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ABSTRACT 
 
 

Temnospondyls are the most species-rich group of early amphibians, but species-

level phylogenetic analyses of this large clade have so far only incompletely sampled the 

group. This study represents the largest and most comprehensive species-level 

phylogenetic study of Temnospondyli, sampling 99 taxa for 297 morphological 

characters from all seven continents through nearly 170 million years of their 

evolutionary history. Results of this analysis support the monophyly of several clades. 

Phylogenetic definitions are updated and three new clades names are proposed: 

Eutemnospondyli, Neostereospondyli, and Latipalata. Major splits within temnospondyl 

evolution are recovered at the base of Eutemnospondyli (Euskelia and Limnarchia) and 

Neostereospondyli (Capitosauria and Trematosauria). Archegosauriodea is recovered 

within Euskelia. Dendrerpeton is recovered as the immediate sister taxon of 

Dissorophoidea, not Eryopoidea as previously hypothesized. This arrangement suggests 

that for subclade-level analyses of dissorophoids, which bear on the ‘Temnospondyl 

Hypothesis’ for a putative origin of Lissamphibia within dissorophoids, the convention of 

rooting on Dendrerpeton and including eyropoids in the ingroup should be re-evaluated 

in light of the new temnospondyl topology. 

Study of the tempo and mode of evolution within temnospondyl amphibians has 

been limited in the past by the availability of a clade-wide, species-level phylogenetic 

analysis. The phylogenetic dataset generated by this study has allowed for investigation 

into rates of origination and extinction amongst this long-lived group at a scale not 

previously available for exploration. Extinction rate and origination rate, when calculated 

strictly from stratigraphic data, showed a high correlation with the number of sampled 
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localities, indicating a strong influence on this evolutionary signal by sampling and rock 

record biases. But when rates were augmented with phylogenetic data, four periods of 

increased lineage origination are discernible from the Pennsylvanian to the Early Triassic. 

The largest of these origination events coincides with the Permo-Triassic mass extinction, 

suggesting that amphibian lineages were not being selected against during the largest 

mass extinction in the Phanerozoic record. 

Temnospondyl amphibians are the second most abundant fossil vertebrates in the 

Permo-Triassic Karoo Basin of South Africa. Paleohistological investigation of these 

amphibians was hampered by small sample size and taxa available for sampling. 

Incorporation of paleohistologic data from other analyses helped to alleviate this 

problem; however, Temnospondyli remains under sampled in paleohistological analyses. 

Results show cyclic growth and a lifespan of thirty years or more in basal stereospondyls, 

convergence to sustained, non-cyclic growth in terrestrial temnospondyls, support 

findings based on gross morphology that Lydekkerina is a terrestrial stereospondyl, and 

suggest that ribs are a viable source of skeletochronologic information in temnospondyls 

and should serve as preferred material when proximal limb diaphyses are not available. 

Sustained, azonal growth in Micropholis is unlike that of Apateon or extant caudatans, 

suggesting a possible adaptation to local conditions in the earliest Triassic of Gondwana. 
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CHAPTER I 

A COMPREHENSIVE SPECIES-LEVEL PHYLOGENETIC ANALYSIS OF 

TEMNOSPONDYLI (VERTEBRATA, CHOANATA) 

 

Introduction 

Temnospondyls are the most speciose group of early amphibians, ranging from 

the Lower Carboniferous to the Lower Cretaceous, crossing two of the ‘Big Five’ mass 

extinction events (the end-Palaeozoic and the Late Triassic) (Sepkoski 1981; Benton and 

Twitchett 2003; Erwin 1994). The group includes an estimated 160 genera (Milner 1990; 

Schoch and Milner 2000) with iconic forms such as the terrestrial Eryops of North 

America and aquatic metoposaurids from North America, northern Africa and the 

European platform (Fig. 1). Temnospondyls have an abundant fossil record, and the clade 

achieved a worldwide distribution early in its history (Schoch and Milner 2000; Ruta, 

Coates, and Quicke 2003). As such, the group is well suited for phylogenetic analysis. 

Additionally, resolution of temnospondyl relationships bears on broader 

phylogenetic problems. One temnospondyl group, the amphibamid dissorophoids, forms 

the center of the ‘Temnospondyl Hypothesis’ for the origin of modern amphibians 

(Lissamphibia). This hypothesis states that the origin of a monophyletic Lissamphibia is 

rooted within temnospondyl phylogeny (see Ruta and Coates, 2007 for a discussion of 

evidence and competing hypotheses). However, the strength of this hypothesis is reliant 

on not only morphological analysis of the basal members of the crown group and derived 

temnospondyls, but also in the polarization and character evolution of morphology within 

Temnospondyli at large, the focus of this paper. 
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Figure 1. Temnospondyls Koskinonodon (top), American Museum of Natural History 
mount, and Eryops (bottom), Harvard Museum of Comparative Zoology mount.  
 

 

Temnospondyl amphibians have been studied for over 120 years (Zittel 1887-

1890). Prior to the 1990’s, phylogenetic hypotheses of Temnospondyli were 

predominantly given without an accompanying quantitative analysis (e.g., Cope 1884; 

DeMar 1968; Milner 1990). Since then, quantitative phylogenetic studies have been 

performed on numerous temnospondyl subclades (e.g., Damiani 2001; Marsicano 1999; 

Schoch and Milner 2008). However, application of these methods to temnospondyls on a 

clade-wide scale remains rare in the published literature. 

Because of the large number of included species and the global distribution of the 

clade, most large-scale phylogenetic analyses divide Temnospondyli into either the basal 

(Paleozoic) groups or the more derived (Mesozoic) groups. Studies by Ruta and Bolt 
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(2006) and Holmes, Carroll, and Reisz (1998) attempted to resolve the phylogeny of 

Paleozoic forms. Mesozoic forms were excluded entirely from the Holmes, Carroll, and 

Reisz (1998) analysis, and while Ruta and Bolt (2006) included some derived taxa they 

excluded the large subclade Stereospondyli that makes up the bulk of Mesozoic 

temnospondyls (Fig. 2) and half of all temnospondyl species diversity. Thus, these 

studies only offer a partial evaluation of the clade’s evolutionary history.  

Yates and Warren (2000) analyzed a large-scale including both basal and derived 

taxa, including stereospondyls, but this dataset was limited by a relatively small sample 

of Paleozoic taxa. This study provided the first quantitative, broad-scale look at the 

evolution of temnospondyls as well as some of the first phylogenetic definitions for many 

groups. However, when the Yates and Warren (2000) topology is compared to Schoch 

and Milner’s (2000) independently derived compilation tree of stereospondyls based on 

both new data and published analyses of stereospondyl subsets (Schoch and Milner 

2000), there are several topological discrepancies (Fig. 2). Lydekkerinidae is recovered as 

polyphyletic (Yates and Warren 2000) or monophyletic within Rhytidostea (Schoch and 

Milner 2000). Rhytidosteidae and Chigutisauridae are either polyphyletic (Yates and 

Warren 2000), paraphyletic (Yates and Warren 2000), or part of an unresolved polytomy 

(Schoch and Milner 2000). Trematosauroidea falls outside of Capitosauria (Yates and 

Warren 2000) or within Capitosauria and the sister group to Capitosauroidea (Schoch and 

Milner 2000). It should be noted that the name Capitosauria has different meanings: 

Schoch and Milner (2000) utilize the name as the clade subtending Capitosauroidea and 

Trematosauroidea, whereas Yates and Warren (2000) define the group as all taxa more  
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Figure 2. Previous hypotheses of temnospondyl phylogenetic relationships. A, Yates and 
Warren (2000) tree with lydekkerinids in bold; B, Ruta and Bolt (2006) tree; C, Schoch 
and Milner (2000) tree; D, Milner (1990) tree; and E, Holmes, Carroll, and Reisz (1998) 
tree.  
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closely related to Parotosuchus (Capitosauroidea) than to Siderops (Brachyopoidea). In a 

later study, Schoch (2008a) emended Capitosauria to follow the Yates and Warren (2000) 

usage, and assigning Capitosauroidea to a smaller subtended clade within Capitosauria. 

To further complicate matters, Damiani (2001), in an exhaustive redescription of 

capitosaurs, followed a different nomenclatural system, abandoning Capitosauroidea in 

favor of the term Mastodonsauroidea, which then formed the sister taxon of 

Trematosauroidea. Still, despite differences in topology and nomenclature, Damiani 

(2001), Yates and Warren (2000), Schoch and Milner (2000) and Schoch (2008a) all 

support the monophyly of several large clades: Stereospondyli, Trematosauroidea, 

Capitosauroidea, and Archegosauridae (Fig. 2).  

A matrix representation with parsimony (MRP) supertree analysis of 

temnospondyls was performed by Ruta et al. (2007). This analysis corroborated many 

relationships found by Yates and Warren (2000) and Schoch and Milner (2000). This 

type of analysis has become a popular alternative to consensus trees, but whereas the 

latter require identical included taxa among trees MRP analysis only requires for there to 

be some overlap between included taxa. However, supertrees are problematic as an 

alternative to phylogenetic analyses; specifically, MRP supertrees have been shown to be 

inconsistent, influenced by tree shape/symmetry and prone to return unsupported or 

minority groupings from input/source trees (Wilkinson, Cotton et al. 2005; Wilkinson, D. 

Pisani et al. 2005). The temnospondyl supertree (Ruta et al. 2007) is particularly 

problematic, because the input/source trees included published trees that were not based 

on quantitative phylogenetic analysis. Because of these methodological issues, their 

results are viewed skeptically here. 
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A comprehensive phylogenetic analysis is a critical step in understanding the 

organization and evolution of temnospondyl amphibians. Many temnospondyl taxa have 

been traditionally grouped together based on ‘synapomorphic’ snout shapes (Hammer 

1987; Welles 1993; Schoch and Milner 2000), but snout shape has been found to be 

highly homoplastic among crocodyliforms, likely due to ecophenotypy (Busbey 1994), 

and in lissamphibians changes in water chemistry have been correlated with 

morphological changes in snout and jaw proportions, sometimes enough to cause a shift 

in prey species (Blaustein et al. 2003). Because of these considerations, snout shape was 

avoided as a morphological character in this study and a priori assumptions of 

monophyly of included subclades were avoided.  

Because the monophyly of temnospondyl subclades cannot be assumed a priori, 

all taxa were coded for this study at the species level, the basic unit of biological 

taxonomy. Higher taxonomic groups represented by a single exemplar species or 

composite coding underrepresent the morphological complexity and topology of the 

subclade, oversimplify its relationships with other groups, and may not accurately 

represent character state transitions for their represented clade, particularly if traits vary 

within the group (Wiens, Bonett, and Chippindale 2005; Wiens 1998). The goal of this 

study is to assess the phylogenetic relationships within Temnospondyli through increased 

taxon-sampling of both the Paleozoic and Mesozoic forms, increased character-sampling, 

and to stabilize the phylogenetic nomenclature of the group. 

Phylogenetic Analysis 

Ninety-nine ingroup taxa spanning all seven continents and dating from the Early 

Carboniferous (Viséan) to the Early Jurassic (Toarcian) were scored for 297 morphologic 
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characters (Appendices A-B). Ingroup taxa included 98 species and two morphotypes of 

one species, Micropholis stowi (‘broad’ and ‘slender’ snout morphotypes of Schoch and 

Rubidge (2005)). The colosteid Greererpeton burkemorani was selected as the outgroup 

taxon based on its completeness, number of specimens available for study, and the close, 

stem-ward relationship of Colosteidae to Temnospondyli (Clack 2002). This is the largest 

and most comprehensive temnospondyl phylogenetic dataset assembled to date in regards 

to both character and taxon sampling.  

Because temnospondyls were global in their distribution (Schoch and Milner 

2000), it is imperative that sampling be as comprehensive as possible. Taxa have been 

sampled from collections and supplemented with taxa from the published literature. Sixty 

taxa were coded from specimens in twelve collections in both the United States and 

South Africa. Supplementary taxa from the literature were chosen based on their 

completeness, the availability of detailed morphological descriptions, and the 

applicability of those taxa to under sampled groups within the existing matrix. 

The constructed data matrix includes cranial, post cranial and juvenile-stage 

characters. Morphology that differed between adult and juvenile forms was coded as 

separate characters in this matrix in order to maintain character independence. 

Morphology and its ontogenetic trajectory can be modified at different developmental 

stages interspecifically and intraspecifically due to differing environmental pressures on 

larvae or differential selection during development (Anderson 2007; Blaustein et al. 

2003). Characters have been adapted from published analyses, most with extensive 

changes to included character states (see Appendix A). Character sampling included new 

characters derived from personal observation of morphological variation.  



 8

Because the dataset is comprised of morphological characters, phylogeny was 

assessed utilizing the maximum parsimony criterion. Maximum likelihood and Bayesian 

inference methodologies require an explicit model of character evolution, which is 

readily quantifiable for molecular data that has a fixed number of character states and 

predictable substitution frequencies. However, the available model of morphological 

evolution, which can have variable numbers of character states and frequency of change, 

is poorly tested empirically (Lewis 2001). Therefore, maximum parsimony was preferred 

for this dataset. The phylogenetic analysis was performed with TNT1.1 (Goloboff, Farris, 

and Nixon 2008) using equal character weights, collapsing rule one – where all branches 

with a minimum length of zero are collapsed, and the traditional (heuristic) search 

algorithm with 2000 random addition sequences and tree bisection reconnection branch 

swapping. Bremer decay indices (Bremer 1988) and bootstrap proportions (Felsenstein 

1985) from 5000 pseudoreplicates were calculated for node support in TNT. 

Results 

 Parsimony analysis returned 100 equally optimal trees with a tree length of 2120 

steps (Figs. 3-4). The strict consensus shows good resolution of nodes throughout the 

tree, with the exception of a large polytomy within rhinesuchids, and smaller polytomies 

within trematosauroids, capitosauroids parotosuchids, metoposauroids, and chigutisaurs. 

The monophyly of several groups is supported, and many nodes are robustly supported 

by bootstrap and Bremer decay metrics. Three new clade names are herein proposed and 

phylogenetic definitions are emended for existing clades. Where possible, existing 

taxonomic nomenclature was conserved.  
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Recovered clades 

Node A. Temnospondyli Zittel 1887-1890 (sensu Yates and Warren 2000) 

Phylogenetic definition: A stem-based definition including Eryops and all choanates that 

are more closely related to it, than to Pantylus (Lepospondyli, Microsauria) (Yates and 

Warren 2000). 

No synapomorphies. 

Node B. Eutemnospondyli nomen cladi novum 

Etymology: Eu- (Greek) meaning ‘true’ and Temnospondyli from Zittel (1887-1890), in 

reference to the inclusion of both major clades of temnospondyls – Euskelia and 

Stereospondyli. 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Eryops megacephalus, Edops craigi, Dissorophus multicinctus, Thoosuchus yakovlevi 

and Mastodonsaurus giganteus and all of its descendants. 

Included taxa: Euskelia and Limnarchia. 

Missing characters:  47.28% 

Unambiguous synapomorphies: squamosal sulcus is absent or passes along the 

quadradojugal, not entering the squamosal, tabular posterior margin is tapered to a point, 

occipital condyles are bi-lobed with reduced basioccipital contribution, premaxillary 

fangs/tusks are absent, coronoid tusks/fangs are absent, humeral shaft is cylindrical, 

supinator process is present, and ectepicondyle is prominent. 

No ambiguous synapomorphies.  

Node C. Euskelia Yates and Warren 2000 
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Figure 3. Strict consensus of 100 equally optimal trees (left) and a randomly selected 
equally optimal tree (Miller et al.) of ‘basal’ temnospondyl relationships, for legibility 
Limnarchia has been collapsed. Bootstrap (≥50) and Bremer (≥3) support is given at 
nodes on the equally optimal tree. Lettered nodes are discussed in the text. (Tree length = 
2120 steps; C.I. = 0.20; R.I. = 0.54). 
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Figure 4. Strict consensus of 100 equally optimal trees (left) and a randomly selected 
equally optimal tree (Miller et al.) of ‘higher’ temnospondyl relationships, for legibility 
Euskelia has been collapsed and non-eutemnospondyls removed. Bootstrap (≥50) and 
Bremer (≥3) support is given at nodes on the equally optimal tree. Lettered nodes are 
discussed in the text. (Tree length = 2120 steps; C.I. = 0.20; R.I. = 0.54). 



 12

Phylogenetic definition:  A stem-based definition that includes Eryops and all 

temnospondyls more closely related to it than to Parotosuchus (Yates and Warren 2000). 

Included taxa: Eryopoidea, Archegosauriodea, Edopoidea, Capetus palustris, 

Balanerpeton woodi, Dendrerpeton acadianum, and Dissorophoidea.  

Missing characters:  43.99% 

Unambiguous synapomorphies: lateral line sulci are absent from the dorsal skull surface, 

lacrimal is restricted to the anterior orbital margin, temporal emargination is present 

between the squamosal, tabular, and supratemporal, paroccipital process is present and 

not visible in dorsal view, adult anterior palate has neither fossa nor vacuity present, 

anterior palatal fossa is absent, vomerine shagreen of denticles is absent, lateral palatal 

tooth row is absent, ectopterygoid tooth row is absent, lateral line sulci on mandible is 

absent, tooth row on the anterior coronoid is absent, humerus condyles and head are 

generally massive and widened, and ilium dorsal shaft is thin and much higher than wide. 

No ambiguous synapomorphies.  

Node D. Dissorophoidea Bolt 1969 (Yates and Warren 2000 nomen emendatos novum) 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Dissorophus multicinctus, Doleserpeton annectens, Micropholis stowi, and Acheloma 

cumminsi and all of its descendants.  

Included taxa: Eoscopus lockardi, Tersomius texensis, Conjunctio sp., Broiliellus brevis, 

Pasawioops mayi, Phonerpeton pricei, Acheloma cumminsi, Micropholis stowi, Fedexia 

striegeli, Platyrhinops lyelli, Doleserpeton annectens, and Dissorophus multicinctus. 

Missing characters:  44.32%% 
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Unambiguous synapomorphies: orbit diameter is greater than half the width of the skull 

at the mid-orbital margin, intertemporal is absent, supratympanic flange is present, 

semilunar flange is present, dermal sculpturing is in the form of uniform small pits and 

ridges, and the pterygoid-parasphenoid contact is sutured with little to no movement 

possible. 

No ambiguous synapomorphies. 

Node E. Edopoidea Romer 1947 (sensu Sequeira 2004) 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Edops craigi, Chenoprosopus milleri, and Cochleosaurus bohemicus and all of its 

descendants. 

Included taxa: Edopidae and Cochleosauridae. 

Missing characters:  48.89% 

Unambiguous synapomorphies: round external nares, nasals extend anterior of the 

external nares, vomerine fang/tusk alveoli are aligned transversely, and vomerine 

shagreen of denticles is absent. 

No ambiguous synapomorphies. 

Node F. Edopidae Langston 1953 nomen cladi conversum 

Phylogenetic definition: A stem-based definition including Edops craigi and all taxa 

more closely related to it than to Cochleosaurus bohemicus. 

Included taxa: Edops craigi and Nigerpeton ricqlesi. 

Missing characters:  45.79% 

Unambiguous synapomorphies: medial margin of the external nares possesses a 

prominent raised boss or bar, maxilla extends anterior of the external nares, lateral 
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expansion of the anterior maxilla is absent, premaxillary fangs/tusks are absent, and 

posterolateral process of the vomer extends to the palatine fangs/tusks. 

No ambiguous synapomorphies. 

Node G. Cochleosauridae Broili in Zittel and Broili 1923 (sensu Sequeira 2004) 

Phylogenetic definition: A stem-based definition including Cochleosaurus bohemicus and 

all taxa more closely related to it than to Edops craigi. 

Included taxa: Chenoprosopus milleri, Cochleosaurus bohemicus, and Cochleosaurus 

florensis. 

Missing characters:  50.95% 

Unambiguous synapomorphies: lateral expansion of the anterior nasals is present, 

maxilla-quadratojugal contact is absent, interpterygoid vacuity is confined to the 

posterior half of the palate (excluding the premaxillae), and crista muscularis forms 

rounded, widely spaced depressions with sharp anterior rims. 

No ambiguous synapomorphies 

Node H. Archegosauroidae Meyer 1857 (Yates and Warren 2000 nomen emendatos 

novum) 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Archegosaurus decheni and Sclerocephalus haeuseri and all of its descendants. 

Included taxa: Sclerocephalus haeuseri, Archegosaurus decheni, and Cheliderpeton 

vranyi. 

Missing characters:  30.86% 

Unambiguous synapomorphies: temporal fossa is present, posterior premaxillary teeth 

enlarged relative to anterior dentition, posteromedial process of the vomer extends along 
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lateral margins of cultriform process, lateral palatal tooth row is interrupted, 

ectopterygoid tooth row consists of more than three teeth, branchial ossicles are oval-

shaped, axial neural arch plus spine has a narrow base, dorsally prominent anteroposterior 

expansion, pleurocentra are very reduced, usually diamond-shaped, or absent, uncinate 

process are expanded into broad blades, and entepicondyle is absent in the juvenile stage. 

No ambiguous synapomorphies 

Node I. Eryopoidea (Cope) Säve-Söderbergh 1935 (Yates and Warren 2000 nomen 

emendatos novum) 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Eryops megacephalus and Zatrachys serratus and all of its descendants. 

Included taxa: Eryopidae, Onchiodon labyrinthicus, Saharastega moradiensis, and 

Zatrachydidae. 

Missing characters:  47.52% 

Unambiguous synapomorphies: interpterygoid vacuity is widest at the anteroposterior 

midline, or uniform throughout, pterygoid-parasphenoid contact sutured, parasphenoid 

abut san elongate cylindrical/hemicylindrical medial pterygoid process, parasymphyseal 

fangs/tusks are absent, interclavicle is oval-shaped, iliac blade is flared dorsally, and 

orbits are oriented dorsally in the juvenile stage. 

No ambiguous synapomorphies 

Node J. Eryopidae Cope 1882 nomen cladi conversum 

Phylogenetic definition: A stem-based definition that includes Eryops megacephalus and 

all temnospondyls more closely related to it than to Zatrachys serratus.  

Included taxa: Parioxys ferricolus, Eryops grandis, and Eryops megacephalus. 



 16

Missing characters:  45.90% 

Unambiguous synapomorphies: external nares open to lateral view, external nares are 

round, septomaxilla forms the lateral narial margin, orbits oriented laterally, 

quadratojugal extends anterior to the posterior orbital margin, and vomerine fangs/tusks 

are present, but greatly reduced in size. 

No ambiguous synapomorphies 

Node K. Zatrachydidae Williston 1910 nomen cladi conversum 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Acanthostomatops vorax and Zatrachys serratus and all of its descendants.  

Included taxa: Acanthostomatops vorax, Dasyceps microphthalmus, and Zatrachys 

serratus. 

Missing characters:  45.91% 

Unambiguous synapomorphies: lateral line sulci are absent from the dorsal skull surface, 

external nares are round, medial margin of external nares possesses a prominent raised 

boss or bar, lateral expansion of anterior nasals present, lacrimal is restricted to anterior 

orbital margin, no suture between the jugal and prefrontal, orbital margins raised in relief, 

quadratojugal extends anterior to the posterior orbital margin, quadratojugal spines are 

present, and maxilla-vomer contact is sutured. 

No ambiguous synapomorphies 

Node L. Limnarchia Yates and Warren (2000) 

Phylogenetic definition: A stem-based definition that includes Parotosuchus and all taxa 

more closely related to it than to Eryops (Yates and Warren 2000).  
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Included taxa: Trimerorhachis insginis, Trimerorhachis mesops, Dvinosauroidea, 

Micromelerpeton credneri, Apateon dracyiensis, Apateon pedestris, and 

Stereospondylomorpha. 

Missing characters:  48.87% 

Unambiguous synapomorphies: interpterygoid vacuity extends into the interchoanal 

region, anterior coronoid does not contact the parasymphyseal fangs/tusks or the 

adsymphyseal, posterior coronoid is visible in lateral view, arcadian groove is present on 

the postglenoid area, atlas cotyli are low and wide, and entepicondylar formaen is absent. 

No ambiguous synapomorphies 

Node M. Dvinosauroidea Säve-Söderbergh 1935 (sensu Yates and Warren 2000) 

Phylogenetic definition: A node-based definition that includes the last common ancestor 

of Dvinosaurus and Isodectes all of its descendants (Yates and Warren 2000). 

Included taxa: Dvinosaurus primus, Isodectes obtusus, and Acroplous vorax. 

Missing characters:  37.37% 

Unambiguous synapomorphies: occipital condyles comprise the posterior-most margin of 

the skull, posterolateral process of the vomer extends to the palatine fangs/tusks, 

pterygoid flexion is confined to the lateral edges of pterygoid corpus, quadrate ramus of 

the pterygoid is sharply downturned resulted in a vaulted palate, and humerus proximal 

condyles and head are generally massive and widened. 

No ambiguous synapomorphies 

Node N. Stereospondylomorpha Yates and Warren 2000 nomen emendatos novum 

Phylogenetic definition: A stem-based definition including Mastodonsaurus giganteus 

and all taxa more closely related to it than to Dvinosaurus primus. 
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Included taxa: Lapillopsidae, Deltasaurus kimberleyensis, Rhytidosteus capensis, and 

Stereospondyli. 

Missing characters:  50.41% 

Unambiguous synapomorphies: maxilla-nasal suture is present, prefrontal-jugal suture is 

present, paroccipital process is present and not visible in dorsal view, pterygoid-maxilla 

contact is present, oblique ridge on posterior quadrate ramus of pterygoid is low and 

rounded, pterygoid-parasphenoid contact is sutured with little to no movement possible, 

pterygoid-parasphenoid contact is a broad contact along lateral margins of parasphenoid 

plate, crista muscularis forms rounded widely spaced depressions with sharp anterior 

rims, and posterior process present on interclavicle. 

No ambiguous synapomorphies 

Node O. Lapillopsidae Yates 1999 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Lapillopsis nana and Rotaurisaurus contundo and all of its descendants. 

Included taxa: Lapillopsis nana and Rotaurisaurus contundo. 

Missing characters:  51.18% 

Unambiguous synapomorphies: lateral line sulci are absent from the skull surface, frontal 

contributes to orbital margin, postfrontal is falciform, prefrontal contacts the lateral 

orbital margin, postorbital contributes to lateral margin of orbit, quadrate and lateral skull 

margins comprise the posterior-most skull margin, otic notch is present on the lateral 

skull surface, vomerine fangs/tusks are present, but greatly reduced in size, interpterygoid 

vacuity terminates posterior to the interchoanal region, palatine fangs/tusks are present, 

but greatly reduced in size, pterygoid ornamentation is present on the ventral/palatal 
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surface, parasphenoid and pterygoid articulate via an elongate cylindrical/hemicylindrical 

medial pterygoid process, and lateral line sulci absent from mandible. 

No ambiguous synapomorphies 

Node P. Stereospondyli Fraas 1889 (Yates and Warren 2000 nomen emendatos novum) 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Rhinesuchus whaitsi, Thoosuchus yakovlevi, and Mastodonsaurus giganteus and all of its 

descendants. 

Included taxa: Rhinesuchidae, Lydekkerinidae, and Neostereospondyli. 

Missing characters:  49.60% 

Unambiguous synapomorphies: crista falciformis is present as a modest ridge, vomerine 

transverse tooth row posterior to palatal fossa is present and is either straight transversely 

or V-shaped, with the apex directed posteriorly, palatine tooth row posterior to palatine 

fangs contains four to six teeth, ectopterygoid shagreen of denticles is absent, anterior 

coronoid tooth row is absent, anterior Meckelian foramen is absent from postsplenial, and 

prearticular process is prominent. 

No ambiguous synapomorphies 

Node Q. Rhinesuchidae Watson 1919 (sensu Schoch and Milner 2000) 

Phylogenetic definition: A stem-based definition including Rhinesuchus whaitsi and all 

taxa more closely related to it than to Lydekkerina huxleyi.  

Included taxa: Pneumatostega potamia, Broomistega putterilli, Rhineceps nyasaensis, 

Rhinesuchus capensis, Rhinesuchus whaitsi, Rhinesuchoides tenuiceps, Uranocentrodon 

senekalensis, Muchocephalus kitchingi, and Laccosaurus watsoni. 

Missing characters:  54.77% 
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Unambiguous synapomorphies: jugal broadly contributes to both lateral and anterior 

margins and posterior Meckelian foramen is bounded by the prearticular and postsplenial. 

No ambiguous synapomorphies 

Node R. Lydekkerinidae Watson 1919 (sensu Schoch and Milner 2000) 

Phylogenetic definition: A stem-based definition including Lydekkerina huxleyi and all 

taxa more closely related to it than to Mastodonsaurus giganteus.  

Included taxa: Lydekkerina huxleyi and Eolydekkerina magna. 

Missing characters:  30.30% 

Unambiguous synapomorphies: infraorbital sulcus flexure is Z-shaped, quadrate is visible 

in dorsal view, spina supraoccipitalis is present and spine-like, interpterygoid vacuity 

anterior margin is a stepped curve, ectopterygoid participates in the separation of the 

interpterygoid and subtemporal vacuities, parasphenoid comprises a narrow cultriform 

process and a body expanded into lateral wings, and crista muscularis is in line with 

posterior parasphenoid-pterygoid suture margin. 

No ambiguous synapomorphies 

Node S. Neostereospondyli nomen cladi novum 

Etymology: Neo- (Greek) meaning ‘new’ and Stereospondyli from Fraas 1889, in 

reference to the predominant stratigraphic placement of included taxa within Mesozoic 

strata as opposed to the Palaeozoic record. 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Mastodonsaurus giganteus, Metoposaurus bakeri, and Trematosuchus sobeyi and all of 

its descendants.  

Included taxa: Capitosauria and Trematosauria. 
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Missing characters:  49.41% 

Unambiguous synapomorphies: maxilla-vomer contact is sutured, interpterygoid vacuity 

terminates posterior to the interchoanal, oblique ridge on posterior quadrate ramus of 

pterygoid is a prominent sharp crest, sphenethmoid is thin and vertically aligned dorsal to 

the cultriform process and not visible in ventral view, parasphenoid-exoccipital contact is 

broadly sutured, coronoid denticle field is absent, cleithrum is a simple rod with no head, 

interclavicle anterior margin is smooth, lateral line sulci are present on skull roof at the 

juvenile stage, and pterygoid-parasphenoid contact is sutured at the juvenile stage. 

No ambiguous synapomorphies 

Node T. Trematosauria Yates and Warren 2000 

Phylogenetic definition: A stem-based definition including Trematosaurus and all taxa 

more closely related to it than to Parotosuchus (Yates and Warren 2000). 

Included taxa: Trematosauroidea, Laidleria gracilis, and Latiplata. 

Missing characters:  56.48% 

Unambiguous synapomorphies: posterior Meckelian foramen is elongate, prearticular 

process is absent, supinator process is absent and the humeral shaft bears a rounded 

anterior edge, radius and ulna are of equal length, and ilium has a thin dorsal shaft, much 

higher than wide. 

Synapomorphies only found in some trees: prefrontal contacts the nasal and maxilla, or 

nasal and palatine/maxilla suture and pattern of ornamentation elongation on interclavicle 

is predominantly longitudinal. 

Node U. Trematosauroidea Watson 1919 (Yates and Warren 2000 nomen emendatos 

novum) 
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Phylogenetic definition: A stem-based definition including Trematosuchus sobeyi and all 

taxa more closely related to it than to Siderops kehli. 

Included taxa: Thoosuchus yakovlevi, Trematosuchus sobeyi, Microposaurus casei, 

Trematolestes hagdorni, Cosgriffus campi, and Wantzosaurus elongatus. 

