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ABSTRACT 

 

A Redescription and Phylogenetic Analysis of the Cretaceous Fossil Lizard 

Polyglyphanodon sternbergi Gilmore, 1940 

 

A detailed osteological description of Polyglyphanodon sternbergi 

(Polyglyphanodontia: Squamata), the most complete polyglyphanodontian lizard known 

from North America, is presented for the first time since Charles Gilmore first described 

this species in 1942.  The material used for this description is currently housed at the 

Smithsonian National Museum of Natural History and consists of a large collection of well 

preserved, partially articulated skeletons and isolated elements representing nearly the entire 

skeleton.  P. sternbergi’s taxonomy and systematics is reviewed, and its inclusion in a recent 

comprehensive morphological phylogenetic analysis is revised and reanalyzed.  The results 

of this analysis support the placement of Polyglyphanodontia as a scleroglossan stem clade, 

and reveal six new unambiguous synapomorphies of Polyglyphanodontia and seven new 

autapomorphies for P. sternbergi.  Unique morphological traits of P. sternbergi are 

discussed, including the convergence of certain features such as its dentition with modern 

teiids and the paleoecological significance of these features.   
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INTRODUCTION 
 

The fossil record of Cretaceous lizards comprises a diverse assemblage of species 

from nearly every major lizard clade, and provides an important window into our 

understanding of the evolutionary history of Squamata.  The extinct clade 

Polyglyphanodontia (Alifanov 2000) comprises a group of about 20 known lizard species 

restricted to Cretaceous of North America and Asia, making it the most diverse clade of 

Late Cretaceous lizards (Longrich et al. 2012).  This group has traditionally been 

considered a radiation of primitive teiids (Estes 1983, Nydam 1999, Nydam et al. 2007), 

though its relationships to other squamates is still somewhat uncertain and has recently 

become more controversial (see Conrad 2008, Gauthier et al. 2012).  The lizards in this 

group are often noted for their large, deep skulls with heavily cemented teeth, splenials 

that are hypertrophied close to the dentary symphysis, and their remarkable diversity of 

tooth shapes.  Polyglyphanodontians have an extraordinarily well preserved and abundant 

fossil record from the Upper Cretaceous sediments of Mongolia (e.g. Gilmore 1943, 

Sulimski 1972, Sulimski 1975, Gao and Norell 2000), indicating that they were likely the 

dominant lizard clade in this region (Gauthier et al. 2012).  Their North American 

relatives, however, are represented by a much more fragmentary collection of fossils 

consisting mostly of isolated jaw elements and teeth.  These fossils are distributed 

throughout the Western Interior from southern Canada to West Texas (Nydam et al. 

2013), and range in age from the Cenomanian to the Maastrichtian (Nydam 2000). 

One important exception is the extinct lizard Polyglyphanodon sternbergi, which 

was first discovered during a 1937 expedition to Utah by the Smithsonian National 

Museum of Natural History (USNM).  As a result of this expedition and subsequent trips 
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to this region throughout the late 1930’s, a large collection of well preserved, partially 

articulated skeletons, skulls, and other isolated elements representing nearly the entire 

skeleton of P. sternbergi was acquired by the USNM where it remains housed today.  

Most of our current understanding of North American polyglyphanodontians still comes 

from the USNM collection of P. sternbergi, as it is by far the most complete and well 

preserved representative of this clade outside of Asia.  Following these expeditions, 

Gilmore (1940) named P. sternbergi as a new species and later published the first and 

only complete anatomical description of this lizard’s osteology to date (Gilmore 1942).  

Gilmore was the first to recognize the transversely expanded chisel-like posterior teeth 

found in P. sternbergi as highly unusual and unique characteristics of this fossil.  This 

type of dentition is seen in only two other genera, the extant Dicrodon and Teius (Presch 

1974), and it has therefore drawn much attention by other authors attempting to interpret 

the dietary habits that are associated with this particular tooth morphotype (e.g. Estes 

1983, Nydam et al. 2000, Nydam 2005).   

Although Gilmore provided a thorough description of P. sternbergi in 1942, it 

was written well before the application of cladistic methods and it is relatively outdated.  

There have been few additional studies on the morphology and evolutionary history of 

this species, despite its inclusion in several phylogenetic analyses of Squamata.  Recent 

advances in squamate phylogenetics resulting from the work of Conrad (2008) and 

Gauthier et al. (2012) have contributed immensely to our understanding of the 

morphological evolution of this group, providing hundreds of new characters that are 

useful for comparative analyses.  As a result of these studies, the diagnostic characters 

and phylogenetically informative traits which relate P. sternbergi to other squamates 
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have become much clearer since Gilmore’s (1942) original hypothesis, though most of 

these characteristics have not been formally described or figured for this species.  Given 

the current lack of anatomical data available for P. sternbergi, it is a primary goal of this 

thesis to produce a complete re-description of the osteology of this important fossil using 

the large collection of P. sternbergi fossil material at the USNM and comprehensive set 

of hundreds of squamate characters compiled by Gauthier et al. (2012).  The revised 

description presented here is intended to provide the most accurate and detailed 

anatomical description available for this fossil, making it relevant for current research in 

squamate phylogenetics.  

