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SUMMARY 

 

Placodonts are a basal clade of sauropterygian marine reptiles that inhabited the 

eastern and western margins of the Tethys Ocean from the earliest Middle Triassic 

until the latest Triassic (~247–201 mya). They are characterised by a highly 

specialised dentition that was adapted for, in most cases, a durophagous diet. Many 

taxa also feature heavy armour, with superficially turtle-like carapaces. While the first 

placodonts were described during the 1830’s, the group is still fairly under-studied, 

with relatively little known about their evolutionary origins, palaeoecology, or even 

phylogenetic relationships. The aims of this study were to clarify these omissions, 

mostly by using micro-computed tomographic (µCT) scanning on placodont crania 

from both Europe and South China (which correspond to the western and eastern 

margins of the Tethys Ocean respectively). A more in-depth introduction to 

placodonts and the project is outlined in Chapter 1. 

 In Chapter 2, recent publications questioning the traditionally-held view that 

placodonts were durophagous inspired a thorough literature review on placodont 

palaeoecology, combined with a comment in response to these claims. The original 

author concluded that fossil evidence, combined with tooth wear, indicates an 

herbivorous diet for placodonts, describing them as Triassic ‘sea cows’ that fed on 

macroalgae. However, osteological, biomechanical and taphonomic evidence were 

used to effectively counter this, concluding that, apart from the enigmatic Henodus 

chelyops, it is very unlikely that placodonts were herbivorous. 

 Chapter 3 is a study of two exceptionally well preserved skulls of the basal 

placodont Placodus gigas using µCT scanning to shed light on braincase morphology 

and palaeoecology. This resulted in a revised reconstruction of braincase osteology, 
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the first reconstruction of a sauropterygian inner ear (vestibular apparatus) and a new 

reconstruction of the cranial endocast of Placodus. The vestibular apparatus is 

characterised by dorsoventrally compressed vertical semi-circular canals, a common 

feature of extant marine reptiles. The position of the horizontal canal also indicates 

an ‘alert’ head position of about 20º, indicating a highly aquatic lifestyle even in basal 

placodonts. 

 Chapter 4 is a description of a new taxon from the early Middle Triassic of 

Winterswijk in the Netherlands, which sheds light on the palaeogeographic origins of 

the placodonts, as well as the evolutionary origins of their highly-derived dentition. 

µCT data were used to identify, amongst other diagnostic features, a single row of 

teeth on the palatine, similar to that seen in placodonts. However these teeth were 

small and pointed rather than large and flattened for durophagy. Phylogenetic 

analyses indicated that the specimen is sister taxon to Placodontia, thus indicating 

that the clade first evolved in the western Tethys, and that their palatine dentition was 

not initially used for durophagous feeding. 

 Investigations into placodont dentition are continued in Chapter 5, where 

patterns of tooth replacement were studied, as well as a description of the dentition of 

Chinese placodonts. Placodonts exhibit a unique method of tooth replacement, with 

basal, non-armoured taxa exhibiting seemingly random replacement patterns, while 

the more derived, armoured taxa show highly-organised unilateral replacement, often 

in functional units. This allowed these taxa to continue feeding efficiently, despite 

some functional teeth being missing while being replaced. 

 Placodont phylogenetic relationships are investigated in Chapter 6. Despite 

the cranial osteology of European placodonts being relatively well understood, 

Chinese placodonts have been neglected, resulting in a lack of comprehensive 

phylogenetic studies on this group. Thorough cranial osteological descriptions were 
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conducted for the four Chinese placodont holotype crania using a combination of 

µCT data and specimen study. These taxa were then included in the first placodont 

phylogeny to include all genera from both the eastern and western Tethys. Results 

support a monophyletic Placodontia, with eastern taxa interspaced among western 

taxa, indicating no significant geographic separation between the two regions. 

Unarmoured as well as armoured placodonts appear to have evolved in the western 

Tethys, although the highly nested Placochelyidae probably first appeared in the 

Middle Triassic of the eastern Tethys. 

 

KEYWORDS: Placodontia, Sauropterygia, Triassic, Tethys, µCT scanning, 

durophagy, phylogeny, palaeoecology 
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ZUSAMMENFASSUNG 

 

Placodontier sind eine basale Gruppe mariner Reptilien innerhalb der Sauropterygier, 

welche die östlichen und westlichen Bereiche des Tethys-Ozeans von der frühesten 

Mitteltrias bis in die späte Obertrias (vor ca. 247-201 Millionen Jahren) besiedelten. 

Sie sind charakterisiert durch ihre hoch spezialisierte Knackbezahnung, welche das 

Knacken hartschaliger Nahrung ermöglicht. Viele Taxa besitzen auch eine stark 

entwickelte Panzerung die oberflächlich an Schildkröten erinnert. Obwohl die ersten 

Placodontierfunde bereits in den 1830er Jahren beschrieben wurden, ist die Gruppe 

dennoch wenig untersucht worden in Bezug auf deren Ursprung, Paläoökologie oder 

die intraspezifischen Verwandtschaftsbeziehungen. Die Ziele dieser Arbeit sind unter 

anderem diese Punkte genauer zu beleuchten, hauptsächlich durch den Einsatz von 

Microcomputertomographie-Untersuchungen (µCT) von sowohl europäischen als 

auch chinesischen Placodontierschädeln (Zentraleuropa und China entsprechen 

heute etwa den damaligen westlichen und östlichen Randgebieten des 

Tethysozeans). Eine tiefer gehende Einführung in die Gruppe der Placodontier sowie 

die Ziele der vorliegenden Arbeit befindet sich in Kapitel 1. 

In Kapitel 2 haben kürzlich veröffentlichte Studien, welche die traditionelle Sichtweise 

der durophagen Lebensweise der Placodontier in Frage stellten, den Ausschlag zu 

einer eingehenden Literaturarbeit zur Überprüfung der Paläoökologie dieser Tiere 

gegeben. Der Autor der kontrovers diskutierten Studie postulierte, dass das 

stratigraphische Auftreten der Fossilien zusammen mit Spuren von 

Zahnabnutzungen allein auf Herbivorie (pflanzliche Ernährungsweise) hindeutet, 

sodass die Tiere analog zu Seekühen anzusehen wären, welche sich in der Triaszeit 
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von Makroalgen (Seetangen) ernährten. Die osteologischen, biomechanischen und 

taphonomischen Beweise sprechen allerdings dagegen, sodass nicht davon 

auszugehen ist, dass die Placodontier (vielleicht mit Ausnahme des enigmatischen 

Henodus chelyops) herbivor waren. 

In Kapitel 3 ist in zwei außergewöhnlich gut erhaltenen Schädeln des basalen 

Placodontiers Placodus gigas mittels µCT-Aufnahmen die innere 

Hirnschädelmorphologie untersucht worden, um mehr über die Paläoökologie der 

Tiere zu erfahren. Die Ergebnisse führten zu einer überarbeiteten Osteologie des 

Hirnschädels, der ersten Rekonstruktion eines Sauropterygier-Innenohrs 

(Gleichgewichtsorgan), sowie eine neue, virtuelle Rekonstruktion der 

Hirnschädelausgusses. Das Gleichgewichtsorgan ist charakterisiert durch 

dorsoventral komprimierte vertikale Bogengänge, ein Merkmal welches bei vielen 

verschiedenen Meeresreptilien auftritt. Die Position des horizontalen Bogengangs 

zeigt zudem eine um etwa 20° geneigte 'alert' Kopfp osition an, was schon auf eine 

hoch entwickelte Anpassungsstufe der Placodontier an ein Leben im Wasser 

hindeutet. 

Kapitel 4 beschäftigt sich mit der Neubeschreibung eines Taxons aus der frühen 

Mitteltrias von Winterswijk, Niederlande, welches für die paläogeographischen 

Ursprünge und die Entstehung der stark abgeleiteten Bezahnung der Placodontier 

aufschlussreich ist. µCT-Daten wurden benutzt um diagnostische Merkmale, wie 

etwa ein Palatinum, welches wie bei den Placodontier nur eine einzelne Zahnreihe 

trägt, zu identifizieren. Die Zähne dieser Zahnreihe waren allerdings nicht grosse und 

flache Mahlzähne sondern klein und spitz zulaufend. Phylogenetische Analysen 

zeigten zudem dass es sich bei dem Tier um das Schwestertaxon zu Placodontia  

handelt, was zum einen die Vermutung stützt, dass die ganze Gruppe zuerst in der 
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westlichen Tethys entstand und zum anderen, dass die Palatinalbezahnung nicht 

ursprünglich zum Knacken hartschaliger Nahrung auftrat. 

Weitere Untersuchungen zur Bezahnung der Placodontier finden sich im Kapitel 5, 

wobei sowohl die Zahnwechsel innerhalb der Gruppe als auch die Bezahnung der 

chinesischen Arten im Speziellen untersucht wurden. Die Placodontier zeigen eine 

einzigartige Methode des Zahnwechsels, welche sich in den basalen, nicht 

gepanzerten Vertretern durch scheinbar zufällige Ersatzmuster äussert, wogegen die 

stärker abgeleiteten, gepanzerten Taxa höher organisierte Muster erkennen lassen, 

in denen die Zähne häufig in funktionellen Einheiten gewechselt werden. Diese 

erlauben den letzteren Arten eine effiziente Nahrungsaufnahme, obwohl einige 

funktionelle Zähne während des Zahnwechselvorgangs fehlen. 

Die Verwandtschaftsbeziehungen der Placodontier werden eingehender in Kapitel 6 

untersucht. Die Schädelosteologie der europäischen Placodontier ist relativ gut 

verstanden, wogegen die der chinesischen Vertreter eher untergeordnet behandelt 

wurde, was wiederum dazu führt, dass vergleichende phylogenetische Arbeiten 

bisher nicht durchgeführt wurden. Gründliche osteologische Beschreibungen der 

Holotypenschädel aller vier bisher beschriebenen chinesischen Arten basieren hierin 

nun auf einer Kombination von äußeren anatomischen Merkmalen und µCT Daten. 

Diese Taxa wurden zudem in die erste phylogenetische Analyse eingearbeitet, 

welche nun sowohl Vertreter der westlichen als auch alle der östlichen 

Tethysbereiche beinhaltet. Die Resultate der Untersuchung unterstützen die 

Monophylie der Placodontia, wobei die fernöstlichen und die westlichen Taxa 

vermischt sind und somit keine eindeutige geographische Trennung zwischen den 

beiden Regionen erkennbar ist. Sowohl die ungepanzerten als auch die gepanzerten 

Formen scheinen sich in der westlichen Tethys entwickelt zu haben, wobei die 
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Placochelyidae dagegen vielleicht als erstes während der Mitteltrias in der östlichen 

Tethys auftritt. 

 

SCHLÜSSELWÖRTER: Placodontia, Sauropterygia, Trias, Tethys, µCT scanning, 

Durophagie, Phylogenie, Paläoökologie 
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

Psephoderma alpinum by Jaime Chirinos 
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1.1 PLACODONTIA 

Placodonts are members of Sauropterygia, the most successful radiation of marine 

reptiles known (Cheng et al., 2004; Motani, 2009), with a wide range of morphologies 

and ecologies (Rieppel, 2000a; O'Keefe and Chiappe, 2011) that spanned almost the 

entire Mesozoic Era (~245–65.5 mya; Benson et al., 2010; Motani, 2010). As the 

most ‘basal’ group of sauropterygians (i.e., retaining the most plesiomorphic 

characters; e.g., Rieppel, 2000a), placodonts are extremely important for 

understanding the evolutionary origins of the Sauropterygia. Like all other 

sauropterygians, placodonts lack not only any modern descendants (e.g., Meyer, 

1863; Peyer & Kuhn-Schnyder, 1955) but also show ecomorphologies that lack 

modern counterparts among living reptile species. The earliest placodonts are known 

from about 245 million years ago in the lower Anisian of the Triassic, and the group 

diversified in the Anisian and Ladinian (Pinna, 1990; Pinna and Mazin, 1993). While 

the clade flourished during the Triassic, placodonts died out at the Triassic/Jurassic 

boundary around 201 million years ago. 

A prominent feature of all placodonts and the characteristic for which the clade 

is named is the highly specialised crushing dentition, not only located on the usual 

marginal tooth-bearing elements, but also on the enlarged palatine bones (Mazin and 

Pinna, 1993; Rieppel, 2001b, a). Placodont skull morphologies range from robust 

skulls that carry anterior grasping teeth, to broad blunt-snouted forms, to skulls with 

elongate slender rostra, exemplifying the ecological variation within the group (Fig. 

1.1: Mazin and Pinna, 1993; Rieppel and Zanon, 1997). However it is clear that the 

majority of taxa would have had a durophagous diet, with the exception of the highly 

derived Henodus, which may have been a filter feeder, sieving food with baleen-like 

structures (Rieppel, 2002b). 
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Figure 1.1. Examples of placodont morphotypes. A, The unarmoured basal ‘placodontoid’ Placodus 

gigas. B, The heavily armoured cyamodontoid Cyamodus hildegardis. C, The armoured 

cyamodontoid Psephoderma alpinum, with elongate edentulous rostrum. Reconstructions by Jaime 

Chirinos. 

 

Placodontia is comprised of less armoured forms (‘placodontoids’; Fig. 1.1A; 

1.2) and the monophyletic, well armoured Cyamodontoidea (Fig. 1.1B, C; 1.2). 

Following the newest phylogenetic analyses (Rieppel, 2001a; Jiang et al., 2008; Klein 

and Scheyer, in press; Fig. 1.2), the ‘placodontoids’ are paraphyletic. The 

‘placodontoid’ Paraplacodus broiliia lacks dermal armour, while Pararcus 

diepenbroeki and Placodus gigas do have it, the latter having a single row of dermal 

plates running over its vertebral column (e.g. Rieppel, 2000b; Drevermann, 1933; 

Klein and Scheyer, in press). The well armoured cyamodontoids, on the other hand, 

carry a turtle-like armour shell encasing their trunk (e.g. Rieppel, 2002b; Scheyer, 
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2010; Fig. 1.1B, C), although the histology of this armour differs from turtles in that it 

exhibits the unique morphology of postcranial fibrocartilaginous bone (Scheyer, 

2007). The general body shape of the unarmoured taxa such as Placodus was 

squared or box-like (Fig. 1A), with the rather flat belly being strengthened by a well-

developed gastral apparatus. The superficial similarity of the well armoured 

cyamodontoid placodonts and turtles, on the other hand, was first noted over a 

century ago (e.g., Jaekel, 1902) and taxon names, e.g., Placochelys placodonta and 

Henodus chelyops, were chosen in reference to this similarity. By looking more 

closely, though, placodont armour was found to be fundamentally different from that 

of turtles in that it lacks connection to the underlying endoskeleton (e.g., Gregory, 

1946). 

 

Figure 1.2. Ingroup relationships of placodont genera, modified from Rieppel (2001a), Jiang et al. 

(2008), and Klein and Scheyer (in press). Note that, with the exception of Placodus, only European 

taxa are included as no phylogenetic studies have yet been conducted on Chinese taxa. 
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Until recently, placodonts were thought to be restricted to the western margin 

of the ancient Tethys Ocean, which corresponds to modern-day Europe and Middle 

East (Brotzen, 1956; Haas, 1969; Pinna, 1990; Rieppel and Hagdorn, 1997; Rieppel, 

2002a). However, in the last fourteen years, four valid placodont species have been 

described from the eastern Tethys, i.e., southern China: Sinocyamodus xinpuensis 

(Li, 2000); Psephochelys polyosteoderma (Li and Rieppel, 2002); Placodus 

inexpectatus (Jiang et al., 2008); and Glyphoderma kangi (Zhao et al., 2008). A 

palaeobiogeographic model of the evolution and dispersal of Sauropterygia, including 

few placodont genera (i.e., Cyamodus, Placodus) was presented by Rieppel and 

Hagdorn (1997; see also Rieppel, 2001a) for the Germanic and Alpine Triassic. 

However, this scenario has to be modified to include these new findings from China. 

 

1.2 STUDY AIMS 

Since the first placodonts were described in the 1830’s (Placodus gigas Agassiz, 

1833; Cyamodus rostratus Munster, 1839), relatively few analyses have been 

conducted on the clade that did not focus on simple description of primary anatomy. 

Vogt (1983) and Rieppel (2001a; 2002a) are exceptions, as they examined tooth 

implantation and replacement in placodonts and other sauropterygians, as well as 

the feeding biomechanics of some members of the group. However it is still not clear 

how placodonts replaced their teeth while maintaining feeding ability, or how their 

extremely specialised and characteristic dentition evolved. While placodont 

palaeoecology has been studied (e.g., Mazin and Pinna, 1993), many questions 

remain regarding their diets and lifestyles, especially with regard to recent claims that 

they may have been herbivorous rather than durphagous. In addition, while 

phylogenetic analyses have been carried out on placodonts (e.g., Rieppel, 2000b, 



CHAPTER 1: INTODUCTION 

21 

2001a: Jiang et al. 2008), no comprehensive analysis has yet been conducted that 

incorporates all placodont taxa from both the western and eastern Tethyan realms. 

The aims of this study were to clarify the evolutionary and palaeogeographic 

origins of Placodontia, as well as shedding light on aspects of their palaeoecology 

and elucidating their phylogenetic relationships. This was mostly done with data 

obtained from micro-computed tomographic (µCT) scanning on placodont crania from 

throughout Europe and southern China. µCT scanning has the unique ability to 

reveal and identify internal as well as external structures that would otherwise have 

remained obscured to the naked eye (see Abel et al. 2012, for a description of µCT 

scanning and reconstructing fossil material). This is of great value when attempting to 

identify morphological characters for phylogenetic analyses, or to reveal structures 

that would otherwise require the destruction of the specimen to expose, such as the 

inner ears or replacement teeth. 

In Chapter 2, a detailed literature review on placodont palaeoecology is 

presented as a response to recent publications that argue that placodonts, namely 

Placodus and Cyamodus, were herbivorous macroalgae feeders rather than 

durophagous (e.g., Diedrich 2010, 2011a, b). In response to this claim, an 

international collaboration of colleagues, including myself, use detailed osteological, 

biomechanical and taphonomic evidence to show that most placodonts were much 

more likely to be durophagous than herbivorous. Placodont skulls were over-

engineered for herbivory, and would have had an incredibly powerful crushing bite. 

They were also unable to grind food, an important feature of most herbivores. 

Moreover, there is no evidence of macroalgae in the same fossil-bearing localities as 

where placodonts are found. 

Chapter 3 is a redescription of the braincase of the ‘basal’, unarmoured 

placodont, Placodus gigas, using µCT data of two exceptionally preserved skulls 



22 

from the German Muschelkalk (~243–235 mya, Menning et al. 2011). In addition to a 

clarification of the braincase anatomy, the morphology of the sphenoid region is 

described, as well as a reinterpretation of the enigmatic ‘alisphenoid bridge’ as a 

dorsally expanded dorsum sellae. The first virtual cranial endocast of Placodus is 

presented, as is the first reconstruction of a sauropterygian inner ear. The vertical 

semicircular canals are dorsoventrally compressed, similar to those of modern 

marine reptiles. The position of the horizontal canal also indicates that the head of 

the animal was most ‘alert’ at an incline of about 20º, an ideal position for feeding on 

the sea floor, thus indicating that even ‘basal’ placodonts were well adapted to life in 

aquatic environments. 

Chapter 4 is concerned with both the palaeogeographic origins of the 

Placodontia and the evolutionary origins of their highly specialised crushing dentition. 

A new taxon from the early Anisian (early Middle Triassic) of Winterswijk in the 

Netherlands is described with the aid of µCT data. The skull of the juvenile 

sauropterygian exhibits an array of external osteological similarities with the basal-

most placodont Paraplacodus. However, with the addition of µCT data, a palatine 

with a single row of teeth can be identified, much like the condition found in 

placodonts. However these teeth are small and pointed rather than the enlarged 

crushing teeth of a durophagous animal. Phylogenetic analyses reveal that the new 

taxon, Palatodonta bleekeri, is sister taxon to the placodonts and indicates that the 

presence of palatine teeth did not initially evolve for a durophagous diet. It also 

indicates that the placodonts initially appeared in the western Tethys before 

dispersing to the eastern Tethyan realm. 

Chapter 5 continues the theme of placodont teeth, but with a focus on 

replacement patterns and the dental morphology/formulae of Chinese taxa. The 

exceptionally enlarged teeth in placodonts cooperated to form functional crushing 
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areas that could efficiently process hard-shelled prey (Mazin and Pinna, 1993). 

However this presents a problem for tooth replacement, as if any teeth from a 

functional unit are lost, then this may prevent the animal from feeding. µCT data for 

11 placodont specimens that span all placodont morphotypes were used to 

investigate replacement patterns. Results show that the plesiomorphic Placodus 

species exhibited seemingly random patterns of tooth replacement, with replacement 

teeth at several stages of growth throughout the skull. However the more derived, 

armoured placodonts show highly modular, unilateral replacement that often occurs 

in functional units. Thus, at least one functional unit is always preserved to allow 

feeding. Importantly, there was always one replacement tooth growing at the 

posterior-most palatine teeth, indicating increased wear here and the most efficient 

site of crushing. 

