurs within Archosauriformes – if indeed pterosaurs are archosauriforms. In 

the main analyses of this study, an outgroup of Erythrosuchus, Euparkeria, Scleromochlus, 

Lagerpeton and Marasuchus is favoured. Additionally, the MPR method is tested. 

3.2.4. List of institutional abbreviations 

Specimens used as OTUs in these analyses are housed in the following institutions (asterisks 

denote that the institute was visited). 

BNHM ............ Beijing Natural History Museum, China (or BPV) 

BNM .............. Bündner Naturmuseum, Chur, Switzerland 

BSPG/BSP*  ... Bayerische Staatsammlung für Geologie und Paläontologie, Munich, Germany 

BXGM ............ Benxi Geological Museum, Liaoning Province, China 

CAD ............... Jilin University, Changchun, China 

CDM .............. China Dinosaur Park, Changzhou, China 

CM ................. Carnegie Museum of Natural History, Pittsburgh, USA 

CMC ............... Cincinnati Museum Center, Ohio, USA 

CMNFV .......... Geological Museum of Nanjing, Nanjing, China 

CP .................. Centro Paleontológico of the Universidade do Contestado, Brazil 

CPCA .............. Centro de Pesquisas Paleontolo´gicasda Chapada do Araripe, Crato, Brazil 

CPE ................ Centro Paleontológico de Enciso, Enciso, Spain 

CYGB*  ........... Chaoyang Geological Park, Chaoyang City, China 

D  ................... Dalian Natural History Museum, Dalian, Liaoning, China 

DGM .............. Divisao de Geologia c Mineralogia, Direcao Nacional da Producao Mineral, Secao 

Paleontologia, Brazil 

DMNH ........... Denver Museum of Natural History, Denver, USA 

FHSM ............. Fort Hays Sternberg Museum, USA 

FMNH ............ Field Museum of Natural History in Chicago, Illinois, USA 

GIN ................ Institute of Geology, Ulaan Baatar, Mongolia 

GLGMV  ......... Guilin Longshan Geological Museum, Guilin City, China 

GMN .............. Geological Museum of Nanjing, Nanjing, China 

GMV* ............ National Geological Museum of China, Beijing, China 

GPIB .............. Geologisches-Paläontologisches Institut Bonn, Germany 

GPIT*  ............ Institut für Geologie und Paläontologie, Tübingen, Germany 

HGM .............. Hunan Geological Museum, Changsha, China 
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IG-CAGS ......... Institute of geology, Chinese Academy of Geological Science, Beijing, China (or 

CAGS) 

IGO ................ Museo Mario Sánchez Roig, Instituto de Geología y Palaeontología, La Habana, 

Cuba 

IVPP* ............. Institute of Vertebrate Palaeontology and Palaeoanthropology, Beijing, China 

JME*  ............. Jura Museum, Eichstätt, Germany 

JZMP .............. Jinzhou Museum of Paleontology, Jinzhou City, Liaoning Province, China 

MCSNB* ........ Museo Civico di Scienze Naturali, Bergamo, Italy 

MCT ............... Museu de Ciencias da Terra, Rio de Janerio, Brazil 

MFSN ............. Museo Friulano di Storia Naturale, Udine, Italy 

MGCL ............. Musée Géologique Cantonal de Lausanne, Switzerland 

MGUH ........... Geological Museum, University of Copenhagen, Denmark 

MHIN ............. Museo de Historia Natural de la Universidad Nacional de San Luis, San Luis, 

Argentina 

MHNS  ........... Museo Nacional de Historia Natural, Santiago, Chile 

MIC ................ Museo Interactivo de Ciencias, Universidad Nacional de San Luis, Argentina 

MN ................ Museu Nacional, Rio de Janeiro, Brazil 

MPUM ........... Museo Paleontologia Universita degli Studi di Milano, Italy 

MUDE ............ Museo del Desierto, Saltillo, Coahuila State, Mexico 

NAMAL .......... North American Museum of Ancient Life, Utah, USA 

NGMC ............ National Geological Museum of China 

NHMUK*  ...... Natural History Museum, London, England (was BMNH) 

NMB* ............ Naturhistorisches Museum Basel, Switzerland 

NMING .......... National Museum of Ireland, Natural History Division, national geological 

collections, Ireland 

NSM .............. National Museum of  Nature and Science, Tokyo, Japan 

PIMUZ ........... Paläontologisches Institut und Museum der Universität Zürich, Switzerland 

PIN ................. Palaeontological Institute, Russian Academy of Sciences, Moscow, Russia 

PMOL ............ Paleontological Museum of Liaoning, Shenyang, China 

SMF* ............. Senckenberg-Museum, Frankfurt-am-Main, Germany 

SMNK* .......... Staatliches Museum für Naturkunde, Karlsruhe, Germany 

SMNS* ........... Staatliches Museum für Naturkunde, Stuttgart, Germany 

SMU .............. Shuler Museum of Paleontology, Southern Methodist University, Texas, USA 

TMM ............. Texas Memorial Museum, Austin, Texas 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

85 
 

UNAM ........... Universidad Nacional Autonoma de Mexico, Mexico 

YH .................. Yizhou Museum, Yixian, Liaoning Province, China 

YPM ............... Yale Peabody Museum, New Haven, Connecticut 

ZMNH ............ Zhejiang Museum of Natural History, Hangzhou, China 

3.3. Methodology 

3.3.1. Introduction 

There are three main phases to the generation of a cladogram; (1) character generation, (2) 

data collection, (3) analysis. Phase 1 involves the generation of both discrete state characters 

(see 3.3.2.1) and continuous state characters (see 3.3.2.2). Each different character type has its 

advantages and disadvantages, thus each can be better suited to handling specific and distinct 

types of data. There are two different types of morphological data that are used in the analysis 

presented here, anatomical (morphological) data and metric data (see 3.3.3.). Both anatomical 

and metric data can be entered into an analysis in a variety of ways. In order to compile the 

data several methods of data collection were employed, including measurements taken 

directly from the fossils, recorded observations, digital photography, digital measuring 

techniques, and the use of Microsoft Excel to rescale and compare large quantities of metric 

data. The data matrix was compiled using the software Mesquite (Maddison and Maddison 

2015) and subsequently analysed using TNT (Goloboff et al. 2008a). Compromise trees and 

consensus trees are used to summarise the results when multiple MPTs are found. 

One aim of this project is to produce a distinct pterosaur phylogenetic analysis with 

independently generated characters, and a comprehensive analysis that includes additional 

characters culled from the literature that the aforementioned lacks. The resulting trees are 

compared to previously published analyses using a combination of techniques. The methods 

used to compare topological congruence include visualization methods, de novo 

similarity/dissimilarity indices and indices from the literature (Planet 2006). 

A discussion of various – but not all – methods available to perform this study is given below 

(see 3.3.2.–3.3.8.). This is a combined approach, combining an extensive literature review with 

a novel method development. This is followed by sections on the procedures implemented 

(see 3.3.9.), summarising the methods that were chosen from the previous sections. 

 

 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

86 
 

3.3.2. Character methodology 

3.3.2.1. Discrete state characters 

Discrete state characters are those characters with states that are represented in a data matrix 

by numerals, 0 to 9 and A to V in TNT. These numerals represent the presence and absence of 

anatomical or morphometric qualities of a taxon. In both TNT and PAUP, it is possible to have 

up to 32 of these states, but pterosaur based cladistic analyses (e.g. Kellner 2003a; Unwin 

2003a; Lü et al. 2009; Wang et al. 2009; Andres et al. 2014) have never exceeded 7 states for a 

single discrete character. Character states can be polymorphic, in which case the presence of 

more than one state in a taxon is represented by an ‘&’ between the numerals. There may be 

uncertainty between two or more character states, in which case a ‘/’ is used between the 

numerals. Missing data (more appropriately called lost data) is represented by a ‘?’ and where 

a character is not applicable (or “missing” data due to the absence of it in the taxon) a ‘-‘ is 

used. The use of ‘?’ and ‘-‘ is purely a book-keeping exercise, because TNT does not treat them 

differently, similarly ‘&’ and ‘/’ are treated similarly. 

It has been demonstrated many times that lost data represented by ‘?’ can have a negative 

impact on an analysis, and it is necessary to be mindful of the specimens and available data 

when writing characters (Gauthier et al. 1988; Platnick et al. 1991; Kearney 2002; Prevosti and 

Chemisquy 2010). Conversely, Brazeau (2011) demonstrated that it is favourable to have a 

data matrix with a larger proportion of missing data represented by ‘-‘ than it is to write a 

character which is not numerally representative of the anatomical feature the researchers is 

attempting to express. This most frequently occurs when multiple anatomical features are 

written into one character, Brazeau (2011) called these characters “compound characters”. An 

example of a compound characters is character 9 from Lü et al. (2009) “premaxillary crest: 

absent (0), low, rounded, confined to rostrum (1), comb-like free margin and extends from 

above anterior end of nasoantorbital fenestra to apex of skull (2), extends from tip of rostrum 

to apex of skull and confluent with fronto-parietal crest (3), tall, narrow, stands on anterior 

half of premaxillae (4), keel-like, anterior margin extends no further forward than midpoint of 

nasoantorbital fenestra (5)” which is written to express the presence or absence of a 

premaxillary crest, and if present the position of that crest, the type of tissue and its shape. 

However, what is expressed numerally by character 9 (Lü et al. 2009) is the presence or 

absence of a suite of characters, each costing the tree the same to produce each state. The 

effect of this is that it costs just as many tree steps for a low fibrous crest to turn into a tall rod 

in a completely different place on the skull as it would to merely elongate the crest. Indeed, 
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any transformation is equally likely at a cost of 1. Therefore, according to Brazeau's (2011) 

logic, Lü et al. (2009) character 9 would benefit from being broken down into five separate 

characters: 1. premaxillary crest: present (0) absent (1); 2. premaxillary crest located: on the 

prenarial rostrum only (0), over the nasoantorbital fenestra (1); 3. premaxillary crest joins a 

frontoparietal crest: present (0) absent (1); 4. premaxillary crest: low (0), tall (1); 5. 

Premaxillary crest shape: semicircular (0); long and comb-like (1); narrow (2). In this case, if the 

premaxillary crest is absent that state is coded for in character 1, so characters 2-5 can be 

coded as ‘-‘. Likewise, if the premaxillary crest is coded as located on the prenarial rostrum 

only for character 2, then character 3 must be coded as ‘-‘. The difference between the original 

character and the many characters of this example will surely affect the tree’s topology and 

length. Theoretically, adding characters should increase the tree’s length, however, it will be 

decreased or increased far less than expected if atomizing the characters improves the overall 

quality of data (see 5.3.6.). The reason for this being that compound characters are 

confounding the analysis and causing more congruent characters to appear incongruent, or are 

themselves highly incongruent, whereas their constituent characters are more likely consistent 

with other characters. 

To test the effects of compound characters on pterosaur cladistic analyses and the phylogenies 

they estimate an experiment was conducted. The analyses of Lü et al. (2009), Wang et al. 

(2009) and Andres et al. (2014) had their compound characters crudely atomized i.e. the 

compound characters were split into their constituent characters. The new characters were 

coded from the original matrices, using the original coding of the compound characters. This 

approach ensures that differences observed between the two analyses are the result of 

character treatment, as opposed to researcher opinion, erroneous observations or human 

error. The analyses were then run with equal weights, using the same search procedure for 

each analysis, regardless of the procedure used in the original publication. Both the original 

matrix and the new, larger matrix were run in TNT, using a new technology search (see 3.3.9.) 

without a ratchet. Subsequently, the analyses were resampled using a character removal 

jackknife method (Mueller and Ayala 1982) (see 3.3.6.2., TNT macro: appendix 4.1.). For each 

resampling replicate, the number of operational characters and the tree length was recorded. 

The two recorded variables were plotted on a scatter plot so that the relative character 

congruity could be visually compared to the original matrix and the new matrix. The results are 

presented in the results section of this thesis (see 5.3.6.). 
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Presence/absence characters are discrete characters that only use two states to express a 

morphological attribute of a taxon. In vertebrate palaeontology, this is often the presence or 

absence of a skeletal element, such as a bone or fenestra within a bone, but might also be the 

presence or absence of a condition that the author feels is particularly important. For example, 

‘contact between the premaxilla and nasals present/absent’ is representative of whether the 

two bones meet, or if they are intercepted by another bone, as opposed to the literal presence 

or absence of an element. It is very important that all inferences made by these characters are 

considered. It is very easy to code two seemingly independent characters, but to be unfairly 

weighting the same anatomical transformation. For example, ‘dorsal process of the maxilla 

present/absent’ is another way of coding for the same morphological occurrence as ‘confluent 

nares and antorbital fenestra (nasoantorbital fenestra) present/absent’ if the bone that would 

intercept the two vacuities is the dorsal process of the maxilla. 

Morphometric data is most commonly entered into a cladistic analysis using multiple state 

characters. Morphometric data can be represented by discrete multiple states (meristic) 

characters quite effectively, but it is necessary to be highly critical whilst using this method. In 

past pterosaur cladistic analyses it has been common for authors to represent proportional 

metric information as quotient values (see 3.3.3.) and to divide this data between several 

discrete states, either proportionally, subjectively, or sometimes arbitrarily. The gap weighting 

method (Thiele 1993) solves some of these problems, but unless the data is clustered with 

significant disparity, discrete states are not the ideal way to treat percentages, angles, or 

quotient values (Fig. 3.3.1.). On the other hand, discrete states may be used quite effectively in 

conjunction with morphological traits and simple metric states. For example Lü et al. (2009) 

character 24 “Orbit: smaller than antorbital opening (0), larger (1)” is perfectly descriptive of a 

morphometric condition in the pterosaur skull, with no ambiguity or misrepresentation in the 

coding. Unwin's (2003a) character 15 “ventral margin of the skull: straight (0), curved 

downwards caudally (1)” also demonstrates a character representing shape quite effectively, 

without the need for overly complicated methods. 

 

Figure 3.3.1. A simplified representation of the treatment of continuous data by various cladistics coding 

methods. Open circles represent a continuum of morphometric data. The lines represent the categorical 

treatment of the data in characters, and dashed lines indicate increasing weights. DS, discrete states; GC, gap 

coding; GW, gap weighting; CC, continuous character. 
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3.3.2.2. Continuous characters 

The software TNT (Goloboff et al. 2008a) allows the input of raw or scaled data into an analysis 

without having to assign character states using Thiele's (1993) gap weighting method, arbitrary 

proportions, or subjectivity. This method takes the decision making away from the researcher 

and allows the computer to assign weights to the raw data, which is divided among 65.000 

states. This means that there are no artificial divisions, and it will cost less to transform 

between taxa that are morphometrically closer together on a continuum, relative to distinct 

taxa. 

Even though raw data can be entered into an analysis using the continuous characters in TNT, 

it is more prudent to use quotient values. The reason for using quotient values is that they can 

show the differences between two elements or units in a taxon, and these differences can be 

compared between taxa. Contrarily, raw data will only indicate the differences in magnitude, 

which may express very little, if any information about intertaxon relationships. However, 

when using quotient values it is important that the character is considered carefully as there 

are inherent problems with the use of quotient values (see 3.3.3.4.). Raw data input may be 

used to express angles between fused elements, thus avoiding quotient values with their 

inherent problems. Additionally, the percentage that an element contributes to a unit may be 

coded. For example, how much the wing metacarpal contributes to the total wingspan can be 

coded (as a percentage) without requiring further scaling. 

3.3.2.3. Landmark characters 

It is also possible to use landmark data in TNT. This allows entire shapes to be mapped within 

an analysis, making it possible to observe changes in morphology through phylogeny.  Such an 

analysis was performed by Foth et al. (2012) demonstrating that it is possible to map major 

changes in cranial morphology in pterosaurs. It is also possible to perform analyses on other 

parts of pterosaur anatomy (e.g. humerus, prepubis, and unguals). There is however, still no 

reliable way to implement landmark data as cladistic characters in TNT.  

An analysis similar to that of Foth et al. (2012) was conducted to estimate what the cranial 

configuration of a hypothetical pterosaurian ancestor might have looked like. For the analysis, 

landmark data was obtained using standardized bitmaps (i.e. same dimensions and file size) in 

the freeware computer program TpsDig. To simplify the explanation the process has been 

broken down into steps and is given below using an example using the pterosaur prepubes. 

Step 1. Generate images of the subject matter e.g. the pterosaur prepubis 
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Step 2. Trace the images in CorelDraw (or other imaging software) using the polyline tool, all 

line thicknesses should be exactly the same. 

Step 3. Standardise the size of the image by height or width. Adjust all the tracings 

isometrically to either the same height or width and place a box around them to keep both 

height and width dimensions of the bitmap the same. 

Step 4. Select the box and traced outline of each element and export them to a data archive 

(Fig. 3.3.2.). Retain all the bitmap settings the same for each specimen intended for an 

individual analysis. 

Figure 3.3.2. Scaled prepubes being exported to a folder in Corel Draw X5 for geometric morphometric analysis. 

Step 5. In tpsDig 2, set data points (procrustes) at homologous points about the traced outline 

using the “digitize landmark” tool or semi-landmarks using “outline object” tool. Click “save to 

TPS file” and append the data to an export file until all specimens are saved in the one file for 

an individual analysis (Fig.3.3.3.). 
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Figure 3.3.3. A prepubis with 100 semi-landmarks created using the “outline object” tool (circled, left) in tpsDig 2. 

The save data to TPS file is also circled (right). 

Step 6. Once all the specimens are appended to one file, use Microsoft Excel to align and 

rescale the data, if it is not already. 

Step 7. Enter the aligned data into the cladistic data matrix by opening the file in Microsoft 

Notepad and pasting them into the data matrix file, also in Notepad. Each coordinate should 

be separated by a ‘,’ and each set separated by a tab or space. The taxa/specimens should 

appear in the same order as they are in any other matrices in the file. All matrices in a 

combined matrix file should be prefixed with ‘&’ followed by their data type: [num], [landmark 

2d], [landmark 3d] etc.  And the last matrix is finished with ‘;’. Therefore, a landmark matrix 

should be started with ‘& [landmark 2d]’ and finished with ‘;’ if it is the last matrix (see 

Example 3.3.1. below). Each landmark matrix is counted as one character by TNT, so the 

character count at the top of the file should be increased by one for each of these matrices. In 

Example 3.3.1. there are ten discrete state characters and one landmark matrix, so the 

character number is eleven. 
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Example 3.3.1. 

xread 

11 4 

& [num] 

Taxon_0   00000 00001 

Taxon_1   00001 00011 

Taxon_2   00000 00101 

Taxon_3   11101 00010 

& [landmark 2d] 

Taxon_0   1,1 1,3 3,2 

Taxon_1   1,1 1,2 3,2 

Taxon_2   1,1 2,3 4,2 

Taxon_3   1,1 2,2 4,1 

; 

Step 8. In TNT set the data format to 32 states in the format drop-down menu (Fig. 3.3.4.). 

Open the saved notepad file in TNT, using the open input file function. Run a search as normal 

(see 3.3.9.2.). Then in the command bar enter the command ‘lmark’ and press return (Fig. 

3.3.5.). The results should appear on the screen and can be saved as a metafile. If further data 

alignment is required the commands Lmrealign Pairlin can be used to minimize the sum of 

linear distances; Lmrealign Twopoint realigns characters to two baseline references; Lmrealign 

Rftra realigns the characters in all taxa against a single taxon using a repeated medians 

procedure (Siegel and Benson 1982); Lmrealign tree realigns using parsimony optimization 

criterion (Catalano and Goloboff 2012). 
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Figure 3.3.4. TNT menus. How to prepare TNT for your landmark based cladistic analysis. 

 

 

Figure 3.3.5. Command line in TNT, demonstrating the lmark function command. 

3.3.3. Data collection and processing 

3.3.3.1. Introduction 

Data collection was undertaken in several institutions worldwide, financial costs, logistics and 

bureaucracy were limiting factors during data collection. Specimens that were personally 

observed are indicated in the table in the materials section of this thesis (see 3.2.2.). 

Shenzhoupterus, Fenghuangopterus and a cast of Zhenyuanopterus were made available for 

study at the IVPP in 2010. Haopterus and a skull of Dsungaripterus were examined on display 

in the Institute of Vertebrate Palaeontology and Palaeoanthropology, Beijing, China. The 

Staatliches Museum für Naturkunde Karlsruhe was visited in 2010 and 2011. Several 

institutions were also visited in 2011 and are starred in the list of institutional abbreviations 

(see 3.2.4.). A trip to Basel, Switzerland and a cast of Aurorazhdarcho primordeus (=A. 

micronyx) was jointly financed by the Systematics Association and Linnean Society, with their 

Systematic Research Fund (SRF) 2011/12. 

3.3.3.2. Digital measuring methodology 

Metric data is collected digitally in this project. Control measurements were taken about the 

specimens with a micrometer and a scale card was placed on them before taking photographs. 

All photos were taken with the specimens on a flat surface and the camera was also levelled 
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using a spirit level to minimise distortion. Where possible (for images intended for metric data 

collection) the same camera and lens were used to take all the photos for this project. 

In some cases, photos were taken by other researchers (Mr. Stecher and Drs David M. Martill, 

David M. Unwin, David Hone, Lü Junchang) or were available in published papers. In these 

situations, it is necessary to trust that distortion is not so great that it justifies omitting the 

data altogether.  

To measure the images digitally, high-quality jpegs were opened in the freeware package 

imagej. The scale was set using the scale card and test measurements were made to compare 

with control measurements made on the original specimen. Measurements were taken in 

millimetres and were recorded in Microsoft Excel, where a pre-programmed form converted 

the measurements directly into characters states. 

3.3.3.3. Scaling metric data 

Even though TNT is capable of handling raw data, this is usually only representative of 

magnitude, which is seldom diagnostic. The majority of informative metric characters are 

quotient values, often referred to as index numbers, resulting from the division of one 

anatomical unit into another: the divisor and dividend. The effect of using quotient values is 

that the analysis will compare the relative lengths of elements among the taxa, as opposed to 

the magnitude of the elements (see 3.3.2.2.). The downfall of this method is that it cannot 

show which of the elements has changed, only that one, or a combination of both have. For 

example, if the index number (ℚ) in Equation 3.3.1 increases, this can be the result of either an 

increase in the value of 𝑎 (dividend) or a decrease in the value of 𝑏 (divisor). Due to the 

inability to distinguish the difference between one value increasing and the other decreasing 

homoplasy may occur where none is visually apparent. The only way for the cladistic analysis 

to discern between the two scenarios is if the dataset is sufficiently large to emphasize 

homology rather than homoplasy produced by the mathematical treatment. Therefore the 

more frequently quotient values are used, the more effective they will be. 

Equation 3.3.1 

ℚ =
𝑎

𝑏
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Another complication associated with using quotient values is encountered when the values of 

𝑎 and 𝑏 have a converse relationship within a character’s dataset. That is to say: in the same 

character some taxa show a 𝑎 > 𝑏 relationship, and others show a 𝑎 < 𝑏 relationship. The 

problem being that if  

𝑎 ≥ 𝑏 ∴ ∞ = 1 → ∞ = 𝑎/𝑏,  

and if 

𝑎 < 𝑏 ∴ ∞ = 0 → 0. 9̅ = 𝑎/𝑏  

in different taxa for the same character, the quotient values are not on a proportionally 

representative continuum, each represented by a rational number between 0 and 0. 9̅, or 1 

and infinity i.e. there is no scale symmetry (Fig. 3.3.6.). There are numerous examples of this 

problem and its effects in pterosaur cladistic analyses.  

The use of the rostral index (Martill and Naish 2006) (Lü et al. 2008: Ch. 6; Lü et al. 2009: Ch. 6; 

Vidovic and Martill 2014: Ch. 1) in a pterosaur cladistic analysis is a prime example of quotient 

values with a converse relationship in the primary data being used: 

6. Rostral index: 1.5 or less (0); 1.5-3.0 (1), >3.0 (2). (Lü et al. 2008: Ch. 6; Lü et al. 2009: Ch.6) 

This character lumps all pterosaurs with an anterior rostrum angle of 33.69⁰ or higher together 

but divides those with lower angles up more readily. Reanalysing this data with more regular 

states, or using the continuous states in TNT will not resolve the problem. For example, due to 

the lack of scale symmetry, if a scale was set out between 0 and 12, with character intervals 

every 0.5 units, there would only be two characters for all the taxa with tall rostra, but 24 for 

all the taxa with long rostra (see Fig. 3.3.6.).  

Vidovic and Martill (2014) proposed that the most appropriate way to provide scale symmetry 

to quotient values is to apply Equation 3.3.2 to the entire primary data set when a converse 

relationship is present. 

Equation 3.3.2 

𝑖 = tan−1 𝑎

𝑏
 

Where 𝑖 is the rescaled quotient value. By applying equation 3.2.2 the operator is converts the 

infinite asymmetrical scale into a finite symmetrical scale (0 → 90). Although this is a 

trigonometric solution it could still be applicable to metric data as a scaling solution. Figure 

3.3.6. shows the effects of Equation 3.3.2 on the raw data. 
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Figure 3.3.6. A distribution of unscaled and scaled top and bottom heavy quotient values taken off of the 

opposite and adjacent faces of the triangles. 
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However, Mongiardino Koch et al. (2015) suggested that the same problem could arise from 

researcher decision, even when converse data is absent. Mongiardino Koch et al. (2015) were 

seemingly unaware of the work done by Vidovic and Martill (2014) and proposed a logarithmic 

scaling solution. The logarithmic scaling solution has a similar effect on the data as the 

trigonometric method but returns some negative values in converse datasets. Whilst reviewing 

the two methods, it was concluded that both methods had problems and a new method is 

proposed. The following sections are taken from a manuscript prepared for publication. 

3.3.3.3.1. Review of Scaling Quotient Values 

3.3.3.3.1.1. Introduction 

Morphology is an expression of size and shape, which is inherently quantitative data, despite 

its persistent use as qualitative binary data and meristic data (hereafter referred to as 

discrete). The use of morphometric data in cladistic analyses has been subject to critical 

argumentation (e.g. Crowe 1994) and scrutiny that supports its use (e.g. Rae 1998; Pereyra and 

Mound 2009). Indeed, ignoring morphological data in phylogenetic studies means ignoring the 

fossil record (Hillis 1987), which can resolve internal node relationships for crown groups and 

phylogenetic relationships for clades represented only by extinct taxa (e.g. Pterosauria). 

Cladistic practitioners have reasoned that the benefits of data inclusion (taxa or characters) 

outweigh the negative effects of missing entries due to a priori elimination (Escapa and Pol 

2011). Consequently, there have been numerous attempts to improve discrete character 

writing and coding methods (e.g. Pleijel 1995; Hawkins et al. 1997; Poe and Wiens 2000; 

Sereno 2007; Brazeau 2011). Similarly, there have been discussions on the use and application 

of continuous morphometric data (Swiderski et al. 1998) and attempts to improve its inclusion 

in cladistic analyses (e.g. gap coding: Mickevich and Johnson 1976; gap weighting: Thiele 1993; 

finite mixture coding: Strait et al. 1996; overlap coding: Swiderski et al. 1998; and continuous 

data analysis implemented in TNT: Goloboff et al. 2008a). Continuous data analysis in TNT is 

currently the favoured method, given that it can process raw data, thus eliminating subjectivity 

and a priori decision making. Continuous data may be expressed as a percentage of a whole, or 

angles may be entered raw, but a common method of analysing continuous data in cladistic 

analyses is using ratios (e.g. length:width or length:length) expressed as quotient values. 

Quotient values not only express multiple dimensions as an index number but also begin to 

reduce the effect of magnitude. However, when using quotient values different tree topologies 

can be recovered, depending on which variable is used as the dividend or divisor (Vidovic and 

Martill 2014; Mongiardino Koch et al. 2015). 
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Mongiardino Koch et al. (2015) concluded that using log ratio scaling on continuous cladistic 

data is beneficial to the analysis of quotient values. Log ratio scaling had been used previously 

(e.g. Thiele 1993), but its benefits with respect to researcher decision had not been tested 

through rigorous experimentation using resampling methods. Mongiardino Koch et al. (2015) 

identified that differences in researcher decisions, regarding which figure to use as the 

dividend and divisor affected the outcome of a cladistic analysis. Vidovic and Martill (2014) had 

previously identified that entire datasets for characters with both bottom heavy 

dividend/divisor relationships and the converse would affect the outcome of a cladistic 

analysis, due to data between naught and one, lacking the apparent diversity of data greater 

than one. An example of morphological attributes affected by the treatment of converse data 

is the length of the pterosaur wing metacarpal (MCIV) relative to the ulna (Fig. 3.3.7.), where 

MCIV can be longer than the ulna, as in species closer to Pteranodon (Fig. 3.3.7.B), or shorter, 

as in species closer to Eudimorphodon (Fig. 3.3.7.A). Similarly, converse relationships can be 

seen in the dimensions of individual skull bones e.g. the jugal. Individual long bone dimensions 

in some more extreme adaptive evolutionary situations can also present converse 

relationships, as seen in the appendicular skeleton of secondarily marine reptiles and fossorial 

species. In response to the phenomenon of unequal scales in converse quotient data Vidovic 

and Martill (2014) proposed a trigonometric scaling method (tan-1[a/b]). The trigonometric 

scaling method ensures that the morphological variation observed between two taxa is equal 

to the variation between two other taxa demonstrating directly inverse proportions. The 

trigonometric method only recovered positive values, making the solution appear more 

elegant than log ratio scaling. Additionally, understanding the scaling effects caused by 

dividend/divisor relationships, Vidovic and Martill (2014) did not scale characters lacking 

converse data. Instead, large numbers were divided by small numbers (see Vidovic and Martill 

2014 supplementary information: appendix 5.5.). 

Here it is proposed that log ratio scaling (sensu Mongiardino Koch et al. 2015) and 

trigonometric scaling (sensu Vidovic and Martill 2014) should be abandoned for the purposes 

intended by the authors, despite demonstrating greater tree similarity between replicates 

using inverted dividends and divisors than unscaled data. Instead, an alternative method is 

proposed, where all quotients are calculated from an equation with a larger dividend than the 

divisor. Those taxa that do not demonstrate this top heavy dividend/divisor relationship in a 

given character (equation) should have their equations inverted and transformed into negative 

values (or transposed). Subsequently, like with log ratio scaling, it is possible to rescale the 
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numerical data to any given range of positive indices (see materials and methods). This new 

method is hereafter referred to as the linear transposition method (LTS). The example of 

Mongiardino Koch et al. (2015) using Anna and John (Fig. 3.3.8.) (here: researcher 1 and 2 

respectively) is discussed further to support the concept of LTS. Additionally, graphical and 

cladistic experimentation is used to compare the methods in question. 

 

Figure 3.3.7. Two reconstructions of pterosaur radii, ulnae (a) and wing metacarpi (b), demonstrating a converse 

relationship between the dividend and divisor of taxa closest to Eudimorphodon (A) and taxa closest Pteranodon 

(B). 

3.3.3.3.1.2. Example 

Mongiardino Koch et al. (2015) proposed a hypothetical situation where two researchers, 

researcher 1 and researcher 2, made different decisions when writing characters for 

morphometric data available from their studied taxa. Both Researcher 1 and Researcher 2 

were testing ingroup relationships for the genus A+B+C+D, with the outgroup E., They both 

proposed continuous morphometric characters that would study the dimensions of the 

anterior and posterior segments of their taxa. The result of the decision-making process is that 

Researcher 1 had quotient values less than one, whereas Researcher 2 had quotient values 

greater than one (see the tables in Fig. 3.3.8.). Logically, one would expect both analyses to 

recover the same tree, given that they are analysing the same morphometric data and treating 

it in similar ways. However, Researcher 2’s result proposes a different phylogenetic hypothesis 

to that of Researcher 1. The reason for the alternative phylogenetic hypotheses is that it costs 

less for each hypothesis respectively, due to inequality between the scales for each method of 

data processing. 

Mongiardino Koch et al. (2015) assumed that neither Researcher 1 nor Researcher 2 was right 

or wrong to treat the data the way they did. However, either Researcher 1 or Researcher 2 are 

proposing phylogenetic hypotheses contradicting the exact phylogeny more than the other. 

Expanding on this example, a third hypothetical researcher Researcher 3 describes two new 

taxa which can test the monophyly of Researcher 1 and Researcher 2’s genus (A+B+C+D). 

Researcher 3 can’t decide whose phylogenetic hypothesis to favour, so he adds his two new 
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taxa to both analyses (Fig. 2 ii). The original analysis of Researcher 2 remains stable, 

maintaining the genus A+B+C+D as monophyletic and taxon F becomes the sister taxon to 

taxon E, which together form the sister group to the genus A+B+C+D. The results of Researcher 

1’s original analysis are unstable and the genus (A+B+C+D) becomes paraphyletic. 

 

 

Figure 3.3.8. Modified from Mongiardino Koch et al. (2015) figure 1. Hypothetical species A to E are analysed by 

Researcher 1 and Researcher 2 using two sets of different, but similar continuous characters. The two research 

teams recover contradictory cladograms, despite using the same material, computational methods and even 

analysing the same metrics in similar ways. A new researcher, Researcher 3, can’t decide which phylogenetic 

hypothesis to favour, so he uses both matrices when studying taxa F and G to test the monophyly of the group 
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A+B+C+D. The cladograms recovered by Researcher 3 are also presented. Additionally, data from Researcher 1’s 

characters is plotted against data from Researcher 2’s characters, demonstrating an exponential curve. 

On closer inspection of the characters used by Researcher 1 and Researcher 2 it’s clear that 

Researcher 1’s morphological ranges become exponentially larger as their quotient values 

approach one (Fig. 3.3.8. iii). Mongiardino Koch et al. (2015) tested several scaling methods, 

including range scaling and z-scoring, attempting to eliminate the effect of researcher decision. 

However, they did not reason whether or not Researcher 1 or Researcher 2 had provided the 

correct result. In effect they wanted any dividend/divisor relationship to produce the same 

result. To resolve scale inequality Mongiardino Koch et al. (2015) proposed that the data 

should be log transformed. Similarly, Vidovic and Martill (2014) proposed a trigonometric ratio 

scaling method. Although both methods solve scale inequality, they too are on exponential 

scales and have an undesirable impact on the entire dataset.  

Researcher 2 is likely to be closer to the exact phylogeny than Researcher 1, due to him 

unwittingly making the correct research decision. Therefore, when calculating quotient values 

it is advisable to have the larger number as the dividend and the smaller number as the divisor. 

Keeping that in mind the method of linear transposition has been developed and is described 

and tested below. 

3.3.3.3.1.3. Materials and Methods  

Two experiments were performed to test the reliability of continuous data scaled using log 

ratio scaling, trigonometric ratio scaling, and linear transposition scaling. The Pterodactyloidea 

is ideal for testing the morphometric cladistic techniques because it is a morphologically well-

defined and constrained group, represented in the fossil record from their first appearance to 

their extinction. As they are known exclusively from fossil remains only morphological 

characters are available for their analysis. The analysis of Vidovic and Martill (2014) was 

chosen because compound characters – which are demonstrably detrimental to optimal tree 

recovery (Brazeau 2011; Martill et al. 2016) – have been reduced; it is the most comprehensive 

pterodactyloid cladistic analysis published; and currently it is the only pterodactyloid cladistic 

analysis to utilize continuous characters. 

Method one. Data from one continuous cladistic character (Vidovic and Martill 2014: Ch. 1) – 

demonstrating a converse relationship between the dividend and divisor in the range of taxa 

being studied – is plotted on a graph (Fig. 3.3.9.). The distribution of unscaled (Fig. 3.3.9.A) and 

scaled (Fig. 3.3.9.B-D) quotient values were compared graphically (univariate plot) for a/b; b/a; 
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and a/b inverted so that direct comparisons of the data distribution could be made visually. All 

results, including previously unscaled data, were range rescaled between naught and one for 

comparison with each other and to avoid the weighting issues identified by Pereyra and 

Mound (2009). In this case, the character being analysed is the rostral index, using the data of 

Vidovic and Martill (2014: Ch. 1). Therefore, the distributions of rostrum depth/length and 

rostrum length/depth for pterodactyloid pterosaurs were compared for datasets lacking data 

transformation (scaling) (Fig. 3.3.9.A), and linear transposition (Fig. 3.3.9.B), trigonometric (Fig. 

3.3.9.C) and log ratio (Fig. 3.3.9.D) scaling. 

Method two. In a second experiment, cladistic analyses were performed using no weighting 

procedures, but with morphometric characters linear transposition scaled, trigonometrically 

scaled and log ratio scaled. Each analysis, using each scaling method was resampled twelve 

times with different combinations of dividends and divisors being used. One of the resampled 

replicates (matrix 1) represents the original dividend/divisor relationships of Vidovic and 

Martill (2014), another replicate uses the inverse (matrix 12), and the ten additional replicates 

are randomly resampled (see appendix 5.6.). The tree topologies were compared using SPR 

distances (Goloboff 2008), and tanglegrams between dendrograms from each method are 

presented (Fig. 3.3.10.).  

Log ratio scaling. Mongiardino Koch et al. (2015) were not explicit regarding their 

methodology, but it can be assumed they did not use the natural log to scale their quotient 

values. Therefore, here i=log(a/b), where log to the base ten is used to scale the data, i is the 

index number analysed, a is the dividend and b is the divisor. During resampling a and b of the 

primary matrix may be inverted to give i=log(b/a). The index number i is rescaled so that all 

positive and negative indices lie in the range (positive) naught to one, using the range scaling 

equation 3.3.3., where R is the range. 

Equation 3.3.3. 

χ

(Rmax − Rmin) × (i − Rmin)
 

Trigonometric ratio scaling. Full details of the trigonometric scaling method can be found in 

Vidovic and Martill (2014). Unlike the original analysis i=tan-1(a/b) is applied to every 

continuous character with a quotient value, to demonstrate that it can eliminate researcher 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

103 
 

decision as well as the effect of converse datasets. Like log ratio scaled data, here the 

trigonometric ratio scaled data is range scaled between naught and one. 

Linear transposition scaling (LTS). This new method implements equation 3.3.4. 

Equation 3.3.4. 

 a ∕ b > 1 ⇒  i = (a ∕ b) − 1, or a ∕ b < 1 ⇒ i = −((b ∕ a) + 1)  

In the equations one is subtracted or added respectively, to realign the data so that it is 

centred on naught. As with the pre-existing scaling methods, the LTS dataset is range scaled 

between naught and one using the equation given in the log ratio section of this methodology. 

By range rescaling the data, the weights implied by the continuous data will have a similar 

effect on the tree search as discrete characters (Pereyra and Mound 2009). 

3.3.3.3.1.4. Results 

Method one. The graphical comparison of the rostral index (Vidovic and Martill 2014: Ch. 1) 

shows that when no scaling is used, and the dividend and divisor are inverted, the quotient 

values fail to exhibit the same morphological variation (Fig. 3.3.9.A). However, when all three 

scaling methods are applied, quotient values exhibit the same morphological variation for one 

equation (i.e. rostral depth/length) and its inverse (i.e. rostral length/depth) (Fig. 3.3.9.B-D). 

Log ratio scaled data and trigonometric ratio scaled data exhibit exponential curves when 

compared to the LTS data (open circles Fig. 3.3.9.C & D). The LTS data inherently exhibits a 

linear relationship with itself (Fig. 3.3.9.B) but does not exhibit rarefaction and compression at 

the ends of the data range, like that observed if other scaling methods are plotted against 

themselves. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

104 
 

 

Figure 3.3.9. Character 1, the rostral index of Vidovic and Martill (2014), demonstrating a converse dataset. The 

quotient value is initially calculated with (i) rostrum depth/length, then (ii) rostrum length/depth, and finally (iii) 

rostrum depth/length is reversed for direct comparison to its inverse form. These comparisons are made for A) 

no scaling; B) linear transposition scaling; C) trigonometric ratio scaling; and D) log ratio scaling. All scaling 

methods and the unscaled data are range scaled between 0 and 1 for direct comparison. Crosses are univariate 

plots of the characters, and open circles are bivariate plots of the scaling methods (from ii and iii) plotted against 

the unaltered distribution of states i.e. the y-axis is source data and the x-axis is scaled data. 
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Figure 3.3.10. Tanglegrams of the strict consensus cladograms from treating the matrix of Vidovic and Martill 

(2014) to each scaling method respectively. A) Trigonometric ratio scaling vs. linear transposition scaling; B) 

logarithmic ratio scaling vs. linear transposition scaling; C) logarithmic ratio scaling vs. trigonometric ratio scaling. 

The leaves have good congruence, but there are shifts in internal nodes (highlighted by arrows) affecting 

hypotheses of evolution. 

Method two. Eleven of the resampled cladistic analyses for each scaling method produced 

trees with SPR distances of 1.0000 with respect to the reference tree in all cases. When 

comparing trees from each scaling method to trees from another, they had congruent leaves, 

but internal nodes shifted depending on the method used (Fig. 3.3.10.). The tree produced by 

the trigonometric ratio scaling method is a strict consensus of two MPTs and is the least similar 

to the other two trees (Fig. 3.3.10.A & C).  
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3.3.3.3.1.5. Discussion 

 

Figure 3.3.11. A demonstration of how treating data in different ways potentially affects continuous data 

expressed as quotient values. A) When the quotient value is calculated with a smaller dividend than the divisor, 

the output (x-axis) is made exponentially smaller as approaches naught relative to the input (y-axis). B) When the 

dividend is larger than the divisor the relationship is linear. The regression of a/b (x-axis) vs. the input data (y-

axis) (black line) is an order of magnitude smaller than a vs. a (light grey line), where the order of magnitude is 

equal to b (dark grey line). C) Trigonometric ratio scaling (x-axis) of the input data (y-axis) makes the range of 

data become exponentially smaller as it approaches 90. The dashed lines demonstrate that morphometrically 

dissimilar specimens at the extremes of a range (on the y-axis) can appear closely related after scaling (x-axis), 

whereas morphologically similar specimens (on the y-axis) close to unity can appear distinct (on the x-axis). D) 

Log ratio scaling (x-axis), like trigonometric ratio scaling, produced an exponential decrease in the range of data 

distribution, compared to the input data (y-axis). The dashed lines demonstrate the same effect described for C, 

but it is less pronounced. 
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When data is un-scaled, the inequality of morphological variation observed between a 

reference character and its inverted form occurs because (Fig. 3.3.11.B) when the dividend is 

larger than the divisor there is a linear relationship between the source and output data, but 

when the divisor is larger than the dividend the relationship becomes exponential (Fig. 

3.3.11.A). Thus the same variation observed between one and infinity can be demonstrated 

between naught and one. Similarly, logarithmic scales and tangent scales are exponential, but 

for both top and bottom heavy dividend/divisor quotient values. Therefore, the result of using 

log ratio scaling and trigonometric ratio scaling is an equivalent range of morphological data, 

regardless of converse data or researcher decisions. However, exponential data does not 

exhibit the true variation in morphology (Fig. 3.3.11.C-D). The effect of these exponential 

scales (i.e. log and tan) is to cause rarefaction of data about the centre of the maximum 

possible data range, and compression of data at the extremes of the range. Consequently, the 

more “extreme” in the data range two taxa become, the more extreme their variation has to 

be to consider them unrelated. Whereas, if two very similar taxa being studied have close to 

equal dividends and divisors (i.e. they are approaching unity), they are more readily 

distinguished if log ratio scaling or trigonometric ratio scaling is used. Thiele (1993) proposed 

that logarithms should be exploited, because 10 mm variation between plant taxa with mean 

leaf lengths of 5 mm and 10 mm is significant, whereas it is not for leaves with a mean length 

of c. 100 mm. While Thiele's (1993) observation stands, it is only applicable to quotients where 

the divisor and dividend exhibit a heteroskedastic distribution in a bivariate plot. Therefore log 

transformation should be performed most commonly at specimen level, not the taxonomic 

level. Otherwise, using quotient values attempts to eliminate problems associated with 

magnitude. Furthermore, this is not necessarily applicable when the quotient value is 

expressing morphology (morphometric) as opposed to length (metric). The algorithms in TNT’s 

continuous character function are able to manage data without excessive preparation – 

assuming there is no scale inequality, as discussed in this paper –, therefore introducing 

potentially confounding data as a result of log ratio scaling, trigonometric ratio scaling, or 

dividing a number by a larger number is undesirable.  

3.3.3.3.1.6. Conclusions 

Despite many cladistic analyses using the same specimens, the same software, and broadly 

similar characters, there are numerous examples of different authors consistently recovering 

contradictory tree topologies (like Researcher 1 and Researcher 2 in the example). Notable 

examples are the variable position of Anurognathidae and Germanodactylus spp. (e.g. Lü et al. 
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2009; Wang et al. 2009; Andres et al. 2014; Vidovic and Martill 2014) in Pterosauria. Similarly, 

the position and composition of Tethysuchia and/or Thalattosuchia in crocodylomorph 

phylogeny is controversial (see the review of Jouve 2009 and analysis of Sweetman et al. 

2014). Some researchers choose to test new taxa or hypotheses against multiple phylogenies 

(e.g. Pol and Gasparini 2009; Holliday and Gardner 2012), not necessarily favouring one model 

over another (like Researcher 3 in the example above), but this is arguably a pointless exercise. 

In these cases, one or both phylogenetic hypotheses must be highly incongruent with the exact 

phylogeny, so the sources of error should be identified and eliminated before proposing a 

more robust hypothesis. If the data is very similar, the source of the incongruence may be the 

result of researcher decision and/or the inadvertent application of errors to different parts of 

the matrix. For example, it can be demonstrated that atomizing compound characters reduces 

character incongruence (Brazeau 2011) and reorganizes some internal nodes (pers. obs.) (see 

5.3.6.). Likewise, the improper treatment of continuously variable characters will have a similar 

effect on tree topology. By using tested and rationalized character construction methods, data 

coding, and matrix analysis, it is possible to limit researcher decision/error and find greater 

consensus in our phylogenetic models. 

It is evident that not scaling continuous data that demonstrates converse relationships has a 

negative effect on the results of a cladistic analysis (Fig. 3.3.9.A), making it possible to recover 

entirely different trees when using the same data in different ways. However, when one 

measured unit consistently exceeds another throughout a dataset, then no scaling is necessary 

(contrary to Mongiardino Koch et al. 2015), but the dividend should always be the largest 

number. When scaling is required it is advisable to use linear transposition scaling, to avoid 

confounding the continuous character algorithms in TNT. However, despite the obvious 

problems, log ratio scaling does not appear to have as much of an impact on the results of a 

cladistic analysis as trigonometric ratio scaling. Therefore trigonometric ratio scaling 

continuous characters should be abandoned entirely – unless a better application is found for 

it –, but log ratio scaling may be used with caution when using heteroskedastic data. 

3.3.3.3.2. Range scaling continuous characters 

Continuous characters are treated as additive states, therefore the weighting effect on the 

characters is equal to the gaps in the dataset (see 3.3.4.2.). Due to this weighting effect, if the 

maximum range of continuous data is used the continuous characters will have a far greater 

impact on the analysis than discrete characters. To compensate, continuous characters should 

be scaled to a more appropriate range. Pereyra and Mound (2009) scaled their continuous 
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characters between 0 and 2 in order to “diminish the influence of measure of parts”. Andres et 

al. (2014) and Vidovic and Martill (2014) rescaled their continuous data between 0 and 1 for 

the same reason. None of the studies provided any experimental or empirical justification for 

the ranges that they scaled their data to. To test different scaling ranges the continuous 

characters of Vidovic and Martill (2014), using linear transposition scaling (Vidovic in prep) 

were range scaled from 0 to 1 and 3. The rationale of using 0 to 3 is that the median number of 

states in the discrete characters is 3, thus it is hypothesised that using this range will result in a 

similar distribution of extra steps. If all the continuous characters demonstrate a similar range 

of extra steps to comparable discrete characters, the normal distribution of character fit for 

the two types of characters should be similar. The matrices (one scaled 0 to 1, the other 0 to 3) 

were executed in TNT with equal weights and implied weights with a concavity constant of 3 

(see 3.3.4.2.). The character scores for each cladogram were recorded and entered into an 

Excel spreadsheet, where their normal distribution values were calculated and plotted on a 

scatter graph to compare discrete and continuous character transformations. Trial and error 

was used until the best-matched range of distribution was established. 

The results of the study demonstrated that a range of 0 to 3 is indeed the most appropriate 

range to use. If this had not proven appropriate, other ranges would have been tested. The 

range of 0 to 1 produced significantly lower weighted results, meaning the effect of continuous 

characters on the tree searches by Andres et al. (2014) and Vidovic and Martill (2014) were 

reduced. In the main analyses of this thesis, all continuous characters are range scaled from 0 

to 3 using equation 3.3.3., where x= 3. 

3.3.3.4. Mesquite 

Mesquite is a modular java based software designed for evolutionary biologists (Maddison and 

Maddison 2015). The software basic functions include taxon list view; character list view; 

matrix view; and tree view windows. In these windows, the content and structure of both 

matrices and trees can be edited. Mesquite 2.75 (Maddison and Maddison 2015) was used to 

compile the data matrices for this study. The program’s concise matrix and character viewer 

design makes it possible to quickly code, edit and analyse data before it is exported into 

another file format for analysis in another program such as TNT. 
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3.3.4. Phylogenetic analysis 

3.3.4.1. Introduction 

The most commonly used method of phylogenetic modelling today is cladistic analysis. There 

have been several variants of cladistic methodologies formulated, most of which are available 

in computer programs such as NONA, Phylip, PAUP* and TNT. In this study PAUP* is used for 

rerunning some published analyses, but TNT is used primarily because of its ability to process 

large amounts of data efficiently, recover shorter/optimal cladograms and process a wider 

variety of data. All searches use the parsimony methodology since it makes the least number 

of assumptions. 

3.3.4.2. Weighting 

There are several weighting options available during a tree search, including; equal weights; 

unequal weights; successive weighting; implied weighting; and ordered characters or additive 

states. 

Equal weights make the fewest assumptions. The only assumption that is made when using the 

default of equal weights is that each character and state is equally informative. Analyses using 

equal weights have characters with transformation costs across a cladogram that should 

demonstrate a normal distribution. If the character transformations demonstrate a normal 

distribution, the good, homologous characters should suppress the effects of poor, 

homoplasious characters. Unequal weights are employed to further suppress the negative 

effects of poor characters. Unequal weighting occurs when a greater weight is applied to one 

character, increasing its significance relative to lower weighted characters. This approach is 

problematic because the opinion of the researcher will affect the tree topology recovered, 

more so than with equal weights. 

Ordered character weights (called additive states in TNT) is where the cost of transformation 

between one state and its contiguous state is the same as with equal weights, but the 

transformation to the next state from the original state will cost double, or the next state triple 

and so on. A problem with additive states is that it assumes a direction to evolution and a 

complete fossil record, neither of which is necessarily true. Metric characters that are 

continuous are more likely to demonstrate the greater similarity between those taxa that are 

more phylogenetically similar than those that are dissimilar. For this reason, the continuous 

character function of TNT utilises additive states, but the states can be rescaled to any number 
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between 1 and 65 so that their transformation costs are similar to those with equal weights 

(see 3.3.4.2.). 

Successive weighting is a method that applies unequal weights after an initial analysis. The 

characters are reweighted, typically to a base weight of 10, which is then fitted to the chosen 

index, which is typically the consistency index of each character. The effect of this 

methodology is that the most congruent characters will achieve the maximum weight of 10, 

whereas all other characters will receive a fraction of that weight consistent with their 

homoplasy. Once the new unequal weights have been applied the analysis is re-run and the 

process is repeated until an optimum has been achieved. Successive weighting avoids a priori 

researcher decisions and is best described as an a posteriori method. As an a posteriori 

method, it largely depends on the accuracy of the results from the initial analysis. 

The concept of successive weights was developed further into implied weights. The implied 

weights procedure down weights characters according to their homoplasy (incongruity) during 

an analysis by comparing the characters to the stored trees. The result of an analysis is the 

final result of the weighting procedure and no further iterations are necessary, unlike 

successive weighting. Implied weights mean that the researcher doesn’t have to make a 

decision over which characters are more or less informative as in unequal weights, or that all 

characters are equally important as in equal weights. Furthermore, the method reduces 

computation time and is more rigorous when compared to successive weighting. However, the 

algorithm for implied weights requires a constant to be applied, and although K 3 is most 

commonly used there is no consensus on why, or what method should be used to decide on a 

constant. In TNT it is possible to use a constant between 1.000 and 1000.000. It is theoretically 

possible to use a constant lower than 1, but this can easily make characters with very little 

homoplasy obsolete and affect the cladogram in a way not intended by the method. Legg et al. 

(2013) stated in their methodology that K 3 would be used because it is near linear, however a 

simple experiment comparing input values (extra steps [es]) and their implied weight (IW) 

demonstrates that K 3 has an exponential curve, similar to a logarithmic curve (Fig.3.3.12.). A K 

value of 1 has a much more abrupt exponent and higher K values (e.g. 20-1000) are 

approaching a linear relationship between extra steps and implied weight (Fig. 3.3.12.). 

Equation 3.3.5. 

𝐼𝑊 =
( − 𝐾) + (𝐾 + 𝑒𝑠)

𝐾 + 𝑒𝑠
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Figure 3.3.12. The implied weight of a character (calculated as a function of the Goloboff fit, using the equation 

on the image = equation 3.3.5.) plotted against the input data (extra steps) for different concavity constants (K). 

The effect of using implied weights at different concavity constants is that K 0 has the greatest 

effect on homoplastic characters (i.e. characters with more extra steps) and greater concavity 

constants have less effect on homoplastic characters. As stated above concavity constants 

lower than 1 produce an abrupt rise in weights followed by a plateau. Concavity constants 

which approach linear have limited effect on homoplastic characters and produce weights at a 

near constant incremental increase. K 3 approximates the curve that Goloboff (1993: Figure 1) 

considered to be explanatory of the occurrence of homoplasy in cladistic analyses. Also, K 2 

(default in PAUP*) and K 3 (default in TNT) produce increasing weights similar to a logarithmic 

curve, thus they cause characters with many extra steps to be heavily weighted relative to 

weights given by higher concavity constants, but distinguish characters with less extra steps as 

being more useful, unlike lower concavity constants. Following this logic, K 3 (which is default 

in TNT) will be used here until there is an appropriate method for establishing the most 

applicable concavity constant. 
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In an attempt to resolve the best concavity constant several preliminary experiments were 

run, but they did not yield a solution. In one analysis, different concavity constants were used 

and the normal distributions, means, and ranges were compared from different data partitions 

of characters e.g. continuous and discrete, cranial and postcranial. However, the purpose of 

implied weights is to reduce homoplasy and this methodology made the assumption that 

homoplasy is the same in both data partitions and should be weighted as such.  This is not 

necessarily the case. Indeed, Goloboff (2014) even presented a method to apply different 

implied weights to separate character partitions to address the different types of data and 

their weighting requirements. Furthermore, the results of the partitioned preliminary analyses 

often resulted in near linear concavity constants being preferred, which will not weight against 

homoplasy effectively. Another method attempted, was to calculate the concavity constant 

using equation 3.3.6. In order to calculate the concavity constant, the number of extra steps 

(es) considered to indicate an unacceptable level of homoplasy and a target weight (IW) must 

be decided. This method is more promising, given that the maximum, mean, median and 

quartiles of extra steps for a data set can be observed in an analysis using equal weights, and 

the lowest weight a character can receive is known. However, until it can be established with 

certainty how much homoplasy is permissible this method has an element of circular 

reasoning. That is to say that it is just as subjective to choose a number of extra steps to assign 

a specified weight to, as it is to choose a concavity constant. 

Equation 3.3.6. 