Over the last decade there has been a rapidly growing interest in resolving the 

evolutionary relationships among squamates, and a major discordance between the 

molecular and morphological based phylogenies has become a contentious issue inciting 

much debate (see Losos et al. 2012).  Several large morphological phylogenetic analyses 

(e.g., Conrad 2008, Gauthier et al. 2012) have attempted to tackle this issue, partly by 

incorporating a wide variety of fossil species including some polyglyphanodontians such 

as P. sternbergi.  While the inclusion of these fossils has not changed the traditionally 

accepted relationships among major squamate lineages (at least based off of 

morphology), they do provide critical information about the ancestral traits of extant 

groups.  Fossil polyglyphanodontians can therefore help to elucidate patterns of trait 

evolution within Squamata over time, and therefore a better understanding of the overall 

phylogenetic placement of this group is needed.  This study takes a closer look at the 

evidence supporting different placements of Polyglyphanodontia, and the factors that 

may be contributing to the discrepancies among them.   
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While resolving the competing hypotheses of polyglyphanodontian relationships 

is beyond the scope of the project presented here, an additional goal of this thesis is to 

assess how previous authors have incorporated P. sternbergi into their phylogenetic 

analyses.  Here I review how this taxon has been scored in the morphological character 

matrix of Gauthier et al. (2012), and make revisions to this matrix based on my study of 

the fossil material at the USNM.  A new phylogenetic analysis is performed after the 

inclusion of these modifications, and the results are compared to alternative hypotheses 

for polyglyphanodontian relationships described below.    

 

Overview of the Systematics and Taxonomy of P. sternbergi 

Attempts to classify Polyglyphanodon sternbergi and its relatives have been 

highly problematic, and the taxonomy of this group has undergone many revisions since 

Gilmore’s original hypothesis placing it within Iguania (Gilmore 1942).  After naming P. 

sternbergi as a new genus and species in a preliminary study of lizards from a USNM 

expedition to Utah (Gilmore 1940), Gilmore erected the family Polyglyphanodontidae in 

1942 to include P. sternbergi and two other species that he had recently named 

Paraglyphanodon utahensis and Paraglyphanodon gazini (Gilmore 1943a) from the 

same South Dragon “lizard locality.”  Gilmore (1942) proposed that these lizards should 

be included with the iguanians, which he based largely on the acrodont dentition they 

shared with agamids and chamaeleonids.  In addition to these North American specimens, 

Gilmore (1943b) also described the first lizards known from the Late Cretaceous of 

Mongolia, including the Polyglyphanodon-like Gilmoreteius ferruginous (Gilmore, 

1943), which were collected by expeditions of The American Museum of Natural History 
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throughout the early 1920’s.  Upon the discovery of more complete Mongolian 

Cretaceous lizards by the Polish-Mongolian Paleontological Expeditions of the late 

1960’s, Sulimski (1975) assigned two new species, Cherminsaurus kozlowskii and 

Erdenetesaurus robinsonae, to Polyglyphanodontidae, and also established the family 

Macrocephalosauridae to group other large-bodied Cretaceous Asian lizards represented 

by Macrocephalosaurus (= Gilmoreteius; Langer, 1998) and Darchansaurus from the 

same locality.  The taxon names Macrocephalosauridae Sulimski, 1975 and 

Macrocephalosaurus Gilmore, 1943, were later synonymized with the names 

Gilmoreteiidae and Gilmoreteius respectively, after it was discovered that the name 

Macrocephalosaurus had been applied earlier to name a rhynchosaur in 1933 and the 

squamate taxon was therefore invalid (Langer, 1998).   

 It is now widely accepted that the Polyglyphanodontidae and Gilmoreteiidae are 

closely related groups from a Cretaceous radiation of North American and Asian lizards 

(Estes 1983, Conrad 2006, Gauthier et al. 2012), though phylogenetic analyses have led 

to conflicting results regarding which taxa should be included in these families, as well as 

their overall placement within the squamate tree.  Two general hypotheses have emerged 

over the last few decades regarding the overall placement of these lizards within 

Squamata as determined by morphological characters, and include (1) they comprise a 

subgroup of Scincomorpha, closely related to or lying within Teiidae or (2) they comprise 

a scleroglossan stem clade, far outside of crown scincomorphs.  The former has been the 

dominant hypothesis over the last 30 years (see Estes 1983, Estes et al., 1988; Conrad 

2006), but the second placement was found by Gauthier et al. (2012) following the results 

of a large-scale morphological analysis of Squamata.   
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Estes (1964, 1969) was one of the first authors to recognize P. sternbergi and its 

relatives as a subgroup of Teiidae, though Sulimski (1975) was skeptical of this 

assignment, suggesting that both Polyglyphanodontidae and Gilmoreteiidae represented 

more primitive scincomorph lizards.  A subsequent taxonomic review of Squamata 

conducted by Estes (1983) grouped these families within Teiidae, and provided support 

for the close relationship of the North American and Asian taxa, which he placed into a 

single clade named Polyglyphanodontinae.  While the name Macrocephalosauridae was 

used by some later authors (Alifanov 1993, 1996), Gao and Norell (2000) argued that the 

monophyly of this group was not demonstrated, and therefore these Asian taxa still 

continue to be grouped with P. sternbergi and other North American taxa under the name 

Polyglyphanodontinae (see Conrad 2008).  These lizards have also been included 

together under an additional name, Polyglyphanodontia (Alifanov 2000), which has been 

validated as a monophyletic group by Gauthier et al. (2012), who did not discuss why 

they did not use a family-level group name.  Polyglyphanodontia is a stem based clade 

that is essentially comprised of the same group of Late Cretaceous lizards included in the 

node-based Polyglyphanodontinae, though they have not been formally synonymized. 

Given the various taxonomic terminology used throughout the literature on this topic, it 

should be clarified that the term polyglyphanodontian (sensu Gauthier et al., 2012) will 

be used here in reference to the clade containing P. sternbergi and its North American 

and Asian relatives.  Additionally, the terms polyglyphanodontid and gilmoreteiid will 

refer to the North American and Asian taxa respectively. 

 Despite Sulimski’s (1975) doubts regarding the affinity of polyglyphanodontians 

with teiids, most authors following Estes (1969, 1983, 1988) have found additional 
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phylogenetic support placing these lizards within or closely related to the Teiidae.  