Missing characters:  56.23% 

Unambiguous synapomorphies: skull anteroposterior elongation during ontogeny 

confined to the snout, orbital region and parietals, but not posterior, posteromedial 

processes of the vomer meet at midline along the cultriform process, ornamentation of the 

pterygoid is absent, and ventral surface of the cultriform process is narrowed into a 

midline keel. 

Synapomorphies only found in some trees: supraorbital sulcus enters lacrimal. 

Node V. Latipalata nomen cladi novum 

Etymology: Lati- (Latin) meaning ‘wide’ and palata (plural of palatum, Latin) meaning 

‘palates’, in reference to the mediolaterally extended posterior skull that results from a 

broad expansion of the pterygoids, which is found in subtended groups. 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Plagiosuchus pustuliferus, Siderops kehli, and Batrachosuchus browni and all of its 

descendants. 

Included taxa: Plagiosauridae and Brachyopoidea. 

Missing characters:  57.44% 

Unambiguous synapomorphies: occipital condyles comprise the posterior-most margin of 

the skull, maxilla-vomer contact is absent or has a point contact, interpterygoid vacuity 

anterior margin has a stepped curve, lateral margin of the pterygoid is straight in ventral 
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view, pterygoid palatine and quadrate rami are laterally confluent, transverse flange of 

the pterygoid is absent, and parasphenoid has a borad cultriform process, broad body. 

No ambiguous synapomorphies 

Node W. Plagiosauridae Abel 1919 nomen cladi conversum 

Phylogenetic definition: A stem-based definition including Plagiosuchus pustuliferus and 

all taxa more closely related to it than to Batrachosuchus browni. 

Included taxa: Plagiosuchus pustuliferus and Gerrothorax pulcherrimus. 

Missing characters:  50.51% 

Unambiguous synapomorphies: anterior nasals are laterally expanded, lacrimal is 

restricted to anterior orbital margin, front posterior margin extends to posterior rim of 

orbits, prefrontal-jugal suture is absent, orbit diameter is greater than half the width of the 

skull at the mid-orbital margin, temporal emargination present between squamosal, 

tabular, and quadratojugal, quadrate visible in dorsal view, spina supraoccipitalis present 

and spine-like, posteromedial processes of the vomer meet at midline along the cultriform 

process, and arcadian groove absent on the postglenoid area. 

Synapomorphies only found in some trees: tabular horn present as a minute, triangular 

boss. 

Node X. Brachyopoidea Lydekker 1885 (sensu Warren and Marsicano 2000) 

Phylogenetic definition: A node-based definition including the last common ancestor of 

Batrachosuchus and Pelorocephalus and all of its descendants. 

Included taxa: Brachyopidae and Chigutisauridae. 

Missing characters:  58.82% 



 24

Unambiguous synapomorphies: external nares open to anterior view, interpterygoid 

vacuity is widened anteriorly, ectopterygoid participates in the separation of the 

interpterygoid and subtemporal vacuities, pterygoid does not contact the maxilla, and 

quadrate ramus of the pterygoid is sharply downturned and results in a vaulted palate. 

No ambiguous synapomorphies 

Node Y. Chigutisauridae Rusconi 1951 (sensu Warren and Marsicano 2000) 

Phylogenetic definition: A stem-based definition including Pelorocephalus and all taxa 

more closely related to it than to Batrachosuchus. 

Included taxa: Pelorocephalus cacheutensis Keratobrachyops australis Siderops kehli, 

and Compsocerops cosgriffi. 

Missing characters:  55.30% 

Unambiguous synapomorphies: septomaxilla absent and substapedial ridge present on the 

pterygoid corpus dorsal surface. 

Synapomorphies only found in some trees: choanae are expanded medially to be more 

round, maxilla contribution to the lateral border of the choana is reduced and the vomer 

and palatine processes contributions increase, ectopterygoid contributes to the palatine 

ramus of the pterygoid, glenoid fossa is below the dentary tooth row, and glenoid surface 

is unbisected. 

Node Z. Brachyopidae Lydekker 1885 (sensu Warren and Marsicano 2000) 

Phylogenetic definition: A stem-based definition including Batrachosuchus and all taxa 

more closely related to it than to Pelorocephalus. 

Included taxa: Vigilius wellesi, Batrachosuchus henwoodi, Vantastega plurimidens, 

Thanbanchuia oomie, Bathignathus poikilops, and Batrachosuchus browni. 
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Missing characters:  61.17% 

Unambiguous synapomorphies: orbits are located on the anterior portion of the skull, 

ectopterygoid fangs/tusks are unpaired, surangular crest is very prominent rising well 

above dentary tooth row, transverse trough is present on the postglenoid area, and the 

chorda tympanic foramen is absent. 

No ambiguous synapomorphies. 

Node AA. Capitosauria Säve-Söderbergh 1935 (sensu Damiani and Yates 2003) 

Phylogenetic definition: A stem-based definition including Parotosuchus and all taxa 

more closely related to it than to Trematosaurus (Damiani and Yates 2003). 

Included taxa: Sclerothorax hypselonotus, Wetlugasaurus angustifrons, and 

Capitosauroidea. 

Missing characters:  43.81% 

Unambiguous synapomorphies: prefrontal contacts lateral orbital margin, quadrate-

squamosal suture is excluded by the quadratojugal, crista falciformis of the squamosal is 

present as a prominent blade creating a fossa ventrally, interpterygoid vacuity is widened 

anteriorly, base of the marginal teeth are transversely broadened ovals, rib morphology is 

distinctly heterogeneous throughout the skeleton, and interclavicle posterior margin is 

transversely straight or gently curved. 

No ambiguous synapomorphies. 

Node BB. Capitosauroidea Watson 1919 (sensu Schoch 2008a) 

Phylogenetic definition: A stem-based definition including Mastodonsaurus giganteus 

and all taxa more closely related to it than to Wetlugasaurus angustifrons. 
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Included taxa: Parotosuchidae, Paracyclotosaurus davidi, Paracyclotosaurus 

morganorum, Cyclotosaurus intermedius, Stanocephalosaurus pronus, Benthosuchus 

sushkini, Eocyclotosaurus wellesi, Stanocephalosaurus birdi, Quasicyclotosaurus campi, 

Jammerbergia formops, Mastodonsaurus giganteus, Yuanansuchus laticeps, and 

Metoposauroidea. 

Missing characters:  43.25% 

Unambiguous synapomorphies: tabular posterior margin is broad and rounded or sutured 

to squamosal, Skull anteroposterior elongation during ontogeny is restricted to the 

preorbital region, a posteromedial process sutures the palatine medially to ectopterygoid, 

and the crista muscularis is in line with posterior parasphenoid-pterygoid suture margin. 

No ambiguous synapomorphies. 

Node CC. Parotosuchidae Schoch and Werneburg 1998 (sensu Schoch and Milner 2000) 

Phylogenetic definition: A stem-based definition including Parotosuchus haughtoni and 

all taxa more closely related to it than to Mastodonsaurus giganteus. 

Included taxa: Parotosuchus haughtoni, Kestrosaurus dreyeri, Xenotosuchus africanus, 

and Parotosuchus sp. 

Missing characters:  47.73% 

Unambiguous synapomorphies: prefrontal does not contact the lateral orbital margin, 

quadrate-squamosal suture is present, and anterior Meckelian foramen is present on the 

postsplenial. 

Synapomorphies only found in some trees: vomerine fangs/tusks are unpaired. 

Node DD. Metoposauroidea Watson 1919 (sensu Yates and Warren 2000) 



 27

Phylogenetic definition: A node-based definition including the last common ancestor of 

Almasaurus and Metoposaurus and all of its descendants (Yates and Warren 2000). 

Included taxa: Almasaurus habbazi, Koskinonodon perfectus, Metoposaurus azerouali, 

Apachesaurus gregorii, Metoposaurus bakeri, Dutuitosaurus ouazzoui, and 

Arganasaurus lyazidi. 

Missing characters:  38.05% 

Unambiguous synapomorphies: infraorbital sulcus poses a step-like flexure between the 

orbit and the naris, anterior margin of the jugal terminates posterior to the anterior orbital 

margin, muscular crests supporting the tabular horns are absent, fondina vomeralis is 

absent, parasphenoid has a broad cultriform process and a broad body, ornamentation is 

present on the parasphenoid, and base of marginal teeth are round or oval. 

Synapomorphies only found in some trees: external nares open anteriorly, frontal 

posterior margin extends to posterior orbital rim, orbits located on the anterior skull, 

tabular posterior margin tapered to a point, squamosal descending flange is absent, 

occipital condyles comprise the posterior-most margin of the skull, skull anteroposterior 

elongation during ontogeny includes the skull posterior to nasals, maxilla contribution to 

the lateral border of the choana is reduced and the vomer and palatine processes 

contributions increase, palatine-ectopterygoid suture is roughly transverse, transverse 

flange of the pterygoid is short and prominent and extends into the adductor chamber, 

and crista muscularis is anterior to the posterior parasphenoid-pterygoid suture margin. 

Discussion 
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Phylogeny reconstruction 

Results of this analysis support, in general, existing hypotheses of temnospondyl 

evolution. Major divergences within temnospondyl evolution are recovered with this 

topology, including the spilt between Euskelia (Node C) and Limnarchia (Node L) and 

between Capitosauria (Node AA) and Trematosauria (Node T) (Figs. 3-4). These splits 

have also been recovered by several other studies (Yates and Warren 2000; Schoch 

2008a; Damiani 2001; Damiani and Yates 2003; Schoch and Milner 2000). 

Eutemnospondyli (Node B), newly named here, includes the two largest clades in 

temnospondyl history: the ‘Paleozoic’ and ‘Mesozoic’ forms, Euskelia (Node C) and 

Limnarchia (Node L) respectively. Yates and Warren (2000) found a monophyletic 

Dvinosauria at the base of Limnarchia (Fig. 2A); however here, Dvinosauria is recovered 

as polyphyletic: with Neldasaurus wrightae at the base of Temnospondyli (Node A), 

Trimerorhachidae at the base of Limnarchia, and a monophyletic Dvinosauroidea (Node 

M) higher nested within Limnarchia (Fig. 3). The current polyphyletic placement of 

‘Dvinosauria’ is accompanied by modest node support within Limnarchia and low 

support at the base of Temnospondyli. The monophyly of Dvinosauroidea is supported by 

a Bremer decay index of three and five unambiguous synapomorphies. Placement of 

Dvinosauria at the base of Temnospondyli was hypothesized by Milner (1990), but is not 

supported here, with the exception of the trimerorhachid Neldasaurus (Fig. 2D). Ruta and 

Bolt (2006) recovered a monophyletic Dvinosauria nested within the sister group to 

dissorophoids, although stereospondyls were excluded from their analysis, this 

relationship is unsupported by all analyses that include stereospondyls (Fig. 2B).  
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The tupilakosaurid, Thabanchuia oomie, was not recovered within 

Dvinosauroidea (contra Milner (1990), Ruta and Bolt (2006), and Yates and Warren 

(2000)), but nested within brachyopids (Node Z). Though the close association of 

tupilakosaurids and brachyopids has been previously suggested (Warren and Rozefelds 

2009), the inclusion of a single tupilakosaur taxon in this analysis does not give robust 

evidence for the argument. Increased taxon sampling of tupilakosaurs is required before 

this question can be fully addressed.  

Euskelia (Node C) is fully resolved in the strict consensus and well-supported 

with thirteen unambiguous synapomorphies. The subtended clades are broadly congruent 

with the Yates and Warren (2000) tree, though more clades are included in this analysis 

(Fig. 2A). The well-established clade Dissorophoidea (Node D) was recovered in this 

analysis with modest support and six unambiguous synapomorphies. However, support 

for clades within Dissorophoidea is low, taxa are highly labile compared to previous 

iterations, and the monophyly of the traditionally recovered groups Trematopidae and 

Dissorophidae are not supported. This arrangement is potentially sourced from outside of 

Dissorophoidea. Here, Dendrerpeton acadianum is recovered as the sister taxon to 

Dissorophoidea. In previous phylogenetic studies of this temnospondyl subclade 

(Dendrerpeton(Eryopidae(+/-Sclerocephalus),Dissorophoidea)) are the basal 

relationships used for rooting and establishing character polarity; most studies utilize 

Dendrerpeton as the outgroup but include eryopids as putative basal ingroup taxa 

(Huttenlocker, Pardo, and Small 2007; Fröbisch and Reisz 2008; Fröbisch and Schoch 

2009b; Anderson et al. 2008; Schoch and Rubidge 2005; Anderson 2007). This 

convention stems from the aim of including temnospondyls with primitive morphology to 
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help establish polarity within Dissorophoidea (Schoch and Rubidge 2005). However, 

Eryopidae (Node I) is recovered here nested along the other main lineage of Euskelia, 

and Dendrerpeton is recovered more closely related to dissorophoids (Fig. 3). Therefore, 

previous analyses that include eryopids within the ingroup and assigning Dendrerpeton 

into the outgroup position may not have been accurately assessing character evolution 

within the group. A re-examination of basal and sister group relationships of 

Dissorophoidea and a re-assessment of character polarity within dissorophoids is required 

before the relationships of its subtended taxa can be fully resolved. As the topology and 

character polarity within dissorophoids bears strongly on the ‘Temnospondyl Hypothesis’ 

for the origin of Lissamphibia, the need for the resolution of this issue cannot be 

understated. 

Edopoidea (Node E) was recovered as a well-supported monophyletic group with 

the traditionally recovered sister group arrangement of Edopidea (Node F) and 

Cochleosauridae (Node G) (Sequeira 2004; Milner 1990; Holmes, Carroll, and Reisz 

1998). However, instead of comprising one of the basal-most clades of temnospondyls, 

Edopoidea was recovered nested within Euskelia, where its position is supported by five 

unambiguous synapomorphies and a Bremer value of three. Edopoidea has likely been 

recovered at the base of Temnospondyli in other studies due to the retention of 

plesiomorphic traits, such as the presence of an intertemporal bone; however, in this 

matrix it is rather the possession of derived morphological characters, such as the 

exclusion of the lacrimal from the orbital margin and the presence of a pre-orbital ridge, 

has pulled Edopoidea up into its position within Euskelia in this analysis. 
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One notable inconsistency in this analysis with previous studies is the recovery of 

Archegosauroidea (Node H) within Euskelia (Node C), and sister to Eryopoidea (Node I). 

Archegosauroidea was recovered at the base of Stereospondylomorpha by Yates and 

Warren (2000) and Schoch and Milner (2000) (Figs. 2A, 2C), but nested within 

Eryopidae by Ruta and Bolt (2006) (Fig. 2B).  The monophyly of Archegosauroidea is 

well-supported with ten unambiguous synapomorphies. Though node support joining this 

clade to Eryopoidea is less robust, the grouping is supported by six unambiguous 

synapomorphies: 1) lateral line sulci present on the dermal surface of the skull; 2) 

intertemporal bone absent from the skull; 3) anterior palatal fossae present; 4) anterior 

palatal fossae paired; 5) lateral line sulci present on the surface of the mandible; and 6) 

the posterior coronoid visible in lateral view of the mandible. 

The revised placement of Archegosauroidea within Euskelia is problematic for 

existing taxonomy of ‘higher’ temnospondyls. Yates and Warren (2000) defined 

stereospondyls with respect to this group’s placement at the base of 

Stereospondylomorpha. Thus, it is necessary to emend the phylogenetic definitions of 

Stereospondylomorpha, Stereospondyli and Archegosauroidea in light of the new 

placement (see proposed definitions in results). To ensure nomenclature stability, 

Archegosauroidea was thus given a node-based definition so that in the event of further 

revision to the clade’s placement on the temnospondyl tree, the composition of the group 

will remain constant. Stereospondylomorpha and Stereospondyli have been redefined to 

remove dependence on the placement of archegosauroids and to maintain meaning should 

Archegosauroidea in the future be recovered at the base of these ‘higher’ groups or 

remain a basal clade. 



 32

Eryopoidea (Node I) is a well-supported monophyletic group, including eryopids 

(Node J) and zatrachydids (Node K); this relationship was also recovered by Ruta and 

Bolt (2006) and Holmes et al. (1998) (Fig 2B, 2D). Though recovered as an eryopoid in 

this analysis, Saharastega moradiensis is a highly labile taxon, and has been previously 

recovered by the author within edopoids, eryopids, and at the base of archegosauroids 

clade. Its proximity to Zatrachydidae in this study should be considered with caution. 

Limnarchia (Node L) was recovered as the sister taxon to Euskelia (Node C), 

corroborating the findings of Yates and Warren (2000). The monophyly of this group is 

supported by six unambiguous synapomorphies and a Bremer value of three; subtended 

clades include Stereospondylomorpha and the previously discussed ‘dvinosaur’ groups, 

‘Trimerorhachidae’ and Dvinosauroidea (Node M). 

The sister taxon of Dvinosauroidea (Node M) is a clade including 

Micromelerpeton and the two species of the branchiosaur Apateon. This is an unusual 

placement for the taxa, one that has not been recovered in any of the previous iterations 

of this matrix. This grouping is supported with four unambiguous synapomorphies, all of 

which are homoplastic with regards to the rest of the tree: 1) presence of a postparietal 

occipital flange (nine changes); 2) approximately equal expansions of the distal and 

proximal humerus (ten changes); 3) radius and ulna of approximately equal lengths (eight 

changes); and 4) flexor crest of the tibia present as a small boss and not a full ridge (four 

changes). Micromelerpeton and the two branchiosaurs have often been recovered as a 

group with this matrix; however, the group has always been nested within 

Dissorophoidea (Node D). Placement within dissorophoids has been widely accepted and 

was recovered by Anderson (2007), Anderson et al. (2008), Fröbrisch and Schoch 
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(2009a), Huttenlocker et al. (2007), Ruta and Bolt (2006), Sigurdsen (2009), and Trueb 

and Cloutier (1991), also hypothesized by Milner (1990). When constrained to recover 

the Micromelerpeton+Apateon clade at the base of Dissorophoidea, the resulting 

topology required an additional seven steps. 

Lapillopsidae (Node O) and Deltasaurus kimberleyensis+Rhytidosteus capensis 

are recovered as a clade at the base of Stereospondylomorpha (Node N), the sister taxon 

of Euskelia (Fig. 4). Though D. kimberleyensis+R. capensis are labile taxa with respect to 

previous iterations, being recovered either as sister taxon to Lapillopsidea or isolate at the 

base of Stereospondylomorpha, the group never forms a clade with Laidleria gracilis and 

Pneumatostega potamia to create a monophyletic Rhytidosteidae. This is a problematic 

group and has been only weakly supported as monophyletic by other authors (Dias-da-

Silva and Marsicano 2011; Schoch and Milner 2000). Lapillopsidae is robustly supported 

with thirteen unambiguous synapomorphies. Lapillopsidae was previously placed at the 

base of Stereospondyli (Yates 1999; Yates and Warren 2000); however, their placement 

is not incongruent with this analysis, as differences in topologies do not stem from the 

placement of Lapillopside, but rather placement of Archegosauroidea (Node H) (Fig. 3). 

Rhinesuchidae (Node Q) comprises the base of the newly redefined 

Stereospondyli (Node P) (Fig. 4). Rhinesuchidae is weakly supported by only two 

unambiguous synapomorphies and low node support. Within the clade, aside from 

Pneumatostega potamia and Broomistega puterilli at the base, relationships are collapsed 

into a large polytomy. None of the included species could be removed from the matrix 

via safe taxonomic reduction (Wilkinson 1995), and it is unclear how much of the taxic 

instability is a result of homoplasy or related to intraspecific versus interspecific variation 
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resulting from a much-needed taxonomic revision. However, such a detailed revision of 

Rhinesuchidae is beyond the scope of this paper.  

Lydekkerinidae (Node R) was recovered as a well-supported, monophyletic group 

and the sister taxon of Neostereospondyli (Node S) (Fig. 4). Seven unambiguous 

synapomorphies support Lydekkerinidae. Its position is consistent with the topologies of 

Damiani (2001), Damiani and Yates (2003), Schoch  (2008a) and Schoch and Milner 

(2000).  

Neostereospondyli (Node S) is a new name for what is becoming a frequently 

recovered clade (Damiani 2001; Damiani and Yates 2003; Schoch 2008a; Schoch and 

Milner 2000; Yates and Warren 2000; Yates 1999). This clade subtends the two major 

stereospondyl lineages: Capitosauria (Node AA) and Trematosauria (Node T). Ten 

unambiguous synapomorphies support this node. The term Capitosauria was formerly 

applied to this node by Schoch and Milner (2000) (Fig. 2C), but was later re-applied to 

the subtended clade (Node AA) (Schoch 2008a), leaving this node without name or 

definition.  

Of the two clades within Neostereospondyli (Node S), Trematosauria (Node T) is 

the better supported and is comprised of several well-supported, highly apomorphic 

clades, including trematosauroids, brachyopoids, and plagiosaurids (Fig. 4). 

Trematosauria contains two main lineages: Trematosauroidea (Node U) and Laidleria 

gracilis+Latipalata. Metoposauroidea (Node DD), which traditionally has been placed 

within Trematosauria, was recovered nested within Capitosauroidea (Node BB) in this 

analysis. This grouping is supported by three unambiguous and two ambiguous 

synapomorphies, all but one of which are reversals. Previous iterations have placed 
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metoposauroids within trematosaurs, and constraining the current topology to do so only 

requires an additional five steps. Metoposauroids share many morphological features 

with both trematosaurs and capitosaurs, though most analyses place the group amongst 

the former (Schoch and Milner 2000; Yates and Warren 2000; Schoch 2008b; Steyer 

2002; Damiani and Yates 2003). It is likely that in future analyses metoposauroids will be 

recovered with trematosaurs. 

Trematosauroidea (Node U) is supported by one ambiguous and four 

unambiguous synapomorphies. Within the clade the two long-snouted forms (i.e., 

lonchorhynchine) Cosgriffus campi and Wantzosaurus elongatus form a clade, supporting 

previous taxonomic organization of these taxa based on snout-shape (Säve-Söderbergh 

1935). Thoosuchus yakovlevi has been previously established as the sister taxon to the 

rest of trematosaurids (Damiani 2001; Schoch 2006; Schoch and Milner 2000). Here, T. 

yakovlevi has been recovered in a polytomy with Trematolestes hagdorni and 

Microposaurus casei+Trematosuchus sobeyi; this arrangement is supported by two 

ambiguous and four unambiguous synapomorphies.  

Latipalata (Node V), supported by seven unambiguous synapomorphies, 

comprises the other major lineage of Trematosauria (Node T) and includes 

Brachyopoidea (Node X) and Plagiosauridae (Node W) (Fig. 4). Node support is good 

within this group and the topology is broadly consistent with Yates and Warren (2000), 

aside from the monophyly of chigutisaurs and the inclusion of Laidleria and 

Rhytidosteidae, which the latter in this analysis comprises much more basal taxa. 

However, Schoch (2008b) did recover Laidleria as the sister taxon to Plagiosauridae, 

supporting its association with Latipalata here. Brachyopoidea, as recovered here, is 
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consistent with other analyses in containing a monophyletic Brachyopidae (Node Z) and 

Chigutisauridae (Node Y) (Marsicano 1999; Warren and Marsicano 2000). 

Brachyopoidea has been recovered nested within trematosaurs, as herein, (Yates and 

Warren 2000), but Chigutisauridae has previously been recovered at the base of 

Stereospondyli (Schoch and Milner 2000) and Brachypoidea outside of Stereospondyli 

altogether (Schoch 2008b; Ruta et al. 2007; Milner 1990). However, the placement of 

Latipalata within Trematosauria, is supported in this analysis by a modest Bremer value 

and six unambiguous synapomorphies. 

The second lineage of Neostereospondyli (Node S), the capitosaurs, includes 

some of the first known temnospondyls in the science of paleontology (e.g., 

Mastodonsaurus giganteus Jaeger, 1828). However, few capitosaurs are represented by 

complete specimens, juvenile material, or even a full sampling of post-cranial material. 

This, coupled with the high degree of homoplasy in cranial morphology, have hindered 

phylogenetic reconstructions of the clade (Schoch 2008a). Increased taxon and character 

sampling failed to alleviate this problem; node support for Capitosauria (Node AA) and 

clades contained therein remains low, although seven unambiguous synapomorphies 

unite Capitosauria. Previous iterations of this matrix have recovered this group as both 

monophyletic and as a paraphyletic grade into Trematosauria.  

Placement of Sclerothorax hypselonotus and Wetlugasaurus angustifrons at the 

base of Capitosauria has been previously established (Schoch 2008a; Damiani 2001). 

Capitosauroidea (Node BB) follows these two taxa on the capitosaur lineage and is 

supported by four unambiguous synapomorphies. A monophyletic Parotosuchidae (Node 

CC) comprises the base of the group; this placement has been previously established 
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(Schoch and Milner 2000; Schoch 2008a; Damiani 2001) and is supported here by three 

unambiguous and one ambiguous synapomorphy.  

Neither Paracyclotosauridae nor Cyclotosauridae are supported as monophyletic 

in this analysis. This finding parallels that of Schoch (2008a), and although 

Paracyclotosauridae and Cyclotosauridae do not form monophyletic groups, there does 

appear to be a clear split between lineages within more derived capitosauroids (Fig. 4). 

The composition of the groups recovered here does not follow those of Schoch (2008a), 

but the basic division is similar. One of these groups is dominated by the problematic 

Metoposauroidea (Node DD), discussed previously. Regardless, in neither study is either 

of the capitosauroid subclades defined by the closure of the otic notch posteriorly. The 

closure of the otic notch in capitosaurs has long been the subject of debate: whether this 

feature arose only once in capitosaur evolution, or if it arose multiple times (see Schoch 

2008a for a full review of this debate). Though morphologically distinctive, this closure 

of the otic notch through the suturing of the tabular horn to the squamosal is supported as 

homoplastic in capitosaurs in this analysis. Additionally, the closure of the otic notch and 

its implications for the evolution of the tympanic membrane is not unique to 

stereospondyls; dissorophoids independently evolved the closed otic notch by suturing 

the tabular to the dorsal process of the quadrate.  

Benthosuchus sushkini is recovered as the sister taxon of Stanocephalosaurus 

pronus. Benthosuchus sushkini is a problematic taxon that has previously been recovered 

at the base of Capitosauria (Damiani 2001; Yates and Warren 2000) and also within 

Trematosauria (Schoch 2008a; Schoch and Milner 2000), but not highly nested within 

Capitosauroidea. The grouping is supported by three unambiguous and one ambiguous 
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synapomorphies, half of which are reversals; an additional six reversals are required 

along B. sushkini’s terminal branch to counteract character changes along the capitosaur 

lineage. And while this analysis lends support to B. sushkini belonging somewhere within 

Capitosauria, it is likely that its placement will change with further analysis.  

Ontogeny in phylogenetic analysis 

 The division of morphological variance due to growth stages by assigning them to 

separate phylogenetic characters requires changes in ontogeny to be subdivided into 

discrete subunits. This method allows for changes in morphology at different stages to 

interact independently during character analysis; however, it is also an oversimplification 

of reality. Ontogeny consists of a sophisticatedly orchestrated concert of multiple suites 

of changes in different systems from larva to adult. These changes can be regulated or 

disturbed by a number of different stimuli, from internal changes in genomic regulation 

or epigenetic factors, to external changes in nutrient availability or climate to name a few. 

Teasing apart these interlaced systems and forcing them into subjectively defined discrete 

units is logistically useful, but may not be the most accurate way to estimate changes in 

growth and their phylogenetic signal. Still, this method is preferred over other attempts to 

quantify changes in ontogeny by utilizing sequences of change (e.g., skeletal ossification 

sequences), because it allows for changes to occur in one sector of growth to act 

independently of an entire sequence (Anderson 2007). It is hoped that further 

investigation into the quantification of ontogenetic variation will allow for a more 

realistic method of coding into a phylogenetic matrix. 

Though a minority in the dataset (21 characters), the use of ontogenetic characters 

in this study assisted in the resolution of the temnospondyl tree, despite that 75% of  
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Figure 5. Strict consensus of 568 equally optimal trees after ontogenetic characters were 
removed from the matrix (Tree length = 2023 steps; C.I. = 0.19; R.I. = 0.55). 
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included taxa are not associated with juvenile specimens. When ontogenetic characters 

were secondarily removed from the matrix, the resultant strict consensus was 97 steps 

shorter. Yet, the consensus showed a loss of resolution, with fifteen nodes collapsed in 

comparison to the strict consensus of the total matrix (Fig. 5). This supports the findings 

of Wiens (2003), that when missing data is localized in a phylogenetic matrix, even when 

the proportion of missing data is large, the included characters can improve tree 

resolution.  

Conclusions 

Through increased taxon and character sampling the evolutionary history of 

temnospondyl amphibians is becoming more completely understood. The placement and 

monophyly of several clades are becoming robustly supported. However, the placement 

of some taxa remains problematic, including Benthosuchus sushkini, Metoposauroidea, 

and Micromelerpeton+branchiosaurs. Eryopoidea was not recovered as the immediate 

sister taxon of Dissorophoidea, suggesting that subclade-level analyses of the group need 

to re-examine the convention of rooting on Dendrerpeton and including eryopoids within 

the ingroup. Topology and composition of clades within Capitosauroidea remains poorly 

supported, though it is becoming clear that the closure of the otic notch arose several 

times independently within the group. This study has also demonstrated the utility of 

incorporating ontogenetic characters into phylogeny reconstruction, even when many 

included taxa are not represented by juvenile specimens. Future analyses will hopefully 

shed light on the persisting issues in temnospondyl phylogeny, making it possible to 

unify hypotheses of character evolution throughout the clade. 
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CHAPTER II 

ASSESSING TEMNOSPONDYL EVOLUTION AND ITS IMPLICATIONS FOR THE 

TERRESTRIAL PERMO-TRIASSIC MASS EXTINCTION 

 

Introduction 

The end-Paleozoic mass extinction has been suggested to be greatest marine 

biological catastrophe in the Phanerozoic record (Sepkoski 1981; Erwin 1994; Benton 

and Twitchett 2003). Although less well understood, terrestrial ecosystems show similar 

patterns of environmental perturbation and ecosystem instability concurrent with the 

mass extinction in the marine realm (Shen et al. 2011; Twitchett et al. 2001). Permian and 

Triassic continental fossil assemblages are dominated by non-mammalian therapsids and 

temnospondyl amphibians prior to, during and after the marine mass extinction (Rubidge 

1995; Retallack, Smith, and Ward 2003; Smith and Ward 2001).  

The presence of an abundant amphibian fossil record allows for a unique look at 

the heart of freshwater ecosystems during a mass extinction event. Amphibians today are 

much more sensitive to environmental changes than amniotes, which tend to better 

conserve water and are not reproductively water-dependent (Martin and Nagy 1997). 

Extant amphibians (Lissamphibia) have been shown to be acutely sensitive to changes in 

water chemistry, evaporation, ultraviolet radiation, and climate (Blaustein et al. 2003; 

Kiesecker 1996). Extinct and extant amphibians share freshwater larval stages and 

preference for wet habitats (Martin and Nagy 1997); therefore, it is logical to hypothesize 

that extinct lineages might also be sensitive to environmental conditions, and might 

experience decreased and increased abundance concurrent with changing environmental 
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conditions. Thus, changes in the amphibian component of terrestrial ecosystems at the 

end of the Paleozoic, measured by the number of lineages, speciation and extinction 

events, will allow investigation into the relative stability or instability of ecosystems and 

environmental conditions across the Permian-Triassic transition. 