Chapter 6 combines µCT datasets and detailed specimen study to present the 

first cranial reconstructions for all Chinese placodont holotype skulls, as well as 

incorporating them into the first comprehensive phylogenetic analyses with European 

taxa. Two phylogenetic matrices are used: a general diapsid dataset based on the 

matrix from Chapter 4, and a placodont-only cranial dataset mostly based on Rieppel 

(2001b), but with additional characters from Rieppel (2000b) and Jiang et al. (2008). 

While results vary between analyses, both support a monophyletic Placodontia and 

have Chinese taxa interspersed with European ones. This indicates that there was no 

major barrier between placodont populations in the eastern and western Tethys. A 

European origin for both ‘placodonoid’ and cyamodontoid placodonts is suggested, 

with the highly-nested Placochelyidae originating in the Middle Triassic of the eastern 

Tethys. We propose that all placodont clades originated in a period of intense 

speciation during the Middle Triassic. 
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1.3 THESIS OUTLINE 

This is a cumulative thesis and all chapters subsequent to this one are presented 

either as fully-formatted articles as published in their respective journals (Chapters 2–

5), or in manuscript form (Chapter 6). Co-author affiliations can be found at the 

beginning of each chapter, and any supplementary material can be found at the end 

of each chapter. All art in this thesis has been used with the artists’ permission. 

Authors, publication details and author contributions are outlined for each chapter 

below. 

 

Chapter 2 

Authors: Scheyer T.M., Neenan J.M., Renesto S., Saller F., Hagdorn H., Furrer H., 

Rieppel O., Tintori A 

Publication: 2012, Historical Biology, 24(3): 257-267. 

Author Contributions: TMS and JMN wrote the majority of the manuscript. SR, FS, 

HH, HF, OR and AT all contributed data and discussion points. 

 

Chapter 3 

Authors: Neenan J.M., Scheyer T.M. 

Publication: 2012, Journal of Vertebrate Paleontology 32(6): 1350-1357. 

Author Contributions: TMS and JMN designed the project. JMN carried out model 

segmentation, analysed the data and wrote the manuscript. TMS supervised the 

project. 

 

Chapter 4 

Authors: Neenan J.M., Klein N., Scheyer T.M. 

Publication: 2013, Nature Communications 4:1621. 
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Author Contributions: “J.M.N. and T.M.S. wrote the manuscript and prepared the 

figures. N.K. and J.M.N. conducted the morphological description of outwardly visible 

structures. N.K. carried out the CT scanning. T.M.S. and J.M.N. performed the 

phylogenetic analysis. J.M.N. created the three-dimensional reconstruction and 

conducted the morphological description of the concealed elements.” 

 

Chapter 5 

Authors: Neenan J.M., Li C., Rieppel O., Bernardini F., Tuniz C., Muscio G., Scheyer 

T.M. 

Publication: 2014, Journal of Anatomy 224(5): 603-613. 

Author Contributions: “TMS and JMN designed the research. JMN carried out the 

segmentation, analysis and wrote the manuscript. OR and CL provided expert 

knowledge and insight. CL enabled and supported scanning of the Chinese material 

at the IVPP. GM made the specimen of Protenodontosaurs available for scanning 

and transported it to Trieste, where FB and CT carried out the scan.” 

 

Chapter 6 

Authors: Neenan J.M., Li C., Jiang D-Y., Rieppel O., Scheyer T.M. 

Publication: To  be submitted to the Zoological Journal of the Linnean Society. 

Author Contributions: “TMS and JMN designed the research and examined 

specimens in China together. JMN carried out model segmentation, osteological 

descriptions, skull reconstructions, phylogenetic analyses and wrote the manuscript. 

TMS, CL, D-YJ and OR provided expert knowledge and advice. CL and DY-J 

provided permission and access for the examination of specimens, and CL facilitated 

the CT scanning process at the IVPP. TMS supervised the project.” 
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The braincase and inner ear of Placodus gigas (Sauropterygia, Placodontia) – a new 

reconstruction based on micro-computed tomographic data 
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FIGURE S1. Transverse sections through BSP 1968 I 75 with areas of the sphenoid region and 

basicranium labeled. A, slice 521. B, slice 500. C, slice 486. D, slice 450. Abbreviations : af, 

abducens nerve foramen; ccf , cerebral carotid foramina; csc , caudal semicircular canal; ds , dorsum 

sellae; map , medial ascending process; pl , palatine; pp , paroccipital process; pF, prootic fenestra; pr , 

prootic; saf , sphenoid artery foramen. 
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FIGURE S2. Sagittal (A) and coronal (B) slices through BSP 1968 I 75 with areas of the basicranium 

areas of the sphenoid region and basicranium labeled. A, slice 398. B, slice 496. Not to scale. 

Abbreviations : ccf , cerebral carotid foramina; ds , dorsum sellae; lap , lateral ascending process; 

map , medial ascending process; pbs , parabasisphenoid; pl , palatine; saf , sphenoid artery foramen. 



CHAPTER 3: THE BRAINCASE AND INNER EAR OF PLACODUS 

58 

 

FIGURE S3. Transverse sections though the braincase of UMO BT 13 with areas of the endosseous 

labyrinth and basicranium labeled. Regions of the labyrinth that are infilled with matrix are outlined in 

black. A, slice 234. B, slice 224. C, slice 214. D, slice 204. E, slice 194. F, slice 184. G, slice 174. H, 

slice 164. Abbreviations : ccf , cerebral carotid foramina; crc , crus communis; csc , caudal 

semicircular canal; Fv, fenestra vestibuli; lsc , lateral semicircular canal; rsc , rostral semicircular canal; 

sc , sagittal crest; ve, vestibuli of inner ear; XII, hypoglossal nerve canal. 
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European origin of placodont marine reptiles and the evolution of crushing 

dentition in Placodontia 

 

James M. Neenan, Nicole Klein, Torsten M. Scheyer 

Supplementary Information: 

Supplementary Figures S1-S4 

 Figure S1. Palatodonta bleekeri gen. et sp. nov. holotype TW480000470 at an 

early stage of preparation, showing the maxilla before it was removed, and an 

artistic drawing of the skull after preparation. 

 Figure S2. High magnification photographs of the dentition of Palatodonta. 

 Figure S3. The dentition of juvenile placodont specimens of Paraplacodus 

broilii (PIMUZ T2805) and Cyamodus hildegardis (PIMUZ T2797). 

 Figure S4. Time-calibrated 50% majority rule cladogram (Analysis 1) showing 

the relationships of Triassic Sauropterygia and Sinosaurosphargis. 

Table S1. Skull measurements of Palatodonta bleekeri gen. et sp. nov. holotype 

TW480000470. 

Detailed Morphological Description 

Extended Results of Phylogenetic Analysis including Figures S5–S10 

Figure S5. Resulting trees of Analysis 1. 

Figure S6. Resulting trees of Analysis 2. 

Figure S7. Resulting trees of Analysis 3. 

Figure S8. Resulting tree of Analysis 4. 

Figure S9. Resulting trees of Analysis 5. 

Figure S10. Bootstrap 50% majority rule consensus trees. 

Phylogenetic Character Descriptions 

Supplementary References
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Supplementary Figure S1. Palatodonta bleekeri gen. et sp. nov. holotype 

TW480000470. 

 

(a) An early stage of preparation, including the maxilla before it was broken. There 

are clearly at least six maxillary teeth and the maxilla extends caudally to meet the 

jugal. Photo credit: J. Lankamp. (b) Artistic drawing of the skull after preparation, with 

damaged maxilla. Picture credit: D. Kranz.
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Supplementary Figure S2. High magnification photographs of the dentition of 

Palatodonta. 

 

(a) Four pointed teeth of the maxilla. (b) Four blunt teeth from the left premaxilla. (c) 

Disarticulated tooth, probably from right dentary. 
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Supplementary Figure S3. Photographs of the dentition of juvenile placodont 

specimens coated with ammonium chloride (NH4Cl). 

 

(a) Paraplacodus broilii, PIMUZ T2805. (b) Palatal view of Cyamodus hildegardis, 

PIMUZ T2797. (c) Left mandible of the same specimen of Cyamodus hildegardis. 

Despite being of a similar size to Palatodonta, both specimens exhibit flat, rounded 

teeth, very similar to that of the ‘adult’ placodont condition. 
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Supplementary Figure S4. Time-calibrated 50% majority rule cladogram (taken 

from Analysis 1) showing the relationships of Triassic Sauropterygia and 

Sinosaurosphargis. 

 

Occurrence data were taken from 1-4 and references therein 
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Table S1. Skull measurements of Palatodonta bleekeri gen. et sp. nov. holotype 

TW4800004. 

Feature 
Measurement 

(mm) Comment 

a, skull length 20.5 Full length from the caudal-most point of the squamosal to the rostral-
most point of the 4th tooth on the premaxilla 

b, skull height 
(including mandible) 11.0 From ventral-most point of mandible to dorsal-most part of parietal 

c, diameter of naris at 
widest point (right / 

left) 
3.1 / 3.5 

 
d, longitudinal 

diameter of orbit 7.1  
e, transversal 

diameter of orbit 6.5  
f, longitudinal 

diameter of upper 
temporal fenestra 

2.7 
 

g, transversal 
diameter of upper 
temporal fenestra 

3.3 
 

h, longitudinal 
diameter of lower 

temporal excavation 
4.0 From ventral-most point of jugal to rostral surface of ventral-most point 

of quadrate 
i, transversal 

diameter of lower 
temporal excavation 

3.2 
From the squamosal to the dorsal surface of the angular 

j, length of parietal 
foramen 1.3  

k, length of right 
mandible 15.3   
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Detailed Morphological Description 

 

Premaxilla. The premaxillae are unfused and form the rostral and ventral margins of the 

external naris. Mediocaudally, the premaxilla has a long tapering process, which separates 

the anterior third of the nasals. This posterior process borders the anterior third of the medial 

margin of the naris but is excluded from its upper half by a slender rostral process of the 

nasal. The premaxilla has three distinct round grooves/depressions, which are located 

directly above three articulated premaxilla teeth. Each premaxilla has four teeth. These have 

a blunt tip and smooth surface and are not pointed as are those from the maxilla, dentary 

and palatine (Supplementary Figure S2). 

External naris. The large, oval external naris is dorsoventrally elongate, with the 

longitudinal length of the naris being nearly twice the length of the transverse length. 

The rostral and ventral margin is formed by the premaxilla. The lateral margin is 

formed by the maxilla, although the maxilla is not preserved. The dorsal margin of the 

naris is formed by the nasal. 

Nasal. The nasals are arrowhead-shaped and appear to be fused, but split rostrally 

to form very narrow processes that form part of the rostral margin of the external 

naris. They also form the ventral margin of the naris. It is probable that the pointed 

caudal part of the nasal is broken, so the exact morphology of the articulation with the 

frontal and prefrontal is unknown. 

Frontal. The frontal contributes to the dorsal margin of the orbit and has two grooves 

where the post- and prefrontals would have articulated in life. Ventral to the right 

frontal is an extension of the rostral portion of the disarticulated left frontal, which 

projects into the orbit. The frontal forms only a minor part of the ventral margin of the 

orbit, being restricted to the rostral half.  

Parietal. The right parietal extends far rostrally, to about the midpoint of the orbit, and 

has rotated into dorsal view. The left parietal, visible in ventral view, is disarticulated 



NEENAN ET AL. (2013) – NATURE COMMUNICATIONS 
 

 

75 

and lies slightly dorsal to the right parietal. The bones are separated along the suture 

line. The ventral margin of the rostral half shares a long suture with the postfrontal. 

The posterior portion of the parietal forms most of the dorsal margin and also a part 

of the caudal margin of the upper temporal fenestra. A distinct bulge is present at its 

caudolateral margin. The large parietal foramen is located at the centre of the 

parietals, slightly posterior to the narrow postorbital bridge. 

Maxilla. The maxilla is incomplete, although its dorsal portion probably contributed to 

the caudal margin of the external nares and articulated with the prefrontal and nasal. 

Unfortunately the caudal portion of the maxilla was broken during preparation, but it 

articulated with the jugal and did not enter the margin of the orbit (Supplementary 

Figure S1). The maxilla bears at least 6 teeth, which are long, narrow, and unlike the 

premaxillary teeth, pointed. They are slightly curved and have a smooth surface 

(Supplementary Figure S2a). Estimating from the spacing pattern of the preserved 

teeth, the original number of teeth was about ten. Dorsomedial to the maxilla, a long, 

narrow bone is present, which may be the vomer that separated the internal nares. 

Prefrontal. The prefrontal is a large, well-ossified element comprising the rostral 

margin of the orbit and extending rostrally at its ventral margin. The rostral portion is 

broken, but probably extended further rostrally to meet the nasals. The dorsalmost 

portion of this element would have articulated with the rostral frontal groove in life. 

Postfrontal. The postfrontal is curved and forms the majority of the caudal margin of 

the orbit, as well as the caudal half of the dorsal margin. It forms most of the 

postorbital bridge, and has a small triangular caudal process that contributes to the 

dorsal margin of the temporal fenestra. The rostral-most portion of this element would 

have articulated with the caudal frontal groove in life. 

Postorbital. The postorbital has a similar curved shape to the postfrontal, has a 

distinct caudal bulge and extends dorsally as a tapering process that forms part of 
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the rostral margin of the temporal fenestra. The postorbital region is short, with an 

excavated cheek region and lacking a quadratojugal. Its tapering dorsal process 

contributes to the caudal portion of the postorbital bar, as well as the majority of the 

rostral margin of the upper temporal fenestra. The descending process shares a long 

suture with the caudal process of the jugal, thus excluding it from the lower temporal 

opening. 

Jugal. The jugal is distinctly open L-shaped (boomerang-shaped), much like the 

condition seen in Paraplacodus5. It forms part of the ventral margin of the orbit and its 

caudal process runs ventral to the postorbital, meeting the squamosal. It forms the 

rostral margin of the excavated lower temporal opening and excludes the maxilla 

from entering the margin of the orbit. 

Squamosal. The squamosal forms the majority of the temporal bar, enclosing the 

caudal processes of the postorbital and the jugal at its rostral margin and the dorsal 

surface of the quadrate on its ventral surface. Caudally, the squamosal extends 

dorsally to meet the parietal, and also forms the dorsal margin of the lower temporal 

opening at its ventral margin. The squamosal has a very ventral position and is not a 

component of the skull roof; the main part contributes to the lateral skull and partially 

to the occipital region. 

Quadrate. The quadrate is a simple bar, wider at its dorsal end, and has concave 

rostral and caudal margins. Like the jugal, it is similar in morphology to that of 

Paraplacodus5. The quadrate also comprises the caudal margin of the lower temporal 

opening, and articulates with the mandible at its ventral margin. 

Mandible. The morphology of the right mandible differs from the placodont condition, 

being very narrow and gracile, with a low coronoid process, and a retroarticular 

process that is broken caudally. Neither an articular nor a prearticular was evident in 

the CT scan data. The dentary contains at least 14 pointed teeth (Fig. 2a, e), 



NEENAN ET AL. (2013) – NATURE COMMUNICATIONS 
 

 

77 

comprises most of the length of the jaw, and is broken caudoventrally (marked with a 

dashed line in Fig. 2e). The mesial surface is concave, allowing space for Meckel’s 

cartilage. The angular forms the ventrocaudal margin of the mandible and has a 

dorsal groove that houses the ventral margins of the surangular and coronoid. 

Medially, it extends far rostrally, tapering to a point just rostral to the caudal-most 

dentary tooth. The angular is broken caudally, and probably made up the majority of 

the retroarticular process. The surangular sits between the angular and coronoid, and 

has a limited exposure on the mesial surface of the jaw. The coronoid forms the 

dorsalmost portion of the coronoid process, and is supported mesially by an 

ascending process of the angular. The splenial is disarticulated, but can be seen to 

be a long, narrow and very thin element (Fig 1a, B; Fig. 2a, d). 
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Extended Results of Phylogenetic Analysis 

All analyses were run in PAUP 4.0b10 for Microsoft Windows 95/NT6 using PaupUP7 

version 1.0.3.1 under parsimony settings, using the heuristic search, tree-bisection-

reconnection, and random step-wise addition options with 100 replicates and holding 

10 trees at each step if not indicated otherwise. All 140 characters were unordered 

and not weighted in any way.  

 

Analysis 1: The first search run on the matrix included all taxa, which yielded three 

most-parsimonious trees (MPTs), with a shortest tree length of 566 steps (CI=0.334, 

RI=0.659, RC=0.220, HI=0.666). 

The strict consensus tree (Fig. S5a) recovered a sistergroup relationship 

between archosauromorph taxa and the lepidosaur lineage, but a monophyletic 

Lepidosauromorpha (i.e., Lepidosauria plus Sauropterygia) was not supported. 

Instead there is a basal grade including ichthyosaurs, thalattosaurs and several other 

diapsid taxa leading to Sauropterygia. The proposed Placodontiformes taxon nov. is 

sister to a monophyletic Eosauropterygia. It is noteworthy that the pistosauroid clade, 

which includes the plesiosaurs, was found to be the sister taxon to the remaining 

eosauropterygians. Note the basal position of turtles (Odontochelys and Testudines). 

The 50% majority rule consensus tree (Fig. S5b) differs from the strict consensus 

only in the resolution within pachypleurosaurs. 
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Fig. S5. Resulting trees of Analysis 1. (a) Strict consensus tree, (b) 50% majority 

rule consensus tree. Only percentages diverging from 100 are given. 

 

Analysis 2: The second search run on the matrix excluded Ichthyopterygia, yielding 

85 MPTs, with a shortest tree length of 549 steps (CI=0.344, RI=0.666, RC=0.229, 

HI=0.656). 

In comparison to the strict consensus tree in Analysis 1 (Fig. S5a), the 

exclusion of Ichthyopterygia led to a polytomy consisting of the archosaur and 

lepidosaur lineages, the turtles, and the more highly nested diapsids (thalattosaurs to 

sauropterygians). The resolution is lower in Sauropterygia in the strict consensus 

compared to Analysis 1 as well. In the 50 % majority rule consensus (Fig. S6b), 

Corosaurus is recovered as sister taxon to all remaining eosauropterygians, followed 

by the pistosauroid clade, with Cymatosaurus moving onto the stem of the latter. 



CHAPTER 4: EUROPEAN ORIGIN OF PLACODONT MARINE REPTILES 
 

80 

 

Fig. S6. Resulting trees of Analysis 2. (a) Strict consensus tree, (b) 50% majority 

rule consensus tree. Only percentages diverging from 100 are given. 

 

Analysis 3: The third run of the matrix excluded Ichthyopterygia and turtles 

(Odontochelys and Testudines), yielding 502 MPTs with a shortest tree length of 499 

steps (CI=0.355, RI=0.673, RC=0.239, HI=0.645). For this analysis the number of 

trees retained was successively raised to 30 to acquire the shortest tree. Further 

increase to a 1000 replicates and 100 retained trees per analysis led to the same 

topology of the strict consensus tree but differed in that all archosauromorph taxa 

were found in one polytomy in the 50% majority rule tree. 

This analysis yielded a poorly resolved strict consensus tree (Fig. S7a) with 

polytomies in several sections of the cladogram. Especially the resolution among the 

archosaur and lepidosaur lineages collapsed completely. The 50 % majority rule 
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consensus (Fig. S7b) is somewhat better resolved, with sauropterygian ingroup 

relationships largely mirroring those shown in Fig. S6b. 

 

 

Fig. S7. Resulting trees of Analysis 3. (a) Strict consensus tree, (b) 50% majority 

rule consensus tree. Only percentages diverging from 100 are given. 

 

Analysis 4: In the fourth analysis (with options set to 1000 replicates and 100 trees 

retained), the all-zero-ancestor, as well as Ichthyopterygia and turtles were removed, 

and Captorhinidae and Araeoscelidia served as outgroups instead. 47 MPTs were 

found with a shortest tree length of 520 (CI= 0.358, RI= 0.662, RC=0.237, HI=0.642). 

Results were overall comparable to the outcome of Analysis 3 as indicated by the 

strict consensus (Fig. S8), with relationships among Sauropterygia being slightly 

better resolved. Note that in this analysis, Cymatosaurus again moved onto the 

plesiosaur stem. 
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Figure S8. Resulting strict consensus tree of Analysis 4.  

 

Analysis 5: For this analysis, the matrix was pruned to include only Sauropterygia as 

ingroup and Sinosaurosphargis as outgroup. Three MPTs were found with a shortest 

tree length of 315 (CI=0.483, RI=0.609, RC=0.294, HI=0.517). 