Denton and O’Neil (1995) conducted one of the first cladistic analyses focused on 

resolving the relationships of both extant teiids and several extinct teiid-like lizards, 

including P. sternbergi, gilmoreteiids, and other non-polyglyphanodontian North 

American fossil taxa of uncertain affinities such as Chamops, Prototeius and 

Leptochamops.  The results of this study recovered Polyglyphanodontinae within Teiidae 

as a basal subfamily to the modern teiid subfamilies Teiinae and Tupinambinae, and 

further supported the grouping of the Asian and North American polyglyphanodontian 

taxa within the monophyletic Polyglyphanodontinae as Estes (1983) had originally 

proposed.  These authors also named a new entirely extinct teiid subfamily, the 

Chamopsiinae, to include more primitive non-polyglyphanodontian Cretaceous lizards 

that had previously been classified within the Teiinae and Tupinambinae (Estes 1969, 

1983).   

 Polyglyphanodontians have also been the focus of much of the work by Nydam 

(see Nydam 1999, Nydam and Cifelli 2002, Nydam 2005, Nydam et al. 2007, Nydam and 

Cifelli 2010) who has published extensively on new polyglyphanodontian species and 

their evolutionary relationships.  Nydam and Cifelli (2002) supported the placement of 

this group within Teiidae as well, arguing that these lizards possess eight of the fourteen 

synapomorphies of Teiidae given by Estes et al. (1988).  In a comprehensive 

phylogenetic analysis of polyglyphanodontians, modern teiids, and Gymnophthalmidae (a 

subfamily of the Teiidae according to Estes et al. (1988)) aimed at resolving the 

relationships of fossil taxa within Teiidae, Nydam et al. (2007) found all members of both 

Polyglyphanodontidae and Chamopsiinae to lie outside of Teiidae entirely.  These 
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authors erected a new taxon, the Boreoteiioidea, to name a monophyletic group formed 

by all teiid-like Cretaceous Asian and North American fossils.  This taxon was resolved 

as sister to Teiioidea, a monophyletic clade composed of the Teiidae and 

Gymnophthalmidae.  In addition, an exclusively North American clade within 

Boreoteiioidea was named Polyglyphanodontini, represented by P. sternbergi and its 

hypothesized closest relatives Peneteius and Dicothodon.  An important aspect of this 

study was that it demonstrated the monophyly of both the North American and Asian 

polyglyphanodontian taxa respectively, and provided further evidence supporting the 

close relationship between these two groups to the exclusion of chamopsiids.  It also 

provided an alternative hypothesis placing this entire fossil group outside of Teiidae, 

though still relatively closely related to the teiids.   

 In one of the largest morphological phylogenetic analyses of Squamata, Conrad 

(2008) found a similar result (fig. 1). This study also supported the monophyly of 

Polyglyphanodontidae and placed it outside but closely related to the Teiidae.  Conrad 

(2008) named a new clade, the Macroteiida, to include Polyglyphanodontidae with other 

large bodied crown group teiids.  These results were challenged, however, by the most 

recent and by far largest morphological analysis of Squamata by Gauthier et al. (2012).  

This study, which uses the clade name Polyglyphanodontia rather than 

Polyglyphanodontidae, found a much different hypothesis for the overall placement of 

polyglyphanodontians within Squamata.  The phylogeny they report (fig. 2) places 

Polyglyphanodontia distantly from teiids and outside of Scleroglossa entirely as a 

scleroglossan stem clade, closer to Scleroglossa than are iguanians.   This result has 
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prompted new questions about what could explain such an unusual result, and is a topic 

that is investigated further in this paper.   

 

SYSTEMATIC PALEONTOLOGY 

Squamata Oppel, 1811 

Polyglyphanodontia Alifanov, 2000 

Polyglyphanodon Gilmore, 1940 

 

Type species: Polyglyphanodon sternbergi Gilmore, 1940 

Diagnosis: as for species 

Polyglyphanodon sternbergi Gilmore, 1940 

Holotype: USNM 15477, partial skull, mandible, vertebrae, and other various skeletal 

elements. 

 

Referred material: includes the specimens listed in Appendix 1 in addition to all 11 

specimens and associated material listed by Gilmore (1942) except USNM 15816.   

 

Age and locality: Upper Cretaceous, Maastrichtian, North Horn Formation; South Dragon 

Canyon, Manti National Forest, Emery County, Utah, USA. 

 

Revised diagnosis: The phylogenetic analysis presented below finds the following 

combination of characters that distinguishes P. sternbergi from other squamates: jugal 

lateral exposure below orbit entirely exposed above orbital margin of maxilla; palatines 
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only contact anteriorly; adductor fossa has no distinct medial wall; tooth replacement 

absent; lack of resorption pits at tooth bases; astragalus and calcaneum co-ossified with 

suture visible; accessory cusp developed lingual to tooth apex on tooth crown. 

 

DESCRIPTION 

SKULL 

Premaxilla 

The best preserved premaxillae are represented by USNM 16587 and 16588 (figs. 4, 5).  

The premaxillae are fused and contain six teeth.  A long, mediolaterally slender internasal 

process ascends posterodorsally, narrowing gradually from a wide anterior base and 

extending posteriorly well beyond the external nares and between the nasals.  The lateral 

margins of the internasal process are nearly straight and taper apically until they meet at a 

V-shaped point about midway between the nasals. Gilmore (1942) notes that there are 

two notches stacked at the base of the internasal process along its lateral margin, 

however, this is only preserved on the right side of the holotype.  These notches may be 

an artifact of preservation, as they are not apparent in USNM 16587, nor do they exist in 

USNM 16588.  The anterior end of the premaxilla beneath the internasal process is ovate 

in anterior view, and is wider mediolaterally than dorsoventrally.  A single, tiny foramen 

is present at the anterior tip of the maxilla along the midline, just below the external 

nares.  The premaxilla-maxilla suture is situated almost directly below the most anterior 

margin of the naris, and is a simple, slightly concave line.  The palatal shelf, which is 

only visible in the holotype, does not extend posteriorly away from the dental margin.  