Any analysis of broad-scale trends through time (e.g., diversity trends) requires 

knowledge of the group’s phylogenetic history. Until recently, knowledge of the 

phylogenetic history of temnospondyl species was limited. Most quantitative 

phylogenetic studies were performed on individual subclades (Anderson et al. 2008; Daly 

1994; Damiani 2001; Dias-da-Silva and Marsicano 2011; Schoch 2008a; Schoch and 

Milner 2008; Warren and Marsicano 2000) and larger scale studies focused on either the 

Paleozoic or Mesozoic members of the group (Holmes, Carroll, and Reisz 1998; Ruta and 

Bolt 2006; Schoch and Milner 2000); studies including a broad sampling of all subgroups 

within Temnospondyli are very rare (Ruta et al. 2007; Yates and Warren 2000). 

Milner (1990) and Ruta and Benton (2008) attempted to circumvent this 

phylogenetic issue by utilizing family level phylogenies to estimate rates of evolution 

within temnospondyls. Milner’s (1990) classic study was the first tabulation of 

temnospondyl diversity to address the evolutionary history of the group in a phylogenetic 

context. Milner performed an extensive assessment of morphological variation within the 

group, but the evaluation of character polarity and tree reconstruction was conducted 

without a quantitative, computer-assisted component. More recently, Ruta and Benton 

(2008) readdressed the family-level evolutionary history of Temnospondyli by comparing 

estimated rates of origination and extinction for three different phylogenetic hypotheses 

(as no comprehensive topology was available) and employing rarefaction techniques to 
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justify the use of the higher-level taxa and to estimate diversity trajectories. These studies 

serve as useful proxies in lieu of more precise data. However, the use of higher-level taxa 

in phylogeny-based evolutionary studies has several issues beyond sampling size: higher-

level taxa assume equality in evolutionary rate amongst groups whose number of 

included species are unequal, it assumes monophyly of subjectively grouped higher taxa, 

and it under represents the complexity of evolution (Smith 1994; Wiens 1998; Smith and 

Patterson 1988). 

Recently, a clade-wide, species-level phylogenetic dataset has become available 

for temnospondyl amphibians (Chapter I). Temnospondyli was global in its distribution 

and ranges stratigraphically from the Lower Carboniferous to the Lower Cretaceous, 

including an estimated 160 genera (Milner 1990; Schoch and Milner 2000); this, together 

with the clade’s abundance at the Permian-Triassic boundary allows us to test hypotheses 

related to temnospondyl turnover and to assesss ecosystem level perturbations and a 

global appraisal of an amphibian evolutionary response during a mass extinction event.  

Materials and Methods 

In order to assess evolutionary rates in temnospondyl amphibians, a 

comprehensive, species-level phylogenetic dataset (Chapter I) was derived that 

incorporates 99 ingroup taxa, 297 morphological characters, and Greererpeton 

burkmorani as the outgroup. A maximum parsimony analysis was run in the TNT1.1 

software package (Goloboff, Farris, and Nixon 2008). This analysis used equal character 

weights, collapsing rule one, and the traditional (heuristic) search algorithm with 2000 

random addition sequences and tree bisection reconnection branch swapping. This dataset 

incorporates species from every continent throughout most of their evolutionary history 
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(~ 170 myr), and is the largest available species-level dataset for phylogeny 

reconstruction. A single equally optimal tree was selected amongst the returned trees that 

required the fewest number of ghost lineages based on stratigraphic occurrence data for 

the included taxa (Appendix C) (Norell 1992; Wills 1999). This tree was then overlain 

onto stratigraphic occurrence data, which had been plotted utilzing range through 

assumptions and also assuming that a taxon occurring within a stage interval occurred 

throughout the entire interval unless stratigraphic correlation provided evidence for a 

narrower range (see Appendix C for correlation sources). Range extensions and ghost 

lineages were estimated using the methodology of Norell (1992), which calibrates 

phylogenetic branch lengths to geologic time by utilizing occurrence data. Taxa whose 

stratigraphic placement was uncertain within an interval (e.g., Uranocentrodon 

senekalensis, whose single locality datum is ambiguous) were assumed to have existed 

throughout the entire interval.  

Rates of origination and extinction were calculated in four different ways: first 

only using occurrence data for lineages, and second for the total lineages (observed from 

stratigraphy and inferred from phylogeny) included within a given interval (stage), and 

also to correct for the inequality of time within each geologic stage, lineages were also 

normalized per lineage-million-years (Foote 2000). Information on geologic stages and 

their ages were taken from Gradstein et al. (2004) and Ogg et al. (2008). Rate 

calculations followed the ‘total taxa’ and ‘boundary-crossers’ methodologies of Foote 

(2000) (Table 1). Singleton taxa were not excluded from the total taxa approach due to 

the large amount of singletons (~66%) in the dataset; however, since the boundary-
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crosser method only counts taxa that span from one interval to another, singleton taxa 

were by definition not included in that calculation. 

The effects of sampling bias was estimated by correlation, using Spearmann’s 

rank and Kendall’s tau, of several metrics: 1) stratigraphic first appearances and number 

of localities per stage, 2) stratigraphic last appearances and number of localities per stage, 

3) total lineage first appearances and number of localities per stage, 4) origination rate 

based on only occurrence data and the proportion of localities per stage, 5) extinction rate 

and the proportion of localities per stage, 6) total lineage origination rate and the 

proportion of localities per stage, 7) origination rate based on only occurrence data and 

the number of localities per stage, 8) extinction rate and the proportion of localities per 

stage, and 9) total lineage origination rate and the proportion of localities per stage (Table 

2). Because some geological units span multiple stages, or have uncertainty in correlation 

among stages, localities within these units were divided as an average value for each 

included stage during tabulation. The nine correlations listed above were performed in 

three different sets, once for the entire dataset and then for two partitions of the dataset: 

1) Tournaisian to Roadian taxa – this partition is aimed at encompassing the Paleozoic 

lineages, though four Euskelian lineages persist beyond this partition and are included in 

the second partition; and 2) Wordian through Toarcian taxa – this partition encompasses 

the stereospondylomorph lineages (Table 2). Localities were utilized to estimate 

sampling biases rather than a tabulation of named geologic formations, because geologic 

formations are subject to the same nomenclatural instability and taxonomic revision as 

biological units, not all geologic formations are equally fossiliferous, and not all geologic 

formations are equally sampled. 
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TABLE 1. Rates of evolution and tabulation of lineages and localities. 

Stage 
Obs. 
Lin. 

Total 
Lin. 

Obs. 
FADs LADs

Total 
FADs 

Obs. 
OR 

Ext. 
Rate 

Total 
OR 

Obs. OR 
LMY 

Ext. Rate 
LMY 

Total OR 
LMY Loc. 

Prop. 
of Loc.

Loc. 
MY 

Tournaisian 0.0 0.0 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000
Visean 1.0 12.0 1 1 12 0.010 0.010 0.049 0.049 0.001 0.003 1.00 0.006 0.000
Serpukhovian 1.0 6.0 1 1 1 0.010 0.010 0.004 0.004 0.001 0.000 2.00 0.011 0.001
Bashkirian 1.0 7.0 1 1 2 0.010 0.010 0.008 0.008 0.002 0.001 1.00 0.006 0.001
Moscovian 5.0 21.0 5 4 23 0.051 0.040 0.094 0.094 0.009 0.021 3.00 0.017 0.004
Kasimovian 2.0 16.0 1 0 4 0.010 0.000 0.016 0.016 0.000 0.004 0.50 0.003 0.001
Gzhelian 3.0 25.0 1 2 12 0.010 0.020 0.049 0.049 0.005 0.011 1.50 0.009 0.002
Asselian 9.0 28.0 8 1 17 0.081 0.010 0.069 0.069 0.002 0.016 7.50 0.043 0.010
Sakmarian 19.0 31.0 11 13 18 0.111 0.131 0.073 0.073 0.013 0.007 13.50 0.078 0.008
Artinskian 11.0 19.0 5 4 5 0.051 0.040 0.020 0.020 0.005 0.002 7.00 0.040 0.005
Kungurian 10.0 14.0 3 10 3 0.030 0.101 0.012 0.012 0.020 0.002 34.00 0.195 0.039
Roadian 0.0 5.0 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000
Wordian 0.0 19.0 0 0 14 0.000 0.000 0.057 0.057 0.000 0.026 0.00 0.000 0.000
Capitanian 3.0 13.0 3 2 3 0.030 0.020 0.012 0.012 0.004 0.002 5.00 0.029 0.005
Wuchiapingian 5.0 15.0 4 5 5 0.040 0.051 0.020 0.020 0.008 0.003 5.00 0.029 0.004
Changhsingian 3.0 50.0 3 3 45 0.030 0.030 0.184 0.184 0.011 0.066 4.00 0.023 0.008
Induan 17.0 43.0 17 9 31 0.172 0.091 0.127 0.127 0.061 0.084 21.00 0.121 0.081
Olenekian 19.0 34.0 11 12 14 0.111 0.121 0.057 0.057 0.034 0.016 14.67 0.084 0.024
Anisian 16.0 22.0 9 13 9 0.091 0.131 0.037 0.037 0.015 0.004 13.67 0.079 0.009
Ladinian 6.0 18.0 3 6 12 0.030 0.061 0.049 0.049 0.007 0.006 12.66 0.073 0.009
Carnian 8.0 12.0 8 6 10 0.081 0.061 0.041 0.041 0.005 0.003 13.50 0.078 0.006
Norian 5.0 6.0 3 5 4 0.030 0.051 0.016 0.016 0.004 0.001 12.50 0.072 0.006
Rhaetian 0.0 1.0 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000
Hettangian 0.0 1.0 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000
Sinemurian 0.0 1.0 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000
Pliensbachian 1.0 1.0 1 0 1 0.010 0.000 0.004 0.004 0.000 0.001 0.50 0.003 0.000
Toarcian 1.0 1.0 0 1 0 0.000 0.010 0.000 0.000 0.001 0.000 0.50 0.003 0.000
Total 146.0 421.0 99.0 99.0 245.0       174.0   
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TABLE 2. Correlation metrics for rates of evolution and number of localities.  

    Spearmann's rank Kendall's Tau Significance 

Tournaisian-Roadian taxa  
 ER LMY-Loc MY 0.862 0.737 p ≤ 0.001 
 Observed OR-Loc MY 0.587 0.403 p ≤ 0.100 
 Total OR-Loc LMY 0.541 0.410 p ≤ 0.100 
 Observed OR-Prop. Loc. 0.891 0.782 p ≤ 0.001 
 Extinction Rate-Prop. Loc. 0.875 0.768 p ≤ 0.001 
 Total OR-Prop. Loc. 0.590 0.453 p ≤ 0.050 
 Observed FAD-Localities 0.891 0.782 p ≤ 0.001 
 LAD-Localities 0.876 0.768 p ≤ 0.001 
 Total FAD-Localities 0.590 0.453 p ≤ 0.050 

Wordian-Toarcian taxa    
 ER LMY-Loc MY 0.941 0.856 p ≤ 0.001 
 Observed OR-Loc MY 0.719 0.633 p ≤ 0.005 
 Total OR-Loc LMY 0.703 0.626 p ≤ 0.005 
 Observed OR-Prop. Loc. 0.955 0.893 p ≤ 0.001 
 Extinction Rate-Prop. Loc. 0.962 0.874 p ≤ 0.001 
 Total OR-Prop. Loc. 0.613 0.544 p ≤ 0.050 
 Observed FAD-Localities 0.955 0.893 p ≤ 0.001 
 LAD-Localities 0.962 0.874 p ≤ 0.001 
 Total FAD-Localities 0.613 0.544 p ≤ 0.050 

Temnospondyli    
 ER LMY-Loc MY 0.895 0.757 p ≤ 0.001 
 Observed OR-Loc MY 0.652 0.513 p ≤ 0.001 
 Total OR-Loc LMY 0.616 0.489 p ≤ 0.005 
 Observed OR-Prop. Loc. 0.913 0.811 p ≤ 0.001 
 Extinction Rate-Prop. Loc. 0.943 0.834 p ≤ 0.001 
 Total OR-Prop. Loc. 0.600 0.471 p ≤ 0.001 
 Observed FAD-Localities 0.913 0.811 p ≤ 0.001 
 LAD-Localities 0.943 0.834 p ≤ 0.001 
  Total FAD-Localities 0.600 0.471 p ≤ 0.001 
  

 

Results 

Stratigraphic Correction of Phylogeny 

Parsimony analysis returned one hundred equally optimal trees. A single equally 

optimal tree was selected that minimized the number of ghost lineages required to fit the 
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phylogeny to the occurrence data. Estimation of range extensions and ghost lineages 

indicates a sizeable gap in the fossil record (i.e., Romer’s Gap) at the base of 

Temnospondyli, which conservatively originated during the early Viséan, near the end of 

Romer’s Gap (Figs. 6-7).  

Within Euskelia, the longest range extensions are required Saharastega 

moradiensis, Nigerpeton ricqlesi, and Micropholis stowi. Additionally, the recovery of 

Balanerpeton woodi within Euskelia requires ghost lineages for several euskelian clades 

into the Lower Mississippian. However, to invoke a stratigraphic criterion for B. woodi, 

assuming a priori that because it is the oldest occurring temnospondyl and therefore is at 

the root of the temnospondyl tree, and constrain the taxon in such a position would 

require an additional fifteen evolutionary steps and the assumption that the rock record is 

complete enough to allow phylogenetic assumptions based on earliest appearances. The 

first of these violates the principle of parsimony, and the second is incompatible with the 

basic principles of continental sedimentary processes; and therefore, this arrangement is 

not adopted here as a preferred topology. 

Within Limnarchia, long ghost lineages are required at the base of the group and 

at the base of Stereospondylomorpha to overcome a large gap in the fossil record (i.e., 

Olson’s Gap). The Limnarchia ghost lineage extends minimally to the Upper 

Tournaisian. The lineage leading to Stereospondylomorpha is predicted by this analysis 

to extend minimally to the Early Permian, 45.9 million years before its first fossil 

occurrence (Figs. 6-7). Within stereospondyls, the major radiation event at the base of 

Neostereospondyli is concurrent with the Permian-Triassic boundary, and thus the end-

Paleozoic mass extinction. 
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Figure 6. Phylogenetic relationships of basal temnospondyl species mapped onto stratigraphic ranges; Stereospondylomorpha has been 
collapsed for legibility. Thick black lines represent stratigraphic ranges of species, and thin black lines represent inferred range 
extensions and ghost lineages based on phylogeny. Ghost lineages and speciation events are exaggerated back in time to allow for 
legibility. Ages are given in Ma. 
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Figure 7. Phylogenetic relationships of ‘higher’ temnospondyl species (i.e., Stereospondylomorpha) mapped onto stratigraphic ranges. 
Thick black lines represent stratigraphic ranges of species, and thin black lines represent inferred range extensions and ghost lineages 
based on phylogeny. Ghost lineages and speciation events are exaggerated back in time to allow for legibility. Ages are given in Ma. 
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Rates of Evolution 

The ‘total taxa’ and ‘boundary-crossers’ approaches to calculating rates of lineage 

origination and extinction returned the same patterns of evolution. Therefore, only the 

total taxa results are discussed.  

Basal temnospondyl clades experienced two main pulses of elevated origination 

levels, one during the Middle Pennsylvanian (Moscovian) and the other in the early 

Permian (Asselian). Stereospondylomorpha shows one main peak in origination when 

only occurrence data is utilized (Early Triassic, Induan), this peak splits into two main 

intervals of high lineage origination when using the total lineages approach (middle 

Permian, Wordian; and late Permian-Early Triassic, Changhsingian-Induan). Origination 

rates (both methods) drop in the Middle Triassic and, in general, continue to decline 

during the rest of the group’s history (Fig. 8A-B).  

Origination rates per stage interval for only the occurrence data show large peaks 

in speciation during the Moscovian, Sakmarian, Induan, and Carnian stages; however, 

when corrected for unequal time bins, the origination rate per lineage-million-years 

greatly reduces the size of the Moscovian, Sakmarian, and Carnian peaks, but retains the 

large Induan peak (Fig. 8A). The calculated rates for origination incorporating 

stratigraphic and phylogenetic data per stage interval show peaks in the Baskirian, 

Sakmarian-Artinskian, Wordian, Changhsingian, and Landian stages; however, when 

corrected for unequal time bins, origination rate per lineage-million-years retains 

Wordian and Changhsingian-Induan peaks as the largest periods of origination (Fig. 8B).  

The Paleozoic temnospondyls experienced several small peaks in extinction per 

lineage-million-years, but in the Mesozoic extinction rates spiked in the Early Triassic, 
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Figure 8. Evolutionary rates. A, Rates of lineage origination for only occurrence data 
calculated per stage interval (black line) and normalized per lineage-million-years (gray 
line); B, rates of lineage origination for total lineages calculated per stage interval (black 
line) and normalized per lineage-million-years (gray line) C, extinction rate calculated 
per stage interval (black line) and normalized per lineage-million-years (gray line). 
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Figure 9. Number of lineages (occurrence data only) per stage interval (black), number of 
total lineages per stage interval (light gray), and number of temnospondyl fossil localities 
for taxa included in the dataset per stage interval (dark gray).  
 
 

followed by a vast drop in extinction levels. Extinction rate, when calculated per stage, 

shows peaks in the Moscovian, Sakmarian, Kungurian, Wuchiapingian, Olenekian-

Anisian, and Norian stages. When extinction rate was corrected for unequal stage lengths, 

the largest remaining peak is in the Induan-Olenekian, followed by the Kungurian peak 

(Fig. 8C). 

Diversity, measured in number of lineages per stage, is tabulated per stage 

interval in Figure 9 along with the number of temnospondyl bearing localities per 

interval. The number of total lineages steadily increases in the Penn-Permian, peaking in 

the Sakmarain. There is a drop in diversity during the Guadalupian, and the number of 

inferred lineages represents a minimum estimated diversity. The number of localities also 
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drops in the Guadalupian after a spike in the Kungurian, with no localities in either the 

Roadian or Wordian. A sudden increase in total lineages occurs in the Changhsingian, the 

sharp increase in localities does not occur until the Induan and continues into the 

Olenekian. After this, both total lineages and localities then continually drop until the 

Toarcian (Fig. 9).  

All rates and diversity measurements calculated from strictly occurrence data 

show a strong correlation to the proportion of localities sampled per interval 

(Spearmann’s г > 0.80, Kendall’s tau > 0.75; p ≤ 0.001). When ghost lineages are 

incorporated into the dataset, the correlation with sampled localities decreases 

(Spearmann’s г > 0.50, Kendall’s tau > 0.40; p ≤ 0.05). Extinction rate per lineage-

million-years was strongly correlated with the proportion of localities per million-years  

Discussion 

Diversity, Evolution, and Sampling 

The strong correlation between extinction rate and sampled localities, both per 

stage interval and normalized per million-years, suggests that this index is highly biased 

by the number of sampled localities and cannot be disassociated from sampling; and 

therefore, cannot be interpreted in any biologically meaningful way. Even when the 

dataset is divided, correlation is strongest in the portion of the dataset spanning the 

Permo-Triassic boundary. Thus, the large spike in extinction levels during the Early 

Triassic may simply be an artifact, and might not be able to tell researchers anything 

about temnospondyl extinction levels during and after the Permo-Triassic extinction.  

Origination rate using only occurrence data per stage interval is also highly biased 

by the number of sampled localities, based on their strong correlations. However, when 
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origination rate includes total lineages or is normalized per million-years, the correlation 

with sampling drops and in some cases becomes statistically insignificant. Though this 

correlation between sampling and evolutionary rates is limited to the temnospondyl 

dataset, but it potentially could be wider reaching taxonomically. This reiterates the 

broader dangers of interpreting the fossil record without accounting for the overprinting 

of taphonomic biases, both natural and collector-based (Raup 1976; Hunt 1993; Hook 

and Baird 1984; Holland 2000; Clack and Milner 2009). 

Origination rate based on total lineages, normalized per million-years is not 

strongly correlated with the number of sampled localities and can be broadly interpreted 

here in a biological context, though some sampling issues persist. Small peaks in the 

Bashkirian and Asselian correspond to basal radiations in euskelian subclades and 

precedes base of the extremely fossiliferous North American Wichita Group (Fig. 6 and 

Appendix C). Despite the low correlation between the total lineages origination curve and 

sampled localities, the correspondence between the Asselian peak and the base of the 

Wichita Gp. suggests that sampling biases could still be exerting an effect on these data. 

The basal radiation of stereospondylomorphs, represented by the Wordian peak in 

Figure 8B, is preceded by a long ghost lineage extending down through Olson’s Gap 

(middle Permian) and into the Pennsylvanian. It is possible that the Wordian radiation is 

an artifact of low sampling in the middle and lower Permian and that this peak could be 

stretched out further back in time, pending new fossil discoveries. This long ghost lineage 

indicates a gap in the fossil record within a specific temnospondyl lineage. Recently, 

Benton (2012) utilized a tabulation of tetrapods and named geologic formations to 

demonstrate the adequacy of the rock record during the middle Permian and that the 
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decline in tetrapod diversity during Olson’s Gap is not a factor of sampling, but a real 

decline in diversity. However, this analysis illustrates the reality of sampling bias in both 

the presence of ghost lineages and the strong correlations between some evolutionary 

rates and the sampled localities. The effect of Olson’s Gap on all of tetrapod diversity is a 

question beyond the scope of this analysis, but its affect on stereospondylomorph 

evolution is evident. 

The largest peak in temnospondyl origination rate occurs during the last stage of 

the Permian and increases into the first stage of the Triassic. This large spike in lineage 

origination is concurrent with the largest mass extinction in the marine fossil record. 

Overlapping this large peak is a similar spike in the extinction rate of temnospondyl 

amphibians; however this increase in extinction rate is likely an artifact of sampling, 

based on the strong correlation with sampled localities. During this interval is the basal 

radiation of neostereospondyls, the majority of which have their first appearances in the 

first stages of the Triassic. These stratigraphic originations push the inferred ghost 

lineages back into the latest Permian. This radiation event corroborates the previously 

reported stereospondyl radiation based on family-level data by Milner (1990) and Ruta 

and Benton (2008), though in this analysis more lineages are pulled into the Permian than 

reported by Milner (1990). 

By the Olenekian, origination rate is in sharp decline and never rebounds to 

previous highs. The persisting low rate of origination could be the result of many 

compounding ecological factors, including changing climate, availability of resources, 

habitat loss, and/or competition from new archosaurian predators; however intriguing this 

cause/effect may be, this is difficult to test and beyond the scope of the current study. 
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The Terrestrial Permo-Triassic Mass Extinction 

The mass extinction event that devastated marine ecosystems at the end of the 

Paleozoic has been argued to have occurred as two separate extinction events, the end-

Guadalupian and the end-Paleozoic (Stanley and Yang 1994), or alternatively as a steady 

decline from the Guadalupian to the end of the Permian (Clapham, Shen, and Bottjer 

2009). Regardless, results here show that temnospondyls, an ecological indicator species 

by modern analogy, are experiencing increased levels of lineage origination during both 

the Guadalupian and the latest Permian through the Early Triassic. Because extinction 

rates are tracking sampling and not biology, it is unclear at this point whether the large 

spike in the early Triassic indicates a massive turnover event, which would be consistent 

with temnospondyls behaving as disaster taxa during a terrestrial extinction event, or if 

this was a true radiation that signifies the existence of substantial refugia where 

conditions were favorable for amphibian lifestyles.  

However, it is clear from these data that temnospondyls were not decimated by 

the end-Paleozoic extinction and that any causal explanation invoked for this event (e.g., 

climate change, hypoxia from volcanism, asteroid impact etc.) must take into account the 

occurrence of a global speciation event in fresh water amphibians. Additionally, these 

data indicate a lack of strict conformity between terrestrial and marine ecosystems during 

the Permo-Triassic transition, despite their synchronicity; the marine realm has been 

shown to be a massive extinction impacting all facies (Metcalfe and Isozaki 2009), and 

the terrestrial event appears to have been more selective, at least favoring amphibian 

lifestyles. The degree of this favorableness is equivocal, as extinction rate cannot be 

decoupled from the sampled rock record; however, it is clear that environmentally 
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sensitive, amphibian lineages were rapidly increasing from the Changhsingian to the 

Olenekian. 

Conclusions 

The new phylogeny for temnospondyls requires long ghost lineages to 

compensate for the incompleteness of the fossil record, particularly in the Lower 

Mississippian (Romer’s Gap) and the Middle Permian (Olson’s Gap). Diversity measures 

and evolutionary rates based solely on stratigraphic data were found to not be reliable 

metrics for biological inference; rather, they appear to reflect sampling. Only when 

phylogenetic data are integrated in to measures of origination rate and time bins 

normalized per million-years can real estimation of biological evolution be made. 

Temnospondyls show several periods of radiation: during the Baskirian, Cisuralian, 

Wordian, and the largest origination event occurred from the Changhsingian-Olenekian. 

The latter two of these radiations are coincident with the Permo-Triassic mass extinction, 

suggesting that temnospondyls were either behaving as disaster taxa, evolving rapidly to 

fill vacant niches, or that fresh water ecosystems at the end of the Paleozoic were 

favorable for amphibian evolution.  
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CHAPTER III 

PALEOHISTOLOGICAL ANALYSIS OF TEMNOSPONDYL AMPHIBIANS 

ACROSS THE PERMO-TRIASSIC BOUNDARY IN THE KAROO BASIN OF 

SOUTH AFRICA 

 

Introduction 

Paleohistology, the microscopic study of fossil bone tissue, has become a leading 

tool in the investigation of life history in extinct vertebrates. This tool has become widely 

applied to non-mammalian synapsids and non-avian dinosaurs in an attempt to 

understand key changes in growth and physiology that accompanied the transition from 

‘cold-blooded’ and slow, cyclic growth to ‘warm-blooded’ and rapid, non-cyclic growth 

(Chinsamy and Elzanowski 2001; de Ricqlés et al. 2008; Erickson, Rogers, and Yorby 

2001; Ray, Botha, and Chinsamy 2004).  

Less well sampled are the temnospondyl amphibians, a large extinct group of 

aquatic, semi-aquatic, and terrestrial amphibians that contains an estimated 160 genera 

(Milner 1990). Work on fossil amphibian bone histology began as a series of broad 

comparative studies from the late 1960s to the early 1980s (de Ricqlés 1969, 1972, 1975, 

1977, 1978a, 1978b, 1981). Later, the study of ontogeny in temnospondyls was largely 

based on utilizing gross morphology in several taxon-specific studies (Klembara et al. 

2007; Steyer 2000; Witzmann 2006; Witzmann and Pfretzschner 2003; Witzmann and 

Schoch 2006a). However, the use of bone histology in the investigation into ontogeny 

(life history) has only been represented by a few isolated studies (Damiani 2000; Steyer 

et al. 2004; Sanchez et al. 2010; Mukherjee, Ray, and Sengupta 2010). Taxa included in 
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these studies are the Triassic metoposaur Dutuitosaurus (Steyer et al. 2004), multiple 

species of the Carboniferous-Permian brachiosaur Apateon (Sanchez et al. 2010), three 

Triassic temnospondyls from India indeterminate beyond the family-level – a 

paracyclotosaurid, chigutisaurid, and a trematosaurid (Mukherjee, Ray, and Sengupta 

2010), and also indeterminate Triassic stereospondyls from Australia (Damiani 2000).  

These studies revealed that aquatic forms show distinct thickening of limb bones 

by a filling of the medullary cavity with trabeculae and a decrease in cortical porosity, a 

common adaptation in modern animals to counteract buoyancy in the water column (de 

Buffrénil et al. 1990; de Ricqlés 1977; Damiani 2000). All species of Apateon showed 

similarity in ossification and bone microstructure with extant caudatans (salamanders and 

newts), with cyclical deposition of lamellar bone, a tissue type associated with slow 

osteogenesis (Castanet et al. 1993; de Ricqlés et al. 1991; Francillon-Vieillot et al. 1990), 

and the preservation of multiple lines of arrested growth (LAGs). In the Mukherjee et al. 

(2010) study multiple elements were sampled from each taxon; in the trematosaurid, 

humeral microstructure revealed an early onset of azonal fibrolamellar bone, a tissue 

associated with rapid or sustained osteogenesis (Castanet et al. 1993; de Ricqlés et al. 

1991; Francillon-Vieillot et al. 1990), followed by a change to cyclical lamellar tissue 

with LAGs; both the paracyclotosaurid and the chigutisaurid showed cyclical lamellar 

tissue with multiple LAGs. The metoposaur Dutuitosaurus was demonstrated to show 

cyclical growth, lamellar bone, and the presence of LAGs; additionally, the authors 

demonstrated that only two ontogenetic stages are found in post-osteogenesis 

temnospondyl amphibians: adult and juvenile (Steyer et al. 2004). 
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In addition to being an under studied group, temnospondyl amphibians are one of 

the few groups to survive the Permo-Triassic mass extinction, the largest extinction in the 

Phanerozoic fossil record (Benton and Twitchett 2003; Erwin 1994; Milner 1990; 

Rubidge 1995; Ruta and Benton 2008; Smith and Ward 2001). Outcrops containing this 

interval can be found around the world, but only South Africa’s Karoo Basin contains a 

continuous record of deposition from the middle Permian to the Middle Triassic 

(Catuneanu et al. 2005; Rubidge 1995; Smith 1990). 

Previous paleohistological work on Karoo taxa has been focused on the abundant 

non-mammalian therapsids. Initial attempts to correlate these findings with therapsid 

phylogenetic hypotheses (Ray, Botha, and Chinsamy 2004; Chinsamy and Rubidge 1993) 

have shown a general increase in growth rate throughout ontogeny and a progression 

from cyclical growth to an azonal pattern with no discernible cessation in bone deposition 

throughout ontogeny (Ray, Botha, and Chinsamy 2004). Recent and current intensive 

phylogenetic and histological analyses of several therapsid groups are attempting to 

improve trend resolution in therapsids across the Permo-Triassic event (Chinsamy and 

Abdala 2008; Abdala, Rubidge, and van den Heever 2008; Vega-Dias, Maisch, and 

Schultz 2004; Ray, Botha, and Chinsamy 2004; Icakhnenko 2002; Angielczyk 1998; 

Chinsamy and Rubidge 1993). This study represents the first paleohistological analysis of 

the Karoo temnospondyls of South Africa.  

Methods 

Temnospondyl postcranial material from the South African Museum (SAM) was 

sampled for paleohistological analysis. All material was digitally imaged, molded and 

cast prior to destructive sampling. Thin sectioning was performed at the University of 
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Iowa Thin Section Laboratory and followed the protocol of Chinsamy and Raath (1992), 

and description of thin sections adheres to the histological terminology of Francillon-

Vieillot et al. (1990) and Ricqlés et al. (1991). To ascertain variation within each element, 

multiple sections were made from each specimen (Fig. 10).  

