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Abstract 

 Lysorophia is a poorly-understood group of fossil tetrapods known from the Late 

Carboniferous and Early Permian of North America. Some prior workers have noted similarities 

between lysorophians and modern amphibians, suggesting that lissamphibians may have evolved 

from lysorophian-like ancestors. 

 I used high resolution x-ray micro-computed tomography (HR-XCT) to study skulls of 

the lysorophian Brachydectes newberryi from the Early Permian of Kansas and Nebraska, USA. 

I present a detailed description of the skeletal morphology of these skulls, including fine 

structure of the braincase. With reference to the skeletal morphology described here, I present a 

list of new, phylogenetically-informative characters from the braincase and incorporate these into 

phylogenetic analysis of early tetrapods. Lysorophians are found to be microsaurs, a diverse 

group of early tetrapods. The data presented here suggest that lysorophians and microsaurs may 

be early reptiles and thus not relevant to the discussion of lissamphibian origins. 
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Chapter 1: Introduction 

 

1.1 The Problem of Lissamphibian Origins 

 The morphology and relationships of extinct groups of fossil organisms are often 

discussed in the context of the origin and evolution of modern groups.  This is certainly the case 

for the study of the morphology and evolution of early tetrapods, which has often been 

investigated in terms of amniote origins (Laurin & Reisz, 1995; Paton et al., 1999) but which has 

recently been largely recast as a question of the origins of lissamphibians (Schoch & Carroll, 

2003; Vallin & Laurin, 2004; Carroll, 2007; Anderson,2007; 2008; Anderson et al., 2008; 

Marjanovic & Laurin, 2008; 2013; Maddin et al., 2012), a group that encompasses the three 

modern anamniote tetrapod orders (Caudata, Anura, and Gymnophiona). This approach has led 

workers to either approach various Paleozoic taxa as plausible ancestors of modern 

lissamphibians (Carroll, 2007) or to attempt to populate the lissamphibian stem with various 

Paleozoic tetrapods (Ruta & Coates, 2007).  

 This effort has run into serious obstacles, however. Substantial gaps exist in the fossil 

record between the major late Paleozoic early tetrapod diversifications in the Carboniferous and 

Permian and the diversification of modern lissamphibians in the Mesozoic.  Additionally, these 

gaps are morphological as well as temporal: modern lissamphibians all look very different from 

late Paleozoic tetrapods in general, and suites of synapomorphies that have been found to 

characterize groups of Paleozoic tetrapods have been obscured or obliterated by subsequent 

evolution along the lissamphibian stem or among early members of the lissamphibian crown. 

Although noteworthy differences exist between members of the amniote stem and modern 

reptiles and mammals, stem-groups for mammals (Sidor & Hopson, 1998) and reptiles (Muller & 

Reisz, 2006) are more complete and provide a reasonably clear record of the stepwise loss of 
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skeleton, as well as the earliest occurrence of a fused tibiofibula and radioulna, indicating that P. 

bitis was likely employing saltatory locomotion similar to that seen in modern anurans (Shubin 

& Jenkins, 1998).  A few other late-surviving stem-anurans have been identified (two species of 

the genus Notobatrachus from the Middle Jurassic of Patagonia, [Baez & Nicoli, 2008]; 

Yizhoubatrachus maclientus from the Early Cretaceous of Liaoning Province, China [Gao & 

Chen, 2004], and Vieraella herbsti from the Middle Jurassic of Patagonia, [Baez & Basso, 

1996]). 

 The caudate stem is more poorly known.  The earliest definitive stem-caudates appear in 

the Middle Jurassic (Bathonian), but are represented by relatively fragmentary material.  Two 

species of Marmorerpeton and two other unnamed forms are known from the Middle Jurassic 

Kirtlington Mammal Bed of England (Evans et al., 1988), but are represented primarily by 

isolated vertebrae. The stem-caudate Urupia monstrosa of the Itat Formation of Siberia, Russia, 

is known from a handful of vertebrae, a few fragments of dentary, and a partial femur (Skutschas 

& Krasnolutskii, 2011). The only stem-caudates that are known from more than isolated 

fragments are the karaurids Kokartus honorarius from the Bathonian Balabansai Formation of 

Kyrgyzstan and Karaurus sharovi from the Upper Jurassic (Kimmeridgian) of the Karabastau 

Formation of Kazakhstan (Shishkin, 2000). Karaurids exhibit a few notable plesiomorphic 

characteristics, including a well-ornamented dermal component of the squamosal, vomerine 

tooth rows parallel to the marginal dentition, an exoccipital distinct from the opisthotic, an 

occiput that does not project beyond the posterior extent of the skull roof, bicapitate ribs, and 

separate glenoid and supraglenoid foramina in the scapulocoracoid (Skutschas & Martin, 2011). 

Karaurids appear to lack bicuspid, pedicellate teeth, but this may represent a loss of the 

plesiomorphic condition for caudates, as bicuspid pedicellate teeth have been described for 
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confidently resolved within Paleozoic tetrapod phylogeny. This approach has seen some success, 

and a number of archaic taxa from the late Paleozoic and early Mesozoic have been identified as 

possible stem-groups for either some or all modern lissamphibian orders. The Amphibamidae is 

a diverse group of small-bodied dissorophoid temnospondyls that have been the subject of 

considerable interest in recent years (Schoch & Rubidge, 2005; Huttenlocker et al., 2007; 

Anderson et al., 2008a; 2008b; Frobisch & Reisz, 2008; Schoch & Frobisch, 2009; Clack & 

Milner, 2010; Sigurdsen & Bolt, 2010; Bourget & Anderson, 2011; Anderson & Bolt, 2013; 

Maddin et al., 2013) and have been put forth as possible stem-lissamphibians (Sigurdsen & Bolt, 

2010), stem-batrachians (the clade including Anura and Caudata; Anderson et al., 2008b; 

Anderson 2008; Schoch & Frobisch, 2009; Bourget & Anderson, 2011), or a combination of 

stem-batrachians and stem-lissamphibians (Maddin et al., 2012). Amphibamids share a number 

of characteristics with lissamphibians, including true metamorphosis, shortened ribs, reduced 

marginal bones of the palate, very large interpterygoid vacuities, and, in some taxa, pedicellate 

teeth with two cusps aligned labiolingually (Bolt, 1970; Clack & Milner, 2010; Sigurdsen & 

Bolt, 2010). The pes of the derived amphibamid Gerobatrachus hottoni preserves a basale 

commune, a novel fusion of distal carpals and tarsals 1 and 2, suggesting a close affinity with 

batrachians (Anderson et al., 2008b). A basale commune is found otherwise only in modern 

caudates. 

 A second dissorophoid group, the Branchiosauridae, has been proposed as a candidate 

caudate stem (Schoch & Carroll, 2003; Carroll, 2007). Branchiosaurids, like some amphibamids, 

demonstrate complete metamorphosis and may have pedicellate, bicuspid teeth. In addition, 

branchiosaurs have been shown to exhibit early ossification of digits I and II (preaxial 

dominance) rather than early ossification of digit IV (postaxial dominance), a characteristic seen 
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only in caudates among living tetrapods (Schoch & Carroll, 2003). Branchiosaurids resolve 

within amphibamids in a number of recent phylogenetic treatments (Schoch & Milner, 2003; 

Anderson et al., 2008b; Schoch & Frobisch, 2009), suggesting that the branchiosaurid hypothesis 

is not incompatible with the amphibamid hypothesis. 

 Microsaur lepospondyls have also been put forth as putative stem-lissamphibians or 

stem-gymnophionans.  The microsaur Rhynchonkos stovalli has been proposed to be a possible 

stem-gymnophionan based on the heavily ossified nature of the skull roof, organization of the 

occiput, and hyperelongate axial skeleton (Carroll & Currie, 1975). Recent phylogenetic 

investigations have recovered a sister taxon relationship between R. stovalli and the stem-

gymnophionan Eocaecilia micropodia (Anderson, 2001, 2007; Anderson et al., 2008). Restudy 

of the brachystelechid microsaur Carrolla craddocki, using micro-computed tomography 

(Maddin et al., 2011), found that in at least some microsaurs the posterior region of the braincase 

was fully co-ossified into an os basale, approaching the condition seen in all known 

gymnophionans. Furthermore, another brachystelechid microsaur, Batropetes fritschi, has been 

shown to exhibit multicuspid teeth (Glienke, 2013), although the teeth of Batropetes preserve 

three cusps oriented proximodistally along the jaw, rather than two cusps aligned labiolingually. 

Microsaurs are typically found to be stem-amniotes in most phylogenetic treatments (Ruta & 

Coates, 2007; Anderson et al., 2008; Huttenlocker et al., 2013); this result would suggest that 

lissamphibians are actually polyphyletic. 

 Lysorophian lepospondyls are the final group that have received significant attention as 

possible stem-lissamphibians. The Lysorophia is a poorly-understood group of hyperelongate 

aquatic early tetrapods, typically found in seasonal estivation communities (Olson & Bolles, 

1975; Hembree et al., 2004; Hembree et al., 2005; Huttenlocker et al., 2005).  Lysorophians, like 
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lissamphibians, have a highly derived skeleton that lacks many of the character suites used to 

resolve Paleozoic tetrapod phylogeny, and a close relationship between lysorophians and modern 

lissamphibians has been proposed for over 100 years.  Case (1908) recognized a number of 

lissamphibian-like characteristics, including a broad parasphenoid, reduced pterygoids, quadrate 

located anterior to the occiput, and a deep emargination in the lateral region of the skull 

completely separating the maxilla from the suspensorium. Williston (1908) further developed 

this hypothesis, suggesting that not only were lysorophians related to lissamphibians, but that 

they were specifically related to sirenid, proteid, and amphiumid salamanders.  Moodie (1908) 

suggested, instead, an affinity between lysorophians and caecilians. Nussbaum (1983) noted 

additional similarities between the deeply emarginated skull of lysorophians and the 

zygokrotaphic skull of some caecilians, notably ichthyophids. A number of recent phylogenetic 

analyses have discovered support for the hypothesis that lysorophians represent the sister group 

to all living lissamphibians both in a novel phylogenetic treatment (Vallin & Laurin, 2004) as 

well as manipulations of other phylogenetic treatments (Marjanovic & Laurin, 2007; 2013). 

Support for this result relies primarily on characters associated with common losses of bones in 

the posterior skull roof, cheek, and lower jaw, reduction of the appendicular skeleton, and 

simplification of the vertebral centra. Lysorophians are recovered within the Microsauria in some 

analyses (Vallin & Laurin, 2004; Marjanovic & Laurin, 2008; 2013) so the lysorophian 

hypothesis should not necessarily be considered incompatible with the microsaur hypothesis. 

1.1.3 Hypotheses of Lissamphibian Origins  

 These hypothesized relationships can be summarized as a set of mutually exclusive 

hypotheses of lissamphibian relationships, generally referred to as the Temnspondyl Hypothesis 

(TH), Lepospondyl Hypothesis (LH) and Polyphyly Hypothesis (PH) in the literature (Anderson, 
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2007; 2008; Anderson et al, 2008; Marjanovic & Laurin, 2008; 2013).  I break from this 

nomenclature for three reasons. First, the TH/LH nomenclature fosters an approach of trying to 

place the lissamphibian crown group within identified Paleozoic clades, rather than attempting to 

populate the lissamphibian stem group, and in doing so persists in the use of pre-phylogenetic 

names that generally refer to paraphyletic grades. The use of formal names in the names of 

hypotheses that invalidate the clades to which these names refer is somewhat unsatisfying.   

Secondly, the TH/LH nomenclature lacks taxonomic precision.  Temnospondyli is an 

extremely populous clade, representing the majority of anamniote diversity throughout the 

Carboniferous, Permian, and Triassic, and the Lepospondyli encompasses five Linnean orders 

and the vast majority of small-bodied tetrapod diversity in the Carboniferous and Early Permian. 

The scenario of lissamphibian origins and composition of the lissamphibian crown differs 

significantly if, for example, we propose a close relationship between lissamphibians and 

stereospondyls rather than amphibamid dissorophoids (e.g. Shishkin, 1968). Similarly, the 

scenario of lissamphibian origins and composition of the lissamphibian crown differs 

significantly if we propose a close relationship between lissamphibians and diplocaulid 

nectrideans rather than brachystelechids and lysorophians. A more specific nomenclature 

underscores the fact that it is the hypothesized pattern of acquisition of lissamphibian traits that 

is being investigated, not the placement of the lissamphibian crown among one or another larger 

clade. 

Third, and most importantly, the TH/LH nomenclature assumes a certain stability of early 

tetrapod phylogeny that may be overstated. Both the TH and LH (and to a certain extent, the 

Polyphyly Hypothesis) assume a stable orthodox phylogeny of early tetrapods (Reisz & Laurin, 

1998; Anderson, 2001; Ruta et al., 2003; Vallin & Laurin, 2004; Ruta & Coates, 2007; Anderson 





 

10 
 

form a clade within a paraphyletic Amphibamidae, closely related to the amphibamids 

Platyrhinops lyelli, Amphibamus grandiceps, Doleserpeton annectens, Tersomius texensis, 

Tersomius dolesensis, and Gerobatrachus hottoni, and (possibly) branchiosaurids, typically with 

Gerobatrachus hottoni representing a stem-batrachian and thus the earliest crown-lissamphibian. 