𝐾 =
𝑒𝑠(−𝐼𝑊 + 1)

𝐼𝑊
 

3.3.4.3. Tree searches 

3.3.4.3.1. New technology search 

TNT’s (Goloboff et al. 2008a) “new technology” (NT) search uses an algorithm that combines 

ratchet (Nixon 1999), tree-drifting, tree-fusing and sectorial search functions (Goloboff 1999) 

to find optimal trees quickly. The NT search in TNT consistently finds optimal topologies more 

frequently and faster than in older, established searches, such as the heuristic search 

application in PAUP* (Swofford 2002). 
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3.3.4.3.1.1. Ratchet 

Nixon (1999) described the ratchet procedure as follows:  

“(1) Generate a starting tree (e.g., a “Wagner” tree followed by some level of branch swapping 

or not). (2) Randomly select a subset of characters, each of which is given additional weight 

(e.g., add 1 to the weight of each selected character). (3) Perform branch swapping (e.g., 

“branch-breaking” or TBR) on the current using the reweighted matrix, keeping only one (or 

few) tree. (4) Set all weights for the characters to the “original” weights (typically, equal 

weights). (5) Perform branch swapping (e.g., branch-breaking or TBR) on the current tree (from 

step 3) holding one (or few) tree. (6) Return to step 2. Steps 2–6 are considered to be one 

iteration”. Nixon 1999, p. 409 

 The ratchet function in TNT does not work precisely in the same way as that described by 

Nixon (1999). The TNT method of perturbation utilises original weights, up-weighting and 

deleting per iteration. 

The advantage of ratcheting, as identified by Nixon (1999) is that it finds the shortest tree 

length far faster than more exhaustive methods, which may run out of time (if constrained) or 

computational power before the shortest MPT is found. Furthermore, the larger sampling 

range means that a search using ratcheting is far more likely to find a shorter tree than it 

otherwise would. “Because the ratchet samples many tree islands with fewer trees from each 

island, it provides much more accurate estimates of the “true” consensus than collecting many 

trees from few islands” (Nixon 1999). To better utilise computational power, and search as 

many tree islands as possible the ratchet is used with the maximum number of iterations 

possible in the analyses presented here. 

3.3.4.3.1.2. Tree-drifting 

To avoid being trapped in local optima (tree islands) a tree-drifting algorithm allows testing of 

closely related suboptimal trees. Trees that are retained for swapping are chosen by relative fit 

differences (Goloboff 1999). Similar to a ratchet, the tree-drifting procedure has phases of 

searching optimal trees and then suboptimal trees in each iteration. An additional advantage is 

that tree-drifting improves memory management. However, this search procedure may also 

increase search time (Goloboff 1999). Because of the increased time for searches using 

ratcheting, drifting is not employed in the main analysis. 
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3.3.4.3.1.3. Sectorial search 

Sectorial searches (Goloboff 1999) analyse reduced datasets to speed up the discovery of 

approximately optimal trees. The method selects different sectors of a tree and reanalyses 

them, and if a more optimal topology is found it replaces the section on the source tree.  The 

sectors to be analysed can be selected randomly or through consensus, and TNT allows both 

methods to be operational simultaneously. The nodes selected through the consensus method 

are equal to any polytomies, thus the resultant tree is only as good the consensus, so 

additional search parameters such as tree-fusing and ratcheting need to be used concurrently 

with sectorial searches. 

3.3.4.3.1.4. Tree-fusing 

Multiple optimal trees are split into subgroups with identical compositions but different 

topologies swapped and tested. Goloboff (1999) described tree-fusing as having 3 processes in 

a round: (1) randomly select a target tree; (2) randomly select a source tree, or if there isn’t a 

second tree perform SPR swapping and return to step 1; (3) evaluate the effect of moving 

clades from the source tree to the target tree, save the optimal tree and return to step 2. 

Goloboff (1999) noted that under the conditions of the example he presented, 10 input trees 

“would virtually guarantee that an optimal tree is found”. 

3.3.5. Character fit 

3.3.5.1. Tree length 

Tree length is the sum of all character state reversals at a factor of their weight i.e. if a 

character has one state reversal in an analysis with equal weights (typically 1), it will contribute 

1 to the sum tree length. Tree length is used in parsimony to select the optimal cladogram, 

which is the tree with the least character incongruity, in other words, the tree with the 

shortest length. Tree length is symptomatic of homology and homoplasy observed in a given 

cladogram. Thus, when the observed tree length is compared to the maximum and/or 

minimum possible tree length it provides some indication of how much homoplasy is present 

in a given dataset and how trustworthy the result is. 

3.3.5.2. Consistency indices 

The consistency index (ci) demonstrates how well fitted a character is to its minimum possible 

number of reversals (Kluge and Farris 1969). Likewise, the ensemble consistency index (CI) 

demonstrates how well fitted all characters in an analysis are to the MPT. Equation 3.3.7. 

shows how the ci and CI are calculated, where s is the minimum number of steps a character 
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exhibits (or tree length for CI), and m is the minimum number of steps possible for that 

character to have (or minimum possible tree length for CI). 

Equation 3.3.7. 

𝑐𝑖 = 𝑚 ∕ 𝑠 

The consistency index should demonstrate the level of homoplasy present in a character, and 

its ensemble form (CI) is often used as a metric to indicate how good an analysis is. For this 

purpose, the CI has a few limitations. Uninformative binary characters will artificially inflate 

the CI because they will add 1 to the M value and the S value. In an example without an 

uninformative character, M is 5 and S is 7, thus CI is 0.71, but with the addition of one 

uninformative character the CI is inflated to 0.75. Another criticism of the CI is that as the 

number of taxa studied increases, the CI relatively decreases (i.e. CI is negatively correlated to 

the number of taxa) (Archie 1989; Sanderson and Donoghue 1989; Archie and Felsenstein 

1993). This effect is because the minimum number of possible steps (M) increases at a 

relatively slow, predictable rate, while the maximum possible number of steps increases at a 

faster predictable rate and tree length (S) is located within this range. Therefore the increase 

in taxa predicts an increase in variance for S, but a steady predictable increase for M, meaning 

that the CI metric is comparing values of a heteroskedastic data distribution to a 

homoscedastic distribution. An MPT’s length is skewed towards the minimum length (Fig. 

3.3.13.), therefore CI is expected to decrease as taxa increase (Archie and Felsenstein 1993). 

Like with an increase in taxa an increase in characters also affects the value. The mean tree 

length (S) increases when compared to an increase in characters, thus the more 

comprehensive an analysis becomes, the poorer the CI will be (Archie 1989; Sanderson and 

Donoghue 1989; Klassen et al. 1991). Although Sanderson and Hufford (1996) concluded that 

the effect of increasing characters is not statistically significant, they recognized factors such as 

the number of states can have an effect. The effect is in part due to homoplasy being 

demonstrated more readily in larger datasets, as a result of an increase in the potential for 

characters to conflict. Thus, smaller analyses are not comparable to more comprehensive ones 

using metrics like CI.  



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

117 
 

 

Figure 3.3.13. A graph demonstrating that the maximum and minimum possible tree length is predictable by the 

matrix dimensions and number of states, but as matrix dimensions increase, the variance in MPT length also 

increases. The MPTs are skewed towards the minimum by parsimony selection pressures. 

The homoplasy index (HI) is simply1 − 𝐶𝐼. The HI is used to indicate how much homoplasy is 

present, as opposed to how well the data fits a cladogram. 

3.3.5.3. Retention indices 

The retention index was suggested by Farris (1989a, b) to resolve some of the problems 

identified for the ci. Like the CI there is an ensemble retention index, denoted as RI. The ri 

compares s and m like the ci but subtracts them from the maximum possible number of steps 

g (or maximum possible tree length for the ensemble retention index). Equation 3.3.6. is used 

to calculate the ri.  

Equation 3.3.8. 

𝑟𝑖 =
𝑔 − 𝑠

𝑔 − 𝑚
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The RI metric is calculated by dividing the range observed between the maximum 

possible tree length and the actual tree length by the maximum possible range. The 

increase in the variance of MPT length (Fig. 3.3.13.) with an increase in matrix 

dimensions (i.e. taxa or characters) is still observed in RI, however, its effect is an order 

of magnitude smaller. 

3.3.5.3.1. Rescaled consistency index 

The rescaled consistency index (RC) is obtained by multiplying the RI by the CI (Farris 1989b). 

The effect of multiplying one by the other is to account for the homoplasy observed in the CI 

but to also demonstrate how well the characters or matrix fit the tree. Like CI, this metric does 

not minimize the effect of negative correlation of tree length with an increase in characters. 

3.3.6. Clade support 

3.3.6.1. Bootstrap 

Bootstrapping data in statistics allows a larger dataset to be simulated from a smaller dataset 

(Efron 1979). In cladistics, the bootstrap method (Felsenstein 1985; Penny and Hendy 1985; 

Sanderson 1989) is used improperly to resample a matrix of the same dimensions i.e. N taxa 

vs. N characters, while removing a subset of taxa or characters, typically the latter. The 

bootstrap analysis does this by replicating some characters (or increasing character weights to 

the sum of weights in the original matrix) to fill the space in the matrix created by character 

removal (or zero weighted characters). The analysis runs a predetermined number of these 

resampled replicates (usually 100) and produces a 50% majority rule consensus tree of the 

replicates. The absolute number of replicates or percentage of replicates that recover each 

clade are recorded. 

The concept of clade support from a bootstrap is that the more replicates that recover a clade, 

the better supported that clade is by (fractions of) the matrix. Another use of the bootstrap 

analysis, although rarely employed, is to generate a sample of cladograms recovered from the 

matrix by chance. The significance of this application of bootstrapping is that the probability of 

recovering the MPTs can be tested. Thus it is possible to infer whether a tree found in a search 

is statistically significant or found by chance, similar to an incongruence length difference test 

(ILD) (Mickevich and Farris 1981; Planet 2006). 
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3.3.6.2. Jackknife 

The jackknife, like the bootstrap, removes characters (Mueller and Ayala 1982) or taxa (Lanyon 

1985) in each resampling replicate but does not replace them. Therefore the difference 

between a jackknife and bootstrap is that the matrix dimensions are variable. However, a 

jackknife also produces a consensus cladogram with clade supports inferred by the resampling.  

Because of the different matrix sizes, it is possible to compare the results of two different 

matrices by comparing the regression lines of tree lengths and the number of characters per 

replicate. In this study, a jackknife procedure was implemented to observe the effect of adding 

characters due to the atomization of compound characters (see 3.3.2.1.). 

3.3.6.3. Bremer support 

Bremer support values are also presented on a consensus tree, but they are not produced by 

resampling the matrix. Instead, Bremer values are obtained by retaining suboptimal trees by N 

steps and calculating a consensus (Bremer 1988, 1994). Clades found in optimal trees will 

collapse into polytomies when calculating a consensus with suboptimal trees. The number of 

additional steps required to collapse a clade is that clade’s Bremer value. 

In an example, clade x and y collapse into a polytomy in clade w with clade z when trees 

suboptimal by 1 step are retained, clade w collapses when trees suboptimal by 2 steps are 

retained and clade z finally collapses after 3 suboptimal steps. In this example, clade z is better 

supported than any of the others, while clades x and y have equal, relatively poor support. In 

this example, clade z has a Bremer value of 3. 

Bremer supports provide information on how well supported one clade is relative to another, 

but cannot offer a percentage of clade support. Despite its limitations, the method does 

consider the whole matrix and the results, therefore, cannot be artefacts of a resampling 

technique. 

3.3.6.4. Linear discriminant analysis 

Discriminant function analyses (Fisher 1936) have not yet been used in conjunction with 

cladistic analyses, but their application is tested here. A discriminant function analysis is the 

direct opposite of an ANOVA or MANOVA because the independent categorical variable is 

validated or invalidated by the continuous dependent variables in this type of analysis. This 

means is that clades can be tested against continuous characters to graphically demonstrate 

how distinct they are. A linear discriminant analysis (LDA) and a canonical discriminant 
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function analysis (DFA) will be used to test the hypothesis of phylogeny produced by the 

cladistic analysis. LDA finds the greatest distinction between the continuous variables, whereas 

DFA produces a two-dimensional plot of morphospace (in this case). If the groups are valid, the 

continuous variables within a group should cluster, and clusters should be distinct. However, 

you might expect the members of two or more groups that are closer to a common ancestor 

with each other to overlap. 

 

Figure 3.3.14. A demonstration of the clade selection process for the LDA and DFA . The grey dashed areas denote 

the groups to be analysed. 

The most informative inclusive clades will be considered independent categorical groups and 

continuous characters will be used to validate them. Here, the most informative inclusive 
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clades are considered to be any taxon or taxa closer to one dichotomous terminal sister group 

(taxon A) than another (taxon Z). This will mean that some basal transitional taxa may be 

disregarded from this analysis, like those taxa excluded from the grey ellipse in the bottom 

example of Fig. 3.3.14. The Null hypothesis is that there is no distinction to any of the clades, 

while the hypothesis is that the tree produced by the cladistic analysis is close to the exact 

phylogeny, which is reflected in the morphology causing distinct clusters. This is a much more 

specific and testable hypothesis than the one tested during a cladistic analysis, which is: data 

in the matrix is more congruent with one tree (a single MPT or strict consensus) in tree space 

than any other. 

This method could prove useful, because currently there is no way to know an exact 

phylogeny, thus it is impossible to know if trees found in cladistic analyses demonstrate 

natural relationships. Using discriminant function analyses subsequent to a cladistic search 

utilizes a tree produced by heuristic methods as a hypothesis for a more scientific method. 

3.3.7. Consensus trees 

When there are multiple MPTs it is impossible to select among them for a favoured topology. 

Instead, the agreement or consensus should be calculated and presented as a tree. The trees 

produced by consensus are never the same as the fundamental trees (MPTs) from which they 

are calculated. Some consensus methods produce trees with good resolution, but a reduced 

taxon list, or relationships that are not observed in the fundamental trees at all, and others 

produce lower levels of resolution that are true to the source data. Arguably, a strict 

consensus is the only true consensus, all other methods produce compromises or alternative 

hypotheses by reducing the components of the tree. 

3.3.7.1. Strict consensus 

A strict consensus combines all trees into a unique cladogram that only exhibits relationships 

common to all cladograms (Sokal and Rohlf 1981). If a clade is not present in one or more 

cladograms all of its constituent clades/taxa fall to their common node in all cladograms, 

producing a polytomy. The strict consensus cladogram is the only true consensus, while other 

methods are compromises or reduced to only demonstrate components that are agreed upon. 

Ideally, only strict consensus cladograms would be presented, however, they often result in 

large polytomies which lose resolution that a majority of cladograms might agree upon. 

Likewise, one or more problematic taxa can “jump” between clades, and their inclusion can 

result in the loss of otherwise well-supported clades. 
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3.3.7.2. Adams consensus 

Similar to a strict consensus, an Adams consensus (Adams 1972) moves conflicting taxa/clades 

to the nearest node they have in common on all the MPTs studied. The difference is that an 

Adams consensus moves nests of taxa or clades, opposed to the taxa themselves. The method 

maintains nested clades that are agreed upon, regardless of whether one of its constituent 

taxa is rogue. Although the Adams consensus produces higher resolution cladograms, they are 

not necessarily accurate to the original MPTs (Kitching et al. 1998, p.147). If taxa A and E (Fig. 

3.3.15.) move to the same most inclusive common node in two separate MPTs, but otherwise 

demonstrate different relationships among B, C and D, and are never found to be closely 

related, an Adams consensus will place A and E in a polytomy with the clade B+C+D, inferring a 

relationship that was not present in either MPT. This effect is useful for identifying rogue taxa, 

but problematic if you are unaware of the fundamental MPTs that produced the consensus – 

which occurs in many publications. 

Figure 3.3.15. A demonstration of how MPT1 and MPT2 can produce an Adams consensus that is not 

representative of either of the fundamental MPTS. 

Andres and Ji (2008) and Andres and Myers (2012) used the Adams consensus method in their 

analyses of pterosaurs, meaning that when comparing other cladograms to these the 
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congruity/incongruity could be the result of the consensus method rather than a phylogenetic 

signal. 

3.3.7.3. Majority rule 

Majority rule consensus (Swofford 1991) trees are considerably more of a compromise than 

the other methods discussed here (3.3.7.). Although majority rule consensus trees only 

demonstrate relationships observed in fundamental MPTs, these relationships only have to be 

reproduced by a predetermined majority of them (e.g. 50%). So if the relationship A+B is only 

found twice in three cladograms it will be maintained in a majority rule consensus tree at 

66.6̅%. Therefore, this is a compromise, not a consensus. 

3.3.7.4. Agreement subtrees 

Agreement subtrees (Finden and Gordon 1985; Page 1993; Kubicka et al. 1995) are not a 

consensus or a compromise. Instead, problematic taxa are removed. So, like the Adams 

consensus problematic taxa are identified and removed from the clades, but instead of being 

relocated to the most inclusive nodes and inferring false relationships they are pruned from 

the analysis altogether. The product tree is not the same as any of the fundamental MPTs, but 

all of the relationships are observable in the source trees. It is possible to compare agreement 

subtrees to other cladistic analyses, and consequently, the method can be used in the 

comparison of different analyses. 

3.3.8. Topological congruence 

There are numerous methods for comparing topological congruence, which includes visual 

comparisons and index based comparisons. Planet (2006) considered the absence of character 

data originally used to support the tree in these comparisons a “major weakness” because the 

trees are taken at face value. However, once a matrix and its character congruence with tree 

topologies have been critiqued, it can be useful to observe the effect on a topology with 

regard to a reference tree. All data contains a population of errors, homologies, and 

homoplasies, so it is necessary to bear this in mind regardless of its inclusion in a topological 

congruity analysis. Finally, it can be useful to see how trees agree, given that consensus is the 

best tool available to test accuracy because it is currently impossible to test a tree’s 

congruence with an exact/true phylogeny. 
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3.3.8.1. Tanglegrams 

Tanglegrams are the simplest way to compare trees, by rotating branches until maximum leaf 

nodes align between trees and then lines drawn between paired leaf nodes. The effect is that 

the more incongruent the two topologies are, the more tangled their connecting lines are 

expected to become. In Dendroscope (Huson and Scornavacca 2012) non-binary trees can be 

compared, but paired leaf nodes must have exactly the same name. Therefore, irrespective of 

the taxonomic opinion of the original researcher, names need to be changed for the process of 

comparison. Unfortunately, the graphical output of Dendroscope is poor and so the R package 

Dendextend (Galili 2015) is used as well. Dendextend is limited as it cannot process 

polytomies, so polytomies must be randomly resolved before calculating the tanglegram. 

Details of the operational procedure in Dendextend can be found in section 6.3., and the R 

script can be found in the appendices.  

Tanglegrams do not consider branching patterns, or internal nodes, so their results are not 

necessarily indicative of topological congruence. A tree may appear completely congruent with 

a reference tree in a tanglegram, but it could have a completely different internal node 

arrangement (Fig. 3.3.10.). Because of the lack of specificity in the results of tanglegrams, they 

should only be employed to provide a sense of the gestalt of trees analysed. 

3.3.8.2. Robinson-Foulds distances 

Robinson-Foulds (R-F) distances (metric) might also be referred to as symmetric difference 

metric; contraction/decontraction metric; or partition metric (Planet 2006). The R-F distance is 

one of the most favoured tree comparison metrics, possibly due to its ability to compare non-

binary trees (Robinson and Foulds 1981). The metric has several limitations, including that 

structurally similar rooted cladograms with one taxon difference can achieve the highest R-F 

distance possible for a given taxon number (Böcker et al. 2013). The metric works by sampling 

two unrooted tree topologies to find groups that appear in one tree but not the other. It is a 

two-way sampling method that tests for clades present in tree A, but absent in tree B and 

present in tree B, but absent in tree A. The first phase of an R-F analysis is to remove all branch 

relationships present in tree A, but not in tree B, followed by adding branch relationships to 

tree A, that it lacks, but tree B possesses. The sum of the moves in the two phases is the R-F 

distance. Because it will cost the same to change tree A into tree B and vice versa, no further 

calculations need to be made. The R-F distance is limited because it is not given as a 

proportion and can’t be normalized to a standard range. Thus it is difficult to compare results 

from two different analyses, especially when the matrix dimensions are different. 
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The R-F distance can be tested in TNT, but the number produced is between naught and one. 

When the actual R-F number is divided by the maximum possible difference between two 

trees a number between naught and one is produced, but it is not the same as the number 

produced by TNT. TNT is not open source, thus it is impossible to know what the R-F distance 

in TNT relates to. Therefore, the R-F distance in this project will be calculated in both TNT and 

R packages. The number produced by R packages will be divided by the maximum possible 

difference in order to reduce the R-F distance into an index. In order to do this, all the taxon 

names must be the same and the two tree topologies should be reduced to common taxa only 

using CompPhy (Fiorini et al. 2014). The Newick files produced by CompPhy can be manually 

converted to TNT tree files so that two trees can be open in TNT simultaneously. 

3.3.8.3. Quartets and triplets 

Quartets were proposed by Estabrook et al. (1985) to overcome the problem of evolutionary 

direction. The problem of evolutionary direction is that A+B, +C, +D has the same relationships 

as C+D, +B, +A if there is no root. The quartets method reduces the tree to sub-groups of four 

evolutionary units (EUs) and uses a classification system to compare two trees. The triplets 

method is similar to the quartet method but is employed for rooted cladograms. The triplet 

method is most appropriate for this study, but it is obsolete with respect to other methods 

available. 

3.3.8.4. Topological ILD 

The topological ILD (TILD) (Wheeler 1999) combines two unrelated methodologies to indicate 

topological similarity: matrix representation with parsimony (MRP) (Kluge and Farris 1969) and 

incongruence length difference (ILD) (Mickevich and Farris 1981). To calculate the TILD of two 

cladograms they are reduced to MRP files and the sum of lengths from individual sets of clade 

characters are subtracted from the minimum length of all combined data, the product is then 

divided by the minimum length of all combined data. Wheeler (1999) considered this method 

superior to consensus-based methods, as it is insensitive to small single taxon shifts. 

Additionally, TILD can be used to examine datasets with unequal taxon numbers and the 

original character matrix is disregarded. However, the TILD is a p-value and can only give a 

result of significant or insignificant difference. 

3.3.8.5. SPR or rSPR distances 

Subtree pruning and regrafting (SPR) is one of the tree permutation algorithms utilized by TNT. 

In TNT SPR distances are implemented by converting the source trees to MRP and performing 
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SPR on one tree (MRP) until it matches the other/target tree (Goloboff 2008). The number of 

SPR permutations required to change one tree into the other is the same as the converse, 

therefore the SPR distance is achieved with one analysis. Using TNT’s algorithms, SPR distance 

calculations are faster than other methods, such as the nearest neighbour interchange (NNI) 

(Waterman and Smith 1978). However, SPR and NNI distances are limited in that they do not 

consider the level of disagreement, i.e. two clades with the exact same taxonomic content 

could be recovered in wildly different part of the tree, but only one permutation (SPR move) 

would be required to solve this problem. 

To be able to run two tress from distinct analyses in TNT, the trees must be reduced to 

common taxa only (see 3.3.8.2.). If a list of all the taxa in the analyses is used for the matrix to 

open the trees in TNT, an MRP should be calculated to reduce the taxon list before re-opening 

the trees and running the SPR distance test. 

3.3.8.6. Consensus methods 

Consensus and compromise cladograms are a summarization of agreement between MPTs of 

an analysis. However, it is possible to include multiple topologies from different, but similar 

analyses in a file and compute a consensus in much the same way. By computing a consensus 

for two different analyses a graphical representation of agreement can be obtained. Using a 

majority rule consensus would offer resolution, whilst providing numerical information on how 

many of the MPTs from different analyses agree on a clade. Additionally, a strict consensus 

tree can be used to calculate consensus tree indices, such as the consensus concordance (CC) 

index (Nixon and Carpenter 1996). The CC index uses the sum of the greatest character lengths 

(GL) across each fundamental tree, the length of the shortest (most parsimonious) (PL) 

fundamental tree and the length of their strict consensus tree (CL). There are some 

problematic features of the CC index that have contributed to its lack of use: it is 

computationally expensive to calculate GL; it’s impossible to decide which tree is most 

parsimonious when using trees from different matrices (non-binary trees); and non-binary 

trees can produce a CL significantly shorter than the GL, meaning the metric can result in a low 

negative number which is not useful. Therefore the CC index cannot provide a meaningful 

result for consensuses calculated from trees with different taxonomic or character content. 

Despite it being undesirable to produce congruence metrics that do not take character and 

taxonomic content into account (Planet 2006), it is necessary to use procedures ignoring them 

when comparing non-binary trees. Here a novel clade retention index (CRI) is proposed, where 
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nodes (N) on the consensus tree are indicators of agreement and individual OTUs in 

polytomies (P) are an indicator of disagreement. To put the information about clade retention 

into context, the maximum possible agreement can be calculated using the number of 

common taxa (T) minus one.  

Equation 3.3.9. 

𝑖 = −
𝑃 − 𝑁

𝑇 − 1
 

The maximum number recoverable is 1 and the minimum is -1, so the result can be range 

scaled (normalized) to give a CRI between naught and one (X = 1). 

Equation 3.3.10. 

𝐶𝑅𝐼 =
𝑋

(𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛) × (𝑖 − 𝑅𝑚𝑖𝑛)
 

∴ 𝐶𝑅𝐼 =
1

(1 − −1) × (−
𝑃 − 𝑁
𝑇 − 1) − −1

 

∴ 𝐶𝑅𝐼 = 0.5 × (−
𝑃 − 𝑁

𝑇 − 1
) + 1 

For the CRI metric, the more sister groups that are shared, the closer an index number is to 

one (Fig. 3.3.16E-F), as in SPR.  However, SPR only accounts for a number of unique 

relationships, but CRI identifies disagreement and agreement, thus it indicates how 

informative a cladogram is. In order to indicate informative relationships where nodes may not 

be present (e.g. Fig. 3.3.16B & C) it is necessary to account for the OTUs in polytomies (P). The 

result of accounting for individual OTUs in polytomies is that it is more costly for them to fall 

into a polytomy than it is for resolved clades to fall into a polytomy. This is an intuitive cost 

because a polytomy containing N taxa is far less informative than a polytomy containing N 

resolved clades. Unlike SPR distances, the CRI index can be computed manually. The data, such 

as the number of nodes and OTUs in the consensus can be displayed by TNT, but the number 

of polytomous OTUs must be counted manually. However, an R script using phytools, capable 

of counting the polytomous OTUs and calculating the CRI has been written (appendix 4.4.). 
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Figure 3.3.16. Consensus cladograms of two fundamental MPTs from different analyses with low to high levels of 

similarity, A-F respectively. The number of taxa (T), polytomous taxa (P) and nodes (N) are recorded, from which 

the CRI (i) is calculated. The CRI indicates the amount of dissimilarity/similarity there is between two cladograms, 

0 being totally dissimilar and 1 being totally similar. 

The CRI is even more similar to the consensus fork index (CFI) (Colless 1980), which divides the 

number of nodes (N) by the maximum possible number of nodes (T-1). The CFI is not used here 

because it is unable to reach naught and cannot be range scaled, due to the smallest possible 

number being dependent on the number of taxa analysed. Therefore, results with different 

taxon numbers are not comparable. Additionally, a tree with nested clades (Fig. 3.3.16D) 

possesses fewer nodes relative to a tree with more polytomous taxa in a dichotomous 

organization (Fig. 3.3.16C). Incorporation of the number of polytomous taxa (P) into an 

equation corrects for this topological difference and demonstrates the retention of clades – as 

in the CRI. The fact that when three clades are recovered – as in B and C in the example – they 

are considered more similar to one another when compared to a tree with four clades (Fig. 

3.3.16D), means that the results between different CRI analyses are more comparable than in 

CFI. 
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3.3.9. Procedure and implementation 

3.3.9.1. Characters and coding procedure 

Initially, the characters for the distinct analysis were written in 2010/11. Characters were 

written to incorporate as much pterosaur anatomy as possible into the analysis, using the 

appropriate character type i.e. discrete or continuous. They were devised independently of 

previous analyses, although there are unavoidable similarities. Additionally, compound 

characters (Brazeau 2011) were avoided. In total 205 discrete characters and 43 continuous 

characters were independently devised in the distinct analysis. These 205 characters also 

included unique characters published by  Vidovic and Martill (2014). Subsequently, for a 

second matrix, characters culled from the literature were added where there was no overlap 

to make the analysis more comprehensive. Some characters from the literature were 

compound characters and were atomized accordingly (see 3.3.2.1.). Additionally, one of the 

characters originally from the distinct analysis was re-written and re-coded (see 4.1.). In total, 

the comprehensive analysis is 320 characters, of which 276 have discrete states and 44 are 

continuous. Initially, 108 taxa were coded, but only 104 were run in the final analysis as four 

taxa (Liaoxipterus, Hatzegopteryx, Normannognathus and Ornithocheirus wiedenrothi) were 

too fragmentary to be resolved. 

3.3.9.2. Analysis 

The analysis was run in TNT 1.1 (Goloboff et al. 2008a), updated February 2015, on a PC with 

an AMD FX 4350 (4.2 GHz Quad core) CPU and 8 GB (RAM) memory. The RAM available to the 

program was set to the maximum 1GB. 

Erythrosuchus was set as the outgroup taxon (3.2.3.). There were 105-107 active taxa and 219 

characters for the distinct analysis, and 320 characters for the comprehensive analysis. Forty-

four of the characters used continuous states, consequently the data format was set to 32 

states. Continuous characters are treated as additive states. To make both discrete and 

continuous characters have a similar impact on the analysis continuous characters were scaled 

between 0 and 3 (see 3.3.4.2.). To weight against homoplasy, implied weights were used with 

K= 3. In the first phase of tree searching, a NT search was used to recover the shortest tree 

possible. To ensure the search was exhaustive, ratcheting was set to its maximum number of 

iterations (100,000). The settings are as follows: 

Get trees from… Driven search (33 taxa at level 15) with initial additional sequences = 5 

Find minimum length 1 time 
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Random seeds are set using rseed* command 

Replace existing trees 

Auto-constrain 

Use… Sectorial search parameters:  

RSS – Factor for number of selections = 43; Min. sector size = 18; Max. sector size = 18 

CSS – Rounds = 3; Min. sector size = 10 

For RSS and CSS globally swap every… 2 changes in sectors of size below 75; 10 changes in 

sectors of size above 75 

For selections of size… above 75 use 6 drifting cycles; below 75 use 3 starts and fuse trees 0 

times 

Use… Ratchet parameters: 

Stop perturbation phase when 20 substitutions made, or 99% swapping completed 

Perturbation phase... 4 up-weighting probability, 4 down-weighting probability. Use alternate 

equal weights. 

Number of iterations… 100,000 total number, 0 auto-constrained. 

Use… Tree fusing parameters: 

3 rounds, swapping after exchanging, start from best tree 

When using driver… use fusing to multiply optimal trees 

The second phase of tree searching used the ‘traditional search’ function to find the maximum 

number of MPTs. The search used trees saved to the RAM from the NT search as the starting 

trees. A TBR (tree bisection reconnection) swapping algorithm was used to find the maximum 

number of topologies of the same length or shorter. Subsequently all of the trees saved to the 

RAM from the TBR heuristic search were run in an NT search again, this time using tree-drifting 

and tree fusing algorithms only. 

3.3.9.3. Review 

If multiple parsimonious tree topologies are recovered they are summarized in both strict 

consensus trees and an agreement sub-trees. To review the results of the analyses by 

comparing them to other topologies, several metrics are used in tandem with tanglegrams. 

Metrics using different calculation methods, such as symmetric sampling, permutation, and 

consensus methods were utilised and are presented in Pac-Man pie chart matrices. The 

popular R-F distances are used to quantify unique nodes, SPR distances are used to represent 

permutation metrics, the novel CRI is used to represent consensus indices, and TILD is used to 

provide statistical confidence. 
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4. Characters 

“Many of the characters used by morphological systematists describe variation in 
continuous, quantitative traits, regardless of whether these traits are coded 

quantitatively or not.” J.J. Wiens, 2001: 698 
4.1. Introduction 

A cladistic analysis depends on the identification of phenetic conditions that are then subject 

to a tree search (in this case using parsimony) to identify similarity with descent. A phenetic 

condition is termed a cladistic character in the context of a cladistic analysis, but this term is 

difficult to define (Sereno 2007). Sereno (2007) demonstrated that there were few accurate 

definitions of “character” in the literature. Furthermore, terms such as homology which were 

commonly used to define a character are also poorly defined (Sereno 2007). Sereno (2007) 

defined a character as a “heritable, organismal feature expressed as an independent variable 

and composed of a locator (or locators) and, optionally, a variable and variable qualifier(s)”.  

According to Sereno, the general structure of a character can be broken down into the 

“locator”, “variables” and “variable qualifiers” (Sereno 2007). For example, “Ch. 87 Lateral 

sides of the of the rostrum tip are pointed (0); or rounded/blunt (1)”, the “lateral sides of the 

of the rostrum tip” is the locator; the “pointed” and “rounded/blunt” are the variables, and 

the “or” is the variable qualifier, indicating that each condition is relative to the other. It is also 

possible to have a distinct variable qualifier, for example, “Ch. 75 distance between teeth: is 

approximately equal to tooth width (0); is greater than the tooth width (1); is less than tooth 

width (2)” where the “tooth width” is the variable qualifier. 

Here, closely following Sereno (2007), a character is considered a universal term for two or 

more character states that can be used to compare and contrast between sets of organisms. 

Therefore it is more important to define a character state. A character state is the condition of 

a morphological unit that differs (variables) with respect to another OTU’s morphology. The 

morphological unit is defined as an anatomical unit with a common ancestral morphology. For 

example, a jugal is a morphological unit because it originated from the ancestral jugal. Thus 

the concept of the ancestral condition serves as a locator, ensuring that the two observed 

conditions are homologous. Additionally, one of the character states may be the same as the 

ancestral condition i.e. a plesiomorphic state. For example, character 87, where it is likely that 
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the presence of a rounded rostrum tip is the ancestral state, and the two variables are 

“pointed” and “rounded”.  

Continuous characters are meristic or metric characters that can be analysed without the need 

to put the conditions into discrete states (Goloboff et al. 2008a). All continuous characters are 

normalised between 0 and 3. The character numbers of characters unique to the 

“comprehensive” analysis (i.e. not used in the “distinct” analysis) are given in bold typeface. 

The character numbers given below are for the comprehensive analysis and includes 

characters taken from the literature (as of here cladistic characters may be referred to by their 

given numbers with the prefix “ch.”). For the “distinct” analysis continuous character 44 is not 

used, thus the character numbers for the distinct analysis are one less than those given in 

section 4.4.2. i.e. character 45 in the comprehensive analysis is character 44 in the distinct 

character list. Only 248 characters are used in the distinct analysis, therefore characters after 

ch.249 (ch.248 in the distinct analysis) are unique to the comprehensive analysis (given in 

bold). Character 117 [116] was re-written for the comprehensive analysis. Both versions of 

these characters are given and the character numbers of those used in the comprehensive 

analysis are given in bold typeface, and those from the distinct analysis are given in square 

brackets (as above). 

4.2. List of characters 

4.2.1. Continuous characters 

1. Length to width ratio of the longest tooth (dental index) (Fig. 4.2.1.) 

ToothLength/ToothWidth 

 

Figure 4.2.1. Examples of the two extremes of the longest tooth length to width ratio. Teeth closer to 0 are 

broader and teeth closer to 3 are more slender. 

2. Difference in mesiodistal dental indices (most distal : most mesial) (Fig. 4.2.2.) 

 ((DistalLength/DistalWidth)/(MesialLength/MesialWidth))-1    

 if (DistalLength/DistalWidth)/(MesialLength/MesialWidth)<1 then  
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(-((MesialLength/MesialWidth)/(DistalLength/DistalWidth)))+1 

 

Figure 4.2.2. Examples of the two extremes observed in the difference between the mesial and distal teeth. 

Mesial teeth closer to 0 are more slender than the distal teeth, and mesial teeth closer to 3 are broader than the 

distal teeth. 

3. Greatest difference in dental indices (largest tooth : smallest) (Fig. 4.2.3.) 

 (MaximumLength/MaximumWidth)/(minimumLength/minimumWidth) 

  

Figure 4.2.3. Examples of the two most extreme conditions for the greatest difference between tooth 

length/width ratios. Dentitions closer to 0 have very similar tooth profiles throughout, while dentitions closer to 

3 are markedly different in profile. 

4. Rostral index (Fig. 4.2.4.) 

(RostrumLength/RostrumDepth)-1        

 if (RostrumLength/RostrumDepth)<1 then       

 (-(RostrumDepth/RostrumLength))+1  

  

Figure 4.2.4. The two extremes of the rostral index. Pterosaurs closer to 0 have very tall short rostra, while those 

closer to 3 have very elongate rostra. 

5. The prenarial length = x% of skull length (Fig. 4.2.5.) 

(100/SkullLength) x PrenarialLength 
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Figure 4.2.5. The two extremes of the prenarial percentage of the rostrum. Pterosaurs closer to 0 have very short 

prenarial portions of the skull, while those closer to 3 have very elongate prenarial regions of the skull. 

6. Angle of quadrate to the dental plain (Fig. 4.2.6.) 

  

Figure 4.2.6. The extreme conditions of the angle of the quadrate. Pterosaurs closer to 0 have a steep quadrate 

and those closer to 3 have reclined quadrates. 

7. Depth of the orbit to depth of the skull (Fig. 4.2.7.) 

(SkullDepth/OrbitDepth)  

  

Figure 4.2.7. The extreme conditions of the orbit relative to the skull depth. Pterosaurs closer to 0 have larger 

orbits and those closer to 3 have smaller orbits. 

8. Position of the orbit in the skull (Fig. 4.2.8.) 

(OrbitDepth/OrbitHeight)-1        

 if (OrbitDepth/OrbitHeight)<1 then       

 (-(OrbitHeight/OrbitDepth))+1  

  

Figure 4.2.8. The extreme conditions of the position of the orbit, relative to skull height. Pterosaurs closer to 0 

have orbits placed closer to the dorsal margin of the skull and those closer to 3 have orbits placed closer to the 

ventral margin. 

9. (Naso)antorbital fenestra length/depth ratio (Fig. 4.2.9.) 
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(NAOFLength/NAOFDepth)-1        

 if (NAOFLength/NAOFDepth)<1 then       

 (-(NAOFDepth/NAOFLength))+1 

  

Figure 4.2.9. The difference between the two extremes of (naso)antorbital fenestra profile. Pterosaurs closer to 0 

have a shorter, deeper fenestra and those closer to 3 are more elongate. 

10. Inferior temporal fenestra/orbit ratio (maximum length) (Fig. 4.2.10.) 

(ITFLength/OrbitLength)-1         

 if (ITFLength/OrbitLength)<1 then        

 (-(OrbitLength/ITFLength))+1  

  

Figure 4.2.10. The extreme conditions of the length of the inferior temporal fenestra relative to the orbit. 

Pterosaurs closer to 0 have a more elongate inferior temporal fenestra and those closer to 3 have a shorter 

fenestra. 

11. Humerus width to length ratio (Fig. 4.2.11.) 

HumerusWidth/HumerusLength  

  

Figure 4.2.11. The extremes of the humerus width relative to its length. Pterosaurs closer to 0 have a broader 

deltopectoral crest and a short diaphysis, those closer to 3 have a reduced deltopectoral crest relative to an 

elongate diaphysis. 

12. Metacarpal IV to humerus ratio (Fig. 4.2.12.) 
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(MCIVLength/HumerusLength)-1      

 if (MCIVLength/HumerusLength)<1 then       

 (-(HumerusLength/MCIVLength))+1  

  

Figure 4.2.12. The extremes of the length of the humerus relative to the fourth metacarpal. OTUs closer to 0 

demonstrate a plesiomorphic archosaur humerus and metacarpal, where the humerus is longer, and those closer 

to 3 demonstrate a derived pterosaurian condition, where the metacarpal is much longer. 

13. Pteroid length compared to the ulna (Fig. 4.2.13.) 

PteroidLength/UlnaLength 

  

Figure 4.2.13. The two extremes of the pteroid length relative to the forearm. Pterosaurs closer to 0 have a 

pteroid greater in length relative to those closer to 3. 

14. Metacarpal IV length width ratio (Fig. 4.2.14.) 

MCIVLength/MCIVWidth  
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Figure 4.2.14. The extreme conditions of the pterosaur wing metacarpal profile (length/width). Pterosaurs closer 

to 0 have shorter, broader wing metacarpals and those closer to 3 have more elongate wing metacarpals. 

15. Metacarpal IV to Ulna ratio (Fig. 4.2.15.) 

(MCIVLength/UlnaLength)-1        

 if (MCIVLength/UlnaLength)<1 then       

 (-(UlnaLength/MCIVLength))+1  

  

Figure 4.2.15. The difference between the two extreme conditions of the fourth metacarpal relative to the 

forearem. OTUs closer to 0 have a basal archosaurian metacarpal that is much shorter than the radius and ulna, 

those closer to 3 have a derived pterosaurian condition where the wing metacarpal is much more elongate. 

16. Metacarpal IV to Scapula ratio (Fig. 4.2.16.) 

(MCIVLength/ScapulaLength)-1       

 if (MCIVLength/ScapulaLength)<1 then       

 (-(ScapulaLength/MCIVLength))+1  
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Figure 4.2.16. The difference between the two extreme conditions of the scapula length relative to the fourth 

metacarpal length. OTUs closer to 0 have short metacarpi relative to the scapula and those closer to 3 have more 

elongate metacarpi. 

17. Metacarpal IV to Femur ratio (Fig. 4.2.17.) 

(MCIVLength/FemurLength)-1       

 if (MCIVLength/FemurLength)<1 then      

 (-(FemurLength/MCIVLength))+1 

  

Figure 4.2.17. The difference between the two extreme conditions of the femur relative to the wing metacarpal. 

Pterosaurs closer to 0 have longer femora and those closer to 3 have longer metacarpi. 

18. Metacarpal IV to Tibia ratio (Fig. 4.2.18.) 

(MCIVLength/TibiaLength)-1        

 if (MCIVLength/TibiaLength)<1 then       

 (-(TibiaLength/MCIVLength))+1  
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Figure 4.2.18. The difference between the two extreme conditions of the tibia relative to the wing metacarpal. 

Pterosaurs closer to 0 have longer tibia and those closer to 3 have longer metacarpi. 

19. Manual ungual shape (Fig. 4.2.19.) 

(UngualDepth/UngualLength)-1       

 if (UngualDepth/UngualLength)<1 then       

 (-(UngualLength/UngualDepth))+1 

  

Figure 4.2.19. The difference between the two extreme conditions of the manual ungual profile. Pterosaurs closer 

to 0 have more slender unguals and those closer to 3 have deeper unguals. 

20. Wing phalanx IV % of finger (Fig. 4.2.20.) 

(100/(I+II+III+IV)) x IV  

  

Figure 4.2.20. The percentage of the wing that wing phalanx four contributes to. Pterosaurs closer to 0 have a 

short distal phalanx and those closer to 3 have a more elongate distal phalanx. 

21. Wing phalanx III % of finger (Fig. 4.2.21.) 

(100/(I+II+III+IV)) x III  
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Figure 4.2.21. The percentage of the wing that wing phalanx three contributes to. Pterosaurs closer to 0 have a 

short third phalanx and those closer to 3 have a more elongate third phalanx. 

22. Wing phalanx II % of finger (Fig. 4.2.22.) 

(100/(I+II+III+IV)) x II  

  

Figure 4.2.22. The percentage of the wing that wing phalanx two contributes to. Pterosaurs closer to 0 have a 

short second phalanx and those closer to 3 have a more elongate second phalanx. 

23. MCIV to Wing phalanx I (Fig. 4.2.23.) 

(MCIVLength/WphILength)-1        

 if (MCIVLength/WphILength)<1 then       

 (-(WphILength/MCIVLength))+1 

  

Figure 4.2.23. The difference between the two extremes of wing metacarpal length relative to the length of wing 

phalanx one. Pterosaurs closer to 0 have a longer wing phalanx one and those closer to 3 have a shorter wing 

phalanx one. 

24. Wing phalanx I to Humerus (Fig. 4.2.24.) 

(WphILength/HumerusLength)  

  

Figure 4.2.24. The difference between the two extremes of the humerus length relative to the first wing phalanx 

length. Pterosaurs closer to 0 have a longer humerus compared to those closer to 3. 
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25. Wing % that is equal to the leg length (Fig. 4.2.25.) 

(100/(I+II+III+IV)) x (FemurLength+TibiaLength) 

  

Figure 4.2.25. The extremes of the length of the wing finger relative to the length of the leg. Pterosaurs closer to 

0 have a longer wing finger and shorter leg relative to those that are closer to 3. 

26. Pubis depth to femoral length ratio (Fig. 4.2.26.) 

FemurLength/PubisDepth   

  

Figure 4.2.26. The extremes of the length of the femur relative to the length of the pubis. Pterosaurs closer to 0 

have a femur much greater in length relative to the pubis compared to those closer to 3. 

27. Femoral diaphysis width to length ratio (Fig. 4.2.27.) 

FemurLength/((DiaphysisWidth+EpiphysisWidth)/2)  

  

Figure 4.2.27. The two extremes of pterosaur femoral diaphysis length to width ratios. Pterosaurs closer to 0 

have broader femora and those closer to 3 have more gracile femora. 

28. Femoral head width to condyle width ratio (Fig. 4.2.28.) 

(HeadWidth/CondyleWidth)-1       

 if (HeadWidth/CondyleWidth)<1 then      

 (-(CondyleWidth/HeadWidth))+1  
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Figure 4.2.28. The two extreme conditions of the pterosaur femoral head relative to the condyle. Pterosaurs 

closer to 0 have broader condyles relative to the femoral head and those closer to 3 have a broader femoral 

head. 

29. Tibia length to femoral length ratio (Fig. 4.2.29.) 

(TibiaLength/FemurLength)-1       

 if (TibiaLength/FemurLength)<1 then       

 (-(FemurLength/TibiaLength))+1   

  

Figure 4.2.29. The two extreme conditions of the pterosaur leg, femur and tibia length ratios. Pterosaurs closer to 

0 have tibia and femora closer to equal in length and those closer to 3 have a longer tibia. 

 

30. Wing phalanx I to wing phalanx II ratio (Fig. 4.2.30.) 

(WPh1Length/WPh2Length)-1       

 if (WPh1Length/WPh2Length)<1 then      

 (-(WPh2Length/WPh1Length))+1  

  

Figure 4.2.30. The two extreme conditions of pterosaur wing phalanges one and two lengths relative to each 

other. Pterosaurs closer to 0 have a second phalanx longer relative to the first phalanx and those closer to 3 have 

a shorter second phalanx. 

31. Metatarsal V width ratio, proximal condyle to distal condyle (Fig. 4.2.31.) 
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(PCWidth/DCWidth)-1        

 if (PCWidth/DCWidth)<1 then       

 (-(DCWidth/PCWidth))+1 

  

Figure 4.2.31. The two extreme conditions of the pterosaur fifth metatarsal. Pterosaurs closer to 0 have elongate, 

slender fifth metatarsals and those closer to 3 have shorter, broader fifth metatarsals. 

32. Manual Digit II distal phalanx to ungual ratio (Fig. 4.2.32.) 

(PhLength/UngualLength)-1        

 if (PhLength/UngualLength)<1 then        

 (-(UngualLength/PhLength))+1  

  

Figure 4.2.32. The difference between the two extreme conditions of the manual ungual relative to the distal 

phalanx of digit two. Pterosaurs closer to 0 have a larger ungual and shorter distal phalanx, while those closer to 

3 have a smaller ungual and longer distal phalanx. 

33. Average metatarsal length to width ratio (Fig. 4.2.33.) 

MtLength/MtWidth  

  

Figure 4.2.33. The two extreme conditions of the metatarsals brevity. Pterosaurs closer to 0 have broad 

metatarsals and those closer to 3 have more elongate metatarsals. 

34. Manual digit I phalanx I to digit II phalanx I ratio (Fig. 4.2.34.) 
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(D1Ph1Length/D2Ph1Length)-1       

 if (D1Ph1Length/D2Ph1Length)<1 then       

 (-(D2Ph1Length/D1Ph1Length))+1  

  

Figure 4.2.34. The difference between the two conditions of phalanx one digit one relative to phalanx one digit 

two. Pterosaurs closer to 0 have a shorter digit one phalanx one, while those closer to 3 have a longer digit one 

phalanx one relative to digit two phalanx one. 

35. Number of sacral vertebrae  

36. Number of post atlas & axis cervical vertebrae  

37. Depth to length ratio of the cervical vertebral centrum (Fig. 4.2.35.) 

(CentrumLength/CentrumDepth)-1       

 if (CentrumLength/CentrumDepth)<1 then      

 (-(CentrumDepth/ CentrumLength))+1 

  

Figure 4.2.35. The difference in the two extreme conditions of the cervical vertebrae length to depth ratio. Those 

closer to 0 have more elongate cervical vertebrae and those closer to 3 are shorter. The arrows on the diagram 

point to the cranial and caudal ends of the vertebrae. The vertebrae are drawn in lateral view. 

38. Depth to length ratio of dorsal vertebral centrum (Fig. 4.2.36.) 

(CentrumLength/CentrumDepth)-1       

 if (CentrumLength/CentrumDepth)<1 then      

 (-(CentrumDepth/CentrumLength))+1 
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Figure 4.2.36. The difference between the two extreme conditions of the dorsal vertebral centrum length to 

depth ratio. Pterosaurs closer to 0 have more elongate dorsal vertebrae and those closer to 3 have broader dorsal 

vertebrae. The arrows on the diagram point to the cranial and caudal ends of the vertebrae. The vertebrae are 

drawn in a dorsoventral view. 

39. Depth to length ratio of caudal centrum (Fig. 4.2.37.) 

(CentrumLength/CentrumDepth)-1       

 if (CentrumLength/CentrumDepth)<1 then       

 (-(CentrumDepth/CentrumLength))+1 

 

  

Figure 4.2.37. The difference between the two extreme conditions of the caudal vertebral centrum length to 

depth ratio. Pterosaurs closer to 0 have more elongate caudal vertebrae and those closer to 3 have broader 

caudal vertebrae. The arrows on the diagram point to the cranial and caudal ends of the vertebrae. The vertebrae 

are drawn in a dorsoventral view. 

40. Number of caudal vertebrae  

41. Cervical vertebral series to dorsal vertebral series % (Fig. 4.2.38.) 

(100/CervicalLength) x DorsalLength  

  

Figure 4.2.38. The difference between the two extreme conditions of the cervical vertebral series relative to the 

dorsal series. Pterosaurs closer to 0 have necks longer than their dorsal series and those closer to 3 have necks 

shorter than the dorsal series. 
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42. Caudal vertebral series to dorsal vertebral series % (Fig. 4.2.39.) 

(100/CaudalLength) x DorsalLength  

  

Figure 4.2.39. The difference between the two extreme conditions of the tail length relative to the dorsal 

vertebral series length. Pterosaurs closer to 0 have short tails and those closer to 3 have longer tails. 

43. Tooth number per jaw  

44. Metatarsal length relative to the tibia (modified from Lü et al. 2009 ch.114) (Fig. 

4.2.40.) 

 TibiaLength/MtLength 

  

Figure 4.2.40. The two extreme conditions of the metatarsal lengths relative to the tibia length. Pterosaurs closer 

to 0 have longer metatarsals and those closer to 3 have shorter metatarsals. 

4.2.2. Discrete Characters 

45. Maximum number of cusps on teeth = 1(0); 5(1) 

 

Figure 4.2.41. The distal dentition of Eudimorphodon MCSNB 2888 (A) and Caviramus BNM 14524 (B), 

demonstrating the five cusps arranged along the mesiodistal carina of each tooth. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

147 
 

Note: This character distinguishes between pterosaurs with only a single cusp on all of their 

teeth (Austriadactylus, Preondactylus, and Jurassic or later taxa) and those with multiple cusps 

(Fig. 4.2.41.)  on some of their teeth (i.e. Triassic taxa, excluding Austriadactylus and 

Preondactylus). 

46. Serrated carinae: present (0); absent (1) 

 

Figure 4.2.42. The teeth of Austriadactylus SMNS 56342, demonstrating the serrated mesiodistal carina. 

Note: This character codes the dental condition unique to Austriadactylus (Fig. 4.2.42.) and 

Preondactylus, which have microscopic denticles on their mesiodistal carinae.  

47. Tooth crowns are pointed (0); blunt (1) 

 

Figure 4.2.43. The teeth of Cycnorhamphus GPIT 80 (A) and Rhamphorhynchus (B), demonstrating the difference 

between blunt and pointed teeth respectively. 
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Note: This character codes the potentially homoplastic condition of some pterosaur teeth that 

are not adapted to penetrate food/prey (Fig. 4.2.43. A). 

48. Tooth crowns are: expanded above the cervical region (lanceolate) (0); or with 

converging lateral margins (cone-shaped) (1); or subparallel lateral margins (cylindrical) (2) 

 

Figure 4.2.44. Three different shapes of the tooth crown. A) lanceolate; B) cone-shaped; C) cylindrical. 

Note: This character describes the vestibular shape of the tooth (Fig. 4.2.44.). In pterosaurs, 

these tooth shapes can be broken down into three main types, as above. 

49. Tooth crowns are: straight (0); recurved (1); or sigmoidal (2) 

 

Figure 4.2.45. The sigmoidal teeth of Gnathosaurus BSP AS VII 369. 
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Note: This character describes the curvature or lack of curvature in the tooth crowns. 

“Sigmoidal” refers to the “buckled” condition observed in Gnathosaurus for example (Fig. 

4.2.45.). 

Coding note: If the tooth crowns are straight (0), then ch.252 should be coded with a dash. 

50. Striations on the tooth crown surface: absent (0); present (1) 

 

Figure 4.2.46. The teeth of Ludodactylus SMNK PAL 3828, demonstrating crenulated striae present in the 

cementum layer apical of the enamel cap. 

Note: This character refers to a commonly observed schmelzmuster in pterosaur dentitions. 

However, the ribbing or striae are most commonly observed in a cementum layer below the 

enamel covered crown (Fig. 4.2.46.). 

51. Enamel extends: considerably more than halfway down the tooth (0); much less than 

halfway down the tooth (1); about half way (2) 

 

Figure 4.2.47. Three teeth with different enamel distributions. A) enamel more than halfway down the tooth; B) 

enamel cap about halfway down the tooth; C) reduced enamel cap, much less than halfway down the tooth. 
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Note: There is a trend in pterosaur evolution, where the stratigraphically younger species have 

a more restricted enamel cap (Fig. 4.2.47. C). This character codes for this evolutionary 

phenomenon. It is difficult to quantify the extent of enamel covering the tooth due to variation 

in dental morphologies, so in this instance, an arbitrary qualification is applied (Fig. 4.2.47.). 

52. Teeth are: rounded (0); labiolingually compressed (1) 

 

Figure 4.2.48. Two schematic teeth in cross-section, demonstrating the difference between a round cross-section 

(A) and a labiolingually compressed tooth’s cross-section. 

Note: Most pterosaur teeth are weakly labiolingually compressed with a faint carina (Fig. 

4.2.48. B), but some are more dramatically compressed, while others are nearly perfectly 

round (Fig. 4.2.48. A). 

53. Teeth are: isodont (0); homodont/heterodont (1) 

 

Figure 4.2.49. An Istiodactylus NHMUK PVR 3877 rostrum and jaw accompanied by line drawings of the mesial 

and distal teeth, demonstrating that they are different shapes but have the same crown height. 

Coding note:  If the dentition is isodont (0), ch.65 [64] and ch.67 [66] should be coded with a 

dash. 

Character 56 codes the number of tooth morphologies in the jaws, which distinguishes 

between homodont and heterodont conditions. Here the distinction between isodont and 

homodont/heterodont is in relation to the approximate size, not shape. For instance, 

Istiodactylus (Fig. 4.2.49.) is often referred to as isodont, but it exhibits two different dental 

morphologies between the mesial and distal teeth. 
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54. Teeth in sockets (0); teeth in groove (1) 

Note: This character distinguishes between all dentulous pterosaurs and Pterodaustro which 

has its lower teeth implanted in a groove and its upper teeth are free of the jaw, presumably 

attached by integument. 