The posterior margin of the palatal shelf forms a concave arc and does not become bifid 
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posteriorly as it does in anguimorphs like Varanus salvator.  When viewed ventrally, the 

premaxilla maxillary process is positioned medial to the anterior edge of the palatine-

maxilla suture.    

 

Nasals 

The nasals (figs. 4, 5) are paired, and each is subrectangular in dorsal view.  The anterior 

end of each nasal forms a concave border with the naris, and has a posterior end that 

tapers to a U-shaped point where it contacts the frontal.  In dorsal view, the lateral 

margins of the nasals are nearly straight and make a slight curve posteriorly toward the 

midline.  A shallow fossa runs anteroposteriorly along the midline of each nasal, creating 

a channel that extends the entire length of the bone.  The margins of the nasals are raised 

slightly above the surface of the bone to create extended ridges where they meet the 

maxilla and the premaxilla.  The length of the internasal suture is about a third of the 

length of the total length of the nasals.  The nasofrontal suture resembles a “W” with 

widely rounded angles; i.e. each nasal forms a U-shaped recess into the articulating 

frontal. 

 

Frontals 

The frontals (figs. 4, 5) are paired and subrectangular, having anterior, posterior, and 

interorbital widths that are subequal.  The lateral margins of the frontals are nearly 

straight and run parallel along the dorsal surface of the skull.  The shallow 

anteroposteriorly-directed fossa along each nasal is extended along the midline of each 

frontal, ending at the posterior end of the prefrontal-frontal suture.  This channel results 
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in a prefrontal-frontal suture and interfrontal suture that is crest-like as well.  The frontals 

border the orbits for just less than one quarter of their total anteroposterior length.  The 

anterolateral margin of each frontal extends anteriorly as a narrow projection between the 

nasal and prefrontal.  This projection contacts the maxilla and tapers narrowly between 

the nasal maxillary suture.  The anterior extension of the frontals around the lateral 

margin of the nasals is roughly twice the length of the anterior extension of the frontals 

between the internasal suture. Posteriorly, the postfrontal-frontal suture is gently concave 

medially.  The frontoparietal suture is well ossified and mediolaterally convex into the 

frontals, with slight interdigitation along the suture.   

 

Postfrontal 

The postfrontal (figs. 4, 6, 7) is triradiate, bifurcating medially into a frontal and parietal 

process.  These processes both taper narrowly and extend anteroposteriorly for nearly 

equal lengths on either side of the frontoparietal suture.  The postfrontal is 

anteroposteriorly wide, forming a bridge that connects the posterodorsal margin of the 

orbit and the anterodorsal margin of the supratemporal fenestra.  The distal process of the 

postfrontal on the holotype, USNM 16587, and USNM16588, does not appear to be 

notched or bifid; rather, it tapers posterolaterally to a point posterior to the postorbital. On 

the right side of the type where the postfrontal is well preserved, as well as in both 

postfrontals of USNM 16588, the postorbitofrontal suture is rugose, and clearly 

delineates the postfrontal from the postorbital.  In USNM 16587, the postorbitofrontal 

suture is indistinguishable, and these two bones appear to be fused.  This may indicate 
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that USNM 16587 was an adult, and that the postorbital and postfrontal may not be fused 

in juveniles.   

 

Postorbital 

The postorbitals (figs. 4, 6) are preserved relatively well in USNM 16588, which was 

used for the description of this bone.  The postorbitals of the holotype and 16587 are 

either crushed, broken, or distorted.  The postorbital in lateral view is mostly flat, 

subtriangular, and club-like, having a wide anterior end with thickened margins bordering 

the orbit.  The anterodorsal margin of the postorbital that borders the orbit tapers anterior 

to the postfrontal. The majority of the postorbital tapers narrowly, forming a postorbital 

squamosal process that extends posteriorly along the anteroventral border of the 

supratemporal fenestra.  In USNM 16588, this process does not extend past the parietal 

table, however, in USNM 16587 the one preserved process does extend past the parietal 

table.  This process articulates with the squamosal for about half of the squamosal’s 

length before it ends, allowing the squamosal to border the supratemporal fenestra.  The 

postorbital-jugal suture has been slightly crushed or distorted in all specimens, but 

appears to be a simple abutment against the anteroventral margin of the postorbital.   

 

Maxilla 

Both maxillae (figs. 4, 6, 9) are very well preserved in 16588, as are the right maxilla of 

16587 and the holotype.  The maxilla is large, robust, and mostly flat, having a 

subtriangular shape in lateral view.  The maxilla facial process is smooth and tall, 

extending dorsally and vertically from the alveolar border up to the skull roof.  In anterior 
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view, the maxilla is angled such that it is directed laterally toward its posterior end, i.e. 

the mediolateral distance between the posterior margins of the maxillae is about twice 

that between the anterior margins of the maxillae.  The region of the maxilla between the 

prefrontal and naris is inflected medially near its contact with the nasals.  This inflection 

is at a sub-90-degree angle from the mostly vertical main body of the maxilla.  A narrow 

nasal process extends posterodorsally between the prefrontal and nasal, tapering to an end 

before it reaches the frontal.  The maxilla suborbital process projects posterolaterally 

below the jugal, and tapers smoothly to a V-shaped point just past the middle of the orbit.  

This process is widely separated from the orbit by the deep suborbital ramus of the jugal.  

A small, shallow fossa ventral to the orbit is present along the jugal-maxilla suture.  An 

anterior subnarial process extends almost all the way to the most anterior tip of the naris 

before it contacts the premaxilla.  Ventrally, the maxilla makes contact with the vomer 

for a length of about five tooth positions.  The posterior end of the vomer-maxillary 

suture is at the anterior end of the fenestra exochoanalis.   