This hypothesis implies that the ancestral lissamphibian had pedicellate bicuspid teeth, a 

tympanic ear, and a relatively lightly built skull.  It also implies that the ancestral lissamphibian 

underwent metamorphosis (Schoch, 2014) and had amphibious or terrestrial adults. Furthermore, 

this implies that very tetrapodomorphs with digits fall outside of the tetrapod crown, suggesting 

that the characteristics governing evolutionary success of modern tetrapod groups arose 

extremely early in the history of the group. 

 A second hypothesis, typically referred to as the polyphyly hypothesis but here referred 

to as the Caecilian-Recumbirostran Hypothesis (CRH), states that batrachians evolved from 

amphibamid temnospondyls as in the AH, but that caecilians evolved from lepospondyls, 

particularly the recumbirostran microsaur Rhynchonkos stovalli, indicating that caecilians are 

more closely related to amniotes than to batrachians and that lissamphibians are polyphyletic 

(Carroll & Curry, 1975; Carroll, 2007; Anderson, 2008; Anderson et al., 2008).  Many of the 

conclusions of the AH remain applicable to batrachian origins, with some key differences.  The 

CRH suggests that pedicellate bicuspid teeth either evolved multiple times or that bicuspidity 

and pedicelly are ontogenetically variable characteristics that appear similarly in caecilians and 

batrachians due to parallel paedomorphosis in each lineage. The tympanic middle ear is restricted 

to batrachians and some temnospondyls, whereas it is inferred that caecilians evolved from taxa 

lacking a tympanic middle ear. Batrachians are interpreted as evolving from animals with a 

relatively lightly-built skull, but caecilians are reconstructed as having evolved from microsaurs 
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with heavily-built stegokrotaphic skulls. Finally, whereas metamorphosis and an amphibious 

lifestyle is found to be ancestral for batrachians, caecilians are found to have evolved from a 

fossorial direct-developing ancestor, suggesting a persistent fossorial lifestyle in the caecilian 

stem for over 320 million years. Under the CRH, the earliest crown-tetrapods were 

physiologically lissamphibian-like, with evolution of the amniote condition proceeding more or 

less directly from the lissamphibian condition. 

 A third persistent hypothesis, generally called the Lepospondyl Hypothesis, but here 

referred to as the Brachystelechid-Lysorophian Hypothesis (BLH), states that lissamphibians are 

monophyletic within a clade of lepospondyls including the brachystelechids Carrolla craddocki 

and Batropetes fritschi and the lysorophian Brachydectes (Vallin & Laurin, 2004; Marjanovic & 

Laurin, 2007; Marjanovic & Laurin, 2013), in some analyses also including the Nectridea and 

Aïstopoda in a clade called Holospondyli (Marjanovic & Laurin, 2013). This result, while not 

recovered by the majority of analyses on the subject, appears as a sub-optimal parsimony island 

in many analyses (Marjanovic & Laurin, 2013) which becomes a viable phylogenetic result in its 

own right in some matrix manipulations. The BLH suggests that pedicellate teeth evolved 

numerous times throughout digited tetrapodomorphs, and that multicuspid teeth evolved multiple 

times among anamniote tetrapodomorphs. Additionally, the BLH infers greater significance of 

postcranial characters, particularly characters associated with the evolution of holospondyly, than 

of cranial characters.  Furthermore, in the BLH the bones of the cheek spanning from the 

posterior edge of the maxilla to the suspensorium (the jugal, quadratojugal, and postorbital) are 

interpreted as having been lost early among stem-lissamphibians. More generally, the BLH 

reconstructs the ancestor of modern lissamphibians as a fossorial direct-developing animal with a 

heavily-built skull and elongate to hyperelongate trunk. The BLH places a significant portion of 
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Paleozoic tetrapod diversity outside of the vertebrate crown, a finding that would limit 

phylogenetic constraints on inference of soft tissue anatomy and physiology of most early 

tetrapod diversity. Phylogenetic analyses recovering the BLH (e.g. Vallin & Laurin, 2004) also 

typically recover a close relationship between caudates and caecilians (a Procera clade) among 

modern lissamphibians rather than the typical Batrachia. 

 Although a number of phylogenetic studies of Paleozoic tetrapods have been performed 

in recent years with the goal of testing the relationships between various Paleozoic taxa and 

modern lissamphibians (Paton et al., 1999; McGowan, 2002; Vallin & Laurin, 2004; Ruta & 

Coates, 2007; Anderson et al., 2008b; Marjanovic & Laurin, 2008; 2013), these analyses are 

often little better than equivocal given current knowledge of Paleozoic tetrapod morphology and 

diversity (Ruta & Coates, 2007; Marjanovic & Laurin, 2013). The solution to this problem is 

necessarily revision of the morphology of fossils relevant to these debates, but effort in this 

direction has been sorely imbalanced.  A great deal of recent effort has been directed towards 

understanding the morphology and development of amphibamid temnospondyls, including the 

description of a number of new species (Huttenlocker et al., 2007; Anderson et al., 2008a; 

2008b; Frobisch & Reisz, 2008; Bourget & Anderson, 2011; Anderson & Bolt, 2013), revision of 

the morphology of previously-described taxa (Schoch & Rubidge, 2005; Sigurdsen, 2008; 

Sigurdsen & Bolt, 2010; Clack & Milner, 2010; Maddin et al., 2013), and characterization of 

ontogeny of various taxa (Schoch & Carroll, 2002; Schoch & Milner, 2003). Less effort has been 

directed towards relevant lepospondyl taxa, however. A few new lepospondyl species have been 

described in recent years (Anderson, 2002b; Anderson et al., 2009; Henrici et al., 2011; Clack, 

2011; Glienke, 2012; Huttenlocker et al., 2013), but none belong to taxa considered relevant to 

lissamphibian origins. Knowledge of the morphology of several species has been revised as well 
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(Anderson, 2002; Anderson et al., 2003; Vallin & Laurin, 2004; Bolt and Rieppel, 2009; Milner 

& Ruta, 2009; Maddin et al., 2010; Huttenlocker et al., 2013; Glienke, 2013), but of those, only 

two taxa, Carrolla craddocki (Maddin et al., 2013) and Batropetes fritschi (Glienke, 2013) have 

been closely associated with lissamphibian origins. The ontogeny of two lepospondyl taxa has 

recently been studied in detail (Olori, 2013) and aspects of the ontogeny of the aïstopod 

Phlegethontia have been noted by Anderson et al. (2003), but both taxa are only distantly related 

to the lepospondyl groups implicated in lissamphibian origins. A number of taxa more closely 

associated with the BLH and CRH have not been redescribed to date, including the putative 

stem-caecilian, Rhynchonkos stovalli, of focal interest to the CRH, the brachystelechid 

Quasicaecilia texana, and the lysorophian Brachydectes, of focal interest to the BLH.  Moreover, 

no description of the ontogeny of these taxa has been published, making it difficult to compare 

ontogeny of these taxa to other early tetrapods as well as extant lissamphibians and amniotes.  

1.2 The Lysorophian Brachydectes newberryi 

 The purpose of this thesis is not to provide a decisive assessment of these hypotheses, nor 

to investigate early tetrapod phylogeny and character evolution more broadly, although these 

subjects are addressed briefly in later chapters, but instead to shed some light on one key taxon 

according to the Brachystelechid-Lysorophian Hypothesis, the lysorophian Brachydectes 

newberryi. Other relevant taxa (Rhynchonkos stovalli and Quasicaecilia texana) are also 

currently under revision, but will not be addressed directly in this thesis. 

 Brachydectes newberryi was first described by Cope (1868) on the basis of pair of partial 

lower jaws from the Upper Freeport Coal of Linton Diamond Mine, Jefferson County, Ohio. 

Subsequent material was reported as Molgophis macrurus (Cope, 1868), and Cocytinus 

gyrinoides (Cope, 1871). Early descriptions of the skull of Brachydectes focused on fossils from 
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the Permian redbeds of Texas and Oklahoma (Case, 1908; Williston, 1908; Broom, 1918; Sollas, 

1920) under the name Lysorophus tricarinatus. Later work by Bolt & Wassersug (1975) revised 

some aspects of the morphology of Brachydectes based on the Texas-Oklahoma material, and, 

most recently, Wellstead (1991) conducted an extensive revision of the Lysorophia primarily 

using flattened specimens from the Pennsylvanian cannel coal at Linton, Ohio, with a significant 

revision of the morphology as well. 

 Given this extensive history of work on the group, it seems almost superfluous to revise 

the morphology of this animal yet again. There are, however, a number of reasons why such a 

restudy is necessary.  First, interpretations of skull bone homologies differ between 

morphological descriptions of Brachydectes and these different interpretations have distinct 

implications for both interpretation of the relationships of Brachydectes among early tetrapods as 

well as possible relationships with lissamphibians (e.g. Marjanovic & Laurin, 2008; Marjanovic 

& Laurin, 2013). Second, prior descriptions have focused largely on the morphology of the 

dermal skull, with limited treatment of the braincase. This is largely due to the nature of the 

lysorophian fossil record; the majority of specimens known are preserved either as impressions 

of crushed specimens in cannel coals (e.g. Linton Diamond Mine, Hook & Baird, 1986; Five 

Points Cannel Coal, Hook & Baird, 1993) or specimens from nodular and difficult to prepare 

redbeds deposits (Case, 1908; Williston, 1908; Broom, 1918; Olson & Bolles, 1975; Wellstead, 

1991). Prior treatments of the braincase and internal morphology of the skull have provided only 

a poor glimpse of internal morphology based on serial grinding (Sollas, 1920) or thin sectioning 

(Bolt & Wassersug, 1975), and have taken a back seat to descriptions of superficial cranial 

anatomy, even within these descriptive works. The external morphology of Brachydectes and 

other lysorophians has been notoriously difficult to compare to other Paleozoic tetrapods (see 
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Marjanovic & Laurin, 2008, for an example), suggesting that internal morphology, especially 

braincase morphology, may be the only anatomical region of the skeleton of Brachydectes that is 

more broadly comparable with other Paleozoic tetrapods. Finally, a number of recent 

descriptions utilizing micro-computed tomography (micro-CT) methods have greatly elucidated 

new aspects of lepospondyl anatomy previously unknown, primarily within the braincase 

(Anderson et al., 2009; Maddin et al., 2011; Huttenlocker et al., 2013). A broader survey of the 

distribution of such anatomical features within lepospondyls, including lysorophians, is 

necessary to understand the homology and phylogenetic importance of this morphology. 

 Due to the limits of the lysorophian fossil record, restudy of cannel coal or redbeds 

specimens using traditional techniques is likely to have only a limited impact on our 

understanding of these taxa, and poor radio contrast of redbeds specimens makes micro-CT study 

of these specimens difficult. However, abundant new material has recently been reported from 

the earliest Permian Eskridge Shale of Nebraska (Huttenlocker et al., 2005) and Speiser Shale of 

Kansas (Hembree et al., 2004; 2005) within the Council Grove Group (CGG), a larger sequence 

of terrigenous and nearshore marine sediments. The CGG spans the latest Carboniferous 

(Gzhelian) through the earliest Permian, representing the entirety of the Asselian in Kansas and 

Nebraska, and possibly extending into the Sakmarian (Swin et al., 2008).  These sediments 

record a series of fifth-order transgression-regression sequences bounded by well-developed 

fossil soils representing low-stand deposits. These fossil soils, which are typically grey-green, 

but sometimes also reddish-brown or mottled, are classifiable as vertisols or aridisols (Joeckel, 

1991) and represent periodically waterlogged muds with limited organic content and high 

groundwater influence. Traces of roots (Joeckel, 1991) and vertebrate burrows (McAllister, 

1990; Hembree et al., 2004; 2005; Huttenlocker et al., 2005) have been reported from these fossil 
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soil horizons. Fossil vertebrates are abundant in these horizons, including gnathorhizid 

lungfishes (McAllister, 1991; Huttenlocker et al., 2005; Pardo et al., in press), dvinosaur 

temnospondyls (Hotton, 1959; Coldiron, 1978; Huttenlocker et al., 2005; Englehorn et al., 2008), 

amphibamid temnospondyls (Huttenlocker et al., 2005; 2007), recumbirostran microsaurs 

(Foreman & Schultz, 1984; Huttenlocker et al., 2005; 2013), diplocaulid nectrideans (Foreman & 

Martin, 1988), and rare diadectids and synapsids (Foreman & Martin, 1988; Huttenlocker et al., 

2005), as well as numerous specimens of the lysorophian Brachydectes newberryi. These 

vertebrate-bearing localities have been interpreted as seasonal wetland systems (Hembree et al., 

2004; Huttenlocker et al., 2005), similar to either vernal pools or playa lakes. Vertebrate bone 

from these deposits typically shows little diagenetic alteration, and the surrounding matrix 

generally exhibits little to no diagenetic precipitation of iron (unlike redbeds fossils), a fact 

which has made possible micro-CT studies of CGG fossils (Huttenlocker et al., 2013; Pardo et 

al., in press). The vertebrate assemblage at these localities appears to be largely autochthonous, 

although some taxa (such as the synapsids, diadectids, and microsaurs) may have been only 

occasional users of the wetland system and are represented primarily by rare isolated fragments 

(but not always, see Huttenlocker et al., 2013), in comparison with abundant obligate aquatic 

species (such as lungfishes), which are typically found articulated in burrow structures likely 

associated with aestivation (McAllister, 1991; Huttenlocker et al., 2005). The lysorophians in the 

CGG paleosols appear to fall into the latter category; lysorophians are the most common 

tetrapods in vertebrate-bearing horizons in CGG paleosols and are generally found partially or 

completely articulated, typically within flask-shaped burrow structures (Hembree et al., 2003; 

2004; Huttenlocker et al., 2005). This means that partial to complete skulls are abundant in major 

collections of the Council Grove Group made by the University of Nebraska State Museum 
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(UNSM), the University of Kansas (KUVP), and the Denver Museum of Nature and Science 

(DMNH).  A total of 13 skulls were available for study. The smallest of these has a length of 

10.5 mm, and the largest, while incomplete, would have exceeded 30 mm in length. Although 

small and large specimens from the Eskridge Shale have been attributed to separate species in 

the past (Brachydectes newberryi and B. elongatus, respectively, Huttenlocker et al., 2005) and 

the specimens from the Speiser Shale have been attributed to B. elongatus exclusively (Hembree 

et al., 2004; 2005), restudy of these collections confirms that these skulls represent a growth 

series belonging to a single morphotype, which falls within morphological variation described by 

Wellstead (1991) for Brachydectes newberryi and, intriguingly, Pleuroptyx clavatus, but outside 

of the range of morphological variation described for B. elongatus (=Lysorophus tricarinatus). 