55. Alveoli raised around the tooth (0); state absent (1) 

 

Figure 4.2.50. A line drawing of a tooth in the jaw with raised margins of the alveolus. 

Note: It is not clear if this character is homologous or not, but some pterosaurs have alveoli 

raised around the cervical portion of the teeth (Fig. 4.2.50.), with the bone, or cementum even 

overgrowing the tooth (e.g. Dsungaripterus). 

56. Number of tooth morphologies in both jaws: Homodont (0); 2 (1); 3 (2); 4 (3) 

 

Figure 4.2.51. The rostrum of (A) Ardeadactylus SMNS 56603, (B) Dimorphodon NHMUK PVR 41212, (C) 

Eudimorphodon MCSNB 2888 and (D) Preondactylus (taken from Dalla Vecchia 1998), demonstrating dentitions 

with 1, 2, 3 and 4 tooth morphologies respectively. Scale bars = 10 mm. 

Notes: Triassic and Cretaceous pterosaurs had strongly differentiated tooth morphologies.  
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57. Tooth morphology in the dentary: similar to that of the rostrum (0); distinct from that 

of rostrum (1) 

 

Figure 4.2.52. The maxillary and distal dentary teeth of Dimorphodon NHMUK PVR 41212. 

Note: Notable examples of pterosaurs that possess different dental morphologies in their 

upper and lower jaws are Pterodaustro and Dimorphodon (Fig. 4.2.52.). Both pterosaurs have 

significantly larger teeth in the upper or lower jaw with respect to the other jaw. 

58. Tooth distribution in the dentary: similar to that in the rostrum (0); different to that in 

the rostrum (1) 

Note: Similar to character 57, this character codes the differentiation between the distribution 

of the dentitions in the upper and lower jaws. 

59. Procumbent terminal rostral tooth: present (0); absent (1) 

 

Figure 4.2.53. The skull of Campylognathoides liasicus. 
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Note: The mesial-most tooth in the upper jaw points anteriorly in some pterosaurs like 

Campylognathoides (Fig. 4.2.53.). 

60. Odontoid process: present (0); absent (1) 

Note: A bone pseudo-tooth on the lower jaw possessed by some dentulous pterosaurs. In 

Istiodactylus the odontoid process forms part of a complete shear dentition (Fig. 4.2.49.). 

61. Mesial tooth pair contact at the alveoli: present (0); absent (1)  

 

Figure 4.2.54. The rostrum of Dorygnathus in caudal view, demonstrating that the two mesial teeth contact. 

Note: Some pterosaurs have very little space between the mesial pair of teeth (Fig. 4.2.54.). 

62. Ventrally directed bony process between mesial premaxillary teeth: present (0); 

absent (1) 
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Figure 4.2.55. The jaws of Huanhepterus (taken from Dong 1982) (A) and Ardeadactylus SMNS 56603 (B), 

demonstrating the bony process on the rostrum tip. 

Note: Similar to the odontoid process, some pterosaurs possess a bony process on the tip of 

the rostrum (Fig. 4.2.55.). 

63. Diastema after premaxillary teeth: present (0); absent (1) 
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Figure 4.2.56. The rostrum of Caviramus BNM 14524, demonstrating the diastema between the premaxillary and 

maxillary teeth. 

Note: The diastema (Fig. 4.2.56.) is considered present if there is a gap distal to the distal most 

premaxillary tooth which is sufficient to fit one or more teeth in before the first occurrence of 

a maxillary tooth. 

64. Dental spacing: Regularly spaced (0); irregularly spaced, with closer spacing distally (1); 

with closer spacing mesially (2); with little/no order (3) 

 

Figure 4.2.57. Schematic pterosaur skulls with different dental distributions. A) teeth evenly spaced; B) teeth are 

closer together distally; C) teeth are closer together mesially; D) there is little or no order to the tooth spacing. 

Note: This character codes the order and distribution of teeth in the jaws. The states are 

illustrated in the figure above (Fig. 4.2.57.). 
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65. Tooth size distribution: graded large to small caudally (0); graded small to large 

caudally (1); grading up, then back down (2); ungraded, varying in size (3) 

 

Figure 4.2.58. Schematic pterosaur skulls demonstrating different tooth size grading patterns. A) teeth are graded 

small to large mesially; B) teeth are graded small to large distally; C) teeth are graded small to large and back to 

small; D) teeth are ungraded (randomly distributed), all different sizes; E) ungraded, or isodont (which should be 

coded with a dash). 

Note: This character codes the distribution of differently sized teeth in the dentition. If the 

teeth are ungraded and the same size (Fig. 4.2.58. E), then they are considered isodont and 

should be coded with a dash. 

66. Dentition present under antorbital fenestra (0); dentition absent under antorbital 

fenestra (1) 
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Figure 4.2.59. Hypothetical pterosaur skulls with dentitions that are unrestricted and restricted in their extent. A) 

unrestricted dentition that extends from the rostrum tip to a point under the nasoantorbital fenestra; B) a 

dentition that is restricted anterior to the nasoantorbital fenestra; C) a dentition that has an edentulous jaw tip.  

Note: The extent of the dentition can be put into context using the position of the distal-most 

tooth relative to the nasoantorbital fenestra (Fig. 4.2.59.). 

67. Enlarged teeth under the dorsal process of the maxilla: present (0); absent (1) 

  

Figure 4.2.60. The maxillary and distal dentary teeth of Eudimorphodon MCSNB 2888. The photograph 

demonstrates that there are two enlarged teeth located under the dorsal process of the maxilla. 
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Note: Some basal pterosaurs possess enlarged teeth (possibly laniaries or sexually selected) 

directly beneath the dorsal process of the maxilla. 

Coding note: If these enlarged teeth are absent (1), then ch.68 [67] should be coded with a 

dash. Additionally this character should be coded with a dash if ch.53 [52] is coded isodont (0), 

ch.69 [68] is coded absent (1), or ch.111 [110] is coded confluent (0). 

68. The number of enlarged maxillary teeth under the dorsal process: one (0); two (1) 

Note: Eudimorphodon (Fig. 4.2.60.) possesses enlarged paired teeth beneath the dorsal 

process of the maxilla, whilst others only have a single tooth. 

69. Dentition: present (0); absent (1) 

 Coding note: Some pterodacyloids lack dentition, if this character is coded as absent, then 

ch.45 [44] – 76 [75] and ch.350 – 353 should be coded with a dash. 

Unwin (2003a) found that teeth were lost on two occasions, whereas Kellner (2003a) proposed 

that they were lost three times and Andres (2010) finds a topology that suggests that they are 

lost as many as five times. 

70. Teeth in premaxilla: present (0); absent (1) 

Note: Dsungaripterus and its cohort are unusual in that they lose the teeth in their 

premaxillae, but not altogether. 

71. Teeth present in premaxilla, but absent from the tip: present (0); absent (1) 

  

Figure 4.2.61. Two schematic pterosaur skulls, both with edentulous jaw tips, but one possesses teeth in the 

premaxilla (A) and the other does not (B). 
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Note: Germanodactylus cristatus lacks teeth at the jaw tip (i.e. there is space for teeth which is 

not occupied) but still has teeth in the premaxilla (Fig. 4.2.61. A, 4.2.63.), unlike Dsungaripterus 

which has an edentulous premaxilla (Fig. 4.2.62.). 

 

Figure 4.2.62. A photograph of a cast of the skull of Dsungaripterus, demonstrating edentulous jaw tips. 

 

Figure 4.2.63. The skull of Germanodactylus cristatus BSP 1892 IV 1 demonstrating edentulous jaws tips, but with 

teeth in the premaxilla. 

72. Tooth direction: all teeth are unidirectional (0); or the dentition is multidirectional (1) 

Note: Some dentitions are occlusally directed, but other dentitions have prognathous teeth in 

them. This character codes for this variation, or lack of variation in dental orientation. 

Coding note: If the teeth unidirectional (0) in orientation, then ch.73 [72] and ch.74 [73] should 

be coded with a dash. 
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73. Multidirectional dentitions: gradually change tooth orientation throughout the tooth 

row (0); change in tooth orientation is dramatic (1) 

  

Figure 4.2.64. Schematic pterosaur skulls demonstrating unidirectional and multidirectional dentitions. A) 

unidirectional; B) multidirectional, with tooth orientation changing gradually; C) multidirectional, with tooth 

orientation changing abruptly; D) multidirectional; a single tooth opposes all the others. 

Note: This character codes the different types of multidirectional dentitions. The diagram 

above illustrates the conditions (Fig. 4.2.64.). 

74. A single tooth dramatically opposes the angle of all others (0); state absent (1) 

Note: This character codes a unique condition in observed in Rhamphorhynchus where a single 

tooth is dramatically more prognathous than its neighbouring teeth (Fig. 4.2.64. D). 

75. Distance between teeth: is approximately equal to tooth width (0); is greater than the 

tooth width (1); is less than tooth width (2) 
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Figure 4.2.65. Teeth in the jaw, demonstrating a gap equal to the tooth width (A), greater than the tooth width 

(B) and less than the tooth width (C). 

Note: This character compares the distance between two adjacent teeth at the alveoli in 

reference to the width of the teeth being observed (Fig. 4.2.65.). 

76. Teeth: interlock mesiodistally (0); occlude on the crown (1), or laterally occlude 

(labiolingually) (2) 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

162 
 

  

Figure 4.2.66. A demonstration of how different pterosaurs teeth occlude. A) interlocking mesiodistally; B) 

occluding on the crown; C) laterally/labiolingually occluding (see Fig. 4.2.53.). 

Note: This character codes the different ways in which the jaws and teeth occlude. The 

illustrations in the diagram above explain how to code each state respectively (Fig. 4.2.66.). 

77. Occlusal surface of rostrum: straight (0); straight, ventrally directed at tip (1); straight, 

dorsally directed at tip (2); curved ventrally, along entire margin (3); curved dorsally, along 

entire margin (4); sinusoidal (5) 

  

Figure 4.2.67. Six different hypothetical pterosaur skulls, each demonstrating a different shape to the occlusal 

surface of the rostrum. A) straight; B) straight with a ventrally directed tip; C) straight with a dorsally directed tip; 

D) curved ventrally along the entire occlusal surface; E) curved dorsally along the entire occlusal surface; F) 

sigmoidal. 
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Note: This character may be a compound character and could be broken down into three 

characters: the shape of the occlusal surface posterior to the external nares; the shape of the 

occlusal surface anterior to the external nares; and the rostrum tip is directed dorsally, 

rostrally, and ventrally. However, in its current state, the character explains the gestalt of the 

rostrum occlusal surface (Fig. 4.2.67.) and reduces homoplasy. For example, Pterodaustro and 

Tupandactylus would be coded with a convex occlusal margin below the nasoantorbital 

fenestra, increasing homoplasy. 

78. Dorsal margin of the rostrum anterior to the nasoantorbital fenestra: straight (0); 

convex (1); concave (2) (Vidovic and Martill 2014 ch.14) 

  

Figure 4.2.68. Three different schematic pterosaur skulls demonstrating a straight (A), convex (B), and concave (C) 

rostrum anterior to the nasoantorbital fenestra. 

Note: Unlike character 77, this character and the next (ch.79) are atomised. The reason for 

keeping characters 78 and 79 separate is that there is far more information lost by including 

the two in a single character. The cranial crests are ignored as far as possible. This character 

describes the shape of the rostrum anterior to the nasoantorbital fenestra (Fig. 4.2.68.). 

79. The dorsal margin of the skull above the nasoantorbital fenestra: dorsally expanded 

(0); depressed (1); straight (2) (Vidovic and Martill 2014 ch.15) 
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Figure 4.2.69. Three different pterosaur skulls demonstrating convex (A), concave (B), and straight (C) rostral 

dorsal margins above the nasoantorbital fenestra. The arrows designate the area of interest. 

Note: This character describes the shape of the skull dorsal to the external nares and antorbital 

fenestra, or nasoantorbital fenestra (Fig. 4.2.69.). 

80. Part of the premaxilla is ventral to the external nares: present (0); absent (1)  

Note: This condition is coded as present if the suture of the maxilla with the premaxilla is sub-

narial (Fig. 4.2.70.). 
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Figure 4.2.70. Two schematic basal pterosaur skulls, one demonstrating a subnarial portion of the premaxilla (A), 

the other has no subnarial portion (B). 

81. The dorsal margin of rostrum and the occlusal surface of the rostrum are: 

approximately parallel (0); or diverge (1) 

  

Figure 4.2.71. Two schematic pterosaur skulls, one demonstrates a subparallel to parallel rostrum (A), the other 

demonstrates a diverging rostrum. 

Note: This character describes the gestalt of the pre-narial rostrum: whether it is “rod”-like 

(Fig. 4.2.71.  A) or triangular (Fig. 4.2.71. B). 

82. Cross-section of rostrum at external nares: convex sides (0); concave sides (1); straight 

sides (2) 
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Figure 4.2.72. Three pterosaur rostra in cross-section, demonstrating the different states of their lateral 

borders/margins. A) convex sides; B) concave sides; C) straight sides. 

Note: This character describes the cross-sectional shape of the rostrum: whether it is bowed 

out (Fig. 4.2.72. A); laterally compressed/concave (Fig. 4.2.72. B); or triangular (Fig. 4.2.72. C). 

83. Palate in the cross-section of the rostrum at the external nares: straight (0); concave 

(1); convex (2) 

  

Figure 4.2.73. The shape of the palate in cross-section at the rostral margin of the external nares. A) straight; B) 

concave; C) convex. 

Note: This character describes the profile of the palatal surface level with the rostral extent of 

the external nares (Fig. 4.2.73.). 

84. Palate surface shape at rostral tip: straight (0); concave (1); convex (2) 
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Figure 4.2.74. The shape of the palate in cross-section close to the tip of the rostrum. A) straight; B) concave; C) 

convex. 

Note: This character also coded the profile of the palatal surface (like ch.83), but the 

observation is made as close to the rostrum terminus as possible (Fig. 4.2.74.). 

85. The posterior palate descends below the ventral jugal margin, forming a 

“suspensorium”: present (0); absent (1) (Vidovic and Martill 2014 ch.45, the same as Andres et 

al. 2014 ch. 107) 

  

Figure 4.2.75. Schematic pterosaur skull demonstrating what the pterosaurian “suspensorium” looks like in 

lateral view. 

Note: The “suspensorium” (Fig. 4.2.75.) is present if the palate is descended ventral to the 

maxilla or the jugal maxillary spar. This condition is prevalent among Cretaceous taxa. 

86. In dorsal view, the pre-orbital lateral margin is: straight (0); concave; (1); convex (2) 
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Figure 4.2.76. Three hypothetical pterosaur skulls in dorsal view, demonstrating the different morphologies of 

the pre-orbital lateral margin. A) straight; B) convex; C) concave. The dashed lines show the area of interest. 

This character describes the general shape of the skull anterior to the orbit: whether it is 

laterally concave (Fig. 4.2.76. C); convex (Fig. 4.2.76. B); or straight (Fig. 4.2.76. A). 

87. Lateral sides of the of the rostrum tip are pointed (0); or rounded/blunt (1) 

  

Figure 4.2.77. Two pterosaur skulls in dorsal view, illustrating the difference between pterosaurs with pointed 

lateral sides of the rostrum (A), and rounded/blunt lateral sides of the rostrum (B). 

This character describes if the rostrum terminus is lance-like or a blunt (Fig. 4.2.77.). 

88. Lateral expansion present on the distal rostrum giving a spatulate appearance: present 

(0); absent (1) 
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Figure 4.2.78. Pterosaur skulls in dorsal view, demonstrating the spatulate rostrum (A) and the non-spatulate 

condition (B). 

Note: Here the term spatulate is used in the same way as it is used to describe the bill of a 

Spoonbill (Fig. 4.2.78. A). 

89. The profile of the upper jaw’s occlusal surface is emulated by the lower jaw, thus they 

fit together (0); or they are opposed, not fitting (1) 

  

Figure 4.2.79. Pterosaur skulls demonstrating how the jaws fit together and gape. A) Jaws totally occlude; B) 

there is a gap caudal of the jaw tips; C) the jaws gape at the front. 

Note: This character refers to the opposing conditions of the jaws, where they either totally 

occlude (Fig. 4.2.79. A) or gape (Fig. 4.2.79. B & C). 

Coding note: If the jaws fit together (0), then ch.90 [89] should be coded with a dash. 
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90. If the jaws are opposed (as in ch.89), diverging anteriorly (0); or posterior to occluding 

jaw tips (1) 

Note: This character refers to the type of gap present if the jaws to not fit. Examples are 

illustrated in the diagram above (Fig. 4.2.79. B & C). 

91. The dorsal and the ventral margins of lower jaw, beneath the antorbital fenestra: 

bowed, diverging (0); bowed, converging (1); equidistant/parallel (2); converging (3); diverging 

(4) 

  

Figure 4.2.80. Pterosaur skulls demonstrating the variation in jaw shape beneath the nasoantorbital fenestra. A) 

bowed, diverging; B) bowed, converging; C) equidistant; D) converging caudally; E) diverging caudally. 

Note: This character describes the shape of the jaw rami below the nasoantorbital fenestra. 

The different conditions are explained in the diagram above (Fig. 4.2.80.). 

92. Jaw rami fused: distally (0); approximately halfway along (1); proximally (2) 
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Figure 4.2.81. Pterosaur mandibles in dorsal view, demonstrating the variation in the location of the jaw 

symphysis. A) situated distally; B) situated halfway along; C) situated proximally. 

Note: This character describes the position of the jaw symphysis relative to the entire length of 

the jaw (Fig 4.2.81.). 

93. The angle between the ventral mandibular symphysis and the dorsal jaw tip is 45-90 

degrees from the ventral plane: present (0); absent (1) 

  

Figure 4.2.82. Pterosaur skulls, one possesses a jaw that has an angle of 45-90 degrees between the symphysis 

and the jaw rami(A), the other has a much lower angle (B). 
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Note: This character distinguishes between pterosaurs with a steep jaw symphysis (Fig. 4.2.82. 

A) or shallow jaw symphysis (Fig. 4.2.82. B) in lateral view. 

94. Splenial mandibular shelf: present (0); absent (1) 

  

Figure 4.2.83. The skulls of Cycnorhamphus GPIT 80 (A) and Ardeadactylus SMNS 56603 (B), demonstrating the 

splenial mandibular shelf. Arrows point to the splenial. 

Note: This character refers to a thin sheet of bone either involved in the symphysis or posterior 

to it, medial to the jaw rami, that is formed by the splenials. The condition can be clearly 

observed in Cycnorhamphus (holotype) (Fig. 4.2.83. A) and Ardeadactylus (neotype) (Fig. 

4.2.83. B). 

Coding note: If the splenial mandibular shelf is absent (1), then ch.95 [94] should be coded with 

a dash. 

95. Splenial mandibular shelf: present, medially fused (0); present, unfused (1) 

Note: This character differentiates between the two conditions of the splenial mandibular shelf 

if it is present. The splenials can either be paired (Fig. 4.2.83. A) or fused into the symphysis 

(Fig. 4.2.83. B). 

96. Lower jaw: extends beyond the rostrum (0); is in line with the rostrum (1); doesn’t 

extend to the extent of the rostrum (2) 
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Figure 4.2.84. Pterosaur skulls demonstrating the variation in lower jaw length relative to the upper jaw. A) lower 

jaw extends further than the rostrum; B) lower jaw and rostrum align; C) rostrum extends beyond the lower jaw. 

Note: Some pterosaur jaws do not align with the rostrum. This character describes the two 

conditions where the jaws do not align (Fig. 4.2.84. A & C) and the condition where they do 

(Fig. 4.2.84. B). 

97. Retroarticular process is: short (0); elongate (1) 

Note: If the retroarticular process is approximately one and a half times longer than it is deep 

then it is considered elongate. This adaptation is potentially important as it affects the 

strength with which the jaw can be opened. 

98. Retroarticular process is: rounded (0); square (1); wedge-shaped or trapezoid (2) 

  

Figure 4.2.85. Three different hypothetical retroarticular processes of the mandible, demonstrating the variation 

in shape observed through Pterosauria. A) rounded; B) squared; C) wedge-shaped/trapezoid. 

Note: Ornithocheiroid (sensu Unwin 2003a) pterosaurs have wedge-shaped retroarticular 

processes (Fig. 4.2.85. C), which differs from the most typical conditions of a rounded or 

squared off process (Fig. 4.2.85. A & B). 
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99. Constricted posterior expansion of retroarticular process: present (0); absent (1) 

  

Figure 4.2.86. A line drawing of a basal pterosaur retroarticular process, demonstrating the constricted posterior 

expansion. 

Note: This character refers to the condition observed in basal pterosaurs Caviramus and 

Eudimorphodon, where the retroarticular process is constricted and expands caudally (Fig. 

4.2.86.). 

100. Retroarticular process: in line with jaw (0); ascending (1); descending (2) 

  

Figure 4.2.87. Pterosaur lower jaws, in right lateral view, demonstrating the different orientations of the 

retroarticular process relative to the jaw rami. A) in line with jaw; B) descending; C) ascending. 

Note: The angle of the retroarticular process relative to the jaw ramus is variable among 

pterosaurs (Fig. 4.2.87.). Notably, Aerodactylus has a descending (ventrally deflected) 

retroarticular process, which increases the efficiency of the depressor muscle which is 

anchored caudal to the articulation of the quadrate. These are probably adaptations to a 

probing ecology. 

101. Occlusal surface process: present (0); absent (1) 
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Figure 4.2.88. Two different types of occlusal surface processes, one on the mandible (A), the other on the 

rostrum (B). 

Note: This character refers to a condition observed in some azhdarchoid taxa, where there is a 

bony protuberance on one of the jaws (Fig. 4.2.88.), presumably to help the jaws align 

correctly. 

102. Occlusal surface process: present on upper jaw (0); present on lower jaw (1); absent (-) 

Note: This character determines the location of the protuberance in character 101. 

103. Articular facet: forms a right angle with the retroarticular process (0); forms an oblique 

angle with the retroarticular process (1) 

  

Figure 4.2.89. Two line drawings of retroarticular processes, demonstrating the difference between a right angle 

articular facet (A) and an oblique articular facet (B). 

Note: This character refers to the conditions of the articular facet which are illustrated in the 

diagram above (Fig. 4.2.89.). 

104. Orbit shape: rounded (0); sub-rounded/angular (1) (Fig. 4.2.90.) 
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Figure 4.2.90. Two schematic pterosaur skulls, one with an angular orbit (A); the other with a rounded orbit (B). 

105. The dorsal process of the jugal and ventral margin of the orbit make: an acute angle 

(0); a right-angle (1); an oblique angle (2) 

  

Figure 4.2.91. Outline of the ventral portion of the orbit on the jugal. A) The angle between the posterior process 

and  the lacrimal process is acute; B) Lacrimal process lies at approximately 90 degrees to the postorbital process; 

C) Angle between lacrimal process postorbital process is greater than 90 degrees. 

Note: The angle between the lacrimal and postorbital processes of the jugal significantly 

contribute to the shape of the orbit (Fig. 4.2.91.) and biomechanics of the skull. 

106. Constricted descending vacuity below the orbit: present (0); absent (1) 
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Figure 4.2.92. Schematic lateral view of Istiodactylus skull, showing the constricted ventral portion of the orbit 

(arrow points to the area of interest).  

Note: This character refers to the unique condition among Istiodactylus species (Fig. 4.2.92.), 

where the lacrimal and postorbital processes of the jugal restrict the ventral portion of the 

orbit before it opens out into a round opening in the dorsal portion. 

107. Supraorbital process intrudes into the orbit: present (0); absent (1) 

  

Figure 4.2.93. Schematic pterosaur skull, demonstrating the supraorbital process (arrow pointing to the area of 

interest). 

Note: This condition is most notably seen in Rhamphorhynchus where the continuously 

rounded superior margin of the orbit is interrupted by a bone projecting towards the vacuity 

(Fig. 4.2.53. and 4.2.93.). 

108. Centre of orbit: above the quadrate (0); forward of quadrate (1); behind quadrate (2) 
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Figure 4.2.94. The position of the orbit relative to the articular process of the quadrate. A) the centre of the orbit 

is above the quadrate; B) the centre of the orbit is anterior of the quadrate; C) the centre of the orbit is caudal of 

the quadrate. 

Note: This character describes the relative position of the articulation of the quadrate and the 

centre of the orbit. Some examples are illustrated in the diagram above (Fig. 4.2.94.). 

109. Over the nasoantorbital fenestra the premaxilla: tapers out (0); is parallel-sided (1); 

expands (2) 

  

Figure 4.2.95. The shape of the premaxilla above the nasoantorbital fenestra. A) Tapering; B) parallel-sided; C) 

expanding caudally. 
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Note: The dorsal process of the process of the premaxilla is placed above the nasoantorbital 

fenestra (or nares and antorbital fenestra) where it either tapers out or extends back to a 

crest. The dorsal process of the premaxilla may taper, expand or remain approximately the 

same depth along its entire length above the nasoantorbital fenestra (Fig. 4.2.95.). 

110. Caudal periphery of the (naso)antorbital fenestra is: straight (0); convex (1); concave 

(2) 

  

Figure 4.2.96. Pterosaur skulls demonstrating the differences in the shape of the nasoantorbital fenestra and 

antorbital fenestra. A) straight caudal margin of the nasoantorbital fenestra (Ai) and antorbital fenestra (Aii); B) 

convex caudal margin of the nasoantorbital fenestra (Bi) and antorbital fenestra (Bii); C) concave caudal margin 

of the nasoantorbital fenestra (Ci) and antorbital fenestra (Cii). 

Note: This character describes the shape of the caudal border of the antorbital fenestra or 

nasoantorbital fenestra formed by the jugal, lacrimal and sometimes the nasal (Fig. 4.2.96.). 

111. Nares and antorbital fenestra: confluent (0); separate (1) 

Note: This character codes the condition that defines monofenestratan pterosaurs from basal 

pterosaurs – the formation of the nasoantorbital fenestra. 

Coding note: If the nares and antorbital fenestra are confluent (0), then ch.67 [66], ch.261, 

ch.276, ch.278 and ch.282 should be coded with a dash. 

Coding note: If nares and antorbital fenestra are separate (1), then ch.125 [124] – ch.128 [127] 

and ch.283 should be coded with a dash. 

112. Superior temporal fenestra ventral margin: below the middle of the orbit (0); above 

the middle of the orbit (1) 
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Figure 4.2.97. The position of the ventral margin of the superior temporal fenestra relative to the centre of the 

orbit. A) The superior temporal fenestra is situated above the centre of the orbit; B) the ventral margin of the 

superior temporal fenestra is situated below the centre of the orbit. 

Note: This character describes the position of the inferior border of the superior temporal 

fenestra relative to the dorsoventral centre of the orbit (Fig. 4.2.97.). 

113. Quadrate and quadratojugal contact the jugal on the medial surface, forming a caudal 

ridge on the jugal: present (0); absent (1) 

Note: This condition present in Dsungaripterus is where the caudal margin of the jugal does 

not fuse into the quadratojugal, but instead the quadratojugal and quadrate are located 

medially. 

114. Otic process of the squamosal large and conspicuous: present (0); absent (1) 

  

Figure 4.2.98. A line drawing of a pterosaur skull with a prominent otic process (arrow points to the area of 

interest). 

Note: There is an extraneous process of the squamosal posterior to the quadrate in some 

Cretaceous pterosaurs (Fig. 4.2.98. and 4.2.102.). 

115. Jugal/lacrimal contact: in the ventral half of the orbit (0); approximately in the middle 

of the orbit (1); in the dorsal half of the orbit (2) 
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Figure 4.2.99. The orbital regions of a pterosaur skull, demonstrating the variation in the composition of the rod 

of bone separating the orbit from the (naso)antorbital fenestra. A) the lacrimal meets the jugal in the ventral 

portion of the orbit; B) the jugal and lacrimal meet around the centre of the orbit height; C) the jugal meets the 

lacrimal in the dorsal portion of the orbit. 

Note: Like dinosaurs, the anterior margin of the orbit mostly comprises of the lacrimal in basal 

pterosaurs (e.g. Preondactylus). More derived pterosaurs vary between having very elongate 

lacrimal processes of the jugal (e.g. Germanodactylus) and processes approximately equal in 

length to the descending process of the lacrimal (Fig. 4.2.99.). 

116. Jugal extends under the (naso)antorbital fenestra: by more than half the length of the 

vacuity (0); less than half the length of the vacuity (1) 
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Figure 4.2.100.  Line diagrams of the jugal in the pterosaur skull, demonstrating the extent of the maxillary 

process. A) short maxillary process that extends less than halfway under the nasoantorbital fenestra (Ai) and 

antorbital fenestra (Aii); B) long maxillary process that extends more than halfway under the nasoantorbital 

fenestra (Bi) and antorbital fenestra (Bii). 

Note: This character indicates if the maxillary process of the jugal is elongate or not (Fig. 

4.2.100.). 

117. Jugal: (tri-radiate) lacks the posterior process (0); possesses the posterior process 

(tetra-radiate) (1) 

[116]. Jugal is: tri-radiate (0); tetra-radiate(1) 

Note: Basal pterosaurs have four processes of the jugal: maxillary process; lacrimal process; 

postorbital process; and posterior process or quadrate process. Monofenestratans lack the 

posterior process and elongate the remaining three. The ancestral condition is also tri-radiate, 

lacking the lacrimal process. The character in the distinct analysis lacks clarity, thus all OTUs 

with tri-radiate jugals are coded 0, regardless of the missing process. The comprehensive 

analysis version of this character includes the ancestral condition as “tetra-radiate”. 

Coding note: If the jugal is tetra-radiate (1), then ch.118 [117] should be coded with a dash. 

118. If tri-radiate, the ventral apex of the jugal is: anterior to the quadratojugal (0); 

posterior to the anterior margin of the quadratojugal(1) 

Note: The ventral apex refers to the oblique angle formed at the caudal terminus of the ventral 

margin of the jugal, where the maxillary and postorbital processes meet. Usually, the lacrimal 

process is located dorsal to the ventral apex, but not always (see Figure 13 in section 6.2.). 
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119. Lacrimal process of the jugal: inclined anteriorly (0); perpendicular to the dental plane 

(1); reclined posteriorly (2) (Vidovic and Martill 2014 ch.30) 

Note: This character describes the angle of the lacrimal process relative to the maxillary 

process. It is not entirely independent of ch.110 [109], however, the angle of the process 

doesn’t necessarily affect the shape of the nasoantorbital or antorbital fenestra because the 

bone can be sculpted. Furthermore, the combination of the maxillary and lacrimal processes of 

the jugal, lacrimal, nasal, and sometimes the frontals and premaxilla can affect the caudal 

shape of the fenestra. 

120. The quadratojugal is robust (wider than quadrate) and the quadrate is distinct from 

the jugal: present (0); absent (1) (Vidovic and Martill 2014 ch.42) 

Note: This condition of the quadratojugal separates the articulation of the quadrate from the 

jugal. The condition is present in pterosaurs with reclined quadrates and is present in 

Aerodactylus (see Figure 13 in subchapter 6.2.). 

121. Nasal bone contacts antorbital fenestra: present (0); absent (1) 

  

Figure 4.2.101. Basal pterosaur skulls with an extended dorsal process of the maxilla that separates the nasal 

bone from the antorbital fenestra (A), and a short dorsal process of the maxilla and the nasal partially comprises 

the dorsal margin of the antorbital fenestra (B). 
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Note: In some basal pterosaurs, the dorsal process of the maxilla totally envelops the dorsal 

border of the antorbital fenestra, excluding the nasal from the fenestra’s margin (Fig. 4.2.101. 

A).  

Coding note: This condition is exclusive to non-monofenestratans. If there is a nasoantorbital 

fenestra, the character should be coded with a dash. 

122. The nasal covers the rostral surface of the lacrimal separating it from the 

(naso)antorbital fenestra: present (0); absent (1) 

Note: Wellnhofer (1970) initially interpreted the bone anterior to the lacrimal in Gnathosaurus 

as the prefrontal, but later labelled it as the “Adlacrymale” (Wellnhofer 1978). It is most likely 

a caudal expansion of the nasal bone, but it could be the lacrimal itself. Regardless, the 

uncertain bone intercepts the lacrimal bone that forms the anterodorsal margin of the orbit 

from the posterodorsal margin of the nasoantorbital fenestra. 

123. Large lacrimal foramen: present (0); absent (1) 

  

Figure 4.2.102. The posterior region of the Ludodactylus SMNK PAL 3828 skull. The solid arrow points to the 

lacrimal foramen, the dotted arrow points to the nasal bar foramen, the dashed arrow points to the otic process 

and the dashed and dotted arrow points to the triangular process of the lacrimal. 

Note: The lacrimal is fenestrated by a large round hole in some taxa (Fig. 4.2.102.). 

124. Triangular projection of the lacrimal entering the orbit: present (0); absent (1) 
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Note: Some ornithocheiroids (sensu Unwin 2003a) have processes of the lacrimal entering the 

orbit, interrupting the smooth continuous margin of the orbit (Fig. 4.2.102.). 

125.  Nasal bar: present (0); absent (1) 

Note: The character codes whether or not there is a detectable nasal bar penetrating the 

nasoantorbital fenestra.  

Coding note: This character is exclusive to monofenestratans. Basal pterosaurs with separate 

fenestrae should be coded with a dash. If the nasal bar is absent (1), then ch.126 [125] – ch.128 

[127] should be coded with a dash. 

126. Nasal bar: descending steeply (0); acute to the nasoantorbital fenestra dorsal surface 

(1) 

 

Figure 4.2.103. Two schematic pterosaur skulls, one with a steeply descending nasal process (A), and the other 

with a nasal process that is acute to the dorsal margin (B). 

Note: This character describes whether the nasal bar is closely associated with the dorsal 

process of the premaxilla or descends into the vacuity of the nasoantorbital fenestra. 

127. Broad nasal bar with a thin distal projection: present (0); absent (1) 

Note: This character describes the ornate condition of the nasal bar in some Cretaceous 

pterosaurs (Fig. 4.2.102.). 

128. Distinct nasal bar foramen: present (0); absent (1) 

Note: A small, round foramen can be found in the dorsal portion of the nasal bar in some 

pterosaurs (Fig. 4.2.102.). 
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129. Caudal periphery of the (naso)antorbital fenestra is reclined (0); descending at 

approximately 90 degrees (1); acute to the ventral margin (2) 

  

Figure 4.2.104. Pterosaur skulls demonstrating the appearance of the nasoantorbital fenestra (Ai) and antorbital 

fenestra (Aii) with reclined caudal margins; caudal margins of the nasoantorbital fenestra (Bi) and antorbital 

fenestra (Bii) that are at a right angle to the occlusal plane; and caudal margin of the nasoantorbital fenestra (Ci) 

and antorbital fenestra (Cii) that are acute to the ventral margin. 

Note: This character describes the angle of the posterior margin of the nasoantorbital fenestra 

relative to the ventral margin (Fig. 4.2.104.). Like ch.110 [109], this character is not entirely 

independent of ch.119 [118]. However, other elements can affect the overall angle achieved 

by the posterior margin of the nasoantorbital fenestra. 

130. Inferior temporal fenestra is: behind the orbit (0); under the orbit, but more posterior 

(1); under the orbit, but no more posterior than the orbit (2); under the orbit and anterior of 

the orbit (3) 

Note: This character describes the position of the inferior temporal fenestra relative to the 

orbit. 

131. Inferior temporal fenestra: reclined posteriorly (0); perpendicular to the occlusal plane 

(1) (Fig. 4.2.105.) 
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Figure 4.2.105. A reconstruction of a Dimorphodon skull in lateral view, demonstrating an inferior temporal 

fenestra that is perpendicular to the ventral margin. 

132. Preorbital foramen (not in lacrimal): present (0); absent (1) 

Note: This character refers to the condition observed in some dsungaripterids, where there is a 

foramen in the jugal anterior to the orbit. 

133. Premaxilla: does not extend to the orbit (0); extends to the orbit, but no further than 

halfway across (1); extends to the posterior portion of the orbit (2); extends past the orbit 

considerably (3) 

  

Figure 4.2.106. Four schematic pterosaur skulls demonstrating the caudal extent of the dorsal process of the 

premaxilla. A) the premaxilla doesn’t extend to the orbit; B) the premaxilla extends to the orbit, but no further 

than halfway across it; C) the premaxilla extends to the posterior region of the orbit; D) the premaxilla extends 

caudally beyond the orbit. 

Note: This character describes the caudal extent of the dorsal process of the premaxilla (Fig. 

4.2.106.). 

134. Bony premaxillary head-crest: present (0); absent (1) 

Coding note: If crest is absent (1), then ch.135 [134] – 138 [137] and ch.284 – 285 should be 

coded with a dash. 
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135. Bony premaxillary head-crest has a: smooth bone edge (0); striated bone (1) 

 

Figure 4.2.107. The skulls of (A) Hamipterus (taken from Wang et al. 2014a) and (B) Ornithocheirus mesembrinus, 

demonstrating a striated bony crest and smooth bone crest respectively. 

Note: An example of a smooth bone edge can be observed in the cranial crests of 

Ornithocheirus, while a striated crest can be seen in the closely related Hamipterus. 

136. Premaxilla is incorporated into a parietal head-crest: present (0); absent (1) (Fig. 

4.2.108.) 

 

Figure 4.2.108. The skull of Tupuxuara leornardii demonstrating a premaxilla that incorporates into the parietal 

crest. 

137. Premaxillary head-crest is: tall (0); low and elongate (1) 
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Note: The head-crest is low and elongate if it is more than two times longer than it is tall. 

138. Premaxillary splint: present (0); absent (1) 

 

Figure 4.2.109. Tupandactylus imperator CPCA 3590 demonstrating a premaxilla cranial crest and the thin splint 

of bone on the leading edge of the soft tissue crest, taken from Pinheiro et al. 2011. 

Note: The premaxillary splint is a thin rod of bone that is on the leading edge of some tapejarid 

head-crests (Fig. 4.2.109.). 

139. Dentary crest: absent (0); present (1) 

Note: Some pterosaurs expand the symphysis of the dentary into a ventral mandibular crest. 

Coding note: If this crest is absent (0), then ch.140 [139] – 142 [141] should be coded with a 

dash. 

140. Dentary crest meets the symphysis at its apex (0); or its "lee-side" (1) 
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Note: The dentary can be ventrally expanded so that the symphysis is at the apex of the crest, 

or so that the apex of the crest is rostral of the symphysis. This character codes those two 

conditions respectively. 

141. Dentary crest occupies more than one-third of the jaw: present (0); absent (1)  

Note: Some dentary crests are large relative to short, robust jaws they occupy. This character 

describes that condition. 

142. Caudal sulcus on the dentary crest: present (0); absent (1) 

 

Figure 4.2.110. Ikrandraco avatar IVPP V18199 taken from Wang et al. 2014b, demonstrating the caudal sulcus on 

the mandibular crest. 

Note: The caudal sulcus on the dentary crest refers specifically to the condition observed in 

Ikrandraco (Fig. 4.2.110.) which has a notch on the posterior margin of the crest, where it 

meets the symphysis (Wang et al. 2014b). 

143. Parietal crest: present (0); absent (1) 

Note: Some head-crests posterior to the orbit comprise almost entirely of the parietals. 

Likewise, some head-crest comprise of the parietal in combination with the frontals and 

premaxilla. Any of these conditions are considered to constitute the parietal head-crest. 

Coding note: If this crest is absent (1), then ch.136 [135], ch.144 [143] and ch.145 [144] should 

be coded with a dash. 

144. Parietal head-crest is: large (0); small (1) 
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Note: The parietal head-crest is considered large if it is significantly larger than would be 

necessary for the attachment of jaw musculature. 

145. Parietal head-crest is: broad (0); thin (1) 

A broad parietal head-crest is any crest more similar to Tupuxuara than Pteranodon longiceps 

and vice versa for the thin condition. 

146. Premaxilla: extends back to the choana (0) doesn't reach the choana (1) 

  

Figure 4.2.111. A photograph of Batrachognathus PIN 52-2. The palatal elements are very slender rods of bone. 

The premaxilla forms part of the border of the choana. 

Note: In some pterosaurs, the premaxilla contributes to the rostral margin of the choana, but 

in most, it doesn’t (Fig. 4.2.111.). 

147. Incisive foramen: present (0); absent (1)  

Note: An incisive foramen has been reported for some pterosaurs (Osi et al. 2010). 

148. Pterygoid lateral process: present (0); absent (1) 
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Figure 4.2.112. Two different bauplan of pterygoids. One lacks the lateral process (A) that the other possesses (B). 

Note: More derived pterosaurs lost the lateral process of the pterygoid (Fig. 4.2.112. A) (Osi et 

al. 2010). 

149. Pterygoids: are separate (0); contact (1) 

Note: The medial processes of the paired pterygoids don’t always contact. 

150. Broad palatine bones (0); thin palatine bones (1) 

Note: The majority of palatine bones are considered broad. To be considered thin they must be 

extremely slender relative to their length (a length greater than ten times their width) (Fig. 

4.2.111.). 

151. Deltopectoral crest: pinched at the diaphysis (0); even sided, or converging (1) 

  

Figure 4.2.113. Schematic drawings of pterosaur humeri. One with a pinched deltopectoral crest (A) and the other 

is even sided (B). 
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Note: In some pterosaurs, the deltopectoral crest is constricted proximal to the diaphysis and 

expanded distally. Whereas others have less sculpted deltopectoral crests. The two states for 

this character are illustrated in the diagram above (Fig. 4.2.113.). 

152. Distal margin of the deltopectoral crest: squared-off (0); rounded (1) 

  

Figure 4.2.114. Schematic pterosaur humeri, one with a squared off deltopectoral crest (A), and the other with a 

rounded deltopectoral crest (B). 

Note: This character distinguishes between humeri with deltopectoral crests that are angular 

(Fig. 4.2.114. A) or rounded (Fig. 4.2.114. B). 

153. Deltopectoral crest: descended by more than half its width (0); not descended (1) 
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Figure 4.2.115. Schematic pterosaur humeri. One with a descended deltopectoral crest (A), which is 

demonstrated by the dashed lines, the other with a deltopectoral crest situated closer to the humeral head (B). 

Note: This character differentiates between the states where the deltopectoral crest is placed 

more proximal to the humeral head (Fig. 4.2.115. B) and where the deltopectoral crest is 

placed more anconally on the diaphysis (Fig. 4.2.115. A). 

154. Deltopectoral crest: warped (0); not warped (1) 
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Figure 4.2.116. Coloborhynchus right humerus SMNK 1133, demonstrating a warped deltopectoral crest. Views in 

order left to right: (A) caudal; (B) dorsal; (C) cranial; (D) ventral. 

Note: The warped condition of the deltopectoral crest is typical of ornithocheiroids (sensu 

Unwin 2003a). A deltopectoral crest is warped when the anconal edge of the deltopectoral 

crest is oblique to the humeral diaphysis and rotated around the diaphysis relative to the edge 

situated at the humeral head (Fig. 4.2.116.). 

155. Lateral epicondyle larger than the medial epicondyle (0); approximately equal in size 

(1) 
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Figure 4.2.117. Schematic humeri demonstrating the two different conditions of the epicondyles. A) the lateral 

epicondyle is larger than the medial condyle; B) the two condyles are approximately equal in size. 

Note: The differences between the two different states of this character are illustrated in the 

diagram above (Fig. 4.2.117.) 

156. Brachial crest on the humeral diaphysis: prominent (0); not prominent (1) 

Note: A brachial muscle attachment on the humerus lateral surface is sometimes a prominent 

crest originating from the diaphysis. Wellnhofer (1991a) referred to this structure as the 

tuberculum supracondyleum laterale. 

157. In palmar view the humeral diaphysis, from the head to the condyle: bent (0); straight 

(1) 
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Figure 4.2.118. Schematic humeri in palmer view, demonstrating a bent diaphysis (A) and a straight diaphysis (B). 

Note: Pterosaur humera can have straight or bent diaphysis (Fig. 4.2.118.). Many pterosaurs 

that are preserved on slabs demonstrate a great degree of variation in curvature due to the 

angle of preservation. To avoid causing homoplasy due to the orientation in which the 

diaphysis is observed the character is split into two. This is the character describing the 

curvature in palmar or dorsoventral view. 

158. In cranial view the humeral diaphysis, from the head to the condyle: bent (0); straight 

(1) 

  

Figure 4.2.119. Schematic humeri in cranial view, demonstrating a bent diaphysis (A) and a straight diaphysis (B). 
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Note: Like ch.157 [156] this character describes the curvature of the humeral diaphysis. This 

character is coded from observations of the diaphysis in craniocaudal view (Fig. 4.2.119.). 

159. Humeral head flares out from the diaphysis giving an S-shape or T-shape to the 

humerus: present (0); absent (1) 

  

Figure 4.2.120. Schematic pterosaur humerus with a flared expansion of the humeral head. 

Note: The condition of the S-shaped humerus is illustrated in the diagram above (Fig. 4.2.120.). 

160. Humeral head: more than twice the width of the condyle (0); approximately twice the 

width of the condyle (1); less than twice the width of the condyle (2) approximate the same 

width as the condyle (3) 

Note: This character codes how robust the humeral head is relative to the condylar end. 

161. Lateral and medial epicondyles of the humerus are: angular (0); rounded (1)  
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Figure 4.2.121. Schematic pterosaur humeri, with rounded epicondyles (A) and with angular epicondyles (B). 

162. Deltopectoral crest: longer than the humeral head is wide (0); approximately the same 

length as the humeral head is wide (1); not as long as the humeral head is wide (2); extremely 

reduced (3) 

  

Figure 4.2.122. Three hypothetical pterosaur humeri demonstrating the different proportions of the deltopectoral 

crest to the humeral head. A) deltopectoral crest approximately the same size as the humeral head is wide; B) 

deltopectoral crest shorter than the width of the humeral head; C) deltopectoral crest greatly reduced. 
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Note: Some deltopectoral crests are greatly expanded whereas others are reduced compared 

to the typical example (Fig. 4.2.122.). To qualify what is considered expanded or reduced the 

crest is compared to the humeral head in this character. 

163. Round fossa in the anconal surface of the humerus: present (0); absent (1) 

 

Figure 4.2.123. Two photos of ornithocheiroid humeri in anconal view, demonstrating the pneumatic foramen 

(pnf) and anconal fossa (af). A) Istiodactylus latidens humerus NHMUK PVR 3877 in anconal view; B) Anhanguera 

araripensis BSP 1982 I 89. 

Note: Wellnhofer (1991a) labelled the fossa on the anconal surface of the humerus as a 

pneumatic foramen. However, worn and broken specimens demonstrate that the pneumatic 

foramen is a tiny hole (Fig. 4.2.123. B) within the larger fossa (Fig. 4.2.123. A) which may have 

served an additional function. 

164. Distinct ventral crest of the wing metacarpal: present (0); absent (1) 

 

Figure 4.2.124. Dorygnathus wing metacarpal in (A) cranial, (B) caudal and (C) ventral view, demonstrating the 

ventral crest. 
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Note: This character refers to the prominent crest (Fig. 4.2.124.) on the ventral edge of the 

wing metacarpal at its epiphysis (Dalla Vecchia and Cau 2015). 

165. Metacarpal diaphyseal crest/carina (crista metacarpi): present (0) absent (smooth, 

round diaphysis) (1) 

 

Figure 4.2.125. Eudimorphodon MCSNB 2888 wing metacarpal in dorsal view, demonstrating the diaphyseal crest 

(crista metacarpi). 

Note: This character refers to the crest that extends along the dorsal edge of the wing 

metacarpal diaphysis (Fig. 4.2.125.) (Dalla Vecchia and Cau 2015). 

166. Roller joint of wing-metacarpal: approximately round (0) ellipse (1) 

  

Figure 4.2.126. Schematic drawings of pterosaur wing metacarpals, demonstrating the difference between the 

shapes of the roller joints. A) ellipsoid roller joint, flush with the anterior margin of the diaphysis; B & C) round 

roller joint, B is flush with the anterior margin of the diaphysis, but C is rounded on the anterior margin. 

167. Roller joint of the wing metacarpal flush with the anterior margin of the diaphysis (0); 

or rounded on the anterior margin (1)  
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Note: The roller joint of the wing metacarpal can be level with the diaphysis on the cranial 

surface (Fig. 4.2.126. A & B) or proud of it (Fig. 4.2.126. C). 

168. The articulations of the ulna are: much wider than the diaphysis (0); not much wider 

than the diaphysis (1) 

  

Figure 4.2.127. Schematic drawings of pterosaur ulnae, demonstrating a broad diaphysis (A) and a narrow 

diaphysis (B) relative to the epiphysis. 

Note: Some ulnae are robust (Fig. 4.2.127. A), while others have very slender diaphysis relative 

to the epiphyses (Fig. 4.2.127. B). 

169. Ulna: is approximately twice the width of the radius (0); is fractionally wider than the 

radius (1) (Fig. 4.2.128.) 

  

Figure 4.2.128. Sets of radius and ulna, one demonstrates a radius that this half the width of the ulna (A), the 

other ulna is only fractionally wider than the radius (B). 

170. Hooked olecranon process of the ulna: present (0); absent (1) 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

203 
 

 

Figure 4.2.129. Ardeadactylus longicollum SMNS 56603, demonstrating the hooked olecranon process of the ulna. 

The ulnae are outlined for clarity. Scale on card = 80 mm. 

Note: The olecranon process is a tubercle on the proximal end of the ulna (Fig. 4.2.129.). 

171. Hooked proximal tubercle of radius: present (0); absent (1) 
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Figure 4.2.130. The radius of Dorygnathus with a proximal tubercle. 

Note: Similar to the olecranon process the radius can have a hooked tubercle at the proximal 

epiphysis (Fig. 4.2.130.). 

172. Pteroid: present (0); absent (1) 

Note: The pteroid bone is unique to all pterosaurs. Although it is a simple bone and its origins 

are unclear, its placement around the carpals, pointing anconally makes it easily identifiable. 

173. Pteroid: at least approximately half the width of the radius (0); much thinner than the 

radius (1) (Fig. 4.2.131.) 

  

Figure 4.2.131. A line diagram demonstrating a pteroid bone broader than half the width of the radius (A) and 

less than half the width of the radius (B). 

174. Pteroid with a broad epiphysis (0); or a simple rod (1) 

Note: The articulatory end of the pteroid can be expanded and distinct from the diaphysis, but 

more typically is not. 
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175. Pteroid is: straight (0); proximally bent, distally straight (1); distally bent, proximally 

straight (2); bowed (3)  

Note: This character could be considered a compound character because states 1 and 2 have 

multiple qualifying statements. However, these are independent conditions because the 

ancestral state didn’t necessarily have to be completely straight or bowed. Therefore these 

states describe the gestalt of the pteroid bone shape. 

176. Lateral carpal: is robust (0); is slender, much like the pteroid (1) 

  

Figure 4.2.132. Illustrations of the pteroid bone (pt) and lateral carpal (lc), demonstrating a slender (A) and robust 

(B) lateral carpal. 

Note: The lateral carpal can either be blocky (Fig. 4.2.132. B), more like the other carpals, or 

slender like the pteroid (Fig. 4.2.132. A). 

177. A caudal process of the proximal syncarpal contacts the caudal surface of the distal 

syncarpal: present (0); absent (1) 

178. Functional manus (digits I to III): present (0); absent (1) 

Note: Multiple species and specimens of nyctosaurs are known and all of them are missing the 

manus, meaning that it is doubtful that this condition is taphonomic. 

Coding note: If the manus is absent (1), then ch.179 [178] – 185 [184] should be coded with a 

dash. 

179. Manus is reduced relative to the forearm: present (0); absent (1) 
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Note: In some taxa, the boreopterids for example, the manus is extremely small relative to the 

robust wing metacarpal. 

180. Unguals on manus: larger than on pes (0); smaller, or equal to those on pes (1) 

  

Figure 4.2.133. A diagram of a manual and pedal ungual and the measurements that are made to compare their 

size. 

Note: The unguals are compared from their tip to the dorsal point on the proximal end (Fig. 

4.2.133.). 

181. Digit one, phalanx one about twice the length of digit three, phalanx one (0); 

significantly more than twice the length (1); or, approximately the same size as digit three 

phalanx one (2)  

Note: The states in this character describe if the first phalanx of digit one is elongate (Fig 

4.2.134. A) or normal relative to the third digit (Fig. 4.2.134. B).  

182. Unguals on manus are approximately the same size (0); variable in size, digit three is 

large than digit one (1); variable in size, digit one is larger than digit three (2) 
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Figure 4.2.134. Schematic drawings of pterosaur manuses. A) Even sized unguals and phalanx one of digit three is 

shorter than phalanx one of digit one; B) ungual one is larger than ungual two and three, and phalanx one of the 

digits one and three are the same sizes. 

Note: The unguals on the manus are not always uniform (Fig. 4.2.134.). The unguals are 

compared using the same dimensions as for ch.180 [179] (Fig. 4.2.133.). 

183. Digit three phalanx one morphology: is straight and similar to all other phalanxes (0); 

has a kink in its proximal portion (1) (Fig. 4.2.135.) 

  

Figure 4.2.135. The manus of Eudimorphodon MCSNB 2888, demonstrating the difference in morphology 

between manual digit three phalanx one and all the other phalanges. 
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184. Digit three phalanx one has a significant proximal expansion: present (0); absent (1) 

Note: In some pterosaurs, the first phalanx of digit three is very robust and almost triangular in 

lateral profile. 

185. Digit three phalanx one is more robust than the other long bones in the manus: 

present (0); absent (1) 

Note: The first phalanx of the third digit can have a significantly broader diaphysis relative to 

its length. 

186. Wing phalanx IV: present (0); absent (1) 

Note: Like with ch.178 [177], numerous nyctosaurs are known and none preserve a fourth 

wing phalanx. The third wing phalanx also possesses the morphology typical of a terminal wing 

phalanx. 

187. Distal wing-phalanx strongly bowed: present (0); absent (1) 

188. Extensor-tendon process: rounded (0); saddle-shaped, with deep proximal groove (1); 

approximately square (2) 

Note: The extensor tendon process is a sesamoid that fuses to the proximal epiphysis of the 

first wing phalanx. Generally, the shape of the extensor tendon process is simple, being 

rounded or squared. Sometimes there is a concavity on the proximal surface in dorsal view 

giving the process a saddle-like appearance. 

189. There is a notch on the caudal surface of the first wing phalanx, giving it a v-shaped 

cross-section: present (0); absent (1) 
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Figure 4.2.136. The figure of a Rhamphorhynchus wing finger reproduced from Wellnhofer (1978) demonstrating 

the v-shaped cross-section and saddle-shaped extensor tendon process on wing phalanx one (1).  

Note: This condition can be observed in some rhamphorhynchid pterosaurs (Fig. 4.2.136.). 

190. Ventral ridge on wing phalanx two: present (0); absent (1) 

 

Figure 4.2.137. The second wing phalanx of Quetzalcoatlus TMM 42422, demonstrating the ventral ridge. 

Note: Some azhdarchoids have a ridge on the second wing phalanx giving it a T-shaped cross-

section (Fig. 4.2.137.). 
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191. Femoral head: perpendicular to the diaphysis (0); oblique to the diaphysis (1) 

  

Figure 4.2.138. Two schematic pterosaur femora, one with the (A) femoral head perpendicular to the diaphysis 

and the other with the (B) femoral head oblique to the diaphysis. 

Note: Some pterosaurs have a femoral head that is perpendicular to the diaphysis (Fig. 4.2.138. 

A), providing them with an erect gait. Other pterosaurs have a femoral head oblique to the 

diaphysis (Fig. 4.2.138. B). In some cases, the latter condition indicates a sprawling/semi-erect 

gait, but others had a ventrally directed acetabulum providing them with a pillar-erect gait. 