Similar to the results of Analysis 1, a sistergroup relationship between 

Corosaurus and Cymatosaurus was recovered, but now this clade is sister to all 

remaining eosauropterygians. Ingroup relationships of the latter are not well resolved 

as indicated by polytomies in both the strict consensus (Fig. S9a) and the 50% 

majority rule tree (Fig. S9b). 
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Fig. S9. Resulting trees of Analysis 5. (a) Strict consensus tree, (b) 50% majority 

rule consensus tree. Only percentages diverging from 100 are given. 

 

Bootstrapping and Bremer support: A first bootstrap analysis (based on 1000 

replicates) was performed on the matrix used in Analysis 1. This analysis shows a 

loss of resolution in large parts of the tree. However, the newly proposed 

Placodontiformes has a value of 78 % (Fig. S10a), with a Bremer support score of 3 

for the clade. A second bootstrap analysis (again based on 1000 replicates) was run 

on the data set of Analysis 3 (Ichthyopterygia and turtles removed), which also 

showed high support (75%) for Placodontiformes, while Bremer support for the taxon 

remained at 3 (Fig. S10b). Apart from these slightly different bootstrap values, the 

general topologies of the two trees did not change, with the exception of the all-zero 

ancestor and Captorhinidae forming a basal polytomy in Fig.S10a, instead of a 

resolved grade in Fig. S10b. 
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The third bootstrap analysis (Fig. S10c; also with 1000 replicates) was 

performed on the pruned dataset of Analysis 5 (Fig. S9a). Here the bootstrap support 

and topology was generally similar to the previous analyses, although support for 

Placodontiformes is much higher at 91 %, and Wumengosaurus now forms a clade 

with the European pachypleurosaurs (Fig. S10c). Once again, the node 

Placodontiformes had a Bremer support of 3. 
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Fig. S10. Bootstrap strict consensus trees of data sets used in (a) Analysis 1, (b) 

Analysis 3, and (c) Analysis 5. Bootstrap values >50% are given above the 

branches. 

 

In conclusion, although overall support is low, a monophyletic 

Placodontiformes was recovered in each of the analyses, with reasonable Bremer 
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and Bootstrap support values. Sinosaurosphargis consistently emerged as direct 

sister taxon to Sauropterygia, with the ingroup relationships of the latter changing 

little between analyses, with the exception of the position of Cymatosaurus. Our 

results also argue against a close relationship between thalattosaurs and 

Sinosaurosphargis, which was initially indicated by the analysis in the original 

description of the latter taxon8. 

It is worthy of note that in Analysis 1, lepidosaurs form a clade with 

Archosauromorpha, instead of a closer relationship to Sauropetrygia as in the other 

analyses. In addition, Eusaurosphargis and Sinosaurosphargis never form a 

monophyletic group, with Eusaurosphargis plotting closer to Hanosaurus in analyses 

1-4. Indeed, Hanosaurus is never resolved within the Sauropterygia, as was 

proposed previously9, but rather appears on the stem. 

Given that the various analyses conducted vary little from Analysis 1, we 

chose this as our preferred tree owing to its high resolution and taxon inclusion. Our 

preferred tree agrees with the study of Liu et al.10 by having the European 

pachypleurosaurs nested within the Chinese ones. However, it was recently 

suggested that the European pachypleurosaur Anarosaurus may in fact be the least 

adapted to the marine environment, as well being the one of the oldest members of 

the clade11. Therefore, future studies may reconstruct the position of this taxon as 

being more plesiomorphic. Conversely, our tree differs significantly in the position of 

Corosaurus and Cymatosaurus, which cluster more closely with nothosaurs and 

pachypleurosaurs, and, importantly, in pachypleurosaurs not being the basal-most 

group within Eusauropterygia.  
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Phylogenetic Character Descriptions 

 

Characters were adopted from Liu et al.10 with original character order used in 

Rieppel et al.12 given in parentheses (e.g. R3). The scoring of Ichthyopterygia 

generally follows Li et al.8; notes and deviations from previous character definitions 

are marked in the text where applicable. 

(1) Bones in dermatocranium: distinctly sculptured (0); relatively smooth (1). (From 

Rieppel and Lin13). 

(2) Preorbital and postorbital region of skull: of subequal length (0); preorbital region 

distinctly longer (1); postorbital region distinctly longer (2). (R12) 

(3) Snout: relatively short (0); elongated with broad anterior termination (1); elongated 

and tapering anteriorly (2). (R132); Thalattosauria: this character has been partly 

adapted from character 132 of Li et al.8; see character 4 below. 

(4) Distinct snout constriction in adult: absent (0); present (1). (R3); “Younginiformes”: 

scoring changed from (0) to Youngina (0) and Hovasaurus (?); Yunguisaurus: Sato et 

al.14 (p.190) noted "to regard the Yunguisaurus specimen as a juvenile, or at least not 

reaching the full adult stage", and therefore the taxon is strictly scored as (?) here; 

Thalattosauria: scored as (0) now - it was scored as (2) in Nosotti and Rieppel15 and 

Li et al.8, because character state (2) was “snout tapering/pointed" therein; in Liu et 

al.10, however, the state (2) was removed from character 4 and added to character 3 

instead ("elongated and tapering anteriorly (2)"). 

(5) Premaxillae: small (0); large, forming most of snout in front of external nares (1). 

(R1) 

(6) Postnarial process of premaxilla: absent (0); present, excluding maxilla from 

posterior margin of external naris (1). (R2) 
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(7) External nares: not retracted (0); retracted with a longitudinal diameter 

approaching or exceeding half the longitudinal diameter of orbit (1); retracted, narrow, 

and with a longitudinal diameter distinctly less than half the longitudinal diameter of 

orbit (2). (R133); Wumengosaurus: following Wu et al.16, score was changed from (2) 

to (1); Sinosaurosphargis and Eusaurosphargis: note that this character was not used 

by Li et al.8. 

(8) Nasal(s): shorter than frontal(s) (0); longer than frontal(s) (1). (R5) 

(9) Nasal(s): not reduced (0); reduced (1); absent (2). (R6) 

(10) Nasal(s): meeting in dorsomedial suture (0); fused (1); seperated from one 

another by nasal processes of premaxillae extending back to frontal(s) (2). (R8) 

(11) Lacrimal: present, entering external naris (0); present, excluded from external 

naris (1); (2) absent. (R9); Psephoderma: scored as (2), contra Pinna and Nosotti17. 

 (12) Dorsal exposure of prefrontal: large (0); reduced (1). (R11) 

(13) Prefrontal: without slender anteromedial process (0); with slender anteromedial 

process entering between maxilla and premaxilla (1). (R121) 

(14) Frontal: participating in the formation of dorsal margin of orbit (0); excluded from 

dorsal margin of orbit by a contact of prefrontal and postfrontal (1). (R10) 

(15) Frontal(s) in adult: paired (0); fused (1). (R14); Yunguisaurus: following Sato et 

al.14, character has been rescored with (?) instead of (0), due to dorsoventral 

crushing of holotype skull 

(16) Distinct posterolateral processes of frontal(s): (0) absent; (1) present. (R15) 

(17) Frontal: widely separated from upper temporal fossa (0); narrowly approaching 

upper temporal fossa (1); entering the anteromedial margin of upper temporal fossa 

(2). (R16) 
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(18) Postfrontal: large and plate-like (0); with distinct lateral process overlapping the 

dorsal tip of postorbital (1); with reduced lateral process and hence more of an 

elongate shape (2). (R26); Ichthyopterygia: scored (1,2) instead of (0) by Li et al.8. 

(19) Jugal: extending anteriorly along the ventral margin of orbit (0); restricted to a 

position behind orbit but entering the latter’s posterior margin (1); restricted to a 

position behind orbit without reaching the latter’s posterior margin (2). (R23) 

(20) Jugal: extending backwards no farther than to the middle of cheek region (0); 

extending nearly to the posterior end of skull (1). (R24) 

(21) Jugal: excluded from upper temporal arch (0); entering upper temporal arch (1). 

(R25) 

(22) Parietal(s) in adult: paired (0); fused in their posterior part only (1); fully fused 

(2). (R17); Wumengosaurus: following Wu et al.16, score changed from (2) to (0), as 

parietals are paired in adults and not fully fused. 

(23) Parietal skull table: broad (0); weakly constricted (1); strongly constricted (at 

least posteriorly) (2); forming a sagittal crest (3). (R19); Ichthyopterygia: scored 

(0,1,3) following Motani18 as there are definitely crested forms, contra Li et al 20118. 

(24) Pineal foramen: close to the middle of skull table (0); weakly displaced 

posteriorly (1); strongly displaced posteriorly (2); displaced anteriorly (3); absent (4). 

(R18); Changed definition: following Li et al. (2011), the fourth character state was 

introduced. 

(25) Postparietals: present (0); absent (1). (R20); Paraplacodus: scoring changed 

from (?) in Li et al.8 to (1), because no postparietals were visible in CT scan data of 

the well-preserved Munich specimen (BSP 1953 XV5). 

(26) Tabulars: present (0); absent (1). (R21); Paraplacodus: scoring changed from (?) 

in Li et al.8 to (1), because no tabulars were visible in CT scan data of the well-
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preserved Munich specimen (BSP 1953 XV5); “Younginiformes”: following 

Bickelmann et al.19 scoring changed from (0&1) to Youngina (0) and Hovasaurus (0). 

(27) Supratemporals: present (0); absent (1). (R22); Paraplacodus: scoring changed 

from (?) in Li et al.8 to (1), because no supratemporals were visible in CT scan data 

of the well-preserved Munich specimen (BSP 1953 XV5). 

(28) Temporal region of skull: relatively high (0); strongly depressed (1). (R4) 

(29) Upper temporal fossa: absent (0); present and subequal in size or slightly larger 

than orbit (1); present and distinctly larger than orbit (2); present and distinctly 

smaller than orbit (3); secondarily closed (4). (R13); Changed definition: this 

character has been modified following Li et al.8 by adding the forth character state; 

which in that study turned out to be a synapomorphy between Thalattosauria and 

Sinosaurosphargis; we keep the forth character state here to indicate the difference 

from state (0). 

(30) The anteromedial corner of upper temporal fossa: not (0); partially (1); (2) fully 

floored by a descensus from postorbital, which together with neighbouring elements 

(postfrontal, parietal) separates it from orbit. (R122); Wumengosaurus: following Wu 

et al.16, score changed from (0) to (1). 

(31) Lower temporal fossa: absent (0); present and closed ventrally (1); present but 

open ventrally (2). (R27); Psephoderma: scored with (0) to underscore difference to 

the condition seen in Paraplacodus and the new skull from Winterswijk; 

“Younginiformes”: following Bickelmann et al.19, Hovasaurus shares with 

Acerosodontosaurus a present but ventrally open lower temporal fossa. 

(32) Squamosal: descending to ventral margin of skull (0); broadly separated from 

ventral margin of skull (1). (R28) 

(33) A box-like suspensorium of squamosal: absent (0); present (1). (R123) 
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(34) Distinct notch of squamosal to receive distal tip of paroccipital process: absent 

(0); present (1). (R32) 

(35) Quadratojugal: present (0); absent (1). (R29); Cyamodus, Paraplacodus, 

Placodus and Psephoderma: note that Rieppel5 erroneously inverted the character 

scoring - accordingly Paraplacodus and Placodus should be scored as (1), whereas 

Cyamodus and Psephoderma should be scored (0); note that this character was 

scored (?) for Paraplacodus in Li et al.8. 

(36) Anterior process of quadratojugal: present (0); absent (1). (R30); Paraplacodus: 

scored as (1) following Rieppel5 (personal observations); Placodus: contra to Liu et 

al.10 and Li et al.8 who scored it (0), we score this character (1). 

(37) Quadrate: covered by squamosal and quadratojugal in lateral view (0); exposed 

in lateral view (1). (R38) 

(38) Posterior margin of quadrate: straight (0); concave (1). (R37); Paraplacodus: 

scored as (0) here, based on CT scan data on Munich skull (BSP 1953 XV5) and in 

agreement with Li et al.8, but contra Rieppel5. 

(39) Lateral conch on quadrate: absent (0); present (1). (R40) 

(40) Dorsal wing of epipterygoid: approximately as broad as its base (0); narrower 

than its base (1). (R39) 

(41) Braincase: located at posterior end (0); deeply recessed below parietal skull roof 

(or parietal sagittal crest) (1). (R124) 

(42) Occipital crest: absent (0); present but squamosals not meeting behind parietal 

(1); present and squamosals meeting behind parietal (2). (R36); Paraplacodus: 

contra Li et al.8 scored as (?) instead of (0), because the occipital region is not 

sufficiently known for this taxon. 

(43) Occiput: with paroccipital process forming the lower margin of posttemporal 

fossa and extending laterally (0); paroccipital processes trending posteriorly (1); 
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plate-like with no distinct paroccipital process and with strongly reduced posttemporal 

fossae (2). (R31) 

(44) Mandibular articulations: approximately at level with occipital condyle (0); 

displaced to a level distinctly behind occipital condyle (1); positioned anterior to 

occipital condyle (2). (R33) 

(45) Supraoccipital: exposed more or less vertically on occiput (0); exposed more or 

less horizontally at posterior end of parietal skull table (1); U-shaped (2). (R35); 

Ichthyopterygia: scored (0,1,2) instead of (0) by Li et al.8. 

(46) Contact between exoccipitals and basioccipital condyle: present (0); absent (1). 

(R34) 

(47) Basioccipital tubera: free (0); in complex relation to pterygoid, as they extend 

ventrally (1); in complex relation to pterygoid, as they extend laterally (2). (R42) 

(48) Palate: kinetic (0); akinetic (1). (R41); Paraplacodus: based on CT scan data of 

new, undescribed cranial material (PIMUZ T2805), the palate is akinetic; scored as 

(?) in Li et al.8. 

(49) Premaxillae: entering internal naris (0); excluded from internal naris (1). (R45); 

Ichthyopterygia: scored (0,1) instead of (0) in Li et al.8. 

(50) Posterior palatine vacuities: absent (0); present (1). (R125); Paraplacodus: 

based on CT scan data of new, undescribed cranial material (PIMUZ T2805), 

posterior palatine vacuities are absent; scored as (?) in Li et al.8. 

(51) Pterygoids: longer than palatines (0); shorter than palatines (1). (R130); 

Paraplacodus: based on CT scan data of new, undescribed cranial material (PIMUZ 

T2805), pterygoids are shorter than palatines; scored as (?) in Li et al.8. 

(52) Pterygoid flanges: well developed and transversely oriented (0); well developed 

and longitudinally oriented (1); strongly reduced (2). (R44) 

(53) Ectopterygoid: present (0); absent (1). (R46) 
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(54) Suborbital fenestra: absent (0); present (1). (R43); Paraplacodus: based on CT 

scan data of new, undescribed cranial material (PIMUZ T2805), suborbital fenestra is 

absent; was scored (1) in Li et al.8. 

(55) Internal carotid passage: entering basicranium (0); entering quadrate ramus of 

pterygoid (1). (R47); Ichthyopterygia: scored (0) following Sollas20 and Romer21 

instead of (?) in Li et al.8. 

(56) Splenial bone: entering mandibular symphysis (0); excluded therefrom (1). (R52) 

(57) Distinct coronoid process of lower jaw: absent (0); present (1). (R49) 

(58) Strongly projecting lateral ridge of surangular defining the insertion area for 

superficial adductor muscle fibers on the lateral surface of lower jaw: absent (0); 

present (1). (R50) 

(59) Mandibular symphysis: short (0); somewhat enforced (1); elongated and ‘scoop-

like’ (2). (R51); Paraplacodus: based on new, undescribed cranial material (PIMUZ 

T2805), scored as (2); was scored (?) in Li et al.8. 

(60) Retroarticular process of lower jaw: absent (0); present (1). (R48); 

Thalattosauria: following Müller4,22 and personal observations of specimens stored in 

the PIMUZ collections, this character is scored (0&1), because although most 

thalattosaurs have a retroarticular process, Askeptosaurus does not; Ichthyopterygia: 

scored (0,1) instead of (0) in Li et al.8. 

(61) Trough on dorsal surface of retroarticular process: absent (0); present (1). (From 

Rieppel and Lin13); Diandongosaurus: Shang et al.23 noted fossa on retroarcticular 

process, therefore this character is scored as (1); Sinosaurosphargis: as this taxon 

does not have a retroarticular process, this character was scored as (?) accordingly 

here – note that this character is not used in Li et al.8 or Wu et al.16; Thalattosauria: in 

those taxa which have a retroarticular process, there seems to be no trough on 

dorsal surface so it is scored (0) here; Wumengosaurus: following Wu et al.16 scoring 
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changed from (?) to (0), as on p. 76 it is noted that there is no deep concavitiy or 

trough but a thick ridge on the retroarticular process; Yunguisaurus: neither Cheng et 

al.24 nor Sato et al.14 noted a trough and no such structure was visible in the 

accompanying images, therefore it was scored as (0). 

(62) Teeth: setting in shallow or deep sockets (0); superficially attached to bone (1). 

(R53) 

(63) Durophagous dentition: absent (0); present (1). (R128); Changed definition: the 

additional part “including much enlarged palatine tooth plates” was removed here, 

and a new character (140) was introduced. 

(64) Number of premaxillary teeth: four or more (0); three or less (1). (R129) 

(65) Anterior (premaxillary and dentary) teeth: upright or only sightly procumbent (0); 

strongly procumbent (1). (R54); Keichousaurus: following Wu et al.16, the character 

would have to be scored with (0&1) instead of (1) as in Holmes et al.25. 

(66) Premaxillary and anterior dentary fangs: absent (0); present (1). (R55) 

(67) One or two enlarged teeth on maxilla: present (0); absent (1). (R56); 

Diangongosaurus: changed from (1) to (0), as an enlarged maxillary tooth is clearly 

present; compare to Shang et al.23 (figure 2); Sinosaurosphargis: Li et al.8 scored this 

character with (0) although on p. 308 the authors state: "The size of the exposed 

teeth, and tooth morphology, remains constant along the margins of the upper and 

lower jaws.", and therefore it should be scored (1). 

(68) Maxillary tooth row: restricted to a level in front of the posterior margin of orbit 

(0); extending backwards to a level below the posterior corner of orbit and/or the 

anterior corner of upper temporal fossa (1); extending backwards to a level below the 

anterior one third to one half of upper temporal fossa (2). (R57) 
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(69) Teeth on pterygoid flange: present (0); absent (1). (R58); Paraplacodus: based 

on CT scan data of new, undescribed cranial material (PIMUZ T2805), it was scored 

(1); was scored (?) in Li et al.8. 

(70) Vertebrae: notochordal (0); non-notochordal (1). (R59) 

(71) Vertebrae: amphicoelous (0); platycoelous (1); or other (2). (R60); Yunguisaurus: 

scored with (0&1) in Cheng et al.24 and Sato et al.14, but only amphicoelous vertebrae 

are described and figured; we here score the taxon with (0) only. 

(72) Vertebral centrum: distinctly constricted in ventral view (0); with parallel lateral 

edges (1). (R67) 

(73) Subcentral foramina: absent (0); present (1). (R127) 

(74) Zygosphene-zygantrum articulation: absent (0); present (1). (R64) 

(75) Zygapophyseal pachyostosis: absent (0); present (1). (R69); Cyamodus: was 

scored (?) in Liu et al.10 and Li et al.8. 

(76) Number of cervical vertebrae: less than 30 (0); more than 30 (1). (R134); 

Sinosaurosphargis: even though not all cervical vertebrae are visible in the specimen, 

the neck region is still rather short and thus scored with (0). 

(77) Cervical centra: rounded ventrally (0); keeled ventrally (1). (R63) 

(78) Parapophysis: not shifting backwards on centrum along cervical vertebral 

column (0); shifting backwards on centrum along cervical vertebral column (1). 

(R135) 

(79) Cervical intercentra: present (0); absent (1). (R62) 

(80) Distal articular surface on transverse processes of dorsal vertebrae: oblong (0); 

evenly rounded (1). (R136); Ichthyopterygia: scored (?) instead of (1) in Li et al.8, 

based on the absence of transverse processes of dorsal vertebrae. 

(81) Transverse processes of neural arches in dorsal region: relatively short (0); 

distinctly elongated (1). (R66) 
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(82) Distal end of transverse processes of dorsal vertebrae: not increasing in 

diameter (0); distinctly thickened (1). (R68); Ichthyopterygia: scored (?) based on the 

absence of transverse processes of dorsal vertebrae. 

(83) Sutural facets receiving pedicels of neural arch on dorsal surface of centrum in 

dorsal region: narrow (0); expanded into a cruciform or ‘butterfly-shaped’ platform (1). 

(R65); Paraplacodus: although a weak "butterfly-shaped" platform was noted in 

Rieppel5 (p. 642); we agree with Li et al.8 that this character should be scored as (0) 

(84) Dorsal intercentra: present (0); absent (1). (R61) 

(85) Anteroposterior trend of increasing inclination of pre- and postzygapophyses 

within dorsal and sacral region: absent (0); present (1). (R70) 

(86) A distinct free anterior process of cervical ribs: absent (0); present (1). (R71) 

(87) Pachyostosis of dorsal ribs: absent (0); present (1). (R72); Yunguisaurus: was 

scored (?) in Cheng et al.24 and Sato et al.14; no apparent pachyostosis is visible 

though. 