Micro-CT scanning of these materials has yielded significant new data on the skull of B. 

newberryi, including the first complete look at the braincase of a lysorophian. 

 In this thesis, I report the results of this micro-CT study of the skull of Brachydectes 

newberryi from the Eskridge Shale and Speiser Shale.  First, I redescribe the skull of 

Brachydectes newberryi, significantly clarifying the morphology of the braincase and clarifying 

the identity and morphology of the bones of the palate, skull roof, cheek, and lower jaw, and 

describing ontogenetic changes in shape and ossification level in the skull of Brachyectes. I then 

define a number of new cranial characters, with an emphasis on neurocranial characters, to help 

infer the position of Brachydectes within lepospondyl phylogeny, and implement these 

characters in a phylogenetic analysis of lepospondyls in order to explore the relationships of 

Brachydectes and the broader phylogenetic context of the highly-derived morphology of 

lysorophians more generally. Finally, I discuss the implications of new morphological, 

ontogenetic, and phylogenetic data for the evolution of Brachydectes specifically, and 
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lepospondyls more broadly, as well as their functional implications for the ecology and behavior 

of Brachydectes. 
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Chapter 2: Micro-CT Study of the Cranial Morphology of Brachydectes newberryi from the 

Council Grove Group (Lower Permian) of Kansas and Nebraska, USA 

 

2.1 Introduction 

  Despite the apparent importance of lysorophians in relation to studies of 

lissamphibian origins, little consensus exists on the structure and homology of the cranial 

skeleton of this group.  Cranial anatomy of lysorophians was initially studied by Williston (1908) 

on the basis of external anatomy of complete skulls from the Permian of Texas, but the first 

comprehensive description of the cranial anatomy of this group was accomplished by Sollas 

(1920) using a serial grinding technique. This study provided the first description of the 

braincase of a lysorophian, but with poor resolution of the morphology of fine structure, such as 

foramina serving cranial nerves and blood vessels. Bolt and Wassersug (1975) further refined the 

description of the lysorophian snout using a serial sectioning technique, confirming that 

lysorophians lacked a kinetic maxilla, but once again did not significantly address the anatomy 

of the braincase. Wellstead (1991) produced an extensive description of lysorophian fossils as 

part of a revision of the order.  His descriptions were based primarily on latex peels of specimens 

from the Carboniferous-aged Upper Freeport Coal of Linton, Ohio, but incorporated skulls from 

the Permian-aged Arroyo Formation of Texas.  Whereas the descriptions of Wellstead (1991) are 

extensive and highly-detailed in regard to external (typically skull roof) anatomy, the anatomy of 

the braincase was incompletely described, either because the specimens examined were 

substantially crushed; were derived from redbeds and exhibit substantial surficial weathering; or 

because dermal elements obscured the anatomy of internal structures.  
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 Additionally, each descriptive effort has drawn significantly different conclusions about 

the homology of elements of the skull roof, cheek, and braincase. Most recently, Marjanovic & 

Laurin (2008) suggested a novel arrangement of the cheek and occiput based on comparison 

between the illustrations of Wellstead (1991) and published descriptions of Batropetes fritschi 

(Carroll & Gaskill, 1978; Glienke, 2013). In this interpretation of the skull, the orbit 

encompasses the entire fenestrate region between the prefrontal and the suspensorium, but no 

description of lysorophian anatomy has explicitly investigated these interpretations. The 

homology of much of the lysorophian skull, and how these homologies affect our interpretation 

of soft tissues within the lysorophian head, remain uncertain.  

 I present here a new description of exceptionally well-preserved skulls of the lysorophian 

Brachydectes newberryi from the earliest Permian (Asselian) of the Eskridge and Speiser Shale 

(Council Grove Group) of Nebraska and Kansas respectively. This study has several aims: (1) to 

provide a description of the skull of B. newberryi in well-preserved specimens by employing 

high-resolution 3-D imaging techniques; (2) to sample a wide range of sizes, including very large 

adults, to ensure that putative paedomorphic and juvenile morphologies are adequately 

distinguished in the description of this species; (3) to describe, in detail, the anatomy of the 

ossified braincase of B. newberryi in order to facilitate phylogenetic and functional comparison 

with other early tetrapods; (4) to resolve the homology of the cranial ossifications of B. 

newberryi with reference to specific robust anatomical characteristics. 

2.2 Material 

 

 To describe the anatomy of Brachydectes newberryi, I studied thirteen specimens from 

the Council Grove Group of Kansas and Nebraska. Of these, five were collected from exposures 
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of the Speiser Shale west of Eskridge, Kansas, and eight were collected from exposures of the 

Eskridge Formation east of Humboldt, Nebraska. Specimen numbers and locality data can are 

presented in Table 2.1. 

Specimen Number Formation Locality 

DMNH 7854 Eskridge Mayer Farm 

DMNH 43224 Eskridge Mayer Farm 

DMNH 49902 Eskridge Mayer Farm 

DMNH 51121 Eskridge Mayer Farm 

DMNH 51122 Eskridge Mayer Farm 

DMNH 52081 Eskridge Mayer Farm 

UNSM 32100 Eskridge Shot in the Dark 

UNSM 32149 Eskridge Shot in the Dark 

KUVP 49537 Speiser Eskridge 

KUVP 49538 Speiser Eskridge 

KUVP 49539 Speiser Eskridge 

KUVP 49540 Speiser Eskridge 

KUVP 49541 Speiser Eskridge 

Table 2.1. List of Brachydectes newberryi specimens examined. 

 

 For comparison with Brachydectes newberryi, I also scanned fossil skulls of the 

microsaurs Rhynchonkos stovalli (FMNH UR 1039) and Proxilodon bonneri (KUVP 8967), as 

well as skulls of the salamanders Amphiuma tridactylum (MVZ 241480), Proteus anguinus 
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(MVZ 47277), Siren intermedia (MVZ 196215) and Hynobius amjiensus (MVZ 231110).  Scan 

parameters and voxel size were adjusted for each specimen and tomographic slice stacks were 

reconstructed in nrecon version 1.6.6.0 (Skyscan, 2011). HRXCT stacks of the microsaur 

Huskerpeton englehorni (UNSM 32144) generated by Huttenlocker et al. (2013) and surface 

models of Carrolla craddocki generated by Maddin et al. (2011) were also analyzed with 

permission (JSA).  

 

 

 

Table 2.2. Scan parameters for micro-CT scans of Brachydectes newberryi specimens examined 

in this study. 

 

 

2.3 Methods 

 In order to study internal anatomy, I employed high resolution x-ray micro-computed 

tomography (HRXCT). HRXCT has been shown to be a highly effective tool for visualizing fine 

details of anatomy in both fossil and extant samples (Anderson et al., 2003; Maddin et al., 2011; 

Specimen Number Formation Locality Voxel Size Voltage Current Filter Resolution
UNSM 32100 Eskridge Fm Shot in the Dark, NE 29.1 100 kV 60 uA Aluminum Md
UNSM 32149 Eskridge Fm Shot in the Dark, NE 17 130 kV 61 uA Brass Sm
KUVP 49541 Speiser Shale Eskridge, KS 38.9 100 kV 60 uA Aluminum Md
KUVP 49537 Speiser Shale Eskridge, KS 19.4 130 kV 61 uA Brass Sm
KUVP 49540 Speiser Shale Eskridge, KS 21.2 80 kV 60 uA None Md
KUVP 49538 Speiser Shale Eskridge, KS 38.9 100 kV 60 uA Aluminum Md
KUVP 49539 Speiser Shale Eskridge, KS 25.2 100 kV 60 uA Aluminum Sm
DMNH 52108 Eskridge Fm Mayer Farm, NE 9.5 130 kV 61 uA Aluminum Sm
DMNH 47854 Eskridge Fm Mayer Farm, NE 22 65 kV 80 uA None Md
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Maddin 2012), and HRXCT has recently been employed in the study of other lepospondyl taxa 

(Anderson et al, 2009; Maddin et al., 2011; Huttenlocker et al, 2013), including skulls from 

lysorophian-bearing deposits within the Council Grove Group (Huttenlocker et al., 2013; Pardo 

et al., in press). All skulls included in this study were scanned using a Skyscan 1173 machine 

with scan parameters and voxel size adjusted for each specimen (Table 2.2). Tomographic slice 

stacks were reconstructed in nrecon version 1.6.6.0 (Skyscan, 2011) and voxels were attributed 

to individual bones manually and visualized as 3D models in Amira 5.4.0 (Visage Imaging, Inc.) 

using the LabelField, Resample, and SurfaceGen modules. 

2.4 Description 

2.4.1 Skull Roof and Cheek 

 The skull of Brachydectes newberryi is extremely specialized in comparison with that of 

other early tetrapods (including other lepospondyls) and exhibits significant reduction of dermal 

skull elements, especially along the orbit and cheek (Figure 2.1C). Most strikingly, the lateral 

region of the cheek lacks dermal ossification between the orbit and the squamosal, resulting in a 

deep lateral emargination of the ventral cheek that is continuous with the orbit and extends 

dorsally to the parietals (Figure 2.1C, Figure 2.2). Previous workers have disagreed on the extent 

of the orbit within this region, and most recently Marjanovic and Laurin (2008) suggested that 

the orbit encompasses the entire lateral unossified region (although this was amended by 

Marjanovic & Laurin, 2013). In the Council Grove skulls, a low postorbital process of the 

parietal is present near the prefrontal-parietal suture, confirming that the orbit is restricted to the 

very anterior extent of this unossified region (Figure 2.1A,C; Figure 2.2). The remainder appears 

to be a greatly enlarged lateral cheek emargination, similar to that seen in the hapsidopareiontids 

Hapsidopareion and Llistrofus (Daly, 1973; Carroll & Gaskill, 1978; Bolt & Rieppel, 2009), the 
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ostodolepids Tambaroter and Pelodosotis (Henrici et al., 2011; Daly, 1973; Carroll & Gaskill, 

1978), and juveniles of the gymnarthrid Cardiocephalus (Anderson & Reisz, in prep.), although 

significantly deeper than seen in these taxa. This emargination may have accommodated 

enlarged adductor mandibularis externalis musculature (Figure 2.2B), in which case the 

morphology seen in B. newberryi may indicate further increase in the size of this muscle in 

Brachydectes in comparison with other lepospondyls.  

 The skull roof of B. newberryi was well-described by previous authors (Sollas, 1920; 

Wellstead, 1991).  The median skull roof consists of paired nasals, frontals, parietals, and 

postparietals, as in the majority of early tetrapods. The nasals, frontals, parietals, and 

postparietals are all subequal in length. The prefrontal is well integrated into the anterior skull 

roof, forming a bridge between the frontals and maxillae, whereas posteriorly the tabular is 

reduced and integrated into the dermatocranial support for the suspensorium. 
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Figure 2.1. CT volume of the skull of Brachydectes newberryi, KUVP 49541. A, dorsal view; B, 

ventral view, with lower jaws removed; C, lateral view; and D, occipital view. Scale = 1 cm. 
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Figure 2.2. Skull of Brachydectes newberryi, showing the posterior extent of the orbit. A, 

photograph of DMNH 43224 in right dorsolateral view; B, interpretive drawing of DMNH 43224 

in right dorsolateral view, showing extent of the orbit and m. adductor mandibulae externalis. 

Scale equals 5 mm. 

 

 

Anteriorly the nasals contact the premaxillae along a low, broad suture.  Lateral to this is 

a broad, laterally-flaring emargination associated with the dorsal margin of the external naris.  

Posteriorly, the nasals overlap the frontals in a deep interdigitating suture. The median suture 

between the nasal pair is straight, without significant interdigitation.  

The frontal is roughly rectangular, and is flanked laterally by the prefrontal, which 

excludes it from both the orbit and the temporal emargination.  The median suture between the 

frontal pair is straight, but shows shelf-like interdigitation in transverse section in larger 

specimens.  Posteriorly, the frontal is sutured to the parietal via a series of deep lappets that 
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incise posteriorly into the parietal. Some variation exists in the general shape of the frontal pair.  

In some specimens, the frontal pair is roughly rectangular, whereas in others the frontal pair is 

trapezoidal and tapers anteriorly.  In a few specimens, the frontal pair expands anteriorly.  