192. Fibula: present (0); absent (1) 

Note: The fibula reduces through pterosaur evolution and the proximal portion fuses to the 

tibia. The fibula is considered absent here if it is not easily distinguishable from the tibia. 

193. Longest pedal digit: as long or longer than metatarsals (0); shorter (1) 
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Figure 4.2.139. The pes of Rhamphorhynchus (A) and Jeholopterus (B). Photographs of the pes (Ai & Bi) and 

interpretive drawings (Aii & Bii). The interpretive drawings demonstrate that Rhamphorhynchus possesses a digit 

longer than the metatarsal (Aii), whereas the metatarsal of Jeholopterus is longer than the rest of the digit (Bii). 

Note: This character does not include the 5th pedal digit. The length of the pedal phalanges 

relative to the rest of the foot (Fig. 4.2.139.) has important biomechanical implications. 

194. Pes approximately equal in size to the manus: present (0); absent (1) 

Note: Typically the pterosaur pes is larger than the manus, but a few have a reduction in the 

size of the pes. 

195. Terminal phalanx of pes digit V: approximately equal in size to preceding phalanx (0); 

longer than preceding phalanx (1); shorter than preceding phalanx (2) 
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Note: The preceding phalanx refers to the element proximal to the distal phalanx. 

196. Terminal phalanx of pes digit V: is curving (0); straight (1); straight with kink (2) 

Note: Here “curving” means a smooth deviation from straight, whereas “straight with a kink” 

means an abrupt deviation from straight. 

Coding note: If terminal phalanx of the fifth digit is straight (1), then ch.197 [196] should be 

coded with a dash. 

197. If terminal phalanx of pes digit V is not straight, it curves/kinks: proximally (0); medially 

(1); distally (2) 

198. Proximal tarsals are: larger than the distal tarsals (0); smaller than the distal tarsals (1); 

are equal in size to the distal tarsals (2) 

Note: This character can be impossible to code if the proximal tarsals are fully fused to the tibia 

without a clear suture. 

199. Metatarsal I is: significantly more robust than other pedal metatarsals (0); 

approximately the same size as other metatarsals (1) 

Note: This character refers to the first metatarsal being shorter and relatively broader than the 

other metatarsals (robust), or approximately the same. The robust condition is more typical of 

the outgroup, although there are a few reversals. 

200. The phalanges of pedal digit IV are: all approximately equal in length (0);  unequal in 

length, the proximal phalanx is larger than all those succeeding it (1); unequal in length, the 

distal phalanx is larger than all those preceding it (2); unequal in length, the distal and proximal 

phalanges are longer than those between them (3) 
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Figure 4.2.140. Diagrams of pedal digit four, demonstrating the conditions coded in ch.200. Each of the numbers 

refers to the corresponding character state. 

Note: Although this character has several qualifying statements in each state it is not a 

compound character. The character describes the composition of the total length of pedal digit 

four (Fig. 4.2.140.). 

201. Pedal digit IV phalanx II and III are: longer than they are wide (0); as wide, or wider 

than they are long (1) 

Note: There is a stratigraphic trend towards reducing the middle two phalanges of the 4th 

pedal digit. In some pterosaurs, the two bones become incredibly short (Fig. 4.2.140.) and 

partially fuse into what is functionally a single element.  

202. Pedal digit V is: approximately, as long as pedal digit IV (0); longer than metatarsal IV, 

but not as long as the digit (1); approximately the length of metatarsal IV (2); approximately 

half the length of metatarsal IV (3); restricted to carpal region (4) 

Note: This character is important because the reduction of the fifth pedal digit defines the 

group Pterodactyloidea. 

203. The proximal width of metatarsal V is: much wider that the distal end (0); 

approximately equal in size to the distal end (1) 
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Note: In some pterosaurs, the fifth metatarsal is similar in shape to the other metatarsals, but 

in others, it can be piriform, wider proximally than distally. 

204. Number of phalanges in pedal digit V is equal to: 0 (0); 1 (1); 2 (2) 

Note: As well as reducing the length of the fifth digit by reducing the length of elements, the 

number of elements was reduced. The derived condition is convergent with dinosauromorphs. 

Coding note: If there are no phalangeal elements in pedal digit five (0), then ch.195 [194] 

should be coded with a dash. 

205. Pre-acetabular process is: spinous (narrow to a point) (0); parallel-sided (broad) (1); 

semi-circular and broad (2) 

  

Figure 4.2.141. Three schematic pterosaur pelves with different shaped preacetabular processes. A) spinous; B) 

broad; C) semi-circular. 

Note: There are three general shapes of the preacetabular process in pterosaur anatomy, they 

are illustrated in the diagram above (Fig. 4.2.141.). 

206. Preacetabular process is: straight (0); dorsally curving (1) 

  

Figure 4.2.142. Two schematic pterosaur pelves, one with a straight preacetabular process (A), the other with a 

dorsally curving preacetabular process (B). 

Note: Examples of straight and dorsally curving preacetabular processes are illustrated above 

(Fig. 4.2.142.). 

207. Prepubic boot projects: more anterodorsally than posteroventrally (0); more 

posteroventrally than anterodorsally (1); equally in all directions (2) 
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Figure 4.2.143. Three differently proportioned prepubic boots (distal expansion). A) The distal expansion is more 

anterodorsally expanded than posteroventrally; B) the distal expansion is more posteroventrally expanded than 

anterodorsally; C) roughly equally expanded in each direction. 

Note: The variability of the prepubis is phylogenetically informative (see 6.3. Fig. 6.3.9.), but it 

is difficult to describe their morphology for qualitative and meristic characters. This character 

distinguishes between prepubes that are broadly symmetrical or asymmetrical (Fig. 4.2.143.). 

208. Prepubic boot is: rounded/rocker shaped (0); angular, square (1); angular, triangular 

(2); spatulate (3) 

  

Figure 4.2.144. Five different shapes of prepubis. A) rounded/rocker-shaped; B) square; C) triangular; D & E) 

spatulate. E is bifurcating. 

Note: The differences between the shapes given as states of this character are illustrated in 

the diagram above (Fig. 4.2.144.). 

209. Prepubis: spade-like (0); bifurcating (1) 

Note: The prepubes of rhamphorhynchids and pteranodontians bifurcate (Fig. 4.2.144. E), but 

this is a convergence. 

210. Prepubis is: equal in width to the ischium (0); wider than the ischium (1); not as wide 

as the ischium (2) 

Note: This character qualifies the size of the prepubis distal expansion with respect to a related 

part of the anatomy. 
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211. Pubis: is as long or longer than the preacetabular process (0); is more than half the 

length of the preacetabular process (1); is less than half the length of the preacetabular 

process (2) (Fig. 4.2.145.) 

 

Figure 4.2.145. Three schematic pterosaur pelves with different lengths of the pubis relative to the preacetabular 

process. A) The pubis is as long or longer than the preacetabular process; B) the pubis is shorter, but more than 

half the length; C) the pubis is less than half the length. 

Note: Like ch.210 [209], this character qualifies the size of the prepubis with respect to a 

related part of the anatomy. 

212. Postacetabular process of the ilium: approximately equal in size to the preacetabular 

process (0); smaller in size than the preacetabular process (1); longer than the preacetabular 

process (2) 

 

Figure 4.2.146. The difference between the length of the preacetabular process and postacetabular process.  A) 

Lagerpeton redrawn from Sereno and Arcucci 1994, demonstrating a short preacetabular process; B) a photo and 

interpretive drawing of Dimorphodon, demonstrating approximately equal processes of the ilium; C) a photo and 

interpretive drawing of Pterodactylus, demonstrating a longer preacetabular process. 
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Note: The ancestral condition of the pelvis is for the postacetabular process to be longer than 

the preacetabular process (Fig. 4.2.146. A). The typical condition for a pterosaur is to have a 

postacetabular process shorter than the preacetabular process (Fig. 4.2.146. C). This character 

codes the two predominant conditions and the transitional form (Fig. 4.2.146. B). 

213. Postacetabular process: caudally directed, only (0); has a cranial, dorsal projection (1); 

has a cranial hooked process (2) 

  

Figure 4.2.147. Three schematic pterosaur pelves, demonstrating different morphologies of postacetabular 

process. A) caudally directed only; B) dorsal projections; C) hooked shape to the cranial edge. 

Note: The three morphological conditions of the postacetabular process are illustrated in the 

diagram above (Fig. 4.2.147.). 

214. Postacetabular process fused to supra-neural plate: present (0); absent (1) 

 

Figure 4.2.148. The pelvis of Pteranodon taken from Bennett 2001, demonstrating a condition of the 

postacetabular process, where it fuses to the supraneural plate. 

215. Neural spines of sacral vertebrae: fused (supraneural plate) (0); unfused (1)  
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Note: Character 215 state 0 is demonstrated in Fig. 4.2.148. 

216. Posterior margin of the ischium: angular (0); rounded (1) 

217. Pubis and ischium are: completely fused (0); only partially in contact and fused (1)  

Note: The ischiopubic plate can completely fuse up so that there is no obturator notch.  

218. Obturator foramen: present (0); absent (1) 

Note: This is a foramen in the ischiopubic plate located below the acetabulum. 

Coding note: If the Obturator foramen is absent (1), then ch.219 [218] should be coded with a 

dash. 

219. Obturator foramen: anterior of the acetabulum (0); central to the acetabulum (1); 

posterior of the acetabulum (2) (Fig. 4.2.149.) 

  

Figure 4.2.149. Three schematic pterosaur pelves, demonstrating the position of the obturator foramen relative 

to the acetabulum. A) the obturator foramen is placed cranial to the acetabulum; B) the obturator foramen is 

placed centrally relative to the acetabulum; C) the obturator foramen is placed caudal to the acetabulum. 

220. In dorsal view the pelvis is: almost as wide as it is long (0) longer than it is wide (1) 

221. Angle between the ilium and the pubis is: approximately at a right angle (0); is oblique 

(1)  

222. The sciatic notch is: approximately equal in depth to the acetabulum (0); larger than 

the acetabulum (1) 

  

Figure 4.2.150. Two hypothetical pterosaur pelves with different sized sciatic notches. A) the sciatic notch is equal 

in depth to the acetabulum; B) the depth of the sciatic notch is much greater than the depth of the acetabulum. 
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Note: The sciatic notch is a sulcus between the postacetabular process and the ischium, in 

which the sciatic nerve and other soft tissues are situated. The acetabulum is a useful frame of 

reference for the depth of the notch (Fig. 4.2.150.). 

223. Fused scapulocoracoid: present (0); absent (1) 

Coding note: If the scapula is not fused to the coracoid (1), then ch.229 [228] should be coded 

with a dash. 

224. Scapula is: perpendicular to the vertebral column (0); adjacent to the vertebral column 

(1) 

225. Glenoid fossa is located mainly on the: scapula (0); coracoid (1); scapulocoracoid (2) 

(Fig. 4.2.151.) 

  

Figure 4.2.151. Three different hypothetical pterosaur scapulocoracoids with the glenoid placed differently on 

each. A) the glenoid is primarily on the scapula; B) the glenoid is shared across the scapula and coracoid; C) the 

glenoid is placed more on the coracoid. 

226. Supracoracoideus crest: present (0); absent (1) (Fig. 4.2.152.) 

  

Figure 4.2.152. The arrow in this image points to the supracoracoideus crest on the scapulocoracoid. 

Coding note: If the supracoracoideus crest is absent (1), then ch.227 [226] and ch.228 [227] 

should be coded with a dash. 

227. Supracoracoideus crest: prominent (0); not prominent (1) 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

220 
 

Note: Pterosaurs like Quetzalcoatlus and Nyctosaurus massively expanded the 

supracoracoideus crest making it a prominent feature of the scapulocoracoid. 

228. Supracoracoideus crest: proximal to the glenoid (0); distal (1)  

229. Post-glenoid strut: present (0); absent (1) 

  

Figure 4.2.153.The arrow in this image points to the postglenoid strut on the scapulocoracoid. Proximal to the 

glenoid there is a foramen in some specimens as illustrated here. 

Note: The presence of the postglenoid strut (Fig. 4.2.153.) is dependent on the presence of a 

fused scapulocoracoid, thus this character is not independent of ch.223 [222] and should be 

coded appropriately (see comments on ch.223). 

230. Distal end of the coracoid has distinct condyles (0); is rounded and blunt (1) 

231. The cross-section of the scapula is: rounded (0); spatulate (1) (Fig. 4.2.154.) 

  

Figure 4.2.154. The difference between a spatulate scapula (A) and a rounded scapula (B) in cross-section. 

232. Sternum is approximately one and a half times the length of its width: present (0); 

absent (1) (Fig. 4.2.155.) 
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Figure 4.2.155. Two schematic pterosaur sternums, one is short and broad (A), the other is one and a half times 

the length of its width (B). 

233. Posterolateral periphery of the sternal plate is; square (0); triangular (1); semicircular 

(2) (Fig. 4.2.156.) 

  

Figure 4.2.156. Three schematic pterosaur sternums with different shapes to their lateral and caudal margins. A) 

semicircular; B) square; C) triangular. 

234. Anterolateral periphery of the sternum plate is: square (0); convex, tapering cranially 

(1); concave, tapering cranially (2) (Fig. 4.2.157.) 

  

Figure 4.2.157. Three different schematic pterosaur sternums with different shapes to their cranial margin. A) 

square; B) convex; C) concave. 

235. Cristaspine with ossified blade (0); or a peduncle for the attachment of cartilage (1) 

(Fig. 4.2.158.) 
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Figure 4.2.158. Two schematic pterosaur sternums, one with a large ossified cristospine (A), the other with a 

small rounded peduncle for the attachment of cartilage. 

236. First dorsal rib more robust than other ribs: present (0); absent (1) 

237. Notarium: present (0); absent (1) 

Note: Here the notarium is considered present if two or more dorsal vertebrae centra are 

fused. 

238. Cervical ribs: present (0); absent (1) 

239. Neural spine is absent at the mid-cervical: present (0); absent (1) (Fig. 4.2.159.) 

  

Figure 4.2.159. Two schematic pterosaur cervical vertebrae, one with a neural spine (A), the other lacking a 

neural spine (B). 

Coding note: If the neural spine is absent (1), then ch.240 [239] and ch.318 should be coded 

with a dash. 

240. Cervical neural spines: tall (0); low and blade-like (1) (Fig. 4.2.160.) 
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Figure 4.2.160. Two different conditions of the cervical neural spine, one tall and spinous (A), the other low and 

blade-like (B). 

241. Distinct cervical zygapophyses: present (0); absent (1) 

242. Nutritive foramina and neural canal incorporated into the cervical vertebral centrum: 

present (0); absent (1) 

243. Cranial dorsal process on cervical neural spine: present (0); absent (1) 

244. Postzygapophysis of axis is: extended posterior from the centrum (0); approximately in 

line with the centrum (1); anterior of the centrum (2) (Fig. 4.2.161.) 

  

Figure 4.2.161. Three different conditions of the postzygapophyses relative to the vertebral centrum of the axis. 

A) postzygapophyses extend back past the centrum; B) postzygapophyses in line with the caudal margin of the 

centrum; C) anterior to the caudal margin of the centrum. 

245. Lateral processes on the dorsals are: approximately twice as long as the neural spine 

(0); approximately equal in length to the neural spine (1) (Fig. 4.2.162.) 

  

Figure 4.2.162.  Two schematic dorsal vertebrae in cranial view, one with lateral processes that are equal in 

length to the neural spine (A), the other with lateral processes that are double the length of the neural spine. 
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246. Lateral processes on the dorsals are: oblique to the vertebral centrum (0); 

perpendicular to the vertebral centrum (1) (Fig. 4.2.163.) 

  

Figure 4.2.163. Two schematic dorsal vertebrae in dorsal view, demonstrating oblique lateral processes (A) and 

perpendicular lateral processes (B). 

247. Proximal caudal vertebrae have distinct lateral processes: present (0); absent (1) (Fig. 

4.2.164.) 
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Figure 4.2.164. The caudal vertebrae of Pterodactylus (A) and Dorygnathus (B) demonstrating that 

pterodactyloids lost the lateral processes on the cranial caudal vertebrae, the neural spines are much more 

robust and the tail is reduced in both length and number of vertebrae. 

248. Neural spines of caudals: present (0); absent (1) 

Coding note: If the neural spines of the caudal vertebrae are absent, then ch.249 [248] should 

be coded with a dash. 

249. Neural spines and hypapophyses of caudals are: slender and rod-like (0); robust (1) 

Note: Some basal pterosaurs elongated their caudal vertebra neural spines and chevrons into 

slender rods (Fig. 4.2.164. B). The ancestral condition is to have robust caudal processes, 

making some pterodactyloids are convergent with this ancestral condition (Fig. 4.2.164. A). 

250. Teeth lateral orientation: verticle (0); inclined laterally (1) (Andres et al. 2014 ch.141) 

251. Teeth maximum curvature: displacement of curvature less than tooth diameter (0); 

displacement of curvature at least tooth diameter (1) (Andres et al. 2014 ch.145) 

252. Teeth curvature orientation: posterior (0); lingual (1) (Andres et al. 2014 ch.146) 

253. First three pairs of teeth large, 4th-6th small, 7th-9th large: present (0); absent (1) (Lü 

et al. 2009 ch.57) 
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254. Mandibular symphysis fused: present (0); absent (1) (modified from Andres et al. 2014 

ch.122) 

Coding note: If the mandibular symphysis is absent (not fused) (1), then ch.257 should be coded 

with a dash. 

255. Mandible mid-depth relative to length: at most one-ninth the length (0); more than 

one-ninth the length (1) (modified from Andres et al. 2014 ch.125) 

256. Dentary: <50% length of lower jaw (0); >50% (1) (Lü et al. 2009 ch.38) 

257. Mandibular rami: level with symphysis (0); elevated well above level of symphysis (1) 

(Lü et al. 2009 ch.45) 

258. Caudal end of mandible with distinct dorsal 'coronoid' eminence: present (0); absent 

(1) (Lü et al. 2009 ch.47) 

259. The caudal ramus of the maxilla expands ventrally: present (0); absent (1) (modified 

from Wang et al. 2012 ch.22 and Andres et al. 2014 ch.69) 

260. Prow: present (0); absent (1) (modified from Andres et al. 2014 ch.117 and Lü et al. 

2009 ch.43) 

261. The dorsal process of the maxilla is: broad (0); slender (1) (thinner than the dorsal 

process of the jugal) (modified from Andres et al. 2014 ch.70) 

262. Jugal ascending process base width: broad (0); narrow (1) (Andres et al. 2014 ch.96, 

same as Wang et al. 2012 ch.30) 

263. Jugal ventral margin: straight (0); concave (1); convex (2) (modified from Andres et al. 

2014 ch.92) 

264. Jugal maxillary process under the (N)AOF: present (0); absent (1) (modified from 

Andres et al. 2014 ch.100) 

265. Frontal extends anterior to the lacrimal-jugal bar: present (0); absent (1) (modified 

from Lü et al. 2009 ch.27) 
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266. Nutrient foramina positioned in a row along the lateral margin of the jaws: present (0); 

absent (1) (Andres et al. 2014 ch.115) 

267. Orbital process on the rostral surface of the jugal postorbital process: present (0); 

absent (1) (modified from Andres et al. 2014 ch.98) 

268. Quadrate: broad (0); thin and cylindrical (1) (modified from Andres et al. 2014 ch.91) 

269. Distal ends of paraoccipital processes: unexpanded (0); rounded, tongue-like flange (1) 

(Lü et al. 2009 ch.33) 

270. Basioccipital length relative to width: shorter than wide (0); longer than wide (1) 

(Andres et al. 2014 ch.102) 

271. Basisphenoid body length: shorter than wide (0); at least longer than wide (1) (Andres 

et al. 2014 ch.103, similar to Wang et al. 2012 ch.50) 

272. Supraoccipital crest: present (0); absent (1) (modified from Andres et al. 2014 ch.105) 

273. Supraoccipital pneumatic foraminae: present (0); absent (1) (modified from Andres et 

al. 2014 ch.106 and Wang et al. 2012 ch.44) 

274. Interpterygoid opening length relative to subtemporal fenestra length: at least 

subtemporal fenestra length (0); shorter than subtemporal fenestra (1) (Andres et al. 2014 

ch.113, similar to Wang et al. 2012 ch.49) 

275. Process separating the external nares: narrow (0); broad (1) (Wang et al. 2012 ch.6, 

similar to Lü et al. 2009 ch.8) 

276. External naris: height similar to or greater than anteroposterior length (0); elongate (1) 

(modified from Lü et al. 2009 ch.16) 

277. Supratemporal fenestra largest skull opening after the orbit: present (0); absent (1) 

(modified from Lü et al. 2009 ch.31) 

278. Nares: form the largest skull opening (0); smaller than the orbit or antorbital opening 

(1) (modified from Lü et al. 2009 ch.17) 
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279. Dorsal margin of orbit: level with dorsal margin of nasoantorbital opening (0); or below 

it (1) (Lü et al. 2009 ch.26, similar to Wang et al. 2012 ch.10) 

280. Antorbital (or nasoantorbital) fossa on jugal: present (0); absent (1) (Andres et al. 2014 

ch.49 and Wang et al. 2012 ch.32) 

281. Antorbital fenestra dorsal and ventral margins orientation: subparallel (0) acute angle 

(1) (Andres et al. 2014 ch.50) 

282. Antorbital fenestra ventral margin relative to external naris ventral margin: level (0); 

ventral (1) (Andres et al. 2014 ch.51, the same as Lü et al. 2009 ch.13) 

283. Nasal process is: approximately half the depth of the nasoantorbital fenestra or less 

(0); significantly longer than half the depth of the nasoantorbital fenestra (1) (modified from 

Andres et al. 2014 ch.75) 

284. The rostral margin of the premaxillary sagittal crest is: inclined caudally (0); 

approximately verticle (1); inclined rostrally (2) (modified from Andres et al. 2014 ch.63) 

285. Rostral margin of the premaxillary sagittal crest is level with the rostrum tip (0); or 

caudal to the rostral tip (1) (modified from Andres et al. 2014 ch.62) 

286. Inferior temporal fenestra: elliptical (0); wide dorsal section (1); wide ventral section 

(2) (modified from Wang et al. 2012 ch.15 and Andres et al. 2014 ch.56) 

287. Distal end of humerus: D-shaped (0); triangular (1) (Lü et al. 2009 ch.85) 

288. Pneumatopore on the proximal end of the humerus: present (0); absent (1) (modified 

from Andres et al. 2014 ch.185 & 186) 

Coding note: If there is not pneumatopore on the proximal end of the humerus (1), then ch.289 

should be coded with a dash. 

289. Pneumatopore on the proximal end of the humerus is on the: palmar surface (0); 

humeral head (proximal/dorsal) (1) (modified from Andres et al. 2014 ch.185 & 186) 

290. Pneumatopore on the anconal surface of the humerus: present (0); absent (1) 

(modified from Lü et al. 2009 ch.83) 
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291. Distal syncarpal ventral articular facet for Metacarpal IV size relative to dorsal facet: 

ventral facet smaller (0); subequal in size (1) (Andres et al. 2014 ch.199) 

292. Distal syncarpal cross-section shape: rectangular (0); triangular (1) (Andres et al. 2014 

ch.200) 

293. Contact between distal syncarpal and metacarpals I-IV: all four in contact (0); only I 

and IV contact syncarpal (1); only IV contacts the syncarpal (2) (Lü et al. 2009 ch.93) 

294. Metacarpal distal end between condyles shape: flat (0); medial ridge (1) (modified 

from Andres et al. 2014 ch.207) 

295. Metacarpals I-III: disparate lengths (0); the same length (1) (Lü et al. 2009 ch.92) 

296. Femur: strongly bowed (0); slight curvature (1) (modified from Andres et al. 2014 

ch.215, same as Lü et al. ch.109) 

297. Femur proximal end pneumatic foramen: present (0); absent (1) (modified from 

Andres et al. 2014 ch.216) 

298. Femoral neck shape: indistinct (0); constricted (1) (Andres et al. 2014 ch.217) 

299. Greater trochanter of the femur: reduced (0); distinct process (1) (modified from 

Andres et al. 2014 ch.218) 

300. Greater trochanter of the femur: simple (0); ornate anteriorly curved hook (1) 

(modified from Andres et al. 2014 ch.218 and Lü et al. 2009 ch.110) 

301. Distal end of femur with complex condylar morphology: present (0), absent (1) (Lü et 

al. 2009 ch.112) 

302. Metatarsal IV length relative to metatarsals I to III: subequal (0); significantly shorter 

(1) (Andres et al. 2014 ch.221, same as Lü et al. 2009 ch.115) 

303. Diaphysis of prepubis: well differentiated from distal expansion (0); short (equal to or 

less than twice the length of its width) and poorly differentiated from distal expansion (1) 

(modified from Naish et al.2013 ch.3) 
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304. Ischiopubic plate: with pubis unexpanded and rod-like (0); both elements expanded 

(pubis is approximately equal to or greater than half the width of the ischium) (1) (modified 

from Naish et al. 2013 ch.4 and Unwin 2003a) 

305. Pubis: with straight anterior margin (0); anterior margin concave (1) (Naish et al. 2013 

ch.6; modified from Lü et al. 2009 ch.104) 

306. Ischiopubic plate: depth less than or equal to twice approximate length of acetabulum 

(0); depth more than twice length of acetabulum (1) (Naish et al. 2013 ch.8) 

307. Ischium ventral margin shape: straight (0); convex (1) (Andres et al. 2014 ch.211) 

308. Acetabulum: circular or sub-circular (0); oval, longest axis horizontal (1) (Naish et al. 

2013 ch.10) 

309. The length of the postacetabular process of ilium: unexpanded, or less than length of 

acetabulum (0); expanded, as long or longer than the acetabulum (1) (modified from Naish et 

al. 2013 ch.15) 

310. Postacetabular process of ilium: with subhorizontal dorsal surface (0); with convex 

dorsal surface (1) (modified from Naish et al. 2013 ch.16) 

311. Medial surface of postacetabular process of ilium:smooth (0); with fossae proximal to 

apex (1) (Naish et al. 2013 ch.19) 

312. Sacral ribs: separate (0); fused for part of their length, forming fenestrated sacral 

shield (1) (Naish et al. 2013 ch.22) 

313. Coracoid: less than two-thirds length of scapula (0); from at least two-thirds up to 

similar length to scapula (1); longer than scapula (2) (Lü et al. 2009 ch.75) 

314. Coracoid contact surface with sternum: articulation surface flattened, lacking posterior 

expansion (0); articulation surface oval, with posterior expansion (1) (Lü et al. 2009 ch.77) 

315. Mid-cervical vertebra neural arch lateral surface pneumatic foramen: present (0) 

absent (1) (modified from Andres et al. 2014 ch.158) 

316. Mid-cervical vertebra centrum lateral surface pneumatic foramen: present (0); absent 

(1) (modified from Andres et al. 2014 ch.159 and Lü et al. 2009 ch.64) 
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317. Mid-cervical vertebra lateral to neural canal pneumatic foramina: present (0); absent 

(1) (modified from Andres et al. 2014 ch.160) 

318. Mid-cervical vertebrae neural spines lateral outline shape: square (0); triangle (1); 

semi-circle (2) (modified from Andres et al. 2014 ch.162) 

319. Last cervical vertebra shape; similar to dorsal vertebrae (0); similar to cervical 

vertebrae (1) (modified from Andres et al. 2014 ch.162) 

320. Proximal caudal vertebrae with duplex centra: present (0); absent (1) (modified from 

Wang et al. 2012 ch.74) 
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5. Results 

“The definition of insanity is doing the same thing over and over again, and 

expecting different results” English proverb 

5.1. Analysis results 

The following results are from the distinct and comprehensive analyses. The two trees 

produced are strict consensus cladograms of nine and two trees respectively. The strict 

consensus cladograms (Fig. 5.2.1 & 5.2.2.) are used as reference trees for studying the 

congruity of pterosaur phylogeny. The distinct tree is used to indicate how much of the 

congruity between pterosaur cladistic analyses is due to sharing characters and coding, while 

the comprehensive analysis is an attempt at producing a phylogeny that avoids many of the 

problems identified in the literature review (see chapters 2 and 3). 

Additionally, some of the methodologies developed during the course of this study are tested 

and applied. The clade retention index (CRI) is compared to other congruity metrics (see 5.3.). 

The validity of clades recovered in the comprehensive analysis is tested and the utility of 

discriminant function analyses for this purpose is explored (see 5.3.5.). Finally, a jackknife 

function is used to indicate the utility of atomizing compound characters into multiple 

component characters (see 5.3.6.). 

5.1.1. Distinct analysis 

Random seed = 25,826 

Rearrangements in New Technology search = 286,872,272,739 

3 trees retained 

Traditional search TBR swapping on 3 trees… 

Rearrangements in Traditional search = 2,499,117 

9 trees retained 

Tree length = 133.19970 

Unadjusted tree length = 1,844.194 

Fit = 108.80 
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CI = 0.215 

RI = 0.506 

 

5.1.2. Comprehensive analysis 

Random seed = 10,827 

Rearrangements in New Technology search = 302,902,581,018 

2 trees retained 

Traditional search TBR swapping on 2 trees… 

Rearrangements in Traditional search = 547,086 

2 trees retained 

Tree length = 168.48539 

Unadjusted tree length = 2,229.142 

Fit = 144.51 

CI = 0.214 

RI = 0.509 

5.2. Nomenclature 

5.2.1. Distinct analysis 

Node 124: Pterosauria Kaup 1834. 

Definition: Preondactylus and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants (Peters 2000; Unwin 2003a). 

Contents: Preondactylus, Austriadactylus, and Macronychoptera. 

Synapomorphies: Char. 109 2 → 0 

    Char. 158 1 → 0 

  Char. 168 0 → 1 

    Char. 171 1 → 0 

The synapomorphies for Pterosauria include a transformation of the caudal margin of the 

antorbital fenestra from concave to straight; a flaring of the humeral head; the proportions of 

the radius are similar to the ulna, compared to the ancestral condition; the presence of the 

pteroid.  
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Remarks: The majority of the synapomorphies relate to the highly specialized forelimb used for 

flight. 

 

Node 155: Unnamed clade 

Definition: Preondactylus and Austriadactylus, their most recent common ancestor and all of 

its descendants. 

Contents: Preondactylus and Austriadactylus. 

Synapomorphies: Char. 1  0.053-0.057 → 0.050  

Char. 2  2.759-2.787 → 2.503  

Char. 55 0 → 3  

Char. 56 0 → 1  

Char. 63 0 → 13  

Char. 66 1 → 0  

Char. 67 1 → 0  

Char. 102 1 → 0  

Char. 129 0 → 1 

In addition to a suite of unique morphologies possessed by pterosaurs these two pterosaurs 

have nine synapomorphies that unite them: The longest tooth is shorter and wider than the 

ancestral condition; the mesial tooth has a greater length to width ratio compared to the distal 

tooth, relative to the common ancestor of all pterosaurs; the number of tooth morphologies in 

the jaw is four, compared to the ancestral state of one; there is a difference between the teeth 

in the upper jaw and the lower jaw; teeth are more tightly packed in the distal portion of the 

jaw, but the spacing is uneven between contiguous teeth; there are enlarged teeth under the 

dorsal process of the maxilla; there is only a single enlarged tooth under the dorsal process of 

the maxilla; the retroarticular process and articular facet form a right angle; the inferior 

temporal fenestra is partially ventral to the orbit. 

Remarks: Preondactylus and Austriadactylus occupy the most basal branch of Pterosauria. 

Both taxa possess coronal serrations on the carina of each tooth distal to the mesial four or 

five fangs, and they are the only pterosaurs currently known to have done. It is not clear if the 

serrations are an ancestral trait lost in other Triassic pterosaurs, or if they are an apomorphy of 
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this clade. The enlarged teeth under the dorsal process of the maxilla are shared with other 

Triassic pterosaurs and it is likely that this not a homoplastic apomorphy of this clade, but a 

plesiomorphic condition of the hypothetical ancestral pterosaur. 
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Figure 5.2.1. The strict consensus tree of nine 

MPTs resulting from the analysis of 104 taxa 

with 248 characters devised independently of 

the literature. Details of the MPTs can be 

found in section 5.1.1. The numbers below the 

branches are node numbers which relate to 

the listed synapomorphies in 5.2.1. The bold 

numbers above the branches and to the right 

of sister taxa are the bootstrap supports for 

those clades. The red branches represent the 

maximum agreement subtree with Andres et 

al. 2014. AZH = Azhdarchoidea; DIM = 

Dimorphodontidae; DSU = Dsungaripteroidea; 

EUC = Euctenochasmatoidea; EUD = 

Eudimorphodontidae; LAN = Lanceodontia; 

LON = Lonchodectidae; MON= 

Monofenestrata; NOV = Novialoidea; ORN = 

Ornithocheiroidea; PEA = Pterodactyloidea; 

PIA = Pterosauria; PTA = Pteranodontia; RHA= 

Rhamphorhynchidae; WUK = 

Wukongopteridae. 
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Node 123: Macronychoptera Unwin 2003a. 

Definition: Dimorphodon, Anurognathus and Quetzalcoatlus, their most recent common 

ancestor and all of its descendants. 

Contents: Anurognathidae, Jeholopterus, Parapsicephalus, and Novialoidea. 

Synapomorphies: Char. 1  0.053-0.057 → 0.067-0.100 

    Char. 3  0.127-0.169 → 0.123-0.125 

    Char. 18 2.226 → 2.243-2.259 

    Char. 38 0.382 → 0.794-1.084 

    Char. 43 0.245 → 0.163 

    Char. 45 0 → 1 

    Char. 74 2 → 1 

  Char. 75 2 → 0 

  Char. 90 4 → 2 

    Char. 114 0 → 12 

    Char. 197 0 → 2 

  Char. 199 1 → 2 

  Char. 200 0 → 1 

  Char. 246 0 → 1 

There are proportional differences between Macronychoptera and the common ancestor with 

Preondactylus: The dental index of the longest tooth is increased, meaning the longest tooth is 

somewhat longer and thinner; the greatest difference in dental indices is reduced, thus the 

teeth are more similar in size and shape; the wing metacarpal is longer relative to the tibia; the 

dorsal vertebrae are broader and shorter; there are fewer teeth in the jaws. Additionally, there 

are discrete morphological transformations including: a lack of dental serrations; more widely 

spaced teeth; teeth interlock mesiodistally, rather than passing labiolingually to each other; 

lower jaw dorsal and ventral margins are parallel under the nasoantorbital fenestra; lacrimal 

process of the jugal is equal in length or longer than the jugal process of the lacrimal; distal 

tarsals are approximately equal in length to the proximal tarsals; distal phalanx of pes digit 

four is longer than the preceding phalanges; phalanges two and three are short and wide in 

pedal digit four; loss of the lateral processes of the caudal vertebrae. 
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Remarks: Macronychoptera was originally defined as the node shared by Dimorphodon and 

Quetzalcoatlus (Unwin 2003a), but it was noted that the clade contains Anurognathidae, so it 

has been redefined here for the purpose of describing this tree.  

 

Node 140: Anurognathidae Nopcsa 1928. 

Definition: Anurognathus and Batrachognathus, their most recent common ancestor and all of 

its descendants. 

Contents: Anurognathus, Batrachognathus, and Dendrorhynchoides 

Synapomorphies: Char. 3  0.123-0.125 → 0.049 

    Char. 4  0.648-0.736 → 0.471 

    Char. 5  0.217-0.373 → 0.179 

    Char. 9  0.298-0.401 → 0.176-0.217 

    Char. 19 0.917-1.985 → 2.331-2.622 

The Anurognathidae is defined by five synapomorphies, all of which are proportions expressed 

as continuous characters. The synapomorphic states include: a reduction in the greatest 

difference between dental indices, meaning there are no proportional differences in the 

dentition; a low rostral index i.e. the rostrum is much taller than it is long; the prenarial 

rostrum is short; a short, tall antorbital fenestra; short, deep manual unguals.  

Remarks: Jeholopterus is excluded from Anurognathidae in this tree, but is closely related. This 

is unexpected, especially considering only two synapomorphies place Jeholopterus closer to 

Novialoidea. The distinction between Jeholopterus and the other anurognathids is most likely 

due to the implied weights being confounded. 

 

Node 122: Unnamed clade. 

Jeholopterus and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 

Contents: Jeholopterus, Parapsicephalus and Novialoidea. 
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Synapomorphies:  Char. 18 2.243-2.259 → 2.424-2.456 

    Char. 194 0 → 2 

The unnamed clade is defined by two proportional differences between it and the common 

ancestor it shares with the anurognathids: an increase in the length of the wing metacarpal 

relative to the tibia, and the distal phalanx of pes digit five is proportionally shorter when 

compared to the preceding phalanx.  

Remarks: This clade contains Jeholopterus but excludes anurognathids. 

 

Node 121: Unnamed clade. 

Definition: Parapsicephalus and Quetzalcoatlus, their most recent common ancestor and all of 

its descendants.  

Contents: Parapsicephalus and Novialoidea. 

Synapomorphies: Char. 51 0 → 1 

  Char. 85 2 → 0 

  Char. 129 0 → 1 

  Char. 145 0 → 1 

This unnamed clade is defined by four Synapomorphies: labiolingually compressed teeth; 

lateral margins of the rostrum transform from convex to approximately straight; orbit 

positioned dorsal to the inferior temporal fenestra; the premaxilla does not reach the choana. 

 

Node 120: Novialoidea Kellner 2003a. 

Definition: Campylognathoides and Quetzalcoatlus, their most recent common ancestor and all 

of its descendants. 

Contents: “Scaphognathines”, “Rhamphorhynchines” (quotation marks denote paraphyly), 

Eudimorphodontidae, Campylognathoididae, Dimorphodontidae, and Monofenestrata. 

Synapomorphies: Char. 63 0 → 2 
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  Char. 79 0 → 1 

The following synapomorphies define Novialoidea: teeth (when present) are more closely 

spaced mesially; the maxilla underlies the nares entirely, excluding the premaxilla. 

 

Node 126: Rhamphorhynchidae Seeley 1870a. 

Definition: All pterosaurs that have a common ancestor with Rhamphorhynchus which is not 

shared with Pterodactylus. 

Contents: Sordes, Sericipterus, Harpactognathus, Angustinaripterus, Scaphognathus, 

Fenghuangopterus, Dorygnathus, Rhamphorhynchus, Kepodactylus, Eudimorphodontidae, 

Dimorphodontidae and Campylognathoididae. 

Synapomorphies: Char. 42 0.663-0.781 → 0.038-0.067 

  Char. 43 0.163 → 0.122-0.143 

    Char. 76 0 → 2 

    Char. 207 0 → 3 

    Char. 210 2 → 1 

Synapomorphies that define this clade include: fewer teeth per jaw per side than the ancestral 

condition (9-11, but greater in the clade at node 165); the number of caudal vertebrae (25-32); 

a dorsally directed curve to the rostrum tip; a narrow, spatulate prepubic boot; the pubis more 

than half the length of the preacetabular process.  

Remarks: No previous cladistic analysis to date has found Eudimorphodontidae, 

Dimorphodontidae or Campylognathoididae in Rhamphorhynchidae. If the PhyloCode (Cantino 

and de Queiroz 2010) was currently in action it would not be necessary to reconcile the issue 

of a family within a family, however, it is not. Rather than reclassifying the groups here I will 

refer to the groups as unnamed clades, but indicate the family that they approximate. On this 

cladogram, Rhamphorhynchidae has priority over the family names, Eudimorphodontidae and 

Campylognathoididae. Dimorphodontidae was erected simultaneously with 

Rhamphorynchidae (Seeley 1870a), but Rhamphorhynchidae has priority as Seeley (1870b) 

was the ‘first reviser’. 
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Node 166: Lonchognatha Unwin 2003a. 

Definition: Rhamphorhynchus and Eudimorphodon, their most recent common ancestor and all 

of its descendants. 

Contents: Rhamphorhynchus, Kepodactylus, “Eudimorphodontidae” and 

“Campylognathoididae”. 

Synapomorphies: Char. 14 0.436 → 0.340 

         Char. 15  1.701 → 1.737 

         Char. 23  0.350-0.473 → 0.588 

         Char. 24  0.329 → 0.375-0.698 

         Char. 25  1.016 → 0.120 

       Char. 30  0.202-0.350 → 0.361 

        Char. 40  1.636-1.909 → 2.545 

         Char. 51  0 → 1 

         Char. 106  1 → 0 

         Char. 156  1 → 0 

         Char. 164  1 → 0 

         Char. 174  0 → 3 

         Char. 222  1 → 0 

         Char. 244  1 → 0 

The clade has fourteen synapomorphies, of which half are proportional differences to the 

ancestral state, expressed by continuous characters: the wing metacarpal is shorter and 

broader; the length of the ulna is reduced relative to the wing metacarpal; the first wing 

phalanx is reduced in length relative to the wing metacarpal; the length of the first wing 

phalanx is increased relative to the humerus; the length of the wing is significantly increased 

relative to the leg; the length of wing phalanx two is reduced relative to wing phalanx one; the 

number of caudal vertebrae is greater (note that this is due to the reversal from the 

anurognathids). 

 The remaining synapomorphies are based on discrete morphological characters. The discrete 

characters that define Lonchognatha are: labiolingually compressed teeth; supraorbital 

process intruding into the dorsal margin of the orbit; the humeral shaft is bent in palmar view; 
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crista metacarpi present; bowed pteroid; scapulocoracoid fused; and long lateral processes on 

dorsal vertebrae. 

Remarks: The original concept of Lonchognatha contained Pterodactyloidea, but this clade 

excludes it.  

 

Node 165: Unnamed clade. 

Definition: Campylognathoides and Eudimorphodon, their most recent common ancestor and 

all of its descendants. 

Contents: Eudimorphodon, “Arcticodactylus” (Eudimorphodon), Carniadactylus, 

Campylognathoides, Dimorphodon, Peteinosaurus, Cacibupteryx. 

Synapomorphies: Char. 14 0.340 → 0.287 

    Char. 15 1.737 → 1.846 

    Char. 20 2.533 → 2.384 

    Char. 23 0.588 → 0.672 

    Char. 30 0.361 → 0.391 

    Char. 32 1.126 → 1.065 

    Char. 55 0 → 1 

    Char. 58 1 → 0 

    Char. 72 0 → 1 

    Char. 158 0 → 1 

    Char. 187 1 → 2 

    Char. 195 0 → 1 

The synapomorphies that define this clade include proportions represented by six continuous 

characters and six discrete characters. The continuous characters include: a shorter, broader 

wing metacarpal; the length of the wing metacarpal is increased relative to the ulna; the distal 

wing phalanx contributes less to the wing finger than the ancestral state; the first wing phalanx 

is reduced in length relative to the wing metacarpal; the second wing phalanx is reduced 

relative to the first; the distal phalanx of manual digit two is reduced relative to the ungual. 

The synapomorphies comprising discrete characters include: heterodont dentition with two 

tooth morphologies; the presence of a procumbent mesial rostral tooth; change in tooth 
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orientation is dramatic; the humeral head is in line with the diaphysis; the extensor tendon 

process is approximately square; the terminal phalanx of pedal digit five is straight. 

Remarks: The clade comprising campylognathoidids, dimorphodontids, and 

Eudimorphodontids has not been recovered in any previously published analyses. This group 

of pterosaurs are all Triassic and Lower Jurassic species, and typically are considered closely 

related, but share a common ancestor with Pterodactyloidea in other analyses. It is likely that 

this clade is inverted due to reversed character polarities because of anurognathids being 

placed on a basal branch. Indeed, the synapomorphies comprising continuous characters 

suggest this. The shorter, broader wing metacarpal is the ancestral condition, whereas the 

increase in the element’s length relative to the ulna is due to the elongation of the radius and 

ulna in later Jurassic taxa (placed basal to this clade), which is most extreme in anurognathids. 

Node 174: Unnamed clade (=Eudimorphodontidae Wellnhofer 1978). 

Definition: Carniadactylus and Eudimorphodon, their most recent common ancestor and all of 

its descendants. 

Contents: Arcticodactylus (?Eudimorphodon), Caviramus, Carniadactylus, and Eudimorphodon. 

Synapomorphies: Char. 13  0.956-1.624 → 0.808  

Char. 15  1.846 → 1.863  

Char. 30  0.391 → 0.599  

Char. 44  0 → 1  

Char. 98  1 → 0  

Char. 99  0 → 2 

The synapomorphies that define “Eudimorphodontidae” include: the length of the pteroid is 

increased relative to the ulna; the length of the metacarpal is increased relative to the ulna; 

the length of the second wing phalanx is reduced relative to the first; up to five cusps on the 

distal teeth; the retroarticular process is constricted (with a conspicuous neck); the 

retroarticular process is ventrally directed. 

Remarks: “Eudimorphodontidae” is the largest clade that contains Eudimorphodon but not 

Campylognathoides. In addition to Eudimorphodon, the clade comprises of Caviramus, 

Carniadactylus, and Arcticodactylus. Arcticodactylus is found to be distinct from 
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Eudimorphodon in this analysis, but the only differences observed could be variable in 

ontogeny, thus here the former is regarded a junior subjective synonym of the latter.  

Node 164: Unnamed clade (=Campylognathoididae Kuhn 1967). 

Definition: Pterosaurs closer to Campylognathoides than Eudimorphodon or Pterodactyloidea. 

Contents: Cacibupteryx, Peteinosaurus, Dimorphodon, and Campylognathoides. 

Synapomorphies: Char. 2   2.550-2.599 → 2.673-2.684  

Char. 5  1.018-1.118 → 0.845-0.953  

Char. 12  1.973-2.013 → 1.957  

Char. 37  2.704-2.713 → 2.720  

Char. 56  0 → 1  

Char. 202  0 → 1 

Synapomorphies include: the mesial teeth have a shorter and broader shape relative to the 

distal teeth; the prenarial length of the skull is reduced; the wing metacarpal is reduced 

relative to the humerus; shorter, broader cervical vertebral centra; heterodonty between the 

dentary and rostrum; the proximal and distal condyles of the fifth metatarsal are 

approximately equal in size. 

Remarks: “Campylognathoididae” is in brackets because it is contained in another family. 

“Campylognathoidids” differ from closely related pterosaurs in that they possess mesial teeth 

that are significantly larger than the distal teeth, thus “Dimorphodontidae” is included in the 

clade.  

 

Node 163: Unnamed clade (=Dimorphodontidae Seeley 1870). 

Definition: Peteinosaurus and Dimorphodon, their most recent common ancestor and all of its 

descendants. 

Contents: Cacibupteryx, Peteinosaurus, and Dimorphodon. 

Synapomorphies: Char. 6   1.715-1.877 → 1.218  

Char. 18  2.409-2.445 → 2.304  



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

245 
 

Char. 118 0 → 1  

Char. 129  1 → 0  

Char. 130  0 → 1 

The “Dimorphodontidae” is defined by the angle of the quadrate, inferior temporal fenestra, 

and orbit, which are all perpendicular to the dental plane. Additionally, the length of the wing 

metacarpal compared to the tibia is reduced. 

 

Node 173: Campylognathoides Strand 1928. 

Definition: Campylognathoides spp. 

Contents: C. liasicus and C. zitteli. 

Synapomorphies: Char. 8   1.372-1.397 → 1.581  

Char. 27  1.235-1.657 → 1.834  

Char. 29  0.869-1.039 → 0.784-0.837  

Char. 95  1 → 2  

Char. 122  1 → 0  

Char. 161  0 → 1  

Char. 179  0 → 1  

Char. 180  1 → 2  

Char. 187  2 → 0  

Char. 194  0 → 2  

Char. 201  0 → 3  

Char. 229 0 → 1 

The two Campylognathoides spp. differ from other “Campylognathoidids” in the proportions of 

the orbit and hindlimb: the orbit is positioned lower in the skull; the femoral diaphysis is more 

slender; the tibia’s length is reduced relative to the femur. Additionally, there nine discrete 

Synapomorphies: the lower jaw is shorter than the rostrum; presence of a lacrimal foramen; 

small reduction in the size of the deltopectoral crest; the unguals on the manus are 

approximately the same size as those on the pes; digit one phalanx one is approximately the 

same size as digit three phalanx one; extensor tendon process is rounded; distal phalanx of pes 
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digit five is shorter than the preceding phalanx; pes digit five is approximately half the length 

of metatarsal four; the coracoid lacks distinct condyles. 

 

Node 119: Monofenestrata Lü et al. 2009. 

Definition: Pterosaurs with confluent external nares and antorbital fenestrae. The Painten pro-

pterodactyloid (Tischlinger and Frey 2013), Darwinopterus and Quetzalcoatlus, their most 

recent common ancestor and all of its descendants. 

Synapomorphies: Char. 4  0.833 → 1.124 

    Char. 6  1.877-1.887 → 2.341-2.385 

    Char. 9  0.350-0.401 → 0.521 

    Char. 11 1.273-1.393 → 1.139 

    Char. 12 1.882-1.930 → 2.144-2.158 

    Char. 13 0.956-1.725 → 0.617-0.664 

    Char. 15 1.456-1.537 → 1.985-2.145 

    Char. 16 0.340 → 0.503-0.557 

    Char. 17 2.297-2.371 → 2.417 

    Char. 18 2.424-2.456 → 2.468-2.558 

    Char. 27 0.484-0.580 → 0.640 

    Char. 30 0.202-0.350 → 0.200 

    Char. 34 2.023 → 1.943 

    Char. 37 2.670-2.723 → 2.481-2.526 

    Char. 86 1 → 0 

    Char. 92 0 → 1 

    Char. 107 1 → 0 

    Char. 110 1 → 0 

    Char. 158 0 → 1 

    Char. 199 2 → 3 

    Char. 205 0 → 1 

    Char. 237 0 → 1 

The monofenestratans are distinguished from other non-pterodactyloids by their wing 

proportions, skull shape and more elongate cervical vertebrae (Lü et al. 2009). 
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Synapomorphies based on continuous characters include: the rostrum exhibits a lower, longer 

rostral index (>2.5 times the length of its depth); the nasoantorbital fenestra is lower and 

longer; the angle between the quadrate and occlusal margin of the rostrum is increased; a 

change in wing proportions, specifically the wing metacarpal is more elongate relative to the 

humerus, ulna, scapula, femur, and tibia; the humerus is wider relative to its length; the 

pteroid is longer relative to the ulna; wing phalanx two is longer relative to wing phalanx one; 

manual digit two phalanx one is longer relative to digit one phalanx one; the femur is more 

slender; and the cervical vertebrae are more elongate. Due to anurognathids (including 

Jeholopterus) being paraphyletic and Lonchognatha being within Rhamphorhynchidae, pointed 

jaw tips; the angle of the mandibular symphysis; the position of the orbit relative to the 

articular process of the quadrate; and the humeral head aligned with the diaphysis are 

considered synapomorphies of Monofenestrata in this tree. Additional synapomorphies which 

are not affected by the character polarization caused by the basal position of the 

anurognathids include: the confluent nares and antorbital fenestra; the proximal and distal 

phalanges of pedal digit four are equal in length; and dorsally curving preacetabular process. 

Despite the Painten pro-pterodactyloid demonstrating more derived characteristics than 

wukongopterids, it is placed as the most basal branch of the monofenestrata as a result of 

homoplastic characters shared with anurognathids. Because of the Painten pro-

pterodactyloid’s basal placement, a lack of cervical ribs is considered a synapomorphy of 

monofenestratans, but Darwinopterus possesses cervical ribs. 

 

Node 118: Unnamed clade. 

Definition: Elanodactylus and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 

Contents: Elanodactylus, Wukongopteridae, Pterodactyloidea. 

Synapomorphies:  Char. 11 1.139 → 0.939-1.063 

    Char. 19 1.503-1.985 → 2.111-2.140 

    Char. 34 1.943 → 0.961-1.212 

  Char. 222 1 → 0 

  Char. 239 0 → 1 

  Char. 245 0 → 1 
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The synapomorphies that place the Elanodactylus branch closer to Pterodactyloidea than the 

Painten pro-pterodactyloid are: the humerus length to width ratio demonstrates that the 

humerus is broader; the manual unguals are shorter and deeper; manual digit one phalanx one 

is shorter relative to digit two phalanx one; fusion of the scapulocoracoid; low, blade-like 

cervical neural spines; and the lateral processes on the dorsal vertebrae are perpendicular to 

the centra. 

Remarks: Elanodactylus is generally considered a pterodactyloid pterosaur, but its taphonomic 

state means that it has slipped rootward. The skull and tail are not preserved, additionally, it is 

not possible to measure the wing metacarpi due to them being broken prior to fossilization.  

 

Node 117: Unnamed clade. 

Definition: Wukongopterus and Quetzalcoatlus, their most recent common ancestor and all of 

its descendants. 

Synapomorphies:  Char. 172 0 → 1 

    Char. 187 0 → 2 

  Char. 235 1 → 0 

Synapomorphies that define this clade are: pteroid is much thinner than the radius; extensor 

tendon process is approximately square; the first dorsal rib is much more robust than the 

other dorsal ribs. 

 

Node 181: Wukongopteridae Wang et al. 2010. 

Definition: Wukongopterus and Darwinopterus, their most recent common ancestor and all of 

its descendants. 

Contents: Wukongopterus, Darwinopterus, and Changchengopterus. 

Synapomorphies:  Char. 20 2.214-2.266 → 2.740-2.802 

    Char. 22 1.004-1.052 → 0.650-0.802 

  Char. 23 0.473 → 0.248 
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  Char. 33 0.798-1.399 → 0.797 

  Char. 40 0.727-0.818 → 1.273-1.636 

  Char. 42 0.663-0.781 → 0.071 

  Char. 180 2 → 0 

    Char. 195 1 → 2 

    Char. 237 1 → 0 

Many of the synapomorphies are based on proportions derived from continuous characters: 

more of the wing is comprised of the fourth wing phalanx; wing phalanx two comprises less of 

the wing; the length of the wing metacarpal is reduced relative to wing phalanx one; the 

metatarsals are more robust; there is a greater number of caudal vertebrae and the caudal 

series is longer relative to the dorsal series. Additionally, there are three distinct character 

synapomorphies: manual digit one phalanx one is approximately twice the length of digit three 

phalanx one; pedal digit five distal phalanx has a kink in it (i.e. straight, with a dramatic change 

in direction); cervical ribs present.  

Remarks: Kunpengopterus, one of the specimens that originally defined Wukongopteridae is 

most likely a composite specimen. The type specimen has a dorsoventral fracture through the 

matrix and orbit. Anterior to the fracture the ventral portion of the jugal postorbital process is 

clearly visible, yet the orbit vacuity continues posterior to the fracture making the orbit twice 

as large. Also, posterior to the fracture in the rock, the reported parietal lies at an unusual 

angle and expands over the orbit considerably more than is typical of other wukongopterids. 

The reported parietal is possibly a frontoparietal complex added from a second individual. 

Kunpengopterus is considered a nomen dubium here, and therefore the definition of 

Wukongopteridae is amended to include Darwinopterus. The Synapomorphies listed by Wang 

et al. (2010) are largely monofenestratan states, here the synapomorphies are mostly 

proportions derived from continuous characters. The fifth digit condition and presence of 

cervical ribs are considered synapomorphies here because of the character polarity caused by 

the Painten pro-pterodactyloid being located on a more basal branch.  For a more robust 

definition of Wukongopteridae see the comprehensive analysis in section 5.2.2. 

 

Node 116: Pterodactyloidea Plieninger 1901. 
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Definition: Monofenestratan pterosaurs with a fifth pedal digit that is less than half the length 

of metatarsal four and a distal phalanx that is shorter than the preceding phalanx. In this tree, 

the clade defined by these criteria is Eosipterus and Quetzalcoatlus, their most recent common 

ancestor and all of its descendants. 