 

Jugal  

The jugal (figs. 4, 5, 6) is relatively large, triradiate bone with a postorbital and posterior 

process that both project posteriorly around the infratemporal fossa, and an anteriorly 

projecting suborbital ramus that borders the maxilla and tapers below the lacrimal.  The 

central region of the jugal below the orbit forms a dorsoventrally wide shelf with the 

maxilla.  In USNM 16587, the maxilla-jugal suture is very well ossified and almost 

indiscernible.  In this region is an ovate shallow fossa which extends onto the 

posteroventral margin of the maxilla.  The postorbital process is long and slender, 
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projecting posterodorsally and slightly curving medially.  The posterior end of this 

process abuts the posterior end of the postorbital and the anterior end of the squamosal, 

however, this suture is not well preserved in any of the specimens.  In specimen 16588, 

the left postorbital process has been displaced laterally, revealing that it is mediolaterally 

deep and forms a flat surface that borders the orbit.  The jugal posterior process is 

roughly the same width and length as the suborbital ramus but much slender 

mediolaterally in comparison.  It extends posteroventrally but does not create a complete 

temporal bar, ending just a few millimeters shy of the quadrate.  The posterior process is 

slightly concave along its dorsal and ventral margins.  It tapers slightly as it projects 

posteriorly, and its posterior end terminates with a V-shaped point. The anterior margin 

of the jugal meets the maxilla with a smooth diagonal suture that is directed 

anterodorsally.  The jugal extends anteriorly overlapping the posterior maxillary tooth 

row until about the fourth (from the posterior) maxillary tooth.  In specimen 16588 the 

anterior sutures are well preserved, and the jugal does not appear to reach the frontal, 

rather, it is separated from the prefrontal by the lacrimal. The suborbital ramus of the 

jugal is dorsoventrally deep.  It becomes narrow as it projects anterodorsally above the 

maxilla and tapers to the lacrimal. 

 

Prefrontal 

The prefrontals (figs. 4, 5) of USNM 16587 and the type are substantially crushed, and 

the well preserved right frontal of USNM 16588 was used for this description.  The 

prefrontal is crescentic with rounded, concave posterior and anterior margins.  It is longer 

anteroposteriorly than is dorsoventrally, but only by a few millimeters.  The anterior 
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margin projects into the posterodorsal region of the maxilla as a concave recess.  The 

posterior margin is slightly thickened around the orbit.  A narrow process projects 

posteriorly between the orbit and the frontal, which tapers to a V-shaped point slightly 

anterior to the middle of the orbit and about half way down the length of the frontal.  The 

dorsal margin contacts the frontal with a relatively straight suture and does not extend 

medially into anterior border of the frontal.  Ventrally, the prefrontal is nearly vertical, 

and contacts the lacrimal with a short, simple suture.  A few millimeters above this 

suture, the prefrontal is inflected medially at a rounded, sub-120 degree angle from the 

vertical, which is seen in anterior view.  This inflection is directly in line and posterior to 

the same inflection seen in the dorsal region of the maxilla; the resulting overall 

morphology is a relatively flat “shelf” created by the prefrontal and the dorsal region of 

the maxilla that sits laterally to the nasal and frontal.  The inflection of the prefrontal and 

the maxilla also forms a prominent, low rounded ridge that extends anteroposteriorly 

from the naris to the orbit. 

 

Lacrimal 

The lacrimal (figs. 4, 5, 6) is best preserved on the right side of specimen 16588.  It is a 

small, slender subrectangular bone that borders the anteroventral margin of the orbit. Its 

long axis runs dorsoventrally, and the entire length of its anterior margin borders the 

maxilla.  The dorsal and ventral ends of the lacrimal abut the prefrontal and jugal 

respectively.  The anterior margin of the lacrimal forms a diagonal ridge that is tilted 

anteriorly from the vertical, and extends posteroventrally toward the jugal.  The jugal 
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postorbital ramus and the posterior process form a wide concave arc around the 

infratemporal fossa. 

 

Squamosal  

The squamosals (figs. 4, 6) are crushed and incomplete in the holotype and USNM 

16587, however, those of USNM 16588 are relatively well preserved despite some 

damage.  The main body of the squamosal is smooth, mostly flat and subrectangular, 

being about twice as long anteroposteriorly as wide dorsoventrally.  The squamosal forms 

the posteroventral margin of the supratemporal fenestra, which separates the squamosal 

widely from the parietal.  The anterior half of the squamosal lies directly below the 

postorbital; the right squamosal-postorbital suture in 16588 is not well ossified and the 

postorbital is slightly offset above the squamosal.  The articulation of the jugals with the 

squamosals in this specimen are also poorly preserved in 16588; the posterior ramus of 

the jugal is offset laterally where it abuts the anterior end of the squamosal.  At the 

posterior end of the temporal ramus, a small posterodorsal ascending process projects 

dorsally from the squamosal, and articulates along the anterior margin of the parietal 

supratemporal process.  The squamosal ascending process originates directly above the 

parietal-exoccipital suture, and contacts roughly one quarter of the length of the parietal 

supratemporal process.   

 

Quadrate 

The right quadrates (fig. 6) of USNM 16587 and the holotype are well preserved in 

articulation.  The anterolateral margin is a thickened, rugose ridge that runs 
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dorsoventrally along the length of the quadrate.  Immediately posterior to this ridge is a 

prominent lateral conch.  In lateral view, the squamosal is bowed posteriorly, but is 

vertical in posterior view.  The dorsal end of the squamosal is blunt and rounded with a 

rugose surface.  A short, rounded suprastapedial process projects slightly posteriorly.  In 

the type, the proximal end of the squamosal sits directly below the posterior end of the 

squamosal, however, in USNM 16587, the squamosal has been distorted and crushed.  