Frontal shape is one of the characters used by Wellstead (1991) to differentiate Brachydectes 

newberryi from B. elongatus, but the range of shapes preserved in the Council Grove lysorophian 

suggests that the morphologies described by Wellstead (1991) can exist as end-members of a 

continuum of morphologies within a single species. This may indicate that only one species of 

lysorophian, Brachydectes newberryi, can be identified with certainty, but it is also possible that 

the redbeds specimens from Texas and Oklahoma previously attributed to Lysorophus 

tricarinatus will demonstrate diagnostic morphology distinct from that seen in B. newberryi.  

The parietal pair is also broadly rectangular, and together the two parietals are as wide as 

the prefrontals and frontals combined.  No pineal foramen is present and no pineal fossa is 

present on the ventral surface of the parietals. The median suture between parietals is essentially 

straight, with minimal interdigitation.  Posteriorly, the parietal interdigitates with deep incisures 

in the postparietal pair. 

The postparietals lie directly posterior to, and are equal in width to, the parietals. The 

postparietals contribute to the sloping dorsal portion of the occiput, with a deep fossa on the 

occipital surface of each postparietal accommodating the epaxial musculature. No fenestra is 

present in the occiput between the postparietals, the occipital arch, and the otic bones.  The 

ventral surface of the postparietals contains impressions of the semicircular canals and may 

represent investment of the dorsal otic capsule by the postparietals. 

The temporal region consists of three bones: the squamosal, the tabular, and the quadrate 

(Figure 2.1C).  The squamosal makes up the majority of this region.  It is a slender bone that 
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2.4.2 Braincase 

 The braincase of B. newberryi is well-ossified and robust (Figure 2.3, 2.4). Ossifications 

are present within the sphenethmoid region, within the pila antotica and basisphenoid, the otic 

capsule, and the occipital arch. 

 Ossifications within the ethmoid and anterior sphenoid region consist of an anterior 

median bone and paired sphenethmoids. 

 The anterior median bone (Figure 2.3E,F) is a lozenge-shaped element at the base of the 

anterior region of the braincase, and does not contribute to the lateral walls of the braincase.  It is 

closely associated with the cultriform process of the parasphenoid, and these two elements may, 

in fact, be co-ossified, as no separate median ossification has been identified by previous workers 

(Sollas, 1920; Bolt & Wassersug, 1975). Dorsally, the median anterior bone invades the 

columella ethmoidalis (Figure 2.3E). This ossification within the columella ethmoidalis is 

complete in the largest specimen studied (UNSM 32149) but is incomplete in smaller specimens 

(e.g. KUVP 49541) and absent entirely in the smallest specimens. An anterior median bone has 

previously been described in Carrolla craddocki as the sphenethmoid (Maddin et al., 2011) and 

appears to be present in a variety of other microsaurs as well (Szostakiwskij et al., in prep.).  
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Figure 2.3. Braincase of Brachydectes newberryi, KUVP 49541.  A, dorsal view; B, right lateral 

view; C, ventral view; D, left lateral view; E, left anteroventral oblique view, with skull roofing 

bones present; F, left anterior oblique view, with skull roofing bones present; G, occipital view, 

with skull roofing bones present. Scale equals 1 cm. 
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broad ridges along the medial surface of the pila antotica, and reach the anterior contact between 

the pila antotica and the parietals.  

 Posterior to the pila antotica, there is a large antotic fenestra (Figure 2.3E,F, 2.4B, which 

in larger specimens is partially to completely bisected by a bony bridge into a dorsal and ventral 

foramen.  The ventral portion of this fenestra appears to have served the postganglionic 

trigeminal nerve.  Anteriorly, the dorsal foramen opens into a sulcus on the ventral surface of the 

parietals (Figure 2.4C), and posteriorly passes dorsally and medially to the semicircular canals of 

the inner ear (Figure 2.6E-G, sov).   Similar anatomy of the antotic fenestra has been described 

by Maddin et al. (2011) in the brachystelechid Carrolla craddocki, although in C. craddocki the 

prootic fenestra is completely subdivided into the trigeminal foramen and a dorsal foramen. 

Maddin et al. (2011) suggested that the dorsal foramen may serve a homologue of the dorsal vein 

of lissamphibians. In lissamphibians, the dorsal vein drains a venuous plexus along the posterior 

wall of the orbit into a lateral sinus within the braincase (Francis, 1934), and is closely associated 

with the trigeminal nerve.  The morphology of the foramen and associated sulcus and canal in 

Brachydectes newberryi is generally inconsistent with such soft tissue morphology, and instead a 

single lateral cranial vein (perhaps homologous to the supraorbital vein of some reptiles) passed 

from the dorsal orbit through the prootic fissure, finally entering the lateral cranial sinus medial 

to the otic capsules. The precise homology of this foramen remains uncertain, however.  
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Figure 2.4. Posterior braincase of Brachydectes newberryi UNSM 32149. A, left lateral view; B, 

left anterior oblique view, with squamosal and quadrate present; C, left anteroventral oblique 

view, with squamosal and quadrate present; D, left posterior oblique view, with squamosal and 

quadrate present. Scale bar = 5 mm. 
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 The otic capsules consist of distinct prootic and opisthotic elements (Figure 2.3, 2.4).  In 

smaller specimens, the prootic and opisthotic are small and relatively distinct, but in the largest 

specimen (UNSM 32149) these elements are more completely ossified, and approach each other 

ventral to the horizontal semicircular canal (Figure 2.4A).  The prootic is roughly triangular, with 

the apex sutured to the parasphenoid at the level of the basipterygoid processes.  The opisthotic 

is tall and pillar-like, with a strong vertical crista along the medial surface, here interpreted as a 

crista interfenestralis (Figure 2.5). The prootic and opisthotic co-ossified with the squamosal and 

parietal dorsally and with the parasphenoid ventrally (Figure 2.4D. The fenestra vestibularis is 

roughly oval in shape and fits the stapes closely both anteriorly and posteriorly, seemingly 

without space for an opercular cartilage. Laterally, the crista parotica exists as a strong horizontal 

ridge on the prootic, bracing against the squamosal.  This ridge may be homologous to the 

paroccipital process (Heaton, 1979), although the latter involves more significant contributions 

from the opisthotic.  

 The medial surface of the otic capsule preserves osteological correlates of the structure of 

the inner ear, permitting creation of a virtual endocast of the inner ear and description of the 

gross morphology of this structure (Figure 2.6).  Traces of the courses of the semicircular canals 

and saccular region are preserved as sulci along the medial surface of the otic bones. The 

semicircular canals are restricted to the upper portion of the otic capsule and directly abut the 

utriculus, with no intervening bone. Ampullae are preserved as weak swellings in the fossae for 

the semicircular canals, but lack distinct morphology. The horizontal semicircular canal is 

laterally exposed just ventral to the crista parotica. A large saccular region is present ventral to 

the utriculus, and is expanded greatly below the semicircular canals.  A medial projection of the 

saccular region is preserved as a pit in the basioccipital bone, and may have housed the basilar 
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papilla (Figure 2.6F). The median wall of the otic capsule is incompletely ossified, preventing 

detailed characterization of the paths of the facial, vestibulocochlear, and abducens nerves. 

 

 

 

Figure 2.5. Medial surface of the otic bones of UNSM 32149. Scale equals 5 mm. 

 

 The stapes has a round to oval footplate and well-developed columella, and is well-

ossified in larger specimens (Figure 2.4D, Figure 2.6H-K).  A shallow groove is present along 

the perimeter of the footplate.  The columella flares distally, forming a broad articulation with 

the dorsal portion of the quadrate.  A small foramen halfway along the length of the columella 

likely transmitted the stapedial artery (Figure 2.6J). A robust dorsal process is present in the 

largest specimen (UNSM 32149), but not in smaller specimens (e.g. KUVP 49541), which 

extends proximally from the midpoint of the columella towards the paroccipital process (Figure 

po 

op 
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2.4D), although it does not directly articulate with the otic capsule.   The deep notch between the 

dorsal process of the stapes and the base of the columella would likely have encased the vena 

capita lateralis. In some specimens, the columella is weakly mineralized between the footplate 

and the distal tip, and in some cases the distal tip of the columella appears to be a separate but 

distinct ossification. It is possible that this element may be a distinct extracolumella (as is seen in 

some reptiles and amphibians), or that it represents a second ossification centre in an element 

that co-ossifies in fully adult specimens. 
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Figure 2.7. Palatoquadrate derivatives in Brachydectes newberryi, UNSM 32149. A, lateral 

view; B, Anterior view; C, Posterior view. Scale equals 5 mm. 

 

 

 

 The branches of the internal carotid artery leave clear grooves and canals on and through 

the ventral and lateral surface of the parasphenoid (Figure 2.3C), recording the pattern of some 

of the cranial circulation in Brachydectes. The route of the internal carotid artery coursed along a 

sulcus on the ventral surface of the parasphenoid, just medial to the basipterygoid processes. At 

the level of the latter, this sulcus gives rise to another deep groove medially that terminates at a 

foramen that pierces the basal plate of the parasphenoid and emerges from the medial surface of 

the pleurosphenoid within the hypophyseal fossa (Figure 2.3C).  This canal would have enclosed 

the cerebral branch of the internal carotid artery.  The main sulcus continues laterally, anterior to 

the basipterygoid process, and follows a shallow groove on the lateral surface of the cultriform 

process. This groove would have housed the palatal branch of the internal carotid artery. In 

contrast to the condition seen in temnospondyls (Yates & Warren, 2000, Fig 5) and 
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lissamphibians (Francis, 1934) where the internal carotid divides into cerebral and palatal 

branches either within the parasphenoid itself or within the hypophyseal fossa, the internal 

carotid artery of Brachydectes appears to have been divided into cerebral and palatal branches 

prior to entering the braincase, consistent with the morphology seen in stem and crown amniotes 

(Muller et al., 2011). A similar morphology has been figured for Nannaroter mckinzei (Anderson 

et al. 2009) and Quasicaecilia texana (Carroll, 1990) but has not been remarked upon, the 

implication of this being that this morphology of the cranial circulation may be consistent 

throughout recumbirostrans. 

 The vomers are narrow, rod-like bones and contact each other anteriorly at the midline of 

the palate, anterior to the cultriform process of the parasphenoid. A short premaxillary process 

extends along the midline of the anterior palate to meet the premaxilla, but neither premaxillary 

shelf nor a maxillary process or shelf is present. Posteriorly, the palatine process of the vomer is 

narrow and extends just lateral to the cultriform process.  A series of 6-8 large, robust teeth 

extends along the midline of each vomer. 

 The palatine is a short, strutlike element that connects the maxilla to the palatine ramus of 

the pterygoid. The palatine and maxilla are typically found together in specimens even when 

disarticulated from the remainder of the skull, suggesting that these elements may be more 

tightly sutured than the remainder of the palate. Neither teeth nor denticles are present on the 

palatines. 

 The pterygoids are greatly reduced in comparison with those of other early tetrapods 

(Figure 2.1D, Figure 2.7). The palatine ramus is foreshortened, with only a short posterior sutural 

contact with the posterior end of the palatine and no contact with the vomers. The body of the 

pterygoid extends adjacent to the posterior portion of the cultriform process of the parasphenoid, 
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  Some variation exists in the presence and composition of ossifications within the synotic 

tectum in early vertebrates. In early stem-tetrapods, the synotic tectum is separated from the 

occipital arch by the otoccipital fissure, and is massively co-ossified with the otic capsules, as 

has been described in Acanthostega (Clack, 1998).  Distinct supraoccipital ossifications arise in 

embolomere-grade tetrapods such as Archeria (Clack & Holmes, 1988) and baphetids such as 

Kyrinion (Clack, 2003), but remain separated from the occipital arch by the otoccipital fissure. 

The otoccipital fissure is not retained in adults within the tetrapod crown group, but ossifications 

of the synotic tectum are not ubiquitously preserved, and are absent from many temnospondyls 

(Berman, 2000), colosteids (Smithson, 1982), and seymouriamorphs (White, 1939).  

 Within temnospondyls, the synotic tectum is generally invaded by processes from the 

exoccipital, and no separate supraoccipital, paired or unpaired, exists. This appears to be the case 

in modern lissamphibians as well (Lebedkina, 2004; Rose, 2003), where ossification of the 

synotic tectum occurs via extension of the exoccipital bones, and no separate supraoccipital 

ossification is present. However, in some dissorophid temnospondyls, the synotic tectum appears 

to be massively co-ossified, similar to the condition seen in stem-tetrapods (Schoch, 1999). 

 Within diadectamorphs, a single, massive supraoccipital bone is present in adults, but is 

paired in juveniles (Berman, 2000), with a conspicuous suture between left and right 

supraoccipital bones. A similar fusion of a paired supraoccipital is seen in various mammals as 

well (Strong, 1925). In reptiles, a single median supraoccipital bone is present throughout 

ontogeny (de Beer, 1937). The cosmopolitan distribution of this ossification among crown and 

late stem amniotes, and the pattern of ossification of the occiput suggests that the dorsal 

ossification of the occiput in recumbirostran lepospondyls, including Brachydectes newberryi, is 

likely a true supraoccipital.  The absence of this ossification in nectrideans, Microbrachis, and 
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seymouriamorphs may be a result of either paedomorphosis in these taxa, misleading 

phylogenetic topologies, or a combination of the two. 

2.6.2 Ontogenetic changes in the skull of Brachydectes newberryi 

 Reconstruction of a partial growth sequence is made possible by the substantial range of 

sizes in the sample of specimens examined here, with the smallest skull studied exhibiting a total 

skull length of 10.5 mm and the largest skull representing an animal with a skull length over 30 

mm in length. Most skulls are approximately 10 mm or 20 mm in length; intervening sizes are 

not widely represented in this sample. 