Contents: Eosipterus and Lophocratia 

Synapomorphies:  Char. 12 2.144-2.158 → 2.269 

  Char. 14 0.687-0.717 → 0.982-1.081 

    Char. 17 2.417 → 2.559-2.568 

    Char. 18 2.468-2.558 → 2.640-2.665 

  Char. 21 2.555-2.571 → 1.954-1.972 

  Char. 23 0.473 → 0.715 

  Char. 29 1.177 → 1.272-1.301 

  Char. 30 0.152-0.200 → 0.366 

  Char. 201 01 → 4 

  Char. 203 2 → 01 

Only two discrete characters are synapomorphies for the Pterodactyloidea: pedal digit five is 

restricted to the carpal region; there is at most one phalanx in pedal digit five. In addition to 

these two discrete characters, there are eight continuous characters that constitute 

synapomorphies. The proportional synapomorphies are mostly related to the change in 

relative length of the wing metacarpal. Additionally, there is a change in the proportions of the 

wing finger and the hindlimb. Specifically, these proportional changes are: the wing 

metacarpal is longer relative to the humerus, wing phalanx one, femur, and tibia; the wing 

metacarpal is more slender/gracile; wing phalanx three comprises less of the wing finger; the 

second wing phalanx is shorter relative to the first;  the tibia is longer relative to the femur. 

Remarks: The synapomorphies that define Pterodactyloidea are mostly associated with 

terrestrial locomotion and adjustments to wing proportions so that it remains functional. 

 

Node 115: Lophocratia Unwin 2003a. 

Definition: Pterodaustro and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 
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Contents: Euctenochasmatia and Dsungaripteroidea. 

Synapomorphies:  Char. 12 2.269 → 2.379-2.392 

  Char. 20 2.214-2.266 → 1.898-1.986 

  Char. 23 0.715 → 0.955-0.968 

  Char. 24 0.147-0.240 → 0.683-0.844 

  Char. 30 0.366 → 0.589-0.615 

Wing metacarpal is longer relative to the humerus and first wing phalanx; the distal wing 

phalanx comprises less of the total wing finger; the first wing phalanx is longer relative to the 

humerus; the length of wing phalanx two is reduced relative to wing phalanx one. 

Remarks: Lophocratia was initially erected to contain pterodactyloids, excluding 

ornithocheiroids (Unwin 2003a), but in this tree, they are included in the clade. In most 

cladograms published subsequent to that of Unwin (2003a) Lophocratia has been synonymous 

with Pterodactyloidea (e.g. Lü et al. 2009; Wang et al. 2009), but here the clade excludes the 

pterodactyloid Eosipterus. The synapomorphies of Lophocratia are all wing proportions 

represented by continuous characters in this analysis.  

 

Node 114: Euctenochasmatia Unwin 2003a. 

Definition: Pterodactylus and Pterodaustro, their most recent common ancestor and all of its 

descendants. 

Contents: Pterodactylus, Diopecephalus, “Germanodactylus rhamphastinus”, Beipiaopterus and 

Ctenochasmatoidea. 

Synapomorphies:  Char. 6  2.341-2.385 → 2.517-2.556 

  Char. 22 1.004-1.052 → 0.907 

  Char. 28 2.283-2.295 → 2.474 

  Char. 39 0.541 → 0.598 

  Char. 51 1 → 0 

  Char. 111 1 → 0 

  Char. 176 0 → 1 

  Char. 222 0 → 1 
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The synapomorphies that define Euctenochasmatia include: the angle of the quadrate to the 

occlusal margin of the rostrum is increased (158˚-160˚); the relative length of wing phalanx 

two to the rest of the wing is reduced; the femoral head is broader relative to the condyles; 

the average caudal vertebra centrum length is increased relative to its width; teeth have a 

round cross section; the ventral margin of the superior temporal fenestra is below the centre 

of the orbit; caudal process of the proximal syncarpal absent; scapula is distinct from the 

coracoid. 

 

 

Node 111: Ctenochasmatoidea Unwin 1995. 

Definition: Pterodaustro and Cycnorhamphus, their most recent common ancestor and all of its 

descendants. 

Contents: Ctenochasmatidae and Gallodactylidae. 

Synapomorphies:  Char. 37 2.481-2.512 → 2.037-2.096 

    Char. 174 3 → 0 

  Char. 226 1 → 0 

The synapomorphies that define Ctenochasmatoidea are: more elongate cervical vertebral 

centra; straight pteroid; prominent crest for attachment of supracoracoideus muscle. 

 

Node 185: Ctenochasmatidae Nopcsa 1928. 

Definition: All pterosaurs that have a common ancestor with Ctenochasma which is not shared 

with Cycnorhamphus. 

Contents: Gegepterus, Plataleorhynchus, Gnathosaurus, Pterodaustro, and Ctenochasma. 

Synapomorphies: Char. 38 1.174 → 1.892 

  Char. 43 0.265 → 0.388-0.429 

    Char. 63 2 → 0 

    Char. 128 1 → 2 
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Synapomorphies include: a greater number of teeth in the jaws; shorter dorsal vertebrae; 

regularly spaced teeth; the caudal margin of the nasoantorbital fenestra is inclined anteriorly. 

Remarks: This is a clade of pterosaurs that had elongate, round teeth that were specialized for 

filter feeding and possibly as highly sensitive mechanoreceptors for feeding on pelagic 

organisms.  

 

Node 110: Gallodactylidae Fabre 1976. 

Definition: Pterosaurs that have a common ancestor with Gallodactylus (=Cynorhamphus) 

which is not shared with Ctenochasma. 

Contents: Gladocephaloideus and Aurorazhdarchia. 

Synapomorphies: Char. 2  2.614 → 2.510 

    Char. 8  1.401 → 1.255 

    Char. 64 2 → 0 

    Char. 119 1 → 0 

Gallodactylidae is defined by four Synapomorphies: the mesial tooth has a taller profile 

relative to the distal tooth; the orbit is positioned higher in the skull; teeth graded large to 

small mesiodistally; robust quadratojugal, broadly separating the quadrate from the jugal. 

Remarks: Gallodactylidae was not provided with an explicit definition (Fabre 1976), thus it is 

defined as a family level clade containing Gallodactylus, which is now a junior subjective 

synonym of Cycnorhamphus (Bennett 2013a). Therefore, Gallodactylidae has priority over 

Aurorazhdarchidae, which was considered to comprise pterosaurs with long pteroids and 

anteriorly restricted dentitions, but was given the node-based definition of Aerodactylus and 

Aurorazhdarcho, their most recent common ancestor and all of its descendants (Vidovic and 

Martill 2014). Therefore, the clade is distinct from Gallodactylidae but is reclassified 

Aurorazhdarchia.  
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Node 109: Aurorazhdarchia (Vidovic and Martill 2014). 

Definition: Aerodactylus and Aurorazhdarcho, their most recent common ancestor and all of its 

descendants. 

Contents: Aerodactylus, Cycnorhamphus, Moganopterus, Feilongus, Huanhepterus, 

Ardeadactylus and Aurorazhdarcho. 

Synapomorphies: Char. 7  0.325-0.381 → 0.422 

    Char. 8  1.255 → 1.125-1.248 

    Char. 10 0.763-0.914 → 1.253 

    Char. 88 0 → 1 

    Char. 96 1 → 0 

    Char. 107 0 → 2 

The synapomorphies defining Aurorazhdarchia include: the size (smaller) and position (higher) 

of the orbit relative to the depth of the skull; the inferior temporal fenestra is larger relative to 

the orbit; the upper and lower jaws oppose each other, causing a gap; the retroarticular 

process is short; the articular process of the quadrate is anterior to the orbit centre. 

Remarks: The family Aurorazhdarchidae is reclassified to an unranked clade (see above).  

 

Node 136: Dsungaripteroidea Young 1964. 

Definition: Germanodactylus and Dsungaripterus, their most recent common ancestor and all 

of its descendants. 

Contents: Germanodactylus cristatus, Azhdarchoidea, Lochodectidae and Ornithocheiroidea 

Synapomorphies:  Char. 2  2.614-2.732 → 2.537 

  Char. 7  0.325-0.381 → 0.383-0.594 

  Char. 10 0.818-1.108 → 1.445-1.595 

  Char. 13 0.617-0.664 → 0.262-0.402 

    Char. 15 2.459-2.505 → 2.549-2.568 

    Char. 16 0.899-0.915 → 0.976 

  Char. 22 1.004-1.052 → 1.124-1.225 
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  Char. 28 2.283-2.295 → 2.025-2.090 

  Char. 31 0.584-0.691 → 1.609 

  Char. 107 0 → 2 

  Char. 149 1 → 0 

  Char. 174 3 → 0 

  Char. 218 0 → 1 

  Char. 225 1 → 0 

  Char. 236 1 → 0 

Dsungaripteroidea is defined by fifteen synapomorphies, nine of which are continuous 

characters, including: the mesial tooth is taller relative to the distal tooth compared to the 

ancestral condition; the orbit is smaller relative to the skull depth; the size of the inferior 

temporal fenestra is increased relative to the orbit; the pteroid is longer relative to the ulna; 

the wing metacarpal is longer relative to the ulna and scapula; wing phalanx two is longer 

relative to the rest of the wing finger; the femoral head is reduced relative to the condyles; the 

fifth metatarsal is much broader proximally than distally. There are six discrete characters 

constituting Synapomorphies: the centre of the orbit is behind the articular process of the 

quadrate; broad palatine bones; straight pteroid; the obturator foramen is central to the 

acetabulum; there is a crest for the attachment of the supracoracoideus muscle; notarium 

present. 

Remarks: Dsungaripteroidea was erected by Young (1964) to contain two pterosaurs with 

edentulous jaw tips, Dsungaripterus and Germanodactylus. Subsequently, Kellner (2003a) 

emended the definition, excluding Germanodactylus, but resulting in a much more inclusive 

clade. Unwin (2003a) found Germanodactylus to be much closer to Dsungaripterus and used 

Young’s original definition of Dsungaripteroidea. Here, the original definition of 

Dsungaripteroidea (sensu Young 1964) is used, but it is now a much larger clade than that 

recovered by Unwin (2003a). The presence of a notarium is one of the synapomorphies 

provided by Kellner (2003b) for a more inclusive Dsungaripteroidea, which is supported by this 

analysis. 

 

Node 151: Unnamed clade. 
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Definition: Germanodactylus and Quetzalcoatlus, their most recent common ancestor and all 

of its descendants. 

Contents: Germanodactylus and Azhdarchoidea. 

Synapomorphies:  Char. 8  1.401-1.454 → 1.535 

  Char. 11 0.939-1.063 → 0.538 

    Char. 28 2.025-2.090 → 1.980 

    Char. 76 0 → 1 

  Char. 84 1 → 0 

  Char. 127 0 → 1 

  Char. 132 1 → 3 

  Char. 133 1 → 0 

    Char. 240 0 → 1 

The unnamed clade, containing Germanodactylus and Azhdarchoidea is defined by nine 

synapomorphies, including three continuous characters: the orbit is placed slightly lower in the 

skull; the humerus is wider than the ancestral condition; the femoral head is smaller relative to 

the condyles. Additionally, there are six discrete characters: occlusal margin of the rostrum has 

a ventrally directed tip; the caudal part of the palate is descended, forming a suspensorium; 

lacking an obvious nasal bar foramen; the dorsal process of the premaxilla extends caudally 

past the orbit; bony premaxillary headcrest (note this is a symplesiomorphy); distinct 

zygapophyses absent from the mid-cervical vertebrae. 

 

Node 150: Azhdarchoidea (Nesov 1984). 

Definition: Pterosaurs that have a common ancestor with Quetzalcoatlus and Tapejara which is 

not shared by Germanodactylus, Dsungaripterus or Pteranodon. 

Contents: Thalassodromeus and “Tapejaridae”. 

Synapomorphies:  Char. 68 0 → 1 

    Char. 100 1 → 0 

    Char. 134 1 → 0 

    Char. 142 1 → 0 
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Synapomorphies that define the completely edentulous azhdarchoid clade presented here are: 

teeth absent; mandibular occlusal process; premaxillary headcrest has smooth bone; parietal 

headcrest present. 

Remarks: In the majority of cladistic analyses Azhdarchoidea is recovered with distinctive 

edentulous pterosaurs as its constituent species, possessing tall nasoantorbital fenestrae, large 

headcrests, long wing metacarpi and long tongue-like deltopectoral crests. Andres et al. (2014) 

is an exception, recovering dsungaripterids deeply nested within the clade, meaning that 

either teeth re-evolved or were lost on three separate occasions within Azhdarchoidea alone – 

five in total.  

 

Node 149: Unnamed clade (=Tapejaridae Kellner 1989) 

Synapomorphies: Char. 6  2.341-2.385 → 1.900-2.322  

Char. 9   0.612-0.784 → 0.597  

Char. 77 0 → 2  

Char. 78 2 → 0  

         Char. 124 0 → 1 

“Tapejaridae” is defined by five Synapomorphies: a steep quadrate angle (131˚-150˚); a 

shorter, deeper nasoantorbital fenestra; dorsal margin of the rostrum anterior to the 

nasoantorbital fenestra concave; dorsal margin of the skull above the nasoantorbital fenestra 

is expanded dorsally (convex); nasal bar absent or unossified. 

Remarks: In most phylogenies “Tapejaridae” is an exclusive group of azhdarchoid pterosaurs 

with tall premaxillary headcrests. This analysis found it to consist of all azhdarchoids except 

Thalassodromeus.  

 

Node 144: Unnamed clade. 

Definition: Tupandactylus and Quetzalcoatlus, their most recent common ancestor and all of 

its descendants. 

Contents: Tupandactylus, Caiuajara, “Tapejara navigans”, Caupedactylus and Neoazhdarchia. 
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Synapomorphies:  Char. 11 0.801-0.923 → 0.464-0.792 

The clade only has one synapomorphy: the length to width ratio of the humerus demonstrates 

that the element is wider than the ancestral condition. 

Remarks: this clade contains two significant clades, one being Neoazhdarchia and the other an 

unnamed clade that approximates Tapejarini (Andres et al. 2014), but lacks Tapejara 

wellnhoferi.  

 

Node 172: Unnamed clade (=Tapejarini). 

Definition: Pterosaurs that share a recent common ancestor with Tupandactylus, but not 

Quetzalcoatlus. 

Contents: Tupandactylus, Caiuajara, “Tapejara navigans”, Caupedactylus. 

Synapomorphies: Char. 112 1 → 0 

  Char. 113 1 → 0 

  Char. 157 1 → 0 

  Char. 161 0 → 1 

This clade is defined by four Synapomorphies: quadrate and quadratojugal placed medial to 

the jugal; an obvious otic process of the squamosal; the humeral shaft is bent in cranial view; 

deltopectoral crest approximately the same length as the humeral head is wide. 

Remarks: The clade comprises pterosaurs that are typically found in “Tapejarini”. In this 

analysis, Tapejara wellnhoferi is located more basal in Azhdarchoidea than in other analyses 

(e.g. Lü et al. 2009; Wang et al. 2009; Andres et al. 2014), and its most recent common 

ancestors with Tupandactylus and Sinopterus are both shared with Quetzalcoatlus.  

 

Node 143: Neoazhdarchia Unwin 2003a. 

Definition: Tupuxuara and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 
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Contents: Jidapterus, Shenzhoupterus, Bakonydraco, Tupuxuara, and Azhdarchidae.  

Synapomorphies:  Char. 4  0.723-0.728 → 0.989-1.049 

    Char. 37 2.255 → 2.005-2.064 

    Char. 76 1 → 0 

  Char. 91 0 → 2 

  Char. 231 2 → 1 

There are two synapomorphies consisting of continuous characters: higher rostral index, 

meaning the rostrum is lower and longer than the ancestral state; longer, thinner cervical 

vertebrae. Additionally, there are three discrete characters that are Synapomorphies: the 

occlusal surface of the rostrum is straight; jaw symphysis located proximally; crista spine is 

longer than half the width of the sternal plate. 

Remarks: Neoazhdarchia is a clade of azhdarchoids with long necks and relatively long skulls, 

which is supported by the continuous characters.  

 

Node 157: Unnamed clade.  

Definition: pterosaurs that have a common ancestor with Tupuxuara which is not shared with 

Quetzalcoatlus. 

Contents: Jidapterus, Shenzhoupterus, Bakonydraco, and Tupuxuara. 

 Synapomorphies: Char. 77 2 → 0 

    Char. 243 0 → 1 

This unnamed clade is defined here by two Synapomorphies: straight dorsal margin of the 

rostrum anterior to the nasoantorbital fenestra; the caudal margin of the postzygapophyses on 

the axis are in line with the caudal margin of the centrum. 

 

Node 142: Azhdarchidae (Nesov 1984). 

Definition: Pterosaurs that have a common ancestor with Azhdarcho which is not shared with 

Tupuxuara or Tapejara. 
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Content: Chaoyangopterus, Arambourgiania, Zhejiangopterus, Quetzalcoatlus and Azhdarcho 

Synapomorphies: Char. 4  0.989-1.049 → 1.216 

    Char. 172 1 → 0 

    Char. 189 1 → 0 

Azhdarchidae is supported by three Synapomorphies: an even higher rostral index (elongate 

rostrum, RI = 3.28) than that of the basal neoazhdarchian condition; a more robust pteroid; 

ventral ridge on wing phalanx two. 

Remarks: Chaoyangopterus was given its own family (Lü et al. 2008), to contain pterosaurs 

closer to it and Shenzhoupterus than to Tapejaridae or Azhdarchidae, but this clade is not 

found here. Many “chaoyangopterid” characters – including skull shape – can be observed in 

Azhdarcho, but the taphonomic state of Azhdarcho specimens has obscured this fact. 

Therefore, Chaoyangopteridae (Lü et al. 2008) is considered a junior synonym of Azhdarchidae 

(Nesov 1984) here.  

Node 135: Ornithocheiroidea Seeley 1891. 

Definition: Dsungaripterus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Lonchodectidae, Boreopteridae, Ikrandraco, Istiodactylus, Ornithocheiridae. 

Synapomorphies: Char. 6  2.341-2.385 → 2.248-2.284 

    Char. 8  1.401-1.454 → 1.219-1.321 

  Char. 18 2.640-2.694 → 2.696 

  Char. 27 0.968-1.185 → 2.220-2.281 

  Char. 83 0 → 2 

  Char. 162 1 → 0 

  Char. 166 0 → 1 

  Char. 231 2 → 1 

Ornithocheiroidea is defined by eight synapomorphies, including: the angle of quadrate to the 

occlusal margin of the rostrum (146˚-151˚); the orbit occupies a more dorsal position in the 

skull; wing metacarpal longer relative to the tibia; the femur is more slender; palatal surface 

convex at rostrum tip; round fossa on the anconal surface of the humerus; roller joint on wing 
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metacarpal rounded (protruding from shaft) on cranial surface; crista spine longer than half 

the width of the sternal plate. 

Remarks: Ornithocheiroidea has multiple cladistic definitions. Unwin (2003a) provided a more 

traditional definition – a clade containing Istiodactylus, Pteranodontidae, Ornithocheiridae, 

and Nyctosaurus –, whereas (Bennett 1994) provided a more inclusive definition – comprising 

Ornithocheirus, Brasileodactylus, Dsungaripteridae, Azhdarchidae and Pteranodontidae and 

the descendants of their most recent common ancestor. Notably, Kellner (2015) and Andres et 

al. (2014) follow Bennett. Here, a definition including ornithocheirids and dsungaripterids is 

used, but it excludes azhdarchoids. Although Ornithocheiroidea has priority over 

Dsungaripteroidea the latter is used at node 136 to promote nomenclatural stability further up 

the tree.  

 

Node 190: Lonchodectidae Hooley 1914. 

Definition: Pterosaurs that have a common ancestor with Lonchodectes which is not shared 

with Ornithocheirus. 

Contents: Lonchodectes, Prejanopterus, and Dsungaripterinae. 

Synapomorphies:  Char. 54 1 → 0 

The Lonchodectidae is defined by a single synapomorphy: the alveoli are raised around the 

tooth.  

Remarks: Despite this clade containing Dsungaripterus, Lonchodectidae has date priority over 

Dsungaripteridae as a family level clade. 

 

Node 188: Dsungaripterinae Andres et al. 2014. 

Definition: Dsungaripterus and Noripterus, their most recent common ancestor and all of its 

descendants. 

Contents: Domeykodactylus, Noripterus, and Dsungaripterus. 
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Synapomorphies:  Char. 69 0 → 1 

    Char. 133 1 → 0 

Dsungaripterinae is defined by two Synapomorphies: the premaxilla is edentulous; bony 

premaxillary headcrest, although the latter is most likely a symplesiomorphy. 

Remarks: Dsungaripterinae was originally erected to exclude Noripterus (Andres et al. 2014), 

but here it is redefined to include the taxon, replacing the family level name Dsungaripteridae 

which is not available. Note that according to the PhyloCode (Cantino and de Queiroz 2010), 

which is not yet officially in use, Dsungaripteridae could nest within Lonchodectidae at node 

188.  

 

Node 134: Unnamed clade. 

Definition: Boreopterus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Boreopteridae, Ikrandraco, and Lanceodontia. 

Synapomorphies:  Char. 9  0.612-0.784 → 1.012-1.097 

    Char. 11 1.063 → 1.066-1.576 

  Char. 14 0.982-1.081 → 0.803 

  Char. 29 1.272-1.301 → 0.619-1.112 

 Char. 48 0 → 1 

    Char. 97 0 → 2 

  Char. 135 0 → 1 

  Char. 153 1 → 0 

  Char. 157 0 → 1 

  Char. 160 1 → 0 

    Char. 212 1 → 0 

  Char. 223 1 → 0 

  Char. 239 1 → 0 

There are thirteen synapomorphies for this clade, four of which are slight changes in 

proportions and the remaining nine include: the nasoantorbital fenestra is more elongate; the 
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humerus is more elongate and slender; the wing metacarpal is more robust; the tibia is 

reduced relative to the femur; tooth crowns are recurved; the retroarticular process is wedge-

shaped; the premaxilla is not incorporated into the parietal headcrest; deltopectoral crest of 

humerus is warped; in cranial view, the humeral diaphysis is straight; angular epicondyles on 

the humerus; the postacetabular process is simple and posteriorly directed; scapula is 

approximately perpendicular to the vertebral column; cervical vertebrae have tall neural 

spines. 

Remarks: Istiodactylidae is available for this clade (Istiodactylus + Nurhachius) according to the 

Andres et al. (2014) definition of the clade, but the contents of this clade are much more 

inclusive than the family’s traditional concept, thus the clade is left unnamed.  

 

Node 161: Boreopteridae Lü et al. 2006a. 

Definition: All pterosaurs that have a common ancestor with Boreopterus which is not shared 

with Istiodactylus. 

Contents: Haopterus, Nurhachius, Boreopterus, Zhenyuanopterus, and Guidraco.  

Synapomorphies:  Char. 11 1.066-1.576 → 1.744 

  Char. 30 0.589-0.638 → 0.733 

  Char. 193 1 → 0 

The clade is based on three synapomorphies, two continuous characters, and one discrete 

character: the humerus width to length ratio demonstrates that the humerus is more elongate; 

the length of wing phalanx one is increased relative to wing phalanx two; pes approximately 

equal in size to the manus. 

Remarks: The Boreopteridae in this analysis includes Nurhachius and Haopterus which are 

often found as istiodactylids (Wang et al. 2008b; Lü et al. 2009) or basal ornithocheiroids, close 

to Istiodactylidae (Lü and Ji 2006).  

 

Node 159: Boreopterinae Lü et al. 2012. 
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Definition: Boreopterus and Zhenyuanopterus, their most recent common ancestor and all of 

its descendants. 

Contents: Boreopterus, Guidraco, and Zhenyuanopterus. 

Synapomorphies:  Char. 1  0.015-0.198 → 0.330-0.405 

  Char. 4  1.091-1.219 → 1.526 

  Char. 5  1.654-1.829 → 2.013 

  Char. 14 0.803 → 0.863 

  Char. 18 2.696-2.707 → 2.743 

  Char. 29 0.408 → 0.071 

  Char. 80 1 → 0 

  Char. 90 4 → 3 

    Char. 91 0 → 2 

The synapomorphies that define this clade include: high length to width ratio of the longest 

tooth; the high rostral index (RI = 5.32-7.22); a long prenarial portion of the skull; a more 

elongate wing metacarpal; wing metacarpal that is approximately the same length as the tibia; 

long femur relative to the tibia; the dorsal and occlusal surfaces of the rostrum are 

approximately parallel; the lower jaw ventral and occlusal margins are converging caudally 

under the nasoantorbital fenestra; the jaw symphysis is proximal to the articulation with the 

quadrate. 

Remarks: Boreopterinae excludes Haopterus and Nurhachius and includes only those 

ornithocheiroids with extremely elongate teeth.  

 

Node 132: Lanceodontia Andres et al. 2014. 

Definition: Istiodactylus and Anhanguera, their most recent common ancestor and all of its 

descendants. 

Contents: Istiodactylidae and Anhangueria. 

Synapomorphies: Char. 15 2.462 → 2.444 

  Char. 77 0 → 2 

  Char. 96 0 → 1 
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    Char. 113 1 → 0 

    Char. 123 1 → 0 

    Char. 174 0 → 1 

The Lanceodontia is defined by six synapomorphies, including a continuously variable 

character: the length of the wing metacarpal is marginally reduced relative to the ulna, and the 

discrete characters: the dorsal margin of the rostrum anterior to the nasoantorbital fenestra is 

concave; the retroarticular process is elongate; the otic process of the squamosal is 

conspicuous; triangular process of the lacrimal entering the orbit; the pteroid is proximally 

bent and distally straight.  

Remarks: Notably, despite the name referring to the teeth of the pterosaurs, no 

synapomorphies are dental characters. 

 

Node 194: Istiodactylidae Howse et al. 2001. 

Definition: All pterosaurs that have a common ancestor with Istiodactylus which is not shared 

with Pteranodon. 

Contents: Istiodactylus spp. 

Synapomorphies:  Char. 3  0.123-0.430 → 0.113 

    Char. 4  1.195-1.219 → 0.992 

  Char. 7  0.414-0.444 → 0.203 

  Char. 8  1.219-1.321 → 1.355 

  Char. 43 0.245-0.327 → 0.184 

  Char. 47 1 → 0 

  Char. 52 1 → 0 

  Char. 59 1 → 0 

  Char. 65 0 → 1 

  Char. 105 1 → 0 

  Char. 118 1 → 2 

  Char. 128 2 → 0 

  Char. 161 1 → 0 

  Char. 224 2 → 1 
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  Char. 229 1 → 0 

The Istiodactylus species are distinct from other ornithocheiroids because of fifteen 

Synapomorphies: there is little difference in shape between the largest and smallest tooth 

(near isodont); lower rostral index than the ancestral condition; the depth of the orbit is 

increased relative to the skull depth; the orbit is placed in a lower position in the skull; fewer 

teeth than other ornithocheiroids; tooth crowns expand coronal of the cervical portion; teeth 

are isodont (in size); there is an odontoid process on the lower jaw; dentition doesn’t extend 

caudally beneath the nasoantorbital fenestra; constricted descending vacuity below of the 

orbit; the lacrimal process of the jugal is reclined; entire caudal periphery of the nasoantorbital 

fenestra is reclined; deltopectoral crest is longer than the humeral head is wide; glenoid fossa 

is located mainly on the coracoid; distal end of coracoid with distinct condyles. 

Remarks: Liaoxipterus is undiagnostic and is here considered a nomen dubium. Nurhachius is 

often considered an istiodactylid but is found to be a boreopterid in this analysis.  

 

Node 131: Anhangueria Andres et al. 2014. 

Definition: Brasileodactylus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Brasileodactylus, Barbosania, Coloborhynchus, Anhanguera santanae, Anhanguera 

piscator, Anhanguera blittersdorffi, Hamipterus, Anhhanguera araripensis, Ornithocheirus 

mesembrinus, Cearadactylus, Liaoningopterus, Ludodactylus, and Pteranodontia. 

Definition: All pterosaurs that have a common ancestor with Anhanguera which is not shared 

with Istiodactylus. 

Synapomorphies:  Char. 4  1.195-1.219 → 1.404-1.410 

  Char. 6  2.248-2.284 → 2.147-2.243 

  Char. 14 0.715-0.803 → 1.505 

  Char. 230 1 → 0 

Three continuous characters are synapomorphies for Anhangueria, including: lower rostral 

index; steeper angle of the quadrate; considerably more slender wing metacarpal. 
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Additionally, one discrete character is a synapomorphy: the cross-section of the scapula is 

rounded. 

 

Node 130: Unnamed clade. 

Definition: Coloborhynchus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Coloborhynchus, Anhanguera santanae, Anhanguera piscator, Anhanguera 

blittersdorffi, Hamipterus, Anhhanguera araripensis, Ornithocheirus mesembrinus, 

Cearadactylus, Liaoningopterus, Ludodactylus and Pteranodontia. 

Synapomorphies:  Char. 87 1 → 0 

  Char. 133 1 → 0 

  Char. 217 1 → 0 

There are three discrete synapomorphies for this unnamed clade: distal rostrum laterally 

expanded; bony premaxillary headcrest present; obturator foramen present. 

Remarks: These characters are possible synapomorphies of Anhangueria, but are not 

confirmed in Brasileodactylus or Barbosania, mainly due to their poor preservation. 

Additionally, the premaxillary headcrest might be absent in Barbosania due to sexual 

dimorphism. 

 

Node 138: Unnamed clade. 

Definition: Coloborhynchus and Anhanguera piscator, their most recent common ancestor and 

all of its descendants. 

Contents: Coloborhynchus, Anhanguera santanae, and Anhanguera piscator. 

Synapomorphies:  Char. 50 2 → 1 

  Char. 138 0 → 1 

  Char. 152 1 → 0 

  Char. 227 0 → 1 
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Remarks: This unnamed clade is defined by four Synapomorphies: tooth enamel restricted to 

less than 50% of the crown; dentary crest present; deltopectoral crest is descended by more 

than half its depth; the supracoracoideus crest is located distally. These states cannot be 

observed in other ornithocheirid taxa, especially Anhanguera species, due to their taphonomic 

state. 

 

Node 128: Unnamed clade. 

Definition: Hamipterus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Hamipterus, Anhhanguera araripensis, Ornithocheirus mesembrinus, Cearadactylus, 

Liaoningopterus, Ludodactylus, Pteranodontia. 

Synapomorphies:  Char. 114 0 → 1 

  Char. 123 0 → 1 

This clade is supported by two Synapomorphies: the jugal/lacrimal contact is level with the 

centre of the orbit; there is no triangular process of the lacrimal.  

Remarks: This clade is of interest because Hamipterus possesses a plesiomorphic headcrest 

and a less heterodont dentition than other ornithocheiroids in this clade (excluding edentulous 

taxa). The latter of the two synapomorphies is also a plesiomorphic state, so it could be a 

reversal in one of the taxa. Furthermore, Hamipterus is stratigraphically older than 

Anhanguera. Therefore, placement of Hamipterus, deeply nested within Ornithocheiroidea is 

somewhat problematic.  

 

Node 127: Unnamed clade. 

Definition: Hamipterus and Anhanguera araripensis, their most recent common ancestor and 

all of its descendants. 

Contents: Hamipterus and Anhanguera araripensis. 

Synapomorphies: Char. 155 1 → 0 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

269 
 

There is only one synapomorphy uniting Hamipterus with Anhanguera araripensis: the rotator 

crest on the humeral diaphysis is prominent. 

 

Node 178: Euornithocheira Unwin 2003a. 

Definition: Ornithocheirus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Ornithocheirus mesembrinus, Cearadactylus, Liaoningopterus, Ludodactylus, and 

Pteranodontia. 

Synapomorphies:  Char. 91 1 → 0 

  Char. 142 1 → 0 

  Char. 145 1 → 0 

This clade is defined by three Synapomorphies: jaw symphysis placed distally; parietal 

headcrest present; premaxilla extends back to the choana on the palatal surface. 

 

Node 177: Ornithocheiridae Seeley 1870. 

Definition: Pterosaurs that have a common ancestor with Ornithocheirus which isn’t shared 

with Pteranodon. 

Contents: Ornithocheirus mesembrinus and Cearadactylus. 

Synapomorphies:  Char. 6  2.147-2.243 → 2.262 

    Char. 60 1 → 0 

  Char. 128 2 → 1 

The Ornithocheiridae, consisting of Ornithocheirus and Cearadactylus only, is defined by three 

Synapomorphies: greater angle of the quadrate; the mesial tooth pair contact at the alveoli; 

the caudal periphery of the nasoantorbital fenestra is descending at approximately ninety 

degrees. 
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Node 197: Unnamed clade. 

Definition: Liaoningopterus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Liaoningopterus, Ludodactylus, Pteranodontia. 

Synapomorphies:  Char. 6  2.147-2.243 → 1.990-2.015 

    Char. 64 0 → 2 

    Char. 87 0 → 1 

  Char. 143 1 → 0 

The clade is defined by four Synapomorphies: steeper angle of the quadrate to the occlusal 

margin of the rostrum; teeth are graded up in size and back down if they are present; the 

lateral sides of the rostrum are not expanded at the tip; there is a large parietal headcrest.  

Remarks: Liaoningopterus and Ludodactylus are similar in appearance to the edentulous 

Pteranodon longiceps due to their long parietal headcrest. Here the headcrest is considered a 

homology. 

 

Node 198: Unnamed clade. 

Definition: Ludodactylus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Ludodactylus and Pteranodon. 

Synapomorphies:  Char. 133 0 → 1 

The only synapomorphy excluding Liaoningopterus from this clade might be sexually 

dimorphic: bony premaxillary headcrest is absent. 

 

Node 200: Pteranodontia Marsh 1876. 

Definition: Pteranodon and Nyctosaurus, their most recent common ancestor and all of its 

descendants. 
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Contents: Pteranodon, Muzquizopteryx, and Nyctosaurus. 

Synapomorphies:  Char. 5  1.934 → 2.481 

    Char. 8  1.190-1.207 → 1.366-1.405 

    Char. 68 0 → 1 

    Char. 80 0 → 1 

  Char. 86 1 → 0 

  Char. 90 2 → 3 

   Char. 91 0 → 2 

    Char. 93 1 → 0 

All of the synapomorphies that define Pteranodontia are cranial characters and the majority 

are adaptations in the jaw and rostrum: prenarial length is increased; the orbit is positioned 

lower in the skull than the ancestral condition; edentulous; the dorsal and occlusal margins of 

the rostrum diverge caudally; the lateral sides of the rostrum tip are pointed; under the 

nasoantorbital fenestra the jaw rami are converging caudally; the jaw symphysis is proximal; 

the splenials form a mandibular shelf. 

 

Node 199: Nyctosauridae Nicholson and Lydekker 1889. 

Definition: Muzquizopteryx and Nyctosaurus, their most recent common ancestor and all of its 

descendants. 

Contents: Muzquizopteryx and Nyctosaurus. 

Synapomorphies: Char. 6  1.990-2.015 → 2.039 

    Char. 150 1 → 0 

    Char. 151 1 → 0 

    Char. 152 1 → 0 

    Char. 153 0 → 1 

    Char. 161 1 → 0 

    Char. 173 1 → 0 

    Char. 177 0 → 1 

    Char. 209 2 → 1 
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Nyctosaurs are highly derived pteranodontians with nine Synapomorphies: angle of the 

quadrate to the occlusal margin of the rostrum is greater than the ancestral state; 

deltopectoral crest constricted; distal margin of the deltopectoral crest is square in outline; the 

deltopectoral crest is descended by more than half of its width; deltopectoral crest is not 

warped; deltopectoral crest is larger than the humeral head; pteroid with broad epiphysis; 

functional manus is lost i.e. digits one, two and three; the distal expansion of the prepubis is 

broader than the ischium. 

 

Node 202: Pteranodon Marsh 1876. 

Definition: see Bennett 1994. 

Contents: Pteranodon longiceps and Pteranodon sternbergi. 

Synapomorphies:  Char. 118 0 → 2 

    Char. 128 2 → 0 

  Char. 170 1 → 0 

  Char. 212 0 → 2 

    Char. 213 1 → 0 

Pteranodon is distinguished from the nyctosaurs by five additional Synapomorphies: the 

lacrimal process of the jugal is reclined; the entire caudal periphery of the nasoantorbital 

fenestra is reclined; there is a hooked proximal tubercle on the radius; the dorsal 

postacetabular process has a hooked cranial process; the postacetabular process is fused into 

the supraneural plate. 
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Figure 5.2.2. The strict consensus tree of two 

MPTs resulting from the analysis of 104 taxa 

with 320 characters, 249 of which were 

devised independently of the literature. 

Details of the MPTs can be found in sub-

chapter 5.1.2. The numbers below the 

branches are node numbers which relate to 

the listed synapomorphies in sub-chapter 

5.2.2. The bold numbers above the branches 

and to the right of sister taxa are the 

bootstrap supports for those clades. The red 

branches represent the maximum agreement 

subtree with Andres et al. 2014. EUP = 

Eupterodactyloidea; SCA = Scaphognathidae. 
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5.2.2. Comprehensive analysis 

Node 122: Pterosauria Kaup 1834. 

Definition: Preondactylus and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants (Peters 2000; Unwin 2003a). 

Contents: Preondactylus, Austriadactylus, Eudimorphodontidae, and Macronychoptera. 

Synapomorphies: Char. 64 0 → 1  

   Char. 130 0 → 1  

   Char. 169 0 → 1  

   Char. 172 1 → 0  

   Char. 217 1 → 0  

   Char. 249 1 → 0 

Six synapomorphies define Pterosauria: teeth are more closely spaced distally than mesially; 

the inferior temporal fenestra is located partially beneath the orbit; ulna and radius have 

approximately equal dimensions by comparison with the ancestral condition; the pteroid is 

present; pubis and ischium fused into a single plate; the neural spines and hypapophyses of 

the caudal vertebrae are slender rods. 

 

Node 159: Unnamed clade 

Definition: Preondactylus and Austriadactylus, their most recent common ancestor and all of 

its descendants. 

Contents: Preondactylus and Austriadactylus. 

Synapomorphies: Char. 2  2.599-2.734 → 2.503  

   Char. 3  0.227-0.239 → 0.169  

   Char. 9  0.350-0.362 → 0.298  

   Char. 57 0 → 1  

   Char. 67 1 → 0  

   Char. 68 1 → 0  

   Char. 103 1 → 0  



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

275 
 

   Char. 110 2 → 0  

   Char. 278 1 → 0 

Nine synapomorphies define this basal most branch of the Pterosauria: the mesial tooth has a 

thinner profile relative to the distal tooth compared to the ancestral condition; the greatest 

difference between two tooth profiles is reduced; the antorbital fenestra is shorter relative to 

its depth; the dentition in the rostrum is different to that of the lower jaw; a single enlarged 

tooth is located under the dorsal process of the maxilla; retroarticular process and articular 

facet form a right angle; caudal periphery of the antorbital fenestra straight; external nares are 

larger than the orbit.  

Remarks: With the exception of the premaxillary crest, there are few discernible differences 

between Austriadactylus and Preondactylus. The preservation of Preondactylus is poor and a 

headcrest may have been lost, or it may be a sexually dimorphic feature. It is possible that 

“Austriadactylus cristatus” is a species of Preondactylus, or conspecific. 

 

Node 121: Lonchognatha Unwin 2003a. 

Definition: Rhamphorhynchus and Eudimorphodon, their most recent common ancestor and all 

of its descendants. 

Contents: Eudimorphodontidae and Macronychoptera. 

Synapomorphies: Char. 5  0.373-0.436 → 0.804-1.018  

   Char. 12  1.872 → 1.957-1.973  

   Char. 37  2.670 → 2.704-2.713  

   Char. 41  2.098 → 1.968  

   Char. 46 0 → 1  

   Char. 72 0 → 1  

   Char. 76 2 → 0  

   Char. 78 1 → 0  

   Char. 80 0 → 1 

There are nine synapomorphies defining the Lonchognatha, including: prenarial portion of the 

skull is longer than the ancestral condition; wing metacarpal length increased relative to the 
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humerus; cervical vertebrae more robust; cervical series longer relative to the dorsal series; 

teeth lack serrations; tooth direction is variable in the dentition; teeth interlock mesiodistally; 

dorsal margin of the rostrum anterior to the external nares straight; premaxilla excluded from 

the ventral margin of the external nares. 

 

Node 177: Eudimorphodontidae Wellnhofer 1978. 

Definition: Carniadactylus and Eudimorphodon, their most recent common ancestor and all of 

its descendants. 

Contents: Eudimorphodon, Caviramus, and Carniadactylus. 

Synapomorphies: Char. 13  0.956-1.624 → 0.808  

   Char. 15  1.751-1.846 → 1.863  

   Char. 27  0.754 → 0.925-1.235  

   Char. 28  2.352-2.477 → 2.269  

   Char. 34  2.023 → 1.576  

   Char. 45 0 → 1  

   Char. 99 1 → 0  

   Char. 115 0 → 2  

   Char. 116 1 → 0  

   Char. 266 1 → 0  

   Char. 301 1 → 0 

Eudimorphodontidae is defined by eleven Synapomorphies: pteroid longer relative to ulna; 

wing metacarpal longer relative to ulna; femoral diaphysis more slender; femoral head more 

robust relative to the condyles; the length of manual digit one phalanx one is reduced relative 

to manual digit two phalanx one; up to five cusps on the teeth; constriction (neck) on the 

posterior expansion of the retroarticluar process; jugal and lacrimal contact in the dorsal 

portion of the orbit; jugal extends under the nasoantorbital fenestra by at least half of its 

length; nutrient foramina in a row along the lateral margin of the jaw; condylar morphology on 

the distal femur. 
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Remarks: “Arcticodactylus cromptonellus” is considered congeneric with Eudimorphodon ranzii 

here. The Eudimorphodontidae is a group of basal pterosaurs easily characterised by the 

multiple cusps on some of their teeth.  

 

Node 120: Macronychoptera Unwin 2003a. 

Definition: Dimorphodon, Anurognathus and Quetzalcoatlus, their most recent common 

ancestor and all of its descendants. 

Contents: Dimorphodontidae and Novialoidea. 

Synapomorphies: Char. 1  0.050-0.053 → 0.102-0.104  

   Char. 43  0.245-0.286 → 0.163  

   Char. 104 0 → 1  

   Char. 160 2 → 3  

   Char. 193 1 → 0  

   Char. 205 1 → 0  

   Char. 220 0 → 1  

   Char. 313 0 → 1 

Macronychoptera is defined by eight Synapomorphies: the longest tooth has a narrower 

morphology than the plesiomorphic condition; fewer teeth in the jaws; the orbit is subrounded 

or angular; humeral head and condyles are approximately the same width; longest pedal digit 

is as long or longer than the metatarsal; preacetabular process is narrow; in dorsal view the 

pelvis is longer than it is wide; coracoid is fractionally shorter or the same length as the 

scapula. 

Remarks: At this node, Macronychoptera is synonymous with Scaphognathoidea (Hooley 

1913). However, Scaphognathoidea has been out of regular use for a substantial length of 

time, thus the priority rule of precedence is reversed (ICZN article 23.9).  

 

Node 170: Dimorphodontidae Seeley 1870. 
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Definition: Peteinosaurus and Dimorphodon, their most recent common ancestor and all of its 

descendants. 

Contents: Dimorphodon, Peteinosaurus and Cacibupteryx. 

Synapomorphies: Char. 14 0.287-0.436 → 0.213  

   Char. 119 0 → 1  

   Char. 130 1 → 0  

   Char. 131 0 → 1  

   Char. 258 1 → 0 

Dimorphodontidae is defined by five Synapomorphies: a lower wing metacarpal length to 

width ratio (i.e. broader) than the plesiomorphic condition; the lacrimal process of the jugal is 

perpendicular to the dental plane; inferior temporal fenestra is entirely posterior to the orbit; 

inferior temporal fenestra is perpendicular to the dental plane; the caudal end of the lower 

jaw has a distinct coronoid eminence. 

 

Node 119: Novialoidea Kellner 2003a. 

Definition: Campylognathoides and Quetzalcoatlus, their most recent common ancestor and all 

of its descendants. 

Contents: Rhamphorhynchidae, Scaphognathidae, Parapsicephalus, and Monofenestrata. 

Synapomorphies: Char. 6  1.218-1.517 → 1.877  

   Char. 18 2.226-2.304 → 2.424-2.445  

   Char. 32 1.065 → 1.085-1.126  

   Char. 73 1 → 0  

   Char. 133 0 → 1  

   Char. 212 0 → 1  

   Char. 268 0 → 1  

   Char. 271 0 → 1 

Novialoidea is defined by eight Synapomorphies: angle of the quadrate to the dental plane is 

increased (130˚ from 114˚); wing metacarpal longer relative to the tibia; manual digit two 

distal phalanx is longer relative to the ungual; the direction of the teeth changes gradually 
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throughout the dentition; the premaxilla extends to the orbit, but no further than half way 

across the orbit; the postacetabular process is shorter than the preacetabular process; the 

quadrate is thin and cylindrical; the basisphenoid is longer than it is wide. 

 

Node 175: Rhamphorhynchidae Seeley 1870. 

Definition: All pterosaurs that have a common ancestor with Rhamphorhynchus which is not 

shared with Pterodactylus. 

Contents: Dorygnathus, Rhamphorhynchus, Campylognathoides. 

Synapomorphies: Char. 10 1.212-1.416 → 0.320  

   Char. 24 0.224 → 0.329  

   Char. 27 0.754 → 1.657-1.722  

   Char. 33 0.881-1.088 → 1.529-1.597  

   Char. 188 2 → 1  

   Char. 216 0 → 1  

   Char. 219 0 → 2  

   Char. 222 1 → 0  

   Char. 259 1 → 0  

   Char. 260 1 → 0  

   Char. 277 1 → 0 

The clade is defined by eleven Synapomorphies: the orbit is larger relative to the inferior 

temporal fenestra; first wing phalanx length increased relative to humerus; femoral diaphysis 

is more slender; average metatarsal length to width ratio increased i.e. more slender; the 

extensor tendon process has a deep groove in it; the posterior margin of the ischium is 

angular; obturator foramen located posterior to the acetabulum; sciatic notch is approximately 

the same depth as the acetabulum; caudal ramus of the maxilla expands ventrally; the lower 

jaw has a prow; the superior temporal fenestra is the largest opening in the skull after the 

orbit. 

Remarks: In this analysis, the Rhamphorhynchidae was found to consist of Rhamphorhynchus, 

Dorygnathus, and Campylognathoides. This is a much smaller group in comparison to the 

distinct analysis. Trees with Campylognathoides closely related to Rhamphorhynchidae are 
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often found (Kellner 2003a; Unwin 2003a; Lü and Ji 2006; Wang et al. 2009; Andres et al. 

2014), but the genus has never been considered a rhamphorhynchid.  

 

Node 118: Unnamed clade. 

Definition: Scaphognathus and Quetzalcoatlus, their most recent common ancestor and all of 

its descendants. 

Contents: Scaphognathidae, Parapsicephalus, and Monofenestrata. 

Synapomorphies: Char. 3  0.177-0.278 → 0.093-0.125  

   Char. 14  0.340-0.436 → 0.527  

   Char. 51 0 → 2  

   Char. 58 1 → 0  

   Char. 64 1 → 2  

   Char. 115 0 → 1  

   Char. 162 0 → 2  

   Char. 164 0 → 1  

   Char. 166 1 → 0  

   Char. 191 0 → 1  

   Char. 201 0 → 1  

   Char. 230 0 → 1  

   Char. 247 0 → 1 

This clade is defined by thirteen synapomorphies: the greatest difference in dental indices is 

reduced i.e. the teeth have a more consistent profile; wing metacarpal more elongate and 

slender; tooth enamel extends about halfway down the crown; the tooth distribution in the 

lower jaw is similar to that in the rostrum; the dentition is more closely spaced mesially; jugal 

contacts the lacrimal approximately in the middle of the orbit; the deltopectoral crest is not as 

long as the humeral head is wide; wing metacarpal lacks the crista metacarpi; roller joint on 

the wing metacarpal is approximately round; femoral head oblique to the shaft; phalanges two 

and three of pedal digit four are square or shorter than they are wide; the end of the coracoid 

lacks distinct condyles; proximal caudal vertebrae lack distinct lateral processes. 
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Remarks: This unnamed clade is important because it represents the first occurrence of the 

robust fourth pedal digit elements and the simplification of the wing metacarpal. Therefore, 

this clade merits a new unranked clade name.  

 

Node 125: Scaphognathidae Hooley 1913. 

Definition: All pterosaurs that have a common ancestor with Scaphognathus which is not 

shared with Darwinopterus. 

Contents: Fenghuangopterus, Harpactognathus, Angustinaripterus, Scaphognathus, Sordes, 

Sericipterus and Anurognathinae. 

Synapomorphies: Char. 11  1.112-1.164 → 1.273-1.687  

   Char. 49 0 → 1  

   Char. 86 0 → 2  

   Char. 208 0 → 3  

   Char. 251 0 → 1 

There are five synapomorphies that define Scaphognathidae with anurognathines in it 

(although there are more uniting characters): the humerus is more slender than the ancestral 

condition; tooth crowns are recurved; in dorsal view, the preorbital lateral margin is convex; 

the prepubic boot is spatulate and narrow; the displacement of tooth curvature is at least one 

tooth width. 

Remarks: Unlike the distinct analysis, Anurognathus and its cohort are found in 

Scaphognathidae, thus Anurognathidae is reclassified to the subfamily level below.  

 

Node 145: Anurognathinae Nopcsa 1928. 

Definition: Anurognathus and Batrachognathus, their most recent common ancestor and all of 

its descendants. 

Contents: Jeholopterus, Batrachognathus, Dendrorhynchoides, and Anurognathus. 

Synapomorphies: Char. 4  0.812-0.833 → 0.471  
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   Char. 14 0.527 → 0.439  

   Char. 16 0.257-0.340 → 0.241  

   Char. 24 0.223-0.240 → 0.816  

   Char. 30 0.350-0.484 → 0.636  

   Char. 32 1.085-1.126 → 1.288-1.465  

   Char. 53 1 → 0  

   Char. 64 2 → 0  

   Char. 77 2 → 0  

   Char. 80 1 → 0  

   Char. 130 1 → 0  

   Char. 146 1 → 0  

   Char. 158 0 → 1  

   Char. 276 1 → 0  

   Char. 282 1 → 0 

Although Anurognathinae is deeply nested in Scaphognathidae it is still distinguished from 

other scaphognathids by fifteen Synapomorphies: a very low rostral index i.e. tall, short 

rostrum; shorter, broader wing metacarpal; wing metacarpal shorter relative to the scapula; 

wing phalanx one longer relative to humerus; wing phalanx one length increased relative to 

wing phalanx two; length of the digit two distal phalanx increased relative to the ungual; teeth 

isodont; teeth regularly spaced; occlusal surface of the rostrum straight; part of the premaxilla 

located ventral to the external nares; inferior temporal fenestra is posterior to the orbit; 

premaxilla extends back to the choana; humeral shaft is straight in cranial view; external nares 

are taller than they are long; the ventral margins of the external nares and antorbital fenestra 

are at the same height. 

 

Node 117: Unnamed clade. 

Definition: Parapsicephalus and Darwinopterus, their most recent common ancestor and all of 

its descendants. 

Contents: Parapsicephalus and Monofenestrata. 

Synapomorphies: Char. 9   0.350-0.362 → 0.401  
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   Char. 117 1 → 0 

This unnamed clade is defined by two Synapomorphies: antorbital fenestra longer and lower 

than other closely related non-monofenestratans; jugal lacks a posterior process and is tri-

radiate. 

Remarks: There are only a couple of uniting characters for Parapsicephalus and the 

Monofenestrata. However, there are synapomorphies that place Parapsicephalus in the 

unnamed clade at node 118 and others that exclude it from Scaphognathidae.  

 

Node 116: Monofenestrata Lü et al. 2009. 

Definition: Darwinopterus and Quetzalcoatlus, their most recent common ancestor and all of 

its descendants. 

Contents: Wukongopteridae, the Painten propterodactyloid (Tischlinger and Frey 2013) and 

Pterodactyloidea. 

Synapomorphies: Char. 6  1.877 → 2.093-2.341  

   Char. 8  1.372-1.397 → 1.399-1.454  

   Char. 9  0.401 → 0.521-0.784  

   Char. 10  1.212-1.416 → 0.818-1.108  

   Char. 108 1 → 0  

   Char. 111 1 → 0  

   Char. 121 1 → 0 

Synapomorphies at the node defining Monofenestrata include: greater angle of the quadrate 

to the occlusal margin of the rostrum (transformed from 130˚ to 139.5˚-150.5˚); the orbit is 

lower relative to the skull depth; a longer, lower nasoantorbital fenestra compared to the 

antorbital fenestra; the orbit is larger relative to the maximum length of the inferior temporal 

fenestra; the centre of the orbit lies above the quadrate; nasal contacts the antorbital 

fenestra; nares and antorbital fenestra is confluent. 

Remarks: This clade was provided with a character based definition which included the cranial 

and cervical vertebrae characters which were used to define Pterodactyloidea prior to the 

description of Darwinopterus (Lü et al. 2009). The remaining postcranial characters now define 
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Pterodactyloidea, including the reduction of the fifth toe. Here, a node-based definition is 

provided for the Monofenestrata to avoid confusion, as some researchers consider 

anurognathines to have a confluent nasoantorbital fenestra (Andres et al. 2010).  

 

Node 180: Wukongopteridae Wang et al. 2010. 

Definition: Wukongopterus and Darwinopterus, their most recent common ancestor and all of 

its descendants. 

Contents: Wukongopterus, Darwinopterus, and Changchengopterus. 

Synapomorphies: Char. 20  2.460-2.533 → 2.740-2.802  

   Char. 23  0.464-0.501 → 0.248  

   Char. 31  0.474-0.531 → 0.563-0.584  

   Char. 33  0.798-1.088 → 0.797  

   Char. 173 0 → 1  

   Char. 196 1 → 2  

   Char. 223 1 → 0 

Wukongopteridae is defined by seven Synapomorphies: distal phalanx comprises a significant 

proportion of the total wing finger length; the length of the first wing phalanx is increased 

relative to the wing metacarpal; the proximal width of the fifth metatarsal is wider relative to 

the distal width; the metatarsals are slightly more robust than the ancestral condition; pteroid 

significantly thinner than the radius; the fifth pedal digit has a kink in the distal phalanx; the 

scapulocoracoid is fused.  

Remarks: Here, the only synapomorphy originally defined by Wang et al. (2010) that is 

considered to define Wukongopteridae and not monofenestrata is: “first wing finger phalanx 

shorter than fourth wing finger phalanx”. As with the distinct analysis, the Wukongopteridae is 

no longer defined by Kunpengopterus due to the questionable authenticity of the type 

material.  

 

Node 115: Unnamed clade. 
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Definition: The Painten propterodactyloid and Quetzalcoatlus, their most recent common 

ancestor and all of its descendants. 

Contents: The Painten propterodactyloid and Pterodactyloidea. 

Synapomorphies: Char. 5  0.985-1.296 → 1.653  

   Char. 6  2.093-2.341 → 2.517-2.556  

   Char. 10  0.818-1.108 → 0.380-0.763  

   Char. 12  2.106-2.144 → 2.158  

   Char. 15  1.975-1.985 → 2.145  

   Char. 16  0.457-0.503 → 0.557  

   Char. 18  2.465-2.468 → 2.558  

   Char. 21  2.555-2.571 → 2.180  

   Char. 22  0.791-0.811 → 0.907-1.004  

   Char. 23  0.464-0.501 → 0.507  

   Char. 25  1.604-1.658 → 1.811-1.897  

   Char. 39  0.118-0.350 → 0.568  

   Char. 40  1.636 → 0.727-0.818  

   Char. 42  0.067-0.071 → 0.663-0.781  

   Char. 105 02 → 1  

   Char. 112 1 → 0  

   Char. 238 0 → 1 

There are seventeen synapomorphies defining this clade, of which fourteen are continuous 

characters: an increase in the prenarial length of the skull; greater angle between the quadrate 

and the occlusal plane of the cranium; the length of the inferior temporal fenestra is reduced 

relative to the orbit; length of the wing metacarpal is increased relative to the humerus, ulna, 

wing phalanx one, scapula and tibia; wing phalanx two comprises more of the wing finger, 

whereas phalanx three comprises less of the wing finger; the hindlimb is longer relative to the 

wing; shorter, robust caudal centra; fewer caudal vertebrae; the total length of the caudal 

vertebral series relative to the dorsal series is reduced; the lacrimal process and orbital process 

of the jugal make a right angle; the superior temporal fenestra ventral margin is below the 

middle of the orbit; cervical ribs are absent or not ossified.  