 

Parietal 

The parietals (figs. 4, 7) are fused and have a flat dorsal surface.  In dorsal view, the 

parietal is subrectangular, with an anteroposterior length that is slightly longer than the 

mediolateral width, and about half the length of the frontals.  Anteriorly, the 

frontoparietal suture is sinuous and interdigitating, and is located just behind the orbit.  

The parietal foramen is located within the parietal and not along the frontoparietal suture.  

The anterolateral margin of the parietal articulates with the postorbital and does not meet 

any part of the orbit.  The lateral margin of the parietal slightly bulges laterally at the 

frontoparietal suture, and gently curves medially around the supratemporal fenestra, 

which results in a subtle hourglass shape in dorsal view.  The posterior margin of the 

parietal between the supratemporal processes is concave anteriorly, with a nuchal fossa 

that is very narrow.  In dorsal view, the occiput is fully visible as the parietal does not 

extend posteriorly over its dorsal surface.  The parietal supratemporal process is thin and 

flat, and extends posterolaterally to enclose the posterior border of the supratemporal 

fenestra.  At its distal end it articulates with the entire posterior edge of the squamosal 

and the dorsal, distal corner of the exoccipital.   
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Vomer 

The palate (fig. 9) is only visible in the holotype USNM 15477, which has been partially 

distorted and crushed in some areas. The vomers are paired and their ventral surfaces are 

smooth and flat. The anterior end of the vomer is mediolaterally narrow where it abuts 

the posteroventral border of the premaxilla.  The anterolateral margin of each vomer 

contacts the maxilla for about the length of the anterior seven maxillary tooth positions.  

Immediately posterior to this contact, the anterior end of the fenestra exochoanalis begins 

as the lateral margin of the vomer separates from the maxilla and becomes concave 

medially; at this point the vomers are constricted at the midline.  The vomer’s lateral 

margin becomes concave laterally again as it proceeds posteriorly around this fenestra, 

which creates an overall S-shape for the bone in ventral view.  In this region, just 

posterior to the constriction of the vomers, there is a small foramen on each vomer, the 

vomerine foramen for the palatine nerve (Oelrich, 1956).  The posterior end of the vomer 

tapers to a V-shaped point between the palatine and fenestra exochoanalis.  The posterior 

end terminates before the point at which the anterolateral margin of the palatine makes 

contact with the maxilla.   

 

Palatine 

Most of the right palatine and the anterior of the left palatine are relatively well preserved 

in the holotype and provide the basis for this description (fig. 9).  The palatines contact 

each other anteriorly and the vomerine processes taper anteromedially to a narrow point 

that extends along the midline between the posterior ends of the vomers.  The palatines 
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appear to contact each other until at least their midpoint, though the entire extent of their 

contact is unknown due to the poor preservation of the left palatine.  The posterior end of 

the palatine extends between the lateral edge  of the pterygoid and the anteromedial 

border of the suborbital fenestra, and terminates posteriorly in a V-shaped point.  The 

palatine appears to border the anteromedial side of the suborbital fenestra, restricting the 

pterygoid to border the posterior end of this fenestra.  The palatine-pterygoid suture runs 

anteromedially from the suborbital fenestra to the vomer and is strongly fused so that the 

suture is not easily distinguishable.  There is no evidence of any teeth on the palatine.   

 

Pterygoid 

The most of the right pterygoid of the holotype is well preserved but only part of the right 

pterygoid is visible (fig. 9).  There is no evidence that teeth were present on the 

pterygoids.  The pterygoids appear to have been in contact anteriorly and separate 

towards the posterior end of the skull.  An anterior pterygoid ramus tapers along the 

medial margin of the palatine and does not contact the vomers.  The pterygoid quadrate 

ramus is partially preserved and tapers narrowly toward the posterior end of the skull.  

The medial side of the proximal end of this ramus articulates with the basipterygoid 

process of the braincase, and its distal end articulates with the quadrate.  This process 

does not extend posterior to the occipital condyle.  The lateral margin of the pterygoid 

borders the medial border or the suborbital fenestra.  At the posterior end of this fenestra 

the pterygoid narrowly borders the ectopterygoid.   

 

Ectopterygoid 
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The right ectopterygoid of the holotype is relatively well preserved and is the only 

representative of the ectopterygoid in the collection (fig. 9).  It articulates along its medial 

margin with the palatine, suborbital fenestra and pterygoid, and  lies mostly orthogonal to 

the maxilla and the palate.  Its articulation with the maxilla is is unclear due to a shift of 

the skull palate relative to the right maxilla.  The anterolateral margin of the 

ectopterygoid is concave and slopes anteromedially and the lateral margin is rounded and 

convex.  The ectopterygoid is medially wide and encloses the lateral margin of the 

suborbital fenestra.  An ectopterygoid anterior process tapers narrowly between the 

maxilla and the palatine, excluding the maxilla from contacting most of the palatine. 

 

Braincase 

The braincase of P. sternbergi (figs. 7, 8, 9) is partially exposed in the three best skulls 

available including the holotype, USNM 16588 and USNM 16587.  The ventral external 

features of the braincase are best preserved in the holotype, while USNM 16588 has a 

beautifully preserved posterior surface of the braincase in articulation with the 

surrounding skull roof bones.  Unlike the holotype, the supraoccipital and exoccipital 

sutures of USNM 16588 are not entirely fused and can be traced where they articulate 

with each other.  The posterior surface of the supraoccipital forms a tall, mediolaterally 

narrow keel that runs dorsoventrally from the foramen magnum to the parietal.  The 

supraoccipital is mediolaterally narrow and has widened, flat lateral surfaces directed 

along the anteroposterior.  The mediolateral width of the supraoccipitial become slightly 

wider toward its anterior end, giving the appearance of it flaring away from the vertical 

midline. The dorsal border of the supraoccipital contacts the parietal with a flat, 
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mediolaterally wide pedicle that articulates with the posteroventral margin of the parietal.  