 Ossification of all dermal bones has already been completed by the smallest studied 

specimen. In some other lepospondyls (Anderson, 2002; Olori, 2013), a number of dermal bones 

ossify relatively late in development, but this is not the case in Brachydectes. 

 Ossification of some endochondral elements progresses through the ontogenetic sequence 

sampled here.  In smaller specimens (e.g. DMNH 52081) the columella ethmoidalis is 

completely unossified.  Ossification of this cartilage is partial in larger specimens (e.g. KUVP 

49541), where it forms the medial surface of the foramen housing the olfactory nerve. 

Completion of ossification of the columella ethmoidalis is seen in the largest specimen (UNSM 

32149) in which the entire space between the olfactory foramina is completely invaded by the 

median anterior bone. Complete ossification of the otic capsule is also ontogenetically delayed; 

the prootic and opisthotic are small floating elements in the smallest specimens, but ossify more 

completely at larger sizes, suturing to the parasphenoid, squamosal, and parietal in KUVP 49541, 

with many of the sutures completely obliterated in the largest specimen, UNSM 32149. In 

UNSM 32149, there is also a distinct crista parotica extending from the lateral wall of the prootic 
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and opisthotic to brace against the squamosal; this structure is only weakly developed in KUVP 

49541 and completely absent from smaller specimens. 

 Two specific structures initiate ossification late in ontogeny, and are observed only in 

UNSM 32149. The epipterygoid is fully ossified in UNSM 32149, but is unossified in all other 

specimens of Brachydectes studied here. In addition, the distal portion of the columella, 

including its dorsal process, is only seen in UNSM 32149. In smaller specimens, the columella is 

a short, weakly-developed process extending from the footplate, and in the smallest specimens, 

the columella is essentially absent. 

 These observations presents several implications.  The first is that all but one of the 

Brachydectes specimens surveyed here likely represent immature specimens, with smaller 

specimens likely representing extremely immature animals. It is important to note that the 

majority of specimens of Brachydectes studied by previous authors (Sollas, 1920; Bolt & 

Wassersug, 1975; Wellstead, 1991) are much smaller than UNSM 32149, and in some cases 

even smaller than the smallest specimens studied here. For characteristics that develop relatively 

late in ontogeny (dorsal process of the columella, epipterygoid, crista parotica), descriptions 

focusing on juvenile material (and phylogenetic analyses relying on those descriptions) may miss 

important anatomical structures that were present in adult Brachydectes.  

 A second implication is that some of the taxonomic diversity previously identified among 

lysorophians may instead represent ontogenetic variation. Wellstead (1991) reviewed 

lyrosophian diversity and concluded that only three taxa could be consistently identified: 

Brachydectes newberryi, which primarily included small specimens with a skull length of less 

than one centimeter, Brachydectes elongatus (=Lysorophus tricarinatus) which primarily 

included specimens with a skull length between one and two centimeters, and Pleuroptyx 
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Chapter 3: Phylogenetic Systematics of Brachydectes newberryi 

3.1 Introduction 

 The relationships of Brachydectes newberryi among Paleozoic tetrapods, and with 

modern tetrapod groups, have been somewhat contentious since its discovery.  Early workers 

looked to modern lissamphibians (Williston, 1908) and modern squamates (Broili, 1908) for 

answers to the relationships of Brachydectes, and its relationships with the broader diversity of 

Paleozoic tetrapods were considered largely intractable.  Early workers finally settled on the 

conclusion that Brachydectes was an early lissamphibian, likely related to modern salamanders 

(Sollas, 1920), but that the ancestry of modern amphibians would remain uncertain until the 

discovery of additional material.  Later workers suggested that Brachydectes may be related to a 

variety of other small early tetrapods with spool-shaped vertebrae (Carroll & Gaskill, 1978; 

Wellstead, 1991).  This group, termed Lepospondyli, has been the subject of ongoing interest in 

the question of lissamphibian origins (McGowan, 2002; Vallin & Laurin, 2004; Marjanovic & 

Laurin, 2007; 2008; 2013), although a more general consensus has arisen that lissamphibians, or 

at least batrachians, fall within the Temnospondyli (McGowan, 2002; Ruta & Coates, 2007; 

Carroll, 2007; Anderson, 2007; Anderson et al., 2008; Sigurdsen & Bolt, 2010; Sigurdsen & 

Green, 2011; Maddin & Anderson, 2012).  

 In this chapter, I incorporate the new data from Chapter 2 into an existing phylogenetic 

analysis of lepospondyl relationships.  This includes revision of character codings for the 

lysorophian Brachydectes, implementation of a substantial sample of new characters of the 

neurocranium, inclusion of new early tetrapod operational taxon units (OTUs), and modification 

of a small number of characters to assess possible effects of character nonindependence. 
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 All phylogenetic methods make the explicit assumption that variation in each character is 

completely independent of variation in every other character. In maximum parsimony methods, 

this permits simple summation of tree length for each character for all characters in the matrix.  

In parametric methods (maximum likelihood and Bayesian methods), this permits direct 

multiplication of the joint likelihood of each character for all characters in the matrix without 

reference to conditional probabilities where change in one character biases change in another. 

Because independence is an explicit assumption of the methods as they have been implemented 

to date (Brazeau, 2011), violations of this assumption of independence will mean that presence 

of certain character states may be counted multiple times while calculating tree length or tree 

likelihood, with the effect that these character states will be implicitly weighted (Brazeau, 2011). 

As such, violations of the assumption of independence represent a substantial concern during 

matrix construction.  

 Logical nonindependence between characters occurs when coding a character as a 

specific state for any taxon will necessarily mean that a second character will be restricted in 

possible states. For example, imagine two characters: process A absent (yes/no) and process A 

present (yes/no). It is logically not possible for process A to both be present and absent. These 

two characters describe the same structure in two separate ways. The problem of logical 

nonindependence has been discussed in detail by Maddison (1993), primarily with regard to 

matrices which include characters which describe the presence or absence of a structure as well 

as characters that describe a condition of that structure. Maddison (1993) specifically focuses on 

a theoretical example where one character describes the presence or absence of a tail, and a 

second character describes the color of the tail.  This combination of characters permits one to 

describe the color of a nonexistent tail, which is a logical impossibility. Maddison (1993) 
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suggests several possible solutions to this problem, including implementation of step-matrices 

and fusion of multiple characters into a single multi-state character. Other authors (Lee & 

Bryant, 1999; Brazeau, 2011) have argued against one or more of these possible solutions on the 

basis that these either assume knowledge of character transformation (Lee & Bryant, 1999) or 

may inadvertently obscure phylogenetic information by eliminating statements of underlying 

homology (Lee & Bryan, 1999; Brazeau, 2011). It is clear that logical nonindependence is a 

major issue in early tetrapod phylogeny, especially given trends in limb reduction and loss, 

dermatocranial simplification, and vertebral simplification, but the best way to address these 

pervasive problems in early tetrapod phylogeny is unclear, in part because there is no consensus 

on how to handle logical nonindependence in general. Due to the scope of the problem in early 

tetrapod morphology in general, and in the phylogenetic matrices discussed here, logical 

nonindependence will not be dealt with directly in this chapter. 

 Topological nonindependence between characters occurs when two characters are 

logically independent a priori but where the topological relationship of the structures used as the 

basis of these characters will necessarily mean that the state of one character will restrict the 

possible states of a second.  For example, consider two characters: parietal-postorbital contact 

(present/absent) and tabular-postfrontal contact (present/absent) (Figure 3.1). Due to the 

arrangement of bones of the skull, a contact between the parietal and postorbital will necessarily 

exclude a contact between the tabular and postfrontal.  Thus, these two characters actually 

describe two aspects of the same morphological condition.  An improved combined character 

diagnosis could be stated as: relationship of parietal, postparietal, supratemporal, and tabular 

bones (suture between postfrontal and tabular/suture between parietal and postorbital). 



 

55 
 

 

Figure 3.1. Topological nonindependence between characters in the early tetrapod skull. Cranial 

morphology based on Huskerpeton englehorni, after Huttenlocker et al. (2013). Character 

numbers and states refer to the character list of Anderson (2007). A, with tabular-postfrontal 

contact present; B, with parietal-postfrontal contact precluding tabular-postfrontal contact. 
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Figure 3.2. Nonindependence of character states in the early tetrapod skull due to common 

inference of ambiguous homology. Skull based on Huskerpeton englehorni, after Huttenlocker et 

al. (2013). Characters and character states refer to Anderson (2007). A, with large temporal bone 

interpreted as a tabular; B, with large temporal bone interpreted as supratemporal. 

 

 



 

57 
 

 Nonindependence of characters due to dependence on resolution of uncertain homology 

applies specifically to characters where states of multiple characters involve presence or absence 

of certain structures on a specific bone, but where the identity of that bone is uncertain in some 

or all OTUs. An example of this would include characters associated with the identity of the 

temporal bones in early tetrapods. In plesiomorphic early tetrapods, the skull roof lateral to the 

parietals and postparietals is comprised of three bones, the intertemporal, supratemporal, and 

tabular bones. In many early tetrapods, the temporal arcade is reduced to one or two bones. In 

taxa where two bones are present, these two bones are generally interpreted as the supratemporal 

and tabular, with loss of the intertemporal. In taxa where only a single bone is present, however, 

the remaining bone is identified alternately as a supratemporal or tabular depending on the taxon, 

with some manner of uncertainty in some boundary cases, such as most microsaurs and 

diplocaulid nectrideans.  Depending on the identification of this element, characters associated 

with the presence or absence of the tabular and supratemporal, characters associated with the 

anterior extent of the tabular, characters associated with the occipital extent of the supratemporal, 

and characters associated with occipital structures of the tabular are all strongly nonindependent 

(Figure 3.2). 
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proposed by Maddin and Anderson (2012), although this is a compound character, as it 

incorporates information on the presence of an amphibian sensory papilla, the pathway of the re-

entrant fluid circuit, and the orientation of the periotic canal. The early tetrapod supermatrix of 

Ruta and Coates (2007) contains only 16 braincase characters (4.7% of total character coverage). 

The matrix of Vallin and Laurin (2004) identifies 15 braincase characters (96% of total character 

coverage). Morphology of the braincase, then, appears to be a largely untapped source of data 

with potential to greatly inform inference of early tetrapod phylogeny. Furthermore, a number of 

recent studies have demonstrated that the neurocranium is substantially more conservative than 

other skeletal modules (Goswami & Polly, 2006) and has the potential to resolve otherwise 

intractable phylogenetic problems (Friedman, 2007; Maddin, 2012; Maddin & Anderson, 2012; 

Maddin et al., 2012a; 2012b;). Neurocranial data have largely not been implemented in 

phylogenetic analyses of early tetrapods thus far because internal structures of the skull are 

largely inaccessible to study. The recent availability of CT data for a number of lepospondyl taxa 

(Anderson et al., 2003; Anderson et al., 2009; Maddin et al., 2011; Huttenlocker et al., 2013) has 

made study of internal cranial structure, including morphology of the neurocranium, much easier 

and has eliminated the need to destructively sample unique specimens in order to glean this 

important information. 

 Focusing on braincase characters has additional benefits. One consistent phylogenetic 

result of various phylogenetic analyses is a close relationship between aïstopods and 

lysorophians (Anderson, 2001; Anderson, 2007; Anderson et al., 2008; Ruta et al., 2003; Ruta & 

Coates, 2007; Huttenlocker et al., 2013; Marjanovic & Laurin, 2013), a relationship that is in part 

supported by similar reductions of the dermal skull as well as limb reduction and axial 

elongation, despite the presence of a number of characters that suggest a more basal position of 
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aïstopods within the tetrapod tree (Carroll, 1998). In addition, it has been suggested by Anderson 

(2007) and Marjanovic and Laurin (2008) that common losses of bones or ontogenetic adulthood 

in different lineages may be biasing one or more of these phylogenetic analyses. Although the 

potential exists for ontogeny and common loss to bias evolution of braincase characters as well 

as characters of the postcranium and dermal skull, the vast majority of the braincase characters 

identified here are not simple presence/absence formulations. In many cases, these characters 

represent substantial differences in the structure of the braincase, cranial circulation, cranial 

nerves, sensory structures, and brain.   

3.3 Neurocranial character diagnoses and discussion 

 I report the full list of neurocranial (N) characters here with full diagnoses and discussion 

of morphology. Previously reported characters are renumbered here by region of the 

neurocranium. 

 For reference, I provide illustrations of early tetrapod braincases in standardized 

orientations. To identify characters associated with the acquisition of the crown tetrapod 

neurocranium, I have illustrated three putative stem tetrapods: Acanthostega gunnari (Figure 

3.4), the baphetid Loxomma acutirhinus (Figure 3.5) and the embolomere Archeria crassidisca 

(Figure 3.6). To identify characters associated with the acquisition of derived temnospondyl 

morphology, I have illustrated the colosteid Greererpeton burkemorani (Figure 3.7), the eryopid 

Eryops megalocephalus (Figure 3.8), the trematopid Acheloma dunni (Figure 3.9), and the 

brachyopid Batrachosuchus watsoni (Figure 3.10). To identify characters associated with the 

acquisition of amniote morphology, I have illustrated the seymouriid Seymouria baylorensis 

(Figure 3.11), the diadectamorph Limnoscelis palustris (Figure 3.12), the recumbirostran 

Huskerpeton englehorni (Figure 3.13), the cocytinid Brachydectes newberryi (Figure 3.14), the 
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eureptile Captorhinus laticeps (Figure 3.15), and the synapsid Ophiacodon uniformis (Figure 

3.16). 