Quantification of the microstructure preserved in the cut thin sections was 

performed through two different metrics: porosity and relative bone wall thickness 

(RBT). Porosity of the cortical bone, as a percentage of the area of open space divided by 

the total cross-sectional area of cortical bone (Chinsamy 1991; Chinsamy-Turan 2005), 

was calculated using the ImageJ software package (Abramoff, Magalhaes, and Ram 

2004; Rasband 1997-2011) for each cut section and then averaged for a total porosity 

value for the entire element (Fig. 11A). Compactness of the cortical bone was quantified 

with RBT using ImageJ; this method follows the outlines of Chinsamy (1993), though it 

differs in the software execution package. Relative bone wall thickness estimates the 

thickness of cortical bone tissue relative to the size of the medullary cavity (Chinsamy 

1997; Chinsamy-Turan 2005) (Fig. 11B). This was calculated for each element as the 

average thickness of cortical bone divided (cortical bone thickness varies 

circumferentially in most bones) by half of the average total diameter (which is also 

circumferentially variable) of the element in cross section to approximate radius length, 

and then multiplied by 100 to obtain a percentage value; RBT was calculated for each cut 

section to identify changes in its value based on histovariability within the element. For 

elements whose size prohibited the full imaging of the cross section during microscopy, 

RBT was estimated by averaging calculations from multiple images. Results of 

calculations are tabulated in Table 3.  
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Figure 10. Temnospondyl postcranial material with location of cut thin sections marked 
by white lines. A-C, Rhinesuchus sp. (SAM-PK-K6728); D, Micropholis stowi (SAM-
PK-K10546); E, Lydekkerina huxleyi (SAM-PK-6545); F, Rhinesuchus whaitsi (SAM-
PK-9135); G-I, Rhinesuchus sp. (SAM-PK-3010). All scale bars equal 1.0 cm.  
 
 
 
 

 
Figure 11. Compactness metrics. A, open pore space (white) in cortical bone, and B, 
measurements and formula for calculating relative bone wall thickness.  
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Table 3. Materials sectioned for paleohistological analysis and compactness data. 
Taxon Thin Section Stage Element and Level of Cut Porosity RBT% LAGs Bone Tissue Vascularization

         
Micropholis stowi SAM-PK-K10546a adult humerus (prox diaphysis) 2.10% 51.700 0 fibrolamellar longitudinal 
 SAM-PK-K10546b adult humerus (dist diaphysis) 3.05% 51.700 0 fibrolamellar longitudinal 
         
Lydekkerina huxleyi SAM-PK-6545a adult distal humerus (diaphysis) 3.47% 23.988 0 fibrolamellar longitudinal 
 SAM-PK-6545b adult distal humerus (metaphysis) 3.48% 5.573 2 fibrolamellar longitudinal 
         
Rhinesuchus whaitsi SAM-PK-9135a adult dorsal scapula (dorsal) 9.43% 18.364 0 fibrolamellar longitudinal 
 SAM-PK-9135b adult dorsal scapula (ventral) 6.14% 5.376 0 lamellar-zonal longitudinal 
        
Rhinesuchus sp. SAM-PK-K6728Aa sub adult phalanx (proximal) 9.86% 50.331 5 plexiform circumferential 
 SAM-PK-K6728Ab sub adult phalanx (middle) 10.77% 57.094 5 plexiform circumferential 
 SAM-PK-K6728Ac sub adult phalanx (distal) 6.73% 5.824 3 lamellar-zonal longitudinal 
 SAM-PK-K6728B sub adult neural spine 12.29% 29.532 0 lamellar-zonal longitudinal 
 SAM-PK-K6728Ca sub adult proximal rib (distal) 11.75% 27.802 15 lamellar-zonal longitudinal 
 SAM-PK-K6728Cb sub adult proximal rib (proximal) 3.17% 5.376 13 lamellar-zonal longitudinal 
         
Rhinesuchus sp. SAM-PK-3010A1 adult distal rib (proximal) 11.18% 12.972 16 lamellar-zonal longitudinal 
 SAM-PK-3010A2 adult distal rib (distal) 9.12% 10.919 16 lamellar-zonal longitudinal 
 SAM-PK-3010B1 adult distal femur (prox diaphysis) 6.10% 15.396 20 lamellar-zonal longitudinal 
 SAM-PK-3010B2 adult distal femur (dist diaphysis) 7.17% 15.194 15 lamellar-zonal longitudinal 
 SAM-PK-3010B3 adult distal femur (prox metaphysis) 2.04% 5.510 4 lamellar-zonal longitudinal 
 SAM-PK-3010B4 adult distal femur (dist metaphysis) 3.72% 7.097 2 lamellar-zonal longitudinal 
 SAM-PK-3010C1 adult left ilium (dorsal) 1.97% 7.870 30 lamellar-zonal longitudinal 
 SAM-PK-3010C2 adult left ilium (middle) 6.80% 12.103 37 lamellar-zonal longitudinal 
 SAM-PK-3010C2 adult distal rib  13.90% 5.078 1 lamellar-zonal longitudinal 
 SAM-PK-3010C3 adult left ilium (ventral) 4.63% 4.700 14 lamellar-zonal longitudinal 
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For elements that preserve multiple LAGs, individual bone growth curves were 

generated using ImageJ and Microsoft Excel. These curves plot the distance of each rest 

line from the boundary between the medullary cavity and the cortical bone. These types 

of curves show the growth trajectory of individual bones within a skeleton and not the 

ontogenetic pathway of an entire individual, or a species. These curves are useful in 

assessing variability in growth between different elements of a skeleton. 

Histological Material 

Determination of Ontogenetic Stage 

All of the postcranial material examined in this analysis was associated with 

cranial material, except for the Lydekkerina humerus. However, in many cases the cranial 

material was fragmentary. Therefore, ontogenetic stage for each taxon was determined 

through a combination of morphological evidence, including size and ephiphyseal 

morphology of the postcranial material, size and morphology of associated cranial 

material, in particular the closing of the basicranial sutures, which forms a moveable joint 

in juvenile stereospondyls (pers. obs.), the number of LAGs within the cortical bone, and 

the presence of a plateau on a growth curve – the rapid decrease in the distance between 

LAGs has been demonstrated as a sign of sexual maturity in lissamphibians (Ward, 

Retallack, and Smith 2012) (Table 3). 

Bone Microstructure 

Micropholis stowi (Euskelia, Dissorophoidea) – SAM-PK-K10546 – complete 

humerus. Two sections were taken from the mid-shaft (Fig. 10) and both display the same 

tissue and microstructural arrangement. The cortex is thick (RBT = 51.700%) and 

completely composed of azonal fibrolamellar bone tissue. Lines of arrested growth 
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(LAGs) are not observed in the cortical bone. Porosity is low (~2-3%) and dominated by 

primary osteons, with a minor contribution from vascular canals. Osteocyte lacunae are 

predominately globular in the cortex, but are flattened near the endosteal border; within 

the medullary cavity, all trabecular lacunae are flattened parallel to the orientation of the 

trabeculae. The medullary cavity is open with the exception of two wide trabeculae, one 

of which bisects the medullary cavity and is aligned perpendicular to the deltopectoral 

ridge, and the second bisects one half of the medullary cavity and is perpendicular to the 

first trabecula. Both trabeculae are composed of fibrolamellar bone tissue (Fig. 12). 

 
 

 

Figure 12. Thin section through the humerus of Micropholis stowi (SAM-PK-K10546). 
A, whole cross section, scale bar equals 500 μm; B, closer image of cortical bone, scale 
bar equals 200 μm.  
 
 

Lydekkerina huxleyi (Stereospondyli, Lydekkerinidae) – SAM-PK-6545 – distal 

humerus fragment. Two sections were taken from this element, one from the diaphysis 

and a second through the metaphysis (Fig. 10). The diaphyseal section shows a wide and 

medullary cavity completely free of any trabeculae. The cortical bone comprised of 

azonal fibrolamellar tissue and absent of any LAGs (RBT = 23.988%). Like the humerus 
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of Micropholis, porosity is low (3.47%) and primary osteons dominate the open pore 

space. Osteocyte lacunae are globular. Kaststchenko’s Line is present as a distinct mark 

between the periosteal and endosteal bone and demarks the limit of resorption of the 

hypertrophic cartilage that formed the humerus prior to its ossification. The preservation 

of this line is significant, because it demonstrates that expansion of the medullary cavity 

during ontogeny did not destroy any of the cortical tissue (Fig. 13A).  

 The metaphyseal section through the Lydekkerina humerus shows a much wider 

medullary cavity, relative to the cortex (RBT = 5.573%), and many more trabeculae. The 

cortex is similar to that of the diaphyseal region containing fibrolamellar tissue and near 

identical porosity (3.48%), except two discrete annuli are present within the cortex, as 

well as two LAGs. Osteocyte lacunae are globular within the cortex and flattened within 

the trabeculae. Neither a circumferential layer of endosteally deposited bone, nor 

Kastschenko’s Line are present in the metaphyseal section (Fig. 13B). 

 
 

 
 
Figure 13. Thin sections through the humerus of Lydekkerina huxleyi (SAM-PK-6545). 
A, diaphyseal section; B, metaphyseal section. Scale bars equal 200 μm.  
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Rhinesuchus sp. (Stereospondyli, Rhinesuchidae) – SAM-PK-K6728 – phalangeal 

fragment, neural spine, and proximal rib fragment. Three sections were taken from the 

diaphysis of the phalanx, one section from the neural spine, and two from the rib 

fragment (one proximal and one distal) (Fig. 10). The three sections from the phalangeal 

fragment illustrate much similarity in microstructure. The proximal and middle sections 

through the diaphyseal region of the phalanx show a thick cortex (RBT = ~50-57%) of 

plexiform fibrolamellar bone that is high in porosity (~9-10%), with pore spaces directed 

circumferentially. Five LAGs are present in the outermost circumferential layer of bone, 

but are absent through most of the cortex. A line of resorption marks the boundary 

between the periosteally and endosteally deposited bone, except in areas of medullary 

cavity expansion, where the endosteal bone and portions of the cortex have been 

destroyed. This line is distinguishable from Kastschenko’s Line in that primary osteons 

are fragmented adjacent to the endosteal bone, whereas if this were Kastschenko’s Line 

these osteons would be whole. The metaphyseal section of the phalanx shows a much 

more expanded and spongiose medullary cavity (RBT = 5.824%) and a lower cortical 

porosity (6.73%). Only the outermost circumferential layer of cortical bone is preserved 

from the expanding medullary cavity, containing lamellar bone with longitudinally 

aligned pore spaces and three remaining LAGs. In all three sections, osteocyte lacunae 

are globular, even approaching the medullary cavity (Fig. 14). 

The section through the neural spine shows a spongy medullary cavity and a 

moderately thick cortex (RBT = 29.532%) comprised of lamellar tissue, longitudinally 

arranged pore spaces, and a high porosity (12.29%) dominated by the presence of 
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secondary osteons. No LAGs are present in the section. Osteocyte lacunae are flattened in 

annuli and around secondary osteons, but globular in zones (Fig. 15). 

Both sections through the proximal rib fragment show distinct lamellar tissue, 

though in narrow areas of the cortex bone tissue becomes lamellar, with longitudinally 

aligned pore spaces in a cortex that has been partially removed by an expanding 

medullary cavity. In the distal section both primary and secondary osteons are present in 

the cortex (RBT = 12.802%). Fifteen LAGs are observed in the distal section and thirteen  

 

 

Figure 14. Thin sections through the phalanx of Rhinesuchus sp. (SAM-PK-K6728). A, 
proximal section, scale bar equals 2 mm; B, middle section, scale bar equals 1 mm; C, 
distal section, scale bar equals 1 mm. 
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Figure 15. Thin section through the neural arch of Rhinesuchus sp. (SAM-PK-K6728). 
Scale bar equals 1 mm. 
 

 

 

Figure 16. Thin sections through the rib fragment of Rhinesuchus sp. (SAM-PK-K6728). 
A, distal section; B, proximal section. Scale bars equal 2 mm. 
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in the proximal, several are partially obliterated by the expanding medullary cavity; the 

remaining LAGs are predominantly concentrated towards the outer cortex. Osteocyte 

lacunae are predominantly globular and porosity is high (11.75%). The medullary cavity 

is filled with trabeculae, resulting in spongiosa, in both the distal and proximal sections. 

The proximal section illustrates a cortex that is much thinner (RBT = 5.376%) and denser 

(porosity = 3.17%) than in the distal region. Twelve LAGs are preserved within the 

narrowly banded cortex (Fig. 16). 

Rhinesuchus sp. (Stereospondyli, Rhinesuchidae) – SAM-PK-3010 – distal rib 

fragment, distal femoral fragment, and a complete left ilium. The left ilium also preserved 

a distal rib fragment adhered to the posterior side of the dorsal process. Three sections 

were taken of the left ilium: dorsal, mid-dorsal process and through the distal rib 

fragment, and ventral; two sections were taken of the distal rib: one more proximal the 

other distal; and four sections were made from the femoral fragment: two diaphyseal and 

two metaphyseal sections (Fig. 10).  

The proximal section through the rib fragment shows a wide, spongiose medullary cavity 

that has resorbed the inner layers of cortical bone. The cortex is thin (RBT = 12.972%) 

with high porosity (11.18%) and consists of predominantly narrowly banded lamellar 

bone and longitudinal vascularization, comprised mostly of primary osteons. Sixteen 

LAGs are present in the thin cortex, some of which are partially destroyed by medullary 

expansion. All osteocyte lacunae are globular (Fig. 17A). In the distal section, tightly 

banded lamellar bone continues, though porosity and RBT drop slightly (porosity = 

9.12%; RBT = 10.919%). Osteocyte lacunae continue to be globular, though secondary 

osteons are present alongside primary osteons. Though earlier LAGs are partly, or 
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wholly, destroyed by medullary expansion, sixteen LAGs are preserved in the cortex 

(Fig. 17B). 

Figure 17. Thin sections through the rib fragment of Rhinesuchus sp. (SAM-PK-3010). 
A, proximal section, scale bar equals 1 mm; B, distal section, scale bar equals 2 mm. 
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Figure 18. Thin sections through the femur of Rhinesuchus sp. (SAM-PK-3010). A, 
proximal diaphyseal section, scale bar equals 1 mm; B, distal diaphyseal section, scale 
bar equals 1 mm; C, proximal metaphyseal section, scale bar equals 200 μm; D, distal 
metaphyseal section, scale bar equals 200 μm. Arrows indicate double LAGs. 

The four sections through the femoral fragment show similarities within regions 

(e.g., diaphyseal or metaphyseal). The proximal and distal diaphyseal sections show 

similar cortical thickness and porosity (RBT = 15.396% and 15.194%; porosity = 6.10% 

and 7.17%). Both primary and secondary osteons are present. The cortical bone tissue is 

tightly banded lamellar bone with longitudinal vascularization. Expansion of the 

medullary cavity has destroyed much of the inner cortical bone, but nineteen LAGs are 

still recorded in the proximal section and sixteen in the distal section, including a double 

LAG in each. The expanding medullary cavity is dense with trabeculae, resulting in 

spongiosa in both. All lacunae are globular in shape in each diaphyseal sections, and also 

in both metaphyseal sections (Fig. 18A-B). 

Relative bone wall thickness and porosity are markedly lower in both the 

metaphyseal sections than those from the diaphyseal region (RBT = 5.510% and 7.097%; 

porosity = 2.04% and 3.72%). Additionally, the number of LAGs is much lower in the 

metaphysis (LAGs = 4 and 2). Both sections show lamellar bone with longitudinal 

vascularization and expansive medullary cavities that have resorbed much of the interior 

cortical tissue. The medullary cavity is spongiose with a large network of trabeculae in 

both sections (Fig. 18C-D). 

The dorsal-most section through the ilium revealed a thin cortex (RBT = 7.870%) 

with low porosity (1.97%) comprised of lamellar bone. Numerous annuli are present, 

though the innermost layers have been destroyed by an expanding medullary cavity. The 

medullary cavity is dense with spongiosa and trabeculae are comprised of lamellar and 



 74

secondary osteons. Features associated with remodelling, including erosional cavities and 

secondary osteons, create most of the open space (or porosity) in the cortical bone. 

Osteocyte lacunae are a mixture of globular and flattened in morphology; lacunae are 

predominantly flattened in areas adjacent to LAGs. Thirty LAGs are present in the 

cortex, though more were likely obliterated by an expanding medullary cavity (Fig. 19A).  

The thin section through the mid-shaft of the ilium’s dorsal process also bisected 

a distal rib fragment that was preserved with the ilium. The ilium shows a thicker cortex 

than the dorsal section (RBT = 12.103%) and more porosity (6.80%), erosional cavities 

and secondary osteons predominate the measured porosity. Bone tissue has become 

lamellar in this region and despite the preservation of thirty-seven LAGs, some of which 

are double LAGs. The inner cortical region has been destroyed by the expanding 

medullary cavity. The medullary cavity is spongiose, with a dense network of trabeculae. 

Osteocyte lacunae share the same morphological arrangement as in the dorsal section 

(Fig. 19B). Unfortunately, the distal rib fragment’s cortical region did not preserve well, 

but does allow for some description. The cortex is thinner than any other rib fragment in 

this study (RBT = 5.078%) and the porosity is high (13.90%). Only a single LAG could 

be determined from the lamellar tissue of the cortex. The medullary cavity is wide and 

dense with trabeculae (Fig. 19C).  

The ventral section of the ilium shows the thinnest cortex within the ilium (RBT = 

4.700%) but a middling porosity value (4.63%). Lamellar bone continues. Thirteen LAGs 

are preserved, though the expanding, highly trabecular medullary cavity likely erased 

other LAGs. Lacunae continue to be a mixture of globular and flattened in areas of LAGs 

and both primary and secondary osteons are present (Fig. 19D).  
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Rhinesuchus whaitsi (Stereospondyli, Rhinesuchidae) – SAM-PK-9135 – scapula 

dorsal process fragment. Two sections were taken from this element: one dorsal and one 

 

Figure 19. Thin sections through the ilium of Rhinesuchus sp. (SAM-PK-3010). A, dorsal 
section; B, middle section; C, distal rib fragment associated with the middle section of 
the ilium; D, ventral section. All scale bars equal 1 mm. 
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ventral (Fig. 10). The dorsal section shows a moderately thick cortex (RBT = 18.364%) 

comprised of azonal fibrolamellar tissue, porosity (9.43%) dominated by radially 

elongated primary osteons and erosional cavities. Neither LAGs, nor Kastschenko’s Line 

were observed in the section. Osteocyte lacunae are predominantly globular, but are 

flattened circumferentially around the radially elongated pore spaces within the cortex. 

The medullary cavity is networked with trabeculae and expanding into the cortex, 

destroying earlier cortical depositional history (Fig. 20A). The ventral section through the 

R. whaitsi scapula fragment shows lamellar bone tissue with several small annuli present, 

though LAGs were absent. Porosity was lower (6.14%) and the cortex was thinner (RBT 

= 5.376%) compared to the dorsal section. The medullary cavity, which had expanded 

into the inner cortical bone, is largely filled with matrix and broken trabeculae. 

Osteocytes are a mixture of globular and flattened (Fig. 20B). 

 

 
 
Figure 20. Thin sections through the dorsal process of the scapula of Rhinesuchus whaitsi 
(SAM-PK-9135). A, dorsal section; B, ventral section. Scale bars equal 1 mm. 
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Bone Growth Curves 

Bone growth curves were constructed for the five elements that preserved greater than 

two LAGs in most sections (Fig. 21). All curves generated were from the Rhinesuchus 

material. The dorsal process of the ilium (SAM-PK-3010), femoral diaphysis (SAM-PK-

3010), and rib shafts (SAM-PK-3010, SAM-PK-K6728) retained the largest number of 

LAGs, even in the presence of medullary cavity expansion, and thus preserve the longest 

life history curves. Growth plateaus at approximately 30-35 LAGs in the ilium, 18 in the 

femur, 14-16 in each rib, and three in the phalanx. Plateaus are not reached by the 

metaphyseal sections of the femur or the ventral section of the ilium. 

Discussion 

Karoo Paleohistology 

The examined material was collected from four different assemblage zones within 

the Karoo Basin of South Africa, with samples occurring on either side of the Permo-

Triassic boundary (Fig. 22A). Ontogenetic history is well preserved in the femoral 

diaphysis, dorsal process of the ilium, and shaft of ribs. All of the sampled Permian 

material is from members of Rhinesuchidae, a basal stereospondyl group of large, aquatic 

predators. The Triassic material consists of the distantly related dissorophoid Micropholis 

stowi and the stereospondyl Lydekkerina huxleyi. 

All of the Permian Rhinesuchus sp. material is inferred to have come from long-

lived individuals with no observable bone pathologies. Medullary cavities filled with 

trabeculae are typical of aquatic tetrapods (Canoville and Laurin 2009; Chinsamy 1997; 

de Ricqlés 1977; Laurin, Girondot, and Loth 2004) and reinforce the prevailing view of 

rhinesuchids as aquatic predators (Schoch and Milner 2000). Growth curves illustrate a  
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Figure 21. Growth curves for individual elements. A-C, elements from Rhinesuchus sp. 
(SAM-PK-3010); and D-E, elements from Rhinesuchus sp. (SAM-PK-K6728). 
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Figure 21. (Cont.) 
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slow onset of growth, followed by an interval of elevated osteogenesis, and finally a 

leveling off of bone depositional rates. This suggests either determinate growth or at least 

a functional maximum size in temnospondyl biology (Fig. 21). Narrowly banded lines of 

arrested growth (LAGs) reflect the high seasonality inferred from the Permian  

 

 
Figure 22. Stratigraphic column and inferred climatic regimes of the Karoo Basin of 
South Africa (redrawn from Catuneanu et al., 2005, Neveling et al. 2005, Rubidge 1995, 
Smith 1990, and Smith and Ward, 2007) with: A, temnospondyl paleohistological 
material indicated at their respective sampled zones; and B, stratigraphic ranges of all 
Karoo temnospondyl species.  
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sedimentological record (Catuneanu et al. 2005; Smith 1990; Smith and Ward 2007) (Fig. 

22A). This suggests that any external pressures associated with the Permo-Triassic mass 

extinction did not adversely affect these animals. Double LAGs, as found here in the 

Rhinesuchus specimens, have previously been reported in newts and lizards on 

(Abramoff, Magalhaes, and Ram 2004; Chinsamy 1995). The presence of double LAGs 

in multiple sections could indicate consecutive periods of particular stress, either climatic 

or nutritional; however, the cause of deposition of double LAGs in modern species is not 

well understood, much less so in the fossil record. Therefore, interpreting the meaning of 

these structures is a matter of speculation and will not be attempted here. 

Histology confirms prior claims of terrestriality in both Triassic species (Schoch 

and Rubidge 2005; Pawley and Warren 2005); the wide and clear medullary cavities 

found in the humeri of these species have been shown in numerous studies to be 

correlated with a terrestrial lifestyle (Canoville and Laurin 2009; Chinsamy 1997; Laurin, 

Girondot, and Loth 2004; de Ricqlés 1977). Both species preserve fibrolamellar bone, a 

tissue associated with fast, and/or sustained growth (de Ricqlés et al. 1991; de Ricqlés et 

al. 2008; Francillon-Vieillot et al. 1990; Padian, de Ricqlés, and Horner 2001). 

Additionally, both species are found within the Katberg sandstone, the basal member of 

the Katberg Formation (earliest Triassic) (Fig. 22); and while it is tempting to argue that 

small, terrestrial temnospondyls were adapted to survive in the hot and arid Early Triassic 

world through sustained, aseasonal bone growth, such a statement would be premature. 

Only two of the seven temnospondyl species occurring in the Katberg Fm. have been 

sampled in this study. These species are all small to medium sized forms with the largest 
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having a skull length of 25-30 cm (Watsonisuchus magnus) (Damiani 2001). Of the seven 

species, only four are known with postcranial material, two of which were sampled here. 

The remaining two species, Thanbanchuia oomie and Broomistega putterilli were 

unavailable for destructive sampling. It is hoped that future discoveries will allow for 

more postcranial material from the Katberg temnospondyls to become available for 

analysis to further quantify the dominant mode of amphibian growth in the Early Triassic 

of South Africa. 

Phylogenetics and Bone Microstructure 

Expanding this dataset to include temnospondyls from beyond the Karoo Basin 

allows for not only a better understanding of Permo-Triassic temnospondyls, but it also 

allows for them to be placed in the broader context of phylogeny. Utilizing the newly 

available phylogeny for Temnospondyli (Chapter I), the following taxa were added to 

this dataset: Apateon (early Permian) (Sanchez et al. 2010), Dutuitosaurus (Late Triassic) 

(Steyer et al. 2004), an indeterminate chigutisaurid (Late Triassic) (Mukherjee, Ray, and 

Sengupta 2010), trematosaurid (Early Triassic) (Mukherjee, Ray, and Sengupta 2010), 

paracyclotosaurid (Middle Triassic) (Mukherjee, Ray, and Sengupta 2010), Eryops (early 

Permian) (de Ricqlés 1978b), Doleserpeton (early Permian) (Castanet et al. 2003), 

Acheloma (early Permian) (de Ricqlés 1981), Trimerorhachis (early Permian) (de Ricqlés 

1981), and Mastodonsaurus (Middle Triassic) (Castanet et al. 2003). 

Figure 23 summarizes the observed bone microstructure and phylogenetic relationships 

for all fourteen terminals based on diaphyseal sections from limb elements. The most 

prominent feature of Figure 23 is the overall homogeneity in bone microstructure across 

temnospondyls. Nearly every sectioned temnospondyl, both Permian and Triassic, shows 
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lamellar bone tissue, with discrete zones/annuli and the presence of multiple LAGs. The 

most notable exceptions are the two terrestrial taxa, Micropholis and Lydekkerina, which 

exhibit azonal fibrolamellar tissue, with few or no LAGs. The similarity in histology is 

most parsimoniously explained through convergence due to a shared depositional system, 

and likely a shared ecology, and lifestyle. Interestingly, the only other taxon to display 

fibrolamellar bone tissue is the indeterminate trematosaurid humerus from the Early 

Triassic of India. Fibrolamellar tissue was deposited early in growth and later in life 

deposition changed to a lamellar bone matrix, more typical of aquatic stereospondyls 

(Mukherjee, Ray, and Sengupta 2010). It is intriguing that the only taxa to demonstrate 

fibrolamellar tissue are all Early Triassic in age. However, it must be emphasized that the 

small sample size prohibits any broad scale generalization of pattern in temnospondyl 

microanatomical evolution at the Permo-Triassic boundary. 

The dissorophoids, Apateon, Doleserpeton, and Acheloma show a markedly different 

bone microstructure from Micropholis. Additionally, Apateon and Acheloma are widely 

disparate in lifestyle, the former being fully aquatic and the later is terrestrial. Yet, their 

bone microstructure is similar. Also, extant salamanders and newts (Caudata) show a 

similar histology to Apateon, Doleserpeton, and Acheloma, regardless of lifestyle 

(Canoville and Laurin 2009; Ward, Retallack, and Smith 2012; Abramoff, Magalhaes, 

and Ram 2004). The variation amongst extant caudatan bone histology is primarily the 

result of compactness (porosity and relative bone wall thickness) (Canoville and Laurin 

2009; Laurin, Girondot, and Loth 2004). This disparity with extant amphibians 

(Lissamphibia) is particularly intriguing because dissorophoid temnospondyls are one of 

the putative groups for the origin of Lissamphibia under the ‘Temnospondyl Hypothesis’ 
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Figure 23. Simplified phylogenetic hypothesis for temnospondyl amphibians with paleohistological data at the terminals of sampled 
taxa from this study, Castanet et al. (2003), de Ricqlés (1978b, 1981), Mukherjee, Ray, and Sengupta(2010), Sanchez et al. (2010), 
and Steyer (2004). All data was taken from limb element diaphyses.
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(see Ruta and Coates 2007 for a discussion of evidence and competing hypotheses). 

However, Dissorophoidea is a large subclade containing over twenty species and as yet, 

only four have been sampled for paleohistological analysis. Results presented here 

suggest that the evolution of dissorophoids, terrestriality, and growth is more complicated 

than previously thought and can only be resolved with further sampling. Furthermore, 

Temnospondyli is a group that contains an estimated 160 genera (Milner 1990; Schoch 

and Milner 2000), fourteen of which are so far sampled. This study illustrates the gross 

under sampling of temnospondyls in paleohistological analysis. Despite the similarity 

among related taxa with similar ecologies, this study illustrates convergence between two 

distantly related forms and a terrestrial habitat. As more taxa are sampled, temnospondyl 

paleohistology is likely to become a field well suited for studying ecophenotypy and 

convergence in deep time. 

Conclusions 

Paleohistological analysis shows slow, cyclical growth in Permian aquatic 

stereospondyls and non-cyclical growth in terrestrial and young aquatic Triassic 

temnospondyls. However, sample size limits the interpretation of these data. 

Temnospondyli remains under sampled in paleohistological analyses. Results of this 

investigation do reveal cyclic growth and longevity of thirty years or more in basal 

stereospondyls, convergence to sustained, non-cyclic growth in terrestrial temnospondyls, 

support findings based on gross morphology that Lydekkerina is a terrestrial 

stereospondyl, and suggest that ribs are a viable source of skeletochronologic information 

in temnospondyls and should serve as preferred material when proximal limb diaphyses 

are not available. Additionally, sustained, azonal growth in Micropholis is unlike that of 
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other dissorophoids or extant caudatans, suggesting a possible adaptation to local 

conditions in the earliest Triassic of Gondwana and a complicated, understudied history 

of histological evolution in dissorophoids. 
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APPENDIX A. CHARACTER DESCRIPTION AND TAXON CODINGS 

 

Description of Phylogenetic Characters and States 

All characters adapted from previous analyses are indicated with the appropriate 

reference. Most adapted characters have been substantially revised with respect to 

character states to accommodate incorporation into this large-scale analysis. The 

remaining characters were independently derived for this matrix. 

Adult Stage Characters 

Skull 

(0) Lateral line sulci system on dorsal skull roof. (0) Present as shallow grooves on 

the dorsal skull surface; (1) absent from skull surface. Adapted from (Laurin 

and Reisz 1997). 

(1) Infraorbital sulcus. (0) Straight or gently curved; (1) step-like flexure between 

orbit and naris; (2) flexure is Z-shaped. Adapted from (Yates and Warren 

2000). 

(2) Supraorbital sulcus. (0) Sulcus passes medial to lacrimal; (1) sulcus enters 

lacrimal. Adapted from (Schoch et al. 2007). 

(3) Squamosal sulcus. (0) Sulcus extends posteriorly from the jugal to the posterior 

margin of the squamosal; (1) sulcus is absent or passes along the quadradojugal, 

not entering the squamosal. 

(4) External nares orientation. (0) Open to lateral view; (1) open to anterior view; 

(2) open to dorsal view.  
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(5) External nares shape. (0) Round; (1) oval; (2) elongate. Adapted from (Steyer 

2003). 

(6) External nares medial margin. (0) Flat, or in curvature with rest of skull; (1) 

prominent raised boss or bar. 

(7) External nares posterior margin. (0) Flat, or in curvature with rest of skull; (1) 

prominent raised boss or bar extending posteriorly to orbit. 

(8) Internarial fenestra. (0) Absent; (1) present between premaxillae and nasals; (2) 

present between premaxillae only. Adapted from (Yates and Warren 2000). 

(9) Internarial fenestra size. (0) Absent; (1) small; (2) large fontennel taking up 

nearly the entire internarial space. 

(10) Alar process of the premaxilla. (0) Absent; (1) present and overlaps the anterior 

margin of the nasal. Adapted from (Huttenlocker, Pardo, and Small 2007). 

(11) Lateral expansion of the anterior nasals. (0) Absent; (1) present (as in 

Cochleosaurus). 

(12) Nasal extends anterior of external nares. (0) Absent; (1) present. 

(13) Ventral flange of nasal. (0) Absent; (1) present and forms the posterior internal 

wall of the external naris. Adapted from (Yates and Warren 2000). 

(14) Septomaxilla. (0) Absent; (1) forms part of the floor of the nares; (2) forms the 

lateral narial margin; (3) forms the posterior narial margin. Adapted from 

(Yates and Warren 2000). 

(15) Septomaxilla in dorsal view. (0) Visible dorsally; (1) not visible in dorsal view. 