(88) Number of sacral ribs: two (0); three (1); four or more (2). (R73); Serpiano-

Neustico: changed from (1) to (1&2), because these taxa can have 3 or 4 sacrals (N. 

edwardsii has only 3 sacrals); Sinosaurosphargis: although Li et al.8 noted the 

presence of broadened pachyostotic dorsal ribs, this is difficult to assess without 

looking at the microstructures to see if the cortical bone is indeed thickened - 

therefore we use a conservative approach and score it (?). 

(89) Distinct expansion of distal head of sacral ribs: present (0); absent (1). (R74); 

Cyamodus: changed from (?) in Liu et al.10 to (0); Wumengosaurus: following Wu et 

al.16 scoring changed from (0) to (1). 

(90) Sacral (and caudal) ribs or transverse processes and their respective centrum: 

sutured (0); fused (1). (R75); Cyamodus: changed from (?) in Liu et al.10 to (0); 



NEENAN ET AL. (2013) – NATURE COMMUNICATIONS 
 

 

97 

Paraplacodus: changed from (?) in Li et al.8 to (0); “Younginiformes”: scoring 

changed from (0&1) to (?) in Youngina (?) and (0) in Hovasaurus. 

(91) Mineralized sternum: absent (0); present (1). (R118); Cyamodus: changed from 

(?) in Liu et al.10 to (0). 

(92) Median gastral element: angulated (0); straight (1). (R131) 

(93) The medial gastral rib element: with a single lateral process (0); with two-

pronged lateral process (1). (R119); Cyamodus: changed from (?) in Liu et al.10 to 

(0); Paraplacodus: changed from (?) in Li et al.8 to (0). 

(94) Cleithrum: present (0); absent (1). (R76); “Younginiformes”: changed from (0&1) 

to (?) in Youngina and (0) in Hovasaurus. 

(95) Clavicles: broad medially (0); narrow medially (1). (R77); Wumengosaurus: 

scoring with (?) is following Liu et al.10 - note that Wu et al.16 (p. 78) noted that there 

occurred some flattening of the bone during fossilisation. 

(96) Clavicles: not meeting in front of interclavicle (0); meeting in an interdigitating 

anteromedial suture (1). (R79) 

(97) Anterolaterally expanded corners of clavicles: absent (0); present (1). (R80) 

(98) Clavicle: applied to anterior (lateral) surface of scapula (0); applied to medial 

surface of scapula (1). (R81); Psephoderma: scoring follows Rieppel26. 

(99) Relationship between clavicles and interclavicle: in simple overlapping contact 

(0); anteromedioventral end of clavicle embracing lateral tip of interclavicle in a 

complex contact (1). (R78) 

(100) Interclavicle: rhomboidal (0); T-shaped (1). (R82); “Younginiformes”: changed 

from (0&1) to (1) in Youngina and (1) in Hovasaurus; Ichthyopterygia: scored (0,1) 

based on the diverse shapes indicated by Motani18 instead of (1) in Li et al.8.  

(101) Posterior process on (T-shaped) interclavicle: elongate (0); short (1); 

rudimentary or absent (2). (R83) 



CHAPTER 4: EUROPEAN ORIGIN OF PLACODONT MARINE REPTILES 
 

98 

(102) Scapula: represented by a broad blade of bone (0); with a constriction 

separating a ventral glenoidal portion from a posteriorly directed dorsal wing (1); rod-

like (2). (R84); Following Li et al.8, character description was changed to include state 

(2). Paraplacodus: a distinct constriction is present (see Rieppel5) so we score it (1); 

was scored (0) in Li et al.8; Ichthyopterygia: scored as (?), not with (2) as in Li et al.8. 

(103) Dorsal wing or process of eosauropterygian scapula: tapers to a blunt tip (0); 

ventrally expanded at its posterior end (1). (R85) 

(104) Supraglenoid buttress: present (0); absent (1). (R86); Youngina and 

Hovasaurus: scoring follows Müller27 and Liu et al.10 who scored “Younginiformes” 

with (1); Currie28 (p. 137) also noted absence of supraglenoid ridge in Hovasaurus. 

(105) Number of coracoid ossifications: one (0); two (1). (R87) 

(106) Coracoid: of rounded contours (0); slightly waisted (1); strongly waisted (2); 

with expanded medial symphysis and ridge-like thickening of the bone extending 

from glenoid facet posteriorly along lateral edge of the bone, coracoid foramen not 

enlarged (3); with expanded medial symphysis and ridge-like thickening of the bone 

extending from glenoid facet transversely through the bone, coracoid foramen much 

enlarged (4). (R88); Cyamodus: based on Pinna29 and Scheyer30 scored as (0); note 

it was changed (?) in Li et al.8 and Liu et al.10; Psephoderma: scored as (1) following 

Pinna and Nosotti17. 

(107) Coracoid foramen: enclosed by coracoid ossification (0); between coracoid and 

scapula (1). (R89); “Younginiformes”: following Bickelmann et al.19, changed from (0) 

to (?) in Youngina and (0) in Hovasaurus. 

(108) Pectoral fenestration: absent (0); present (1). (R90) 

(109) Limbs: short and stout (0); long and slender (1). (R91) 
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(110) Foot: short and broad (0); long and slender (1). (R112); Psephoderma: scoring 

based on Renesto and Tintori31; Ichthyopterygia: scored (0,1) instead of (0) in Li et 

al., 2011; Plesiosaurus: score changed from (0) in Liu et al.8 to (1). 

(111) Humerus: rather straight (0); ‘curved’ (1). (R92) 

(112) Deltopectoral crest: well developed (0); reduced (1); absent (2). (R93); 

Paraplacodus: following Rieppel5 this is scored (0) – was scored (1) in Li et al.8; 

Psephoderma: scoring follows Renesto and Tintori31; Youngina: scoring also based 

on juvenile material pictured in Smith and Evans32. 

(113) Insertional crest for latissimus dorsi muscle: prominent (0); reduced (1). (R94); 

Psephoderma: scored as (1) following Renesto and Tintori31, who noted traces of the 

insertion of the muscle latissimus dorsi being visible; “Younginiformes”: changed from 

(0) to (?) in Youngina and (0) in Hovasaurus. 

(114) Epicondyles of humerus: prominent (0); reduced (1). (R95) 

(115) Ectepicondylar groove: open and notched anteriorly (0); open without anterior 

notch (1); closed (2); absent (3). (R96); “Younginiformes”: changed from (0&2) to (0) 

in Youngina and (2) in Hovasaurus. 

(116) Entepicondylar foramen: present (0); absent (1). (R97); Ichthyopterygia: scored 

(1) instead of (0) in Li et al.8. 

(117) Radius: shorter than ulna (0); longer than ulna (1); approximately of same 

length (2). (R98); “Younginiformes”: changed from (0&1) to (?) in Youngina and (2) in 

Hovasaurus; Ichthyopterygia: scored (1,2) instead of (?) in Li et al.8. 

(118) Distal end of ulna: not expanded (0); distinctly expanded to at least the width of 

the proximal part (1). (R126); Changed description: description of original character 

state 2 ("distinctly expanded") used in Liu et al.10 was amended; Keichousaurus: the 

ulna is not distally expanded, thus the scoring (?) of Liu et al.10 is changed to (0); 

Paraplacodus: scored with (1), based on personal observation of the specimens in 
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the PIMUZ and on Rieppel5 (figure 8b), although in the latter, the proximal part of 

ulna is cut off in the image; scored as (0) in Li et al.8; Plesiosaurus: following Li et al.8 

the condition in plesiosaurs is treated as (?); Sinosaurosphargis: the distal end of 

ulna is expanded, although not as much as the proximal part and is thus scored (0) 

as in Li et al.8. 

(119) Total number of carpal ossifications: more than three (0); three (1); two (2). 

(R137); Wumengosaurus: following Wu et al.16 scoring changed from (2) to (1). 

(120) Iliac blade: well developed (0); reduced but projecting beyond level of posterior 

margin of acetabular portion of ilium (1); reduced and no longer projecting beyond 

posterior margin of acetabular portion of ilium (2); (3) absent, i.e., reduced to simple 

dorsal stub; (4) elongated shaft. (R99); Changed description: following Sato et al.14, 

the fourth character state "elongated shaft" was introduced, so Yunguisaurus and 

Plesiosaurus are scored (4); Cyamodus: changed from (?) in Liu et al.10 to (1); 

Ichthyopterygia: scored as (4). 

(121) Pubis: with convex ventral (medial) margin (0); with concave ventral (medial) 

margin (1). (R100) 

(122) Obturator foramen in adult: closed (0); open or absent (1). (R101); Changed 

description: in the original state 1 (“open”) was amended. Yunguisaurus: we keep the 

original scoring of Liu et al.10 (same scoring as in Rieppel et al.12) on which our matrix 

is based; Sato et al.14 (p.195) introduced a new character state (2) (“foramen 

absent”) instead for Yunguisaurus and Plesiosaurus; some inconsistencies were 

encountered however in the article, because on p. 188 Sato et al.14 state "there is no 

obturator foramen in the pubis" (of Yunguisaurus); whereas in table 1 on p. 190 

"Obturator foramen open (101, "2")" is mentioned for "Yunguisaurus and 

Pistosauria/Pistosauridae" instead. 
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(123) Thyroid fenestra: absent (0); present (1). (R102); Eusaurosphargis: according 

to Nosotti and Rieppel15, the thyroid fenestra could either be reduced or absent, thus 

we scored it (?); Paraplacodus: Note that character 102 (“Thyroid fenestra absent (0), 

present (1), reduced (3)") of Li et al.8 and Nosotti and Rieppel15 is rather 

unconventional, missing a character score (2) - in both their matrices Paraplacodus 

was scored (3), we instead score it with (1) here, thus following Rieppel5 (p. 647), 

who noted the presence of a "more distinct thyroid fenestra in Paraplacodus"; 

Thalattosauria: Müller22 noted that there is no thyroid fenestra present in 

Askeptosaurus; also scored as (0) in Müller27; Liu and Rieppel33 also noted absence 

in Anshunsaurus and further mention a similar condition in Hescheleria - therefore 

scoring is (0); Ichthyopterygia: scored (0,1) instead of (1) in Li et al.8; 

Helveticosaurus: is scored as (0) herein, contra Nosotti and Rieppel15. 

(124) Acetabulum: oval (0); circular (1). (R103) 

(125) Femoral shaft: stout and straight (0); slender and sigmoidally curved (1). 

(R104); Cyamodus: scoring changed from (?) in Liu et al.10 and Li et al.8 to (0) herein; 

Helveticosaurus: based on personal observation of holotype specimen (PIMUZ T 

4352) scored as (0), thus following Rieppel34 but contra Nosotti and Rieppel15. 

(126) Internal trochanter: well developed (0); reduced (1). (R105) 

(127) Intertrochanteric fossa: deep (0); distinct but reduced (1); rudimentary or absent 

(2). (R106) 

(128) Distal femoral condyles: prominent (0); not projecting markedly beyond shaft 

(1). (R107); Cyamodus: changed scoring from (?) in Liu et al.10 and Li et al.8 to (1). 

(129) Anterior femoral condyle relative to posterior condyle: larger and extending 

further distally (0); smaller/equisized and of subequal extent distally (1). (R108); 

Cyamodus: changed scoring from (?) in Liu et al.10 and Li et al.8 to (1). 
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(130) Total number of tarsal ossifications: four or more (0); three (1); two or less (2). 

(R115); Note character definition state (2) was changed from “two” to “two or less” 

herein. Helveticosaurus: note that taxon was scored (3) in Nosotti and Rieppel15, 

although the character description allowed only for (0, 1 and 2). We refrain from 

creating a character state (3) for a single tarsal ossification only, because it would be 

an autapomorphy of Helveticosaurus in the analysis. 

(131) Perforating artery: passes between astragalus and calcaneum (0); between 

distal heads of tibia and fibula proximal to astragalus (1). (R109) 

(132) Proximal concavity of astragalus: absent (0); present (1). (R110); 

Ichthyopterygia: scored (0) instead of (?) in Li et al.8. 

(133) Calcaneal tuber: absent (0); present (1). (R111)  

(134) Distal tarsal 1: present (0); absent (1). (R113); Ichthyopterygia: scored (0,1) 

instead of (?) in Li et al.8. 

(135) Distal tarsal 5: present (0); absent (1). (R114) 

(136) Metatarsal 5: long and slender (0); distinctly shorter than other metatarsals and 

with a broad base (1). (R116) 

(137) Metatarsal 5: straight (0); ‘hooked’ (1). (R117); Ichthyopterygia: scored (1) 

instead of (?) in Li et al.8. 

 

New characters: 

(138) Dermal armour ("osteoderms"): absent (0); present (1); forming carapace, 

excluding endoskeletal elements (2); forming carapace, including endoskeletal 

elements (3). Note: This character was adapted from character (1) of Rieppel and 

Zanon35, but modified as used, e.g., in Rieppel36, with only a combined, simplified 

state (2); character description has further been modified following Scheyer37 to 

acknowledge the peculiar nature of placodont armour plates. 
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(139) Distinctly open L-shaped (boomerang-shaped) jugal: absent (0); present (1). 

Note: character has been revised from Rieppel5,38 (and references therein), who 

noted that the L-shaped/boomerang-shaped jugal in Paraplacodus is connected with 

the temporal bar being formed only by the postorbital and squamosal and the 

absence of a quadratojugal. 

(140) Palatine dentition: multiple rows with small numerous teeth/denticles (0); single 

row with four or more teeth (1), single row with three to one teeth/tooth (2); absent 

(3). Note: character was introduced due to the changed definition of character (63) 

above. 
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#NEXUS 
[written Fri Oct 26 17:23:21 CEST 2012 by Mesquite  version 1.12 (build h66)] 
 
BEGIN TAXA; 
 TITLE Untitled_Block_of_Taxa; 
 DIMENSIONS NTAX=43; 
 TAXLABELS 
  Ancestor Captorhinidae Araeoscelidia Claudiosauru s Youngina 
Rhynchosauria Trilophosaurus Prolacertiformes Chori stodera Archosauriformes 
Kuehneosauridae Rhynchocephalia Squamata Corosaurus  Cymatosaurus Augustasaurus 
Pistosaurus Plesiosaurus Simosaurus Germanosaurus N othosaurus Lariosaurus 
Wumengosaurus SerpianoNeustico AnaroDactylo Keichou saurus Dianopachysaurus 
Hovasaurus Eusaurosphargis Thalattosauria Yunguisau rus Diandongosaurus 
Psephoderma Cyamodus Placodus Paraplacodus Sinosaur osphargis WinterswijkSkull 
Testudines Helveticosaurus Odontochelys Hanosaurus Ichthyopterygia  
 ; 
 
END; 
 
 
BEGIN CHARACTERS; 
 TITLE  'Matrix modified from "Liuetal. suppl data 1.nex.nex", part of 
Liu et al., 2011 (JVP, Vol 31:292-302)'; 
 DIMENSIONS  NCHAR=140; 
 FORMAT DATATYPE = STANDARD GAP = - MISSING = ? SYM BOLS = "  0 1 2 3 4"; 
 CHARSTATELABELS  
  1 Bones_in_the_dermatocranium, 2 
Preorbital_and_postorbital_region_of_skull, 3 Snout _, 4 
Distinct_snout_constriction_in_adult, 5 Premaxillae , 6 
Postnarial_process_of_premaxilla, 7 External_nares,  8 'Nasal(s)', 9 'Nasal(s)', 
10 'Nasal(s)', 11 Lacrimal, 12 Dorsal_exposure_of_p refrontal, 13 Prefrontal_, 
14 Frontal, 15 'Frontal(s) in adult', 16 'Distinct posterolateral processes of 
frontal(s)', 17 Frontal, 18 Postfrontal, 19 Jugal, 20 Jugal, 21 Jugal, 22 
'Parietal(s) in adult', 23 Parietal_skull_table, 24  Pineal_foramen, 25 
Postparietals_, 26 Tabulars, 27 Supratemporals, 28 Temporal_region_of_skull, 29 
Upper_temporal_fossa, 30 The_anteromedial_corner_of _the_upper_temporal_fossa, 
31 Lower_temporal_fossa, 32 Squamosal, 33 'A box-li ke suspensorium of the 
squamosal', 34 
Dstinct_notch_of_squamosal_to_receive_distal_tip_of _paroccipital_process_, 35 
Quadratojugal, 36 Anterior_process_of_quadratojugal , 37 Quadrate, 38 
Posterior_margin_of_quadrate, 39 Lateral_conch_on_q uadrate, 40 
Dorsal_wing_of_epipterygoid, 41 Braincase_, 42 Occi pital_crest, 43 Occiput, 44 
Mandibular_articulations, 45 Supraoccipital, 46 
Contact_between_exoccipitals_and_the_basioccipital_ condyle, 47 
Basioccipital_tubera, 48 Palate, 49 Premaxillae, 50  
Posterior_palatine_vacuities, 51 Pterygoids_, 52 Pt erygoid_flanges, 53 
Ectopterygoid, 54 Suborbital_fenestra, 55 Internal_ carotid_passage_, 56 
Splenial_bone, 57 Distinct_coronoid_process_of_lowe r_jaw, 58 
Strongly_projecting_lateral_ridge_of_surangular_def ining_the_insertion_area_for
_superficial_adductor_muscle_fibers_on_the_lateral_ surface_of_the_lower_jaw_, 
59 Mandibular_symphysis, 60 Retroarticular_process_ of_lower_jaw, 61 
Trough_on_dorsal_surface_of_retroarticular_process,  62 Teeth, 63 
Durophagous_dentition, 64 Number_of_premaxillary_te eth, 65 'Anterior 
(premaxillary and dentary) teeth', 66 Premaxillary_ and_anterior_dentary_fangs, 
67 One_or_two_enlarged_teeth_on_maxilla, 68 The_max illary_tooth_row, 69 
Teeth_on_pterygoid_flange, 70 Vertebrae_, 71 Verteb rae_, 72 Vertebral_centrum, 
73 Subcentral_foramina, 74 'Zygosphene-zygantrum ar ticulation', 75 
Zygapophyseal_pachyostosis, 76 Number_of_cervical_v ertebrae, 77 
Cervical_centra, 78 Parapophysis_, 79 Cervical_inte rcentra, 80 
Distal_articular_surface_on_transverse_processes_of _dorsal_vertebrae, 81 
Transverse_processes_of_neural_arches_of_the_dorsal _region_, 82 
Distal_end_of_transverse_processes_of_dorsal_verteb rae, 83 
Sutural_facets_receiving_the_pedicels_of_the_neural _arch_on_the_dorsal_surface_
of_the_centrum_in_the_dorsal_region, 84 Dorsal_inte rcentra, 85 'Anteroposterior 
trend of increasing inclination of pre- and postzyg apophyses within the dorsal 
and sacral region', 86 A_distinct_free_anterior_pro cess_of_cervical_ribs, 87 
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Pachyostosis_of_dorsal_ribs, 88 The_number_of_sacra l_ribs, 89 
Distinct_expansion_of_distal_head_of_sacral_ribs, 9 0 'Sacral (and caudal) ribs 
or transverse processes and their respective centru m', 91 Mineralized_sternum, 
92 Median_gastral_element, 93 The_medial_gastral_ri b_element, 94 Cleithrum_, 95 
Clavicles, 96 Clavicles_, 97 Anterolaterally_expand ed_corners_of_clavicles_, 98 
Clavicle_, 99 The_relationship_between_clavicles_an d_interclavicle, 100 
Interclavicle_, 101 'Posterior process on (T-shaped ) interclavicle', 102 
Scapula_, 103 The_dorsal_wing_or_process_of_the_eos auropterygian_scapula, 104 
Supraglenoid_buttress, 105 Number_of_coracoid_ossif ications, 106 Coracoid_, 107 
Coracoid_foramen, 108 Pectoral_fenestration, 109 Li mbs_, 110 Foot_, 111 
Humerus_, 112 Deltopectoral_crest, 113 
Insertional_crest_for_latissimus_dorsi_muscle, 114 Epicondyles_of_humerus_, 115 
Ectepicondylar_groove, 116 Entepicondylar_foramen, 117 Radius_, 118 
Distal_end_of_ulna, 119 Total_number_of_carpal_ossi fications, 120 Iliac_blade, 
121 Pubis_, 122 Obturator_foramen_in_adult, 123 Thy roid_fenestra, 124 
Acetabulum_, 125 Femoral_shaft, 126 Internal_trocha nter, 127 
Intertrochanteric_fossa, 128 Distal_femoral_condyle s, 129 
Anterior_femoral_condyle_relative_to_posterior_cond yle, 130 
Total_number_of_tarsal_ossifications, 131 Perforati ng_artery, 132 
The_proximal_concavity_of_astragalus_, 133 Calcanea l_tuber, 134 
Distal_tarsal_1, 135 Distal_tarsal_5, 136 Metatarsa l_5, 137 Metatarsal_5, 138 
'new_character_Dermal_armour_("osteoderms")', 139 
'new_character_Distinctly_open_L-shaped_jugal', 140  
'new_character_Palatine_dentition' ;  
 MATRIX 
 Ancestor           
000000000000000000000000000000000000000000000000000 0000000000000000000000000000
000000000000000000000000000000000000000000000000000 0000000000 
 Captorhinidae      
0000000000000000?000000(0,2)010000000000000000000?0 000001000000000000?000000000
0000000?0000000000?000000?0?01000000000000000000000 00000000000000 
 Araeoscelidia      
110000000000000101000000000030(0,1)00000000?0000010 0000001010000000000000000000
0100000?0000000100000000100?01000110000000000000000 0000000000000(0,1) 
 Claudiosaurus      
010000000010000101000000111030200001000?00000?00000 201010?00000000100?000000100
000?0010001?00110000100?100000101111000000001101110 0000000010 
 Youngina           
110000000010000101000000000030100000110?00000100000 0010?10010000001000000000100
0000000000?100?10000100?1000?1100?000?0000001101010 0000010000 
 Rhynchosauria      
100011000010000001010133111010110000110100100000100 0010010010000?01011000000100
000?0(0,1)00000?00110000100?100(0,1)011000001000000 011010101010111003 
 Trilophosaurus     
11001?0000?00100110?003311?0100?000?11000?120?00000 0010?10010000?01011(1,2)?000
0100000?001000??0?110000100?100001100?0010000000110 10100010111003 
 Prolacertiformes   
110011010010000(0,1)010(0,1)0(0,1)0(2,3)11(0,1)0302 100(0,1)1110?001001000000010
1(0,1)00100000010(0,1)1(0,2)0000010(0,1)000?(0,1)01 00011001100000?0?10000110000
01(1,2)00000(0,1)110101000(0,1)(0,1)11(0,1)00(0,3) 
 Choristodera       
1200110100100000010000131110101100(0,1)0110?0111010 ?100001010001000000100110000
010000011010100?0?110001100?10000110000(0,2)1200000 01101110?01011100(0,3) 
 Archosauriformes   
(0,1)(0,1)001101001000(0,1)(0,1)(0,1,2)1010(0,1)(0, 2)(0,3,4)11(0,1)030110000110
?0(0,1)(0,1)(0,1,2)010(0,1)(0,1)000(0,1)101(0,1)001 00000010(0,1)1(0,1,2)0000010
(0,1)0100(0,1)(0,1)10(0,2)0(0,1)100110000100?100(0, 1)011000(0,1)010000000110(1,
2)(0,1)10001(0,1)11110(0,3) 
 Kuehneosauridae    
100000000010000101000002111010210011111?01000100?00 0?10?00010000001011000000101
010?11?0001?0?????????1?100001?0000212000001110101? ?0?????00(0,1) 
 Rhynchocephalia    
1000000000(1,2)000(0,1)(0,1)01(0,1)10(0,1)(0,2)(0,2 )11(0,1)010(1,2)0000111(0,1)
10(0,1)(0,1)00100000001011001010000101(0,1)00010010 00000(0,1)000001100110000100
?100001100002000000011101010100(0,1)111001 