 

Figure 3.4. Braincase of Acanthostega gunnari, after Clack, 1988, demonstrating characters and 

character states identified in this study. A, neurocranium, left lateral view; B, neurocranium, 

ventral view, dermal elements of the right palate removed; C, neurocranium, occipital view, 

bones of the cheek and suspensorium removed. 
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Figure 3.5. Braincase of Loxomma acutirhinus, after Beaumont, 1977, demonstrating characters 

and character states identified in this study. Left lateral view. 

 

N01. Trabecula cranii: (0) without significant median fusion posterior to solum nasi (platytrabic); 

(1) fused medially posterior to solum nasi to form elongate trabecula communis (tropitrabic) 

(Figure 3.13B). Plesiomorphically, sarcopterygians have widely-spaced trabeculae separate along 

the majority of their length, resulting in an open hypophyseal fenestra that runs the majority of the 

length of the sphenoid region of the skull and which is floored only by the cultriform process of 

the parasphenoid. Median fusion of the trabeculae to form a trabecula communis occurs in some 

amniotes, and appears to be associated with the presence of an interorbital septum (de Beer, 1937). 

The trabeculae are often not fully ossified in adult early tetrapods, but sockets of unfinished bone 

are present in the anterior sphenethmoid region to accommodate these structures, which may be 

widely-spaced (State 0) or fused at the midline (State 1) depending on the taxon. 



 

68 
 

 

 

 

Figure 3.6. Neurocranium of Archeria crassidisca, after Clack & Holmes, 1988, demonstrating 

characters and character states identified in this study. A, neurocranium, left lateral view; B, 

neurocranium, occipital view. 

 

N02. Dorsal trabeculae: (0) dorsal trabeculae provide dorsolateral bridge between sphenoid region 

and nasal capsule; (1) dorsal trabeculae absent or incomplete, no dorsolateral bridge between 



 

69 
 

sphenoid region and nasal capsule. The plesiomorphic condition in osteichthyans is that the 

trabecular horn, upon reaching the sphenoseptal commissure, curves posterodorsally until it 

reaches the interorbital cartilage. In early tetrapods, this dorsal trabecula runs widely parallel to 

the anterior-posterior axis of the skull, and meets the orbital cartilage.  In amniotes and possibly 

some microsaurs, the dorsal trabecula is thin or absent. 

 



 

70 
 

Figure 3.7. Braincase of Greererpeton burkemorani, after Smithson, 1982, demonstrating 

characters and character states identified in this study. A, neurocranium, ventral view, dermal 

elements of the right palate removed; B, occipital view, left stapes removed. 

 

Figure 3.8. Braincase of Eryops megalocephalus, after Sawin, 1941, demonstrating characters 

and character states identified in this study. Left lateral view. 

 

 

 

N03. Ossification between optic foramen and pila antotica: (0) Ossification complete between 

optic foramen and pila antotica; (1) pila metoptica and associated cartilaginous taeniae unossified 

(Figure 3.14A). In some early tetrapods, a wide fenestra is present in the median orbital wall in the 
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region of the foramina for the optic, oculomotor, and trochlear nerves (e.g. Carrolla craddocki, 

Maddin et al., 2011; but also Greererpeton burkemorani, Smithson, 1982).  

 

 

 

Figure 3.9. Braincase of Acheloma dunni, after Maddin et al., 2010, and Polly & Reisz, 2011, 

demonstrating characters and character states identified in this study. Occipital view, left stapes 

removed. 

 

N04. Ossification within the columella ethmoidalis: (0) absent; (1) novel median ossification 

forming the median margin of the foramen serving the olfactory nerve (Figure 3.14B). A novel 

ossification in the median portion of the ethmoid region is present in Carrolla craddocki (Maddin 

et al., 2011) and Brachydectes newberryi (this study, Ch. 2), and may be present in Quasicaecilia 

texana (Carroll, 1990; pers. obs.). Median ossifications of the columella ethmoidalis are present in 

some specimens attributed to Rhynchonkos stovalli, although these are absent from the type 

specimen (M. Szostakiwskyj, pers. comm., 2013; Szostakiwskyj et al., in prep.).  The columella 
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ethmoidalis is partly ossified in some caudates, but this is a derived condition that is accomplished 

in different ways in different caudate lineages (pers. obs.). 

N05. Path of profundus branch of trigeminal nerve: (0) enclosed in lateral wall of sphenoid region 

of braincase and exits laterally via a series of small foramina (Figure 3.4A); (1) extramural. In 

plesiomorphic tetrapods and other sarcopterygians, the profundus nerve arises from a separate 

ganglion and separates from the main branch of the trigeminal prior to exiting the braincase.  In 

this condition, the profundus branch runs anteriorly within the lateral wall of the braincase, sending 

a series of branches through the nasal capsule to innervate mechanosensory and electrosensory 

organs in the skin of the dorsal region of the snout (Bemis & Northcutt, 1992; Clack, 1998). These 

branches are identifiable as a series of small foramina piercing the lateral wall of the sphenethmoid 

in the vicinity of the ethmoid region. In the derived condition, the profundus arises from the 

trigeminal ganglion, and exits the antotic fissure alongside other branches of the trigeminal nerve, 

and runs anteriorly within the orbit, and no foramina are present in the lateral wall of the 

sphenethmoid. 

N06. Foramina for optic nerve and trigeminal nerve: (0) confluent (Figure 3.4A); (1) widely 

separate (Figure 3.8). In some stem tetrapods, a single large fissure serves the optic and trigeminal 

nerves (Clack, 1998). In most early tetrapods, however, these nerves exit the skull separately, with 

the optic nerve exiting far anterior to the trigeminal. 

N07.  Lateral head vein: (0) vein exits braincase via foramen for trigeminal nerve (Figure 3.5); 

(1) vein exits braincase far dorsal to foramen for trigeminal nerve. In most tetrapods, a plexus of 

veins drains the meninges via a small vein that meets the lateral head vein within the temporal 

region (Francis, 1934). This vein is referred to by a variety of names, including the dorsal vein 

(Maddin, 2011; Maddin et al., 2011), the prootic cranial vein (Francis, 1934), as well as other 
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names.  In some early tetrapods and lissamphibians, this vein seems to exit the cranial cavity via 

the antotic fissure, along with the trigeminal nerve, around which it sometimes anastomoses 

(Francis, 1934). In at least some microsaurs, a large foramen apparently serves this vein, which 

exits the braincase far dorsally (Maddin et al., 2011; this study, Ch. 2), sometimes following a 

groove in the ventral surface of the skull roof.  

 

 

Figure 3.10. Braincase of Batrachosuchus watsoni, after Warren, 2000, demonstrating 

characters and character states identified in this study. A, neurocranium, ventral view, dermal 

elements of the right palate removed; B, neurocranium, occipital view, left stapes removed. 
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N08. Anterior extent of cultriform process: (0) cultriform process extends to anterior margin of 

sphenethmoid; (1) cultriform process extends far anterior to sphenethmoid; (2) cultriform 

process does not reach anterior margin of sphenethmoid. 

N09. Olfactory bulbs: (0) narrow; (1) endocasts swollen, leaving considerable impressions in 

lateral and ventral wall of sphenoid region and in ventral surface of frontal (Figure 3.13B). In 

most early tetrapods, the olfactory bulb is comparatively small and does not leave an impression 

on the internal surface of the sphenethmoid region. In some microsaurs, however, the olfactory 

bulb is extremely large and leaves significant paired impressions in the surrounding bones. This 

can be seen clearly in the digital endocast or even in transverse section (tomographic or in hand 

sample).  This character may be a function of miniaturization to some degree, but the absence of 

swollen olfactory bulbs in the small-bodied species Carrolla craddocki, Quasicaecilia texana, 

Brachydectes newberryi, Lethiscus stocki, and Coloraderpeton brillii, and presence of swollen 

olfactory bulbs in the larger Micraroter erythrogaios, suggests that this character is not solely 

size-dependent. 



 

75 
 

 

Figure 3.11. Braincase of Seymouria baylorensis, after White, 1939, demonstrating characters 

and character states identified in this study. Left lateral view. 

 

 

N10. Ventral flange from skull roof articulating with sphenethmoid: (0) absent; (1) present on 

frontal and parietal; (2) present on frontal only (Figure 3.13A). Huttenlocker et al., (2013) 

recognized that the sphenethmoid articulates with a flange from the skull roof, but recognized a 

flange from the frontal only in Huskerpeton englehorni and Nannaroter mckinzei. A descending 

flange is present on the frontal and parietal in several microsaur taxa as well as captorhinids and 

some other early tetrapods. The distinction between the frontal-only flange and a more extensive 

flange that ranges along the frontal and parietal allows for a more complete description of the 

range of conditions for this character. 
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N15. Sphenethmoid forms interorbital septum: (0) no (Figure 3.13A); (1) yes (Figure 3.12A). In 

some seymouriamorphs, diadectamorphs, and amniotes, the olfactory tracts within the 

sphenethmoid region are vaulted above the cultriform process of the parasphenoid by a deep 

median keel, termed the interorbital septum. 

N16. Anterior extent of cultriform process of parasphenoid: (0) cultriform process extends 

anteriorly to level of posterior margin of choana; (1) cultriform process short, barely reaching the 

level of the posterior margin of the orbit. In seymouriamorphs, keraterpetid nectrideans, and 

diadectamorphs, and some amniotes, the cultriform process of the parasphenoid is greatly 

shortened, appearing as a short, broad triangle. In these cases, it appears that the shortening of 

the cultriform process reflects a more general process of withdrawing the braincase posteriorly 

rather than a simple replacement of the parasphenoid anteriorly by other dermal elements. 
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Figure 3.12. Braincase of Limnoscelis palustris, after Fracasso, 1987, demonstrating characters 

and character states identified in this study. A, neurocranium, left lateral view; B, neurocranium, 

ventral view, dermal elements of the right palate removed; C, neurocranium, occipital view. 

N17. Sutural contact between cultriform process of parasphenoid and vomer: (0) no; (1) yes, 

with posterior processes of vomer along cultriform process and anterior sphenoid region (Figure 
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3.10A). Modification of character 107 of Anderson (2001, 2007). In most early tetrapods, contact 

between the vomers and cultriform process is loose and incidental, if it occurs at all, and the 

vomers are only broadly sutured to the lateral palatal elements. In some temnospondyls and in 

diplocaulid nectrideans, posterior processes of the vomers extend along the cultriform process of 

the parasphenoid, sometimes with a dorsal lamina bracing laterally against the anterior 

sphenethmoid region of the braincase.  These posterior processes are broadly sutured (or 

sometimes fused) to the cultriform process. 

N18. Lateral wall of the nasal capsule underplated by lateral processes of the vomer and palatine: 

(0) no; (1) yes (Figure 3.10A). In most early tetrapods, the lateral wall of the nasal capsule is 

thinly underplated by the maxilla and premaxilla, and sometimes reinforced by the septomaxilla.  

In diplocaulid nectrideans and in some stereospondyl temnospondyls, the lateral processes of the 

vomer and palatine reinforce this region substantially, excluding the maxilla and premaxilla from 

the choanal margin. 

N19. Cultriform process of parasphenoid vaulted high above palatal surface: (0) no (Figure 3.8); 

(1) yes (Figure 3.16). 

N20. Posterior extent of parasphenoid beneath braincase: (0) floors sphenoid region only (Figure 

3.4B); (1) floors sphenoid and otoccipital regions. Within some stem-tetrapods, the parasphenoid 

is relatively anteriorly restricted, extending posteriorly only as far as the basipterygoid processes, 

leaving the floor of the occiput and otic capsules ventrally exposed. This condition is seen also in 

early sarcopterygians, including early stem-tetrapods, where the anterior restriction of the 

parasphenoid permits ventral exposure of the intracranial joint (Ahlberg, 1991), but is retained in 

some limbed stem-tetrapods (e.g. Acanthostega gunnari), even after closure of the intracranial 
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joint (Clack, 1988). The derived state, where an expanded basal plate of the parasphenoid floors 

the majority of the otoccipital region, is seen in most Paleozoic tetrapods, however. 

N21. Basal tubera: (0) present, with significant endochondral contribution (Figure 3.11); (1) 

present, with contribution of parasphenoid only (Figure 3.9); (2) absent. A number of early 

tetrapods have large ventral expansions along the ventral surface of the otoccipital region, which 

presumably serve as the attachment site for basicranial musculature. Where present, these 

structures typically have a parasphenoid contribution anteriorly. In some early tetrapods, this 

anterior contribution of the parasphenoid floors a ventral swelling of the basisphenoid.  In other 

early tetrapods, the basal tubera are derivatives of the parasphenoid only, and roof paired fossae in 

the ventral surface of the neurocranium (Maddin et al., 2010). A number of early tetrapod taxa, 

including various temnospondyls (Englehorn et al., 2008), microsaurs (Carroll & Gaskill, 1978), 

nectrideans, and amniotes (Heaton, 1979) have lost these structures entirely. 