Adapted from (Steyer 2003). 
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(16) Septomaxilla anterior process. (0) Absent; (1) single, spindle-like anterior 

projection; (2) double pronged anterior projection. 

(17) Maxilla-nasal suture. (0) Absent; (1) present. Adapted from (Yates and Warren 

2000). 

(18) Maxilla extends anterior of the external nares. (0) Absent; (1) present.  

(19) Lateral expansion of anterior maxilla. (0) Present (as in Eryops); (1) absent. 

(20) Maxilla contacts orbital margin. (0) Absent; (1) present. Adapted from (Ruta 

and Bolt 2006). 

(21) Lacrimal. (0) Contacts orbit anterior and lateral margins; (1) excluded from 

orbit; (2) absent; (3) restricted to anterior orbital margin. Adapted from (Laurin 

and Reisz 1997). 

(22) Interfrontal. (0) Absent; (1) present. 

(23) Prefrontal anterior contact. (0) Premaxilla and nasal, (1) nasal and lacrimal; (2) 

external nares and/or septomaxilla, plus other elements; (3) nasal and maxilla, 

or nasal and palatine/maxilla suture; (4) prefrontal absent. Adapted from 

(Laurin and Reisz 1997). 

(24) Frontal. (0) Excluded from orbital margin; (1) contacts orbital margin. Adapted 

from (Laurin and Reisz 1997). 

(25) Frontal posterior margin. (0) Extends to posterior rim of orbits; (1) terminates 

anterior to posterior rim of orbits; (2) greatly extends posterior to the posterior 

orbital rims. 

(26) Postfrontal shape. (0) Broadly quadrangular; (1) falciform; (2) absent. Adapted 

from (Anderson et al. 2008). 
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(27) Prefrontal-jugal suture. (0) Absent; (1) present. Adapted from (Yates and 

Warren 2000). 

(28) Prefrontal contacts lateral orbital margin. (0) Absent; (1) present. 

(29) Anterior margin of jugal. (0) Terminates posterior to the anterior orbital margin; 

(1) extends anterior to anterior orbital margin. Adapted from (Yates and Warren 

2000). 

(30) Jugal contacts orbital margin. (0) Present and confined to lateral orbital margin; 

(1) present and broadly contributes to both lateral and anterior margins; (2) 

absent; (3) present, largely confined to the posterior margin with only minor 

lateral contribution. 

(31) Postorbital contributes to lateral margin of orbit in dorsal view. (0) Absent; (1) 

present. 

(32) Postorbital-parietal suture. (0) Present; (1) absent. Adapted from (Yates and 

Warren 2000). 

(33) Lateral exposure of palatine. (0) Absent; (1) present in the lateral orbital 

margin. Adapted from (Anderson et al. 2008). 

(34) Orientation of orbits. (0) Dorsally; (1) laterally; (2) anteriorly. Adapted from 

(Steyer 2003). 

(35) Orbit width. (0) orbit diameter is equal or less than half the width of the skull at 

the mid-obrital margin; (1) orbit diameter is greater than half the width of the 

skull at the mid-orbital margin. 

(36) Prominent ridge extending from orbital rim anteriorly towards nares. (0) 

Absent; (1) present. 
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(37) Prominent ridge extending from orbital rim posteriorly towards otic region. (0) 

Absent; (1) present. 

(38) Prominent ridge extending from the lateral orbital rim towards the skull margin. 

(0) Absent; (1) present. 

(39) Orbital margins. (0) Margins flush with curvature of dorsal skull roof; (1) 

margins raised in relief. Adapted from (Schoch et al. 2007). 

(40) Location of orbits. (0) Approximately midway along length of skull; (1) 

anterior portion of skull; (2) posterior portion of skull. Adapted from (Yates and 

Warren 2000). 

(41) Intertemporal. (0) Present; (1) absent. Adapted from (Laurin and Reisz 1997). 

(42) Postorbital-supratemporal suture. (0) Present; (1) absent. Adapted from (Laurin 

and Reisz 1997). 

(43) Pineal foramen. (0) Present; (1) absent. Adapted from (Steyer 2003). 

(44) Postparietals ‘L-shaped’ bordering the supratemporal posteriorly. (0) Absent; 

(1) present. 

(45) Temporal fossa – a depression on the external surface of the cheek region 

including part, or all, of the following elements: the squamosal, quadratojugal, 

jugal and supratemporal. (0) Absent; (1) present. Adapted from (Damiani 

2001). 

(46) Temporal emargination. (0) Absent; (1) present between squamosal, tabular, 

and supratemporal; (2) present between squamosal, tabular, and quadratojugal; 

(3) present between squamosal and tabular only. 
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(47) Maxilla-quadratojugal contact. (0) Present; (1) absent. Adapted from (Laurin 

and Reisz 1997). 

(48) Anterior margin of quadratojugal. (0) Quadratojugal does not extend anterior to 

posterior orbital margins; (1) quadratojugal extends anterior to the posterior 

orbital margin. 

(49) Quadratojugal spines. (0) Absent; (1) present. Adapted from (Ruta and Bolt 

2006). 

(50) Quadratojugal-quadrate contact in occipital view. (0) Simple corner; (1) sulcus 

lateral to quadrate condyles, quadratojugal overhangs. Adapted from (Yates and 

Warren 2000). 

(51) Medial process of quadratojugal forming part of quadrate jaw articulation. 

(0)Absent; (1) present. Adapted from (Yates and Warren 2000). 

(52) Paraquadrate foramen passing through the occipital face of the quadratojugal. 

(0) Absent; (1) present. Adapted from (Yates and Warren 2000). 

(53) Palatoquadrate fissure medial to the squamosal and lateral to the pterygoid. (0) 

Absent; (1) present. 

(54) Quadrate-squamosal suture. (0) Present; (1) contact excluded by the 

quadratojugal. 

(55) Quadrate visible in dorsal view. (0) Present; (1) absent. 

(56) Dorsal process extending from the posterior quadrate. (0) Absent; (1) present. 

Adapted from (Laurin and Reisz 1997). 

(57) Squamosal horn. (0) Absent; (1) present as a short, posteriorly projecting 

triangular process. 
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(58) Crista falciformis of squamosal – a crescent-shaped ridge extending into the 

otic region from the posteromedial edge of the squamosal. (0) Absent; (1) 

present as a modest ridge (as in rhinesuchids); (2) present as a prominent blade 

creating a fossa ventrally (as in Koskinonodon). Adapted from (Schoch 2006).  

(59) Supratympanic flange – an unornamented, thin crescent-shaped flange within 

the otic region extending ventrolaterally from the otic surface of the tabular to 

the squamosal. (0) Absent; (1) present. Adapted from (Huttenlocker, Pardo, and 

Small 2007). 

(60) Semilunar flange – an unornamented ventral flange of the supratemporal that 

participates in the supratympanic flange. (0) Absent; (1) present. Adapted from 

(Huttenlocker, Pardo, and Small 2007). 

(61) Tabular horn. (0) Absent; (1) present as a minute, triangular boss; (2) present 

and primarily directed posterolaterally or posteriorly; (3) present and directed 

ventrolateally with a sharp ventral inflection (hook-shaped). 

(62) Posterior margin of the postotic tabular-squamosal suture. (0) Suture is absent; 

(1) tabular overhangs posteriorly; (2) posterior suture margin is flush. 

(63) Tabular posterior margin. (0) Flush with posterior skull margin; (1) tapered to a 

point; (2) broad and rounded, or sutured to squamosal. 

(64) Spina supraoccipitalis – a wedge-shaped posterior projection from the posterior 

margin of the post parietal. (0) Absent; (1) present and spine-like; (2) present 

and expanded into a wide posterior tab. Adapted from (Morales and Shishkin 

2002). 
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(65) Paroccipital process. (0) Absent; (1) present, but not visible in dorsal view; (2) 

present and visible in dorsal view. Adapted from (Laurin and Reisz 1997). 

(66) Muscular crests supporting the tabular horns ventrally. (0) Absent; (1) present. 

Adapted from (Damiani 2001). 

(67) Lamellos process of the exoccipital laterally projecting into the foramen 

magnum. (0) Absent; (1) present. 

(68) Squamosal descending flange. (0) Absent, or not parallel and anterior to the 

pterygoid ascending lamina; (1) anterior and parallel to the anterolateral surface 

of the pterygoid ascending lamina. Adapted from (Yates and Warren 2000). 

(69) Occipital flange continuous between the tabular and postparietal. (0) Absent; 

(1) present. Adapted from (Schoch and Milner 2008). 

(70) Post temporal window. (0) A large opening, much larger than foramen 

magnum; (1) reduced to a tiny foramen; (2) smaller than foramen magnum. 

Adapted from (Yates and Warren 2000). 

(71) Posterior-most skull margin. (0) Quadrate and lateral skull; (1) tabular; (2) 

occipital condyles; (3) equally between the tabular and lateral skull margins. 

(72) Dorsal margin of the foramen magnum. (0) Curved; (1) straight. Adapted from 

(Steyer 2002). 

(73) Stapes. (0) Broad and blade-like, L-shaped; (1) narrow and spindle-shaped.  

(74) Skull roof ornamentation. (0) Ridges and depressions, enlongate in areas of 

skull growth; (1) uniform small pits and ridges; (2) regularly spaced pustules; 

(3) very minute or absent; (4) elongate polygons; (5) uniform small pits and 

pustules.. Adapted from (Yates and Warren 2000). 
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(75) Skull anteroposterior elongation during ontogeny as indicted by elongated 

regions of dermal sculpturing. (0) Absent or non-directional growth; (1) snout, 

anterior to orbits; (2) snout, including orbital region and parietals, but not 

posterior; (3) skull table, posterior to nasals; (4) entire skull elongates.  

(76) Occipital condyles. (0) Single condyle, basioccipital forming most of 

articulation surface; (1) bi-lobed condyle, reduced basioccipital contribution; 

(2) double condyle, no basioccipital contribution. Adapted from (Yates and 

Warren 2000). 

(77) Spacing of occipital condyles. (0) Single condyle or condyles in contact; (1) 

widely spaced condyles, with the foramen magnum visible between them. 

(78) Base of occipital condyle pedicles broadly visible in dorsal view. (0) Absent; 

(0) present.  

(79) Position of the otic notch. (0) Absent; (1) present on dorsal skull surface; (2) 

present on lateral skull surface. 

Palate 

(80) Premaxillary fangs/tusks. (0) Present; (1) absent.  

(81) Premaxillary dentition. (0) Approximately homogenous in size throughout; (1) 

larger posterior premaxillary teeth; (2) larger anterior premaxillary teeth along 

midline symphysis. Adapted from (Yates and Warren 2000). 

(82) Premaxilla palatal surface. (0) Smooth; (1) rugose, medial tubercle on palatal 

surface of premaxilla; (2) denticle field. Adapted from (Yates and Warren 

2000). 
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(83) Anterior palate in adults. (0) Palatal fossa present; (1) palatal fossa perforated 

into a vacuity; (2) neither fossa, nor vacuity present. 

(84) Anterior palatal fossa. (0) Paired depressions divided by medial ridge; (1) single 

depression; (2) absent. Adapted from (Yates and Warren 2000). 

(85) Position of the anterior palatal fossa. (0) Posterior to premaxilla-vomer suture; 

(1) within the premaxilla-vomer suture (2) anterior to premaxilla-vomer suture. 

Adapted from (Steyer 2002). 

(86) Posterior rim of the anterior palatal fossa. (0) Curved; (1) straight. Adapted 

from (Schoch et al. 2007). 

(87) Medial posterior process of the premaxilla. (0) Absent on the palatal surface; 

(1) present, and extending into the anterior palatal space. 

(88) Vomerine transverse tooth row posterior to palatal fossa. (0) Absent, or only a 

few teeth, and not a continuous tooth row; (1) straight transversely; (2) V-

shaped, with the apex directed posteriorly; (3) V-shaped, with the apex directed 

anteriorly. Adapted from (Schoch and Milner 2000). 

(89) Vomerine fangs/tusks. (0) Absent; (1) present; (2) present, but greatly reduced 

in size. Adapted from (Laurin and Reisz 1997). 

(90) Vomerine fang/tusk pairs. (0) Absent; (1) unpaired fangs/tusks; (2) distinct 

pairs.  

(91) Vomerine fang/tusk alveoli. (0) Aligned sagittally; (1) aligned transversely. 

Adapted from (Schoch 2008b). 

(92) Vomerine fang/tusk position relative to choana. (0) Tusk/fang medial to 

choana; (1) tusk/fang anterior to choana. 



 97

(93) Vomerine shagreen of denticles. (0) Absent; (1) present. Adapted from (Laurin 

and Reisz 1997). 

(94) Vomerine foramen. (0) Absent; (1) present. 

(95) Fodina vomeralis. (0) Absent; (1) present. 

(96) Maxilla-vomer contact. (0) Absent, or point contact; (1) sutured. Adapted from 

(Yates and Warren 2000). 

(97) Posteromedial process of the vomer. (0) Absent; (1) extend along lateral 

margins of cultriform process; (2) meet at midline along the cultriform process. 

(98) Posterolateral process of the vomer. (0) Does not extend to the palatine 

fangs/tusks, or absent; (1) extends to the palatine fangs/tusks. Adapted from 

(Yates and Warren 2000). 

(99) Choana shape. (0) Short oval; (1) narrow elongate oval to slit-like; (2) 

expanded medially to be more round. Adapted from (Anderson et al. 2008).  

(100) Lateral border of choana. (0) Dominated by the maxilla; (1) maxilla 

contribution is reduced and the vomer and palatine processes contributions 

increase; (2) maxilla excluded by vomer-palatine suture. Adapted from (Yates 

and Warren 2000). 

(101) Medial margin of the choana. (0) Tooth row absent; (1) tooth row present. 

Adapted from (Yates and Warren 2000). 

(102) Tooth row medial to choana extends anteriorly to posteromedially line the 

vomerine fangs/tooth row. (0) Absent; (1) present. 

(103) Tooth row medial to choana extends posteriorly to laterally line the palatine 

fangs/tooth row. (0) Absent; (1) present. 
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(104) Choana-external nares overlap. (0) Present; (1) absent. Adapted from (Steyer 

2002). 

(105) Interpterygoid vacuity. (0) Terminates posterior to the interchoanal region; (1) 

extends into the interchoanal region; (2) confined to posterior half of palate 

(excluding premaxillae).  

(106) Interpterygoid vacuity mid-lateral margin. (0) Marginal palatal bones are much 

broader than maxilla, restricting the interpterygoid vacuity within the choanae 

margins; (1) maxilla and palatal bones have equal contribution; (2) palatal 

bones are only slightly broader relative to maxilla. Adapted from (Fröbisch and 

Reisz 2008). 

(107) Interpterygoid vacuity lateral extent. (0) Widest at the anteroposterior midline, 

or uniform throughout; (1) widened anteriorly; (2) widened posteriorly. 

Adapted from (Steyer 2002). 

(108) Interpterygoid vacuity anterior margin. (0) Tapered to a point; (1) curved as a 

single arc; (2) stepped curve - multiple arcs created as the palatine extends into 

vacuity. Adapted from (Morales and Shishkin 2002). 

(109) Posterior margin of the interpterygoid vacuity. (0) Simple rounded margins on 

the pterygoid and parasphenoid; (1) proximal margins of pterygoid and 

parasphenoid inset. 

(110) Lateral palatal tooth row. (0) Interrupted; (1) uninterrupted; (2) absent. Adapted 

from (Laurin and Reisz 1997). 

(111) Palatine fangs/tusks. (0) Present; (1) absent; (2) present, but greatly reduced in 

size. Adapted from (Laurin and Reisz 1997). 
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(112) Palatine fang/tusk pairs. (0) Distinct pairs; (1) unpaired fangs/tusks; (2) absent. 

(113) Palatine tooth row posterior to palatine fangs. (0) Four to six teeth; (1) absent; 

(2) more than eight palatine teeth. Adapted from (Yates and Warren 2000). 

(114) Palatine shagreen of denticles. (0) Absent; (1) present. Adapted from (Laurin 

and Reisz 1997). 

(115) Palatine-ectopterygoid suture. (0) Suture is roughly transverse; (1) 

posteromedial process sutures medially to ectopterygoid. Adapted from 

(Schoch et al. 2007). 

(116) Ectopterygoid fangs/tusks. (0) Present; (1) absent. Adapted from (Yates and 

Warren 2000). 

(117) Ectopterygoid fang/tusk pairs. (0) Distinct pairs; (1) unpaired fangs/tusks; (2) 

absent. 

(118) Ectopterygoid tooth row. (0) Tooth row of more than three teeth; (1) only one 

or two teeth present; (2) absent. Adapted from (Yates and Warren 2000). 

(119) Ectopterygoid shagreen of denticles. (0) Absent; (1) present. Adapted from 

(Laurin and Reisz 1997). 

(120) Ectopterygoid-maxilla contact. (0) Present; (1) absent. Adapted from (Ruta and 

Bolt 2006). 

(121) Ectopterygoid participation in the separation of the interpterygoid and 

subtemporal vacuities. (0) Present; (1) absent. Adapted from (Yates and Warren 

2000). 
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(122) Suptemporal window (adductor chamber). (0) Greater than, or equal to, half of 

the total width of the posterior ventral skull; (1) less than half the total width of 

the posterior ventral skull. 

(123) Pterygoid tooth row. (0) Absent; (1) present on the palatine ramus. 

(124) Pterygoid shagreen of denticles. (0) Present; (1) absent. Adapted from (Laurin 

and Reisz 1997). 

(125) Ornamentation of the pterygoid. (0) Absent; (1) present on the ventral/palatal 

surface. Adapted from (Yates and Warren 2000). 

(126) Posteromedial notch on pterygoid corpus. (0) Absent; (1) present. 

(127) Substapedial ridge of pterygoid corpus dorsal surface. (0) Absent; (1) present. 

Adapted from (Yates and Warren 2000). 

(128) Torsion of the pterygoid. (0) Palatine ramus and pterygoid corpus are within the 

same plane as the parasphenoid; (1) palatine ramus and pterygoid corpus 

twisted into dorsoventral ridge; (2) flexion is confined to the lateral edges of 

pterygoid corpus. 

(129) Palatine ramus of the pterygoid. (0) Formed by pterygoid only; (1) contribution 

from ectopterygoid. Adapted from (Schoch 2008b). 

(130) Pterygoid-exoccipital suture. (0) Absent; (1) sutured lateral to the parasphenoid 

and visible in ventral view; (2) sutured lateral to the parasphenoid and not 

visible in ventral view. 

(131) Palatine ramus of pterygoid anterior extent. (0) Extends to the palatal fangs and 

contacts the vomer; (1) extends minimally to the ectopterygoid fangs (or 

anteriormost tooth); (2) does not extend to the ectopterygoid fangs (or 
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anteriormost tooth); (4) extends to the palatal fangs but does not contact the 

vomer. Adapted from (Yates and Warren 2000). 

(132) Lateral margin of the pterygoid. (0) Concave bordering subtemporal window in 

ventral view; (1) straight in ventral view; (2) convex in ventral view. Adapted 

from (Yates and Warren 2000). 

(133) Pterygoid palatine and quadrate rami laterally confluent. (0) Absent; (1) 

present. 

(134) Oblique ridge on posterior quadrate ramus of pterygoid. (0) Absent; (1) low and 

rounded; (2) prominent sharp crest. Adapted from (Yates and Warren 2000). 

(135) Transverse flange of the pterygoid (palatine ramus). (0) Absent; (1) extends into 

adductor chamber (short and prominent); (2) extends to ectopterygoid (broad 

along the subtemporal window). Adapted from (Laurin and Reisz 1997). 

(136) Pterygoid sulcus running lengthwise on anteromedial surface. (0) Absent; (1) 

present.  

(137) Pterygoid quadrate ramus sutured to basicranium. (0) Absent; (1) present. 

(138) Quadrate ramus of pterygoid level with palate. (0) Present; (1) ramus sharply 

downturned resulted in a vaulted palate (inverted U-shaped). Adapted from 

(Warren and Marsicano 2000). 

(139) Pterygoid-parasphenoid contact. (0) Jointed; (1) sutured with little to no 

movement possible. 

(140) Parasphenoid articulation with pterygoid corpus. (0) Posterior to short 

triangular medial pterygoid process; (1) abuts elongate 

cylindrical/hemicylindrical medial pterygoid process; (2) broad contact along 
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lateral margins of parasphenoid plate; (3) prominent, fluted interlocking 

triangular joint. Adapted from (Yates and Warren 2000). 

(141) Sphenethmoid in ventral view. (0) Roughly quadrangular; (1) broadly 

triangular; (2) thin and vertically aligned dorsal to the cultriform process - not 

visible in ventral view. 

(142) Parasphenoid central depression. (0) Absent; (1) present. 

(143) Parasphenoid posterolateral process. (0) Absent; (1) present between the 

pterygoid and exoccipital. 

(144) Parasphenoid denticles. (0) Present without any discrete pattern; (1) present, as 

a discrete transverse belt between pterygoid articulations; (2) absent; (3) 

present, extending anteriorly along the cultrifom process; (4) present as a 

triangular field raised from main parasphenoid plane. Adapted from (Laurin and 

Reisz 1997). 

(145) Parasphenoid shape. (0) Narrow cultriform process, broad body; (1) borad 

cultriform process, broad body; (2) narrow cultriform process, body expanded 

into lateral wings. Adapted from (Laurin and Reisz 1997). 

(146) Anterior cultriform process. (0) Uniform width, or slightly narrowed from the 

base of the parasphenoid to vomer; (1) widened as it approaches the vomers. 

(147) Parasphenoid ornamentation. (0) Absent; (1) present.  

(148) Sulcus posterior to ventral pterygoid-parasphenoid articulation. (0) Absent; (1) 

present. Adapted from (Yates and Warren 2000). 
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(149) Ventral surface of cultriform process. (0) Flat with or without minute 

anteroposteriorly running ridges; (1) narrowed into a midline keel. Adapted 

from (Yates and Warren 2000). 

(150) Crista muscularis – sharp rimmed depressions on posterior ventral surface of 

parasphenoid. (0) Rounded widely spaced depressions with sharp anterior rims; 

(1) absent; (2) depressions transversely widened, rims form transverse ridges 

that are not confluent; (3) depressions transversely widened, rims form 

transverse ridges that are confluent. Adapted from (Yates and Warren 2000). 

(151) Position of crista muscularis. (0) Posterior to posterior parasphenoid-pterygoid 

suture margin; (1) anterior to posterior parasphenoid-pterygoid suture margin; 

(2) in line with posterior parasphenoid-pterygoid suture margin. Adapted from 

(Jeannot, Damiani, and Rubidge 2006).  

(152) Parasphenoid-exoccipital contact. (0) Contact reduced or excluded by the 

basioccipital; (1) parasphenoid underplates exoccipital in ventral view; (2) 

broadly sutured. Adapted from (Schoch et al. 2007). 

(153) Base of marginal teeth. (0) Round or oval; (1) forming transversely broadened 

ovals. Adapted from (Schoch et al. 2007). 

(154) Tooth cusps. (0) Monocuspid; (1) bicuspid, minimally in some teeth. Adapted 

from (Schoch and Rubidge 2005). 

(155) Marginal tooth shape. (0) Conical; (1) recurved; (2) recurved at tip only. 

Adapted from (Huttenlocker, Pardo, and Small 2007). 
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Mandible 

(156) Lateral line sulci on mandible. (0) Present; (1) absent. Adapted from (Steyer 

2003). 

(157) Parasymphyseal fangs/tusks. (0) Present; (1) absent. Adapted from (Laurin and 

Reisz 1997). 

(158) Parasymphyseal tooth row. (0) Present as a single row anterior to fangs/tusks; 

(1) absent; (2) present as two rows, one anterior and one posterior to 

fangs/tusks; (3) present as a single row posterior to fangs/tusks; (4) present as 

three rows, one anterior and two posterior to fangs/tusks. Adapted from (Steyer 

2003). 

(159) Mandibular ossicles. (0) Absent; (1) present. 

(160) Coronoid tusk/fang. (0) Present minimally on one coronoid element; (1) absent. 

Adapted from (Bolt and Lombard 2001). 

(161) Coronoid denticle field present on at least one element. (0) Present; (1) absent. 

Adapted from (Laurin and Reisz 1997). 

(162) Tooth row on the anterior coronoid. (0) Present; (1) absent. Adapted from (Bolt 

and Lombard 2001). 

(163) Anterior coronoid contacts either the parasymphyseal fangs/tusks or the 

adsymphyseal. (0) Present; (1) absent. 

(164) Posterior coronoid. (0) Not visible in lateral view; (1) visible in lateral view. 

Adapted from (Yates and Warren 2000). 

(165) Posterior coronoid tooth row. (0) Present; (1) absent. 
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(166) Prearticular anterior extent. (0) Extends minimally to midpoint of middle 

coronoid; (1) does not extend anterior to suture of middle and posterior 

coronoid. Adapted from (Yates and Warren 2000). 

(167) Posterior extension of the prearticular. (0) Does not extend to level of glenoid; 

(1) extends to glenoid and covers medial articular surface. Adapted from (Yates 

and Warren 2000). 

(168) Surangular crest. (0) Just above or level with dentary tooth row, or absent; (1) 

very prominent rising well above dentary tooth row. Adapted from (Ruta and 

Bolt 2008). 

(169) Position of the glenoid fossa. (0) Approximately level with the dentary tooth 

row; (1) below the dentary tooth row; (2) above the dentary tooth row. Adapted 

from (Warren and Marsicano 2000). 

(170) Anterior Meckelian foramen on the postsplenial. (0) Absent; (1) present. 

Adapted from (Bolt and Lombard 2001). 

(171) Posterior Meckelian foramen shape. (0) Elongate; (1) elliptical or sub-circular. 

Adapted from (Steyer 2003). 

(172) Posterior Meckelian foramen bordering elements. (0) Bounded by the 

prearticular, postsplenial, and angular; (1) bounded by the prearticular and 

postsplenial; (2) bounded by the prearticular and angular; (3) bounded by the 

prearticular, postsplenial, middle coronoid and angular; (4) bounded by the 

prearticular, postsplenial, post coronoid and angular; (5) entirely enclosed by 

the postsplenial. Adapted from (Warren and Marsicano 2000). 
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(173) Unsculptured dorsal strip on labial surface of dentary. (0) Present; (1) absent. 

Adapted from (Bolt and Lombard 2001). 

(174) Splenial contribution to the symphysis. (0) Present; (1) absent. Adapted from 

(Bolt and Lombard 2001). 

(175) Lateral and mesial margins of the adductor fossa. (0) Approximately horizontal 

with each other; (1) mesial margin is ventral to lateral margin. Adapted from 

(Ruta and Coates 2007). 

(176) Prearticular process (hamate process). (0) Absent; (1) modest; (2) prominent. 

Adapted from (Warren and Marsicano 2000). 

(177) Glenoid surface bisected by subcentral anteroposterior ridge. (0) Present; (1) 

absent, glenoid is a simple trough. Adapted from (Bolt and Lombard 2001). 

(178) Postgleniod area. (0) Underdeveloped or absent; (1) well developed but short, 

(2) slender and elongate. Adapted from (Warren and Marsicano 2000). 

(179) Arcadian groove on the postglenoid area. (0) Absent; (1) present. Adapted from 

(Yates and Warren 2000). 

(180) Crista medialis, a medial ridge extending posteriorly from the glenoid fossa on 

the postglenoid area. (0) Poorly developed or absent; (1) prominent. Adapted 

from (Steyer 2003). 

(181) Crista articularis, a ridge extending posteriorly from the articular on the 

postglenoid area. (0) Present; (1) absent. Adapted from (Steyer 2003).  

(182) Transverse trough on the postglenoid area. (0) Absent; (1) present. Adapted 

from (Warren and Marsicano 2000). 
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(183) Chorda tympanic foramen. (0) Present; (1) absent. Adapted from (Yates and 

Warren 2000). 

(184) Posterior postglenoid area. (0) Flat or gently sloping; (1) dorsal bulge. Adapted 

from (Yates and Warren 2000). 

Visceral Skeleton 

(185) Basibranchial. (0) Present; (1) absent. 

(186) Ceratobranchials. (0) Present; (1) absent. Adapted from (Warren and Marsicano 

2000). 

(187) Branchial ossicles covering the ceratobranchials. (0) Present, oval shaped; (1) 

absent.  

Axial Skeleton 

(188) Proatlantal arch. (0) Present; (1) absent. 

(189) Atlas cotyli proportions. (0) Very thin cotyli (‘coloestid style’); (1) low and 

wide (‘brachyopoid style’); (2) vertically extended (‘capitosauroid style’). 

(190) Atlas and axis pleurocentra. (0) Both as separate ossified structures; (1) atlas 

pleurocentra unossified, axis pleurocentra separate structure; (2) atlas and axis 

pleurocentra unossified or coossified, single centra. 

(191) Atlas width. (0) Equivalent to the axis; (1) distinctly wider. Adapted from 

(Witzmann and Schoch 2006b). 

(192) Atlantal neural arch. (0) Separate element; (1) sutured or fused to intercentrum. 

(193) Incorporation of the base of the atlantal neural arch into the upper centrum. (0) 

Absent; (1) present. 
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(194) Well-developed ‘ball and socket’ articulation of the atlas and axis (0) Absent; 

(1) present. 

(195) Axial neural arch (plus spine). (0) Narrow base, dorsally prominent 

anteroposterior expansion; (1) uniform anteroposterior width. 

(196) Proximal cervicle intercentra. (0) Single ossification; (1) paired ossifications. 

(197) Cervical vertebrae transverse processes. (0) Shorter than the dorsal process; (1) 

longer than the dorsal process; (2) approximately equal. Adapted from 

(Witzmann and Schoch 2006b). 

(198) Cervical vertebrae neural spine top. (0) Smoothly ossified; (1) rugose. Adapted 

from (Witzmann and Schoch 2006b). 

(199) Cervical vertebrae neural spine height. (0) Higher than the distance between 

zygopotheses; (1) equal to the distance between zygopotheses. Adapted from 

(Witzmann and Schoch 2006b). 

(200) Cervical vertebrae neural spine alignment. (0) Vertical; (1) posterodorsally 

inclined. Adapted from (Witzmann and Schoch 2006b). 

(201) Procoelous third cervical vertebra. (0) Absent; (1) present. 

(202) Fourth cervical vertebra neural spine height. (0) Equivalent to the rest of the 

cervical neural spines; (1) height is reduced. Adapted from (Witzmann and 

Schoch 2006b). 

(203) Number of presacral vertebrate. (0) More than 27; (1) 23-25; (2) fewer than 20. 

Adapted from (Schoch and Milner 2008). 

(204) Presacral vertebrae. (0) Separate intercentra and pleurocentra; (1) single 

centrum - either pleurocentra is absent or fused to intercentra. 
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(205) Pleurocentra size. (0) Large, usually semicircular, minimally a third the size of 

intercentra; (1) very reduced, usually diamond-shaped, or absent; (2) massive, 

much larger than the intercentra; (3) equal in size and shape to intercentra 

(diplospondylous). Adapted from (Yates and Warren 2000). 

(206) Intercentra. (0) crescent-shaped; (1) disc-shaped; (2) spool-shaped Adapted 

from (Witzmann and Schoch 2006b). 

(207) Tubercles on notochordal surface of intercentra. (0) Absent; (1) present. 

(208) Presacral neural spine lateral projections. (0) Absent; (1) present. Adapted from 

(Witzmann and Schoch 2006b). 

(209) Canal for supraneural ligament. (0) Absent; (1) present minimally in some 

arches. Adapted from (Laurin and Reisz 1997). 

(210) Neural spine transverse-section. (0) Rounded; (1) cross-shaped. Adapted from 

(Yates and Warren 2000). 