CHAPTER 4: EUROPEAN ORIGIN OF PLACODONT MARINE REPTILES 
 

110 

 Squamata           
1(0,1,2)00000000(1,2)00(0,1)(0,1)001(0,1)00(0,1)(0, 2)(0,2,3,4)11(0,1)01021001?1
1110(0,1)0(0,1,2)(0,1)(0,1)00(0,1)00001011001010000 1011(0,2)00(0,1)0010000001(0
,1)0000110?1(0,1)00001(0,1)0?10000110000(0,2)10(0,1 )00001110101010011111(0,1)(0
,1,2,3) 
 Corosaurus         
001010100020000111?000101110102001??1001011101?1?00 000??11110000110111000100101
001111101010011101111111101110011110020110111101111 10011??000 
 Cymatosaurus       
0211101022200(0,1)01(1,2)1100(1,2)(2,3)011102120011 ?100?0(0,1)110??1100000110?2
?00001101111001????100111??0??00001??????????0???0? 000000?0??011110111????????0
03 
 Augustasaurus      
0020102?2220100121001033111022201?1?100012112111110 000??01210000010211101?01111
10111?10???00?10?011??10?03?10?121131211??????????? ???????003 
 Pistosaurus        
002010202220100121?01133111022201?1?10011211???1?00 000???????000110111101100?1?
0011??10???00?1???????11103??0?1?11312110????11???? ???????003 
 Plesiosaurus       
0000100?(1,2)22000000100103311102220101?10011211211 1110200??0101000000111110100
11011011101010000?101011??101041101(0,1)110312?04?1 11012110?001000003 
 Simosaurus         
020010001220001001000211111020200001100000210121000 2001101010000101211100100101
000111101000011011111110102110010111120121011112111 1101100003 
 Germanosaurus      
02111010022100011120?111111120200???100?00?????1?00 ??????????0001111????0??????
???????????00?1??????????0????????????0???????????? ???????003 
 Nothosaurus        
021110100(0,2)2100110(1,2)(1,2)002(2,3)21111202000( 0,1)11000012(0,1)1121100(0,2
)0011012100001102111101(0,1)01010001101(0,1)11(0,1) 0011(0,1)1111(0,1)2101021100
1(0,1)(0,1)1(0,1)0201210111121111101100003 
 Lariosaurus        
021110100(0,2)21001102(1,2)002211111(1,2)02000??100 001201??1?00100??01210000110
211110?10101000?101(0,1)210000101111??1010211001111 1020(0,1)3(0,1)1111121101101
100003 
 Wumengosaurus      
0120101000?0000??1???0001110312?0???11??0??0??????? ?????0??100000010?10?0?00?0?
000???11110?0?1??11???1?10???0011?10010100?1?1??112 1101100013 
 SerpianoNeustico   
110010000(0,2)2000(0,1)10(1,2)000000111030200001110 100201??1000210??00011000001
01101011010100011011(1,2)10000101011(0,1)2101021100 101(0,1)(0,1)0(1,2)0(1,2)3(0
,1)(0,1)111121121101100013 
 AnaroDactylo       
1100100000200001010000001110302000??110100201??1000 210??00011000001011010110101
00011010110000101111??10102110?10100010130011?1???? ?0?????013 
 Keichousaurus      
1000100012200011010(0,1)0203110030210001100?002011? 10002?0?010011000(0,1)000110
101101?100011011(0,1)10000101111121010211001(0,1)(0 ,1)1111002001111211110011000
03 
 Dianopachysaurus   
120010000020001111000200111030200?0?100?00?0??????? ?????00?1?0000000??????10???
?0????11110???10??1???101????00111110200201??112112 100110001? 
 Hovasaurus         
?1???????????00101000000??0030200???100?00020100?0? ??1?????1?00????000000000100
00000000000100010000100?100001100002020000001101010 0100?10?0? 
 Eusaurosphargis    
?10010???????????????003???030??0????????0????????? ???????0??0000010?1110?0????
?10?1?10????011100?0??0??001?0?0??0?100?001??11211? ???????1?? 
 Thalattosauria     
1(0,1)2010(1,2)0(0,1)220000(0,1)?10(0,1)000(0,3)?10 04021001?110?0011??00100(0,2
)01??110(0,1)0000(0,1)010(0,1)?000?001???00?1?10000 000110000100?10000000111?(0,
1)2000000111111(0,1)?10(0,1)100003 
 Yunguisaurus       
001?1020122000?0(1,2)1?0??33????2220??1?20?????1??2 ??1?20000102100001??11101010
10?110?11?10100????????1??111?3??011111312124?11?01 ?1?0100??00003 
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 Diandongosaurus    
011010100220011111000110111031200001110?0?????????? ?????00?110001102?1?00100101
000110101100001111?102???0211001111?1102?0111111112 100110001? 
 Psephoderma        
022110201221000?01000203111020010000110?00100??1001 110???????011?0101?00??001??
?10?10101000101???1???0??01?10010102100?10111101111 ?101100202 
 Cyamodus           
021110100(0,1)20000(0,1)010012031110200100000100001 10(0,1)011011100?10210011001
01?000000101?10010101000101?0011?20???0?10?1110??20 1101110??11????????202 
 Placodus           
02111011002001(0,1)101001(0,2)001110200100111101001 0011110110000102100111010100
0000010111001110100010110011110?1001100111001202100 111011121001100102 
 Paraplacodus       
001?102?0?20?1???1000???111010210?11100?0??0???1?01 ??0??11211011101011000?00???
11001?10100?101100?0??1??011?001010?121(0,1)3011?10 1111?10????011 
 Sinosaurosphargis  
0010102000?0?001?000120011104?20001?0?0???11???0?00 20??10?10?00000101?000?100??
?11?0??1????001101001?1??001?0?1211??100??????????? ???????213 
 WinterswijkSkull   
0?1?10?00120?0?101000?001110?0210?11110?0??0??????1 ?????1??1?00010101??????????
??????????????????????????????????????????????????? ????????11 
 Testudines         
0(0,2)00000000100(0,1)00??00000311(0,1)000010000110 0000(0,2)000(0,1)(0,1)000110
1000(0,1)0?00????0(0,1)(0,2)0000010(0,1)00001000000 00?100000100??001000000(0,1)
(0,2)1000(1,2)0010000110100(0,1)111303 
 Helveticosaurus    
?000100?????00???1?????????01??????????????0??????? ?????1??1?0000010??000?00?0?
010?1?10???010110000100?10010000111?11021010?012112 ?1?11000?? 
 Odontochelys       
1200000000?0??????????04???00???0???????0??0??00?00 0??????00??00001001000000101
00001??00000???0???0??2??0110000000??0100?00?1001?0 1000?1?30? 
 Hanosaurus         
0000???1002000110?00010311103?2000????0?00?11?????? ??????????00???10??010??????
0???1??1????011100???????02??00??????????010?112111 11011000?? 
 Ichthyopterygia    
0120102100(0,1)00(0,1)00(0,1,2)(1,2)0000(0,1,3)(0,3 )1100(1,3)0210001110?0001(0,
1,2)10?(0,1)002?000001(0,1)?0(0,1)00010110100001?0? ??01?00???0??111000(0,1)0??1
02?00(0,1)011131(1,2)004??(0,1)?01211??0?(0,1)??10( 0,1)3 
 
; 
 
END; 
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CHAPTER 5 

 

UNIQUE METHOD OF TOOTH REPLACEMENT IN DUROPHAGOUS 

PLACODONT MARINE REPTILES, WITH NEW DATA ON THE 

DENTITION OF CHINESE TAXA 

 

 

 

Psephochelys polyosteoderma by Jaime Chirinos 
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Supplementary Fig. S1 (previous page) Coronal slices in anterior view through six 

planes in the skull of Placodus gigas UMO BT 13, showing replacement teeth at 

various stages of growth (red). (A) slice 675 showing both m1 teeth that have stage 1 

replacements. Note that these replacements have been preserved in an inverted 

orientation. (B) slice 610 showing both m2 and pl1 replacement teeth. Once again, 

note the inverted Rm2. (C) slice 549 showing the m3 replacements. (D) slice 524 

showing the stage 1 replacement of Rpl2, as well as a repetition of Lm3 (as seen in 

C). (E) slice 469 showing the replacement at Lm4. (F) slice 405 showing both pl3 

replacements. 
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Supplementary Fig. S2 Coronal slices in anterior view through three planes in the 

skull of Placodus gigas BSP 1968 I 75, showing replacement teeth at various stages 

of growth (red). (A) slice 100 showing replacement teeth for Rm2 and both pl1 teeth. 

Similar to the UMO specimen, this maxillary replacement tooth has an unusual 

orientation. (B) slice 258 showing both pl2 replacements. (C) slice 380 showing both 

pl3 replacements. 
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Supplementary Fig. S3 (previous page) Coronal slices in anterior view through six 

planes in the holotype skull of Cyamodus kuhnschnyderi SMNS 15855, showing 

replacement teeth at various stages of growth (red). (A) slice 773 showing both stage 

3 pm1 replacement teeth. Note that the right replacement tooth is inverted. (B) slice 

719 showing the second replacement tooth of Rpm1. This is the only example of a 

second replacement tooth in all placodont taxa in our sample. (C) slice 650 showing 

both m1 replacement teeth. Both are orientated medially. (D) slice 588 showing both 

m2 replacements. (E) slice 528 showing the replacement at Rpl1. (F) slice 404 

showing both pl2 replacements. Note that Lpl2 appears to be in the process of 

eruption. 
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Supplementary Fig. S4 Coronal slices in anterior view through three planes in the 

holotype skull of Cyamodus muensteri BSP AS VII 1210, showing replacement teeth 

(red). (A) slice 170 showing the laterally shifted stage 1 Rm2 replacement. (B) slice 

275 showing the Lpl1 replacement. (C) slice 403 showing the Lpl2 replacement. 
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Supplementary Fig. S5 Coronal slice in anterior view through the holotype skull of 

Cyamodus rostratus UMO BT 748, showing replacement tooth (red). Slice 384 shows 

the skull’s only preserved replacement tooth, which is a stage 3 at the Lpl3 position. 
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Supplementary Fig. S6 Coronal slices in anterior view through three planes in the 

holotype skull of Protenodontosaurus italicus MFSN 1819GP, showing replacement 

teeth at various stages of growth (red). Note that this specimen was scanned in two 

parts and a small portion of the middle of the skull is missing. (A) slice 1440 showing 

the Lm1 replacement. (B) slice 1335 showing the Rpl1 replacement. (C) slice 1021 

showing the Lpl2 replacement. 
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Supplementary Fig. S7 Coronal slices in anterior view through four planes in the 

holotype skull of Macroplacus raeticus BSP 1967 I 324, showing replacement teeth at 

various stages of growth (red). (A) slice 736 showing the Rm1 replacement tooth. (B) 

slice 660 showing the Rm2 and Lpl1 replacements. (C) slice 633 showing the slightly 

displaced Lm2 replacement. (D), slice 439 showing the Lpl2 replacement. 
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Supplementary Fig. S8 Coronal slices in anterior view through two planes in the 

new skull of Psephoderma alpinum PIMUZ A/III 1491, showing replacement teeth 

(red). (A) slice 573 showing the Rm1 replacement. (B) slice 411 showing the Lpl2 

replacement. 
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Supplementary Fig. S9 (previous page) Coronal slices in anterior view through 

eight planes in the skull of the Chinese placodont Placodus inexpectatus IVPP V 

14996, showing replacement teeth at various stages of growth. (A) slice 544 showing 

the Rpm1 replacement tooth (B) slice 627 showing the Rpm3 replacement tooth (C) 

slice 660 showing the replacements for Ld1, Rd1 and Rd2, as well as a small amount 

of Lm1. (D) slice 708 showing the full sized Lm1 replacement tooth. (E) slice 733 

showing replacements for both the left and right m2, pl1 and d4 teeth. (F) slice 833 

showing replacements for both the left and right m3 and d5 teeth. (G) slice 921 

showing replacements for both m4 teeth. (H) slice 975 showing replacement teeth for 

both pl3 teeth. Purple, functional teeth in upper jaw (premaxilla, maxilla and palatine); 

green, functional teeth in dentary; red, replacement teeth in upper jaw; blue, 

replacement teeth in dentary. 
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Supplementary Fig. S10 Coronal slices in anterior view through three planes in the 

holotype skull of the Chinese placodont Sinocyamodus xinpuensis IVPP V 11872, 

showing replacement teeth at various stages of growth. (A) slice 511 showing the 

replacement tooth for Rpl1 and the anterior portion of Rd5(B) slice 597 showing the 
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replacements for both d5 teeth (C) slice 763 showing the replacements for both pl2 

teeth. Colour scheme as in Supplementary Fig. S9. 

 

 

Supplementary Fig. S11 Coronal slice in anterior view through the holotype skull of 

the Chinese placodont Psephochelys polyosteoderma IVPP V 12442, showing 

replacement teeth. Slice 435 showing all three of the replacement teeth in the skull: 

Rpl2, Rd2 and Ld2. Colour scheme as in Supplementary Fig. S9. 
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Supplemental Fig. S12 Reconstruction of the dentition of a subadult specimen of 

Cyamodus hildegardis PIMUZ T 2796, showing the dentition of the skull in palatal 

view (top left), the dentary in dorsal view (top right) and tooth occlusion in palatal 

view (bottom). Redrawn and modified from Kuhn-Schnyder (1959). Colour scheme as 

in Fig. 3. 
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THE CRANIAL ANATOMY OF CHINESE PLACODONTS AND THE 

PHYLOGENY OF PLACODONTIA 
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1. ABSTRACT 

Placodonts are Triassic marine reptiles that inhabited the eastern and western 

margins of the Tethys Ocean (modern South China and Europe/Middle East). While 

the crania of European taxa are relatively well understood, those of Chinese taxa 

have not been extensively studied, nor have most of them been incorporated into a 

comprehensive phylogeny. Here we present the first reconstructions of all Chinese 

placodont holotype skulls using micro-computed tomography (µCT) and/or detailed 

anatomical study. We also present the first phylogenetic analyses that incorporate all 

placodont genera using a general diapsid matrix that includes postcranial characters, 

and a placodont only, cranial matrix. Results vary between matrices, but both support 

a monophyletic Placodontia with eastern taxa interspaced throughout, indicating no 

major separation between the eastern and western Tethyan realms. Support is strong 

for a western Tethyan origin of Placodontia, although the highly nested 

Placochelyidae first appear in the upper Middle Triassic of the eastern Tethys. Thus 

all placodont clades appear to have originated in a period of intense speciation 

during the Middle Triassic. 
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2. INTRODUCTION 

Placodontia is a clade of mostly durophagous Triassic sauropterygians that inhabited 

the eastern and western margins of the Tethys Ocean, which correlate to present day 

South China and Europe/Middle East respectively (e.g. Neenan et al. 2013). While 

western taxa are relatively well studied, especially with regard to crania (e.g., Huene, 

1956; Sues, 1987; Pinna and Nosotti, 1989; Nosotti and Pinna, 1996; Reif and Stein, 

1999; Rieppel, 2000a; 2001), including some braincase and inner ear data (Edinger, 

1925; Nosotti and Rieppel, 2002; Neenan and Scheyer, 2012), Chinese specimens 

have only recently come to light, with the first valid species, Sinocyamodus 

xinpuensis, being described by Li (2000). Since then, three additional taxa have been 

described: Psephochelys polyosteoderma, Li and Rieppel (2002), Placodus 

inexpectatus, Jiang et al. (2008), and Glyphoderma kangi, Zhao et al. (2008). 

Since placodonts are considered to be the most plesiomorphic group of 

sauropterygians, these discoveries are important, as they have the potential to shed 

light on the palaeogeographic origins of Sauropterygia; the largest and most diverse 

group of marine reptiles known (Motani, 2009). It has previously been suggested that 

the clade initially evolved in the eastern Tethys and moved westwards (e.g. Rieppel 

and Hagdorn, 1997; Rieppel, 1999), although more recent evidence suggests a 

western origin (Neenan et al. 2013). A comprehensive placodont phylogeny that 

includes all European and Chinese taxa would thus be important to shed light on this. 

However, due to often unclear external morphology and the concealment of important 

structures within sediment matrix, no Chinese placodont has yet been incorporated 

into a phylogenetic analysis (with the exception of Placodus inexpectatus, which was 

included in a matrix with European taxa, Jiang et al. 2008). Nor have any of the 

Chinese holotypes had interpretational reconstructions of cranial morphology 

published, with the exception of Placodus inexpectatus and a single dorsal skull 
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reconstruction of Psephochelys. Recent examination of specimens at the GMPKU 

and IVPP (see below for institutional abbreviations), as well as µCT scanning at the 

IVPP have revealed a wealth of new morphological data that were previously 

undescribed. These data have allowed us to reconstruct the cranial morphology of 

the holotypes of these taxa for the first time in most cases, as well as carry out the 

first comprehensive placodont phylogeny that includes all European and Chinese 

placodont genera. 

Institutional abbreviations:  GMPKU: Geological Museum, Peking University, 

Bejing, P. R. China. IVPP: Institute of Vertebrate Paleontology and 

Paleoanthropology, Beijing, P. R. China. ZMNH: Zhejing Museum of Natural History, 

Hangzhou, P. R. China. 