N22. Path of common internal carotid artery: (0) enters basisphenoid directly posterior to basal 

tubera; (1) follows vidian sulcus along posterior surface of basal plate of parasphenoid, enters 

parasphenoid via vidian canal in basal plate of parasphenoid, divides into cerebral and palatal 

branches after entering parasphenoid (Figure 3.10A); (2) follows vidian sulcus along posterior 

surface of basal plate of parasphenoid or lateral wall of braincase, divides into cerebral and palatal 

branches prior to entering the skull (Figure 3.14B). This character is similar to character 62 of 

Yates and Warren (2000), which describes several derived conditions of the path of the internal 

carotid and its branches within temnopondyls. The states defined by Yates and Warren (2000) 

primarily focus on the paths of the cerebral and palatal branches of the internal carotid artery after 

dividing within or dorsal to the parasphenoid, and thus do not encompass conditions seen outside 
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of Temnospondyli. State 1 of the current implementation corresponds roughly to States 0 and 1 of 

Yates & Warren (2000). 

 

Figure 3.13. Braincase of Huskerpeton englehorni, modified from Huttenlocker et al., 2013, 

demonstrating characters and character states identified in this study. A, neurocranium, left 

lateral view, based on CT scans of holotype; B, neurocranium, ventral view, dermal elements of 

the right palate removed. 
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Figure 3.14. Braincase of Brachydectes newberryi, this study, demonstrating characters and 

character states identified in this study. A, neurocranium, left lateral view; B, neurocranium, 

ventral view, right stapes and dermal elements of the right palate removed; C, occipital view, left 

stapes removed. 
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N23. Buccohypophyseal foramen in parasphenoid: (0) open; (1) absent. A persistent 

buccohypophyseal canal that pierces the parasphenoid is plesiomorphic for sarcopterygians 

(Friedman, 2007). A number of digited stem-tetrapods retain a foramen through the parasphenoid 

(Clack, 1988; 1998). In most early tetrapods, however, this foramen is completely closed. 

N24. Morphology of pila antotica: (0) thin, broad sheet (Figure 3.13A); (1) robust dorsoventral 

pillar bracing the skull roof against the palate (Figure 3.14A). State 1 is seen in Carrolla 

craddocki (Maddin et al., 2011), Quasicaecilia texana (pers. obs.), and Brachydectes newberryi 

(this study, Ch. 2).  

N25. Basicranial fissure: (0) present (Figure 3.4A); (1) absent (Figure 3.7A). A fissure between 

the basisphenoid and otoccipital region is plesiomorphic for osteichthyans (Ahlberg, 1991).  In 

sarcopterygians, this fissure is expanded into a flexible joint between the sphenoid and 

otoccipital regions of the skull (Ahlberg, 1991; Dutel et al., 2013), but this joint is quickly 

reduced into an immobile fissure in early tetrapods and some elpistostegalids (Downs et al., 

2008). In lissamphibians, amniotes, and various early tetrapods, this fissure closes at an 

embryonic stage, much like the otoccipital fissure, but some early tetrapods retain the fissure into 

adulthood. 

N26. Location of the vidian sulcus: (0) along ventral surface of braincase (Figure 3.14B); (1) 

along lateral surface of braincase (Figure 3.13A, 3.15B). The internal carotid, prior to branching 

or entering the ventral neurocranium, typically follows a groove along either the ventral or lateral 

surface of the parabasisphenoid complex. 
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Figure 3.15. Braincase of Captorhinus laticeps, after Heaton, 1979, demonstrating characters 

and character states identified in this study. A, neurocranium, left lateral view; B, neurocranium, 

ventral view, right stapes and dermal elements of the right palate removed; C, occipital view, left 

stapes removed. 
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Figure 3.16. Braincase of Ophiacodon uniformis, after Romer & Price, 1940, demonstrating 

characters and character states identified in this study. Left lateral view. 

 

N31. Sphenethmoid: (0) ossified; (1) unossified. Unchanged from character 114 of Anderson 

(2007). 

N32. Ossification within the synotic tectum: (0) synotic tectum massively co-ossified with otic 

capsules (Figure 3.4C); (1) supraoccipital paired at some point in ontogeny (Figure 3.12C); (2) 

supraoccipital unpaired throughout ontogeny; (3) no supraoccipital bone; synotic tectum invaded 

by dorsal processes of exoccipitals (Figure 3.9). The composition of the dorsal portion of the 

occiput of early tetrapods has been the subject of some debate in recent years. The plesiomorphic 

condition preserves a close relationship between ossification of the synotic tectum and the otic 
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dorsal processes of the otic capsule and occipital arch that contact the ventral surface of the 

parietals and postparietals. A dorsolateral process of the crista parotica that braces against a 

ventral flange of the tabular is seen in a variety of early tetrapods, including temnospondyls, 

nectrideans, and colosteids,  and serves a secondary function as either the posteromedial wall of 

the spiracular recess or as the posteromedial wall of the stapedial canal, depending on the taxon.  

In some amniotes and some microsaurs, the crista parotica projects laterally towards the 

squamosal and/or quadrate, where it braces against the cheek. 

N38. Dorsal process of stapes: (0) absent; (1) present, articulating with or approaching crista 

parotica (Figure 3.15C). A stout dorsal process of the columella is present in some amniotes 

(Heaton, 1979) as well as Brachydectes newberryi (this study, Ch. 2). The plesiomorphic 

condition appears to be present in most early tetrapods, but the distribution of this character in 

microsaurs is uncertain, as the stapes of these taxa are generally poorly preserved. 

N39. Facets on dorsal surface of supraoccipital: (0) absent; (1) present.  The supraoccipital of some 

microsaurs and some amniotes preserves paired shallow facets on either side of a sagittal ridge 

that accept the postparietals and, in some cases, the parietals. In Brachydectes, the postparietals 

are withdrawn laterally into these fossae and expose the median ridge of the supraoccipital 

dorsally. 

N40. Otoccipital fissure: (0) present (Figure 3.4A); (1) absent (Figure 3.8). The presence of a 

significant fissure between the otic capsules (including the synotic tectum) and occipital arch is 

plesiomorphic for sarcopterygians (Friedman, 2007; Ahlberg, 1991) and very probably for 

teleostomes (Maisey, 2002; Brazeau, 2009). In early tetrapods, this fissure is preserved between 

supraoccipital ossifications within the synotic tectum and exoccipital ossifications of the occipital 

arch (Clack, 1988). The embryonic closure of the otoccipital fissure is observable in both modern 
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lissamphibians and modern amniotes (de Beer, 1937), and is evidenced by a closer relationship 

between the supraoccipital and exoccipital, or with invasion of the synotic tectum by dorsal 

processes of the exoccipitals (Maddin et al., 2010). 

N41. Crista parotica: (0) Descends posteriorly; (1) horizontal along the extent of its length. 

N42. Position of quadrate with respect to otic capsules: (0) quadrates ventral and lateral to otic 

capsules; (1) quadrates mostly lateral to and greater than or equal to twice the width of the otic 

capsules; (2) quadrates mostly ventral to otic capsules; (3) quadrates approaching or abutting 

lateral wall of otic capsules. This character is a replacement for character 82 of Anderson (2001, 

2007). Character 82 of Anderson (2001, 2007) attempts to describe the general shape of the skull 

from the occipital surface. Anderson (2001, 2007) recognizes three states: low and wide, high and 

wide, and high and narrow.  These very general descriptions specify neither the structures that 

contribute to these shapes nor variation within each of these general shape classes. This restatement 

of the character attempts to alleviate this problem. Much of the variation in skull shape in occipital 

view is a function of the relative position of the quadrates with respect to the braincase. Low and 

wide occiputs sensu Anderson (2001, 2007) are seen in taxa where the quadrates are widely spaced, 

far lateral to the braincase, with little to no ventral displacement. High and narrow occiputs 

typically are seen in taxa where the quadrates are substantially ventrally displaced, with little to no 

lateral spacing. High and wide occiputs are accomplished in one of two ways; either the quadrates 

are both widely spaced and significantly ventrally displaced (as in seymouriids, diadectids, and 

some early amniotes), or the otoccipital region dominates the occipital surface of the skull, with 

the suspensorium closely integrated with the otoccipital region (as in microsaurs and aïstopods). 

States 0, 1, and 2 of this coding scheme include information about length of the adductor 

mandibulae and palatal surface area, two variables associated with feeding mode in modern 
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between state 0 and state 1 is arbitrary and could stand to be honed via a study of sensory organ 

size in early tetrapods. 

N44. Otic trough: (0) absent; (1) present (Figure 3.12B). Modified from character 58 of Reisz and 

Laurin (1995) and character 6 of Berman (2000).  In diadectamorphs and synapsids, a trough 

extends posteriorly from the fenestra vestibularis, termed the otic trough.  The function of this 

structure is not clear (Fracasso, 1979; Berman, 2000) but it appears to be distributed more or less 

universally among diadectamorphs and synapsids, but is not found in reptiles or stem-amniotes. 

This structure is apparently unrelated to the basal tubera (N21). 

N45. Articulation between the epipterygoid and prootic: (0) none; (1) elongate facet on anterior 

surface of prootic for articulation of the epipterygoid. 

N46. Opisthotic obscures occipital in lateral view: (0) no; (1) yes (Figure 3.12B).   

N47. Fenestra vestibularis at end of broad, winglike lateral extension of the otic capsule: (0) no 

(Figure 3.13A); (1) yes (Figure 3.12B). 

N48. Cristae in occipital region: (0) comprised primarily of ascending flanges from braincase 

(Figure 3.6A); (1) comprised primarily of descending flanges from the skull roof (Figure 3.16). 

In most early tetrapods, the otoccipital region is suspended beneath the skull roof by cristae, 

producing deep posttemporal fossae for the insertion of the epaxial musculature and creating the 

posteromedial wall of the spiracular fossa or stapedial canal. These cristae are comprised 

primarily of contributions from the lateral wall of the braincase, including the crista parotica and 

a dorsolateral crista, but in some taxa (e.g. Seymouria baylorensis, Limnoscelis palustris, and 

Ophiacodon) these cristae are comprised primarily of descending flanges from the squamosal, 

tabular, and postparietal.  
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N49. Opisthotic excluded from the occipital surface by tabular process of the exoccipital: (0) no 

(Figure 3.6B, Figure 3.7B, Figure 3.9); (1) yes (Figure 3.10B). In some temnospondyls and in 

diplocaulid nectrideans, a dorsolateral process of the exoccipital is present and sutures broadly to 

a medioventral process of the tabular, excluding the opisthotic from the occipital surface and 

precluding any opisthotic contribution to the paroccipital process. 

N50. Insertion of the epaxial musculature on occiput: (0) deep within post-temporal fossae; (1) in 

broad, shallow fossae along occipital surface of postparietals (Figure 3.14B). In sarcopterygians 

more broadly, and in many early tetrapods, the epaxial muscles insert within a pair of narrow, 

deep pits between the skull roof and braincase.  These deep pits are laterally flanked by the crista 

parotica, which connects the braincase to the temporal region. Some early tetrapods, primarily 

microsaurs, deviate from this condition, with the epaxial muscles instead growing out over the 

posterior skull roof, allowing for a closer connection between the otoccipital region and the skull 

roof. In these cases, broad, shallow fossae are present on broad occipital lappets of the 

postparietals and posterior temporal bones, and the post-temporal fossae are absent. 

N51. Foramen for internal jugular vein: (0) between supraoccipital and exoccipital (Figure 

3.6A); (1) between opisthotic and exoccipital (Figure 3.13A); (2) through exoccipital (Figure 

3.10B); (3) through posterior notch in fenestra vestibularis (Figure 3.5). A large foramen in the 

otoccipital region serves the internal jugular vein and vagus nerve. In some forms, this foramen 

is relatively dorsal in position and exits the braincase between the synotic tectum and 

exoccipitals, generally within the otoccipital fissure when the latter structure is present. In many 

derived forms, this foramen exits in a more lateral location, between the exoccipitals and the 

opisthotic or opisthotic region of the otic capsule when the otic is coossified. This character 

replaces, in part, character 86 of Anderson (2007). Anderson (2001, 2007) recognized a possible 
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state in which the internal jugular vein foramen is completely enclosed by the exoccipital, a state 

exemplified by Rhynchonkos stovalli according to the description of Carroll and Gaskill (1978). 

Recent restudy of this material suggests an alternate interpretation of this region (M. 

Szostakiwskyj, pers. comm., 2013; Szostakiwskyj et al., in prep.), but this character does appear 

in some nectrideans, temnospondyls, and lissamphibians. 

N52. Hypoglossal nerve foramina: (0) multiple (Figure 3.8); (1) single; (2) absent. Nerve XII 

exits the occipital arch through the exoccipital. In some early tetrapods, the nerve divides into 

dorsal and ventral branches within the metotic fossa, exiting via two separate foramina, but in 

many early tetrapods, the nerve does not branch and thus exits the occiput through a single canal. 

Lissamphibians have lost this nerve entirely (Duellman & Trueb, 1994), and thus do not preserve 

a foramen to carry it. 