Remarks: The synapomorphies for this clade are mostly morphological transitions between 

wukongopterids and pterodactyloids. 
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Node 114: Pterodactyloidea Plieninger 1901. 

Definition: Monofenestratan pterosaurs with a fifth pedal digit that is less than half the length 

of metatarsal four and a distal phalanx that is shorter than the preceding phalanx. In this tree, 

the clade defined by these criteria is Eosipterus and Quetzalcoatlus, their most recent common 

ancestor and all of its descendants. 

Contents: Eosipterus, Pterodactylus, and Lophocratia. 

Synapomorphies: Char. 12  2.158 → 2.269  

   Char. 14  0.687 → 0.941-0.982  

   Char. 17  2.417 → 2.550-2.559  

   Char. 18  2.558 → 2.623-2.652  

   Char. 20  2.460 → 2.266  

   Char. 21  2.180 → 1.967-2.029  

   Char. 23  0.507 → 0.715  

   Char. 30  0.200-0.202 → 0.366  

   Char. 204 2 → 1  

   Char. 240 0 → 1 

The Pterodactyloidea is defined by ten synapomorphies, including: a longer, thinner wing 

metacarpal than the plesiomorphic condition; a longer wing metacarpal relative to the 

humerus, wing phalanx one, femur and tibia; the length of the wing phalanges three and four 

are reduced relative to the rest of the wing finger; wing phalanx two is reduced relative to 

wing phalanx one, but remains fractionally longer; there is only one phalanx in pedal digit five; 

the cervical neural spines are low and blade like. 

 

Node 112: Lophocratia Unwin 2003a. 

Definition: Pterodaustro and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 

Contents: Euctenochasmatia and Eupterodactyloidea. 

   Char. 11 1.112 → 0.623-1.090  

   Char. 26 0.373-0.419 → 0.448-1.079  
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   Char. 31  0.531 → 0.691  

   Char. 34 1.595 → 1.207-1.212  

   Char. 128 0 → 1  

   Char. 173 0 → 1  

   Char. 185 1 → 0  

   Char. 206 1 → 0 

Synapomorphies of Lophocratia include: fractionally shorter, broader humerus than the 

ancestral condition; the pubis is longer relative to the femur; the proximal end of the fifth 

metatarsal is broader than the distal end; the length of manual digit one phalanx one is 

reduced relative to manual digit two phalanx one; the nasal bar foramen is absent or 

undetectably small; pteroid much thinner than radius; digit three phalanx one is more robust 

than the other phalanges in the manus; preacetabular process is straight. 

 

Node 111: Euctenochasmatia Unwin 2003a. 

Definition: Diopecephalus and Pterodaustro, their most recent common ancestor and all of its 

descendants. 

Contents: Diopecephalus kochi and Ctenochasmatoidea. 

Synapomorphies: Char. 8  1.437-1.454 → 1.240-1.255  

   Char. 44 0.667 → 0.530  

   Char. 104 1 → 0  

   Char. 248 0 → 1  

   Char. 310 1 → 0 

This clade is defined by five Synapomorphies: the orbit is placed higher in the skull i.e. the jugal 

quadratojugal complex is deeper; metatarsal length relative to the tibia increased; round orbit; 

neural spines of the caudal vertebrae have been lost; the postacetabular process has a sub-

horizontal dorsal surface. 

Remarks: Diopecephalus was originally used to define Euctenochasmatia with Pterodaustro. 

Here, the original definition is employed, thus excluding Pterodactylus from the clade. This is at 

odds with distinct analysis, which includes Pterodactylus.  
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Node 110: Ctenochasmatoidea Unwin 1995. 

Definition: Pterodaustro and Cycnorhamphus, their most recent common ancestor and all of its 

descendants. 

Contents: Ctenochasmatidae and Aurorazhdarchia. 

Synapomorphies: Char. 3  0.093-0.123 → 0.136-0.325  

   Char. 14  0.941-0.982 → 1.122-1.284  

   Char. 37  2.473-2.481 → 2.096-2.107  

   Char. 66 0 → 1  

   Char. 81 1 → 0  

   Char. 105 1 → 2  

   Char. 120 1 → 0  

   Char. 133 2 → 1  

   Char. 158 0 → 1  

   Char. 307 1 → 0 

This clade is defined by the following Synapomorphies: a greater difference in profile of the 

largest and smallest teeth; longer, thinner wing metacarpal than the ancestral condition; 

longer, thinner cervical vertebral centra; dentition absent under the nasoantorbital fenestra; 

the dorsal and occlusal surfaces of the rostrum are approximately parallel; the lacrimal process 

of the jugal is oblique to the postorbital process; the quadratojugal is robust and significantly 

separates the jugal from the quadrate; the premaxilla extends to the orbit, but no further than 

half way across it; in cranial view, the humeral shaft is straight; ventral margin of the ischium is 

straight. 

Remarks: Ctenochasmatoidea is a group of early pterodactyloids, often associated with coastal 

or lacustrine environments. They are typified by pterosaurs with relatively long forearms and 

wrists, long necks, and often highly specialized dentitions.  

 

Node 165: Ctenochasmatidae Nopcsa 1928. 
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Definition: All pterosaurs that have a common ancestor with Ctenochasma which is not shared 

with Cycnorhamphus. 

Contents: Gladocephaloideus, Pterodaustro, Gegepterus, Beipiaopterus, Ctenochasma, 

Plataleorhynchus and Gnathosaurus. 

Synapomorphies: Char. 1  0.040-0.065 → 0.190  

   Char. 3  0.136-0.325 → 0.335  

   Char. 4  1.633-1.689 → 1.882  

   Char. 9  0.764-0.907 → 0.949-1.199  

   Char. 77 0 → 4  

   Char. 92 0 → 2  

   Char. 103 0 → 1  

   Char. 302 1 → 0 

The Ctenochasmatidae comprises pterosaurs with slender teeth in an elongate rostrum and is 

defined by eight Synapomorphies: the length to width ratio of the longest tooth is increased 

i.e. more elongate; the greatest difference in length width ratios in the dentition is increased; a 

high rostral index i.e. elongate rostrum; a short, but shallow nasoantorbital fenestra; occlusal 

margin of the rostrum dorsally curved along its entire margin; jaw symphysis placed 

proximally; the retroarticular process and articular facet form an oblique angle; metatarsal 

four is sub-equal in length to the other metatarsals. 

Node 109: Aurorazhdarchia (Vidovic and Martill 2014). 

Definition: Aerodactylus and Aurorazhdarcho, their most recent common ancestor and all of its 

descendants. 

Contents: Aerodactylus, Cycnorhamphidae, and Aurorazhdarchidae. 

Synapomorphies: Char. 10 0.380-0.914 → 1.253  

   Char. 13 0.617-0.664 → 0.068  

   Char. 14 1.122-1.284 → 1.563-1.698  

   Char. 27 0.702-1.185 → 1.406  

   Char. 31 0.691 → 1.486  

   Char. 38  1.117-1.174 → 0.723-0.738  

   Char. 89 0 → 1  
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   Char. 108 0 → 2  

   Char. 167 0 → 1  

   Char. 213 1 → 0  

   Char. 280 1 → 0  

   Char. 319 1 → 0 

Aurorazhdarchia is defined by twelve Synapomorphies: the length of the inferior temporal 

fenestra is increased relative to the orbit; a longer pteroid that is approximately 65% of the 

ulna length; a more slender, elongate wing metacarpal; a fractionally more elongate, slender 

femur than the basal condition; the fifth metatarsal is much broader proximally than distally; 

relatively slender dorsal vertebrae centra when compared to the ancestral state; the upper 

and lower jaws don’t fit together, leaving a gape; the centre of the orbit is placed caudal to the 

articular process of the quadrate; a rounded cranial margin of the wing metacarpal roller joint; 

a simple postacetabular process with no extraneous processes; there is an antorbital fossa on 

the jugal; the last cervical vertebra is dorsalised. 

Remarks: Aurorazhdarchia replaces Aurorazhdarchidae at this node because a family level 

clade containing Cycnorhamphus is Gallodactylidae. The distinction between Cycnorhamphus 

from Aurorazhdarcho means that Aurorazhdarchia contains both Gallodactylidae and a less 

inclusive Aurorazhdarchidae.  

 

Node 184: Gallodactylidae Fabre 1976. 

Definition: Pterosaurs that have a common ancestor with Gallodactylus (=Cynorhamphus) 

which is not shared with Aurorazhdarcho. 

Contents: Cycnorhamphus, Moganopterus, and Feilongus. 

Synapomorphies: Char. 95 0 → 1  

   Char. 105 2 → 0  

   Char. 118 0 → 1 

The synapomorphies that define this more exclusive Gallodactylidae include: splenial shelf 

present but unfused; lacrimal process and the postorbital process of jugal form an acute angle; 

the ventral apex of the jugal is caudal to the rostral margin of the quadratojugal. 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

291 
 

Remarks: In the distinct analysis, Gallodactylidae is defined as pterosaurs that share a common 

ancestor with Gallodactylus (=Cynorhamphus) that is not shared with Ctenochasma. Because 

Gallodactylidae is defined as the family level group containing Cycnorhamphus, the topology of 

this cladogram allows Aurorazhdarcho to be excluded from this group.  

 

Node 157: Aurorazhdarchidae Vidovic and Martill 2014. 

Definition: Pterosaurs that have a common ancestor with Aurorazhdarcho which is not shared 

with Cycnorhamphus. 

Contents: Huanhepterus, Ardeadactylus, and Aerodactylus. 

Synapomorphies: Char. 2  2.505-2.614 → 2.684  

   Char. 62 1 → 0  

   Char. 252 1 → 0 

This group is defined by three Synapomorphies: the difference between the mesial and distal 

tooth length-width ratios is small; there is a ventrally directed bony process on the upper jaw; 

teeth are curved posteriorly. 

Remarks: The Aurorazhdarchidae comprises of members of Aurorazhdarchia with highly 

homodont dentitions and a pseudotooth on the upper jaw.  

 

Node 142: Eupterodactyloidea Bennett 1994. 

Definition: Pterosaurs that have a common ancestor with Nyctosaurus, Pteranodon, 

Dsungaripterus and Azhdarcho (After Bennett 1994) which is not shared with Pterodaustro. 

Contents: “Germanodactylus rhamphastinus” and Dsungaripteroidea. 

Synapomorphies: Char. 5  1.653-1.822 → 1.493  

   Char. 6  2.517-2.556 → 2.320-2.397  

   Char. 12 2.373-2.379 → 2.408-2.434  

   Char. 15 2.459-2.469 → 2.505  

   Char. 44  0.667 → 0.856-1.341  
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   Char. 105 1 → 0  

   Char. 112 0 → 1  

   Char. 134 1 → 0  

   Char. 211 2 → 1  

   Char. 262 0 → 1  

   Char. 298 0 → 1  

   Char. 302 1 → 0 

This clade is defined by twelve Synapomorphies: a small reduction in the prenarial percentage 

of the skull; slightly steeper angle to the quadrate than the plesiomorphic condition; length of 

wing metacarpal relative to the humerus is increased; wing metacarpal approximately 75% the 

length of the ulna, increased from the ancestral state; metatarsals shorter relative to the tibia 

compared to the plesiomorphic condition; lacrimal process of the jugal is acute to the 

postorbital process; ventral margin of the superior temporal fenestra is above the middle of 

the orbit; the bony premaxillary headcrest is present; pubis is greater than half the length of 

the preacetabular process, but still shorter; the base of the lacrimal process of the jugal is 

narrow (i.e. not broad and sweeping); the femoral neck is constricted; fourth metatarsal sub-

equal in length to the other metatarsals. 

Remarks: Eupterodactyloidea is a large clade of pterodactyloid pterosaurs that persisted until 

the Maastrichtian, and contains all pterosaurs currently known to have exceeded a three-

meter wingspan.  

 

Node 141: Dsungaripteroidea Young 1964. 

Definition: Germanodactylus and Dsungaripterus, their most recent common ancestor and all 

of its descendants. 

Contents: Germanodactylus cristatus, Elanodactylus, Azhdarchoidea, and Ornithocheiroidea. 

Synapomorphies: Char. 9  0.735-0.784 → 0.612-0.715  

   Char. 10  0.763 → 1.445-1.468  

   Char. 14  0.982 → 1.081  

   Char. 15  2.505 → 2.568  

   Char. 16  0.899-0.915 → 0.976  
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   Char. 28  2.415 → 2.025-2.090  

   Char. 52 0 → 1  

   Char. 85 1 → 0  

   Char. 108 0 → 2  

   Char. 133 2 → 3  

   Char. 223 1 → 0  

   Char. 226 1 → 0  

   Char. 237 1 → 0  

   Char. 269 0 → 1  

   Char. 319 1 → 0 

This clade is defined by fifteen Synapomorphies: nasoantorbital fenestra shorter and deeper 

than basal eupterodactyloids; orbit length reduced relative to the inferior temporal fenestra; 

wing metacarpal more elongate and slender than the plesiomorphic condition; wing 

metacarpal fractionally longer, relative to the ulna and scapula; femoral head reduced relative 

to condyles; the teeth are labiolingually compressed; the caudal palate is descended into a 

suspensorium; centre of the orbit is located caudal to the articular process of the quadrate; 

the dorsal process of the premaxilla extends past the orbit; scapulocoracoid fused; there is a 

supracoracoideus crest; notarium present; the paraoccipital processes are expanded and 

tongue-like; the last cervical vertebra is dorsalised. 

 

Node 139: Unnamed clade. 

Definition: Quetzalcoatlus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Azhdarchoidea and Ornithocheiroidea. 

Synapomorphies: Char. 20  1.922 → 1.083-1.392  

   Char. 21  1.967-1.972 → 1.569-1.767  

   Char. 23  0.793-0.817 → 1.219-1.437  

   Char. 24  0.599-0.606 → 1.382  

   Char. 185 0 → 1  

   Char. 288 1 → 0 
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This clade is defined by six synapomorphies, of which four are continuous and two are discrete 

characters: wing phalanges four and three makes up a smaller portion of the wing finger; wing 

phalanx one is reduced in length relative to the wing metacarpal; length of wing phalanx one 

relative to the humeral length is increased; manual digit three phalanx one is similar in 

dimensions to the other phalanges; there is a pneumatopore on the proximal end of the 

humerus.  

Remarks: This unnamed clade contains the sister groups Ornithocheiroidea and 

Azhdarchoidea, which comprise both the largest and the latest surviving pterosaurs. 

 

Node 155: Azhdarchoidea Nesov 1984. 

Definition: Pterosaurs that have a common ancestor with Quetzalcoatlus and Tapejara which is 

not shared by Germanodactylus, Dsungaripterus or Pteranodon. 

Contents: Sinopterus, Eoazhdarcho and Neoazhdarchia. 

Synapomorphies: Char. 4  1.195-1.237 → 0.792  

   Char. 5  1.424-1.493 → 1.137  

   Char. 20  1.083-1.392 → 0.879  

   Char. 21  1.569-1.767 → 1.403  

   Char. 23  1.219-1.437 → 1.712  

   Char. 30  0.526-0.638 → 0.897-0.960  

   Char. 69 0 → 1  

   Char. 79 2 → 0  

   Char. 91 4 → 3  

   Char. 101 1 → 0  

   Char. 135 1 → 0  

   Char. 181 2 → 1 

This clade is defined by twelve synapomorphies, six continuous characters and six discrete 

characters: a low rostral index i.e. taller, shorter rostrum; a reduced prenarial length; wing 

phalanx four is extremely reduced relative to the rest of the wing phalanges; wing phalanx 

three also makes up a smaller percentage of the total wing finger; the length of the wing 

metacarpal is increased compared to wing phalanx one; the length of wing phalanx one is 
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increased relative to phalanx two; jaws edentulous; dorsal margin of the skull is expanded 

above the nasoantorbital fenestra; dorsal and ventral margins of the lower jaw converge 

caudally under the nasoantorbital fenestra; there is a mandibular protuberance; smooth bone 

on the premaxilary headcrest; digit one phalanx one is more than twice the length of digit 

three phalanx one. 

 

Node 153: Neoazhdarchia Unwin 2003a. 

Definition: Tupuxuara and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 

Contents: Tupuxuara, Thalassodromeus, Huaxiapterus, Bennettazhia, and Azhdarchidae. 

Synapomorphies: Char. 171 1 → 0  

   Char. 314 0 → 1 

There are only two synapomorphies for Neoazhdarchia: “hooked” proximal tubercle on the 

proximal end of the radius; sternum contact surface of the coracoid oval with a caudal 

expansion. 

 

Node 172: Tapejaridae Kellner 1989. 

Definition: Pterosaurs that have a common ancestor with Tapejara which is not shared with 

Tupuxuara, Chaoyangopterus or Quetzalcoatlus. 

Contents: Tupandactylus, Caiuajara, Tapejara. 

Synapomorphies: Char. 5  1.137 → 0.809-0.863  

   Char. 113 1 → 0  

   Char. 114 1 → 0  

   Char. 138 1 → 0  

   Char. 285 1 → 0 

The synapomorphies that define this clade include: shorter prenarial length to the skull; the 

quadrate and quadratojugal are medial to the jugal forming a caudal ridge of the jugal; the otic 
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process of the squamosal is large and conspicuous; there is a dorsal splint of the premaxilla; 

the rostral margin of the premaxilla sagittal crest is level with the rostrum tip.  

Remarks: The definition for Tapejaridae provided by most contemporary studies (Lü et al. 

2006b; Vullo et al. 2012; Andres et al. 2014; Vidovic and Martill 2014) includes Sinopterus, here 

it is amended to exclude Sinopterus. 

 

Node 152: Azhdarchidae Nesov 1984. 

Definition: Pterosaurs that have a common ancestor with Azhdarcho which is not shared with 

Tupuxuara or Tapejara. 

Contents: Caupedactylus, Bakonydraco, Jidapterus, Shenzhoupterus and Azhdarchinae. 

Synapomorphies: Char. 5  1.137 → 1.353  

   Char. 6  2.239-2.243 → 2.322  

   Char. 11  0.791-0.792 → 0.291-0.573  

   Char. 145 1 → 0  

   Char. 153 1 → 0  

   Char. 239 1 → 0  

   Char. 317 1 → 0 

This clade is defined by seven Synapomorphies: the prenarial portion of the skull increased; the 

quadrate is more reclined; the width of the humerus is increased (including the deltopectoral 

crest) and is approximately half its length; the parietal headcrest is broad; the deltopectoral 

crest is descended by more than half of its width; the mid-cervical neural spine is absent in the 

middle of the corpus; there are pneumatic foramina lateral to the neural canal in the cervical 

vertebrae. 

Remarks: The azhdarchids are a group of medium to giant azhdarchoids with a straight occlusal 

margin to their rostrum, a highly dorsally expanded nasoantorbital fenestra and elongate tube-

like cervical vertebrae. 

 

Node 160: Unnamed clade. 
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Definition: Caupedactylus and Bakonydraco, their most recent common ancestor and all of its 

descendants. 

Contents: Caupedactylus and Bakonydraco. 

Synapomorphies: Char. 91 3 → 1  

   Char. 266 1 → 0 

This unnamed clade only has two Synapomorphies: the dorsal and ventral margins of the lower 

jaw below the nasoantorbital fenestra are bowed inward; there are nutrient or neural 

foramina are present along the lateral margins of the jaw. 

 

Node 151: Unnamed clade. 

Definition: Jidapterus and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 

Contents: Jidapterus, Shenzhoupterus, and Azhdarchinae. 

Synapomorphies: Char. 4  0.728-0.792 → 1.049-1.216  

   Char. 77 1 → 0  

   Char. 92 0 → 2  

   Char. 134 0 → 1  

   Char. 139 1 → 0  

   Char. 241 0 → 1 

This unnamed clade is defined by six Synapomorphies: a higher rostral index i.e. more elongate 

rostrum; the occlusal margin of the rostrum is straight; the jaw symphysis is proximally placed; 

the premaxilla bony sagittal headcrest is lost; the dentary crest is lost; there are no distinct 

cervical zygapophyses at the mid-point of the 4th vertebra.  

 

Node 149: Azhdarchinae Nesov 1984. 

Definition: Azhdarcho and Quetzalcoatlus, their most recent common ancestor and all of its 

descendants. 
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Contents: Azhdarcho, Arambourgiania, Neopterodactyloidea. 

   Char. 190 1 → 0 

Azhdarchinae is defined by only one synapomorphy: the presence of a ventral ridge on wing 

phalanx two, giving the element a ‘T’ shaped cross section. 

Remarks: The Azhdarchinae has been reinstated here to contain the pterosaurs most closely 

related to Azhdarcho and Quetzalcoatlus, while Azhdarchidae is considered more inclusive.  

 

Node 148: Unnamed clade. 

Definition: Azhdarcho and Arambourgiania, their most recent common ancestor and all of its 

descendants. 

Contents: Azhdarcho and Arambourgiania. 

Synapomorphies: Char. 37  2.005 → 1.893 

The two taxa in this clade are united by their extremely long, thin cervical vertebrae, which is 

the only synapomorphy. 

 

Node 182: Neopterodactyloidea Andres et al. 2014 

Definition: Quetzalcoatlus and Chaoyangopterus, their most recent common ancestor and all 

of its descendants. 

Contents: Quetzalcoatlus, Zhejiangopterus and Chaoyangopterus. 

Synapomorphies: Char. 151 1 → 0 

The pterosaurs in Neopterodactyloidea are united by a single synapomorphy: the 

deltopectoral crest is pinched close to the diaphysis.  

Remarks: Andres et al. (2014) originally recovered Azhdarchidae in Neopterodactyloidea. 
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Node 138: Ornithocheiroidea Seeley 1891. 

Definition: Dsungaripterus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Lonchodectidae, Hamipterus, Ikrandraco and Pteranodontoidea. 

Synapomorphies: Char. 5  1.424-1.493 → 1.654  

   Char. 8  1.437-1.535 → 1.218-1.219  

   Char. 27  1.185 → 2.220  

   Char. 32  1.085-1.416 → 1.845-2.252  

   Char. 84 0 → 2  

   Char. 133 3 → 1  

   Char. 134 0 → 1  

   Char. 163 1 → 0  

   Char. 167 0 → 1  

   Char. 207 2 → 0  

   Char. 215 1 → 0  

   Char. 229 1 → 0  

   Char. 289 0 → 1  

   Char. 292 0 → 1  

   Char. 302 0 → 1  

   Char. 312 0 → 1  

   Char. 315 1 → 0 

This clade is defined by seventeen synapomorphies, four continuous and thirteen discrete 

characters: prenarial portion of the skull is increased; orbit is more dorsal relative to the depth 

of the skull; longer, thinner femoral diaphysis; length of the distal phalanx of manual digit two 

is increased relative to the ungual; palate convex at the rostrum tip; dorsal process of the 

premaxilla extends to the orbit, but no further than half way across; bony premaxilla sagittal 

headcrest is absent; round fossa on the anconal surface of the humerus; wing metacarpal 

roller joint is rounded on cranial margin; prepubic boot projects more craniodorsally than it 

does caudoventrally; sacral neural spines fused into a supraneural plate; buttress or strut 

behind the scapulocoracoid glenoid; the pneumatopore on the proximal end of the humerus is 

located on the humeral head; distal syncarpal has triangular outline; metatarsal four is 
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significantly shorter than the other metatarsals; the sacral ribs fused into a fenestrated shield; 

there is a pneumatic foramen lateral to the neural arch in the cervical vertebrae. 

Remarks: The Ornithocheiroidea definition used for the distinct analysis continues to be used 

here, placing the clade on node 138. However, using Bennett's (1994) cladistic definition the 

clade would be placed at the unnamed node 139, or using Unwin's (2003a) definition it would 

be placed at node 195. Neither node 139 or 195 consist of pterosaurs typically regarded as 

ornithocheiroids (note: converted name) by Seeley (1891), node 195 even excludes 

Ornithocheirus from the clade.  

Node 189: Lonchodectidae Hooley 1914. 

Definition: Pterosaurs that have a common ancestor with Lonchodectes which is not shared 

with Ornithocheirus. 

Contents: Lonchodectes, Prejanopterus, Kepodactylus, and Dsungaripterinae. 

   Char. 55 1 → 0  

   Char. 83 2 → 1 

This clade is defined by two Synapomorphies: alveoli are raised around the tooth; palate 

concave at the external nares. 

Remarks: With the exception of the inclusion of Kepodactylus, the composition of 

Lonchodectidae is very similar to the clade recovered in the distinct analysis, therefore it has 

priority over Dsungaripteridae.  

 

Node 186: Dsungaripterinae Andres et al. 2014. 

Definition: Dsungaripterus and Noripterus, their most recent common ancestor and all of its 

descendants. 

Contents: Noripterus, Domeykodactylus, and Dsungaripterus. 

   Char. 242 1 → 0 
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The Dsungaripterinae is defined by a single synapomorphy: neural arch integrated into 

centrum. 

Remarks: The Dsungaripterinae is a clade of pterosaurs with edentulous jaw tips, robust teeth, 

and deep skulls. However, the clade is defined by a single synapomorphy, based on a condition 

of the cervical vertebrae. 

 

Node 137: Unnamed clade. 

Definition: Ikrandraco and Anhanguera, their most recent common ancestor and all of its 

descendants. 

Contents: Hamipterus, Ikrandraco and Pteranodontoidea. 

Synapomorphies: Char. 5  1.654 → 1.928-1.934  

   Char. 11  0.791-1.063 → 1.066  

   Char. 14  1.081-1.381 → 0.863-0.929  

   Char. 15  2.568-2.676 → 2.484-2.549  

   Char. 56 0 → 1  

   Char. 91 4 → 2  

   Char. 98 0 → 2  

   Char. 109 0 → 1  

   Char. 115 1 → 2  

   Char. 119 1 → 0  

   Char. 154 1 → 0  

   Char. 161 1 → 0  

   Char. 166 0 → 1  

   Char. 240 1 → 0  

   Char. 269 1 → 0  

   Char. 287 0 → 1  

   Char. 310 1 → 0 

This clade is defined by seventeen autapomorphies: prenarial portion of the rostrum is 

increased; the width of the humerus (including the deltopectoral crest) is decreased relative to 

its length; wing metacarpal more robust than the plesiomorphic state; length of the wing 
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metacarpal is decreased relative to the ulna; two tooth morphologies present in the jaws; 

dorsal and ventral margins of the lower jaw are bowed inwards below the nasoantorbital 

fenestra; retroarticular process wedge-shaped; above the nasoantorbital fenestra the 

premaxilla dorsal and ventral margins are parallel; jugal and lacrimal contact in the centre of 

the orbit’s dorsoventral length; lacrimal process of the jugal is reclined rostrally; deltopectoral 

crest warped; the epicondyles of the humerus are angular; the roller joint of the wing 

metacarpal is an ellipse; cervical neural spines are tall; paraoccipital processes are 

unexpanded; in anconal view the humerus is triangular; the postacetabular process has a sub-

horizontal dorsal surface. 

Remarks: This unnamed clade comprises of pterosaurs with warped deltopectoral crests, 

which are commonly thought of as ornithocheiroids (Unwin 2003a) or pteranodontoids 

(Kellner 2003a).  

 

Node 193: Unnamed clade. 

Definition: Ikrandraco and Hamipterus, their most recent common ancestor and all of its 

descendants. 

Contents: Ikrandraco and Hamipterus. 

Synapomorphies: Char. 3  0.113-0.394 → 0.430  

   Char. 143 0 → 1 

Only two synapomorphies define this clade: there is a greater difference between the shapes 

of the teeth than the plesiomorphic condition; the parietal headcrest is absent. 

Remarks: Ikrandraco and Hamipterus were placed as basal branches of Pteranodontoidea in 

independent, but similar cladistic analyses (Wang et al. 2014a, b), however, neither had been 

included in a cladistic analysis simultaneously. Both taxa are the most basal pteranodontoids 

or ornithocheiroids currently known, and they have been found in a distinct clade here. 

Because the two taxa are so distinct there are only two synapomorphies defining this clade. 

 

Node 136: Pteranodontoidea Kellner 1996 (=Lanceodontia). 
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Definition: Pteranodon and Anhanguera, their most recent common ancestor and all of its 

descendants. 

Contents: Istiodactylus, Pteranodontia and Ornithocheiridae. 

Synapomorphies: Char. 114 1 → 0  

   Char. 135 1 → 0  

   Char. 175 0 → 1  

   Char. 213 1 → 0  

   Char. 221 0 → 1 

The Pteranodontoidea is a diverse clade defined by five Synapomorphies: the otic process of 

the squamosal conspicuous; premaxillary headcrest has a smooth bone edge; the pteroid is 

proximally bent and distally straight; the postacetabular process lacks extraneous processes; 

preacetabular process oblique to the pubis. 

Remarks: The Lanceodontia, which is defined by Istiodactylus, Anhanguera and their cohort 

shares this node with Pteranodontoidea, which has date priority.  

 

Node 195: Unnamed clade. 

Definition: Istiodactylus and Pteranodon, their most recent common ancestor and all of its 

descendants. 

Contents: Istiodactylus and Pteranodontia. 

   Char. 8  1.218-1.219 → 1.355-1.405  

   Char. 16  1.321 → 1.673-1.838  

   Char. 295 1 → 0  

   Char. 297 1 → 0 

This unnamed clade is defined by four Synapomorphies: the orbit is located in a relatively low 

position compared to the depth of the skull; scapula length reduced in comparison with the 

wing metacarpal; metacarpals one to three are disparate lengths; pneumatic foramen on the 

proximal end of the femur. 
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Node 194: Istiodactylus Howse et al. 2001. 

Definition: Follow diagnosis of Witton (2012). 

Contents: Istiodactylus spp. 

Synapomorphies: Char. 4  1.219-1.410 → 0.992   

   Char. 6  2.239-2.243 → 2.284  

   Char. 7  0.576-0.594 → 0.203  

   Char. 9  0.655-0.810 → 1.097  

   Char. 106 1 → 0  

   Char. 110 2 → 1  

   Char. 124 1 → 0  

   Char. 143 0 → 1  

   Char. 169 1 → 0  

   Char. 225 2 → 1  

   Char. 230 1 → 0  

   Char. 263 1 → 0  

   Char. 267 1 → 0  

   Char. 280 0 → 1  

   Char. 314 0 → 1 

The genus Istiodactylus and its constituent species have fifteen Synapomorphies: a shorter, 

deeper rostrum; the quadrate is more reclined compared to the ancestral condition; orbit 

deep compared to the total skull depth; the nasoantorbital fenestra is long and shallow; 

constricted descending vacuity of the orbit; caudal periphery of the nasoantorbital fenestra 

convex; triangular projection of the lacrimal into the orbit; parietal headcrest is absent; ulna 

approximately twice the width of the radius; glenoid fossa placed low on the scapulocoracoid; 

coracoid with distinct condyles; ventral margin of the jugal straight; there is a rostral process 

on the jugal postorbital process; jugal lacks antorbital fossa; coracoid articulation surface oval 

with a posterior expansion. 

Remarks: Istiodactylus is most commonly found in the Istiodactylidae with Nurhachius, 

Liaoxipterus, and Longchengpterus (Lü and Ji 2006; Lü et al. 2009; Wang et al. 2009; Andres et 
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al. 2014). It was not possible to code Longchengpterus from figures currently available and 

Liaoxipterus is a nomen dubium due to its poor state of preservation and its lack of 

autapomorphies. Nurhachius was not found to be close to Istiodactylus in this analysis.  

 

Node 197: Pteranodontia Marsh 1876. 

Definition: Pteranodon and Nyctosaurus, their most recent common ancestor and all of its 

descendants. 

Contents: Pteranodon, Muzquizopteryx, and Nyctosaurus. 

Synapomorphies: Char. 4  1.219-1.410 → 1.438-1.500  

   Char. 5  1.928-1.934 → 2.481  

   Char. 11  1.066-1.576 → 0.621-0.767  

   Char. 12  2.442 → 2.703-2.772  

   Char. 14  0.863-0.929 → 1.473-1.541  

   Char. 15  2.484-2.549 → 2.840-2.869  

   Char. 24  1.331-1.382 → 1.521-2.102  

   Char. 27  2.220 → 1.237-1.387  

   Char. 69 0 → 1  

   Char. 85 0 → 1  

   Char. 91 2 → 3  

   Char. 92 0 → 2  

   Char. 109 1 → 0  

   Char. 166 1 → 0  

   Char. 167 1 → 0  

   Char. 208 0 → 3  

   Char. 209 0 → 1 

There are seventeen synapomorphies defining Pteranodontia, eight of which are continuous 

and nine of which are discrete: longer, more shallow rostrum than the ancestral condition; 

prenarial length of the rostrum increased; width of the humerus (including the deltopectoral 

crest) is increased relative to its length; the wing metacarpal is more elongate relative to the 

humerus; wing metacarpal longer and thinner; wing metacarpal very long compared to the 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

306 
 

ulna; wing metacarpal very long compared to the humeral length; the femur diaphysis length 

to width ratio is lower; edentulous jaws; the palate is placed dorsal to the jaw margin i.e. there 

is no suspensorium; the dorsal and ventral margins of the lower jaw converge caudally; jaw 

symphysis placed proximally; over the nasoantorbital fenestra the premaxilla tapers; roller 

joint of the wing metacarpal is approximately round; the cranial face of the roller joint on the 

wing metacarpal is flush with the diaphysis; prepubis weakly expanded (spatulate); prepubis 

distal expansion bifurcated. 

 

Node 200: Pteranodon Marsh 1876. 

Definition: see diagnosis (Bennett 1994). 

Contents: Pteranodon spp. 

Synapomorphies: Char. 6  2.039-2.239 → 2.015  

   Char. 83 0 → 1  

   Char. 171 1 → 0  

   Char. 213 0 → 2  

   Char. 214 1 → 0  

   Char. 219 1 → 2  

   Char. 257 1 → 0  

   Char. 265 1 → 0  

   Char. 320 1 → 0 

Pteranodon is distinguished from the nyctosaurs by nine Synapomorphies: the quadrate is at a 

steeper angle; level with the external nares the palate is concave; there is a hooked tubercle 

on the proximal end of the radius; there is a hooked process on the cranial edge of the 

postacetabular process; the postacetabular process is fussed to the supraneural plate; the 

obturator foramen is placed caudal to the acetabulum; the mandibular rami are level with the 

symphysis; the frontal extends anterior to the lacrimal ventral process; the cranial caudal 

vertebrae have duplexed centra. 

 

Node 196: Nyctosauridae Nicholson and Lydekker 1889. 
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Definition: Muzquizopteryx and Nyctosaurus, their most recent common ancestor and all of its 

descendants. 

Contents: Muzquizopteryx and Nyctosaurus. 

Synapomorphies: Char. 108 2 → 0  

   Char. 151 1 → 0  

   Char. 154 0 → 1  

   Char. 174 1 → 0  

   Char. 178 0 → 1  

   Char. 210 2 → 1  

   Char. 286 1 → 0 

This group is defined by seven Synapomorphies: centre of the orbit lies above the articular 

process of the quadrate; deltopectoral crest pinched proximally; deltopectoral crest is not 

warped; pteroid has a broad epiphysis; manus reduced to a single wing finger; prepubis wider 

than the ischium; inferior temporal fenestra is elliptical.  

 

Node 135: Ornithocheiridae Seeley 1870a. 

Definition: Pterosaurs that have a common ancestor with Ornithocheirus which isn’t shared 

with Pteranodon. 

Contents: Ornithocheirus, Nurhachius, Guidraco, Boreopterinae, Ludodactylus, 

Liaoningopterus, Haopterus, Barbosania, Cearadactylus, Brasileodactylus, Anhanguera and 

Coloborhynchus. 

Synapomorphies: Char. 11  1.066-1.576 → 1.744-1.986  

   Char. 17  2.607-2.659 → 2.548-2.568  

   Char. 24  1.331-1.382 → 1.255  

   Char. 29  1.112 → 0.619  

   Char. 30  0.638 → 0.733  

   Char. 39  0.598-0.910 → 0.541  

   Char. 44  1.111-1.341 → 1.363  

   Char. 81 1 → 0  
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   Char. 86 0 → 1  

   Char. 123 1 → 0  

   Char. 136 0 → 1  

   Char. 194 1 → 0  

   Char. 206 0 → 1  

   Char. 215 0 → 1  

   Char. 233 0 → 2  

   Char. 299 1 → 0  

   Char. 312 1 → 0 

There are seventeen synapomorphies for the Ornithocheiridae, seven of which are continuous 

and ten of which are discrete: humerus width reduced relative to its length; length of the wing 

metacarpal reduced relative to the femoral length; the length of the humerus is increased 

relative to the first wing phalanx; femuroral length increased relative to the tibia; length of 

wing phalanx one increased relative to wing phalanx two; caudal vertebrae longer and thinner 

relative to the plesiomorphic state; length of the metatarsals decreased relative to the tibia; 

dorsal and occlusal margins of the rostrum are subparallel; in dorsal view, the preorbital lateral 

margin is concave; presence of a large lacrimal foramen; premaxilla not incorporated into the 

parietal headcrest; pes is approximately the same size as the manus; preacetabular process 

curves dorsally; no sacral supraneural plate; caudolateral periphery of the sternal plate is semi-

circular; femoral greater trochanter is reduced; sacral ribs are not fused into a sacral shield. 

 

Node 168: Unnamed clade. 

Definition: Ornithocheirus and Boreopterus, their most recent common ancestor and all of its 

descendants. 

Contents: Ornithocheirus, Nurhachius, Guidraco, and Boreopterinae. 

Synapomorphies: Char. 9  0.708-0.810 → 0.845-0.898  

   Char. 10  1.445-1.468 → 1.474  

   Char. 17  2.548-2.568 → 2.523-2.535  

   Char. 24  1.255 → 1.211  

   Char. 29  0.619 → 0.408  
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   Char. 145 1 → 0  

   Char. 179 1 → 0  

   Char. 229 0 → 1  

   Char. 302 1 → 0 

This clade is defined by nine Synapomorphies: nasoantorbital fenestra longer and lower than 

the ancestral state; length of the inferior temporal fenestra is increased relative to the orbit; 

wing metacarpal length is decreased relative to the femoral length; relative to the humerus, 

the first wing phalanx is decreased in length; femoral length increased relative to the tibia; 

parietal headcrest broad; manus reduced relative to the width of the forearm; there is no 

buttress behind the glenoid fossa of the sacpulocoracoid; metatarsal four is subequal in length 

to the other metatarsals.  

Remarks: This unnamed clade consists of ornithocheiroid pterosaurs with elongate femora, 

reduced manus and highly reduced pes. 

 

Node 198: Unnamed clade. 

Definition: Ornithocheirus and Nurhachius, their most recent common ancestor and all of its 

descendants. 

Contents: Ornithocheirus and Nurhachius. 

Synapomorphies: Char. 5   1.928-1.934 → 1.577  

   Char. 9  0.845-0.898 → 1.512 

Remarks: Nurhachius is consistently recovered as an istiodactylid, but in this analysis, it is 

found to be more closely related to Ornithocheirus. The two taxa are united by two 

Synapomorphies: prenarial skull length is reduced; nasoantorbital fenestra is lower and longer 

than the ancestral condition. 

 

Node 167: Unnamed clade. 
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Definition: Guidraco and Boreopterus, their most recent common ancestor and all of its 

descendants. 

Contents: Guidraco and Boreopterinae. 

Synapomorphies: Char. 1  0.020-0.159 → 0.330  

   Char. 3  0.113-0.394 → 0.705  

   Char. 4  1.219-1.410 → 1.526  

   Char. 5  1.928-1.934 → 2.013-2.099  

   Char. 92 0 → 2  

   Char. 109 1 → 0  

   Char. 114 0 → 1 

This is a group of ornithocheiroids with exceptionally long and slender mesial teeth 

(synapomorphy). In addition to their long mesial teeth this clade has six more Synapomorphies: 

there is a large difference between the length-width ratios of the longest and shortest teeth; 

the rostral index is high i.e. the pterosaur has a long, low rostrum; the prenarial length of the 

rostrum is greater than the plesiomorphic condition; the jaw symphysis is proximally placed; 

over the nasoantorbital fenestra the premaxilla tapers out; the otic process of the squamosal is 

indistinct. 

 

Node 166: Boreopterinae Lü et al. 2012. 

Definition: Boreopterus and Zhenyuanopterus, their most recent common ancestor and all of 

its descendants. 

Contents: Boreopterus and Zhenyuanopterus. 

Synapomorphies: Char. 1  0.330 → 0.405  

   Char. 64 2 → 1  

   Char. 91 2 → 3  

   Char. 119 0 → 1 

This group is defined by four Synapomorphies: the length-width ratio of the longest tooth is 

increased (longer and thinner); teeth more widely spaced mesially than distally; below the 
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nasoantorbital fenestra the dorsal and ventral margins of the lower jaw converge caudally; the 

lacrimal process of the jugal perpendicular to the dental plane.  

Remarks: Boreopterinae comprises Boreopterus-like pterosaurs, with extremely elongate teeth 

and rostra for ornithocheiroids. 

 

Node 134: Unnamed clade. 

Definition: Ludodactylus and Anhanguera, their most recent common ancestor and all of its 

descendants. 

Contents: Ludodactylus, Liaoningopterus, Haopterus, Barbosania, Cearadactylus, 

Brasileodactylus, Coloborhynchus and Anhanguera. 

Synapomorphies: Char. 6  2.239-2.243 → 1.943-1.990  

   Char. 10  1.445-1.468 → 1.312  

   Char. 115 2 → 0  

   Char. 116 1 → 0  

   Char. 124 1 → 0  

   Char. 127 1 → 0  

   Char. 257 1 → 0 

This unnamed clade is defined by seven Synapomorphies: angle of the quadrate compared to 

the occlusal margin of the rostrum is steeper; length of the inferior temporal fenestra is 

decreased relative to the orbit; jugal and lacrimal contact in the ventral region of the orbit; 

jugal extends under the nasoantorbital fenestra by more than half of the length of the vacuity; 

triangular process of the lacrimal projects into the orbit; nasal bar broad with a thin distal 

process; mandibular rami are level with the symphysis. 

 

Node 128: Unnamed clade. 

Definition: Anhanguera and Coloborhynchus, their most recent common ancestor and all of its 

descendants. 
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Content: Anhanguera spp., “Anhanguera piscator” and Coloborhynchus. 

Synapomorphies: Char. 134 1 → 0 

This unnamed clade, which may be the genus Coloborhynchus, is defined by a single 

synapomorphy: bony premaxillary headcrest present.  

Remarks: Anhanguera is demonstrated here to be either polyphyletic or synonymous with 

Coloborhychus. Given the low number of synapomorphies, the most parsimonious solution is 

to consider Anhanguera species congeneric with Coloborhynchus. Individual variations, which 

include gracility and headcrest placement and size should be considered an ontogenetic, 

interspecific or intraspecific variation. A recent taxonomic reappraisal (Rodrigues and Kellner 

2013) of the Ornithocheirus complex disagrees with this view. However, there is sufficient 

material worldwide to permit a statistical analysis of these hypotheses, but no study has 

employed this empirical data to date. Therefore any taxonomic actions currently in the 

literature are primarily based on assertion. There is a single synapomorphy that distinguishes 

this clade from Brasileodactylus, Cearadactylus, Barbosania and Haopterus, some of which 

may also represent individual variation within this taxon. 

 

Node 143: Unnamed clade. 

Definition: Coloborhynchus and “Anhanguera piscator”, their most recent common ancestor 

and all of its descendants. 

Content: Coloborhynchus and “Anhanguera piscator”. 

Synapomorphies: Char. 51 2 → 1  

   Char. 153 1 → 0 

Coloborhynchus and “Anhanguera piscator” are united by two Synapomorphies: enamel 

extends much less than half way down the tooth; the deltopectoral crest is descended by more 

than half its proximal-distal width.  

Remarks: As discussed above, “Anhanguera picscator” may be congeneric with Coloborhynchus 

or represent a new genus. 
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Node 127: Unnamed clade. 

Definition: Anhanguera santanae and A. araripensis, their most recent common ancestor and 

all of its descendants. 

Content: A. santanae, A. araripensis and A. blittersdorffi. 

Synapomorphies: Char. 292 1 → 0 

These remaining species of Anhanguera are united by a single synapomorphy: distal syncarpal 

outline is rectangular. 

 

5.3. Comparison of trees 

Strict consensus trees were calculated from the MPTs found during the analyses of the 

comprehensive and distinct matrices. The consensus trees  were compared to each other and 

five key analyses (Kellner 2003a; Unwin 2003a; Lü et al. 2009; Wang et al. 2009; Andres et al. 

2014) in the literature (pruned to only have common taxa) using four tree congruity metrics 

(SPR distances; CRI; R-F distances in TNT and using R) in tandem with tanglegrams (see 

appendix 1.5.). The results of the tree congruity metrics are presented in diagrams above (Fig. 

5.3.1 – 5.3.4.) in the form of Pac-Man pie charts and their corresponding indices are diagonally 

opposite.  
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Figure 5.3.1. “Robinson-Foulds” metrics calculated in TNT. These R-F distances are not calculated using the 

standard symmetric count. Dark slices are similarity. Full=Comprehensive. 

 

Figure 5.3.2. The Robinson-Foulds distance divided by the total number of differences possible ([taxa – 1] x 2). 

Dark slices are equal to the similarity. Dark slices are equal to the similarity. Full=Comprehensive. 
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Figure 5.3.3. The SPR distances as calculated in TNT. An MRP matrix was calculated prior to the SPR distance 

analysis to ensure the taxon list was representative of the trees’ common content. Dark slices are equal to the 

similarity. Full=Comprehensive. 

 

Figure 5.3.4. The CRI values calculated in R project using the phytools package. Dark slices are equal to the 

similarity. Full=Comprehensive. 
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The metrics were compared to each other using Spearman’s rho and Kendall’s tau-b 

correlation coefficients. To compare the similarity of the metrics, the results presented in Figs. 

5.3.1. – 5.3.4. were ranked and compared for concordance, discordance (Kendall’s tau) and 

difference (Spearman’s rho). Both correlation coefficients found the R-F distances (TNT 

calculated and the symmetrical difference divided by the maximum possible difference) the 

most similar to each other (Spearman’s rho = 0.967; Kendall’s tau = 0.899), and the CRI and 

SPR distance the least similar to each other (Spearman’s rho = 0.726; Kendall’s tau = 0.569) 

(Fig. 5.3.5.). Although the SPR distances are correlated to the other metrics, the coefficients do 

not indicate a strong correlation (Fig. 5.3.5.). The CRI compares favourably to the R-F distance 

and is most similar to the version calculated in TNT (Spearman’s rho = 0.923; Kendall’s tau = 

0.806). 

 

Figure 5.3.5. Spearman’s rho and Kendall’s tau-b correlation coefficients examining the similarity between each 

of the tree congruity metrics. The R-F data was inverted so that in all metrics 1.000 is equal to “identical” and 

0.000 is equal to “distinct”. Asterisks denote the most similar metrics. 

 

All congruence metrics find the most congruent two cladograms to be that of Kellner (2003a) 

and Wang et al. (2009) (SPR = 1.000; R-F = 0.012; R-F in TNT = 0.013; CRI = 0.7444). 

Additionally, a topological incongruence length difference (TILD) test of the consensus trees 

found that the trees of Wang et al. (2009) and Kellner (2003a) were the only ones to not be 

significantly incongruent. 

 

The R-F distance divided by the maximum possible difference and the SPR distance both find 

the least congruent cladograms to be that of Andres et al. (2014) and the distinct analysis 

presented here (0.791 and 0.318 respectively). Whereas the R-F calculated in TNT and the CRI 

find the (equally) least congruent cladograms to be those of Kellner (2003a) and Unwin 

(2003a); Unwin (2003a) and Wang et al. (2009); and (only for the R-F distance) Lü et al. (2009) 

and the distinct analysis presented here (0.824 and 0.056 respectively). With the exception of 
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the SPR distance results (which are inflated), there are very few cladograms that demonstrate 

greater than 50% congruence with any other cladogram. The exceptions, with the greatest 

level of congruence, were presented in publications with a common author: Kellner (2003a) 

and Wang et al. (2009); Unwin (2003a) and Lü et al. (2009). Additionally, the R-F analyses find 

Andres et al. (2014) to have greater than 50% congruence with the analysis of Wang et al. 

(2009), but the congruence is lower than that of the common authors’ cladograms. 

 

Outlier labelling (Tukey 1977; Hoaglin et al. 1986) with a constant value of 2.2 (i.e. k = 2.2) 

demonstrates the congruity observed between Kellner (2003a) and Wang et al. (2009) in all 

congruence metrics is an outlier (CRI = 0.744>0.7423; SPR = 1.000>0.9641; R-F = 0.012<0.128; 

R-F in TNT = 0.013<0.098. The values presented here are the congruence metric scores and the 

outlier labelling critical value respectively). Therefore these analyses are far more congruent 

than expected in a normal distribution, although they are not extreme outliers and fall within 

bounding values given by k 3.  

 

5.3.1. Distinct analysis 

The strict consensus tree found using the distinct matrix fits the stratigraphic record well with 

a GER value of 0.845, although this value is lower than that reported for the strict consensus of 

the comprehensive analysis and that reported by Andres (2010). 

The distinct tree has an average of 53.3% (SPR; Fig. 5.3.3.); 30.9% (R-F; Fig. 5.3.2.); 28.7% (R-F 

in TNT; Fig. 5.3.1.); and 25.4% (CRI; Fig. 5.3.4.) congruence with all of the trees in the literature 

tested. This tree is most congruent with the Unwin (2003a) tree, and most incongruent with 

the Lü et al. (2009) tree (CRI; R-F in TNT) or the Andres et al. (2014) tree (SPR; R-F). 

The tanglegram of the distinct and Unwin (2003a) trees demonstrates that despite all of the 

congruence metrics agreeing that the latter is the most congruent with the former, they are 

still incongruent (less than 50% congruence for R-F and CRI). The TILD supports their 

incongruence with 99.9% significance. However, both trees agree that Preondactylus is the 

most basal branch of Pterosauria. The clade containing Scaphognathus, Rhamphorhynchus, 

Campylognathoides and Dimorphodon is unique to the distinct analysis. Correspondingly the 

basal position of Anurognathus relative to Dimorphodon is in disagreement with the Unwin 

(2003a) tree. The two trees agree on the composition of Pterodactyloidea and that the most 

recent common ancestor of Scaphognathus and Rhamphorhynchus is the sister taxon to the 

superfamily. Although both analyses found the exact same ornithocheiroid (sensu Unwin 
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2003a) topology, the placement of the clade is incongruent, with the new analysis recovering 

ctenochasmatoids as the most basal branch of Pterodactyloidea. Furthermore, the two trees 

disagree on which two taxa share the most recent common ancestor out of Pterodactylus, 

Ctenochasma, and Cycnorhamphus. The relationships of Lonchodectes, Dsungaripterus and 

Germanodactylus are completely incongruent. However, the sister taxon relationship of 

Germanodactylus to Azhdarchoidea is congruent between the two cladograms, as is the 

topology and composition of Azhdarchoidea. 

The tanglegram between the distinct tree and the Lü et al. (2009)tree demonstrates that there 

are many unique branches in both non-pterodactyloidea and Pterodactyloidea. While there 

are numerous sister taxon relationships that are in agreement, their precise position and 

relationship to other sets of sister taxa are highly incongruent. The same situation occurs 

between the distinct tree and the Andres et al. (2014) tree, but the connecting branches are 

approximately two and a half times more tangled. Therefore, in this case, the SPR and R-F 

distances were more capable of detecting incongruence than the CRI or the R-F distances as 

calculated by TNT. 

5.3.2. Comprehensive analysis 

The strict consensus tree found using the comprehensive matrix is very well correlated to the 

stratigraphy, with a GER value of 0.902. According to Andres (2010), only Maisch et al. (2004) 

outperforms this analysis with a GER of 1.000, but it is a significantly smaller taxon list. 

The comprehensive tree has an average of 56.8% (SPR; Fig. 5.3.3.); 35.9% (R-F = 0.641; Fig. 

5.3.2.); 33.8% (R-F in TNT = 0.662; Fig. 5.3.1.); and 25.0% (CRI; Fig. 5.3.4.) congruence with all 

previously published trees tested. This tree is most congruent with that of Kellner (2003a) (CRI; 

R-F; R-F in TNT) or the tree of Lü et al. (2009)(SPR), and most incongruent with the Lü et al. 

(2009) (CRI; R-F in TNT) or Andres et al. (2014) trees (SPR; R-F; R-F in TNT). 

The comprehensive tree is most congruent with the phylogeny of Kellner (2003a), however, a 

tanglegram demonstrates that there are many unique branches and the connecting lines are 

indeed ‘tangled’. Importantly, the two trees disagree on the most basal branch of Pterosauria. 

Furthermore, the scaphognathids, including anurognathines are found to be more closely 

related to the Pterodactyloidea in the new analysis, but Kellner (2003a) found these clades to 

occupy the most basal branches. The organisation of non-pterodactyloid taxa between the 

outgroup and Pterodactyloidea has almost completely the opposite polarity in each of the 

respective trees. Notably, the comprehensive tree does not find Campylognathoides close to 
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Eudimorphodon, but instead as the sister taxon to Rhamphorhynchus. In the tanglegram, the 

most basal pterodactyloid branch is Pterodactylus in the comprehensive tree, but in the 

Kellner (2003a) tree, it is the Archaeopterodactyloidea. In both analyses, the Jurassic 

Franconian plattenkalk taxa are more basal than the remaining pterodactyloids. The 

comprehensive tree finds nyctosaurs as the sister taxon to Pteranodon, contradicting Kellner's 

(2003a) analysis. Lonchodectes is demonstrated to be a pteranodontoid by Kellner (2003a), but 

in the tree presented here, it is the sister taxon to Dsungaripterinae. Furthermore, 

Dsungaripterus shares a more recent common ancestor with Pteranodon than with 

Quetzalcoatlus here, but it is the opposite in the tree of Kellner (2003a). Finally, while both 

trees retain azhdarchid and tapejarid clades, the comprehensive tree demonstrates that 

Tupuxuara is the sister taxon to Azhdarchidae, but Kellner (2003a) found the genus to be the 

sister taxon to tapejarids, affecting the status of Neoazhdarchia (Martill and Naish 2006). 

It is not possible to tell visually which tanglegram demonstrates the least congruence out of 

those comparing the comprehensive tree to the trees of Lü et al. (2009) and Andres et al. 

(2014). However, there are more common taxa between this analysis and that of Andres et al. 

(2014), meaning that there are more incongruent taxa and unique branches. 