On either side of the base of the supraoccipital, a relatively flat process flares away from 

the the vertical keel and tapers along the dorsal margin of the exoccipital to nearly half 

way down the exoccipital’s length.  The ventral margin of the supraoccipital also borders 

the foramen magnum, but this border is limited to a small region between the 

exoccipitals.  The  exoccipitals are mediolaterally long and sub-ovate in cross section.  

The distal end of each exoccipital articulates firmly with the posterior margin of the 

squamosal and the distal end of the parietal’s posterior process.  On the proximal end of 

the exocciptal near the occipital condyle, there are two subequally sized hypoglossal 

foramina.  The basioccipital processes are sub-cylindrical and extend only a few 

millimeters ventral to the occipital condyle.  Each process has a wide groove that runs 

along the long axis and covers most of the posterior surface, reaching the ventral margin 

of the exoccipitals.  The distal ends are flat,  slightly thickened and point slightly 

posteriorly.  The suture between the basioccipital and basisphenoid is visible on the 

ventral surface of the occiput of USNM 16588, and runs mediolaterally along the midline 

(long axis) of the basioccipital processes.  Immediately anterior to the base of these 

processes in ventral view, the basisphenoid is greatly constricted mediolaterally, having 

concave lateral borders which form an overall appearance of an hourglass shape.  At the 

anterolateral margins of this constricted region, the bilateral basipterygoid processes 

project anteroventrolaterally.  These processes are narrow for the proximal half of their 

length, and significantly widen to over twice the proximal width where they meet the 

pterygoids.  In posterior view, the basipterygoid process extends laterally slightly further 
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than the basioccipital processes.  The stapes has not been preserved in any of the 

available specimens.  

 

MANDIBULAR RAMUS 

Dentary 

The dentary (figs. 10, 11, 12) is large, mediolaterally slender, and dorsoventrally wide.  

In lateral view, the anterior end is convex and curves medially to create a rounded 

mandibular symphysis in dorsal and ventral view.  The tooth-bearing margin curves 

laterally at its anterior end and medially near its posterior end so that the dentary is S-

shaped in dorsal view.  This margin is narrow anteriorly and gradually becomes wider 

toward the posterior end to accommodate the mediolaterally expanded posterior teeth.  

Laterally, 9 similarly sized mental foramina run anteroposteriorly below the dental 

margin.  These foramina begin at the mandibular symphysis and end below the 13
th
 tooth 

(from the anterior) of the dentary.  The anterior end of the dentary is relatively shallow 

dorsoventrally, and gradually becomes deeper posteriorly as the ventral margin of the 

dentary gently curves distally.   The dentary coronoid process is V-shaped and projects 

posteriorly, terminating directly below the coronoid apex. The dentary contacts the 

coronoid with a smooth, slightly concave suture below the coronoid process.  The 

posteroventral margin of the dentary terminates below the level of the anterior margin of 

the coronoid, where it meets the angular and surangular.  Medially, Meckel’s canal is 

wide and open along the length of the dentary.   

 

Splenial  
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The splenial (figs. 10, 11) is a mediolaterally thin, anteroposteriorly long bone that covers 

the majority of the medial side of the dentary.  The anterior margin is U-shaped and 

extends almost all the way to the dentary symphysis, ending below the third dentary tooth 

position.  The splenial gradually widens dorsoventrally toward its posterior end.  The 

dorsal edge is relatively straight, while the ventral margin forms a wide, concave curve 

that follows the ventral margin of the dentary.  A pronounced subdental gutter is present 

along the splenial-dentary dorsal suture, and forms a slot that the dorsal margin of the 

splenial is inserted in (Longrich et al. 2012).  The splenial does not extend onto the lateral 

side of the dentary.  Posteriorly, the splenial extends behind the tooth row, terminating 

slightly anterior to the coronoid apex.  The posterodorsal margin terminates beneath the 

18
th
 tooth, where the dentary, splenial, and coronoid meet at a single point. The 

posteroventral margin borders the articular for roughly half the length of the splenial.   

 

Angular 

The angular (fig. 10) is visible on both the medial and lateral sides of the ramus.  

Medially, the angular extends posteriorly past the coronoid apex, but not onto the 

mandibular condyle, terminating anterior to the articular-surangular suture.  The angular 

extends anteroventrally below the splenial, tapering to an end below the level of the 16
th
 

tooth (from the anterior end of the ramus)where it meets the dentary.  The lateral 

exposure of the angular is much less extensive than its exposure on the medial side, 

where it forms a small lip that reaches dorsally to meet the dentary-surangular suture.  

The posterior mylohyoid foramen is present slighly posterior to the middle of the angular, 

below the level of the coronoid apex. 
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Coronoid 

The coronoid (fig. 10) consists of a prominent eminence that projects dorsally above the 

level of the dentary, surangular and articular.  It meets the surangular laterally with a  

small, simple suture, and does not appear to overlap the surangular on this side of the 

ramus.  Medially, the ventral region of the coronoid below the apex overlies the 

surangular with a small, blunt posteroventral process.  A small, narrow groove runs 

dorsoventrally along the medial side of the coronoid eminence.  The coronoid does not 

extend laterally onto the dentary; the lateral coronoid-dentary suture is a simple line 

below the coronoid eminence and posterior to the dentary tooth row. 

 

Prearticular 

The margins of the prearticular are virtually impossible to delineate in all of the 

specimens examined.  Small fractures  in the bone are nearly indistinguishable from 

sutures, and other imperfections from preservation and preparation interfere as well. 