 

3. MATERIALS AND METHODS 

Of the four Chinese placodont holotypes, only two crania were suitable for micro-

computed tomographic (µCT) scanning: Sinocyamodus IVPP V 11872 and 

Psephochelys IVPP V 12442 (Fig. 6.1). Scanning was conducted at the IVPP with a 

slice thickness of 0.194 mm and 0.200 mm respectively, both having a voltage of 190 

kV and a current of 100 µA. Slice data were reconstructed using the manual 

segmentation tool in Avizo 6.2.1. Placodus inexpectatus GMPKU-P-1054 (Fig. 6.2A) 

and Glyphoderma ZMNH M 8729 (Fig. 6.3) are both embedded in a matrix slab, and 

thus could not be scanned. However both specimens were examined in detail by 

JMN and TMS in August 2010, with an additional examination of P. inexpectatus in 

March 2012. Chinese specimens were compared to European taxa that have already 

been described in detail by Rieppel (1995, 2000a, 2000b, 2001) and to personal 

observations from specimens JMN and TMS have studied and CT scanned (see 

Neenan et al. (2014) for full details, scan parameters etc.). 
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Figure 6.1. The two Chinese placodont holotype crania that were µCT scanned for this study. A, 

Sinocyamodus, IVPP V 11872. B, Psephochelys, IVPP V 12442. Dorsal view is on the left and palatal 

view on the right. 

 

 Phylogenetic analyses were conducted in PAUP 4.0b10 for Microsoft Windows 

95/NT (Swofford, 2003) using PaupUP version 1.0.3.1 (Calendini and Martin, 2005). 

Trees were modified with Mesquite (Maddison and Maddison, 2011) and the Adobe 

Creative Suite. All analyses were run with the heuristic search option, with all 

characters being unordered and unweighted, and with an all-zero ancestor as an 

outgroup taxon. Two analyses were conducted in this study using two separate 
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matrices: Analysis 1, the comprehensive diapsid analysis, was based on the matrix of 

Neenan et al. (2013), which in turn was based on that of Liu et al. (2011). The new 

unarmoured placodont Pararcus, which was coded by Klein and Scheyer (in press), 

was included; as were the European genera that were excluded by Neenan et al. 

(2013) (i.e. Henodus, Macroplacus, Protenodontosaurus and Placochelys). Analysis 

2, The placodont-only cranial analysis, was based on the character matrix of Rieppel 

(2001), but with some additional characters from Rieppel (2000b) and Jiang et al. 

(2008). Pararcus was not included in this analysis due to a lack of cranial material, 

but the placodontiform Palatodonta (Neenan et al. 2013) was. 

 

4. RESULTS 

4.1 Description of Cranial Osteology 

Placodus inexpectatus Jiang, Motani, Hao, Rieppel, Sun, Schmitz and Sun, 

2008. 

Holotype specimen: GMPKU-P-1054 (Fig. 6.2A). Owing to the fact that the skull of 

this specimen is embedded in matrix, it was unsuitable for scanning. 

Other known specimen:  IVPP V 14996. A detailed account of the dental 

morphology and tooth replacement patterns of this skull was given by Neenan et al. 

(2014), including a detailed account of the dental morphology and tooth replacement 

patterns. This specimen will be described in detail elsewhere, and will thus not be 

used in the current paper. 

The skull of GMPKU-P-1054 was thoroughly described by Jiang et al. (2008), 

however further examination combined with initial observations from IVPP V 14996 

have led us to an alternative interpretation of the cranial osteology of the holotype 

skull (Fig. 6.2B). The most important of these is that the posterior portion of the 

external naris is actually broken in this specimen, and the prefrontal does not enter its 
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posterior margin. We have also defined the sutures for the following elements that 

were not identified by Jiang et al (2008): maxilla, jugal, postorbital, dentary, 

surangular, and angular. 

Premaxilla  – A large, paired element that forms the majority of the rostrum and the 

anterior margin of the external naris. Contains 3 bulbous, procumbent teeth that are 

shorter than those of P. gigas. 

Maxilla – This element contains 4 rounded crushing tooth plates, and has a dorsal 

process that contributed to about half of the posterior margin of the external naris. It 

is excluded from the margin of the orbit by an anterior process of the jugal. There is a 

small anterior process that enters the rostrum. 

Nasal  – This element is fused, and forms the dorsal margin of the external naris. It is 

much the same as described by Jiang et al. (2008). 

Prefrontal  – The prefrontal is most likely excluded from the external naris, owing to 

the posterior margin being broken in the latter. The element forms the anterior half of 

the dorsal margin of the orbit as well as the dorsal half of the anterior margin. It does 

not form the entire anterior margin of the orbit as described by Jiang et al. (2008). 

Frontal  – The frontal is fused and is once again very similar to the reconstruction of 

Jiang et al. (2008). 

Postfrontal  – Unlike the reconstruction of Jiang et al. (2008), this element forms a 

large part of the posterior margin of the orbit by means of a tapering descending 

process. The postfrontal is also appears to be excluded from the upper temporal 

fenestrae by a narrow process of the postorbital. 

Postorbital  – Similar to Jiang et al. (2008), our reconstruction shows that this 

element forms a great deal of the lateral margin of the upper temporal fenestra, 

although we can show that this was a relatively narrow posterior process. It also 
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enters the lower half of the posterior margin of the orbit, but is excluded from the 

ventral margin by the jugal. 

Jugal  – The jugal nests the entire ventral margin of the orbit, as well as the ventral 

half of the anterior margin. There is a narrow anterior process that terminates in a 

flared projection between the orbit and external naris. The element extends as far 

posteriorly as the postorbital, and appears to be broken in its posterior part 

Parietal  – The parietal is also fused and has a similar shape to that of the 

interpretation of Jiang et al. (2008), although we do not consider it to have quite as 

much of a posterior projection. 

Squamosal  – We reconstruct the right squamosal as being somewhat larger than 

Jiang et al. (2008), especially in its ventral margin. This element forms the margin of 

the posterior portion of the upper temporal fenestra and mostly obscures the 

quadrate in lateral view. 

Quadrate  – We reconstruct this element as being much smaller than Jiang et al. 

(2008), only being exposed a small amount in lateral view where it articulates with the 

articular. 

Mandible  – The dentary is narrow in lateral aspect, and contains 4 crushing teeth 

and 2 procumbent anterior teeth similar to those in the premaxilla (Neenan et al. 

2014). It also constitutes a large amount of the coronoid process. The angular and 

suragular form the posterior portion of the lateral ramus, and both taper anteriorly to 

meet the dentary. We reconstruct the retroarticular process as being slightly wider 

than Jiang et al. (2008), and have identified the prearticular running along the dorsal 

surface. 
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Figure 6.2. The cranium of the holotype specimen of Placodus inexpectatus, GMPKU-P-1054 A, 

photograph of the skull in right lateral view. B, revised reconstruction. Dashed lines indicate broken 

elements – note broken posterior margin of external naris. Abbreviations: a, angular; d, dentary; f, 

frontal; j, jugal; m, maxilla; n, nasal; p, parietal; par, prearticular; pm, premaxilla; po, postorbital; pof, 

postfrontal; prf, prefrontal; q, quadrate; sa, surangular; sq, squamosal. 

 

Sinocyamodus xinpuensis Li, 2000  

Holotype specimen: IVPP V 11872. The skull of this specimen has been prepared 

out from the matrix, so is therefore suitable for scanning (Fig. 6.1A). 
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This skull has been removed from a ventrally preserved specimen with almost 

complete postcranial remains. It can be identified as a subadult as the dentition 

corresponds to that of a subadult specimen of Cyamodus hildegardis (see Neenan et 

al. 2014). As a result, many of the skull elements are not completely fused, and have 

become somewhat disarticulated. The skull is dorsoventrally crushed, has a large 

crack running through the right temporal region, is articulated with the mandible and 

has a few postcranial elements attached to the posterior portion, obscuring most of 

the occipital region and some of the palate. µCT scanning has revealed several 

previously obscured structures, however (Fig. 6.3). 

Premaxilla  – Only the left premaxilla remains intact, the right one is mostly missing, 

revealing a dentary tooth. The remaining element contains 2 small, round teeth (not 3 

as described by Li, 2000) and forms half of a short rounded rostrum. The premaxilla 

has a posterolateral process that meets the maxilla and forms part of the ventral 

margin of the external naris. On the dorsal surface of the anterior margin of the 

remaining premaxilla is a concavity, which may represent a rostral nerve foramen 

(see description of Glyphoderma below). 

Maxilla –The left maxilla has an ascending process that would in life articulate with a 

notched surface of the prefrontal, however crushing has separated these elements. 

The maxilla would also form part of the posterior margin of the external naris, but 

distortion has once again made this unclear. It also forms the ‘floor’ of the external 

naris. The maxilla supports 3 small, round teeth. 

Nasal  – The left nasal remains intact and would meet the right nasal in a midline 

suture between the external nares. The element is long and narrow and forms the 

entire medial wall of the external naris, however a small lateral projection also forms 

part of the anterior margin as well. Part of the right nasal remains, but the posterior 
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portion has been lost. It is unclear where the posterior margin lies, as this is obscured 

by the prefrontals. 

Prefrontal  – The prefrontal is a relatively large element which forms the anterior 

margin of the orbit and part of the posterior margin of the external naris. There is a 

notched structure on its ventral margin that held the ascending process of the 

maxilla. Although it appears the prefrontals meet in a medial suture, this is merely an 

artefact of crushing. In life these elements were separated by the nasals and frontals. 

Frontal  – Although the anterior margin of this element cannot be distinguished, it 

forms the majority of the dorsal margin of the orbit and runs almost all the way 

posteriorly to the pineal foramen. It is a long, narrow element that meets in a medial 

suture. The posterior margin is in contact with the parietal, while the posterolateral 

margin is in contact with the postfrontal. 

Postfrontal  – The postfrontal is a somewhat ‘Y-shaped’ element which has a 

descending process, which forms the posterior margin of the orbit, a posterior 

process, which meets the parietlal and postorbital just posterior to the anterior margin 

of the supratemporal fenestra, and a smaller anterior process, which forms part of the 

dorsal margin of the orbit. 

Postorbital – This is a large element which receives the descending process of the 

postfrontal and forms part of the posteroventral orbital margin. It forms most of the 

anterior margin, as well as about half of the lateral margin of the supratemporal 

fenestra. It is held by the jugal anteriorly, and meets the quadratojugal for most of its 

lateral margin. The medial process is framed by the postfrontal anteriorly and the 

parietal posteriorly. 

Jugal  – The jugal has a long and narrow dorsal anterior process that forms part of 

the ventral margin of the orbit. The left jugal extends to a point around the posterior 

margin of the orbit, where it meets the quadratojugal. However the right element only 
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appears to extend posteriorly a short distance, possibly indicating this element is 

broken. 

Parietal  – This is fused, broad, heavily ornamented and encloses a pineal foramen 

towards the anterior margin. The lateral margins are concave, and the element forms 

the entire medial margin of the supratemporal fenestrae. These processes continue 

far posteriorly, meeting the squamosals near the posterior margin of the skull. 

Quadratojugal – This forms a large portion of the temporal bar, and extends far 

anteriorly, at least until a level with the posterior margin of the orbit. Only a small 

amount enters the lateral margin of the supratemporal fenestra, being prevented from 

doing so further anteriorly by a posterior process of the postorbital.  

Squamosal  – This element has a relatively small dorsal exposure and forms part of 

the posterior margin of the supratemporal fenestra. It is interpreted as containing up 

to 4 osteoderms both on the posterodorsal and posterolateral surfaces. 

Quadrate  – The right quadrate can be seen to articulate with the mandible, but apart 

from this not much can be defined. 

Palatine  – The palatine is a large, element that contains 2 crushing tooth plates 

(Neenan et al, 2014). It is unclear if it is fused or not. There is a posterior dental 

lamina foramen posterior to the larger crushing tooth. 

Pterygoid  – The left pterygoid is more exposed than the right, and had a flange at its 

posterolateral boundary. It forms the posterior margin of the posterior dental lamina 

foramen and appears to meet in a medial suture, although the precise outline of this 

is unclear. 

Mandible  – Each dentary contains 5 teeth: 1 anterior bulbous tooth, and 4 crushing 

teeth. The anterior-most 2 are very small and rounded, with the third being slightly 

larger, and the fourth being a large, flat crushing plate (see Neenan et al. 2014). Like 

the left premaxilla, a concavity is visible on the right dentary, which is possibly a 
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nerve foramen. The splenials meet in a medial suture and separate the dentary from 

the medial ramus margin. The angular contains at least 2 osteoderms and has an 

anterior process that separates the dentary from the splenial for roughly half their 

length. A prearticular is visible on the right ramus. The coronoid process is visible 

dorsally through the upper temporal fenestra. 

 

Figure 6.3. Reconstruction of the cranium of the Sinocyamodus holotype, IVPP V 11872, in dorsal 

(A) and palatal (B) views. Abbreviations as in Fig. 2 and: co, coronoid; ost, osteoderm; pl, palatine; 

pt, pterygoid; qj, quadratojugal; sp, splenial. 
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Glyphoderma kangi Zhao, Li, Liu and He, 2008 

Holotype specimen: ZMNH M 8729 (Fig. 6.4). Owing to the fact that the skull of this 

specimen is embedded in matrix, it was unsuitable for scanning. This is an apparently 

complete, although flattened skull that has large portions obscured by matrix. A large 

mineral vein runs through the right temporal region, which has destroyed the 

specimen here. 

 
Figure 6.4.  Photographs of the holotype skull of Glyphoderma, ZMNH M 8729, highlighting previously 

undescribed features. A, angled view of anterodorsal and right lateral side. B, Angled view of right 

lateral side. C, Angled view of left dorsolateral side. Note nerve canals on premaxilla. Not to scale. 
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Premaxilla  – The premaxilla is edentulous and spatulate (shorter and more rounded 

than in Psephochelys), and contains several (at least 8) small fossae, probably for 

rostral nerves to aid in prey detection (Figs. 6.4, 5). There is a narrow posterolateral 

process that forms the ventral margin of the external naris although, due to crushing, 

it appears that it is the maxilla that forms this margin, but it is in fact the floor of the 

external naris. 

Maxilla  – These are long, extending almost as far as the posterior margin of the 

orbits. There is an ascending process that forms the posterior margin of the external 

naris, and an anterior process medial to the premaxilla that forms at least part of the 

ventral margin of the external naris. As mentioned previously, the maxilla appears to 

form the entirety of this margin, but this is an artefact due to crushing and is actually 

the floor of the external naris. The maxilla enters the ventral margin of the external 

naris, but is mostly restricted from doing so by an anterior process of the jugal. 

Nasal  – Unlike Pspehochelys and Psephoderma but similar to Placochelys, the 

nasals meet in a medial suture. The nasal is narrow and forms a large portion of the 

dorsal margin of the external naris. 

Prefrontal  – The prefrontal forms the anterior portion the orbit, and has a pointed 

posterolateral process that defines the anterior portion of the ventral margin as well. It 

does not enter the external naris. 

Frontal  – The frontal is long and slender and forms the dorsal margin of the orbit. It 

does not extend far posteriorly, only to the posterior margin of the orbit. The frontal 

meets the nasal in an interdigitated suture. 

Postfrontal – This element forms the posterior margin of the orbit and also a portion 

of the posteroventral margin. It is excluded from the upper temporal fenestra by a 

narrow medial process of the postorbital, where it meets the palatine. 
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Postorbital  – The postorbital does not extend far ventrally on the temporal arch, 

rather remaining in a dorsal position, where it forms the anterior third/half of the 

lateral margin of the upper temporal fenestra. It also has a narrow medial process 

that envelops the anterior end of the fenestra, preventing the postfrontal from 

entering its margin. 

Jugal  – The jugal forms the anterior portion of the temporal arch, much like in 

Psephochelys. There is an anteromedial process that travels along the ventral margin 

of the orbit. It meets the quadratojugal at about the level of the anterior margin of the 

upper temporal fenestra. 

Quadratojugal  – Along with the jugal, the quadratojugal forms the posterior 

remainder of the temporal arch. It also enters the posterior half of the lateral margin 

of the upper temporal fenestra. 

Parietal  – This is a fused element that contains a small pineal foramen in a fairly 

anterior position, about level with the anterior margin of the upper temporal fenestra. 

As in Psephochelys and Sinocyamodus, the parietal extends far caudally, forming the 

majority of the medial margin of the upper temporal fenestra. The parietal is heavily 

ornamented, along with the postfrontals and part of the frontals. 

Squamosal  – As in Psephochelys and Sinocyamodus, this element is reduced in 

size compared to other cyamodontoids. There are at least 3 osteoderms on the 

posterodorsal margin, but examination of the left squamosal indicates that there may 

have been 4. The squamosal also forms the posterior-most margin of the upper 

temporal fenestra. A squamosal buttress cannot be seen in this specimen without 

further preparation. 

Palatine – Little of this element can be seen, but there are at least two crushing 

teeth. 
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Figure 6.5. Reconstruction of the holotype skull of Glyphoderma, ZMNH M 8729, in dorsal view. 

Abbreviations as in Figs. 2 and 3. 

 

Psephochelys polyosteoderma Li and Rieppel, 2002 

Holotype specimen: IVPP V 12442 (Fig. 6.1B). This specimen was originally 

described in Chinese (Li and Rieppel, 2002a), but was later described in English (Li 

and Rieppel, 2002b). Owing to the excellent preservation of the skull and full 

preparation of the specimen, it was ideal for scanning, and revealed several 

discrepancies from the interpretation of the original description by Li and Rieppel 

(2002a, b) (Fig. 6.6). 
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The holotype skull is articulated with the mandible and is almost complete, 

with the exception of the posterior region of the braincase, i.e. exoccipitals, 

basioccipital condyle, prootics and opisthotics. The supraoccipital and lateral portions 

of the paroccipital processes are present however. 

Premaxilla  – The paired premaxillae form a long, narrow (but not as narrow as 

Psephoderma), edentulous rostrum and extend far posteromedially to form the 

anterodorsal margin of the external nares. There is also a posterolateral process that 

extends about half the length of the external naris (not further than this as in Li and 

Rieppel (2002a, b). 

Maxilla  – Forming the posterior half of the ventral margin of the external naris, the 

maxilla has an ascending process that also forms part of the posterior margin as well. 

A small medial process enters the orbit at approximately the middle of its ventral 

margin. The maxilla contains two rounded crushing teeth (see Neenan et al., 2014 for 

more information on the dentition). 

Nasal  – Similar to Psephoderma, Macroplacus and Henodus, the nasals do not meet 

medially and are separated by extended processes of the premaxillae and frontals. 

The nasal is a small, fairly rectangular element and forms the posterior half of the 

dorsal margin of the external naris. 

Prefrontal  – This is a narrow element which forms the anterior margin of the orbit, as 

well as part of the anterior portion of its ventral margin. The prefrontal is elongate, 

and prevents the maxilla from entering the margin of the orbit until its approximate 

mid-point. The prefrontal does not enter the external naris, as reconstructed by Li and 

Rieppel (2002a, b), nor does it have such a long posterolateral process. 

Frontal  – The frontal is narrow and elongate, forming the majority of the ventral 

margin of the orbit. It has an extended anterior process which separates the nasals. It 

is similar in proportions to the interpretation of Li and Rieppel (2002a, b). 



CHAPTER 6: THE CRANIAL ANATOMY OF CHINESE PLACODONTS 
 

162 

Postfrontal  – The anterior portion of this element is similar in shape to the 

interpretation of Li and Rieppel (2002a, b), however it does not extend as far 

posteriorly. It does not enter the upper temporal fenestra, being prevented from doing 

so by narrow processes of the postorbital and parietal. Nor does it enter the pineal 

foramen. 

Postorbital  – This element is similar to the interpretation of Li and Rieppel (2002a, 

b), although the extent to which it enters the posterior margin of the orbit was over 

estimated. There is a long, narrow posterior process that forms the anterior half of the 

upper temporal fenestra, as well as a smaller medial process that forms most of its 

anterior margin. 

Jugal  – Similar to Glyphoderma, the jugal forms the anterior portion of the temporal 

arch. It enters the posterior half of the ventral orbital margin, and has a narrow ventral 

process that extends posteriorly along the temporal arch. In dorsal view it is similar to 

the reconstruction of Li and Rieppel (2002a, b). 

Quadratojugal  – A large element that forms the posterior portion of the temporal 

arch. There is descending process that obscures the majority of the quadrate in 

lateral view, and the lateral-most portion of the quadrate in occipital view. The 

quadratojugal forms roughly the posterior half of the medial upper temporal fenestra 

margin. 

Parietal  – The parietal is fused and extends far posteriorly to form the majority of the 

medial margins of the upper temporal fenestrae, which are highly curved. It meets the 

squamosal quite far posteriorly, articulates with the supraoccipital, and has a 

descending process that meets the epipterygoid. The anterior margin is located far 

more anteriorly than the interpretation of Li and Rieppel (2002a, b), encompassing 

the entire pineal foramen. The latter is apparently large and placed relatively 
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anteriorly. However, owing to its non-symmetrical shape, it is apparently broken, so 

its true size and exact position is unclear. 

Squamosal  – As with other Chinese cyamodontoids, the squamosal is reduced in 

Psephochelys, forming a small portion of the posterior margin of the upper temporal 

fenestra. Each squamosal contains two osteoderms at their posterodorsal extremity, 

and in occipital view, forms a squamosal buttress that supports the distal portion of 

the paroccipital processes (a character shared by all placochelyids). It forms a portion 

of the posterior posttemporal fossa. 