5.3.3. Distinct vs Comprehensive 

The CRI and R-F distances find the strict consensuses of the two analyses presented here to be 

33-37% similar. Whereas the SPR distance reports the two trees to be ~60% similar, but the 

results are noted to be inflated. The tanglegram of the two trees demonstrates some 

moderate tangling of OTUs, and some significant branches are unique. Both analyses agree 

that Preondactylus and Austriadactylus occupy the most basal branch of Pterosauria. However, 

the paraphyletic group of non-pterodactyloids is highly incongruent. The distinct analysis finds 

a large monophyletic clade of non-pterodactyloids, including rhamphorhynchids, 

campylognathoidids, and dimorphodontids. The comprehensive analysis finds this clade to be 

paraphyletic. The distinct analysis also finds the Painten pro-pterodactyloid more basal than 

the Wukongopteridae, but the comprehensive analysis finds it as the sister taxon to 

Pterodactyloidea, which is more consistent with the morphological transitions demonstrated 

in monofenestratan taxa. The Wukongopteridae, is highly congruent between the two 

cladograms, with Wukongopterus as the most basal and “Darwinopterus linglongtaensis” as 

the sister taxon to Changchengopterus. The Most basal pterodactyloid in both cladograms is 

Eosipterus, followed by Pterodactylus in the comprehensive analysis, or the node shared by 

Dsungaripteroidea and Euctenochasmatia in the distinct analysis. Aurorazhdarchia has the 
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same composition and arrangement in both cladograms, but the Ctenochasmatidae is 

incongruent, although it mostly comprises of the same taxa. 

In the comprehensive analysis “Germanodactylus rhamphastinus” is a basal member of 

Eupterodactyloidea and the genus is paraphyletic. In the distinct analysis “Germanodactylus 

rhamphastinus” is a basal member of Euctenochasmatia, sister taxon to Diopecephalus kochi 

and the genus is polyphyletic. Germanodactylus cristatus is a basal dsungaripteroid, and sister 

taxon to all other dsungaripteroids in the comprehensive tree, but it is the sister taxon to 

Azhdarchoidea in the distinct tree. In both trees, the Azhdarchoidea comprises of the same 

taxa, but the topologies are largely incongruent. Each tree has a polytomy in the 

azhdarchoidea, demonstrating instability in the clade. 

With the exception of Kepodactylus being included in the Lonchodectidae in the 

comprehensive analysis, the composition and topology are the same in the distinct tree. The 

remaining ornithocheiroids have almost completely incongruent topologies. The topology and 

content of Pteranodontia are the only consistent clade between the two trees.  

The agreement sub-trees calculated from the MPTs of the comprehensive and distinct analyses 

presented here have pruned one and two taxa respectively. The comprehensive analysis omits 

Bennettazhia and the distinct analysis omits Arambourgiania and Harpactognathus. All three 

taxa are represented by very little, poor fossil material. Harpactognathus is comprised of 

cranial remains only, specifically an isolated rostrum from the Morrison Formation. Whereas 

Arambourgiania and Bennettazhia comprise of post-cranial remains, a cervical vertebra and a 

humerus with associated dorsal vertebrae respectively. The removal of these poorly coded 

OTUs by the agreement sub-tree results in a completely resolved Rhamphorhynchidae and 

Azhdarchoidea. The rhamphorhynchids, Harpactognathus, Angustinaripterus, and Sericipterus 

form a polytomy in the strict consensus of the distinct analysis. The agreement sub-tree finds 

Angustinaripterus on a more basal branch than Sericipterus after the removal of 

Harpactognathus. Also in the agreement subtree of the distinct analysis, the azhdarchids 

Zhejiangopterus and Quetzalcoatlus are sister taxa, which together form a sister taxon to 

Azhdarcho and in turn, those three taxa are the sister taxon to Chaoyangopterus. In the strict 

consensus Zhejiangopterus, Quetzalcoatlus, Azhdarcho, and Chaoyangopterus are in a 

polytomy with Arambourgiania. The strict consensus of the comprehensive analysis resolves 

one polytomy, comprising Tupuxuara, Thalassodromeus, Huaxiapterus, Bennettazhia and two 

monophyletic clades, the Tapejaridae and Azhdarchidae. The agreement sub-tree resolves the 
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Tapejaridae and Azhdarchidae as sister taxa, and the remaining three OTUs are successive 

sister taxa to the aforementioned clade, with Tupuxuara the most basal, followed by 

Thalassodromeus and Huaxiapterus stepwise. The Azhdarchoidea of each analysis is 

incongruent with the other. 

5.3.4. Mid-Point Rooting 

The mid-point rooting method was tested on the two tree topologies presented here. Because 

TNT does not produce unrooted trees the analysis was run with an outgroup that was deleted 

before performing the MPR. Neither MPR tree was congruent with the stratigraphic record or 

any pterosaur phylogeny published so far. The distinct tree was rooted between the non-

pterodactyloids (plus Eosipterus), basal non-dsungaripteroid pterodactyloids and 

dsungaripteroids. The comprehensive analysis is mid-point rooted at a reasonably similar 

locus, despite the difference in topology, between Germanodactylus cristatus, all non-

dsungaripteroids and all remaining dsungaripteroids (i.e ornithocheiroids and azhdarchoids). 
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5.3.5. Clade support 

 

Figure 5.3.6. The skulls representing the group centroids are drawn from estimates of each common ancestor, 

using a landmark analysis of skulls in TNT on the comprehensive tree topology.  

Several key clades were analysed using linear discriminant analysis and discriminant function 

analysis (Fig.5.3.6.). Four continuous character variables taken from the skull were used: the 

rostral index; the prenarial length compared to the whole skull length; the (naso)antorbital 

fenestra length to depth ‘ratio’; and the angle of the quadrate to the occlusal plane. Although 

LDA exhibited a distinction between each clade, demonstrating that the clades are clearly 

distinct, the results were less informative than the DFA. The DFA demonstrated that largely the 

clades are distinct, but there is some overlap, which would be expected due to common 

ancestry.  The ornithocheiroids, pteranodontoids, and lonchodectids overlapped a 

comparatively small area occupied by the wukongopterids centroid. The lonchodectid area 
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overlaps the majority of pterodactyloid clades, but most conspicuously it overlaps the majority 

of azhdarchoid OTUs. Most notably the non-monofenestratan pterosaurs and 

monofenestratan pterosaurs are distinct. In comparison to the monofenestratans, the non-

monofenestratans occupy a much more constrained area of morphospace, consistent with the 

findings of principal component analyses (Prentice et al. 2011). 

The bootstrap supports thirteen pterosaurian nodes for the distinct analysis and nine nodes for 

the comprehensive analysis. In both analyses, the following sister groups are supported: 

Preondactylus and Austriadactylus; Eudimorphodon, Carniadactylus and Caviramus; 

Campylognathoides spp.; Aurorazhdarcho and Ardeadactylus; Istiodactylus spp.; Nyctosaurus 

spp.; and Pteranodon spp. The distinct analysis bootstrap results support Pteranodontia, 

including Muzquizopteryx. Furthermore, the bootstrap of the distinct analysis supports the 

relationship between Darwinopterus modularis, D. linglongtaensis and Changchengopterus; 

Anhanguera santanae and A. piscator; and Dsungaripterus and Domeykodactylus. The 

comprehensive analysis uniquely supports the relationships of the anurognathids 

Anurognathus, Batrachognathus, Dendrorhynchoides and Jeholopterus; and Boreopterus and 

Zhenyuanopterus. The sister taxa Campylognathoides zitteli and C. liasicus are the most highly 

supported, with the clade recovered in 94% and 93% of replicates in the distinct and 

comprehensive analyses respectively. Istiodactylus spp. are similarly well supported, but 

despite also being in the same genus Pteranodon spp. (distinct: 80%; comprehensive: 85%) and 

Nyctosaurus spp. (distinct: 64%; comprehensive: 78%) are not as strongly supported.  

The Jackknife analyses each support fourteen pterosaurian nodes. The results of the distinct 

analysis jackknife are remarkably similar to the bootstrap results, with the exceptions of the 

Anhanguera spp. not being supported, but support is provided to the relationships of 

Boreopterus and Zhenyuanopterus, and Noripterus with Dsungaripterus and Domeykodactylus. 

The jackknife results of both analyses are very similar, the following sister taxa are supported 

by both: Preondactylus and Austriadactylus; Eudimorphodon, Carniadactylus, and Caviramus; 

Campylognathoides spp.; Darwinopterus modularis, D. linglongtaensis and 

Changchengopterus; Aurorazhdarcho and Ardeadactylus; Istiodactylus spp.; Boreopterus and 

Zhenyuanopterus; and Pteranodontia. Unique to the distinct analysis, the clade comprising 

Noripterus, Dsungaripterus and Domeykodactylus is supported by 54% of the jackknife 

replicates. The jackknife of the comprehensive analysis supports the Wukongopteridae and 

Anurognathidae. 
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MASTs calculated in CompPhy (Fiorini et al. 2014) demonstrate that some taxon relationships 

are well supported, whilst other taxa are “wildcards” (“jump” around). In the (Kellner 2003a) 

analysis the following close relationships are supported by a MAST with the distinct tree: 

Anurognathus and Dendrorhynchoides; Campylognathoides and Eudimorphodon (although in 

the distinct tree there are many taxa more closely related to each of these); “Germanodactylus 

rhamphastinus” and Diopecephalus, and Cycnorhamphus, Pterodaustro and Ctenochasma in 

Euctenochasmatia; Istiodactylus, Ornithocheirus and Anhanguera spp.; Tupuxuara and 

Azhdarcho, although their relationship to other azhdarchoids is not agreed upon. The MAST of 

Unwin (2003a) and the distinct analysis support close relationships between: Scaphognathus 

and Rhamphorhynchus (although there are other taxa more closely related to each in the 

distinct analysis); Istiodactylus, Ornithocheirus, Nyctosaurus and Pteranodon; Germanodactylus 

cristatus and Azhdarchoidea; and Azhdarchoidea comprising of Tapejara, Tupuxuara , and 

Azhdarcho. The MAST of the Wang et al. (2009) tree supports the relationships of: 

Anurognathus and Dendrorhynchoides; Campylognathoides spp. and Eudimorphodon (like with 

Kellner [2003] in the distinct tree there are many taxa more closely related to each of these 

taxa); quite a lot of Euctenochasmatia is agreed on (Diopecephalus, “G. rhamphastinus”, 

Cycnorhamphus, Feilongus, Ctenochasma, and Pterodaustro); Nurhachius, Ornithocheirus and 

Anhanguera spp.; and Azhdarchoidea, with Thalassodromeus as sister taxon to Azhdarcho and 

Zhejiangopterus. Like Kellner (2003a) and Wang et al. (2009), Lü et al. (2009) and the distinct 

analysis both support the relationships of: Anurognathus and Dendrorhynchoides; and 

Campylognathoides and Eudimorphodon. Additionally, the following taxon relationships 

presented by Lü et al. (2009) are supported: Darwinopterus as the sister taxon to 

Pterodactyloidea; the contents and organisation of Euctenochasmatia with the exception of 

Cearadactylus, Ardeadactylus, Gegepterus and Eosipterus; Pteranodontia and its sister taxon 

relationship to Ludodactylus; the sister taxon relationship between Germanodactylus cristatus 

and Azhdarchoidea; the sister taxa Azhdarcho and Zhejiangopterus and their relationship with 

Chaoyangopterus, Tupuxuara and Sinopterus. Finally, the sister taxon relationships presented 

by Andres et al. (2014) that are supported are: Preondactylus and Austriadactylus; 

Wukongopterus and Darwinopterus; Feilongus and Moganopterus; Zhenyuanopterus and 

Boreopterus; Anhanguera spp.; and Tupandactylus and Tapejara navigans. 
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5.3.6. Characters, coding and data transformations 

To test the effectiveness of atomizing compound characters (see 3.3.2.1.), modified matrices in 

which compound characters are atomized were compared to the original matrices of Lü et al. 

(2009), Wang et al. (2009) and Andres et al. (2014) using bivariate plots (number of active 

characters vs. tree length) of jackknife results and statistical analyses. The continuous jackknife 

was performed by a macro written for TNT, and it successfully produced 101 replicates 

resampled with character deletion. The output is presented as a list in the buffer, making it 

possible to save information on the number of non-operational characters, the inactive 

character numbers, the number of operational characters, the percentage of the character list 

that was operational, and the tree length resulting from an analysis of the reduced matrix. The 

results of an analysis of the matrices of Lü et al. (2009), Wang et al. (2009) and Andres et al. 

(2014) and their respective modified matrices demonstrated that atomizing compound 

characters reduces the character conflict, making the trees relatively shorter (Fig. 5.3.7. – 

5.3.9.).  

 

Figure 5.3.7. A bivariate plot of the tree lengths (y-axis) compared to the numbers of operational characters (x-

axis) for the Wang et al. 2009 analysis jackknifed using a macro developed to show improvement or deterioration 

of character conflict when compound characters are atomized. 
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Figure 5.3.8. A bivariate plot of the tree lengths (y-axis) compared to the numbers of operational characters (x-

axis) for the Lü et al. 2009 analysis jackknifed using a macro developed to show improvement or deterioration of 

character conflict when compound characters are atomized. 

 

 

Figure 5.3.9. A bivariate plot of the tree lengths (y-axis) compared to the numbers of operational characters (x-

axis) for the Andres et al. 2014 analysis jackknifed using a macro developed to show improvement or 

deterioration of character conflict when compound characters are atomized. 

0

50

100

150

200

250

300

350

400

450

0 20 40 60 80 100 120 140 160

Original Atomized

0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250

Original Atomized



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

327 
 

Only four characters were added to the Andres et al. (2014) analysis by atomizing compound 

characters. There were fewer compound characters in this analysis compared to the others 

analysed, but those present proved more difficult to split into their constituent characters. 

Consequently, the reduction in relative tree length is small but significant. The tree length for 

each replicate was divided by the number of characters, the resulting indices were analysed 

with a paired sample T-test. The results of the T-test demonstrate that the mean of the 

atomized sample indices was .078 less than the original matrix, and this is a significant 

difference with a P-value of 0.007. The analyses of Lü et al. (2009) and Wang et al. (2009) are 

much more improved by the atomization of compound characters. The jackknife procedure 

was repeated on these analyses. The means of the indices (tree length divided by active 

characters) were compared using a paired sample T-test. The means of the modified matrices 

are .314 and .223 less than the original matrices of Lü et al. (2009) and Wang et al. (2009) 

respectively, and this difference is significant with a P-value of 0.000 in both instances. 
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6. Taxonomy of basal pterodactyloids 

 “the present state of the Earth, and the organisms now inhabiting it, are but the 
last stage of a long and uninterrupted series of changes which it has undergone, 

and consequently, that to endeavour to explain and account for its present 
condition without any reference to those changes (as has frequently been done) 

must lead to very imperfect and erroneous conclusions.” A.R. Wallace, 1855: 184 

6.1. Introduction 

One problem with cladistic analyses is choosing appropriate operational taxonomic units 

(OTUs). To a large extent, taxonomy will bias a researcher when coding a population of 

specimens as an OTU for a cladistic analysis. For this reason, it is necessary to address the 

taxonomic problems of Pterodactylus and Germanodactylus. This chapter discusses the 

taxonomy of the basal pterodactyloids: Pterodactylus; Germanodactylus; Diopecephalus; and 

Aerodactylus. The species “Pterodactylus longicollum” was placed in the new genus 

Ardeadactylus (Bennett 2013c) during the course of this study. The taxonomic problem has 

been addressed in two papers (Vidovic and Martill 2014; Vidovic and Martill in press): the first 

of these tackled the subject of pterosaurs that were morphologically distinct from 

Pterodactylus in the shape of their skull, the distribution of their dentition and the length of 

the pteroid; while the second provides an analysis of the pterosaurs of the Franconia 

laminated limestones that possess straight dorsal margins to the skull and teeth persisting 

under the nasoantorbital fenestra. The former has been peer reviewed and published (Vidovic 

and Martill 2014) and is presented in subchapter 6.2. while the latter is accepted and currently 

in press and is presented in section 6.3. 

The cladogram presented by Vidovic and Martill (2014) is distinct from the two presented in 

this study. These differences result from a number of factors. Firstly, it was largely compiled 

from characters taken from the literature, some of which were atomized from compound 

characters. Additionally, some new characters were incorporated from the distinct analysis 

presented here. With the atomized compound characters and the additional characters taken 

from this study the Vidovic and Martill (2014) analysis is currently the most comprehensive 

cladistic analysis of pterodactyloid pterosaurs available in the literature. 
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The cladogram presented in section 6.3. is based on the comprehensive analysis, but it is an 

earlier version compared to the one presented in this thesis. Some coding has been corrected 

and the character order differs somewhat. The matrix and characters are presented in the 

appendices (appendix 5.5.). Regardless of the minor changes to the character list and coding, 

the resulting cladogram is broadly similar to that presented in the results section (see 5.2.2.). 
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6.2. Cryptic taxa in early ontogeny 
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6.3. Diopecephalus vs. Germanodactylus 

The taxonomy and phylogeny of Diopecephalus kochi (Wagner, 1837) and 

“Germanodactylus rhamphastinus” (Wagner, 1851) 

Steven U. Vidovic1*, David M. Martill1 

1Palaeobiology Research Group, School of Earth and Environmental Sciences, University of 

Portsmouth, Burnaby Building, Burnaby Road, Portsmouth, Hampshire, PO1 3QL, United 

Kingdom 

*Correspondence: (steven.vidovic@port.ac.uk) 

 

Abstract: Diopecephalus kochi has been included in the genus Pterodactylus and even 

synonymized with the type and only species P. antiquus. It was recently demonstrated that “P. 

kochi” was a wastebasket taxon, comprised largely of another historic Pterodactylus species, 

now placed in its own genus, Aerodactylus scolopaciceps. Aerodactylus possesses apomorphies 

not observed in Pterodactylus, including a restricted dentition and a more elongate pteroid. 

However, morphometric analyses that validated the distinction of the specimens assigned to 

“P. kochi” also demonstrate that Pterodactylus is more similar in many proportions to 

Aerodactylus. Therefore, the remaining “P. kochi” specimens may represent another cryptic 

taxon. The genus Diopecephalus was erected for the reception of “P. kochi” and its validity is 

tested here. Some authors have proposed that “Germanodactylus rhamphastinus” is not 

congeneric with Germanodactylus cristatus, and more recently that it may represent a mature 

specimen of Diopecephalus. A cladistic analysis of the Pterosauria elucidates plesiomorphic 

and apomorphic conditions of non-ctenochasmatoid and non-dsungaripteroid pterodactyloids, 

and finds Germanodactylus as a monotypic genus diagnosed by autapomorphies. 

Pterodactylus, Diopecephalus and “G. rhamphastinus” are distinct taxa, diagnosable with a 

combination of characters. Pterodactylus and “G. rhamphastinus” are readily distinguishable, 

thus a new genus is erected for the reception of the latter. 

 

Keywords: Pterosaur, Pterodactylus, Germanodactylus, Phylogeny, Cladistic analysis, 

Geometric morphometrics, Taxonomy  

mailto:steven.vidovic@port.ac.uk
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The holotype of “Pterodactylus kochi” (Wagner 1837) (BSP AS XIX 3 and SMF R 404) (Fig. 6.3.1) 

was considered to belong in a distinct genus by Seeley (1871), which he unambiguously named 

Diopecephalus Seeley, 1871. Seeley (1871) included “Pterodactylus longicollum” Meyer 1854 

and “Pterodactylus rhamphastinus” (Wagner 1851) (BSP AS I 745 a and BSP AS I 745 b) in 

Diopecephalus. Bennett (2006, 2013c) discussed this at length, but perhaps due to a small 

grammatical error on Seeley’s part, argued that Seeley did not designate a type species for 

Diopecephalus until 20 years later (Seeley 1901). However, Seeley (1871) did put the other two 

“Pterodactylus spp.” ‘under the name P. kochi’ in the genus Diopecephalus.  

‘Another unnamed generic type is typified by Pterodactylus longicollum, P. rhamphastinus, and 

the two species’ … are… ‘included under the name P. kochi. In this genus the middle hole of 

the skull is entirely wanting. For it I suggest the name Diopecephalus.’ (Seeley 1871 p.35) 
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(above) Figure 6.3.1. Diopecephalus kochi - photographs and interpretative drawings of the slabs (a) SMF R 404 

and (b) BSP AS XIX 3. Abbreviations: a, articular; co, coracoid; cv, cervical vertebra; d, dentary; dv, dorsal 

vertebra; f, femur; fr, frontal; h, humerus; ip, ischiopubic plate; j, jugal; l, lacrimal; mt, metatarsal; mu, manual 

unguals; mx, maxilla; n, nasal; naof, nasoantorbital fenestra; o, orbit; p, parietal; pa, preacetabular process; pd, 

pedal digit; pd5, pedal digit 5; pmx, premaxilla; po, post-orbital; poa, postacetabular process; pp, prepubis; pt, 

pteroid; pu, pedal unguals; q, quadrate; qj, quadratojugal; ra, radius; ri, ribs; sc, scapula; sq, squamosal; sv, sacral 

vertebra; ti, tibia; u, ulna; wmc, wing metacarpal; wph1-4, wing phalanx 1-4. 

It is noteworthy that Seeley (1871, 1901) was referring to the holotype of “P. longicollum”, 

which he would have seen a cast of in the Natural History Museum, London (NHMUK R 37990), 

not the original material that was later destroyed during WWII. Wellnhofer (1970) elected a 

neotype (SMNS 56603) for “P. longicollum” using a specimen originally described by Plieninger 

(1907) from a slightly older formation and different locality compared to the original. Bennett 

(2013c), finding this specimen to be distinct from Pterodactylus Cuvier 1809 erected the new 

genus Ardeadactylus for its reception, an action with which we are in full agreement. Although 

we do not necessarily agree that SMNS 56603 is conspecific with Meyer's (1854) 

“Pterodactylus longicollum”. The ulnae and radii were not preserved in the holotype, thus it is 

impossible to interpret wing proportions and it may represent any aurorazhdarchid with the 

exception of Cycnorhamphus Seeley 1870 which has unambiguous cranial autapomorphies. 

Using multiple lines of evidence Vidovic and Martill (2014) demonstrated that “P. kochi” 

(Wellnhofer 1968, 1970; Jouve 2004; Bennett 2013c) was a wastebasket taxon. Historically, 

sub-mature specimens were included in the taxon due to size criteria and convergent 

morphology in early ontogeny (Vidovic and Martill 2014). A subset of specimens referred to “P. 

kochi” shared common cranial, vertebral and pteroid characters that were distinct from the 

holotype. The specimens belonging to this distinct morphotype consistently plot separately 

from specimens more similar to the holotype of “P. kochi” in morphometric bivariate plots 

(Vidovic and Martill 2014: Supporting Information S2.1). One specimen (BSP AS V 29 a/b) 

plotting as the distinct morphotype is a species name bearer with date priority, a new genus 

was erected for its reception (Vidovic and Martill 2014), producing the new combination 

Aerodactylus scolopaciceps (Meyer 1860). The detection of Aerodactylus specimens referred to 

“P. kochi” does not mean that the latter taxon is not a junior subjective synonym of P. antiquus 

(Jouve 2004; Bennett 2013c). However, the two Pterodactylus species were demonstrated to 

be morphometrically distinct (Vidovic and Martill 2014: Supporting Information S2.1) and were 

found to be paraphyletic in a cladistic analysis of the Pterodactyloidea (Vidovic and Martill 
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2014). From this point forward, to promote taxonomic stability the binomial Diopecephalus 

kochi is used except in historical context. 

It was suspected that mature specimens of Aerodactylus would look similar to Ardeadactylus, 

but ontogenetic trends suggested that the wing metacarpal would be shorter than, or sub-

equal to the ulna (Vidovic and Martill 2014). A pterosaur wing figured by Wellnhofer (1970) 

from Solnhofen Malm Zeta 2 (Exemplar Nr 78; PTH 1963. 1 a) demonstrates the estimated 

proportions of a mature Aerodactylus. Wellnhofer (1970) notes ‘Mit 110 mm erreicht es mehr 

als 80% der Radiuslänge’ referring to the pteroid, meaning that the pteroid demonstrates an 

apomorphic condition for aurorazhdarchids. Here, that specimen is regarded as a mature 

Aerodactylus, meaning the taxon reached wingspans of 2-2.5 meters, which makes it a large 

pterodactyloid for the Jurassic. 

 

Figure 6.3.2. “Germanodactylus rhamphastinus” - photographs and interpretative drawings of the slabs (a) BSP 

AS I 745 b and (b) BSP AS I 745 a. Abbreviations: pc, premaxillary crest; st, sternum. 
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The remaining taxon within Seeley’s (1871) Diopecephalus hypodigm is Germanodactylus 

rhamphastinus (Wagner 1851) (Fig. 6.3.2). There are currently three specimens identified as 

Germanodactylus rhamphastinus (Wellnhofer 1968; Bennett 2002; Rodrigues et al. 2010). Each 

specimen possesses a straight rostrum terminating in a point. The skull is relatively deep when 

compared to other Jurassic pterodactyloids and the cervical vertebrae are short. 

Germanodactylus rhamphastinus has a complex taxonomic history which has been examined 

on several occasions recently (Bennett 1996b, 2002, 2006; Maisch et al. 2004; Wang et al. 

2008b; Rodrigues et al. 2010; Vidovic and Martill 2014).  

Many phylogenetic studies demonstrate that the two species of Germanodactylus Young 1964 

nest together (Kellner 2003a; Unwin 2003a; Andres and Ji 2008; Lü et al. 2009; Wang et al. 

2009; Andres et al. 2014) in a monophyletic clade, but a more focussed analysis by Maisch et 

al. (2004) demonstrates the genus to be paraphyletic. Maisch et al. (2004) created the nomen 

nudum Daitingopterus, intended for the reception of “G. rhamphastinus” by placing the name 

in a table with no specific reference to a specimen. Subsequently, (Wang et al. 2008b) noted 

that the tooth morphology of “G. rhamphastinus” (Fig. 6.3.2) differs from that of 

Germanodactylus cristatus (Wiman 1925) (BSP 1892 IV 1 and NMING F15005) (Fig. 6.3.3) and 

suggested that the former may be placed in a new genus, but still closely related to 

Germanodactylus. (Rodrigues et al. (2010) reiterated that “G. rhamphastinus” might be 

generically distinct from G. cristatus. In a more comprehensive cladistic analysis of 

pterodactyloids Vidovic and Martill (2014) found Archaeopterodactyloidea of Kellner (2003a) 

and Dsungaripteroidea of Unwin (2003a) to be polyphyletic. Germanodactylus cristatus was 

recovered as a basal tapejaroid, while “G. rhamphastinus” was recovered as a basal 

“transitional” taxon close to Aurorazhdarchidae. Furthermore, when the data of the (Lü et al. 

2009) analysis is re-run using TNT with Noripterus Young 1973 included (as it was in the 

published matrix), a significantly shorter tree than the published tree lacking Noripterus also 

finds Germanodactylus to be paraphyletic. 

The taxonomy of Germanodactylus and its present constituent species has most recently been 

reviewed in detail by Bennett (2006). The type specimen, G. cristatus (BSP 1892 IV 1) was 

originally described by Plieninger (1901) and identified as an example of “P. kochi”. But Wiman 

(1925) considered BSP 1892 IV 1 distinct from “P. kochi” on account of its edentulous jaw tips 

and prominent sagittal crest, thus he named it Pterodactylus cristatus Wiman 1925 (Fig. 6.3.3). 

Young (1964) considered BSP 1892 IV 1 to be generically distinct from Pterodactylus and 

erected for it the genus Germanodactylus, with the combination “G. kochi” (Wagner 1837). As 
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Bennett (2006) noted, Young (1964) seemed unaware that this specimen had been renamed 

“P. cristatus” by Wiman (1925). Wellnhofer (1968), aware of Wiman’s work, corrected Young’s 

lapsus, creating the binomial Germanodactylus cristatus (Wiman 1925). Later, Bennett (2006) 

referred two specimens that had previously been referred to “P. kochi” (JME SoS 4593) and 

“Pterodactylus micronyx” Meyer 1856 (JME SoS 4006) to Germanodactylus cristatus, 

considering them to represent juveniles of that taxon. In addition to these referrals, Bennett 

(2006) emended the diagnosis of Germanodactylus to accommodate perceived ontogenetic 

changes and maintained “G. rhamphastinus” within the genus contrary to Maisch et al. (2004). 

Bennett’s (2006) revised diagnosis of Germanodactylus lacks autapomorphies and only 

distinguished Germanodactylus from other pterosaurs by a unique combination of characters, 

thus rendering it a metataxon. Here, “metataxon” is not used in the strict phylogenetic sense 

(Archibald 1994) because its use is not in reference to a cladogram, but because the taxon 

diagnosis cannot provide positive evidence of monophyly or paraphyly. Germanodactylus 

cristatus (Fig. 6.3.3), the type species of Germanodactylus, possesses autapomorphies not 

found in “G. rhamphastinus” (Fig. 6.3.2). Consequently, here the diagnosis of Germanodactylus 

is emended, and “G. rhamphastinus” is excluded from the genus. 
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Figure 6.3.3. Germanodactylus cristatus - (a) a photograph of most of the skeleton on the slab and (b) a line 

drawing of the skull of the holotype BSP 1892 IV 1. 

Such an action, however, requires a reappraisal of the relationships of “G. rhamphastinus”. It is 

difficult to distinguish “G. rhamphastinus” (Fig. 6.3.2) from the holotype of Diopecephalus 

kochi (Fig. 6.3.1) other than by using size related criteria. While it is difficult to distinguish sub-

mature specimens from mature specimens, the only cladistic analyses to include the holotype 

of Diopecephalus (Howse 1986; Vidovic and Martill 2014) (i.e. not Aerodactylus specimens) 

find Diopecephalus, Pterodactylus and Germanodactylus spp. distinct. Here, a rigorous and 

comprehensive cladistic analysis tests the relationship between “G. rhamphastinus”, D. kochi, 

P. antiquus and G. cristatus. Appropriate taxonomic action is taken as a consequence of the 

outcome of the analysis. 
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Pterodactylus and Diopecephalus 

The genera Pterodactylus and Diopecephalus are remarkably similar. However, in the only 

cladistic analyses to study both holotypes Howse (1986) and Vidovic and Martill (2014) find the 

two specimens distinct. Furthermore, some morphometric bivariate plots demonstrate 

Pterodactylus to be closely associated with Aerodactylus, which is distinguishable by its 

dentition, skull morphology, and pteroid length. 

Currently, there are just a few juvenile pterosaur specimens tentatively referred to 

Diopecephalus (3 including the holotype) (Vidovic and Martill 2014). As such, working 

taxonomically with populations is rendered difficult if not impossible. However, the holotype 

of Diopecephalus does differ from Pterodactylus in that the cervical vertebrae have a 

prominent spinous cranial hypapophysis (Howse 1986) and robust prominent zygapophyses. It 

was noted that Diopecephalus and “Pterodactylus elegans” both lacked fusion of the atlas and 

axis and that the mid-cervical vertebrae were approximately the same size, which was 

considered a plesiomorphic condition for the Pterodactloidea by Howse (1986). However, due 

to the heterochrony, these vertebral conditions are common to juvenile pterodactyloids (pers. 

obs.). Additionally, the manual unguals are less robust in Diopecephalus compared to 

Pterodactylus. Also, the diaphysis of the prepubis in Diopecephalus is more robust and the 

distal expansion is broader than in Pterodactylus. The prepubis may be subject to plastic 

growth, or may not be entirely ossified in very young juveniles. Prepubis morphology has 

largely been overlooked, thus a geometric morphometric analysis was performed to determine 

its taxonomic utility, see methods and results below. 

Diopecephalus and “G. rhamphastinus” 

No characters have been identified that Diopecephalus shares with Pterodactylus that it does 

not also share with “G. rhamphastinus”. Despite their similarity, the relationship of 

Diopecephalus and “G. rhamphastinus” has received little attention (Seeley 1871, 1901; 

Vidovic and Martill 2014). “G. rhamphastinus” has been considered congeneric with D. kochi 

(Seeley 1871, 1901) and the holotype of Germanodactylus was originally referred to “P. kochi” 

(Plieninger 1901), but subsequent to the separation of D. kochi and Germanodactylus spp. 

(Wiman 1925; Young 1964; Wellnhofer 1968, 1970) the species have been considered distinct 

without further discussion. 
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In addition to “G. rhamphastinus”, Diopecephalus and Pterodactylus sharing morphological 

conditions, “G. rhamphastinus” and Diopecephalus share yet more features in common. These 

additional similarities include a prepubis with a robust diaphysis and broad distal expansion, a 

more caudal extension of the dorsal process of the premaxilla and less robust manual unguals 

than Pterodactylus. Other possible uniting characters are tentative because they may be 

affected by ontogeny. For example, “G. rhamphastinus” has shorter cervical vertebrae with 

more robust zygapophyses than Pterodactylus, similar to the condition in Diopecephalus 

(Howse 1986). 

“G. rhamphastinus” and Pterodactylus 

“G. rhamphastinus” and Pterodactylus share conditions plesiomorphic to Monofenestrata and 

Pterodactyloidea as discussed above. They differ in that “G. rhamphastinus” has a straighter 

slope to the dorsal margin of the skull, pointed jaw tips, a steeper quadrate, fewer teeth in 

adult specimens, a piriform orbit and a prepubis more similar to that of Diopecephalus. The 

Pterodactylus specimen BMMS 7 was reconstructed using information available from 

Aerodactylus specimens (Bennett 2013c), resulting in an overestimate of rostrum length and 

tooth number. It is likely that the rostrum terminated shortly after the break in the rock and 

there were only 18 to 20 teeth in the mature specimen’s jaws. 

Although Bennett (1996b) once suggested that the Germanodactylus spp. might represent 

more mature specimens of Pterodactylus he subsequently changed his view (Bennett 2002 

p.45). We agree that some of the differences could be ontogenetically variable and perhaps 

vary between genders, so in 1996 it seemed possible that the two species could be at least 

congeneric. However, more recent research has revealed more information on the ontogeny 

and phylogeny of pterodactyloids (Jouve 2004; Bennett 2006, 2013c; Lü et al. 2009) and 

common opinion is that the two are distinct genera. 

Germanodactylus cristatus and “Germanodactylus rhamphastinus” 

Germanodactylus cristatus differs from “G. rhamphastinus” and all pterosaurs in that the 

dentition is absent from the rostrum tip, but still present in the premaxilla. Also, the prepubis 

distal expansion is cranioventrally long, making it approach a Reuleaux triangle in outline. 

Additionally, Germanodactylus cristatus has at least three fused dorsal vertebrae, which differs 

from the condition in similarly sized “G. rhamphastinus”. Wang et al. (2008b) also noted that 

the gestalt of the teeth differed between the two species. These differences don’t necessarily 
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distinguish the two species at the generic level. Indeed, Bennett (2006) considered the 

differences observed between the two Germanodactylus species to diagnose the species 

within the genus. The two species are seemingly united by a similar skull shape and an extreme 

caudal extension of the premaxilla dorsal process, as well as some skeletal proportions 

(Bennett 2006 p.876). However, these similarities are also observed in more basal and derived 

branches of Pterodactyloidea, substantiating the claims that the genus is paraphyletic (Maisch 

et al. 2004; Vidovic and Martill 2014). 

Stratigraphy 

Table 6.3.1. Stratigraphy of monofenestratans from Franconia laminated limestone localities 

Malm Zeta 1  Malm Zeta 2 Malm Zeta 3 

Upper Kimmeridgian Lower Tithonian Lower Tithonian 

Cycnorhamphus suevicus 

(Quenstedt 1855) (holotype) 

Ardeadactylus longicollum 

(Meyer 1854) (neotype) 

Painten pro-pterodactyloid 

sensu Tischlinger and Frey, 

2013 

Pterodactylus c.f. antiquus 

(SMF R 4072) 

Pterodactylus antiquus 

(Sömmerring 1812) 

(holotype) 

Gnathosaurus subulatus 

Meyer, 1834 

Aurorazhdarcho micronyx 

(Meyer 1856) 

Aerodactylus scolopaciceps 

(Meyer 1860) 

Ctenochasma elegans 

(Wagner 1861a) 

Germanodactylus cristatus 

(Wiman 1925) 

Ardeadactylus longicollum 

(Meyer 1854) (lost holotype)* 

 

Diopecephalus kochi (Wagner 

1837)? 

Germanodactylus 

rhamphastinus (Wagner 

1851) 

Pterodactylus antiquus 

(Sömmerring 1812) Bennett, 

2013c- BMMS 7 

*Note that the lost holotype of "Pterodactylus longicollum" may represent another 

aurorazhdarchid 

The traditional subdivisions of the Franconia laminated limestones represent short periods of 

geological time (<4 mya total duration: Late Kimmeridgian–early Tithonian). Monofenestratan 

pterosaurs are known from Malm Zeta 1–3 (Kimmeridgian–Tithonian) (Table 1.) from quarries 
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near Nusplingen, Solnhofen, Eichstätt, Schernfeld, Mörnsheim, Daiting, Schamhaupten, 

Painten, Kelheim and Zandt. With the exception of Pterodactylus and possibly Cycnorhamphus 

and Ardeadactylus, the vast majority of pterosaurs are restricted to single sub-divisions of the 

Franconia laminated limestones.  

Specimens of Pterodactylus antiquus (Sömmerring 1812) are known from the Lower Tithonian, 

Malm Zeta 2 and 3 (Bennett, 2013c). The taxon may also be present in the earliest Tithonian 

(Malm Zeta 1) cropping out at Zandt, Germany (SMF R 4072) (see below). Diopecephalus kochi 

and “G. rhamphastinus” according to Wellnhofer (1970) are known only from Malm Zeta 3, 

Lower Tithonian of Kelheim and Daiting respectively. Exposures at Daiting are in the 

Moernsheimensis Horizon and Subzone of the Hybonotum Zone, making it the youngest 

pterosaur bearing strata in the Franconia limestones (Schweigert 2007). Kelheim is reportedly 

in the Rueppelliansus Subzone of the Hybonotum Zone (Schweigert 2007), making it equivalent 

to Malm Zeta 2. The Diopecephalus locality is ~1 km North of Kelheim (Wellnhofer 1970), close 

to Painten (~6 km) which is Malm Zeta 1. Therefore the age of Diopecephalus according to 

Wellnhofer (1970) (Malm Zeta 3) is in some doubt. Although the “Papiershiefer” has been 

considered contemporary with Mörnsheim Limestone (Meyer 1977), crushed Gravesia gigas 

(riedlingensis subzone) ammonites were misidentified as G. gravesiana resulting in a younger 

date being determined (Schweigert 2007). Germanodactylus cristatus is known from two 

juvenile and two mature specimens, of which the holotype (BSP 1892 IV 1 and NMING F15005) 

is from Eichstätt, Malm Zeta 2, Lower Tithonian. 

The Painten pro-pterodactyloid (Tischlinger and Frey 2013) is from the Upper Kimmeridgian. 

The specimen seemingly represents a late surviving transitional morphology between 

wukongopterids and pterodactyloids. Cycnorhamphus suevicus (Quenstedt 1855) ranges from 

the Upper Kimmeridgian to Lower Tithonian. A specimen referred to Cycnorhamphus, the now 

lost “Pterodactylus eurychirus” Wagner 1858 (Wellnhofer 1970) from Malm Zeta 2 is 

undiagnostic and while it could represent Cycnorhamphus in Eichstätt, it could also represent 

an example of Ardeadactylus or Aurorazhdarcho. However, Cycnorhamphus is known from the 

Lower Tithonian of South-east France (Fabre 1976). The neotype of Ardeadactylus longicollum 

(Wellnhofer 1970) is from Malm Zeta 1, Upper Kimmeridgian. The lost holotype is from the 

Lower Tithonian, Malm Zeta 2, but as noted above it may not be conspecific with the neotype. 

Wellnhofer (1970) also referred other lost specimens to this species, but they also lack 

diagnostic features. Notably, a specimen referred to Ardeadactylus, “Pterodactylus vulturinus” 
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Wagner 1858 (Wellnhofer 1970) is an undiagnostic isolated wing-metacarpal from Malm Zeta 

3. 

Gnathosaurus subulatus Meyer 1834 and its sister taxon Ctenochasma elegans (Wagner 

1861a) are only known from Malm Zeta 2, Lower Tithonian. Aurorazhdarcho micronyx (Meyer 

1856) is known from juvenile specimens and an adult missing its skull (Frey et al. 2011) which 

are all from Malm Zeta 2. Aerodactylus scolopaciceps (Meyer 1860) is also known only from 

Malm Zeta 2 of Solnhofen and Eichstätt, where the species is represented mostly by juvenile 

specimens. Additionally, a large wing (PTH 1963. 1 a) is known from Schernfeld, near Eichstätt 

(Wellnhofer 1970). 

Stratigraphy of putative Diopecephalus kochi specimens 

A specimen referred to “Pterodactylus kochi” in the Oxford University Museum of Natural 

History (OUMNH JZ 1609) and its counterpart in the Natural History Museum, London (NHM) 

(NHM UK PV R 3949) are labelled as coming from Solnhofen, Kimmeridgian. However, the 

lithology of the specimens is more consistent with Tithonian specimens, although this is an 

inexact method of determining provenance and dating fossils. It is likely that precise locality 

information was lost before the specimens were purchased for the museums, and it seems 

that the fossil parts have a more extensive history than that recorded on the labels and in 

catalogues. 

The NHM part (NHM UK PV R 3949) of the fossil was purchased in October 1912 from the 

Mineralogisches und Palaeontologisches Comptoir of Bernard Sturtz, a fossil dealer in Bonn 

(Lorna Steel pers. comm.). The Oxford specimen was purchased by William E. Balston (1848 – 

1918) (Eliza Howlett pers. comm.) at some point between 1905 and 1917 (indicated by dealer’s 

label) from Comptoir Minéralogique et Géologique, Suisse. There are substantial cracks across 

the specimen and it has been consolidated by plastering it onto another slab, making it difficult 

to interpret the lithology. Marks on the sides of the slab were possibly used to align the part 

and counterpart in a display, indicating that the two specimens may once have been on display 

together. There is evidence that a label has been removed from the back of the Oxford slab 

using abrasive paper or a tool. Furthermore, fine striations on the fossil surface of the 

limestone suggest that an abrasive tool or paper has been used to augment the appearance of 

the fossil. The current label on the back of the specimen reads ‘Comptoir Minéralogique et 

Géologique Suisse. 3, Cours des Bastions, Genéve. Pterodactylus Redtenbacheri [sic] Wagner. 

Kimmeridge. Solnhofen, Bavaria’. It’s puzzling that these two specimens which are clearly part 
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and counterpart were prepared and mounted in such a way that they could be displayed 

together, but were then sold to two separate British institutions by two different fossil dealers 

located in different countries. It seems that neither Oxford University nor the NHM was aware 

that the two specimens are part and counterpart, and it wasn’t until one of the authors (SUV) 

notified them that this information was recorded. 

Another specimen referred to “Pterodactylus kochi” (Wellnhofer, 1970: Exemplar Nr. 12) (SMF 

R 4072) by von (Huene 1951) is noted to be from Zandt, Germany. This locality is lesser known 

for its pterosaurs and is east of Kelheim and Painten, close to the Czech Republic. 

Stratigraphically, the Zandt lagerstätte is from the lower Hybonotum Zone, contemporaneous 

with the youngest lithographic limestone cropping out at Painten (Malm Zeta 1: earliest 

Tithonian) (Schweigert 2007). The specimen’s juvenile state makes it difficult to refer it to any 

one of the Jurassic German pterosaurs that have a dentition extending from the jaw tips to a 

point under the nasoantorbital fenestra. However, what is visible of the prepubis is elongate 

and narrow compared to Diopecephalus and “G. rhamphastinus”. Additionally, the pedal and 

manual unguals of this specimen are more robust than those of Diopecephalus kochi and 

“Germanodactylus rhamphastinus”, but similar to those of Pterodactylus. 

An undescribed privately owned specimen (Arratia et al. 2015468) in the Solnhofen Museum 

from Painten (Malm Zeta 1, Upper Kimmeridgian–Lower Tithonian) has a prepubis typical of 

Diopecephalus and short cervical vertebrae with robust zygapophyses. The specimen is 

approximately the same size as the holotype of Pterodactylus antiquus, thus the morphological 

differences are unlikely to be ontogenetic in this specimen at least. 

Institutional abbreviations 

BMMS, Burgermeister Müller Museum, Solnhofen (Museum Solnhofen); BSP, Bayerische 

Staatssamlung für Paläontologie Munich; JME, Jura Museum, Eichstätt; NHMUK, Natural 

History Museum, London; NMING, National Museum of Ireland, Dublin; OUMNH, Oxford 

University Museum of Natural History; PTH, Philosophisch-Theologische Hochschule, Eichstätt; 

SMF, Senckenberg Museum, Frankfurt; SMNK, Staatliches Museum Für Naturkunde Karlsruhe; 

SMNS, Staatliches Museum Für Naturkunde Stuttgart. 
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Materials and methods 

Cladistic analysis and appraisal 

A cladistic analysis of the Pterosauria, including all of the taxa discussed here was performed. 

The analysis included 104 taxa consisting of 99 pterosaurs and 5 archosauriforms as an 

outgroup. The taxa were coded for 320 characters, of which 44 have continuous states and 

276 have discrete states. Many of the characters are similar to those previously published, but 

at least 219 of the characters in this analysis were developed independently of the literature 

for an as of yet unpublished “distinct” analysis devised to test cladistic methods and clade 

recovery in the Pterosauria. The additional 101 characters were either taken or modified from 

the literature or were newly devised. Great care was taken to avoid compound characters 

(Brazeau 2011) or combining multiple states into one. Martill et al. (2016) have demonstrated 

the benefits of this practice. The analysis was performed in TNT using a “new technology 

search” (Goloboff et al. 2008a). In the Vidovic and Martill (2014) analysis four of the 

continuous characters required rescaling with the equation i = tan−1a/b, where i is the index 

number analysed and a/b is the quotient value of the elements being studied. In this analysis 

the characters were simply transformed using “top heavy” quotients, and where converse data 

was present in a character’s coding the equation was inverted and made negative. To ensure 

that the continuum of data was evenly spaced according to the morphological variation, the 

negative numbers had 1 added to them and positive numbers had 1 subtracted. A 

normalization equation was then used to transform negative numbers into positive numbers 

and place the data range between 0 and 3. A manuscript detailing the advantages of this 

method of continuous data transformation over the previous one used by these authors 

(Vidovic and Martill 2014) is in preparation by one of us (SUV). Three was chosen as the 

number of continuous states, rather than 1, as in Andres et al. (2014) and Vidovic and Martill 

(2014) or 2 as employed by Pereyra and Mound (2009). The reason for choosing 3.000 states 

for continuous characters is that during trial and error experiments it produces a similar 

distribution of character reversals (plotted in a frequency histogram) compared to the discrete 

state characters, showing that the analysis was not biased towards any one type of character.  

Implied weights were used during the analysis to weight against homoplasy (Goloboff et al. 

2008b; Goloboff 2014). Using implied weighting means the researcher makes the least 

assumptions out of any weighting method; even using equal weights makes the assumption 

that all characters are equally informative. However, the implied weighting method requires a 
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concavity constant (K) and no consensus for which number should be used has been reached 

in the literature. It is possible to reverse the equation (W=[[-K]+[K+es]]/[K+es], where W is the 

weight and es is the extra steps) in order to calculate the K value required to transform a 

character with a designated fit to a predetermined weight. However, this method requires a 

researcher to decide a priori what character fit is excessively homoplastic and the weight a 

homoplastic character should receive. Experimentation with different K values, plotting fit 

against the implied weight demonstrates that the higher the number, the more linear the 

relationship becomes, whereas lower K values produce exponential curves. The TNT default K 

value of 3 approximates a logarithmic curve, meaning that poorer fitting characters are 

increasingly weighted against. Because of this “smooth” curvilinear relationship between fit 

and weight, 3 is selected as the optimal K value for this analysis. 

The outgroup is distinct among pterosaur analyses, but similar to the outgroups of some 

dinosaur analyses (e.g. Nesbitt et al., 2009). There were multiple reasons for altering the 

outgroup; 1) the combination of multiple taxa into a single hypothetical outgroup (Unwin 

2003a) is not a sound basis for polarizing characters; 2) the use of derived pseudosuchians and 

dinosaurs increased the opportunity for homoplasy, especially in the ankle (Bennett 2013b); 3) 

different authors use different outgroups, possibly polarizing characters differently. Polarizing 

characters biased towards the method of a single authorship could result in similar results due 

to shared methodology. Alternatively, multiple rooting methods could have been used, but it is 

difficult to estimate the composite outgroup of Unwin (2003a) based on an almost entirely 

distinct character list. 

The resulting tree was plotted on a geological time scale using the statistics program R and the 

packages phytools (Revell 2012) and strap (Bell and Lloyd 2014). The online paleobiology 

database (http://fossilworks.org) was used to place the taxa stratigraphically. Using the 

chronostratigraphic tree it is possible to calculate the gap excess ratio (GER) (Wills 1999) to 

correlate the phylogenetic results with the fossil record.  

To compare the cladogram to key analyses (Maisch et al. 2004; Lü et al. 2009; Wang et al. 

2009; Andres et al. 2014) the taxon lists were reduced to common taxa only using CompPhy 

(Fiorini et al. 2014). The SPR distances (Goloboff 2008) and Robinson-Foulds distances (R-F) 

(Robinson and Foulds 1981) were calculated using TNT and CompPhy. A new index termed the 

clade retention index (CRI) was calculated using the Phytools package in R. An R script was 

written to implement the equation given below, and it is available in the supplementary 
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material. Like the consistency fork index (CFI) (Colless 1980) the CRI uses a consensus of two 

trees to calculate tree similarity. Unlike the CFI, the CRI considers the polytomous taxa (not 

clades in polytomies) in the strict consensus, indicating how many monophyletic clades are 

shared between cladograms.  

The CRI is calculated from a strict consensus tree of the two MPTs or consensuses being 

studied using the equation below, where nodes (N) on the consensus tree are indicators of 

agreement and individual taxa in polytomies (P) are an indicator of disagreement. To put the 

information about clade retention into context, the maximum possible agreement is calculated 

using the number of common taxa (T) minus one. The maximum index number (i) recoverable 

is 1 and the minimum is -1, so the result can be range scaled (normalized) to give a CRI 

between naught and one, see equations below (X = 1). 

 

𝑖 = −
𝑃 − 𝑁

𝑇 − 1
 

∴ 𝐶𝑅𝐼 =
𝑋

(𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛) × (𝑖 − 𝑅𝑚𝑖𝑛)
 

∴ 𝐶𝑅𝐼 =
1

(1 − −1) × (−
𝑃 − 𝑁
𝑇 − 1) − −1

 

∴ 𝐶𝑅𝐼 = 0.5 × (−
𝑃 −𝑁

𝑇 − 1
) + 1 

The reason for using three different tree comparison metrics is that no one metric represents 

all the information available. Additionally, tree comparison metrics can be confounded and 

should be used in tandem. For example, the CRI will produce deflated similarity values if the 

trees being compared already have polytomies. Also, the SPR metric can assign two different 

sets of trees with different levels of agreement the same score. Tanglegrams can be helpful for 

interpreting the results of tree comparison metrics. Dendextend (Galili 2015) in R was used to 

produce tanglegrams of the reduced taxon trees produced by CompPhy. In order to perform 

the analysis that produces a tanglegram in Dendextend, the polytomies had to be randomly 

resolved. In order to provide as much information about tree similarity as possible solid lines 

are used to represent branches that are agreed upon, dashed lines represent unique branches, 
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and the lines between the tree tips tangle to represent the disagreement after the branches 

are rotated for maximum fit. 

Geometric morphometrics 

Pterosaur prepubes were analysed using a geometric morphometric analysis to compare their 

similarity with the phylogeny, and establish if their morphology can be used for taxonomic 

purposes. The analysis was performed on standardised bitmap outline drawings of prepubes. 

The outlines were drawn from referred specimens of Dorygnathus Wagner, 1860; 

Scaphognathus (Wagner 1861b); Darwinopterus Lü et al., 2009; Aerodactylus Vidovic and 

Martill, 2014; Ctenochasma Meyer, 1852 and “G. rhamphastinus”, and the holotypes of the 

type species of Pterodactylus Cuvier, 1809; Diopecephalus; Germanodactylus and 

Cycnorhamphus. In some cases, it was necessary to use the part and counterpart or moulds of 

the bone in the limestone to reconstruct the entire prepubis morphology. In Pterodactylus a 

portion of the distal expansion is overlaid by the femur, so a conservative estimate was made 

of the outline. The shapes were digitized by selecting a net of 100 landmarks in TSPdig 2 (Rohlf 

2010). The TPS file was analysed in R using the package Geomorph (Adams and Otárola-Castillo 

2013). A generalized Procrustes analysis was performed, projecting the landmark data into 

linear tangent space. The x-axis of the resulting principal component analysis was converted 

into hierarchical clusters which were then plotted as a radial dendrogram (note the y-axis 

produces the same results). 
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Results 

Cladistics 

 

Figure 6.3.4. Strict consensus cladogram of two trees found using a “new technology” search in TNT, analysing 

104 taxa and 320 characters. The tree is plotted stratigraphically using Phytools and Strap, and the GER (Wills, 

1999) is given on the top right. The four taxa with which this study is concerned are given in bold. 
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The cladogram presented here is a strict consensus of 2 most parsimonious trees (Fig. 6.3.4), 

which is highly congruent with the geological record (GER = 0.898). The cladogram 

demonstrates a paraphyletic “rhamphorhynchoidea” with a sister group of Preondactylus Wild, 

1983 and Austriadactylus Dalla Vecchia et al., 2002 as the most basal branch of Pterosauria. 

This result is in broad agreement with Unwin (2003a), Dalla Vecchia (2009a,b), Lü et al. (2009) 

and Andres et al. ( 2014). Triassic pterosaurs possessing laterally compressed lanceolate or 

triangular teeth with coronal serrations are recovered in a monophyletic clade, distinct from 

those with multiple cusps. Multi-cusped taxa shared a common ancestor with all remaining 

taxa with single-cusped teeth. Only the taxa with single-cusped teeth, lacking serrations 

survived the end-Triassic extinction. Although Dorygnathus and Campylognathoides are not 

found until the Toarcian, their shared common ancestor with Dimorphodon Owen, 1859 must 

have been a Triassic pterosaur. Scaphognathidae contains an assortment of taxa with well-

spaced, simple conical teeth, a convex dorsal margin to the skull, a slender dorsal process of 

the maxilla, a large round orbit, a low angle of the jaw symphysis to the ramus, a robust bowed 

pteroid bone, a reduced ventral crest of the wing metacarpal and distal phalanx of pedal digit 4 

that is longer than the preceding phalanges. These uniting characters place anurognathids 

(reclassified here to Anurognathinae) in Scaphognathidae. Their deeply nested placement 

within Scaphognathidae is likely to be due to a lack of transitional-morphs and their extreme 

paedomorphism. It is possible that anurognathines are far more basal members of 

Scaphognathidae. The paedomorphic characters exhibited by anurognathines might be the 

reason some researchers (Kellner 2003a; Wang et al. 2009) find them as the most basal taxa in 

Pterosauria. Parapsicephalus Arthaber, 1919 is closely related to scaphognathids, but it 

maintains some plesiomorphic characteristics which in the past have led to it being likened to 

Dorygnathus (Carpenter et al. 2003; Unwin 2003a) and Dimorphodon (Andres et al. 2014). In 

this analysis however, Parapsicephalus is the sister taxon to Monofenestrata (Lü et al. 2009) – 

possessing plesiomorphic conditions does not necessarily exclude a taxon from a more 

“derived” clade – in a polytomy with Wukongopterus. 

Monofenestrata comprises two non-pterodactyloid clades and Pterodactyloidea. 