(211) Dermal sculpturing on neural spines. (0) Absent; (1) present. 

(212) Rib morphology. (0) Generally homogeneous throughout skeleton; (1) 

distinctly heterogeneous. 

(213) Anterior ribs. (0) Simple rods distally; (1) expanded distally. Adapted from 

(Schoch and Milner 2008). 

(214) Uncinate processes. (1) Present as simple single process; (2) absent; (3) present 

as multiple processes, minimally on some ribs. Adapted from (Laurin and Reisz 

1997). 

(215) Morphology of uncinate processes. (0) Spine-like; (1) absent; (2) expanded into 

broad blades. Adapted from (Schoch 2008b). 
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(216) Parapophysis. (0) Located on the intercentrum only; (1) spans the intercentra 

and pleurocentra. 

(217) Dorsal rib orientation. (0) Short, projecting laterally or posterolaterally; (1) 

long, predominantly directed ventrolaterally. 

Appendicular Skeleton 

(218) Cleithrum head alignment. (0) Aligned along anterior rim of scapula; (1) wraps 

around scapula dorsally. Adapted from (Anderson et al. 2008). 

(219) Cleithrum head shape. (0) Dorsal head much wider than shaft; (1) simple rod, 

no head.  Adapted from (Anderson et al. 2008). 

(220) Clavicluar flange of the cleithrum. (0) Present on the medial surface; (1) present 

on the lateral surface; (2) absent. 

(221) Interclavicle shape. (0) Rhomboidal; (1) oval; (2) pentagonal. 

(222) Dorsal crest on interclavicle. (0) Absent; (1) present. Adapted from (Steyer 

2003). 

(223) Pattern of ornamentation elongation on interclavicle. (0) Directed radially; (1) 

predominantly mediolateral; (2) predominantly longitudinal; (3) non-

directional. 

(224) Clavicular facets on ventral surface of interclavicle. (0) In contact anteriorly; 

(1) separated by intervening strip of ornamentation; (2) absent. Adapted from 

(Yates and Warren 2000). 

(225) Interclavicle posterior margin. (0) Posterior process present; (1) transversely 

straight or gently curved; (2) scalloped margin or W-shaped. Adapted from 

(Witzmann and Schoch 2006b). 
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(226) Interclavicle anterior process. (0) Present; (1) absent. Adapted from (Witzmann 

and Schoch 2006b). 

(227) Interclavicle anterior margin. (0) Serrated; (1) smooth. Adapted from 

(Witzmann and Schoch 2006b). 

(228) Interclavicle size. (0) Shorter than the postorbital skull; (1) longer than the 

postorbital skull. Adapted from (Witzmann and Schoch 2006b). 

(229) Interclavicle-clavicle articulation. (0) Clavicle confined to the anterior half of 

articulation facet; (1) clavicle extends posteriorly. Adapted from (Witzmann 

and Schoch 2006b). 

(230) Clavicle dorsal process. (0) A simple spike; (1) flange with thickened central 

rib along anterior edge of process. Adapted from (Yates and Warren 2000). 

(231) Clavicle lateral margin. (0) Sharp keel separating the ornamented ventral 

surface and unornamented dorsal process; (1) rounded. Adapted from (Yates 

and Warren 2000). 

(232) Clavicles. (0) Well separated anteriorly by the interclavicle; (1) approach or are 

in contact with each other. Adapted from (Witzmann and Schoch 2006b). 

(233) Clavicle morphology. (0) Broad base, anterior expanded shelf, pronounced 

sigmoidal curve; (1) narrow base, rod-like dorsal shaft. Adapted from 

(Witzmann and Schoch 2006b). 

(234) Scapula. (0) Not fully ossified dorsally; (1) dorsally complete. Adapted from 

(Witzmann and Schoch 2006b). 

(235) Scapula length. (0) About twice as long as wide; (1) dorsally extended, 3-4x 

longer than wide. Adapted from (Anderson et al. 2008). 
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(236) Coracoid. (0) Fully ossified ventral to glenoid facet; (1) incomplete or 

unossified. Adapted from (Witzmann and Schoch 2006b). 

(237) Supraglenoid foramen. (0) Enclosed by an ossified supraglenoid buttress and 

coracoid; (1) ventrally open notch, supraglenoid buttress is not ossified to 

coracoid. Adapted from (Yates and Warren 2000). 

(238) Humerus main longitudinal axis. (0) L-shaped; (1) vertical.  

(239) Humerus shaft. (0) Broad or flattened like a blade; (1) more cylindrical than a 

blade. Adapted from (Anderson et al. 2008). 

(240) Humerus proximal-distal torsion. (0) Absent; (1) present. 

(241) Humerus proximal and distal expansion breadths. (0) Distal expansion much 

greater; (1) proximal expansion much greater; (2) proxmial and distal 

expansions approximately equal. 

(242) Humerus head. (0) Condyles minute and poorly ossified, slightly broadened 

head; (1) condyles and head generally massive and widened. Adapted from 

(Anderson et al. 2008). 

(243) Deltopectoral crest. (0) Distinct from proximal articular surface; (1) reduced to 

a buttress; (2) confluent with proximal articular surface. Adapted from (Laurin 

and Reisz 1997). 

(244) Latisimus dorsi crest. (0) Present; (1) absent.  

(245) Supinator process. (0) Absent, anterior ridge present on shaft; (1) absent, shaft 

with rounded anterior edge; (2) present. Adapted from (Laurin and Reisz 1997). 

(246) Ectepicondyle. (0) Modest or absent; (1) prominent. Adapted from (Laurin and 

Reisz 1997). 
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(247) Entepicondyle. (0) Present; (1) absent. 

(248) Entepicondylar foramen. (0) Present; (1) absent. Adapted from (Laurin and 

Reisz 1997). 

(249) Radial articulation. (0) Small on distal end of humerus; (1) large convex 

capitellum on ventral surface of humerus. Adapted from (Yates and Warren 

2000). 

(250) Radius. (0) Radius is shorter than ulna; (1) radius and ulna are of equal length. 

Adapted from (Ruta and Bolt 2008). 

(251) Radius posterior margin. (0) Strongly concave; (1) minutely curved to straight.  

(252) Ulna anterior margin. (0) Minutely curved to straight; (1) strongly concave. 

(253) Olecranon process. (0) Present; (1) absent.  

(254) Ossification of carpals and tarsals. (0) Typically ossify in adults; (1) ossify only 

in the largest/oldest specimens; (2) absent. 

(255) Iliac blade. (0) Posterodorsally inclined; (1) vertical. Adapted from (Yates and 

Warren 2000). 

(256) Iliac blade shape. (0) Parallel-sided; (1) flared at its dorsal end. Adapted from 

(Yates and Warren 2000). 

(257) Ilium. (0) Wide and blade-like with anterior flange or process; (1) dorsally 

abbreviated with dorsoposterior process or flange; (2) very short, only as high 

as wide; (3) thin dorsal shaft, much higher than wide. Adapted from (Anderson 

et al. 2008). 

(258) Posterior sacral flange of ilium, sensu Pawley and Warren (2006). (0) Absent; 

(1) present. 
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(259) Ossification of pubis. (0) Present; (1) absent. Adapted from (Witzmann and 

Schoch 2006b). 

(260) Acetabulum construction. (0) Pubis contributes to acetabulum border; (1) ilium 

and ischium form acetabulum; (2) restricted to ilium.  

(261) Femoral shaft. (0) Widened and blade-like; (1) tall and cylindrical. 

(262) Intercondylar fossa on dorsal surface of distal femur. (0) Large, deep and 

sharply defined depression; (1) small, shallow vaguely defined depression. 

Adapted from (Yates and Warren 2000). 

(263) Fourth trochanter. (0) Modest ridge; (1) very prominent, expanded proximally: 

anterior and posterior depressions; (2) very prominent, expanded proximally: 

only a posterior depression; (3) a wide and low buttress. 

(264) Trochanter ridge bifurcated proximally on femur. (0) Absent; (1) present. 

(265) Fourth trochanter ridge margin with serrated texture. (0) Absent; (1) present. 

(266) Tibia head. (0) Expanded anteroposteriorly; (1) minutely expanded into a 

posterior boss or flange; (2) prominent posterior expansion. 

(267) Tibia distal surface. (0) Expanded lateromedially; (1) minutely expanded 

medially; (2) prominent medial flange; (3) rod-like. 

(268) Flexor crest of tibia. (0) Prominent ridge, tapering at distal end; (1) small boss 

at proximal end, not a fully developed ridge. 

(269) Head of fibula. (0) Expanded anteroposteriorly; (1) anterior boss or minute 

flange; (2) prominent anterior flange. 

(270) Fibula distal surface. (0) Expanded anteroposteriorly; (1) minutely expanded 

posteriorly into a boss or flange; (2) widely expanded anteriorly; (3) rod-like. 
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(271) Fibula and tibia. (0) Approximately the same length; (1) tibia is longer than the 

fibula; (2) fibula is longer than the tibia.  

(272) Longest digit on pes. (0) Third; (1) third and second of equal length; (2) fourth. 

Dermal Skeleton 

(273) Ventral osteoderms. (0) Spindle-shaped; (1) rhomboid-shaped; (2) absent. 

Adapted from (Anderson et al. 2008). 

(274) Dorsal osteoderms. (0) Small, oval or round, and loosely set; (1) broad 

osteroderms comprising a strongly ornamented carapace. Adapted from 

(Anderson et al. 2008). 

(275) Dorsal osteoderm articulation. (0) Imbricating, unornamented and thin; (1) 

tessellating mosaic, ornamented. Adapted from (Yates and Warren 2000). 

Juvenile Stage Characters 

Skull 

(276) Lateral line sulci. (0) Present; (1) absent.  

(277) External nares. (0) Open primarily to lateral view; (1) open primarily to anterior 

view; (2) open primarily to dorsal view. 

(278) External nares shape. (0) Round; (1) oval. 

(279) Internarial fenestra between premaxillae and nasals. (0) Absent; (1) present. 

(280) Orbit orientation. (0) Oriented laterally; (1) oriented dorsally; (2) oriented 

anteriorly. 

(281) Location of orbits on skull. (0) Midway along skull length; (1) anterior portion 

of skull; (2) posterior portion of skull length. 
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(282) Anterior orbit margin. (0) Flat or flush with curvature of skull; (1) minutely 

raised boss or ridge of bone; (2) prominent boss or raised ridge. 

(283) Tabular horn. (0) Absent; (1) modest convex protrusion on posterior margin; (2) 

well developed tabular horn as in adult morphology. 

(284) Posterior cranial margin. (0) Lateral skull margins; (1) tabular margin; (2) 

occipital condyles; (3) equally between tabular horns and lateral skull margins. 

(285) Dermal sculpturing. (0) Ridges and depressions, elongate in areas of skull 

elongation; (1) uniform small pits and ridges; (2) regularly spaced pustules; (3) 

very minute or absent. 

Palate 

(286) Interpterygoid vacuity. (0) Uniform width or not directionally widened; (1) 

widened anteriorly; (2) widened posteriorly. 

(287) Pterygoid-parasphenoid contact. (0) Jointed; (1) sutured; (2) absent. 

(288) Cultriform process, ventral surface. (0) Flat, (1) midline ridge or keel. 

(289) Parasphenoid. (0) Broad body, narrow cultriform process; (1) broad body, 

broad cultriform process - or broader than adult form.  

(290) Crista muscularis. (0) Two separate pockets; (1) single transverse ridge; (2) 

absent. 

Appendicular Skeleton 

(291) Supinator process. (0) Absent, shaft with rounded anterior edge; (1) absent, 

anterior ridge present on shaft; (2) present.  

(292) Humerus head. (0) Condyles minute and poorly ossified, slightly broadened 

head; (1) condyles and head generally massive and widened. 
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(293) Ectepicondyle. (0) Modest or absent; (1) prominent.  

(294) Deltopectoral crest. (0) Distinct from proximal articular surface; (1) reduced to 

a buttress; (2) confluent with proximal articular surface. 

(295) Entepicondyle. (0) Present; (1) absent. 

(296) Humerus proximal and distal expansion breadths. (0) Distal expansion much 

greater; (1) proximal expansion much greater; (2) proximal and distal 

expansions approximately equal. 

Character Figures 

 
 
 

 
Figure A1. Dorsal view of Greererpeton burkmorani skull showing character states 
(adapted from Smithson, 1982). 
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Figure A2. Lateral view of Greererpeton burkmorani skull and mandible showing 
character states (adapted from Smithson, 1982). 
 
 
 

 
Figure A3. Dorsal view of Metoposaurus bakeri (UMMP 13820) skull showing character 
states. 
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Figure A4. Dorsal view of Zatrachys serratus (UCMP 341760) skull showing character 
states. 
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Figure A5. Lateral view of Phonerpeton pricei (AMNH 7150) skull and mandible 
showing character states. 
 
 
 

 
Figure A6. Lateral view of Eryops sp. (AMNH 4183) skull showing character states. 
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Figure A7. Dorsal view of Trematosuchus sobeyi skull showing character states.
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Figure A8. Dorsal view of Apateon pedestris (MCZ 1510) skull and anterior skeleton showing character states (© Harvard Museum of 
Comparative Zoology). 
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Figure A9. Occipital view of Batrachosuchus browni (SAM-PK-5868) skull showing character states. 
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Figure A10. Occipital view of Eocyclotosaurus wellesi (UCMP 42841) skull showing character states.
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Figure A11. Ventral view of Tersomius texensis (MCZ 1912) skull and mandible 
showing character states (© Harvard Museum of Comparative Zoology). 
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Figure A12. Palatal view of Eocyclotosaurus wellesi (UCMP 42841) skull showing character states.
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Figure A13. Palatal view of Eolydekkerina magna (BP/1/5079) skull showing character 
states.
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Figure A14. Palatal view of Eryops megacephalus (AMNH 4673) skull showing character states.
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Figure A15. Palatal view of Batrachosuchus browni (SAM-PK-5868) skull showing 
character states. 
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Figure A16. Palatal view of Greererpeton burkmorani skull showing character states 
(adapted from Smithson, 1982). 
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Figure A17. Palatal view of Rhinesuchus sp. (SAM-PK-K10576) skull showing character 
states. 
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Figure A18. Temnospondyl mandibles showing character states. 
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Figure A19. Eryops sp. full skeletal mount from the Harvard Museum of Comparative Zoology. 
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Figure A20. Temnospondyl cervical vertebrae showing character states. 
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Figure A21. Temnospondyl presacral vertebrae showing character states. 
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Figure A22. Metoposaurus bakeri interclavicle (UMMP 13027) and clavicle (UMMP 13824) showing character states. 
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Figure A23. Acheloma cumminsi humerus (FMNH UR 281) showing character states. 
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Figure A24. Koskinonodon perfectus (UCMP 66991) humerus, radius, and ulna showing character states.



 139

 
Figure A25. Eryops sp. (UMMP 22495) pelvis showing character states. 
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Figure A26. Temnospondyl femora showing character states.
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Figure A27. Acheloma cumminsi (MCZ 2174) cast of pes and lower leg showing 
character states (© Harvard Museum of Comparative Zoology). 
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Taxon codings 

Greererpeton burkemorani 

000000000000000??0000000000000000000000000000000000000000000000000000000

0000000000000000000??000000000000000000000000000000000000000000000000000

00000000000000000000000000000000000000000???0000000000000000000000000000

000000000000000000000000000000000000000000000000000000000000000000000000

00000000? 

Micropholis stowi Broad Snouted Morphotype 

1???110000100010?0010301100000001111000001000130000000001001010101000103

01202?0210??????0120100001120000?12121?00?0000??0010000000010001?0011?003

200001??0021??01???0?0012102??10?10??000011????????00?01???000?0?00001?0001

?????????01110110?111210?110?0110100030001100021???121??1?1?0011?02????000

0?1 

Micropholis stowi Slender Snouted Morphotype 

1???11000010001010010301100000001111000001000110000000001001010101000103

01202?0210?01?000120101001120000?12121?0??00????0000000000010001?0011?013

200001??0021??01???0?0012102??10?10??000011????????????????000?????001?0001?

????????01110110?111210?110?01?0100030001100021???121??1?1?0011?02????0000

?1 

Uranocentrodon senekalensis 

0?01?10000000????1010101000101111000000021000010100????1?010020101?????0?

1012?01100101001120110011100110?1??1??00?????????????0??????????????????????
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0????00???0??????????0???????????????11?????????????????????????????????????????

???????????????????????????????????????????????????????????????????? 

Rhinesuchus capensis 

00011100000000102101010110?1011?10000000210000100000?0?10010020101010000

0101210110?1?100112011000110011111201010021012010?100100000?001??0012?11

?00?0000100????0101111010001????2?111??0?????????????????????????????????????

???????????????????????????????????????????????????????????????????????????? 

Rhinesuchus whaitsi 

????1100000?00???1010101?0?1????10000000210?0010?0???0?1001002010101000001

012?0110?11?0011?0110001?001??11201010?2?01?0001100?000000001??001201?100

00000?00??00010111101001?2?????11?10?0?11????????????????????????????????????

????????????????????????????????????????????????????????????????????????? 

Broomistega putterilli 

0?111100000000301101010100?101?0100000000100001000??1??1001002010101?003

0101210110?11?002120110000100100112010?00?????0?01?001000001001200012????

00??00010000??0?0????????0??????????????111????????????????????????0011?0?????

0??1?10?000??0011000???10?0???????????11??0????????0?????1??230?0?00?????? 

Muchoscephalus kitchingi 

???1110000000?1021010101000101111000000021000010?0??10??00100201010100030

101?101101?11001120110011100111112020100210120?0?100100000?00?2?0012?112

0000000100?????????????????????????????????????????????????????????????????????

????????????????????????????????????????????????????11001001300100??????? 

Laccosaurus watsoni 
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0?11110000000010210?01??00010110100000002100001?0000100100100201010?0003

0101?101101?000011201?0001100111112010?00???12000110010000??001200012??12

0000000100?????????????????????????????????????????????????????????????????????

????????????????????????????????????????????????????????????????????????? 

Rhineceps nyasaensis 

0011210011000010210101010001011110000000210000101000?0110010020101010003

010121011??111001??0?1000110011110201?1002?0??0001100?00?00000?2?0012??10

00??000??00?0001011110?00012?0?2?1???0?0?????????????????????????????????????

??????????????????????????????????????????????????????????????????????????? 

Lydekkerina huxleyi 

0201210000000010?101010100010001100000000100003000001000?010020111010003

1110210110?1110021201000010000001120201000001200001010000002001100012011

22000112100000001011011100010?0?2?11??1?101101?01???01011???01001010?0000

110?0?0001000001011000110000200100110?011?001020003?210????121?10021000??

??????? 

Eolydekkerina magna 

02?1210000000030?1010101000101011000110001100030000010000010020111010003

1110210110?111001120100001000100112021100001120000001100000200?200012010

2201?002100?????1?????????????????11???????????????????????????????????????????

?????????????????????????????????????????????????????????????????????????? 

Xenotosuchus africanus 

02012110000000???1010101100101011000100021000031000?000100200202011110?0

114121011001110?1110100?010011??1021101012011200010011000002001210012?10
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20000032210000001111111100110000?01110000111??????????????????01??????0?0??

????22?111??????????????????????????013??1???????????????????????????????????? 

Paracyclotosaurus morganorum 

0??1????????????????010?10011101100000002100003?0??????1002002020111102111

412101??????????????????????????21?01???????000?001100201?001200012?1020?001

?22100??????????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????? 

Parotosuchus haughtoni 

01?12100???00????1010101100101011000000?2100003000?0100100?0020201111021?

1412101????????1????000?10101?0100?10?00201??000?001100000200?200012?1020?

??0?2210000201110111102110?01111110000?11????????????????110????????????????

?????????????????????????????????????????????????????????????????????????? 

Vantastega plurimidens 

0???1100000?0?????01???????????????????????????????????????????????????2??0?21?

1?000120011211000?1100000002?1010000???????10100?201?11???0112?102100?01?2

00000001111100110000?010?2????10?????????????????????????????????????????????

??????????????????????????????????????????????????????????????????? 

Pneumatostega potamia 

1????????????????1?102?3020100101?0000000100????0?????????????????????????2??

?????????????????????????????2???00?0?1120??1?0010??0?2?0??1????????????0???00

0???0?0????0???0?2???????????????????????????????00011110????0?????00??1??0?00

0??????????????????????????????????????????????????????????????? 

Trematosuchus sobeyi 
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0010210100001030?1010111020101101?2000001100003000??101?00100?010101??00

1?42??0112?10100?1201???120001?1102010?001?00?0?0010000?00?200?201012???20

00??21??00??????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????? 

Kestrosaurus dreyeri 

01?1?000???0?????1?10101100101011000000021000030?00010???02002020111?0?01

14?210110110??0111?10?01?0001??102?10?00000120?0000?1001023002200012??020

000132210?000011??1?010?110???2?1110?10?11?2??101???????????????????????????

??????????????????????????????????????????????????????????????????????????? 

Batrachosuchus browni 

01?12?00?????????1????120??1??????100000110??03??0???001?0000000110100221?0

32111?????????1??1010??11?000102121?00?0???????101000202211?2??112?10210100

1?2000??????????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????? 

Microposaurus casei 

011?1201000??02101?10????2???????0200000110??0?0??001??00??002020101?0?0??4

32?0112110100012010101201110011200000010001000000010000220022??012???2?0

011???100???????????????????????????????????????????????????????????????????????

?????????????????????????????????????????????????????????????????????? 

Rhytidosteus capensis 

02??010000001?0??10112030??000???01000000????????????????????2010?????????40

???1?1???????121111????0?0001??????00?1??????????????????????????????????????0
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000?????????????????01001?100?0????????????????????????????????????0?0??1??0???

???????????????????????????????????????????????????????????????? 

Thanbanchuia oomie 

01??0100???00????1010203000000000110000011000031000????1?00000000????0?1??

001?111??1010001101?1011112100102120?01??001??0010?01000?211??00112?00210

0?01??00000000????????0????0?1?1010??0001????????00?01???03200?00001100?120

?2?011101110??????????????????????????????????????????????????????????????? 

Rhinesuchoides tenuiceps 

00111100000???????010???????????100000002??000??00001001001002010101000001

0?200110?11100112011000110011111221?10021?120?0?000?00000?001200012?10?00

??0001100???????????????????????????????????????????????????????????????????????

?????????????????????????????????????????????????????????????????????? 

Bathignathus poikilops 

02????00?????03000?102020201001010?0000011000?3????????????0000001?????????

0???1?????????????????????????????????????????????????????????????????????????0?

??0001111111111101?011021??110???????????????????????????????????????????????

????????????????????????????????????????????????????????????????? 

Laidleria gracilis 

00?1200000000????101020310011000100000000100003000001001000000000001?010

11202111????????01101?00110000000010101011?0120?0110??0?0002002200012?10?

00?001??000??????????????????0???????????????20????0??????1111????000110??????

???????????????101000?????11010????????????????????1?????????????????????? 

Jammerbergia formops 
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0??0????????????????010?10?111011000000021000?3??000101100?002020111102111

412101??????????????????????????21?01??2??120001001100?001002200012?1020?00

1322100?????????????????????????????????????????????????????????????????????????

???????????????????????????????????????????????????????????????????? 

Apateon pedestris 

1???21001100000??0001301101000001011000001000010000????1000002010??????3?

130??0210??????02200?0000000100?122101001?0120?1111??0?000300?000001?01?20

?001??001?????????????????????????????002????????1????0?2????0??01111?0???10?2

11100?111????1102011?01?011012???0??113000?1?002???????????????????????? 

Apateon dracyiensis 

1???11001100000??001130100100030101100000100001100?????1000001010??????1??

30??02?????????2?00??0???2??00?1201??2???0????1?1???0?000300?0?000??00?20?00

1??00?????????????????????????????????????000??000?00???0?0??00011?000????????

??0??100001112011101?01101200101?11?0?03?120?2??1???000213??0?200010? 

Eryops megacephalus 

00010011000000?000000111000101001010100101000010100000000000020101000000

010010011010100002200100011000001000202001100021000000000000000100011100

2100011?0000012010111000121111010001100001110??0000100100001000000111100

0110010221110011111100111010021001001000131001021101122010?1100012120???

????????? 

Eryops grandis 

????000000000020000???????????????1010?10????0???00????000000?010????0?0??00

??01???????????????????????????????????00?2100??0????????????????????????????00
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0?100101001001010?101000?10000???????????????????00000??1?100?1?????????????

???110?11??0?0210?1??10?0101??1021?000???????????????????????????? 

Chenoprosopus milleri 

1??1200000011010??0101010201010010101100200?0?110000?0?0000001020?00?0101

?01100?10122??001??100010000000?2020020110001200?00100?000000?1000111??20

00010000001????????????????????????????????????????????????????????????????????

???????????????????????????????????????????????????????????????????????? 

Acheloma cumminsi 

1??1020011?000200000000210000000101010000100011000??0001100003110?000103

0110?002?0???????11?1??000000000010200?0???00???0?000000000??0100001100021

00?10?00021??0???????0?0?0?1??1?00????????????????????????????????1111????????

??????????11??101210021011????01100??1020?0200010????01?00013???????????? 

Phonerpeton pricei 

1??1020011?00020000100011000000010100000010001100000000010000301010101?0

111010021000110001101000001000000102002001000121000000002000000100011?0?

20001100000210301010?11??010?10???01100000??????????????????010?0000???????

???????????????1100111?10?21011??00???????102?0??????????????????????????????? 

Trimerorhachis insignis 

00110100110010300001000100000020100000001000003100001001000001010?0000?0

??001001100101?011201?001012110011020010020012010010000000010000000?1?01

2000?0??000000?010011100021101011?0110010?110100000?010?00?00100000001110

0???011011010100000001110000210100??0?010?1?10100030121?0111???0?0???0????

10110? 
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Trimerorhachis mesops 

000101000000103000010?0?00000???10000000100000300000100100000101000000?0

11001001?0??????11?????0?0??0100?1001010?2?0????0?1???0?000?0020000???0??00

??01?00000??0?0????????????0?????????????????????????????000?0??0?011?1???????

1???0???0????101110000110?????0100?111101??????????????????????????????? 

Saharastega moradiensis 

0???11002200003???010101010101001010000020?1001100?????10000010200???0?10

?10??021?1?0100300??1000000000012001021211012210110000?10?020110001110001

10?0?0?000??????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????? 

Nigerpeton ricqlesi 

0???20110000103000100101?1010100100000002011001?0000????000002010??????00

?01??0100010200012110001011000000021020010000200?00?000?000000??00?110022

?000???00000????????????????????????????????????????1?????????0?10?????????????

?????????????????????????????????????????031?????1?????????????????????? 

Parotosuchus sp. 

02102100??0000???101010111?10101?00000002???00300000100100200201?11?1??0?

?41210110???????1?010?0010001001021101002011200010011000012002200012?1020

?00?322100??????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????? 

Eocyclotosaurus wellesi 

02?121002100001001010101000101011000000121000030000101010020021201111021

114121011011011011201000020001101021101002011200010011102012002201012?10
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2000011220000000??????11??0?0?????2????0??????????????????????????????????????

??????????????????????????????????????????????????????0???12021011102?????? 

Stanocephalosaurus birdi 

02012100210000100101010110010101100000012100003010011?01002002020111?0?1

1?4121011011111111201001010001111021101002011200000011002012002200012?10

2000002220000020111110?1120000012?2??????????2??11??????????0?000110?1???1?

??0?00101101010???????????????????????????101????????????021112021011010?????

? 

Cosgriffus campi 

001?2100000010100111020302010100100000012?0?????0?????????????????????????4

?????100010002????0001200000010220?10020112??0?????????????????????????0??1?

??000???????????????????????????????????????????????????????????????????????????

?????????????????????????????????????????????????????????????????? 

Edops craigi 

1???0010??001030001001010001010010001000000000100000100000000201010100?0

0100000101?22??002211?00001110000002002001?0002?0000??00000000?100000100?

00?001?000?11201?11?1?0??????0101000?0?????????????????????00000??1??????????

????????????????0110100210?1???00??????102?????10?????????????????????????? 

Dendrerpeton acadianum 

1???0100210000100001030100000000101000000000011000?10000100003021????1?0?

?00?00210022??00221110000011000100010?00?1?0??100000?10000000??00001?01?0

0?0????0011?????????????1?0???????????????????????????????000???101111?000?0??

101??0??0000??11111002100011000003011???????????????????????????????????? 
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Mastodonsaurus giganteus 

021?21000000003011010101100111011001000001000?30000010110020020101121123

114121011201011011201001110111111021101002011200010010000012002201012?10

200001322100?000111100010001000020101000011112?11?1102?01100011001?01122

0101101200011011101100101201010010010000100000130?0201102?????????????????

??????? 

Zatrachys serratus 

1???20101201103000110001000000001000111121000020111000?10000020111000001

1100110110001?00021011001001210002001022111?0121001000000000000100011?00

3110002000000100101011?002????1?0000??0?0???????00??02111???00000010?0??01

??????????????????00???????????????????????????????????0??????????????????????? 

Dasyceps microphthalmus 

1???2010120?1030001?030101000001100011112100002??11000?10000020101???0?3?

?0???01?0????????????????????????????????????????????0?0?0?00?1?001??0??11??0?

??000????????????0???????0???????????????????????????000????????????????????????

???????10101?0?10?0??????????????????????????????????????????????? 

Neldasaurus wrightae 

0100210000000????10100010200000010010000000000310000?001000000000??00000

1?0?00010??10100?1201??0?110200010?0101002?0000?0110??00000110?1000030?0?

10?001??00000?00???0?????11000?0?0????0??????????01???1100?00000?10011111???

??0?11??1??1?????1010010000?00100200000?10???????????10????????????????????? 

Doleserpeton annectens 
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1???1100111000???001030101100000111100000100111000????00100111010??????0?

120100210022??00??0010000010010?11010???11?122011100000000200?1000110?040

00001??01?1????????????????1?????????????????????????????1022???10?????????????

???????????????????????????????????????????????????????????????????????? 

Sclerothorax hypselonotus 

00?0???0??0??????0110101100111011000110001000030000010110020020101?10?011

?002101?????????????????????????02110?????????0010?101000??00??10012?1021000

0002102???0????0?1102010??12?1???0?0?????????00??100011000?0?1010020101?000

?11?100?1?11??10?0021010?1?????110100012??????????0?????????????????????? 

Cyclotosaurus intermedius 

0200100000000????10101011001010110000000210000310011100000200222011110?1

1?41210110111111112011111100010110211010?211120001000?00001210???1012??0?

00?0132210010201?10011110010?01201?1?000?11??????????????????????????????000

0?0?00?100011111?1000010?10?1??????????????????????????????????????????????? 

Cheliderpeton vranyi 

0?10?100000000300001010100010?00100011002100011000?????1?00002010??????0?

?????01?????????11?????????0???????????????12???????????????????????????????????

00??????????????????????????????????????????0?00???0?0?????100???10?0000?1?101

010?0??10001???10??????0010?11110??20022020????1000?203??????????? 

Archegosaurus decheni 

00002100000000310101010100010010100001002100011000?????10000020101?0?100

0101100111100200022001000100000010221?00?200120000000000000000?1?00?0110

30000000000000?01011110?0011??010?00??0?00000???00?0?0101001010?1?1011020
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10020?22?1110??00???0101110?01010010020030111010?210120?0??00100001132?01

0000112 

Sclerocephalus haeuseri 

00??210000100030010002010001010010001?0?01000110000010100000020101?10000

0?0021021100010001210?0001100000100210000??0000?0000??00000010?1?0003??0?