Quadrate  – In occipital view, the quadrate forms a clear suture with the pterygoid at 

its medial margin that runs almost vertically towards the remains of the paroccipital 

processes. As expected, the quadrate is exposed mostly in occipital view and 

articulates with the mandible. 

Palatine  – The palatal contains two crushing teeth on each element, although the 

posterior left tooth has become disarticulated, but remains attached to the specimen 

by matrix. From dorsal view, the palatines can be seen to form a broad flat element 

that meet medially in a raised, dorsally-projecting suture. At the posterior portion of 

this projection is nestled a small basisphenoid (similar to that of Placochelys and 

Placodus, see Rieppel, 2001; Neenan and Scheyer, 2012), which extends posteriorly 

between the epipterygoids. 

Pterygoid  – The pterygoids are not fused and contribute a small amount to the 

posterior part of the palate, less so than in Placochelys, where they meet the 

palatines and form the posterior margins of the caudal dental lamina foramina. There 

is a large pterygoid flange on each element and, in occipital view, the pterygoid 

expands laterally to meet the quadrate very close to the quadrate-articular 

articulation. The pterygoid also forms the anterior portion of the ventral margin of the 

posttemporal fossa and extends anteriorly to meet the epipterygoid and palatine. The 
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dorsal exposure of the pterygoid contact is obscured by the remains of the 

basioccipital. 

Epipterygoid  – This element forms the anterior portion of the braincase wall, meets 

the parietal dorsally, and mostly articulates with the palatine ventrally, although it also 

meets the pterygoid posteriorly. The basisphenoid is located between these 

elements. 

Basisphenoid  – This small element is similar to that of Placochelys, but is poorly 

preserved and neither the internal carotid foramina nor the hypophyseal seat can be 

seen externally or with our CT data. It is almost entirely supported by the palatines, 

and it runs posteriorly between the epipterygoids, meeting the basioccipital at its 

posterior margin. 

Basioccipital  – This element is broken, and does not have a condyle or tubera. It is 

almost cylindrical in shape, and runs medially from the posterior margin of the 

basisphenoid until the posterior margin of the pterygoids. 

Supraoccipital – The supraoccipital would have formed the dorsal margin of the 

foramen magnum and would have articulated with the lost exoccipitals. It articulates 

entirely with the parietal dorsally, and is distinctly ‘n-shaped’ in occipital view. 

Mandible  – The mandible is of a typical cyamodontoid shape, with and extremely 

large coronoid process and a short retroarticular process. The rostrum is elongate 

and edentulous and the dentary contains two crushing tooth plates that meet those in 

the palatine. In lateral view, the coronoid extends far ventrally, causing the posterior 

process of the dentary and the anterior process of the surangular to taper. The 

articular is obscured by the quadrate, but a prearticular can be seen, as can the 

splenial, which forms a large part of the medial margin of the jaw ramus. 



NEENAN ET AL. (UNSUBMITTED) 
 

165 

 

Figure 6.6.  Reconstruction of the holotype skull of Psephochelys, IVPP V 12442, in dorsal (A), palatal 

(B), left lateral (C) and occipital (D) views. Abbreviations as in Figs. 2 and 3, and: bo, basioccipital; bs, 

basisphenoid, ept, epipterygoid; pop, paroccipital process; ptf, pterygoid flange; so, supraoccipital. 

 

4.2 Phylogenetic analyses 

Analysis 1: comprehensive diapsid analysis 

This analysis yielded 24 most parsimonious trees (MPTs), with a shortest tree length 

of 613 steps (consistency index (CI) = 0.315, Retention index (RI) = 0.687, rescaled 

consistency index (RC) = 0.216, and homoplasy index (HI) = 0.685). Placodontia are 

recovered as sister group to the remaining sauropterygians (Eosauropterygia), with a 

paraphyletic ‘Placodontoidea’ and a monophyletic Cyamodontoidea (Fig. 6.7). 
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Chinese placodonts are spaced throughout the tree, and do not form a monophyletic 

group, which would indicated geographic separation from the western Tethys. Unlike 

the results of Jiang et al. (2008), Placodus inexpectatus does not form a clade with 

Placodus gigas, the former instead forming a more basal polytomy with the newly-

described Pararcus from the Netherlands. Sinocyamodus forms a clade with the 

European Cyamodus. Glyphoderma and Psephochelys cluster among the 

Placochelyidae, with the former nesting with Placochelys and the latter with 

Psephoderma. Unusually, Henodus and Macroplacus, which are not usually 

considered as being highly-nested (Rieppel, 2001), are also recovered amongst the 

Placochelyidae, between Glyphoderma and Psephochelys (Fig. 6.7E) 

 It is also worthy of note that unlike the results of Neenan et al. (2013), 

pachypleurosaurs are recovered as plesiomorphic within Eosauropterygia, which is 

the more traditional interpretation (e.g. Rieppel, 2000a). 
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Figure 6.7.  Strict consensus tree of diapsid relationships (Analysis 1), with special emphasis on 

Sauropterygia (A), based on a combination of cranial and postcranial characters from the matrix of 

Neenan et al. (2013). A, Sauropterygia. B, Placodontiformes. C, Placodontia. D, Cyamodontoidea. E, 

Placochelyidae. F, Eosauropterygia. Chinese placodont taxa shown in red. 
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Analysis 2: placodont cranial analysis 

This analysis yielded 4 most parsimonious trees (MPTs), with a shortest tree length 

of 133 steps (CI = 0.579, RI = 0.646, RC = 0.374, HI = 0.421). Unlike Analysis 1 and 

the results of Rieppel (2001), Placodontoidea are recovered as a monophyletic group 

(Fig. 6.8C). Cyamodontoidea are once again monophyletic, however the 

Cyamodontida (Fig. 6.8E) show a polytomy between Henodus, Sinocyamodus, 

Cyamodus hildegardis, and a clade of the remaining two Cyamodus species (but see 

Supplementary Fig. S6.1). The topology for the European Placochelyida is similar to 

that of Rieppel (2001), however Macroplacus is now more highly nested than 

Protenodontosaurus, Glyphoderma has moved Psephoderma into a more 

plesiomorphic position, while Psephochelys appears as the most basal member of 

Placochelyidae. 
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Figure 6.8.  Strict consensus tree of placodont relationships (Analysis 2), based on cranial characters 

of Rieppel (2001), but with some additional characters from Rieppel (2000b) and Jiang et al. (2008). 

A, Placodontiformes. B, Placodontia. C, Placodontoidea. D, Cyamodontoidea. E, Cyamodontida. F, 

Placochelyida. G, revised Placochelyidae Chinese taxa shown in red. 

 

5. DISCUSSION 

Analyses 1 and 2 show considerably different placodont in-group relationships from 

each other, not to mention from the most recent published phylogenies by Rieppel 

(2000b, 2001) and Jiang et al. (2008). Analysis 1 shows a polyphyletic 

‘Placodontoidea’, Psephoderma and Psephochelys to be the most highly-nested 

taxa, and Henodus and Macroplacus as members of the Placochelyidae. On the 

other hand, Analysis 2 shows a monophyletc Placodontoidea, Glyphoderma and 

Placochelys as the most highly nested taxa, and Henodus as a member of the 
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Cyamodontida. However the positions of the Chinese cyamodontoids Sinocyamodus, 

Psephochelys and Glyphoderma in both analyses corroborate the predictions of the 

authors’ original descriptions: with Sinocyamodus clustering with Cyamodus, and 

Psephochelys and Glyphoderma with members of the Placochelyidae. Indeed, the 

position of Placodus inexpectatus as sister species to Placodus gigas is also 

supported in our analyses as well as the original one by Jiang et al. (2008). This has 

important palaeobiogeographic implications, as it shows that there was clear 

interchange of populations throughout the Middle and Late Triassic. The 

Placodontiformes can be interpreted to have initially evolved in the Germanic Basin 

and Alpine Triassic of the western Tethys (see Neenan et al. 2013 for further 

discussion), and then spread to the eastern Tethys. Cyamodontoid placodonts 

appear to have first appeared in the west as well, with Cyamodus rostratus and 

Cyamodus hildegardis both being known from the Anisian (early Middle Triassic) and 

Sinocyamodus not being known until the Carnian (early Late Triassic). The recovery 

of Glyphoderma (from the Ladinian, Middle Triassic) as a member of the 

Placochelyidae in both analyses is important, as the clade had only previously been 

known from the Late Triassic. This indicates that every known placodont clade 

originated at a time of intense speciation in the Middle Triassic, with only two genera 

surviving until the Rhaetian (latest Triassic): Macroplacus and Psephoderma. 

However it is important to note that the date of the Zhuganpo Formation (the locality 

from which Glyphoderma was found) has been argued to be at least partly Carnian 

(see Benton et al. 2013, for further discussion). This relatively early stratigraphic age 

also indicated a Chinese origin of the Placochelyidae. 

The Placochelyidae was first defined by Romer (1956), with the definition 

being refined by Rieppel (2000a), who characterised the group as a “monophyletic 

taxon including the genera Placochelys and Psephoderma” (Rieppel, 2000a; pp. 34). 
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This was due to several cranial characteristics, but most importantly being the 

presence of an elongate, edentulous rostrum, and a squamosal buttress. Indeed, 

these features led Li and Rieppel (2002a, b) and Zhao et al. (2008) to assign 

Psephochelys and Glyphoderma to this clade (although it is still unclear whether the 

latter has a squamosal buttress). Our analyses support these conclusions, and we 

therefore suggest a revised Placochelyidae (Fig. 6.8G) as recovered in Analysis 2 

that contains Psephochelys, Psephoderma, Glyphoderma and Placochelys. We 

exclude Henodus, despite its recovery as a member of this clade in Analysis 1, as it 

not only lacks these characters, but we also consider its position to be an artefact of 

a convergent morphology with some members of the Placochelyidae that have 

separated nasals (i.e. Psephoderma and Psephochelys). 

The position of Macroplacus is of particular interest, as in both cases it clusters 

closer to the Placochelyidae than in previous analyses. This is not surprising, as it 

shares considerable morphological similarities to the clade, such as the 

aforementioned separated nasals, as well as a narrow rostrum with a ventral groove, 

similar to that seen in Placochelys and Psephoderma (this remains unclear in 

Psephochelys and unknown in Glyphoderma). Not to mention similar dental 

morphology, formula and replacement patterns to the Placochelyidae (Rieppel, 2001; 

Neenan et al. 2014). Although the rostrum in the only known specimen is broken, it 

seems highly likely that it would also be edentulous, although this remains uncertain 

until more specimens are described. Macroplacus is also the only placodont known 

entirely from the Rhaetian (latest Triassic), with the morphologically similar 

Psephoderma being contemporaneous, thus adding weight to the argument of a 

close relationship. 

 In Analysis 2, the polytomic relationship between Henodus, Sinocyamodus, 

Cyamodus hildegardis and the clade of remaining Cyamodus species in figure 6.8 is 



CHAPTER 6: THE CRANIAL ANATOMY OF CHINESE PLACODONTS 
 

172 

an artefact of unclear/unknown morphology and, in the case of Henodus at least, 

highly derived morphology. However, the four most parsimonious trees on which the 

strict consensus tree is based are resolved in this region (Supplementary Fig. S6.1). 

  Judging by the different topologies, as well as the polytomies, resulting from 

analyses 1 and 2, it is clear that further work needs to be conducted on placodont 

phylogeny. µCT scanning of more specimens is necessary to clarify unclear 

morphology, especially in ‘wildcard’ taxa such as Henodus. New specimens of 

Placodus inexpectatus and Glyphoderma are also pending description by Chinese 

colleagues, which will increase our understanding of these taxa and thus eventually 

lead to a more robust placodont phylogeny in the framework of Sauropterygia. 

 

6. CONCLUSION 

In this paper we have presented the first cranial reconstructions of all Chinese 

placodonts, as well as thorough osteological descriptions for each holotype 

specimen. We also carried out the first comprehensive placodont phylogenetic 

analyses that include taxa from both the eastern and western Tethys. Our analyses 

still support a monophyletic Placodontiformes which is sister group to 

Eosauropterygia, however the ingroup relationships of Placodontia are still somewhat 

unresolved. Our results favour a sauropterygian origin in the western Tethys, with 

both the ‘placodontoid’ and cyamodontoid placodonts first appearing here. However 

Chinese taxa are interspersed throughout placodont phylogeny, indicating no major 

separation between the eastern and western faunal provinces of the Tethys. The 

revised Placochelyidae are the most highly nested and geologically most long-lived 

placodont clade, having first appeared in the Middle Triassic, and not the Late 

Triassic as previously thought. The early stratigraphic position of Glyphoderma 

supports a Chinese placochelyid origin. 



NEENAN ET AL. (UNSUBMITTED) 
 

173 

 The use of µCT data has complemented gross anatomical observations in this 

study, particularly with the Chinese holotypes of Psephochelys and Sinocyamodus, 

where unclear/obscured morphologies were revealed. Future work should focus on 

using µCT scanning on the remaining Chinese placodont taxa to strengthen 

phylogenetic relationships. 
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1. Supplementary Figure 

 

Supplementary Figure S6.1. The four most parsimonious trees from Analysis 2. A, tree 1. B, tree 2. 

C, tree 3. D, tree 4. Note that the topology is identical in every tree with the exception of the 

relationships between C. hildegardis, Henodus and Sinocyamodus. Chinese taxa shown in red. 
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2. Phylogenetic Character Descriptions  

2.1 Analysis 1: Comprehensive diapsid analysis 

 

Characters were taken directly from Neenan et al. (2013), which in turn were 

modified from Liu et al. (2011). The original matrix was constructed by Rieppel et al. 

(2002), and for reference, the original characters from this paper are given in 

parentheses (e.g. R1, R2, etc.). The scoring follows that of Neenan et al. (2013), 

apart from Pararcus, which was coded by Klein and Scheyer (in press), and the 

remaining new placodont taxa (i.e. Placodus inexpectatus, Sinocyamodus, 

Glyphoderma, Henodus, Protenodontosaurus, Macroplacus and Psephochelys). 

(1) Bones in dermatocranium: distinctly sculptured (0); relatively smooth (1). (From 

Rieppel and Lin, 1995 ). 

(2) Preorbital and postorbital region of skull: of subequal length (0); preorbital region 

distinctly longer (1); postorbital region distinctly longer (2). (R12) 

(3) Snout: relatively short (0); elongated with broad anterior termination (1); elongated 

and tapering anteriorly (2). (R132) 

(4) Distinct snout constriction in adult: absent (0); present (1). (R3) 

(5) Premaxillae: small (0); large, forming most of snout in front of external nares (1). 

(R1) 

(6) Postnarial process of premaxilla: absent (0); present, excluding maxilla from 

posterior margin of external naris (1). (R2) 

(7) External nares: not retracted (0); retracted with a longitudinal diameter 

approaching or exceeding half the longitudinal diameter of orbit (1); retracted, narrow, 

and with a longitudinal diameter distinctly less than half the longitudinal diameter of 

orbit (2). (R133) 

(8) Nasal(s): shorter than frontal(s) (0); longer than frontal(s) (1). (R5) 
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(9) Nasal(s): not reduced (0); reduced (1); absent (2). (R6) 

(10) Nasal(s): meeting in dorsomedial suture (0); fused (1); seperated from one 

another by nasal processes of premaxillae extending back to frontal(s) and/or 

anterior processes of the frontals (2). (R8), this character has been changed to 

include the fact that the frontals may also extend anteriorly to separate the nasals. 

(11) Lacrimal: present, entering external naris (0); present, excluded from external 

naris (1); (2) absent. (R9) 

(12) Dorsal exposure of prefrontal: large (0); reduced (1). (R11) 

(13) Prefrontal: without slender anteromedial process (0); with slender anteromedial 

process entering between maxilla and premaxilla (1). (R121) 

(14) Frontal: participating in the formation of dorsal margin of orbit (0); excluded from 

dorsal margin of orbit by a contact of prefrontal and postfrontal (1). (R10) 

(15) Frontal(s) in adult: paired (0); fused (1). (R14) 

(16) Distinct posterolateral processes of frontal(s): (0) absent; (1) present. (R15) 

(17) Frontal: widely separated from upper temporal fossa (0); narrowly approaching 

upper temporal fossa (1); entering the anteromedial margin of upper temporal fossa 

(2). (R16) 

(18) Postfrontal: large and plate-like (0); with distinct lateral process overlapping the 

dorsal tip of postorbital (1); with reduced lateral process and hence more of an 

elongate shape (2). (R26) 

(20) Jugal: extending backwards no farther than to the middle of cheek region (0); 

extending nearly to the posterior end of skull (1). (R24) 

(21) Jugal: excluded from upper temporal arch (0); entering upper temporal arch (1). 

(R25) 
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(22) Parietal(s) in adult: paired (0); fused in their posterior part only (1); fully fused 

(2). (R17); Wumengosaurus: following Wu et al.16, score changed from (2) to (0), as 

parietals are paired in adults and not fully fused. 

(23) Parietal skull table: broad (0); weakly constricted (1); strongly constricted (at 

least posteriorly) (2); forming a sagittal crest (3). (R19) 

(25) Postparietals: present (0); absent (1). (R20) 

(26) Tabulars: present (0); absent (1). (R21) 

(28) Temporal region of skull: relatively high (0); strongly depressed (1). (R4) 

(29) Upper temporal fossa: absent (0); present and subequal in size or slightly larger 

than orbit (1); present and distinctly larger than orbit (2); present and distinctly 

smaller than orbit (3); secondarily closed (4). (R13) 

(30) The anteromedial corner of upper temporal fossa: not (0); partially (1); (2) fully 

floored by a descensus from postorbital, which together with neighbouring elements 

(postfrontal, parietal) separates it from orbit. (R122) 

(31) Lower temporal fossa: absent (0); present and closed ventrally (1); present but 

open ventrally (2). (R27) 

(32) Squamosal: descending to ventral margin of skull (0); broadly separated from 

ventral margin of skull (1). (R28) 

(33) A box-like suspensorium of squamosal: absent (0); present (1). (R123) 

(34) Distinct notch of squamosal to receive distal tip of paroccipital process: absent 

(0); present (1). (R32) 

(35) Quadratojugal: present (0); absent (1). (R29) 

(36) Anterior process of quadratojugal: present (0); absent (1). (R30) 

(37) Quadrate: covered by squamosal and quadratojugal in lateral view (0); exposed 

in lateral view (1). (R38) 

(38) Posterior margin of quadrate: straight (0); concave (1). (R37) 
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(39) Lateral conch on quadrate: absent (0); present (1). (R40) 

(40) Dorsal wing of epipterygoid: approximately as broad as its base (0); narrower 

than its base (1). (R39) 

(41) Braincase: located at posterior end (0); deeply recessed below parietal skull roof 

(or parietal sagittal crest) (1). (R124) 

(42) Occipital crest: absent (0); present but squamosals not meeting behind parietal 

(1); present and squamosals meeting behind parietal (2). (R36) 

(43) Occiput: with paroccipital process forming the lower margin of posttemporal 

fossa and extending laterally (0); paroccipital processes trending posteriorly (1); 

plate-like with no distinct paroccipital process and with strongly reduced posttemporal 

fossae (2). (R31) 

(44) Mandibular articulations: approximately at level with occipital condyle (0); 

displaced to a level distinctly behind occipital condyle (1); positioned anterior to 

occipital condyle (2). (R33) 

(45) Supraoccipital: exposed more or less vertically on occiput (0); exposed more or 

less horizontally at posterior end of parietal skull table (1); U-shaped (2). (R35) 

(46) Contact between exoccipitals and basioccipital condyle: present (0); absent (1). 

(R34) 

(47) Basioccipital tubera: free (0); in complex relation to pterygoid, as they extend 

ventrally (1); in complex relation to pterygoid, as they extend laterally (2). (R42) 

(48) Palate: kinetic (0); akinetic (1). (R41) 

(49) Premaxillae: entering internal naris (0); excluded from internal naris (1). (R45) 

(50) Posterior palatine vacuities: absent (0); present (1). (R125) 

(51) Pterygoids: longer than palatines (0); shorter than palatines (1). (R130) 

(52) Pterygoid flanges: well developed and transversely oriented (0); well developed 

and longitudinally oriented (1); strongly reduced (2). (R44) 
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(53) Ectopterygoid: present (0); absent (1). (R46) 

(54) Suborbital fenestra: absent (0); present (1). (R43) 

(55) Internal carotid passage: entering basicranium (0); entering quadrate ramus of 

pterygoid (1). (R47) 

(56) Splenial bone: entering mandibular symphysis (0); excluded therefrom (1). (R52) 

(57) Distinct coronoid process of lower jaw: absent (0); present (1). (R49) 

(58) Strongly projecting lateral ridge of surangular defining the insertion area for 

superficial adductor muscle fibers on the lateral surface of lower jaw: absent (0); 

present (1). (R50) 

(59) Mandibular symphysis: short (0); somewhat enforced (1); elongated and ‘scoop-

like’ (2). (R51) 

(60) Retroarticular process of lower jaw: absent (0); present (1). (R48) 

(61) Trough on dorsal surface of retroarticular process: absent (0); present (1). (From 

Rieppel and Lin, 1995). 