“Wukongopteridae” contains Darwinopterus spp., Changchengopterus Lü, 2009, but 

Wukongopterus Wang et al., 2009 is in a polytomy with Parapsicephalus and all other 

monofenestratans. It may be that many wukongopterids constitute a single genus for which 

Changchengopterus has priority. The wukongopterids are in desperate need of a taxonomic 

review less than a decade after their discovery. The next taxon stepwise is the as yet un-
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named German monofenestratan dubbed the Painten pro-pterodactyloid (Tischlinger and Frey 

2013). The specimen exhibits a long 5th toe and a shortened tail with elongate chevrons, 

otherwise, it is Pterodactylus like. Eosipterus and Pterodactylus are found to be the most basal 

members of Pterodactyloidea due to the extreme reduction of the 5th toe and reduced tail 

lacking elongate chevrons. Similar to Vidovic and Martill (2014), this analysis finds 

Pterodactylus to be a very basal member of Pterodactyloidea excluded from the monophyletic 

clade containing Ctenochasma and Cycnorhamphus where it has been found by many analyses 

(e.g. Kellner 2003a; Unwin 2003a; Andres et al. 2014). Despite the lack of consensus on the 

placement of Pterodactylus, its placement here is consistent with recent discoveries of non-

pterodactyloid monofenestratans. Likewise, the paraphyly of Archaeopterodactyloidea and 

Germanodactylus is consistent with the discovery of the wukongopterids and Hamipterus 

Wang et al., 2014, meaning characters that were previously thought to be synapomorphies for 

these clades are in fact symplesiomorphies, synapomorphies, and apomorphies of 

Monofenestrata. The basal position of Pterodactylus excludes it from Lophocratia, which is 

divided into Euctenochasmatia and Eupterodactyloidea. The definition of Eupterodactyloidea 

(sensu Andres et al., 2014) is unstable, so it is redefined here as the most inclusive clade 

containing Nyctosaurus Marsh, 1876a, Pteranodon Marsh, 1876b, Dsungaripterus Young, 1964 

and Azhdarcho Nesov, 1984 (After Bennett, 1994), but not Pterodaustro Bonaparte, 1970. 

Diopecephalus is the most basal member of a monophyletic clade containing Pterodaustro and 

Cycnorhamphus, thus Euctenochasmatia contains Ctenochasmatoidea (sensu Unwin 2003a). 

Ctenochasmatoidea further contains Ctenochasmatidae, Aurorazhdarchia, and 

Gallodactylidae. Here Gallodactylidae is the most inclusive family containing Cycnorhamphus 

and Aurorazhdarchidae is reclassified from a family to an unranked clade, containing 

Aerodactylus and Arorazhdarcho.  

“Germanodactylus rhamphastinus” is found to be the most basal branch of 

Eupterodactyloidea, followed stepwise by Germanodactylus cristatus and Elanodactylus 

Andres and Ji, 2008. Elanodactylus is the sister taxon to Dsungaripteroidea sensu Kellner 

(2003a), but the clade is redefined with a clade based definition – Nyctosaurus, Pteranodon, 

Dsungaripterus, Azhdarcho, their most recent common ancestor and all of its decedents. 

The subjects of this study represent the most basal members of Pterodactyloidea and 

Lophocratia, excluded from the derived monophyletic clades Ctenochasmatoidea and 

Dsungaripteroidea. Diopecephalus, a basal most member of Lophocratia is found to possess 
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characters placing it in the monophyletic clade Euctenochasmatia, while “G. rhamphastinus” 

and G. cristatus are found to possess characters of Eupterodactyloidea. Additionally, 

Pterodactylus is found more basal than any of the other Franconia laminated limestone 

pterodactyloids. Given that the holotype of the type and only species is sub-mature, (but not 

juvenile) and near complete it is not expected to have suffered “rootward slippage” due to a 

lack of peramorphic characters or preserved apomorphies. 

The taphonomic state of Diopecephalus may have caused “cladeward slippage” or “rootward 

slippage”, as modular evolution in pterosaurs has been demonstrated to cause both (Lü et al. 

2009) due to derived or plesiomorphic states being present in distinct morphological units 

which can be lost. Four of the discrete state characters that place Diopecephalus in 

Euctenochasmatia (characters 98, 103, 219 and 307) are difficult to code due to its small size 

and variable state of preservation across the slabs. To test for “cladeward slippage” the four 

characters were made inactive and the analysis was re-run. This analysis did result in 

Diopecephalus slipping rootward, but it was still found distinct from Pterodactylus and “G. 

rhamphastinus”. 

 

Figure 6.3.5. Results of the CRI between the taxon reduced trees of Maisch et al. (2004), Lü et al. (2010), Wang et 

al. (2009), Andres et al. (2014) and the tree presented here. CRI values are reported on the upper right. Analyses 

with polytomies in their source trees are indicated by an asterisk. On the lower left, there are pie charts 

indicating tree similarity (corresponding to diagonally symmetrical values); dark slices represent agreement; 

lighter slices represent disagreement. 

The comparison metrics (Fig. 6.3.5–7) demonstrate good agreement between the three 

phylogenies with a paraphyletic Germanodactylus (Maisch et al., 2004; Lü et al., 2009; 

current). Although the tanglegrams (Fig. 6.3.8) demonstrate that similarity metrics (Fig. 6.3.5–
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7) are not independent of matrix dimensions. Smaller trees have less opportunity to be 

incongruent, but fewer unique relationships are required to lower the congruence metric 

significantly. To clarify the relationships of “Germanodactylus” spp. the phylogeny presented 

here and the phylogeny of Lü et al. (2009) (Fig. 6.3.8 cii) were pruned to their taxa common 

with Maisch et al. (2004) (Fig. 6.3.8 ci). The pruned trees compare favourably despite the lack 

of topological congruence in the rest of the tree. 

 

Figure 6.3.6. Robinson-Foulds (R-F) distances between the taxon reduced trees of Maisch et al. (2004), Lü et al. 

(2010), Wang et al. (2009), Andres et al. (2014) and the tree presented here. On the upper right, the R-F distances 

from TNT are reported first, the colon is followed by the “proper” R-F distance calculated in CompPhy. On the 

lower left, there are pie charts indicating tree similarity (corresponding to diagonally symmetrical values); dark 

slices represent agreement; lighter slices represent disagreement. 

The CRI (Fig. 6.3.5) produces comparable results to the R-F distance metric (Fig. 6.3.6), 

demonstrating its utility. However, the CRI has been affected by the polytomies already 

present in the source trees. Most noticeably values from the comparisons of the Lü et al. 

(2009) phylogeny were artificially lowered. By comparison, the SPR distances (Fig. 6.3.7) 

provide a broad indication of similarity but lack the resolution required to make fine-scale 

judgements. 
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Figure 6.3.7. SPR distances (Goloboff 2008) between the taxon reduced trees of Maisch et al. (2004), Lü et al. 

(2010), Wang et al. (2009), Andres et al. (2014) and the tree presented here. SPR distances are reported on the 

upper right. On the lower left are pie charts indicating the similarity (corresponding to diagonally symmetrical 

values); dark slices represent agreement; lighter slices represent disagreement. 

 

Figure 6.3.8. Tanglegrams of three cladograms that demonstrate a paraphyletic Germanodactylus, each 

recovered in a distinct cladistic analysis. (a) The cladogram of Maisch et al. (2004) and the cladogram presented 

here. It is possible that Maisch et al. 2004 coded a specimen of Aerodactylus previously referred to “P. kochi”. (b) 

The cladograms of Maisch et al. (2004) and Lü et al. (2010). Note that the Lü et al. (2010) cladogram is the most 

parsimonious tree from the matrix, not the suboptimal tree presented in the original publication. (c) The 
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cladogram of Lü et al. (2010) in comparison to the cladogram presented in this paper. The analyses share 53 

common taxa (cii), but have many unique branches. The trees are further pruned to only the taxa in common 

with Maisch et al. (2004) (ci), this subtree demonstrates complete agreement. 

 

Geometric morphometrics 

The results of the geometric morphometric analysis (Fig. 6.3.9) demonstrate that a short and 

broad distal expansion of the prepubis is an apomorphy of Monofenestrata, shared by “G. 

rhamphastinus”, Diopecephalus and Darwinopterus. Germanodactylus, a more derived 

eupterodactyloid has a deeper distal expansion, whereas the ctenochasmatoids and 

Pterodactylus have a more elongate/gracile diaphysis, but a plesiomorphic shape to the distal 

expansion. The basal non-monofenestratans Dorygnathus and Scaphognathus have a 

prominent bi-lobed distal expansion which distinguishes them from the monofenestratans. 

The separation of non-monofenestratans from the monofenestratans demonstrates the 

taxonomic utility of the prepubis, which has been overlooked in most previous analyses and 

descriptions. 

 

Figure 6.3.9. Geometric morphometric dendrogram produced from a GPA of the prepubes figured. Note that a 

sister taxon relationship on the dendrogram means that those two species are closer to each other in prepubis 

morphospace than any other taxon, not that they are phyletically linked. Additionally, sister taxa in one “clade” 
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might be more or less morphometrically similar to each other than sister taxa in another clade. Despite the loss 

of information by extracting hierarchical clusters from a PCA this method is used to limit the subjectivity in 

interpreting the relationships observed in the PCA (see Supplementary Material: appendix 5.5.). The “clade” 

highlighted in dark grey consists of bi-lobed prepubes belonging to the basal-most taxa. The “clade” highlighted 

in mid-grey is made up of a continuum of “transitional” taxa between the basal monofenestratans and 

Germanodactylus, typified by a robust diaphysis and broad distal expansion. The “clade” highlighted in light grey 

contains the ctenochasmatoids and Pterodactylus, typified by a more gracile diaphysis and distal expansion. 

Systematic palaeontology 

DIOPECEPHALUS Seeley, 1871 

Fig. 6.3.1 

Type species: Diopecephalus kochi (Wagner 1837) Seeley, 1871 

Synonymy: 

*1837 Ornithocephalus kochii Wagner, p. 164, pl.1. 

1860 Pterodactylus kochi Wagler bei A. Wagner, 1837; Meyer, p. 35. 

1871 Diopecephalus kochi (no author attributed); Seeley, p. 35. 

1888 Pterodactylus kochi Wagner, 1837; Lydekker, p. 6. 

1901 Diopecephalus kochi (no author attributed); Seeley, p. 168. 

1882 Pterodactylus kochi (Wagler); Zittel, p. 18, pl. 13, Fig. 6.3.1. 

1967 Pterodactylus kochi (Wagler); Kuhn, p. 16. 

1968 Pterodactylus kochi (Wagner, 1837); Wellnhofer, p. 99. 

1970 Pterodactylus kochi (Wagner, 1837); Wellnhofer, p. 22 

2004 Pterodactylus antiquus (Soemmerring, 1812); Jouve, p. 549.  

Jouve considered “P. kochi” synonymous with P. antiquus. 

2013c Pterodactylus antiquus (Sömmerring, 1812); Bennett, p. 283. 

2014 Pterodactylus kochi (Wagner, 1837); Vidovic and Martill, p. 1. 

2014 Diopecephalus kochi (Wagner, 1837); Vidovic and Martill, p. 15. 
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Holotype: Part and counterpart, BSP AS XIX 3 and SMF R 404 (Fig. 6.3.1). A nearly complete 

skeleton on a slab of limestone.  

Referred material: An immature specimen represented by part and counterpart, NHM UK PV R 

3949 and OUMNH JZ 1609. A privately owned specimen (Arratia et al., 2015: p.468, Fig. 

6.3.900) exhibited in Museum Solnhofen. 

Locality and horizon: Kelheim, Germany, Malm Zeta 3 (Wellnhofer 1970), or Malm Zeta 2 

(Schweigert 2007), Lower Tithonian. 

Diagnosis: (None of the following are autapomorphic, but are a unique combination of 

characters) A pterodactyloid pterosaur with an evenly sloping rostrum, leading caudally into a 

rounded parietal region of the skull. The dorsal process of the premaxilla extends to the caudal 

region of the orbit. Labiolingually compressed triangular teeth are present from the jaw tip 

continuing caudally beneath the nasoantorbital fenestra. Sub-rounded orbit. The longest 

cervical vertebra is 50% or less than the maximum skull depth, and no cervical vertebrae 

exceed a length/depth quotient of 2.5. The cervical vertebrae have robust zygapophyses and 

an enlarged spinous hypapophysis. The prepubis flares abruptly to a broad distal expansion 

and its maximum length is approximately equal to its maximum width. 

Remarks: Numerous examples of pterosaurs from the Solnhofen Limestone Formation have 

been referred to “P. kochi” (e.g. Wellnhofer, 1984; Tischlinger, 1993; Frey and Martill, 1998). In 

a recent comparison of these examples and the holotype of Diopecephalus, they were 

excluded from the taxon (Vidovic and Martill 2014). A perception may have arisen that 

Diopecephalus kochi occurs frequently in the Tithonian limestones of Bavaria, but here it is 

regarded as a rare taxon. 

Although technically the name “Ornithocephalus kochii” should be attributed to Wagner 

(1837), many subsequent authors attribute it to Wagler in Wagner (1837) (Wellnhofer 1968). 

In fact, although the name was devised by Wagler, and Wagner provided a reason to attribute 

it to Wagler when he stated: 

‘Wagler wollte dem neu aufgefudenen Exemplare, das der Gegenstand vorliegender 

Abhandlung ist, den Namen Ornithocephalus Kochii beilegen; ich behalte diese Benennung um 

so lieber bei, da mir hiedurch Gelegenheit gegeben ist, dem würdigen Manne, der mit 

zuvorkommender Güte mir das Original zur Publikation zukommen liess, ein geringes Denkmal 

meiner grossen Achtung und Anerkennung zu setzen’ 
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… there is no reason to credit the published name to Wagler (Wellnhofer 1968). 

Note: here in the manuscript the replacement genus name for “G. rhamphastinus” is 

presented with its LSID. Pending the publication of the paper the name will not be used so 

that it is not invalidated. 

Derivation of name: “Altmuhl” refers to the Altmühl river that flows through Solnhofen (close 

to Mӧrnsheim), Eichstätt and joins the river Danube at Kelheim. “Pterus” is a common suffix in 

pterosaur names referring to the wing. This name is presented as an alternative to the 

geographically significant name Daitingopterus (Maisch et al. 2004) which is a nomen nudum.  

Type species: “Pterodactylus rhamphastinus” (Wagner 1851)  

Fig. 6.3.2 

Synonymy: 

*1851 Ornithocephalus ramphastinus Wagner, p. 132, pl. 1.  

Note, here rhamphastinus is spelled without the first letter ‘h’, named for its similarity to the 

toucan Ramphastos (see Bennett, 2006). 

1860 Pterodactylus rhamphastinus (Wagner, 1851); Meyer, p. 54. 

Here Meyer makes the mistake of using an additional ‘h’ in the species name. 

1861b Pterodactylus rhamphastinus Wagner, p. 531.  

Wagner uses the emended spelling, seemingly accepting Meyer’s lapsus. 

1871 Diopecephalus rhamphastinus (Wagner, 1851); Seeley, p. 35. 

1888 Pterodactylus rhamphastinus (Wagner); Lydekker, p. 8. 

1927 Pterodactylus rhamphatilus (Wagner, 1851); Weigelt, p. 227, 28 Abb., Taf. 37. 

Simple misspelling. The 1989 English translation of Weigelt miscorrects this to 

Germanodactylus cristatus. 

1941 Rhamphorhynchus kokeni Plieninger, 1907; Edinger, pp. 671, 678. 

1970 Germanodactylus rhamphastinus (Wagner, 1851); Wellnhofer, p. 66.  
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1991b Germanodactylus rhamphastinus (Wagner, 1851); Wellnhofer, p. 95. 

1994 Germanodactylus ramphastinus (Wagner, 1851); Frickhinger, p. 269. 

 Frickhinger returns to the original spelling of ramphastinus. 

2004 Daitingopterus rhamphastinus; Maisch et al., p. 631, table 1. 

 This name is a nomen nudum because the authors did not refer to a type specimen or 

state that it was a new genus. 

2006 Germanodactylus rhamphastinus (Wagner, 1851); Bennett, p. 877. 

 Bennett provides a detailed discussion of the synonymy.  

2010 Germanodactylus ramphastinus (Wagner, 1851); Rodrigues et al., p.57. 

 These authors return to the original spelling of ramphastinus, but the emended 

spelling has priority due to popular use. 

 

Holotype: BSP AS I 745 a and counterpart BSP AS I 745 b (Fig. 6.3.2). 

Referred material: MCZ 1886 adult specimen with dorsal soft tissue headcrest (Bennett 2002), 

JME Moe 12 and counterpart BSP 1977 XIX 1 (Rodrigues et al. 2010). 

Horizon and locality: Mörnsheim Limestone Formation, Malm Zeta 3, Daiting, possibly 

Solnhofen Formation, Solnhofen (see Bennett, 2002). 

Diagnosis: (None of the following are autapomorphic, but together comprise a unique 

combination of characters) The dorsal process of the premaxilla supports a low, long crest, 

which extends back level with the caudal margin of a tall orbit. The premaxilla forms an 

approximately straight dorsal margin to the rostrum which terminates with a pointed rostrum 

tip. Simple cone teeth (taller and thinner than in Germanodactylus and Diopecephalus) present 

at the rostrum tip and below the nasoantorbital fenestra. There are ~16 widely spaced teeth in 

each jaw that grade up in size and back down mesiodistally. 

Remarks: The emended spelling of the name rhamphastinus (with the ‘h’) is used, as it has 

priority through popular use (ICZN 33.3.1.). This seemed acceptable to Wagner (1861b). 



A DISCOURSE ON PTEROSAUR PHYLOGENY 
 

374 
 

 

GERMANODACTYLUS Young, 1964 

Fig. 6.3.3 

Type species: Germanodactylus cristatus (Wiman 1925) 

Synonymy: 

1901 Pterodactylus kochi Wagler; Plieninger, p. 65. 

*1925 Pterodactylus cristatus Wiman, p. 17. 

1964 Germanodactylus kochi (Wagler); Young, p. 251. 

1967 Diopecephalus kochi (Wagler); Kuhn, p. 34. 

1970 Germanodactylus cristatus (Wiman, 1925); Wellnhofer, p. 64. 

1991b Germanodactylus cristatus (Wiman, 1925); Wellnhofer, p. 96. 

2006 Germanodactylus cristatus (Wiman, 1925); Bennett, p. 873, figs 1-2. 

2010 Germanodactylus cristatus (Wiman, 1925); Hone, p. 263, Fig. 6.3.3. 

Holotype: BSP 1892 IV 1: disarticulated, but near complete skeleton on a slab of Solnhofen 

Limestone; Counterpart NMING F15005.  

Referred material: JME SoS 4593, JME SoS 4006 (see Bennett, 2006) and SMNK PAL 6529 an 

undescribed specimen in Karlsruhe. 

Horizon and locality: Solnhofen Limestone, Malm Zeta 2, Solnhofen, Germany. 

Diagnosis: (The following are autapomorphic) Pterodactyloid pterosaur with edentulous jaw 

tips but with short, triangular teeth present in the remaining premaxilla. Prepubis with a 

Reuleaux triangle shaped distal expansion (Fig. 6.3.3 & 6.3.9).  

Description: See Wellnhofer (1970). 

Remarks: The holotype of Germanodactylus cristatus can also be distinguished from other 

pterosaurs by a unique suite of plesiomorphic and apomorphic characters including: 

approximately 50% of prenarial rostrum ventral surface is comprised of the premaxilla; teeth 
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are short, robust with triangular outline in lateral view; tooth row extends beneath 

nasoantorbital fenestra; low, striated bony crest present on adult individuals (this may be 

sexually dimorphic [see Lü et al., 2011] as a large specimen (SMNK PAL 6529) lacks such a 

crest); straight and vertical orbit rostral margin; the wing-metacarpal is shorter than the ulna 

(Fig. 6.3.3); centra of dorsal vertebrae 1–3 fused forming a notarium. 

Discussion 

The dendrogram demonstrating the morphospace of pterosaur prepubes is in general 

agreement with the phylogeny, suggesting that the prepubis morphology is of taxonomic value 

(Fig. 6.3.9). Conversely, the prepubis of Pterodactylus is in disagreement with the phylogeny, 

appearing more similar to the ctenochasmatoid Cycnorhamphus, which is consistent with the 

results of other cladistic analyses (e.g. Lü et al., 2009; Wang et al., 2009; Andres et al., 2014). 

However, in the geometric morphometric analysis, the prepubis is only one anatomical unit 

expressing several characters on 10 specimens, compared to the 320 characters (including 

characters of the prepubis) and 99 specimens of the cladistic analysis. Furthermore, the 

dendrogram (Fig. 6.3.9) is constructed using hierarchical clusters, akin to phenetics and is 

susceptible to the effects of homoplasy and reversibility (Camin and Sokal 1965). This 

methodology is far from a replacement for cladistic methods, but it does demonstrate that the 

broad morphology of the prepubis can be used to understand the phylogenetic affinities of 

pterosaurs (Fig. 6.3.9 and 6.3.10). 

The cladistic analysis yields a strict consensus that places all four taxa with which this study is 

concerned as basal pterodactyloid “transitional” taxa. Pterodactylus is the most basal branch 

of these “transitional” taxa and the remaining three taxa are placed in Lophocratia 

(Pterodaustro + Quetzalcoatlus Lawson, 1975). Diopecephalus is found in the monophyletic 

clade Euctenochasmatia (Diopecephalus + Pterodaustro), while “G. rhamphastinus” and 

Germanodactylus are found as basal members of the Eupterodactyloidea (closer to 

Pteranodon than Pterodaustro). “G. rhamphastinus” occupies a more basal position than 

Germanodactylus, which is to be expected given the number of plesiomorphic conditions it 

possesses by comparison. Many of the derived conditions of Germanodactylus are shared with 

dsungaripteroids, including ornithocheiroids (Unwin 2003a), dsungaripterids and azhdarchoids. 

However, the restricted dentition absent from the rostrum tip is seemingly an autapomorphy 

of Germanodactylus, convergent with dsungaripterids. 
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Many similarities observed between Solnhofen pterosaur specimens are due to their early 

ontogeny, meaning they do not demonstrate distinct apomorphic (heterochronic) states 

(Vidovic and Martill 2014) and their basal pterodactyloid position, meaning they share a 

combination of plesiomorphic characters. Pterodactylus, Diopecephalus, Germanodactylus and 

“G. rhamphastinus” all share characters in common with the Painten pro-pterodactyloid 

(Tischlinger and Frey 2013) and wukongopterids. These characters include an approximately 

triangular, laterally compressed skull with a dentition extending under the nasoantorbital 

fenestra (Fig. 6.3.10). In some cases the plesiomorphic low, long, striated bony headcrest is 

present. The headcrest is a confounding structure, given that it is sexually dimorphic and might 

not develop until sexual maturity is reached, although juvenile pterosaurs with small crests 

have been identified (Dalla Vecchia 2009b; Vidovic and Martill 2014). Pterodactylus and 

Diopecephalus are most similar to the Painten pro-pterodactyloid and this is reflected in their 

position in the phylogeny. Likewise, “G. rhamphastinus” has a remarkably similar skull to 

Darwinopterus and Cuspicephalus Martill and Etches, 2012, but the skull of “G. rhamphastinus” 

can be distinguished as pterodactyloid (Witton et al. 2015). 

Despite being maintained as a Pterodactylus species for over a century Diopecephalus kochi 

shares the same list of common characters with “G. rhamphastinus”. Disregarding 

Diopecephalus the taxa Pterodactylus, “G. rhamphastinus”, and Germanodactylus are distinct 

and readily diagnosable. Thus Diopecephalus is the most problematic of these taxa. 

Diopecephalus could potentially represent the juvenile condition of any of the other three 

genera discussed above, yet it is placed as the most basal branch of the Euctenochasmatia 

(Unwin 2003a) which excludes these taxa. Vidovic and Martill (2014) demonstrated that 

Pterodactylus was more similar to Aerodactylus than Diopecephalus in its skull, nasoantorbital 

fenestra and cervical vertebra proportions. However, Pterodactylus is more similar to 

Diopecephalus in its dental distribution and PCRW proportions to the skull. Likewise, “G. 

rhamphastinus” has the same plesiomorphic prepubis condition and dental distribution as 

Diopecephalus, and both have a more caudal extension of the premaxilla dorsal process than 

Pterodactylus. There are subtle differences between the morphologies of “G. rhamphastinus” 

and Diopecephalus too. Diopecephalus has a more rounded parietal region of the skull and a 

tooth structure similar to that of Germanodactylus (labiolingually compressed broad triangles) 

which differs from “G. rhamphastinus” (Wang et al. 2008b). The mosaic of characters that each 

taxon has in common demonstrates a complex evolutionary and ontogenetic relationship. A 

privately owned specimen (Arratia et al. 2015) displayed in Museum Solnhofen demonstrates 
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the prepubis morphology that distinguishes the holotypes of Pterodactylus and Diopecephalus 

in a more mature individual. Indeed, new examples of the taxon may provide further support 

for the taxon’s validity. This raises the debate of species and taxon concept, and how to deal 

with “transitional” taxa that demonstrate a mosaic of characters shared amongst multiple 

taxa. 

The species concept in phylogenetic terms is the smallest grouping hypothesized with positive 

evidence of monophyly (Archibald 1994). The concept of a binomial, using a combination of 

generic and specific name (ICZN 5.1) is artificial and can be problematic (Queiroz and 

Donoghue 1988) within a phylogenetic framework (Dayrat and Gosliner 2005). Indeed, some 

authors have suggested that the binomial containing supra-specific relationships should be 

abandoned, or the concept of providing supra-generic ranks in the absence of a confident 

genus assignment should be introduced (references in Dayrat and Gosliner, 2005). Currently, a 

genus should consist of a natural group of species that share a most recent common ancestor 

that is not shared with any other higher taxa (Ebach and Williams 2010). For a polytypic genus, 

the common ancestor is simply the node that includes all species, characterized by 

synapomorphies. For a monotypic genus, the most recent common ancestor is the same as the 

first occurrence of the species (Wiley 1977) i.e. the branch. If the concept of recency of 

common ancestry is violated the result is a metataxon or paraphyletic taxon (Queiroz and 

Donoghue 1988). Metataxa, further divided into metaspecies, mixotaxa and ambitaxa by 

Archibald (1994) are problematic because they cannot demonstrate positive evidence of 

monophyly or paraphyly. Metataxa cause polytomies, thus any monophyletic genera within 

the polytomy share a common ancestor with any genus named for the metataxa, rendering 

the metataxon name aphyletic (Ebach and Williams 2010). This is problematic, but thankfully 

Pterodactylus, Diopecephalus, Altmuhlopterus and Germanodactylus have been demonstrated 

to be monophyletic and monospecific, despite their close similarities and mix of characters. 

However, if D. kochi was included in Pterodactylus and “G. rhamphastinus”  in 

Germanodactylus as has been asserted (Wellnhofer 1968, 1970; Jouve 2004; Bennett 2006, 

2013c) (note, even taxonomic reviews that used empirical evidence [Jouve, 2004; Bennett 

2013c] arguably suffered from the Texas sharpshooter fallacy and numerous explanations for 

the same data could be given) the genera would be paraphyletic. That is to say the common 

ancestor of P. antiquus and D. kochi is also the common ancestor of higher taxa, including 

Ctenochasmatoidea and Eupterodactyloidea. Likewise, the common ancestor of A. 

rhamphastinus and G. cristatus is shared with the higher taxon Dsungaripteroidea. Some 
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proponents of Linnaean classification argue that it is a theoretical impossibility to not have 

paraphyletic taxa (e.g. Brummitt, 1997; Hörandl and Stuessy, 2010). At an impossibly fine 

resolution, one taxon does evolve from a subset of the population of another taxon, rendering 

the progenitor taxon paraphyletic. However, to argue that one cannot artificially scrutinize 

between one population and another because they are part of an evolutionary continuum 

renders the use of both classification and cladification unsuitable. In cladistic modelling, the 

internal nodes and branches represent hypothetical ancestral taxa, not real specimens or taxa, 

only the tree tips represent operational taxonomic units (OTUs). Thus monophyly on a 

cladogram, a model, not a “real world” situation is possible using the rules of ancestral 

recency. Indeed, if paraphyletic taxa were permissible in a cladistic model and only 

monophyletic, polytypic taxa were regarded as valid, the discovery of new fossil specimens 

would result in a continual reassessment of the taxonomy. This problematic situation is 

observed in the higher clades of Pterosauria in the absence of a formalized set of rules – for 

this purpose the PhyloCode has been proposed (Cantino and de Queiroz 2010). Therefore, to 

provide phyletic and nomenclatural (Queiroz 2006) stability to the four species with which this 

study is concerned they must occupy four distinct genera based on positive evidence of 

monophyly, not an assertion or negative evidence – recency of the common ancestor, not 

similarity. 

Despite a taxonomic resolution, the case remains that the four taxa with which this study is 

concerned are “transitional” monotypic taxa, which has proven especially problematic in the 

case of Pterodactylus, Diopecephalus, and Altmuhlopterus. Taxon concepts are based on a 

“snapshot” of organisms during a point in their evolution, either in the present day or in the 

fossil record. Thus there is a general misconception that taxa are biologically distinct entities. 

We are fortunate that the Franconia laminated limestones provide a series of successive 

“snapshots” through a geologically short period (Fig. 6.3.10). This situation provides an 

unparalleled understanding of pterosaur evolution and ecology, but also exposes the blurred 

lines of the taxon concept.  
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Figure 6.3.10. Cranial characters and prepubes of Franconia laminated limestone pterosaurs plotted onto a 

pruned tree. The tree is plotted against the “fine scale” dating criteria of the Franconia laminated limestones 

(Schweigert, 2007). The prepubes plotted on the branches demonstrate the apomorphic and plesiomorphic 

conditions of the respective taxa (Fig. 6.3.9). The red, light blue and dark blue colours filling the prepubes indicate 

the “clades” that were found in the geometric morphometric analysis. The skulls of each taxon have arrows 

pointing their ventral surfaces indicating the extent of the tooth row, and arrows pointing to their dorsal surfaces 

indicating the extent of the premaxilla. The dashed lines represent the uncertainty of the origin of the most 

recent common ancestor. The red line specifies the plesiomorphic condition of the prepubis and tooth row. The 

yellow line specifies the gracile prepubis morphology. The blue line specifies the gracile prepubis and a dentition 

restricted anteriorly. The black line specifies a deep prepubis distal expansion and an edentulous jaw tip. 

In the Franconia laminated limestones there is a succession of monofenestratan pterosaurs 

present, from the Painten pro-pterodactyloid (Tischlinger and Frey 2013) through to 
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Germanodactylus. Pterosaurs from the Hybonotum Zone are numerous, by contrast with the 

Beckeri Zone. At the start of the Tithonian, most of the diversity of non-dsugaripteroid 

pterosaurs has appeared. Further exploration of the laminated limestones in the Beckeri Zone 

could provide much more evidence for pterodactyloid evolution and development. It is 

unlikely that Kryptodrakon Andres et al. 2014 is the most basal pterodactyloid and its position 

in the cladogram it is presented alongside is due to a lack of preservation. Indeed, the defining 

characters of Pterodactyloidea are the state of the 5th toe and tail, which are not preserved, 

thus Kryptodrakon must be considered Monofenestrata incertae sedis.  
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7. Discussion 

“The great tragedy of science... the slaying of a beautiful hypothesis by an ugly 
fact” T.H. Huxley, 1870: 229 

 

7.1. Introduction 

This thesis aims to establish a more robust hypothesis of pterosaur phylogeny using cladistic 

methods. A “meta-analysis” approach is used to corroborate phylogenetic signals identified in 

one or more of the contradictory published phylogenies. While the distinct analysis presented 

here supports some clades in published cladograms, other clades remain contentious or poorly 

understood. The distinct analysis is most congruent with the Unwin (2003a) tree, which is one 

of the first comprehensive cladistic analyses of pterosaurs and shares very few characters with 

its contemporary analyses. Despite the distinct analysis tree being more congruent with the 

Unwin (2003a) tree relative to the others tested, the two phylogenies are not very similar. 

Conversely, a comprehensive analysis comprising characters both from the distinct analysis 

and the literature produced a tree that has demonstrably greater agreement with 

contemporary literature. These differences in congruence between published phylogenies and 

the distinct and comprehensive trees demonstrate that the more independent a dataset is, the 

less likely it is to recover the same tree. This effect resulted in both Unwin (2003a) and the 

distinct analysis finding highly unique tree topologies which were somewhat more similar to 

each other than any other tree tested. It is not clear if the reason for an increase in congruence 

with more shared characters is due to 1) “evolution” of the datasets as homoplastic, 

uninformative characters are removed by researchers; 2) poor characters are diminished in 

effect due to the addition of good quality characters; 3) unintentional researcher bias due to 

preconceptions caused by exposure to the academic literature;  4) intentional researcher bias 

to recover a clade or sister taxon relationship found in previous studies by the same 

researcher. 

Novel methods of data transformation, data entry, character quality analysis and topological 

analysis have been developed and implemented. These methods have been applied to the 
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Pterosauria as well  as other tetrapod groups, including crocodylomorphs (Sweetman et al. 

2014) and theropod dinosaurs (Martill et al. 2016). The methods and results of this project are 

discussed below. 

7.2. Methodologies 

7.2.1. Characters 

Broadly speaking, two types of characters were used in this study: discrete and continuous. 

These two characters types can be further subdivided into present/absent; descriptive (i.e. 

description of relative size, shape, orientation, proximity etc.); meristic (quantitative); and 

(morpho)metric. For the discrete analysis, 248 characters were independently conceived, 

strictly avoiding compound characters (Brazeau 2011) and the need for ordered characters. 

Jackknife analysis of three published cladistic analyses (Lü et al. 2009; Wang et al. 2009; Andres 

et al. 2014) and modified versions of the same matrices, with their compound characters 

atomized, demonstrates that an increase in the quantity of characters does not produce the 

predicted increase in tree length. Therefore additional characters improve the consistency of a 

matrix. These three examples and a matrix for dinosaurs (Nesbitt et al. 2009) treated to the 

same analysis (Martill et al. 2016) demonstrate Brazeau’s (2011) theory on the negative effects 

of compound characters in action. The Andres et al. (2014) analysis of the Pterosauria was 

improved by reducing compound characters to their constituent characters, but only 

demonstrated a small reduction in tree length per character (.078), while the analyses of Lü et 

al. (2009) and Wang et al. (2009) had a much greater reduction in tree length per character 

(.314 and .223 respectively). The reduction in relative tree length is seemingly correlated with 

the number of compound characters atomized, with the analysis of Lü et al. (2009) and Wang 

et al. (2009) having 16 and 17 additional characters respectively, whereas the Andres et al. 

(2014) analysis only has 4 additional characters. The difference between the distinct and 

comprehensive analyses, which only have additional characters (i.e. no characters are 

atomized) is a tree length per character difference of .397 (P-value = 0.000) (.375 without 

implied weights). While this suggests that a greater number of characters has a positive effect 

on the analysis – a point that is strongly argued in the literature by Wiens (2006) and Prevosti 

and Chemisquy (2010) –, 72 additional characters were used to achieve an improvement not 

dissimilar to that observed in the Lü et al. (2009) analysis using just 16 additional characters. 

Thus, atomizing compound characters diminishes the effect of homoplastic characters both by 
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increasing the number of active characters and improving the consistency of data by entering 

it into the computer in a comprehensible fashion. 

With the exception of excluding compound characters, the quality of the characters in the 

analyses presented here cannot be said to be better or worse than those used by other 

workers. Indeed, the size of the matrices used in contemporary studies is prohibitive to the 

exhaustive analysis and discussion of the merits of their constituent characters. However, the 

greater the number of characters, the lesser the effect of homoplasy. That is not to say that a 

large list of poor quality characters is better than a smaller list of good characters, but there 

certainly is merit in having a more comprehensive analysis. Lengthy character lists are not 

without their downsides, however. As a character list increases, so will the synapomorphies of 

a clade and the probability of finding new clades. If the material is missing from OTUs they are 

less likely to preserve apomorphies and synapomorphies, this will result in a tendency towards 

rootward slippage (Sansom et al. 2010, 2013; Sansom 2014). Rootward slippage can further 

affect the implied weights, compounding the negative effects of including excessively 

fragmentary material. While the inclusion of additional taxa has been shown to improve a 

cladistic analysis (Kearney 2002; Wiens 2006), the idea of including more taxa is not universally 

agreed upon due to increasing missing data. Furthermore, to effectively study a number of 

taxa there must be a corresponding minimum number of characters and states for a cladistic 

analysis to be viable. However, this is not condoning the exclusion of taxa or characters – the 

argument of maximum data inclusion is compelling and admirable, but there are limits (time, 

resources and technological) on the number of morphological characters that can be devised 

and coded, thus it may be necessary to exclude some taxa that demonstrate a distinct lack of 

apomorphies due to missing data. Conversely, the exclusion of characters due to missing data 

cannot be condoned, as their inclusion may improve the dataset to a point where it is possible 

to accommodate more OTUs. 

The relative proportions of pterosaur elements and meristic data have always been important 

in their study. However, including metric and meristic data in cladistic analyses has always 

been problematic. Descriptive discrete characters (e.g. Kellner 2003a) and gap weighted 

characters (Butler et al. 2012) have been used in the past, but these characters create 

distinctions between closely related contiguous states, whilst uniting less similar conditions in 

an individual distinct state. Andres et al. (Andres and Myers 2012) were able to develop the 

use of continuous characters in pterosaur cladistic analyses – independent of and 

simultaneous to this project – thanks to the introduction of continuous characters in TNT 
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(Goloboff et al. 2008a). Continuous characters are similar to gap weighted characters and are 

currently the most effective method for entering metric and meristic data into a cladistic 

analysis. However, there are associated problems, such as the sum of weighted parts (Pereyra 

and Mound 2009) affecting the tree topology more than any other type of character, and the 

effect of converse data (see 3.3.2. and 3.3.3.3.) and researcher decision (Vidovic and Martill 

2014; Mongiardino Koch et al. 2015). 

Initially, the solution to the problem of converse data was thought to be finding the tangential 

angle from the two measurements being analysed (Vidovic and Martill 2014). The reason for 

this was that the method was initially applied to the rostral index of pterosaurs, which is a 

method used to express the profile of a right angle triangle in a single index number (Martill 

and Naish 2006). It was realized that whilst the rostral index is a useful figure to graph, it is not 

useful as a cladistic character due to relative weights being applied differently, depending on if 

the triangle is tall or low. Because the opposite and adjacent angles of a right angle triangle 

add up to 90°, the two angles are interchangeable if a triangle is tall or low but maintains the 

same profile. Therefore, if the angle of the opposite or adjacent is used instead of the rostral 

index, the relative weight difference between two tall triangles and two equally disparate low 

triangles will be the same. Because this method worked for two measurements on a triangle it 

was extended in its used to two unrelated linear measurements (e.g. humerus length to wing 

metacarpal length) (Vidovic and Martill 2014). Subsequently, Mongiardino Koch et al. (2015) 

published on a log  transformation method for data affected by researcher decision that 

produced the same unequal weighting effect. Whilst reviewing which data transformation 

method was most appropriate for this study each was graphed and it became apparent that 

log and tan transformations, like the quotient of a small number divided by a large number, 

were exponential. Using exponents are useful for graphing and visualizing data, but the 

practice means that the same degree of difference between large values is expressed 

differently to that between smaller values. Thus using exponents to transform cladistic data 

means that the relative weights are not equivalent to the relative differences in morphology. 

The solution devised was to calculate the quotient values with top heavy dividend/divisor 

relationships and to correct for the overlap of the converse data by making the inverted 

equation negative (see 3.3.3.3.1.). This method has been applied with great effect, but its 

benefits are purely theoretical. However, it was proven on the Vidovic and Martill (2014) 

analysis that the method did resolve the problem of researcher decision and relative weight 

difference in converse data. 
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Another problem with continuous characters is that they can be coded with 65000 distinct 

states, but this will cause an accumulated weight of 65 for one character. Therefore it is 

necessary to limit the number of character states, making the “measure of parts” (Pereyra and 

Mound 2009) more comparable to the that of the discrete characters. Pereyra and Mound 

(2009) identified this problem and limited their continuous data by normalizing it to a range 

between naught and two. Andres and Myers (2012) and Andres et al. (2014) followed Pereyra 

and Mound (2009) and normalized their continuous data to a range between naught and one, 

but provided no discussion to explain why the states were reduced to that particular range. 

Vidovic and Martill (2014) also normalized the continuous data naught to one “the motivation 

for rescaling continuous characters was ‘to diminish the influence of measures of parts of very 

different sizes’ as in Pereyra and Mound (2009)”. Likewise, there was no discussion in the 

publication with regard to why naught to one was used, but it was because each discrete state 

has an equal weight of one (before implied weights are applied), and it was assumed that for a 

continuous character to have a similar effect on the tree search as a discrete character one 

was the optimum. However, after running iterative tests on the on the discrete and continuous 

data populations, it became apparent that a continuous range of naught to one did not 

produce similar character scores to the discrete characters. In fact, continuous characters with 

ranges of naught to three or four were found to be optimum for this dataset. Therefore, the 

most conservative value of three was used. Only a complete reversal of a continuous character 

scaled naught to one, from one extreme to another will have the same impact on the tree 

search as a change in a discrete state. However, with a continuous value range of three, the 

tree search is three times more likely to achieve a character score similar to a discrete 

character. While it is possible to have a change between states score greater than one, it is 

also likely that most scores are incrementally smaller than one. The effect of rescaling 

continuous characters between naught and three is that the character scores will fall within 

the same range as the scores for discrete characters. For the comprehensive analysis, there is 

only a 0.119 (0.64 and 0.52) difference between the means of the continuous characters’ and 

discrete characters’ scores and 0.04 between maximum values (0.84 and 0.88 respectively). 

7.2.2. Cladistic analysis 

The method of analysis was exhaustive, with each analysis taking in excess of eleven hours to 

complete. Using the ratchet a shorter tree (133.1997) was found than when it was not used 

(133.3057) for the distinct tree, but the comprehensive analysis found the same tree lengths. 
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When running a cladistic analysis it is worth using the maximum ratchet iterations possible to 

find the optimum tree, if time permits it. 

The implied weighting procedure affected the topology of both trees. Trees with equal weights 

(on discrete characters) possess non-pterodactyloid clades that are almost completely 

incongruent with the stratigraphy. Furthermore, more incomplete specimens (e.g. 

Gnathosaurus) slip rootward, presumably because the apomorphies preserved are 

overwhelmed by homoplastic characters. This demonstrates the utility of using implied 

weights on real datasets. Studies using simulated datasets have recently questioned the ability 

of analyses using implied weights to consistently recover a known topology (Congreve and 

Lamsdell 2016). However, simulated datasets don’t have missing data or taphonomic artefacts 

to contend with. Although the exact pterosaur phylogeny cannot be known, to test the acuity 

of the analytical method in a real situation, the insight of experienced researchers, and the 

fossil record/stratigraphy are suitable for scrutinising the results. In this case, I conclude that 

using implied weights has improved the result. 

The issue of topological stability under implied weights does remain. Very small changes in the 

dataset or the concavity constant do change the tree topology found. Here, the concavity 

constant of 3 was used exclusively due to it producing an effect similar to applying a 

logarithmic value. This resolution was asserted on a purely theoretical basis, but to date, there 

has not been a satisfactory resolution in the literature.  

7.2.3. Congruity metrics and analyses 

Congruity metrics are useful tools for comparing the topologies of different trees, with their 

simplicity making them much easier to interpret than tanglegrams. However, a major 

drawback is that they were all affected by the tree dimensions, rendering vastly smaller/larger 

datasets incomparable. Furthermore, the SPR distances are “inflated” with values consistently 

greater than those of the R-F distances and the CRI. This is because the SPR distances are 

calculated from the number of moves required to transform one tree into the other, whereas 

other metrics are observation based (i.e. the differences/similarities are quantified). 

The CRI is an effective consensus based similarity metric, suitable for replacing the CFI (Colless 

1980). Consensus-based similarity indices, in general, are affected by multiple MPTs because 

the polytomies are already present in the test trees. The only possible method of resolving this 

problem is by pruning taxa or using compromised consensus trees. 
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The R-F distance calculated in TNT is not strictly an R-F distance and it is not clear how it is 

calculated due to the script not being open source. The true R-F distance is simply the quantity 

of unique branches between the two trees being analysed. This figure is not very useful when 

comparing different sized tree sets. To put the figure into context it was divided by the 

maximum possible difference, which is equal to the total number of branches. By calculating 

the percentage difference out of the maximum possible difference, the metric is rendered a 

dissimilarity index (i.e. the number indicates how much topological incongruence there is), not 

a similarity index. 

SPR distances (Goloboff 2008b) can be abandoned as they are unrepresentative of the 

congruence between topologies. Furthermore,  SPR distance results can be variable due to 

computational limitations. Likewise, the CFI (Colless 1980) is too simplistic and should be 

abandoned. In the future, I recommend using the R-F distances rescaled to the maximum 

possible difference in conjunction with the CRI. Tanglegrams are confusing, difficult to 

interpret and different programs calculate them differently. Dendextend (Galili 2015) is limited 

due to its inability to process polytomies. In future maximum agreement subtrees (MAST) 

should be considered as a replacement for tanglegrams. The web service CompPhy (Fiorini et 

al. 2014) used to reduce trees to common taxa for the other comparative analyses can also be 

used to produce MASTs. 

7.3. Clade support 

The trees presented here have less than 50% similarity (R-F and CRI) with those trees studied 

from the literature (Kellner 2003a; Unwin 2003a; Lü et al. 2009; Wang et al. 2009; Andres et al. 

2014). Despite this many clades and evolutionary hypotheses in the literature are supported 

by the distinct tree, as discussed below.  

The bootstrap and jackknife analyses support the Pterosauria as a monophyletic clade and 

provide support generally to the close sister taxon relationships i.e. at the genus level. 

Additionally, there is a considerable amount of overlap between the distinct and 

comprehensive analyses, with both supporting the relationships of: Preondactylus and 

Austriadactylus; Eudimorphodon, Carniadactylus, and Caviramus; Campylognathoides spp.; 

Aurorazhdarcho and Ardeadactylus; Istiodactylus spp.; Nyctosaurus spp.; and Pteranodon spp. 

Likewise, the jackknife results support the relationships of Preondactylus and Austriadactylus; 

Eudimorphodon, Carniadactylus and Caviramus; Campylognathoides spp.; Darwinopterus 

modularis, D. linglongtaensis and Changchengopterus; Aurorazhdarcho and Ardeadactylus; 
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Istiodactylus spp.; Boreopterus and Zhenyuanopterus; and Pteranodontia. These relationships 

are in agreement with many published cladograms (e.g. Dalla Vecchia 2009a,b; Lü et al. 2009; 

Wang et al. 2009; Andres et al. 2014; Vidovic and Martill 2014), lending incontestable support 

to these sister taxon relationships. 

The premise of this “meta-analysis” was for the distinct analysis to provide independent 

support of sister taxon relationships. MASTs calculated in CompPhy (Fiorini et al. 2014) 

demonstrate that some taxon relationships are well supported, but other taxa are “wildcards”. 

Commonly supported relationships are those of Anurognathus and Dendrorhynchoides; 

Campylognathoides and Eudimorphodon (although these two are closely related they are not 

in a direct sister taxon relationship); parts of Euctenochasmatia; Pteranodontia; Ornithocheirus 

and Anhanguera. Additionally, the relationship of Germanodactylus cristatus to Azhdarchoidea 

and the composition of Azhdarchoidea sensu Lü et al. (2009) and Unwin (2003a) are supported 

by the distinct analysis. 

In conclusion, all trees agree on a monophyletic Pterosauria, containing a monophyletic 

Monofenestrata (if appropriate taxa are present) and Pterodactyloidea. The non-

pterodactyloid group comprises the robustly defined clades Preondactylus and Austriadactylus, 

and Anurognathus and Dendrorhynchoides. Regardless of the relationships of wildcard taxa, 

Eudimorphodon and Campylognathoides share a common ancestor not shared by 

Preondactylus. Additionally, Scaphognathus and Rhamphorhynchus share a more recent 

common ancestor with monofenestratans than Preondactylus. The monofenestratans 

Wukongopterus and Darwinopterus are sister taxa to Pterodacyloidea. The Euctenochasmatia 

is the most basal of the pterodactyloid clades, comprising sister taxa “Germanodactylus 

rhamphastinus” and Diopecephalus, which are sister taxa to Ctenochasmatoidea 

(Pterodaustro, Ctenochasma, Feilongus, and Cycnorhamphus).  

The comprehensive tree has the largest data matrix dimensions to date, with 320 characters 

coded for 104 taxa. The largest published data matrix presently is 224 characters coded for 112 

taxa (Andres et al. 2014). The Andres et al. (2014) analysis is significantly more comprehensive 

than the next largest cladistic analysis in the literature by another author (Lü et al. 2009). In 

the last few years, significant emphasis has been placed on increasing the data matrix 

dimensions, making pterosaur cladistic analyses more comparable to closely related tetrapod 

groups, notably Theropoda (e.g. Nesbitt et al. 2009) and Crocodylomorpha (e.g. De Andrade et 

al. 2011). The analysis suggests that increasing the number of characters improves the cladistic 
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analysis by reducing the effect of homoplasy and missing data (Wiens 2006; Prevosti and 

Chemisquy 2010). Furthermore, sampling from more anatomical regions of the pterosaur 

skeleton has now been proven to produce more reliable tree topologies, and topologies 

different to those that are more selectively sample anatomy (Mounce et al. 2016). The 

comprehensive analysis presented here has 39 dental characters (156 craniodental characters) 

and 164 postcranial characters, totalling 12% and 51% of the character list respectively. By 

comparison Andres et al. (2014) have 22 dental characters and 87 postcranial characters, 

totalling 10% and 39% of the matrix respectively. Undersampling of post-cranial and dental 

characters in cladistic analyses of pterosaurs is common historically, with postcranial material 

comprising under 50% and dental characters under 10% of the total characters in relatively 

small analyses. Given the significant benefits of increasing the number of taxa, characters, and 

sampling more evenly from all areas of the anatomy, the comprehensive cladogram and the 

clades within it should be considered very robust.  

7.4. Taxonomic impediments 

The taxa Liaoxiapterus and Normannognathus were removed from the cladistic analysis, 

despite it being possible to fully code the preserved material from casts and images. The 

reason for their exclusion is that they were too fragmentary and caused unusual relationships 

to be recovered. In the case of Liaoxiapterus, there were no apomorphies of Istiodactylidae 

coded because compound characters such as “Laterally compressed and triangular teeth” 

(Wang et al. 2009) were not used. Instead, individual morphological characters were used, 

which are common in the Pterosauria, causing Liaoxiapterus to be a wildcard taxon. 

Liaoxiapterus demonstrates no apomorphies and is considered a junior subjective synonym of 

Istiodactylus here. Normannognathus is considered a valid taxon here, but it is also a wildcard 

taxon due to a lack of preserved apomorphies and an excess of monofenestratan 

plesiomorphies. 

The taxonomic status of Diopecephalus, Germanodactylus and Pterodactylus is discussed in 

detail in section 6.3. Additionally, the validity of Arcticodactylus is supported by the distinct 

analysis, as Caviramus is found to be the sister taxon to Eudimorphodon. However, the 

comprehensive analysis finds “Arcticodactylus” to be sister taxon to Eudimorphodon. A 

detailed comparison of the anatomy reveals that the only variation observed between the two 

specimens is ontogenetic, therefore “Arcticodactylus” can be considered a junior subjective 

synonym of Eudimorphodon. Similarly, in the comprehensive analysis Coloborhynchus and 
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Anhanguera piscator are found in a sister group, which is itself in a sister group relationship 

with A. santanae, A. bittersdorffi and A. araripensis. This relationship suggests that the 

specimens either constitute a single genus, single species, or A. piscator requires a new generic 

name. Most parsimoniously Barbosania, Cearadactylus, Brasileodactylus, and Anhanguera are 

junior subjective synonyms of Coloborhynchus and the variations observed are specific, or 

individual variations due to ontogeny and/or gender. 

The occurrence of Anurognathus and its cohort in Scaphognathidae has never been observed 

in published phylogenies. However, anurognathids are a wildcard taxon, having been found as 

the most basal pterosaurs (Kellner 2003a; Wang et al. 2009), non-pterodactyloid pterosaurs 

closely related to Dimorphodon and campylognathoidids (Unwin 2003a; Lü et al. 2009) and 

even monofenestratans, the sister group to Pterodactyloidea (Andres et al. 2014). The 

elongate fifth toe makes it unlikely that the position of anurognathids proposed by Andres et 

al. (2014) is correct. The continuum of monofenestratans, from wukongopterids to the Painten 

Pro-pterodactyloid to basal pterodactyloids indicates that the reduction of the fifth toe was 

gradual and key to the definition of pterodactyloid pterosaurs. The placement of 

anurognathids as the most basal pterosaurs (Kellner 2003a; Wang et al. 2009) is supported by 

an analysis of the comprehensive matrix using equal weights, but not the stratigraphic data. 

However, there are many taxa that move to unexpected positions using this method with the 

comprehensive matrix. The reason for the basal placement of anurognathids is likely to be 

homoplasy due to paedomorphosis, causing the retention of plesiomorphic conditions. For 

example through ontogeny pterosaur’s skull length increases relative to other cranial 

dimensions, the retention of the short skull causes anurognathids to be more robust like basal 

archosaurs. Additionally, the ability of anurognathids to flex the wing finger could be a 

plesiomorphic condition, or simply because there is a paedomorphic lack of ossifications. 

When the heterochronic conditions of anurognathids are considered their placement close to 

scaphognathids, or within Scaphognathidae seems more plausible. Features identified as 

common to species typically allied with Scaphognathus and anurognathids are: a simplified 

wing metacarpal; a short, robust and bowed pteroid bone; simple, well-spaced recurved cone 

teeth; convex dorsal and lateral margins to the skull; relatively slender dorsal bar of the 

maxilla; slender palatal elements; the angle of the jaw symphysis to the dentary; the distal 

phalanx of pedal digit four is longer than the preceding phalanges. Additionally, there are 

paedomorphic characters shared by other scaphognathids and anurognathids, including a large 

round orbit and a short, deep skull.  
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7.5. Conclusions 

The state of pterosaur phylogenies is beginning to reach a greater level of congruence. Largely, 

this increased congruity is due to an increased number of characters being used, reducing the 

effects of homoplasy. Unfortunately, some groups, such as the anurognathids continue to be 

affected by homoplasy, because of a lack of intermediate taxa and appropriate characters to 

diminish the effect of homoplasy. Now that pterosaur cladistic matrices are in excess of 200 

characters there needs to be more focus on improving the quality of the characters. This study 

has presented methods for improving character quality, including the atomization of 

compound characters and better inclusion of metric data. 

Additionally, it is important to reconsider the populations used as OTUs. The fact that 

specimens of Aerodactylus were used to represent Pterodactylus spp. meant that relationships 

among basal pterodactyloid taxa were not resolved. Likewise, the over splitting of specimens, 

such as that seen in Liaoxiapterus and Istiodactylus, results in nomen dubia which can 

confound the implied weighting method and cause unusual topologies to be resolved. 

The implied weighting method is not without problems. Implied weights require a constant 

value to be applied, which introduces a subjective and arbitrary element into the method. 

Furthermore, simulated analyses demonstrate that implied weights are likely to propagate 

errors in a tree when compared to a known topology (Congreve and Lamsdell 2016). However, 

the Pterosauria comprises animals that repopulate ecological niches, animals that 

demonstrably evolve through paedomorphosis and peramorphosis, all causing homoplasy. Low 

preservation potential causes a lack of apomorphies to diminish the effect of homoplasy. 

Therefore, implied weighting doesn’t make the assumption that all characters are equally 

informative and is currently the best option for analysing pterosaur phylogeny. 

The distinct analysis lends some support to the presence of key clades in the Pterosauria, but 

the comprehensive analysis is considerably more robust than any previously published 

analysis. The comprehensive tree (Fig. 7.5.1.) is the product of an analysis on a matrix with 

greater dimensions than any studied before. As a result, the strict consensus is stratigraphically 

congruent. However, the comprehensive analysis has the potential for further development, 

with many specimens of pterosaurs having been excluded for logistical reasons. Increasing the 

number of better-preserved OTUs should improve the quality of the analysis and provide an 

even more robust hypothesis of pterosaur evolution in the future. 
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