00?00101000?000101?110?12012?110?0??????0000???00?000110011010?01101?02?11

0?0?0??1010??0?100?1010100210?1011001030011?10??2??2120??1?10?0021??200200

0?10 

Tersomius texensis 

1???10001110003000010001101000001001000001000?100000000010011301010001?0

0?1000021010110?022100000100000011202022?1000120001010000002000100011000

40000010?000?0001110110012102?010?0???0??????????????????????????????????????

????????????????????????????????????????10000??????????11110002030????111002 

Broiliellus brevis 

1???010011100010000100010000000010111100010000100000000010010301010?0??0

??10100210001???0?210?000100000011202022010000200?10??0?2?0?00?100?11?0??2

0??000?0000??0?01??1??00????01??0?010?0???????????????????010?0??0?1110010??

????????????11??111010??10????????????11?2?0??????????000?0012330?0???????? 

Deltasaurus kimberleyensis 

?????1??00000????1??0203010100001010????01000?3?00?????1???002010??????3????

??01???11?0?01201100?1002000110020200110002100000????0?10??????12???320??0

???0?????????????1001?0??1012??????????????????????????????????????????????????

???????????????????????????????????????????????????????????????????? 
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Batrachosuchus henwoodi 

0???1100??000????1????0?000????01?0000?01100000??0???1?10?00000?02?????2??0

0??10?????????11?1000?1001000112120?01?0001?00?101?00201111?001112?10210?0

0??20001??01???1??110?0??01002?10111??????????????????????????????????????????

?????????????????????????????????????????????????????????????????????? 

Vigilius wellesi 

00??1100000100???10102030??1100?102000001?00000??0?0?1?100000101120100221

?0?21101?0111101120100001000100112120?0000000?00?10100?201211??00112?0021

00001?2000?????????????????????????????????1??10???????????????????????????????

???????????????????????????????????????????????????????????????????????? 

Quasicyclotosaurus campi 

021021000000001001010101010101001000000021000030100?01010020022201111001

114121011001011011201001120001111021201002011200000011102?12002200012?10

2000013221000??01?????????0?0?????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????????? 

Koskinonodon perfectus 

010011002100001001011303020000001000000011000031000001?10020020102010002

114321011001011011211000110011111021101002001200000011000112002200012210

21010031200000301111011100010001001?10010?11?221111?0????1??0110010011200

1???01211001010101???101010021010??01???????00???120???????0111110220??????

????? 

Apachesaurus gregorii 
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0100?10000000????1010103020000001000000011000031000101?100200101010??003?

1402101????????11201000110010111021201002001200000011100?1200210011221021

0100122000000011110111000000010?1?10010????????????????????????????1???1???0

?0?10?101010??????????????????????????????????????????????????????????????? 

Metoposaurus bakeri 

011011000000001001010103020100001000000011000030000001?100200201020100?2

1143210110010110112?1000110011111021101002001200001011100?12002100012210

21010031200000201111011100010001111??0010????2??1?1?????1???????????001101

???0120101101010????1010100210?0??11???????10200?????????????????????????????

?? 

Arganasaurus lyazidi 

0?101100000000????01010102010000102000001100003?00?????100?002010??????2?1

43210110?10?10?1201?10?100?110112110100???12??0?00?0000?1?00?100012210?10?

00??2000????????????????????????????????????????????????????????????????????????

????????????????????????????????????????????????????????????????????? 

Metoposaurus azerouali 

0?10???0???0?????1?1110102000000102000001100003?000?01?1002001020201?0220

1432101??????????????00?1?0????102110100???120?0?00??000???00?200012210?10?

003?2?0000001??1??1110010??1111?1?0?0????????????????????????????????????????

???????????????????????????????????????????????????????????????????????? 

Dutuitosaurus ouazzoui 

0110110000000????101110102010000100000001100003?000101?1002002010101?012

014321110001011011201010010011101021101002001200000011100012002100012210
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21010021200000001?10011100014?01111???010????2?11?11??0?00??0100000?????0?

????????????????1000101000120010?????0000??10000?????????????????????????????

?? 

Platyrhinops lyelli 

?????10000100????001130101000000101100000100011000?0?0001001?1010??????0??

10??0211022??0022001000000?000002010220110002100000000?00100010001110031

00001??012?0?010101100121?2?0?0000010?0?0??????????0?????0010?0?000111?00??

?????????????00??111001?210?011000??????1?00?230220?2??????????????????????? 

Dvinosaurus primus 

0100110000000????001000100000000000000000100000?000011010000010100010??2

0?002100100101?01120100010100000112110?001000000011010002000010000100?00

2000001?00000000110?100100100?010?1???00000?1?1100010??00000000?0???0011?

010?????01??001111010101?100210?1111000000??1????031120?????????????????????

???? 

Acanthostomatops vorax 

1???2010121100300001030100000100100011?12100003011????01000002010??????1?

100???1102?????0120?11011010000120010200110002100000000000100?100011?0?31

100000?000?????????????????????????????00????????????????1000?0?000111?0?0?1?

?2????00101????1???10?210?0110121100??11???11?20020??121110?23???000010??2 

Almasaurus habbazi 

0111110000000????101110402000000101000001100003000001001001002010101??02

0140211110?1010021211?10120011011021211001?0120?0000??00011200??01112210?
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00?01??2?0000?01?0?000?00000?010?0???0?1???????????????????010?????????0????0

12110010????????10100?0210?0???????????10200??????????????????????????????? 

Micromelerpeton credneri 

0?000100111000310001010110100000111100000100001000????00000001010????1?3?

?3????2????11?021211?100100010110221?1000?0????0010??000003?0?100?00?00?00

?0????0??00?010??110?10??????0?1???001000????????1???????000?0????????????0??

011001?????????????????????????0030??????????????100???1?002??0001?0002?2 

Thoosuchus yakovlevi 

01111100000000300101010100010100100000000100003000011000002002010101?000

1?4121111??10?002120100012001001102011100001000001000110201200?100012?11

300001011000???????????????????????????????????????????????????????????????????

?????????????????????????????????????????????????????????????????????????? 

Dissorophus multicinctus 

????0100111000300001030112000000111011000100111000????01100113??0?????????

??100???????????????????????????????????????????????????0???????????0????0??0?1?

??????????????12?????10000100?0???????????????????000?00?0?1001110?????11?00?

11011001111101110?111000??????1020?230220??10????????????????????? 

Conjunctio sp. 

1???2100111000300?010???01????????1111?00??00110?000?00?1001?3010??????1??0

0???1???????????????????????????????????????????????????????????????????????????

???????????????????????????????????????????????????????????????00???????????????

???11??00?????????????????110?00??23?????????????????????????? 

Fedexia striegeli 
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1???020000000120?001030111000000111100000100111000???????0011301000?000?1

1100002?????????1???1?0?01????0??0210?0??1000?10??000??0000????00011?0??0?0?

0???0021?????????????????0??????????????0??100?1???????????????????????????????

????????????????????????????????????????????????????????????????????? 

Cochleosaurus florensis 

1???2101??01?????0?1010100011000100011000011001?0000???1000001012????0?1?1

00??0110022???0121000000010000?202102001?00?2?000000100000000100000100?00

?1000?0000??01111?10012002?011?0???010????????????????????????????1???1??????

???????1?1???????????????????????????002?0??????????????????????????????? 

Cochleosaurus bohemicus 

1???201100011030000101020001000010001100200100110000??01000001012??????1?

?00??0111?22???02210?000002000002001?2201?0002?0100??00000000?1000?0?01?0

0??0??00001??011??0??012?????11?0???0?0???????????????????????????????????????

????????????????????????????????????????????????????????????????????????? 

Pelorocephalus cacheutensis 

0???1100??0?0?0???01??0???????????0000000????0???????00?010001010??????2??00

21?1??????????????????????????01??????????????1????1????11?????12????1???0?????

?????????????????????????????????????????????????????????????????????????????????

????????????????????????????????????????????????????????????? 

Compsocerops cosgriffi 

0001100000000?0??1010203020100101000000011000021000010010100020111?1??01

0?0021011???111012201?000102100010211?1120?0120?0010??0?211211?0?1112??0?
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10?001?20????001?11?10?011110101121??000???????????????????1110????????0????

0???01??000?0????111200??0010?????0030?????????????????????????????????????? 

Keratobrachyops australis 

01??100000000?0??1010203000100001000000001000?3?0???10?00000020102010??21

10021111??11101?1??1?0001021?001021202001100?210?1010?121?211?001112?1021

00001?200000001?1?000?0110000101???0?0???????????????????????????????????????

?????????????????????????????????????????????????????????????????????????? 

Onchiodon labyrinthicus 

00??21??00100030000?010100010100100011?0010001100000??01000002010??????0?

?????01111?011001200?0000010000?000102001?0002?0000??00000000?100011?0??0

0?0001?000???010101???01????010?0???0?00??????????????????????????????????????

?????????????????????????????????????????????????????20?10??0??0002000200 

Parioxys ferricolus 

0???0001??000?20000101010101011010111100010???3010???????00103010??????0??

????021????????21???0000010????0001??01??001??000??????00000?1?0?11?01?00???

????0???????????????????????????????????????????????????????????????????????????

???????????????????????????????10100??????????????????????????????? 

Isodectes obtusus 

0??1?00000?0103000010102000000001120000010001001000??1?1000000000????1?20

?002110102?01??0120????0??0000000000020010?002?010000??200?00?000103?0?220

001?000000??110??11??11???0010?1??00?00??????????????????0000?????????????010

211011???0????1??210??10?0110????????????????????1??010?010020??????????? 

Benthosuchus sushkini 
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021021002100001001010101010101011000000021000030000010010020020101?2??21

014121011011110121201?00121101111000111002?1120?0100?10010?200?200012?10

?00?0?020100?0?01?11001112100?011?1???0?1????????????????????????????????????

????????????????????????????????????????????????????????21110?13???????????? 

Acroplous vorax 

0??11100110000???000030100000000112000001100100?000011110000000000000??2?

?00???010?101?001201??011102000110110200110002100100?00200111?000100?0021

0??0020001?0?11011110?10?1??0?0?1???0?1??????????????????????????????????????

?????????????????????????????????????????????????????????????????????????? 

Yuanansuchus laticeps 

021?2100???0?????1?10101000101001000000001001?3?0????0???020020?0111?02?11

402101????????112010110100?11?10211010020?120?0?001?10?00200?200012?10200

000302100??????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????? 

Wetlugasaurus angustifrons 

020?210000000????1010101010111011000000021000?300000101100?002010111??211

14021011??11?0121201?001200?1001021101002?0120?0100??0??00100??00?12?10?0

0?0?302100??????????????????????????????????????????????????????????????????????

??????????????????????????????????????????????????????????????????????? 

Siderops kehli 

0???1?00??000?0??1?10203020???00100000001100??????00100?0??00??????1?????10

021?1?????????????01??1?????????110??????????0?10?0?12?1?11?001112?102010001
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?2?0??0201??0100?0?111?0?1??????0?????1211?1?0?0????111100??0110001???0?200

101010101?11111200110010?????0030??1?3????????????????????????????????? 

Stanocephalosaurus pronus 

02?0210011?0?????1010101110111011000000021000?3010001001002002020111??030

141210110?111?11120100111010111102110100201120001001?00?01200?201012?102

00?0?222100????????????????????????????????????????????????????????????????????

????????????????????????????????????????????????????????????????????????? 

Paracyclotosaurus davidi 

0211210000000????1010101100111011000000021000?31100010?100200202011??021

1?4121011??01?1011??1001??01?11010211?10020?12000?001000????002000012?102?

?00???2?00?????????????2???0????1???0?0???????????0?00?0??010?00??11??0101?0?

0011110101010111?1?10?210??010021110???????????2?2???????????????????????? 

Lapillopsis nana 

1???0101000?0?0??1010101111110011001000001000030000111?1000002010101??211

150210210011?00021?1000?1100000?02010220100002001001100?002001100011??02

0100000?0001??0110?10?1001?2?0?0?11??000?????????????????????0??????????????0

???0??1001?00?00??????????????????????????????????????????????????????????? 

Rotaurisaurus contundo 

1???010???000????10101011?11100110000001010?0?3010?????1000002011101???1?1

502102?????????2??1????100?0??10211002?0?00?2101001100000100?100011??02000

0?00?0001000?00????????????????????????????????????????????????????????????????

?????????????????????????????????????????????????????????????????????? 

Plagiosuchus pustuliferus 
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0???2100???1?????101030411200000100100000110002?10??10?00??00101100??112??

202111???????????????00200?????02021?????0????0?10110???1211?001012??0?10000

??2??????0111111?000102?001020?0000???????????????????????????????????????????

????????????????????????????????????????????????????????????????????? 

Gerrothorax pulcherrimus 

0???210000010????101031111100001000100000100002?00?010000000010?100???121

?20211110022??0100?0000020001???0202?102000120001101100?012110001012??011

00001?2000???01101?01???????0???20?00?000??12?10010?0110??11??0??1????0????

2?3020111?110???????????????????????????????????????100????????????????????? 

Trematolestes hagdorni 

0100210000000????10103030000000010010000010000300000100100?002010?00??20

114221?112?????0012010?01200100010201010000000000?00??00?01200?001012210?

00?01??2?00?0?01???????00002?010?1???0?00?????????????????1010?0???0000?101?

0?2000110????????1??002111??0110121030??1????13?130?2??????????????????????? 

Capetus palustris 

1???210000100030000?0301000001001000000000000?1?00????00000002010?0?0??0?

?10?00110?????00120010000000000000210??????????0?000?000000000100010?01?00

??????0001??0??????????????0???00??0?0????????????????????????????????????0?002

111???????????????????????????????????????????????????????????????????? 

Balanerpeton woodi 

1???2000001?0030000103010000000010?100000000001000????00000001010?0?0??0?

0001?0210022??0022101000100000000021022011000210010000000002001000100011

000001?000010?01010011002115?01??0???0??1110??2000?00?10001000?0??00111?00
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0?0?00011000101000?1?10100010001000000300?00???01011020??12???0?20????????

???? 

Pasawioops mayi 

1???1100??1000100001030110000000110100000100011000?0?0?0100111010?0?00?3?

100?002???01?0001????00?????000101?1??0????012?0?0?0000?00?000100011?0??2??

?0???0021??0??????????????0???00??0??00????????????????????????????????????????

?????????????????????????????????????????????????????????????????????? 

Eoscopus lockardi 

1???1100111001???0010301101000301101000?01000?1000?????0100111010???01?3??

00??0210001??002201100100101001110202201?0002?001000000001000100011?0?4?0

??0???00210???0????????1?0?0????0????????????????00??1??1020?0???011100??????

?110100101????111?100010?0?100000?0??1020?0?02202???????????????????????? 

Wantzosaurus elongatus 

00??210000001????101020300010100100100002100003?00001?1100100201010??0?0?

?422101?????????????0?0???1?00010201??00?????????010?00????01?2?1?12?10?0???

1????0000???????????1???????????????????????????????????????????????????????????

???????????????????????????????????????????????0210120104011020????? 

 



 165

 

 

 

 

 

 

 

 

 

 

APPENDIX B. MATERIALS EXAMINED 



 166

Table B1.  Materials examined for phylogenetic coding. *, indicates fossil material not personally examined during this study. 

Taxon Synonymy Holotype Other Specimens Studied Supplemental 
Literature 

  CMNH 10931* Greererpeton burkemorani 
Romer, 1969   
   
   

MCZ 4348 (formerly CMNH 
11069), MCZ 8785, MCZ 9006 
(formerly CMNH 11068), MCZ 
9008 (formerly CMNH 11070) 

Bolt and Lombard (2001), 
Godfrey (1989a), Godfrey 
(1989b), Smithson (1982) 

Micropholis stowi Huxley, 1859  Micropholis stowii Huxley, 1859 BMNH R.4382* Schoch and Rubidge (2005) 
 Petrophryne granulata Owen, 1876   
 Micropholis stowei Lydekker, 1890   
    
    
   

(Morphotypes A and B): 
BP/1/5603, SAM-PK-10546, 
SAM-PK-K1099 (MB), SAM-
PK-K8550 (MA), SAM-PK-
K10370, SAM-PK-K10475, 
UCMP 42879 (MB), UCMP 
172330   

TM 75* SAM-PK-2783 Myriodon senekalensis van 
Hoepen, 1911   

Uranocentrodon senekalensis 
(van Hoepen, 1911) van Hoepen, 
1917 Rhinesuchus major Broom, 1912   
   
 

Laccocephalus insperatus Watson, 
1919   

 Rhinesuchus senekalensis (van 
Hoepen, 1911) Haughton, 1925 

  

Latimer (2002), Schoch 
(2000), Schoch and Milner 
(2000) 

Bothriceps huxleyi Lydekker, 1889 BMNH R.507* Lydekkerina huxleyi (Lydekker, 
1889) Broom, 1915 Putterillia platyceps Broom, 1930  
 Lydekkerina dutoiti Broom, 1930  
 Broomulus dutoiti (Broom) Romer, 

1947 
 

 Limnoiketes paludinatans 
Parrington, 1948 

 

   
   

AMNH 1990, AMNH 2230, 
BP/1/1373, BP/1/4336, 
BP/1/5021, BP/1/5022, SAM-
PK-3520, SAM-PK-3521, 
SAM-PK-3604, SAM-PK-3605, 
SAM-PK-6545, SAM-PK-
11569, SAM-PK-K1412, SAM-
PK-K1414, SAM-PK-K1421, 
SAM-PK-K8089, UCMP 42899 

Hewiston (2007), Jeannot 
et al., (2006), Pawley and 
Warren (2005), Warren et 
al., (2006) 

 BP/1/5079 BP/1/4590 Shishkin et al. (1996) Eolydekkerina magna Shishkin et 
al., 1996     

Damiani (2008) Capitosaurus africanus Broom, 
1909  

Xenotosuchus africanus (Broom) 
Morales and Shishkin, 2002 

Capitosaurus africanus (Broom) 

SAM-PK-2360 
(lectotype) 

SAM-PK-3008, UCMP 41181, 
UCMP 41286 
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  Haughton, 1925  

  
 

Parotosuchus africanus (Broom) 
Watson, 1962  

  
 

Parotosuchus africanus (Broom) 
Chernin, 1978  

 

  

 
 

Wellesaurus africanus (Broom) 
Damiani, 2001     

Rhinesuchus whaitsi Broom, 1908 SAM-PK-1212 SAM-PK-3009 
 

Rhinesuchus beaufortensis 
Boonstra, 1940   

Schoch and Milner (2000), 
Damiani and Rubidge 
(2003) 

BP/1/5551  Damiani and Hancox (2003) Parotosuchus morgani Hancox and 
Rubidge, 1997    

Paracyclotosaurus morganorum 
Damiani and Hancox, 2003 

   

 
Paracyclotosaurus Hancox et al., 
2000    

 Damiani (2001) Capitosaurus haughtoni Broili and 
Schröder, 1937   

Parotosuchus haughtoni (Broili 
and Schröder) Chernin, 1978 

  
 

Parotosaurus haughtoni (Broili and 
Schröder) Romer, 1947   

   
 

Karoosuchus haughtoni (Broili and 
Schröder) Orchev, 1966 

BSP 1934 VIII 50 
(destroyed during 
WWII); Neotype: 
BPI/1/5673 

  
Lydekkerina putterilli Broom, 1930 TM 184* BP/1/3241 Shishkin and Rubidge 

(2000) 
Broomistega putterilli (Broom) 
Shishkin and Rubidge, 2000 

    
Lydekkerina kitchingi Broom, 1950 BP/1/214 BP/1/213 Schoch and Milner (2000) Muchoscephalus kitchingi (Broom, 

1950) Schoch and Milner, 2000    

 
Muchocephalus muchos Watson, 
1962    

Vantastega plurimidens Damiani 
and Kitching, 2003 

 BP/1/4004 BP/1/5831 Damiani and Kitchingi 
(2003) 

Pneumatostega potamia Cosgriff 
and Zawiskie 1979 

 BP/1/981 SAM-PK-11188 Dias de Silva and 
Marsicano (2011) 

SAM-PK-2779   Trematosuchus sobeyi 
(Haughton, 1915) Watson, 1919 

Trematosaurus sobeyi Haughton, 
1915    
 SAM-PK-3452  Kestrosaurus dreyeri Haughton, 

1925    
   

BP/1/5359, BP/1/5360, 
BP/1/5528, BP/1/5596, 
BP/1/5597, BP/1/5617, 
BP/1/5625
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   BP/1/5625  
SAM-PK-4010   Laccosaurus watsoni Haughton, 

1925 
Uranocentrodon watsoni 
(Haughton, 1925) Ochev, 1966    

Batrachosuchus browni Broom, 1903 SAM-PK-5868  Warren and Marsicano 
(2000) 

Rhytidosteus casei Shishkin, 1964 SAM-PK-6556 BP/1/4653 Damiani (2004) Microposaurus casei Haughton, 
1925     

SAM-PK-7419 SAM-PK-11489 Rhinesuchus capensis Haughton, 
1925 

Rhinesuchus avenanti Boonstra, 
1940   

Schoch and Milner (2000), 
Damiani and Rubidge 
(2003) 

SAM-PK-7866  Rhineceps nyasaensis (Haughton, 
1927) Watson, 1962 

Rhinesuchus nyasaensis Haughton, 
1927   

Schoch and Milner (2000), 
Damiani and Rubidge 
(2003) 

BMNH R.503* SAM-PK-636, UMMP 8740 Schoch and Milner (2000) Rhytidosteus capensis Owen, 
1884 

Rhytidosteus uralensis Shishkin, 
1994    
 UCMP 42780 Warren (1999) Thanbanchuia oomie Warren, 

1999   
UCMP 42777, UCMP 42778, 
UCMP 42781  

Rhinesuchoides tenuiceps Olson 
and Broom, 1937 

Rhinesuchus avenanti Boonstra, 
1940 

FMNH UC 1519   

  Rhinesuchus rubidgei Broom, 1948    

Bathignathus poikilops Damiani 
and Jeannot, 2002 

 BP/1/5790*  Damiani and Jeannot 
(2002) 

Laidleria gracilis Kitching, 1957  AMG 4313*  
    

Kitching (1957), Warren 
(1998) 

Jammerbergia formops Damiani 
and Hancox, 2003 

 NM QR1436*  Damiani and Hancox (2003) 

Apateon pedestris Meyer, 1844 
 

Branchiosaurus amblystomus 
Ammon, 1889 

 

PIM-N 919* 
(neotype) 

 
Branchiosaurus (Protriton) cf. 
petrolei Boy, 1972  

  
 

Branchiosaurus cf. petrolei Boy, 
1978  

   
   

FMNH P14071, FMNH UC 
444, MCZ 1509, MCZ 1510, 
OMNH 35471, OMNH 35472, 
OMNH 35473, OMNH 35474, 
OMNH 35476, OMNH 35477, 
OMNH 35478, UCMP 62773 

Boy (1987), Schoch and 
Milner (2008), Schoch 
(2004), Schoch (1992) 

Apateon dracyiformes Boy, 1986 Aut. 425 AMNH 30596 Apateon dracyiensis (Boy, 1972) 
Werneburg, 1988 Apateon dracyi (Boy, 1972)   

Boy (1987), Schoch and 
Milner (2008), Werneberg 
(2001) W b (2002)
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 Weneberg, 1988   (2001), Werneberg (2002) 
Rhachitomus valens Cope, 1878 AMNH 4189 Pawley and Warren (2006) Eryops megacephalus Cope, 

1877   

 
Epicordylus erythroliticus Cope 
1878   

   
 

Eryops erythroliticus (Cope, 1878) 
Case, 1908   

 Anisodexis imbricarius Cope, 1882   
 Eryops imbricarius (Cope 1882)   
 Eryops willistoni Moodie, 1911   
    
    
    
    
    
    
    
    
    
   

AMNH 4175, AMNH 4180, 
AMNH 4183, AMNH 4190, 
AMNH 4280, AMNH 4673, 
FMNH P 12694, FMNH UC 
446, FMNH UC 502, FMNH 
UC 694, FMNH UR 795, 
FMNH UR 796, MCZ 1128, 
MCZ 1137, MCZ 1378, MCZ 
1441, MCZ 1539, MCZ 1689, 
MCZ 1738, MCZ 2085, MCZ 
2604, MCZ 2715, MCZ 7595, 
UCMP 22542, UCMP 22544, 
UCMP 59016, UCMP 63929, 
UMMP 3041, UMMP 3347, 
UMMP 3407, UMMP 3408, 
UMMP 3411, UMMP 3430, 
UMMP 3570, UMMP 3571, 
UMMP 9737, UMMP 9738, 
UMMP 9776 

 
Ophiacodon grandis Marsh, 1878 Eryops grandis (Marsh, 1878) 

Williston, 1911 
Langston (1953), Williston 
(1911) 

 
Eryopsoides grandis (Marsh, 1878) 
Douthitt, 1917  

  

MCZ 2705, MCZ 
2732, MCZ 2733 
(plesiotypes)  

MCZ 7821, UCMP 34087, 
UCMP 38377, UCMP 39085, 
UCMP 39086, UCMP 39181, 
UCMP 40091  

Chenoprosopus milleri Mehl, 1913  FMNH UC 670 Langston (1953) 
   

FMNH UC 155, UCMP 34168, 
UCMP 34174  

Acheloma cumminsi Cope, 1882 Trematops milleri Williston, 1909 AMNH 4205* 
 Trematops thomasi Mehl, 1926  
   
   
   
   
   
   

Olson (1941), Dilkes and 
Reisz (1987) 

   

AMNH 4412, FMNH UC 481, 
FMNH UC 640,  FMNH UC 
1760, FMNH UR 280, FMNH 
UR 281, FMNH UR 282, 
FMNH UR 283, MCZ 1490, 
MCZ 1549, MCZ 2174, MCZ 
2475, MCZ 2476, MCZ 5310, 
MCZ 2524, MCZ 7457, OMNH 
02110, OMNH 73214 

 
Phonerpeton pricei (Olson) Dilkes, Acheloma pricei Olson, 1941 MCZ 1419 AMNH 7150, FMNH UC 482, Olson (1941), Dilkes (1990) 



 170

1990 Acheloma whitei Olson, 1941   
    
    
    
   

FMNH UC 483, FMNH UC 
783, MCZ 1413, MCZ 1414, 
MCZ 1417, MCZ 1485, MCZ 
1548, MCZ 1767,  MCZ 1772, 
MCZ 2313, MCZ 2474, MCZ 
2531  

Trimerorhachis rogersi Olson, 1955 AMNH 4565 Trimerorhachis insignis Cope, 
1878   
   
   
   
   
   
   
   
   
   
   
   
   

Colbert (1955), Olson 
(1979), Pawley (2007), 
Williston (1915), Schoch 
(1999) 

   

AMNH 7116, FMNH two 
uncatalogued skulls, FMNH 
UC 230, FMNH UC 688, 
FMNH UC 1055, FMNH UC 
1076, FMNH UR 72, FMNH 
UR 74, FMNH UR 75, FMNH 
UR 76, FMNH UR 137, FMNH 
UR 138, FMNH UR 242, SUI 
44744, UCMP uncatalogued 
skull and partial skeleton, 
UCMP 24009, UCMP 24010, 
UCMP 63929, UCMP 105220, 
UCMP 105222, UCMP 
105239, UCMP 174894, 
UCMP 174898, UCMP 
200469, UMMP 15996 

 
 AMNH 4568  Trimerorhachis mesops Cope, 

1895   
MCZ 1165, MCZ 3221, MCZ 
6407, MCZ 8603, MCZ 8609  

 MNN MOR73  Damiani et al. (2006) Saharastega moradiensis 
Damiani et al., 2006     

 MNN MOR69 Steyer et al. (2006) Nigerpeton ricqlesi Steyer et al., 
2006   

MNN MOR70, MNN MOR82, 
MNN MOR83  

Parotosuchus sp. Sidor et al., 
2007 

 UWBM 88571 cast of AMNH 24411 Sidor et al. (2007) 

Eocyclotosaurus wellesi Schoch, 
2000 

 UCMP 42841 Schoch (2000), Schoch and 
Milner (2000) 

    
    
    
    
   

UCMP 41346, UCMP 41348, 
UCMP 41633, UCMP 41646, 
UCMP 55466, UCMP 57548, 
UCMP 60912, UCMP 123583, 
UCMP 123585, UCMP 
123586, UCMP 123587, 
UCMP 125365, UCMP 172488 

 
Stanocephalosaurus birdi Brown, Parotosaurus peabodyi Welles and AMNH 3029 and UCMP 34527, UCMP 34578,  
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1933 Cosgriff, 1965  
 Wellesaurus peabodyi (Welles and 

Cosgriff, 1965) Lehman, 1971 
 

  
 

Parotosuchus peabodyi (Welles and 
Cosgriff, 1965) Morales, 1987  

   
   
  

UCMP 36058 

 
   

UCMP 34579, UCMP 36031, 
UCMP 36032, UCMP 36076, 
UCMP 37263, UCMP 56098, 
UCMP 56104, UCMP 56105, 
UCMP 56107, UCMP 56110, 
UCMP 56111, UCMP 56182, 
UCMP 56185, UCMP 56199, 
UCMP 56231, UCMP 58200, 
UCMP 60922 

 
Cosgriffus campi Welles, 1993  UCMP 112135   
Edops craigi Romer, 1936  MCZ 1378 Romer and Witter (1942) 

    

   

AMNH 7614, FMNH UR 336, 
MCZ 1201, MCZ 1781, UCMP 
42070  

MCZ 8779, UCMP 102367 Hylonomus aciedentatus Dawson, 
1860  

Dendrerpeton acadianum Owen, 
1853 

Dendrerpeton oweni Dawson, 1863 

BMNH R.4158* 
(lectotype) 

 
   
 

Smilerpeton aciedentatum 
(Dawson) Dawson, 1882   

   
 

Platystegos loricatum Dawson, 
1895   

   
 

Dendrysekos helogenes Steen, 
1934   

 Dendryazousa dikella Steen, 1934   

Carroll (1967), Godfrey et 
al. (1987), Holmes et al. 
(1998) 

Mastodonsaurus giganteus 
(Jaeger 1828) Alberti, 1834 

Mastodonsaurus acuminatus Frass, 
1889 

GPIT 1824* UMMP 3208 Schoch (1999), Schoch 
(2002), Schoch (2007) 

Zatrachys serratus Cope, 1878  Langston (1953) 
   
   
   
  

AMNH 4589 
(neotype) 

 
   

AMNH 7896, OMNH 10071, 
OMNH 35005, OMNH 35322, 
OMNH 73952, UCMP 33440, 
UCMP 34154, UCMP 34157, 
UCMP 34167, UCMP 34170, 
UCMP 35008 

 

AMNH 4586 AMNH 4873, AMNH 4587 Paton (1975) Dasyceps microphthalmus (Cope) 
Paton, 1975 

Zatrachys microphthalmus Cope, 
1896    
 MCZ 2200 MCZ 1371, MCZ 1704 Chase (1965) Neldasaurus wrightae Chase, 

1965     
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 FMNH UR 1308* Bolt (1969), Bolt (1977) Doleserpeton annectens Bolt, 
1969   

FMNH PR 2822, OMNH 
56817, OMNH 73365, OMNH 
73756 

 

 HLD-V 607* AMNH 3848 Schoch et al. (2007) Sclerothorax hypselonotus 
Huene, 1932     

 ZPAL Ab III 1173*  Sulej and Majer (2005) Cylcotosaurus intermedius Sulej 
and Majer, 2005     
Cheliderpeton vranyi Fritsch, 1877 Chelydosaurus vranii Fritsch, 

1885 
NMP M351*  

 Chelyosaurus vranyi Lydekker, 
1890 

  