(62) Teeth: setting in shallow or deep sockets (0); superficially attached to bone (1). 

(R53) 

(63) Durophagous dentition: absent (0); present (1). (R128) 

(64) Number of premaxillary teeth: four or more (0); three or less (1); modified into a 

single row of denticles (2). (R129); character state (2) was added here to more 

accurately describe the condition in Henodus. 

(65) Anterior (premaxillary and dentary) teeth: upright or only sightly procumbent (0); 

strongly procumbent (1); absent (2). (R54); character state (2) was added here to 

more accurately describe the anterior dentition of placochelyid placodonts. 

(66) Premaxillary and anterior dentary fangs: absent (0); present (1). (R55) 

(67) One or two enlarged teeth on maxilla: present (0); absent (1). (R56) 
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(68) Maxillary tooth row: restricted to a level in front of the posterior margin of orbit 

(0); extending backwards to a level below the posterior corner of orbit and/or the 

anterior corner of upper temporal fossa (1); extending backwards to a level below the 

anterior one third to one half of upper temporal fossa (2). (R57) 

(69) Teeth on pterygoid flange: present (0); absent (1). (R58) 

(70) Vertebrae: notochordal (0); non-notochordal (1). (R59) 

(71) Vertebrae: amphicoelous (0); platycoelous (1); or other (2). (R60) 

(72) Vertebral centrum: distinctly constricted in ventral view (0); with parallel lateral 

edges (1). (R67) 

(73) Subcentral foramina: absent (0); present (1). (R127) 

(74) Zygosphene-zygantrum articulation: absent (0); present (1). (R64) 

(75) Zygapophyseal pachyostosis: absent (0); present (1). (R69) 

(76) Number of cervical vertebrae: less than 30 (0); more than 30 (1). (R134) 

(77) Cervical centra: rounded ventrally (0); keeled ventrally (1). (R63) 

(78) Parapophysis: not shifting backwards on centrum along cervical vertebral 

column (0); shifting backwards on centrum along cervical vertebral column (1). 

(R135) 

(79) Cervical intercentra: present (0); absent (1). (R62) 

(80) Distal articular surface on transverse processes of dorsal vertebrae: oblong (0); 

evenly rounded (1). (R136) 

(81) Transverse processes of neural arches in dorsal region: relatively short (0); 

distinctly elongated (1). (R66) 

(82) Distal end of transverse processes of dorsal vertebrae: not increasing in 

diameter (0); distinctly thickened (1). (R68) 
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(83) Sutural facets receiving pedicels of neural arch on dorsal surface of centrum in 

dorsal region: narrow (0); expanded into a cruciform or ‘butterfly-shaped’ platform (1). 

(R65) 

(84) Dorsal intercentra: present (0); absent (1). (R61) 

(85) Anteroposterior trend of increasing inclination of pre- and postzygapophyses 

within dorsal and sacral region: absent (0); present (1). (R70) 

(86) A distinct free anterior process of cervical ribs: absent (0); present (1). (R71) 

(87) Pachyostosis of dorsal ribs: absent (0); present (1). (R72) 

(88) Number of sacral ribs: two (0); three (1); four or more (2). (R73); Sinocyamodus 

and Glyphoderma are coded as (1), despite the original descriptions stating they 

each have 4 sacrals. They in fact have 3. 

(89) Distinct expansion of distal head of sacral ribs: present (0); absent (1). (R74) 

(90) Sacral (and caudal) ribs or transverse processes and their respective centrum: 

sutured (0); fused (1). (R75) 

(91) Mineralized sternum: absent (0); present (1). (R118); Cyamodus: changed from 

(?) in Liu et al.10 to (0). 

(92) Median gastral element: angulated (0); straight (1). (R131) 

(93) The medial gastral rib element: with a single lateral process (0); with two-

pronged lateral process (1). (R119) 

(94) Cleithrum: present (0); absent (1). (R76) 

(95) Clavicles: broad medially (0); narrow medially (1). (R77) 

(96) Clavicles: not meeting in front of interclavicle (0); meeting in an interdigitating 

anteromedial suture (1). (R79) 

(97) Anterolaterally expanded corners of clavicles: absent (0); present (1). (R80) 

(98) Clavicle: applied to anterior (lateral) surface of scapula (0); applied to medial 

surface of scapula (1). (R81) 
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(99) Relationship between clavicles and interclavicle: in simple overlapping contact 

(0); anteromedioventral end of clavicle embracing lateral tip of interclavicle in a 

complex contact (1). (R78) 

(100) Interclavicle: rhomboidal (0); T-shaped (1). (R82) 

(101) Posterior process on (T-shaped) interclavicle: elongate (0); short (1); 

rudimentary or absent (2). (R83) 

(102) Scapula: represented by a broad blade of bone (0); with a constriction 

separating a ventral glenoidal portion from a posteriorly directed dorsal wing (1); rod-

like (2). (R84) 

(103) Dorsal wing or process of eosauropterygian scapula: tapers to a blunt tip (0); 

ventrally expanded at its posterior end (1). (R85) 

(104) Supraglenoid buttress: present (0); absent (1). (R86) 

(105) Number of coracoid ossifications: one (0); two (1). (R87) 

(106) Coracoid: of rounded contours (0); slightly waisted (1); strongly waisted (2); 

with expanded medial symphysis and ridge-like thickening of the bone extending 

from glenoid facet posteriorly along lateral edge of the bone, coracoid foramen not 

enlarged (3); with expanded medial symphysis and ridge-like thickening of the bone 

extending from glenoid facet transversely through the bone, coracoid foramen much 

enlarged (4). (R88) 

(107) Coracoid foramen: enclosed by coracoid ossification (0); between coracoid and 

scapula (1). (R89) 

(108) Pectoral fenestration: absent (0); present (1). (R90) 

(109) Limbs: short and stout (0); long and slender (1). (R91); Psephochelys coded 

from Wang et al. (2008). 

(110) Foot: short and broad (0); long and slender (1). (R112); Psephochelys coded 

from Wang et al. (2008). 
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(111) Humerus: rather straight (0); ‘curved’ (1). (R92); Psephochelys coded from 

Wang et al. (2008). 

(112) Deltopectoral crest: well developed (0); reduced (1); absent (2). (R93) 

(113) Insertional crest for latissimus dorsi muscle: prominent (0); reduced (1). (R94) 

(114) Epicondyles of humerus: prominent (0); reduced (1). (R95) 

(115) Ectepicondylar groove: open and notched anteriorly (0); open without anterior 

notch (1); closed (2); absent (3). (R96) 

(116) Entepicondylar foramen: present (0); absent (1). (R97) 

(117) Radius: shorter than ulna (0); longer than ulna (1); approximately of same 

length (2). (R98); Psephochelys coded from Wang et al. (2008). 

(118) Distal end of ulna: not expanded (0); distinctly expanded to at least the width of 

the proximal part (1). (R126) 

(119) Total number of carpal ossifications: more than three (0); three (1); two (2). 

(R137) 

(121) Pubis: with convex ventral (medial) margin (0); with concave ventral (medial) 

margin (1). (R100) 

(122) Obturator foramen in adult: closed (0); open or absent (1). (R101) 

(123) Thyroid fenestra: absent (0); present (1). (R102) 

(124) Acetabulum: oval (0); circular (1). (R103) 

(125) Femoral shaft: stout and straight (0); slender and sigmoidally curved (1). 

(R104); Psephochelys coded from Wang et al. (2008). 

(128) Distal femoral condyles: prominent (0); not projecting markedly beyond shaft 

(1). (R107) 

(130) Total number of tarsal ossifications: four or more (0); three (1); two or less (2). 

(R115) 
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(131) Perforating artery: passes between astragalus and calcaneum (0); between 

distal heads of tibia and fibula proximal to astragalus (1). (R109) 

(132) Proximal concavity of astragalus: absent (0); present (1). (R110) 

(133) Calcaneal tuber: absent (0); present (1). (R111)  

(134) Distal tarsal 1: present (0); absent (1). (R113) 

(135) Distal tarsal 5: present (0); absent (1). (R114) 

(136) Metatarsal 5: long and slender (0); distinctly shorter than other metatarsals and 

with a broad base (1). (R116) 

(137) Metatarsal 5: straight (0); ‘hooked’ (1). (R117) 

(138) Dermal armour ("osteoderms"): absent (0); present (1); forming single 

carapace, excluding endoskeletal elements (2); same as (2) but forming distinctly 

separate dorsal and pelvic carapaces; forming carapace, including endoskeletal 

elements (4). Note: this character has been changed to include the fact that some 

placodont taxa have a separate pelvic carapace. 

(139) Distinctly open L-shaped (boomerang-shaped) jugal: absent (0); present (1). 

(140) Palatine dentition: multiple rows with small numerous teeth/denticles (0); single 

row with four or more teeth (1), single row with three to one teeth/tooth (2); absent 

(3). 
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2.2 Analysis 2: Placodont cranial analysis 

 

The majority of characters for this analysis were taken directly from Rieppel (2001) 

(characters 1–54). Additional cranial characters (55–61) were taken from Rieppel 

(2000), however this was originally a genus-level phylogeny, so the three Cyamodus 

species are herein encoded. Characters 62 and 63 were taken from Jiang et al. 

(2008). Palatodonta was added to this matrix, as well as the Chinese placodont taxa. 

Note, while this is referred to as a cranial analysis, there are in fact two postcranial 

characters (1 and 63) that help to give additional resolution to the resulting trees. 

(1) Osteoderms absent (0); osteoderms present (1); carapace present (2). 

(2) Dividing the total length of the skull by the total height of the skull yields a ratio 

smaller (0) or larger (1) than 3. 

(3) Rostrum relatively short and broad (0), narrow and distinctly elongated (1), or 

spatulate (2). Changed Macroplacus from 0 to ? as the shape of the rostrum is 

unknown. 

(4) The ventral surface of the premaxilla is level with the ventral surface of the maxilla 

(0) or the rostrum is distinctly downturned (1). Changed Henodus from ? to 1 as the 

rostrum is distinctly downturned. 

(5) The premaxilla extends backward for more (0) or less (1) than half of the length of 

the ventral margin of the external naris. Changed Psephoderma from ? to 1 due to 

observations from new specimen PIMUZ A/III 1491. 

(6) Nasals in contact along midline of skull (0) or separated from one another by large 

posterior (nasal) processes of the premaxilla and/or anterior processes of the frontal. 

(1). This character has been changed from the original to include “and/or anterior 

processes of the frontal” to better describe the morphology of some placodonts. 
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(7) Anterior end of maxilla does not (0) or does (1) expand medially to form most of 

the dermal floor of the external naris. Changed Psephoderma from ? to 1 due to 

observations from new specimen PIMUZ A/III 1491. 

(8) Anterior tip of the jugal does (0) or does not (1) extend anteriorly along the ventral 

margin of the orbit beyond the midpoint of the longitudinal diameter of the orbit. 

Changed Psephoderma from ? to 0 due to observations from new specimen PIMUZ 

A/III 1491. 

(9) The jugal does not (0) or does (1) extend backward along the anteromedial 

margin of the subtemporal fossa. 

(10) Pineal foramen placed in centre of parietal skull table (0), displaced anteriorly on 

parietal skull table (1) or is displaced anteriorly with frontal entering its anterior 

margin (2). Changed Psephoderma from 2 to 1&2 due to observations from new 

specimen PIMUZ A/III 1491. 

(11) Anterolateral processes of frontals well developed (0) or reduced (1). 

(12) Parietal without (0) or with (1) distinct an anterolateral processes embraced by 

postfrontal and frontal. 

(13) Frontals do not (0) or do (1) reach posteriorly beyond the level of the anterior 

margin of the upper temporal fossa. 

(14) Parietal skull table constricted in its posterior part (i.e., with concave lateral 

margins) (0) or square (i.e., with straight lateral margins in its posterior part) (1). 

(15) Posterolateral margin of postfrontal weakly concave and evenly curved (0) or 

deeply concave and angulated (1). Changed Macroplacus from ? to 0. 

(16) Postfrontal enters upper temporal fossa (0) is excluded from upper temporal 

fossa by a narrow (1), or broad (2) contact of the postorbital with the parietal. 

Changed Macroplacus from ? to 1. 
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(17) Postorbital extends along lateral margin of temporal fossa to a level in front of or 

at the midpoint of the longitudinal diameter of the upper temporal fossa (0) or further 

back (1). 

(18) The vertical part of the suture separating the maxilla from the jugal is located 

behind the level of the posterior margin of the orbit (0), behind the level of the 

midpoint of the longitudinal diameter of the orbit but in front of the posterior margin of 

the latter (1), or at the level of the midpoint of the longitudinal diameter of the orbit 

(2). 

(19) Dorsal process of the epipterygoid is narrow (0) or broad (1). 

(20) Base of the epipterygoid is sutured predominantly to the pterygoid (0) or to the 

palatine (1). 

(21) The postorbital does not (0) or does (1) form a medioventral process, which 

abuts against the lateral surface of the epipterygoid at the posterodorsal margin of 

the foramen interorbitale. 

(22) Dividing the basicranial length (tip of snout to occipital condyle) by the 

transverse diameter of the upper temporal fossa yields a ratio which is larger (0) or 

smaller (1) than 3. 

(23) Dividing the longitudinal diameter of the upper temporal fossa by the longitudinal 

diameter of the orbit yields a ratio that is smaller (0) or equal or larger (1) than 2 (in 

the adult). The subadult condition of Sinocyamodus is only speculative, so it was 

coded as (0). 

(24) The epipterygoid does not (0) or does (1) form a posterior dorsal process that 

contacts the squamosal at the anterodorsal comer of posttemporal fossa. 

(25) The epipterygoid is always fully ossified in the adult (0) or may be incompletely 

ossified in the adult (1). 
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(26) The (neomorph) otic process of the squamosal is absent (0), extends to the 

midpoint of the ventral margin of the posttemporal fossa (1), or extends beyond the 

level of the medial margin of the posttemporal fossa (2) (in lateral view of the skull). 

Changed Psephoderma from ? to 1 due to observations from new specimen PIMUZ 

A/III 1491. 

(27) A palatoquadrate cartilage recess is absent (0) or present (1). 

(28) A basiorbital furrow is absent (0) or present (1). 

(29) The palatine does not (0) or does (1) contact the quadrate along the lateral 

margin of the palatoquadrate cartilage recess. 

(30) The pteroccipital foramen is absent (0) or present (1). 

(31) The prootic is not (0) or is (1) exposed in occipital view of the skull. 

(32) Premaxillary teeth are present (0) or absent (1). 

(33) Anterior premaxillary and dentary teeth pointed (0), chisel-shaped (I), or bulbous 

with anterior transverse ridge (2). 

(34) A diastema separating premaxillary and maxillary teeth is absent (0) or present 

(I). 

(35) Four or more (0), three (1), two (2), one (3), or no (4) maxillary teeth (tooth). 

(36) More than three (0), three (1), two (2) or one (3) pair(s) of palatine teeth. 

(37) Anterior palatal tooth plate(s) small and rounded (0), or transversely enlarged 

(1). 

(38) The ratio of the longitudinal to the transverse diameter of the posterior palatine 

tooth plate less (0)- or equal or more (1) than 1.4 (in theadult). The subadult condition 

of Sinocyamodus is only speculative, so it was coded as (1). 

(39) Maxilla without (0) or with (1) anterior process extending into rostrum in ventral 

view. 

(40) Ventral surface of rostrum flat (0) or concave (1). 
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(41) Ventral surface of rostrum without (0) or with distinct grooves leading up to 

internal nares (1). 

(42) Internal nares separated (0) or confluent (1). 

(43) Ectopterygoid present (0) or absent; if absent, palatine extends laterally at the 

anterior margin of the subtemporal fossa to meet the jugal (1) or jugal extends 

medially to meet the palatine (2). 

(44) The ratio of the length of palatal exposwe of pterygoid relative to length of 

palatine is less (0) or more (I) than 0.3. 

(45) The ventral pterygoid flange has a single (0) or a double (1) ventral projection. 

(46) The postemporal fossae are relatively large (0) or reduced (1) because of 

expansion of occipital exposure of parietal, squamosal, and opisthotic. 

(47) The squamosal buttress against which abuts the distal tip of the paroccipital 

process is absent (0) or present (1). 

(48) The posteroventral tubercle is absent (0) or present (1) at the distal tip of the 

patoccipital process. 

(49) The exoccipitals do not (0) or do (1) meet above occipital condyle (above the 

basioccipital). 

(50) The basioccipital tuber and the ventral opisthotic flange remain separate (0) or 

meet each other (1) ventral to passage of internal carotid. 

(51) Anterior tip of dentary with teeth (0) or edentulous (1). 

(52) The coronoid remains well separated from lower margin of the mandible (0) or 

closely approaches the lower margin of mandible (1). 

(53) The retroarticular process is long and slender (0) or short with a sloping surface 

(1). 
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(54) Tubercular osteoderms, secondarily fused to the underlying bone, are absent 

(0), present along the posterior margin of the upper temporal fossa only (1), or 

present on lateral sur face of posterior part of temporal arch also (2). 

(55) Quadratojugal present (0), or absent (1). (from Rieppel, 2000, character 52). 

Note: this was coded the wrong way around in the original matrix of Rieppel (2000) 

but has now been corrected. 

(56) Jugal–squamosal contact absent (0), or present (1). (from Rieppel, 2000, 

character 53) 

(57) Coronoid process absent (0), distinct but low (1), or very high (2). (from Rieppel, 

2000, character 54) 

(58) Crushing tooth plates absent (0), or present (1). (from Rieppel, 2000, character 

63) 

(59) Diastema between symphyseal and posterior dentary teeth absent (0), or 

present (1). (from Rieppel, 2000, character 64) 

(60) Palatines separated by pterygoids (0), or meeting in medial suture (1). (from 

Rieppel, 2000, character 65) 

(61) Pterygoids longer (0), or shorter (1), than palatines. (from Rieppel, 2000, 

character 66) 

(62) External naris not distinctly higher than long (0); distinctly higher than long (1). 

(from Jiang et al, 2008, character 68) 

(63) Chevron morphology simple, y-shaped (0); complex as described by Rieppel 

(2000) for Paraplacodus (1). (from Jiang et al, 2008, character 69) 
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The chapters of this thesis represent the first studies on placodonts using micro-

computed tomographic (µCT) data. This has proven to be a very effective method, 

having provided insight into previously unknown cranial anatomy, and thus allowing 

the formation of conclusions regarding placodont palaeoecology, evolutionary origins 

and systematic relationships. Based on inner ear morphology, placodonts have been 

shown to have been extremely well adapted to life in an aquatic environment, despite 

their otherwise plesiomorphic postcranial anatomy. In addition, the highly specialised 

placodont crushing dentition has been shown to have evolved from much more 

gracile teeth, adapted for feeding on soft prey. µCT scanning was also used to reveal 

placodont replacement teeth in situ, allowing the first description of tooth replacement 

patterns, which resulting in the discovery that the group had a completely unique 

method of tooth replacement. Detailed cranial osteology was also revealed, with a 

revised description of the braincase of Placodus gigas being published, as well as 

the first detailed reconstructions of all Chinese holotype crania. These data were 

essential for the creation of the first comprehensive placodont phylogenies that 

incorporated all taxa from both the eastern and western Tethys. Placodonts appear to 

have first evolved in the west, with both unarmoured and armoured taxa first 

appearing here. However the highly-nested and specialised Placochelyidae evolved 

in the upper Middle Triassic of the eastern Tethys. 

 While we have learnt a great deal about placodonts using µCT data, there is 

still much that can be studied. In particular, poorly understood taxa such as 

Paraplacodus broilii and Cyamodus hildegardis are in special need of more analysis. 

The enigmatic Henodus chelyops also requires further attention, owing to its 

‘wildcard’ occurrences at very different points in the phylogenies of Chapter 6. 

Indeed, our understanding of placodont evolution would be greatly improved with 

further study of Chinese (eastern Tethyan) taxa, of which many new specimens are 
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currently awaiting description and/or being prepared. It is safe to say that there is 

currently a bias in our understanding of Placodontia, as European taxa have been 

studied for far longer and in more detail than those from China. However, Chinese 

placodonts will, without a doubt, become increasingly important in our understanding 

of both placodont and sauropterygian evolution in the near future. 

 A future direction for the study of placodonts would be to examine the 

biomechanics of their feeding, using a modelling technique known as finite element 

analysis (FEA). This effective and increasingly inexpensive method is being used by 

vertebrate palaeontologists to study the effects of stress and strain on complex virtual 

structures (such as a skull), without damaging precious specimens. Indeed, this 

technique is a particularly viable option owing to the wealth of µCT data that have 

already been collected for this project.  
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