N53. Occipital articulation: (0) round (Figure 3.6B); (1) U-shaped; (2) paired (Figure 3.9). This 

character is modified from character A85 of Anderson (2001, 2007). The occipital condyle of 

most early tetrapods is a single round structure, but some variations do exist.  In some early 

tetrapods, the occipital condyle wraps partway around the foramen magnum, creating a U-shape, 

with a ventral condyle on the basioccipital and paired cotylar surfaces on the exoccipitals, lateral 

to the foramen magnum. In diplocaulid nectrideans, several lineages of temnospondyl, and 

modern lissamphibians, the basioccipital is reduced or entirely lost, and the exoccipital cotyles 

are the only remaining surface of articulation between the occipital arch and the atlas.  These 

cotyles are generally ventral and lateral to the foramen magnum and do not meet at the midline, 

resulting in an occipitoatlantal joint with significant dorsoventral mobility but almost no lateral 

mobility. 
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N54. Ventral process of exoccipital reaches basipterygoid joint along palatal surface: (0) absent; 

(1) present (Figure 3.10A). This is essentially a restatement of character 117 of Anderson (2001, 

2007) in order to eliminate some ambiguity present in the original character diagnosis. In 

diplocaulid nectrideans and some stereospondyl temnospondyls, a broad process of the ventral 

portion of the exoccipital flanks the posterior portion of the basal plate of the parasphenoid, 

participating in the basipterygoid joint and excluding the parasphenoid from the ventral margin 

of the foramen ovale. In both diplocaulids and stereospondyls, the basipterygoid joint is modified 

into a broad, immobile sutured contact, but whether this correlation is due to functional 

constraint or phylogenetic signal is unclear. Exoccipital participation in a mobile basipterygoid 

joint is not logically inconceivable, but is simply not observed in any known early vertebrate. 

This character may represent ventral invasion of the otic capsule by the exoccipital rather than a 

distinct process of the exoccipital. 

N55. Atlantoccipital joint concavity: (0) occipital condyle concave (Figure 3.7B); (1) occipital 

condyle convex (Figure 3.15A). Unchanged from character 84 of Anderson (2007). 

N56. Stapes: (0) perforated stem (Figure 3.7B); (1) imperforate stem. Character 108 of Anderson 

(2007), with removal of state 2. 

N57. Stapes orientation: (0) lateral towards quadrate (Figure 3.7B); (1) dorsal towards squamosal 

embayment. Minor modification of character 109 of Anderson (2007) 

N58. Footplate of stapes: (0) oval; (1) round; (2) palmate. Unchanged from character 110 of 

Anderson (2007). 

N59. Dorsal sinus between ossified synotic tectum (supraoccipital) and parietals: (0) absent; (1) 

present. Unchanged from character 222 of Huttenlocker et al. (2013). 
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3.4 Treatment of Existing Characters 

 I incorporated these 59 braincase characters into a more comprehensive sampling of 

characters based on the matrix of Anderson (2001) as modified by Anderson (2007), Anderson et 

al., (2008) and Huttenlocker et al. (2013).  Several modifications were made to this matrix. The 

following diagnoses refer to the character and states used in Huttenlocker et al (2013) as 

HPSA2013. 

3.4.1 Modified Characters 

 HPSA2013 Character 134, new diagnosis. Dermal armor associated with neural spines:  

(0) absent, (1) present. Character 134 of the original dataset refers to a derived state observed in 

some nectrideans, where the neural spine is fused to a median ossification of dermal origin.  

Such osteoderms are known in other early tetrapods, including chroniosuchians, the 

stereospondyls Sclerothorax hypselonotus (Schoch, 2007), Peltobatrachus pustulatus (Panchen, 

1959), and the Plagiosauroidea, dissorophid temnospondyls, and some extant salamandrid 

caudates and leptodactylid anurans. The morphology and histology of nectridean armor has not 

been sufficiently characterised to permit comparison of individual osteoderm characters, so this 

character has not been further atomized, but it should be revisited at some point in the future. 

3.4.2 Characters Modified in Topological Nonindependence Experiments 

 HPSA2013 Character 4, Character 7, Character 51: combined. New diagnosis: 

Intertemporal: (0) present, (1) absent, replaced by lateral expansion of parietal, (2) absent, 
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replaced by anterior expansion of supratemporal/tabular.  Character 51 recognizes the presence 

or absence of a sutural contact between the parietal and squamosal.  The morphology described 

by this character is topologically nonindependent from the morphology described by character 7, 

which identifies the presence or absence of a contact between the tabular and postorbital. A 

number of characters in the matrix of Anderson (2001, 2007) consist of descriptions of the 

sutural pattern of the temporal region atomized into a series of presence/absence statements 

concerning contacts between dermal skull elements. In some cases, two or more of these 

statements may inadvertently describe the same sutural pattern in some or all OTUs. This is the 

case for characters 7 and 51 (Figure 3.1).  Contact between the parietal and squamosal (51:1) 

precludes contact between the tabular and postorbital (7:1), and vice versa. In actuality, 

characters 7 and 51 are meant to differentiate conditions in which the bones of the anterior 

temporal row (primarily the intertemporal, character 4) have been lost (Character 4, State 1) and 

replaced by expansions of either the parietal or the posterior temporal bones, specifically the 

tabular (J. Anderson, pers. comm.). The modified character treats these three characters as 

separate states of the same character and avoids this issue of topological nonindependence. 

 HPSA2013 Characters 99, 100, 101: combined. New diagnosis: anterior extent of 

palatine ramus of pterygoid: (0) well-developed, meeting in midline, (1) contacts vomer but does 

not meet at midline, (2) does not reach vomer, contact with palatine and ectopterygoid only, (3) 

contact with posteriormost extent of marginal palate only. Characters 99, 100, and 101 are all 

topologically nonindependent and pertain to the extent of the palatine ramus of the pterygoid.  

3.5 Methods 

3.5.1 Character scoring and matrix modification 



 

98 
 

 Modifications to the matrix of Anderson (2001, 2007) as modified by Huttenlocker et al. 

(2013) have been discussed above but are summarized in their complete form here for reference. 

 Fifty-nine neurocranial characters have been added.  The diagnoses for these characters 

are discussed below. Partial or complete conflict between these characters and characters 

diagnosed by Anderson (2001), Anderson (2007), and Huttenlocker et al. (2013) necessitates 

deletion of several characters from the source matrix. 

 The matrix of Anderson (2001, 2007) is taxonomically insufficient to investigate some 

questions of lepospondyl relationships. Taxonomic sampling is dense for the Lepospondyli and 

for dissorophoid temnospondyls, but is extremely sparse elsewhere.  Sparse sampling outside of 

these two taxa makes it difficult to assess the monophyly of lepospondyls, the plesiomorphic 

condition of major lepospondyl groups and of lepospondyls more generally, and character 

evolution more broadly along the amniote stem.  Evolution of characters along the amniote stem 

is particularly difficult to address with this dataset, as no indisputable amniote is present in the 

matrix.  Instead, the seymouriamorph Seymouria baylorensis and the diadectomorph Limnoscelis 

paludis serve as stand-ins for Amniota. Neither diadectomorphs nor seymouriamorphs are 

considered to be amniotes in contemporary analyses (Ruta et a., 2003), and seymouriamorphs are 

considered to fall stem-ward of both diadectamorphs and lepospondyls with respect to amniotes 

in some analyses (Laurin & Reisz, 1995, Ruta et al., 2003). Exclusion of true amniotes from the 

analysis makes it difficult to assess this result, to assess polarity of characters along the amniote 

stem more generally, and to determine the lepospondyl root. 

 Seventeen taxa have been added to the source matrix to more completely sample the 

diversity of skull roof, braincase, and postcranial morphology among Paleozoic tetrapods, and to 

more fully contextualize the derived morphology exhibited by Brachydectes newberryi.  Added 
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taxa are: two baphetids (Kyrinion martilli and Loxomma acutirhinus) and an embolomere 

(Archeria crassidisca) in order to better contextualize evolution along the tetrapod stem. Two 

aïstopods (Lethiscus stocki and Coloraderpeton brilli) were added to contextualize the 

incomplete data available for the aïstopods Phlegethontia and Oestocephalus and to test the 

robustness of the aïstopod-lysorophian relationship recovered previously by Anderson (2001, 

2007), Huttenlocker et al. (2013), and Marjanovic & Laurin (2013). The short-horned diplocaulid 

nectridean Ductilodon pruitti was included to contextualize the highly derived morphology of the 

diplocaulid nectrideans Diplocaulus magnicornus and Diploceraspis burkei. The brachystelechid 

microsaur Quasicaecilia texana was added in order to more completely sample the range of 

morphologies of this family. Two eureptiles (the captorhinid Captorhinus laticeps and the 

araeoscelid Petrolacosaurus kansensis) and a synapsid (Ophiacodon uniformis) were added to 

differentiate between the amniote stem and amniote crown, and to investigate the relative 

placements of seymouriamorphs, diadectomorphs, and lepospondyls along the amniote stem. 

One seymouriamorph (Kotlassia prima) was added in order to more completely sample the 

diversity of seymouriamorph morphology. A broad sampling of temnospondyls was added in 

order to address deficiencies in the sampling of the lissamphibian stem.  These are an edopoid 

(Edops craigi), two dvinosaurs (Trimerorhachis insignis and Acroplous vorax), and three 

stereospondyls (Lydekkerina huxleyi, Gerrothorax pulcherrimus, and Batrachosuchus watsoni). 

These taxa were primarily coded from published descriptions, although I have made personal 

observations of fossils or CT scans of some taxa. Source of character codings is reported in 

Table 3.1. 

 All added braincase characters were coded from the literature, and from personal 

observation of specimens and/or CT scans.  Source data are reported in Table 3.2. 
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was used to search for most parsimonious trees (MPTs) in each analysis.  The set of MPTs for 

each analysis was then summarized as strict and majority rule consensus trees using PAUP*4.0b. 

 

3.5.3 Partition Experiments 

 Phylogenetic analyses were conducted on individual character partitions to investigate 

differences in phylogenetic signal between anatomical regions and the potential for mosaic 

evolution within early tetrapod evolution. Three anatomical partitions were investigated for 

differences in phylogenetic signal.  The first partition consists solely of the neurocranial 

character set proposed in this chapter.  The second partition consists of all dermatocranial 

characters within the matrix of Huttenlocker et al. (2013).  The third consists of all postcranial 

characters within the matrix of Huttenlocker et al. (2013).  Partitions were analyzed for each 

matrix treatment (unmodified, topology, supratemporal, and topology + supratemporal).  Taxa 

with minimal character coverage for a partition have been excluded based on an arbitrary 50% 

completeness criterion. Exclusion of taxa from analysis is necessary as braincase and 

postcranium are poorly represented or poorly-described for many taxa, and may be completely 

unknown for some OTUs. Phylogenetic analyses were conducted in PAUP*4.0b using the full 

heuristic method to assess trees according to the maximum parsimony objective criterion. 

 

3.6 Results 

3.6.1 Total Dataset 
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Lepospondyli.  Within Recumbirostra, Brachystelechidae, Pantylidae, Ostodolepidae, and 

Gymnarthridae are all recovered as monophyletic, but no resolution above the family level 

exists. Within Microbrachomorpha, aïstopods fall out as the sister taxon to Scincosaurus but 

show no close relationship with other nectrideans.  Tuditanids and hapsidopareiontids are 

recovered along the microbrachomorph stem.   
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Figure 3.17. Cladistic analysis of full unmodified character matrix (265 characters). Strict 

consensus of 123 trees. Tree length = 1773, CI = 0.2104, RCI = 0.1243. 
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Figure 3.18. Cladistic analysis of full character matrix (261 characters) correcting for 

topological nonindependence. Strict consensus of 63 trees. Tree length = 1762, CI = 0.2111, RCI 

= 0.1243 
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Diplocaulids are found within trematosaur stereospondyls as the sister taxon of the brachyopoid 

Batrachosuchus watsoni. The aïstopods Coloraderpeton brilli and Lethiscus stocki are found to 

be stem-tetrapods, stemward of the baphetids Loxomma acutirhinus and Kyrinion martilli. 

 The postcranium submatrix (Figure 3.22) recovers a polyphyletic Lepospondyli as well. 

A monophyletic Microsauria is resolved as the sister taxon of Eureptiles within Amniota. Within 

Microsauria two major clades are present; a clade consisting of Tuditanus, Rhynchonkos, 

Batropetes, Brachydectes, and Microbrachis, and a clade consisting of pantylids, gymnarthrids, 

and ostodolepids. The diadectamorph Limnoscelis palustris and the seymouriamorph Seymouria 

baylorensis form successive outgroups to crown Amniota. The remainder of Lepospondyli 

(Aïstopoda+Adelospondyli+Nectridea) are resolved as the sister taxon of Micromelerpetontidae 

within dissorophoid temnospondyls. 

 The dermatocranial submatrix was assessed in all four matrix manipulations. Different 

treatments of the dermatocranial submatrix produced substantially different topologies, possibly 

reflecting a generally weak signal within the dermatocranial dataset. 

 The unmodified dermatocranial submatrix (Figure 3.23) does not recover a monophyletic 

Lepospondyli, and recovers very little topological resolution in the tree more generally.  

Hapsidopareiontids and tuditanids form the sister taxon to Amniota+Diadectamorpha, but the 

Recumbirostra falls out separate from this clade, and forms an extensive polytomy with 

keraterpetontid nectrideans, urocordylid nectrideans, stereospondyls plus diplocaulid nectrideans, 

Scincosaurus, Adelogyrinus, Greererpeton, Phlegethontia, Oestocephalus, Seymouriamorpha, 

and most species level diversity among the Temnospondyli.  Within Recumbirostra, pantylids, 

gymnarthrids, and ostodolepids form a clade, although no support exists for a monophyletic 
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Figure 3.21. Cladistic analysis of 59 neurocranial characters. Strict consensus of 158 trees. Tree 

length = 238, CI = 0.3782, RCI = 0.2644. 
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Figure 3.22. Cladistic analysis of 79 postcranial characters. Strict consensus of 55 trees. Tree 

length = 397, CI = 0.2720, RCI = 0.1596. 

 




































































































































































































