 Chelydosaurus vranii Steen, 1938   
 Actinodon germanicus Kuhn, 1939   
 Chelydosaurus sp. von Huene, 

1956 
  

 Cheliderpeton vranii Roček, 1988   

Boy (1993), Werneburg and 
Steyer (2002) 

Archegosaurus decheni Goldfuss, 
1847 

Archegosaurus medius Goldfuss, 
1847 

 

FMNH UR 428, FMNH P 
25301, MCZ 1273, MCZ 1274, 
MCZ 1276, UMMP 8747 

Gubin (1997), Witzmann 
and Schoch (2006) 
Witzmann (2006a), 
Witzmann (2006b) 

 

Archegosaurus minor Goldfuss, 
1847 

Specimen figured 
by Goldfuss 
(1847), current 
location unknown* 

  
 Pelosaurus laticeps, partim Bulman 

and Whittard, 1926 
GPIM-N1203* 
(neotype)  

Sclerocephalus haeuseri 
Goldfuss, 1847 

Leptorophus levis Bulman, 1928   
   
 

Pelosaurus longiscutatus Watson, 
1963   

 Branchiosaurus levis Watson, 1963   

Boy (1988), Schoch and 
Milner (2000), Schoch 
(2003), Schoch (2009) 

Tersomius texensis Case, 1910  AMNH 4719 Carroll (1964), Bolt (1977) 
    
    
    
    
   

MCZ 1912, MCZ 3235, OMNH 
56794, OMNH 56795, OMNH 
58980, OMNH 58981, OMNH 
73241, UCMP 203016, UCMP 
203316, UCMP 203476, 
UCMP 203614, UCMP 203742 

 
Broiliellus brevis Carroll, 1964 Broiliellus texensis Williston, 1914 MCZ 1424 
   

FMNH UC 41, MCZ 1696, 
MCZ 1747, MCZ 3272 

Carroll (1964), Williston 
(1914) 

Deltasaurus kimberleyensis  WAM 62.1.44* UCMP 61100 Schoch and Milner (2000), 
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Cosgriff, 1965    Dias-da-Silva and 
Marsicano (2011) 

Batrachosuchus henwoodi 
Warren and Marsicano, 1998 

Blinasaurus henwoodi Cosgriff, 
1969 

WAM 62.1.42* UCMP 61065, UCMP 77205 Warren and Marsicano 
(1998), Warren and 
Marsicano (2000) 

 UCMP 38165 Warren and Marsicano 
(2000) 

Vigilius wellesi Warren and 
Marsicano, 2000 

   
   

UCMP 36841, UCMP 75432, 
UCMP 75433, UCMP 75435, 
UCMP 80855 

 
 UCMP 37754 Schoch (2000)  Quasicyclotosaurus campi 

Schoch, 2000    
    
   

UCMP 79E (uncatalogued 
skull), UCMP 172489, UCMP 
172490, UCMP 172491, 
UCMP 172492, UCMP 172493  

Buettneria perfecta Case, 1922 UMMP 7475 Koskinonodon perfectus (Case, 
1922) Müeller, 2007  

Schoch and Milner (2000), 
Hunt (1993) 

 
Koskinonodon princeps Branson 
and Mehl, 1929   

   
 

Borborophagus wyomingensis 
Branson and Mehl, 1929   

 Buettneria howardensis Sawin, 
1945 

  

  

MCZ 1674, OMNH 00736, 
OMNH block #2-1-S5, UCMP 
65679, UCMP 65752, UCMP 
66991, UCMP 113554, UMMP 
8854  

 
 

Metoposaurus maleriensis 
Chowdhury, 1965     

Apachesaurus gregorii Hunt, 1993  UCMP 63845 Hunt (1993) 
    
   

UCMP 63846,  UCMP 63847, 
UCMP 63849, UCMP 63851, 
UCMP 63856  

Buettneria bakeri Case, 1931 UMMP 13055 Hunt (1993) Metoposaurus bakeri (Case, 
1931) Baird in Hopson, 1984    
    
    
    
    
    
    
   

UMMP 12940, UMMP 12946, 
UMMP 12947, UMMP 13027, 
UMMP 13774, UMMP 13776, 
UMMP 13778, UMMP 13783, 
UMMP 13787, UMMP 13792, 
UMMP 13820, UMMP 13823, 
UMMP 13824, UMMP 13912, 
UMMP 13944, UMMP 13956, 
UMMP 14154 

 
Metoposaurus lyazidi Dutuit, 1976  Dutuit (1976), Hunt (1993) Arganasaurus lyazidi (Dutuit) 

Hunt, 1993  
MNHN ALM 205* 
(XIX/3/66) 
(lectotype) 
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  Dutuit (1976), Hunt (1993) Metoposaurus azerouali (Dutuit 
1976)    
  

Field numbers 
XV/1/65 and 
XV/2/65* of Dutuit, 
1976 (syntypes) 

  

 Dutuit (1976), Hunt (1993) Metoposaurus ouazzoui Dutuit, 
1972 nomen nudum   

Dutuitosaurus ouazzoui (Dutuit) 
Hunt, 1993 

  
 

Metoposaurus ouazzoui Dutuit, 
1976 

Field number 
XIII/18/66* of 
Dutuit, 1976 
(lectotype)   

Raniceps lyelli Wyman, 1858 AMNH 6841 Clack and Milner (2009) Platyrhinops lyelli (Wyman) Clack 
and Milner, 1994   
 

Pelion lyelli (Wyman) Wyman in 
Cope, 1968   

 Tuditanus mordax Cope, 1874  

AMNH 2566, AMNH 6898, 
MCZ 1277 

 
 Pelion lyellii (Wyman) Cope, 1875     

 Ichthycanthus platypus Cope, 1877     

 Eryops platypus Cope, 1888     

     

 
Diceratosaurus punctolineatus 
(Cope) Moodie, 1909 non Cope 
1875 

    

     

 
Tuditanus' mordax (Cope) Romer, 
1930     

     

 
?Leptophractus lancifer (Newberry) 
Romer, 1930     

     

 
Platyrhinops mordax (Cope) Steen, 
1931     

     

 

Amphibamus lyelli (Wyman) Bolt, 
1979     

 PIN 39* UCMP 128006 Bystrow (1938) Dvinosaurus primus 
Almalitzki,1921     

UCMP 43250 Melanerpeton spiniceps Geinitz and 
Deichmuller, 1882  

Acanthostomatops vorax 
(Credner, 1883) 

Acanthostoma vorax Credner, 1883  
 

LFUG-13214, 
LFUG-13556* 
(lectotypes) 

 

Boy (1989), Witzmann and 
Schoch (2006) 

 
Acanthostomatops vorax Kuhn, 
1961     

Almasaurus habbazi Dutuit, 1972  Specimens A-E* of  Dutuit (1972), Dutuit (1976) 



 175

  Dutuit, 1976 
(syntypes) 

  

Micromelerpeton credneri Boy, 
1972 

 Micromelerpeton credneri Bulman 
and Whittard, 1926 

DMSWC-T16* 
(lectotype) 

 

Boy (1995), Witzmann and 
Pfretzschner (2003) 

 
Micromelerpeton credneri 
Werneburg, 1989     

UCMP 128007 Damiani and Yates (2003) Trematosuchus yakovlevi Riabinin, 
1927   

  Lyrocephalus acutirostris 
Hartmann-Weinberg and Kuz'min, 
1936 

  

  
  

Thoosuchus acutirostris (Hartmann-
Weinberg and Kuz'min, 1936) 
Efremov, 1940   
Thoosuchus tardus Getmanov, 
1989 

  

Thoosuchus yakovlevi (Riabinin, 
1927) Efremov, 1940 

CNIGR mus 
2169/1* 

  

 
Thoosuchus tuberculatus 
Getmanov, 1989     

 AMNH 4593 Dissorophus multicinctus Cope, 
1895   
   
   

AMNH 1827, AMNH 4343, 
MCZ 4176, MCZ 4178, MCZ 
4179, MCZ 4180, MCZ 4181, 
MCZ 4185, MCZ 4191, MCZ 
4194 

DeMar (1968), Williston 
(1910) 

Conjunctio sp. Carroll, 1964  N/A MCZ 2369 Carroll (1964) 
 MCZ 4343 MCZ 4342 Rippel (1980) Cochleosaurus florensis Rippel, 

1980     
Melosaurus bohemicus Frič, 1876 NMP M1268*  
Cochleosaurus falax Fritsch, 1885   

Sequeira (2004), Milner and 
Sequeira (2003) 

   Dendrerpeton pyriticum Fritsch, 
1885    

   Dendrerpeton ? deprivatum Fritsch, 
1885    
Gaudrya latistoma Fritsch, 1885    

Cochleosaurus bohemicus (Eagle 
et al.) 1885 

   

 
Nyrania trachystoma (Eagle et al.) 
Steen, 1938    

Pelorocephalus cacheutensis 
(Rusconi, 1953) Marsicano, 1999 

Chigutisaurus cacheutensis 
Rusconi, 1953 

MCNA 2966* MCZ 8685, MCZ field #203-
58M 

Marsicano (1999) 
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 CM 76867*  Berman et al. (2010) Fedexia striegeli Berman et al., 

2010     
 ISI A33*  Sengupta (1995) Compsocerops cosgriffi 

Sengupta, 1995     
 QM F.10115*  Warren (1981) Keratobrachyops australis 

Warren, 1981     
SMD a tooth*  Zygosaurus labyrinthicus Geinitz 

and Deichmuller, 1882   
  Archegosaurus latifrons Geinitz and 

Deichmuller, 1882   
  Melanerpeton latirostre Geinitz and 

Deichmuller, 1882   
  Pelosaurus laticeps, partim 

Credner, 1882   
  Archegosaurus decheni Credner, 

1882   
  Archegosaurus latirostris Credner, 

1882   
Pelosaurus laticeps Credner, 1885   

  Sclerocephalus labyrinthicus 
Credner ,1893   

  Onchiodon (Sclerocephalus) 
labyrinthicus, partim Romer, 
1939 

  

  

Boy (1990), Wolfgang 
(1995), Witzmann (2005) 

Onchiodon labyrinthicus Geinitz, 
1861 

Onchiodon (Sclerocephalus) 
labyrinthicus, partim Watson, 1963    

Parioxys ferricolus Case, 1911  AMNH 4309 AMNH 23569 Carroll (1964) 
Pariotichus megalops Cope, 1883 AMNH 6928 Sequeira (1998) Isodectes obtusus (Cope) 

Sequeira, 1998 Dendrerpeton obtusum Cope, 1868   
 Tuditanus obtusus Cope, 1875   
 Isodectes megalops (Cope), 1896   
   
 

Trimerorhachis conangulus Cope, 
1896   

   
 

Erpetodsaurus obtusus (Cope) 
Moodie, 1909  

AMNH 2455, AMNH 4329, 
AMNH 4744, AMNH 6837, 
AMNH 6919, AMNH 6931, 
AMNH 6934, AMNH 6947, 
AMNH 11037 
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 Acheloma? casei Broili, 1904   
 Pelion lyelli (Wyman) Romer, 1930   
   
 

Saurerpeton obtusum (Cope) 
Romer, 1947   

   
 

Trimerorhachis mesops Olson, 
1955 non Cope, 1895   

   
 

Eobrachyops townendae Watson, 
1956   

  

 

 
 

Eobrachyops casei (Broili) Watson, 
1956     

UCMP 128012 Schoch and Milner (2000) Benthosuchus sushkini (Efremov, 
1929) Efremov, 1937 

Benthosaurus sushkini Efremov, 
1929 

PIN 9/2243/1* 
(stolen in 1992)   

 Rasaurus Kuz'min, 1938     

Acroplous vorax Hotton, 1959  KUVP 9822*  
    

Englehorn et al. (2008), 
Foreman (1990) 

 IVPP V 13463*  Liu and Wang (2005) Yuanansuchus laticeps Liu and 
Wang, 2005     

Volgasaurus kalajevi Kuz'min, 1937 CNIGR mus 3417*  Wetlugasaurus angustifrons 
Riabinin, 1930   
 

Wetlugasaurus kalajevi (Kuz'min, 
1937) Kalandadze et al., 1968   

   
   
 

Wetlugasaurus volgensis 
(Hartmann-Weinberg Kuz'min, 
1936) Efremov, 1940   

   
 

Volgasaurus cornutus Efremov, 
1940   

   
 

Parotosaurus angustifrons 
(Riabinin, 1930) Welles and 
Cosgriff, 1965 

  

   
 

Wetlugasaurus kzilsajensis Ochev, 
1966   

   
 

Wetlugasaurus cornutus (Efremov, 
1940) Kalandadze et al., 1968   

Damiani (2001), Schoch 
and Milner (2000) 

 QM F.7882*  Siderops kehli Warren and 
Hutchinson, 1983    

Warren and Hutchinson 
(1983) 

Stanocephalosaurus pronus Parotosaurus pronus Howie, 1970 UMZC T.288*  Schoch and Milner (2000), 
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  (Howie, 1970) Schoch and Milner, 
2000 

Parotosuchus pronus (Howie, 1970) 
Warren, 1980   

Damiani (2001) 

 BMNH R6000*  Paracyclotosaurus davidi Watson, 
1958    

Watson (1958), Schoch and 
Milner (2000), Damiani 
(2001) 

Lapillopsis nana Yates, 1999  QM F12284*  Yates (1999) 
 UTGD 87795*  Yates (1999) Rotaurisaurus contundo Yates, 

1999     
Labyrinthodon sp. Fraas, 1889  Damiani et al. (2009) 

  Plagiosternum pustuliferum Fraas, 
1896   

  Plagiosuchus pustuliferus (Fraas) 
von Huene, 1922   

  

Plagiosuchus pustuliferus (Fraas, 
1896) 

Plagiosuchus pustuloglomeratus 
von Huene, 1922 

SMNS 55909* 
(lectotype) 

  
SMNS 12592* AMNH 3868 Gerrothorax franconicus (Kuhn, 

1932)   
Gerrothorax pulcherrimus (Fraas, 
1913) Jenkins et al., 2008 

  

 
Gerrothorax pustuloglomeratus 
(Huene, 1922)   

 Gerrothorax rhaeticus Nilsson, 1934   
   

Jenkins et al. (2008), 
Witzmann et al., (2012) 

 
Gerrothorax striopustulatus (Huene, 
1922)    
 SMNS 81790*  Schoch (2006) Trematolestes hagdorni Schoch, 

2006     
Capetus palustris Steen, 1938 Macromerion bayeri Fritsch (1885) BMNH R.4706*  
    

Steen (1938), Sequeira and 
Milner (1993) 

 GLAHM V2051*  Balanerpeton woodi Milner and 
Sequeira, 1994    

Schoch (1999), Milner and 
Sequeira (1994) 

 OMNH 73019*  Fröbisch and Reisz (2008) Pasawioops mayi Fröbisch and 
Reisz, 2008     
Eoscopus lockardi Daly, 1994  KUVP 80408*  Daly (1994) 

Wantzosaurus sp. Lehman, 1955 MNHN MAE3030*  Wantzosaurus elongatus Lehman, 
1961 Ifasaurus elongatus Lehman, 1966     

Steyer (2002), Schoch and 
Milner (2000) 
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TABLE C1. List of temnospondyl producing localities for taxa included within the phylogenetic analysis and reference list for 
stratigraphic correlation of units to the global time scale. 
 

Period Epoch Stage Geological Unit Locality References for Stratigraphic Correlation 

Mississippian Middle Visean  West Lothian Oil-Shale Fm. East Kirkton Quarry, UK Milner and Sequeira (1994), Menning et al. (2006) 

 Late Serpukhovian Bickett Shale, Bluefield Fm. Greer Quarry, WV Carroll (2009), Sundberg et al. (1990), Menning et al. (2006) 

   late Chesterian  Goreville, IL Carroll (2009), Sundberg et al. (1990), Menning et al. (2006) 

      

Pennsylvanian Early Bashkirian Forty Brine coal seam Coal Mine Point, NS Heckel and Clayton (2006), Menning et al. (2006) 

 Middle Moscovian Upper Freeport Coal Linton Coal Measures, OH Heckel and Clayton (2006), Menning et al. (2006) 

   Morien Gp.  Florence, NS Heckel and Clayton (2006), Menning et al. (2006) 

   Gaskohl series Humbolt Mine, DE Heckel and Clayton (2006), Menning et al. (2006) 

 Late Casselman Fm. Fedex site, PA Heckel and Clayton (2006), Menning et al. (2006) 

  
Kasimovian to 
Gzhelian    

  Gzhelian Channel-fill, Topeka Limestone Hamilton Quarry, KS Heckel and Clayton (2006), Menning et al. (2006) 

      

Permian Cisuralian Asselian Lower Rotliegend Fm. Tabarz Quarry, DE Werneburg and Schneider (2006) 

   Wichita Basin near Seymour, TX Menning et al. (2006), Lucas (2006) 

   Eskridge Shale Humbolt, NE/OK Menning et al. (2006), Lucas (2006) 

  Cutler Gp. Anderson Quarry, NM Menning et al. (2006), Lucas (2006) 

  
Asselian to 
Sakmarian  V3528, NM Menning et al. (2006), Lucas (2006) 

    Camp Quarry, NM Menning et al. (2006), Lucas (2006) 

   Abo Fm. Quarry Butte, NM Menning et al. (2006), Lucas (2006) 

    Arroyo de Aqua Bonebed, NM Menning et al. (2006), Lucas (2006) 

    Poleo Creek, NM Menning et al. (2006), Lucas (2006) 

   Rotliegend Fm. Niederhaslich, DE Werneburg and Schneider (2006) 

  Sakmarian Lower Rotliegend Fm. Niederkirchen, DE Werneburg and Schneider (2006) 

    Humberg, DE Werneburg and Schneider (2006) 

    Odernheim, DE Werneburg and Schneider (2006) 

   Middle Rotliegend Fm. near Dresden, DE Werneburg and Schneider (2006) 

   Autunia Fm. Plavenschen Grundes, DE Werneburg and Schneider (2006) 

   Fissure fill Richard's Spur, Fort Sill, OK Woodhead et al. (2010), Menning et al. (2006) 

   Moran Fm. Terrapin School, TX Menning et al. (2006), Lucas (2006) 

   Ruprechtice Limestone Olivetin, CZ Werneburg and Schneider (2006) 

   Meisenheim Fm. Lebach, DE Werneburg and Schneider (2006) 



 181

   Speiser Shale near Keats, KS Menning et al. (2006), Lucas (2006) 

  Artinskian Putnam Fm. Archer City Bonebed, TX Menning et al. (2006), Lucas (2006) 

    Table Branch, TX Menning et al. (2006), Lucas (2006) 

   Admiral Fm. Copper Hill School, TX Menning et al. (2006), Lucas (2006) 

    near Archer City, TX Menning et al. (2006), Lucas (2006) 

    S. of Geraldine, TX Menning et al. (2006), Lucas (2006) 

    Briar Creek Bonebed, TX Menning et al. (2006), Lucas (2006) 

    Halsell Hill, TX Menning et al. (2006), Lucas (2006) 

  Kungurian Arroyo Fm. Coffee Creek, TX Menning et al. (2006), Lucas (2006) 

    Craddock Bonebed, TX Menning et al. (2006), Lucas (2006) 

    Indian Creek, TX Menning et al. (2006), Lucas (2006) 

    Brushy Creek, TX Menning et al. (2006), Lucas (2006) 

    Poney Creek, TX Menning et al. (2006), Lucas (2006) 

    E. of Coffee Creek, TX Menning et al. (2006), Lucas (2006) 

    Grey Creek, TX Menning et al. (2006), Lucas (2006) 

    Grandfield, OK Menning et al. (2006), Lucas (2006) 

    Thrift Locality, TX Menning et al. (2006), Lucas (2006) 

    Hog Creek, TX Menning et al. (2006), Lucas (2006) 

   Choza Fm. Pipe Locality, TX Menning et al. (2006), Lucas (2006) 

   Vale Fm. Patterson Ranch, TX Menning et al. (2006), Lucas (2006) 

   Clear Fork Gp. 10 mi SE of Snyder, OK Menning et al. (2006), Lucas (2006) 

    Minnie Creek, TX Menning et al. (2006), Lucas (2006) 

    Gray Bock, TX Menning et al. (2006), Lucas (2006) 

   Hennessey Fm. Norman Locality, OK Menning et al. (2006), Lucas (2006) 

   Clyde Fm. Coal Creek, TX Menning et al. (2006), Lucas (2006) 

   Belle Plains Fm. Tit Mountain, TX Menning et al. (2006), Lucas (2006) 

    N. fork Little Wichita River, TX Menning et al. (2006), Lucas (2006) 

    Dagget Creek, TX Menning et al. (2006), Lucas (2006) 

    near Dundee, TX Menning et al. (2006), Lucas (2006) 

    Little Wichita River, S of Fulda, TX Menning et al. (2006), Lucas (2006) 

    Hay Camp, S of Fulda, TX Menning et al. (2006), Lucas (2006) 

    SE part of Gobswin Creek, TX Menning et al. (2006), Lucas (2006) 

    3 mi S of Dundee, TX Menning et al. (2006), Lucas (2006) 

    5 mi S of Dundee, TX Menning et al. (2006), Lucas (2006) 

    1 mi NW of Woodrum House, TX Menning et al. (2006), Lucas (2006) 

    W of Chas. Williams Ranch, TX Menning et al. (2006), Lucas (2006) 
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   Wichita Gp. S. side Little Wichita River, TX Menning et al. (2006), Lucas (2006) 

    Big Wichita River, TX Menning et al. (2006), Lucas (2006) 

    Mitchell Creek, TX Menning et al. (2006), Lucas (2006) 

   Garber Fm. Tillman Co., OK Garber-Wellington Assn. (2004), Menning et al., (2006) 

   Wellington Fm. Jefferson Co., OK Garber-Wellington Assn. (2004), Menning et al., (2006) 

    3 mi from Byars, OK Garber-Wellington Assn. (2004), Menning et al., (2006) 

 Guadalupian Capitanian Tapinocephalus AZ Blaavw Krantz, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

    Fraserburg Rd., ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

    Beaufort West Commonage, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

    Mynhardtskraal, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

   Abrahamskraal Fm. Stinkfontein, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

 Lopingian Wuchiapingian Cistecephalus AZ Ringsfontein, Murraysburg, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

    Ferndale, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

   Chiweta Beds Upper bone beds, MW Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

   Tropidostoma AZ Spitskop, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

   upper Tartian North Dvina River, RU Menning et al. (2006), Lucas (2006) 

  Changsingian Balfour Fm. Senekal, ZA Menning et al. (2006), Catuneanu et al. (2005), Lucas (2006) 

   Moradi Fm.  S44-3, Niger Lucas (2006), Tabor et al. (2011) 

    P09-01, Niger Lucas (2006), Tabor et al. (2011) 

    S44-2c, Niger Lucas (2006), Tabor et al. (2011) 

      

Triassic Early Induan Katberg Fm. Harrismith, ZA Catuneanu et al. (2005), Lucas (2010) 

    Klipfontein, New Aliwal, ZA Catuneanu et al. (2005), Lucas (2010) 

    Fairydale, Bethulie, ZA Catuneanu et al. (2005), Lucas (2010) 

    Caledon Draai, ZA Catuneanu et al. (2005), Lucas (2010) 

    Donald, Bethulie, ZA Catuneanu et al. (2005), Lucas (2010) 

    Donga, 1 mi E. of Harrismith, ZA Catuneanu et al. (2005), Lucas (2010) 

    Beersheba, ZA Catuneanu et al. (2005), Lucas (2010) 

    Wondakrantz, Harrismith, ZA Catuneanu et al. (2005), Lucas (2010) 

    Ndanyana Hill, ZA Catuneanu et al. (2005), Lucas (2010) 

    old brick donga, Harrismith, ZA Catuneanu et al. (2005), Lucas (2010) 

    Olivershoek Pass, ZA Catuneanu et al. (2005), Lucas (2010) 

    ‘Queen's Hill’, Harrismith, ZA Catuneanu et al. (2005), Lucas (2010) 

    Tafelberg, ZA Catuneanu et al. (2005), Lucas (2010) 

   Burgersdorp Fm. Harmonia, ZA Catuneanu et al. (2005), Lucas (2010) 

    Thaba N'chu, ZA Catuneanu et al. (2005), Lucas (2010) 
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    Voalbank, ZA Catuneanu et al. (2005), Lucas (2010) 

   Middle Sakamena Fm. Madiromiary, MG Steyer (2002) 

   Lystrosaurus/Cynognathus AZ Koudekraal, Rouxville, ZA Catuneanu et al. (2005), Lucas (2010) 

  Moenkopi Fm. 9.6 mi S of Winslow, AZ Lucas (2010), Schoch and Milner (2000) 

  
Induan to 
Anisian  Meteor Crater, AZ Lucas (2010), Schoch and Milner (2000) 

    Holbrook Quarry, AZ Lucas (2010), Schoch and Milner (2000) 

    Grey Mtn. site 1, AZ Lucas (2010), Schoch and Milner (2000) 

    Hunt 2, AZ Lucas (2010), Schoch and Milner (2000) 

    Jennings Quarry, AZ Lucas (2010), Schoch and Milner (2000) 

    Cyclotosaurus Butte, AZ Lucas (2010), Schoch and Milner (2000) 

   Lower Arcadia Fm. The Crater, AU Australia Geoscience (2012) 

   Knocklofty Sandstone Crisp and Gunn's Quarry, AU Australia Geoscience (2012) 

  Olenekian  Cynognathus AZ, A Driefontein, Paul Roux Farm, ZA Catuneanu et al. (2005), Lucas (2010) 

    Guarriekop, ZA Catuneanu et al. (2005), Lucas (2010) 

   Cynognathus AZ Sobey's Quarry, ZA Catuneanu et al. (2005), Lucas (2010) 

   Eichsfeld Sandstein Queck, DE Lucas (2010), Schoch and Milner (2000) 

   Vetluga series Zubovskoye, RU Lucas (2010), Schoch and Milner (2000) 

    Tikhvinskoye, RU Lucas (2010), Schoch and Milner (2000) 

    Nikol'skij Rajon, RU Lucas (2010), Schoch and Milner (2000) 

    Sheksna, RU Lucas (2010), Schoch and Milner (2000) 

    Bogatovskogo Rajon, RU Lucas (2010), Schoch and Milner (2000) 

    Elva, RU Lucas (2010), Schoch and Milner (2000) 

 Middle Cynognathus AZ Metabele Farm, ZA Catuneanu et al. (2005), Lucas (2010) 

  
Olenekian to 
Anisian Cynognathus AZ, A or B Jammerberg, ZA Catuneanu et al. (2005), Lucas (2010) 

  Cynognathus AZ, B Winnaarsbaken, ZA Catuneanu et al. (2005), Lucas (2010) 

  
Olenekian to 
Landinian Burgersdorp Fm. Nooitgedacht, ZA Catuneanu et al. (2005), Lucas (2010) 

  Anisian Burgersdorp Fm. Wilgerkloof, ZA Catuneanu et al. (2005), Lucas (2010) 

   Cynognathus AZ Aliwal North, ZA Catuneanu et al. (2005), Lucas (2010) 

    Wonderboom Bridge, ZA Catuneanu et al. (2005), Lucas (2010) 

   Fremouw Fm. Gordon Valley, AQ Sidor et al. (2008) 

    Fremouw Peak, AQ Sidor et al. (2008) 

   Manda Fm. Mkongoleko, TZ Catuneanu et al. (2005), Lucas (2010) 

   Xinlingzhen Fm. Maopingchang, AU Lucas (2010)  

  Blina Shale McKenzie Quarry, AU Australia Geoscience (2012) 

  
Anisian to 
Landinian  Kimberley 4, AU Australia Geoscience (2012) 

    Kimberley 8, AU Australia Geoscience (2012) 
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   Wianamatta Shales St. Peter's, near Syndey, AU Australia Geoscience (2012), Schoch and Milner (2000) 

  Landinian Lower Luttenkeuper Gaildorf, DE Schoch (1999), Lucas (2010) 

   Hauptsandstein Rothenacker, DE Schoch (1999), Lucas (2010) 

   Hohenecker Kalk Hohenecker, DE Schoch (1999), Lucas (2010) 

   Untere Graue Mergel Kupferzell, DE Schoch (1999), Lucas (2010) 

    Vellberg-Eschenau, DE Schoch (1999), Lucas (2010) 

    near Kochertalbrücke, DE Schoch (1999), Lucas (2010) 

    ‘Schneider’ quarry, DE Lucas (2010), Schoch and Milner (2000) 

   Oberer Lettenkeuper near Hohenlohe, DE Lucas (2010), Schoch and Milner (2000) 

   Erfurt Fm. Michelbach an der Bilz, DE Lucas (2010), Schoch and Milner (2000) 

    near Arnstadt, DE Lucas (2010), Schoch and Milner (2000) 

 Late Carnian Drawno Beds Krasiejow, PL Sulej and Majer (2005), Lucas (2010) 

   Upper t.5 beds Alma, near Imi N'Tanoute, MA Lucas (2010), Schoch and Milner (2000) 

    Imziln, near Imi N'Tanoute, MA Lucas (2010), Schoch and Milner (2000) 

   base of t.5 beds Azarifen, near Imi N'Tanoute, MA Lucas (2010), Schoch and Milner (2000) 

    Alma, near Imi N'Tanoute, MA Lucas (2010), Schoch and Milner (2000) 

   Garita Creek Fm. Lamy, NM Lucas (2010), Schoch and Milner (2000) 

   Popo Agie Fm. Bull Lake Creek, WY Lucas (2010), Schoch and Milner (2000) 

    Sage Creek, WY Lucas (2010), Schoch and Milner (2000) 

   Dockum Fm. 21 mi N of Snyder, TX Lucas (2010), Schoch and Milner (2000) 

    Sweetly Cruize Creek, TX Lucas (2010), Schoch and Milner (2000) 

  Dockum Fm. Davidson Creek, TX Lucas (2010), Schoch and Milner (2000) 

  
Carnian to 
Norian  Quarry 3, Howard Co., TX Lucas (2010), Schoch and Milner (2000) 

    Holmes Creek, TX Lucas (2010), Schoch and Milner (2000) 

    Sand Creek, TX Lucas (2010), Schoch and Milner (2000) 

    Sierrita de la Cruz Creek, TX Lucas (2010), Schoch and Milner (2000) 

    Post Quarry, TX Lucas (2010), Schoch and Milner (2000) 

   Wolfville Fm. Noel Head, NS Lucas (2010), Schoch and Milner (2000) 

  Norian Bull Canyon Fm. Revuelto Creek, NM Lucas (2010), Schoch and Milner (2000) 

   Petrified Forest Fm. Lacey Point, AZ Lucas (2010), Schoch and Milner (2000) 

   Upper Redona Fm.  N. Apache Canyon, Quarry 2, NM Lucas (2010), Schoch and Milner (2000) 

   Cacheuta Fm. Labyrinthodont Hill, AR Marsicano (1999) 

   Fleming Fjord Fm. Sydkronen, GL Paleobiology database (2012), Lucas (2010) 

    Macknight Bjerg, GL Paleobiology database (2012), Lucas (2010) 

    Lower Carlsbjerg Fjord beds, GL Paleobiology database (2012), Lucas (2010) 
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   Löwenstein Fm. Burrerschen Quarry, DE Paleobiology database (2012), Lucas (2010) 

   Upper Maleri Fm. Pranhita-Godavari Valley, India Lucas (2010), Schoch and Milner (2000) 

      

Jurassic Early Upper Evergreen Fm. Wandoan, AU Australia Geoscience (2012) 

  
Pliensbachian 
to Toarcian    
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