Gilmore (1942) assumed that, due to the ambiguity in suture identification, the 

prearticular and articular are fused. Medially, the prearticular has a dorsoventrally flat 

crest that projects medially from the ventral surface of the ramus, and is concave in dorsal 

and ventral view. 

 

Surangular 

The surangular (fig. 10) possesses a single external foramen visible on the holotype and 

USNM 16587, which is situated on the lateral side of the surangular, slightly posterior to 
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the coronoid eminence.  A short anteromedial process projects anterior to the coronoid 

eminence, tapering between the dentary-splenial suture and terminating below the most 

posterior dentary tooth.  The dorsal margin of the surangular is mostly straight 

anteroposteriorly, but curves slightly ventrally at the posterior end of the coronoid.  A 

large, mostly flat adductor fossa that extends from the anterior end of the articular 

condyle, all the way to the posterior region of the dentary below the third posterior tooth.  

The ventral margin of this fossa nearly reaches the angular and forms a wide, concave arc 

that covers most of the surangular.   

 

Articular 

The articular (fig. 10) consists of a relatively large articular condyle and a robust 

retroarticular process.  In dorsal view the angular extends posteriorly nearly in line with 

the rest of the ramus.  Only the posterior end of the retroarticular process curves slightly 

medially.  In this view it is narrower than the articular condyle.  In lateral view, the 

retroarticular process makes a very subtle curve dorsally.  Its posterior tip is rounded and 

sub-spherical.  Below the articular condyle on the lateral side of the ramus there is a 

prominent fossa that runs anteroventrally from the base of the condle.  Two ridges that 

project laterally above the level of the bone enclose the anterior and posterior sides of this 

fossa; the anterior ridge is steeper and narrower than the posterior ridge, and terminates 

just posterior to the coronoid apex.  Immediately anterior to the anterior ridge is the 

adductor fossa of the surangular.   

 

Dentition 
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The highly complex teeth of P. sternbergi (figs. 9, 12, 13) have been the most extensively 

studied characteristic of this fossil, beginning with Gilmore’s thorough description of 

what he called an “outstanding feature” (Gilmore 1942).  Nydam (2005) produced an 

exceptionally detailed analysis on the dentition of P. sternbergi after reexamining the 

same USNM material described here as well as additional specimens from the Oklahoma 

Museum of Natural History.  These studies leave little additional information that the 

current study can provide, and therefore the focus here will be on reviewing the dental 

morphology as described by previous authors and verifying these features based on my 

own observations. 

 In occlusial view (fig. 9) the upper and lower tooth rows are slightly sinuous in 

overall shape.  When viewed medially and laterally, all teeth have roughly the same 

shape, with convex sides that “swell” away from the root and then narrow at 

subtriangular tooth crowns.  There are 19 teeth present on the dentary and 18 teeth on the 

maxilla.  The upper and lower jaws of P. sternbergi exhibit heterodont dentition with 

small anterior teeth that become progressively larger and mediolaterally widened toward 

the posterior end of the mandible.  The anterior teeth are conical in shape and pointed at 

their apices which are offset to the labial side of the tooth. SEM images by Nydam (2005) 

(fig. 13) reveal that these tooth crowns are spatulate with no serration.  An incipient 

transverse ridge forms where the apex of each anterior tooth starts to expand 

mediolaterally.  On the lingual side of each apex, there are two small concave depressions 

on the anterior and posterior side of the incipient ridge.  Posterior to these teeth, the 

transverse ridge becomes a more defined shearing edge that is anteroposteriorly thin and 

blade-like near the apex.  While Gilmore (1942) reported this ridge to be straight, Nydam 
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(2005) reveals through SEM images that the ridge is weakly sinusoidal and lined with 

irregular microscopic serrations formed by tooth enamel. The posterior six teeth are 

subequal in size and are the largest and mediolaterally widest in the series.  On the 

anterior and posterior sides of the transverse ridge, the tooth surface is slightly depressed 

between the medial and lateral cusps.  Nydam’s (2005) study also shows that the labial 

cusp is taller than the lingual cusp, and that the anterior three transverse teeth have a V-

shaped transverse ridge rather than the horizontal one Gilmore (1942) describes.    

 When the jaws are in occlusion, as seen in several specimens including USNM 

16588, the crowns of the chisel-like teeth interdigitate between one another so that the 

tooth rows tightly interlock.  Gilmore (1942) originally described the teeth as having 

subacrodont tooth implantation, with teeth tightly ankylosed to the jaws in shallow pits.  

This study and Nydam (2005) confirm that this condition is present in the lower jaw, 

however, Nydam (2005) reports that the upper jaws do not appear to have these pits and 

the cementum is thinner.   

 

POSTCRANIAL SKELETON 

Vertebrae 

Gilmore’s (1942) original description of the vertebrae and ribs is exceptionally detailed 

compared to the rest of the skeleton, and thoroughly covers the morphology of every 

vertebral element.  Rather than repeating this information, I will focus here on describing 

important features that have been used in comparative analyses of Squamata that were 

not discussed by Gilmore.  First I will review the general morphology of the vertebrae as 

described by Gilmore (1942) and include any additional findings based on my own study.   
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 Nearly every element in the vertebral column is represented in the USNM 

collection from either partially articulated or isolated vertebrae, with the main specimens 

examined listed below.  In none of the specimens has the distal end of the tail been 

preserved.  All vertebrae are procoelous.  Gilmore (1942) reported that there are 29 

presacrals, including six cervical,21 dorsal, two sacral vertebrae, and at least 48 caudals, 

for a total of 77 vertebrae, though more caudals were present.    

 

Cervicals 

The axis is present in the holotype as well as USNM 15566 and 15568, though 

none of these specimens are complete.  In the holotype (fig. 14) it is relatively well 

preserved in articulation with the third and fourth cervicals, though most of the neural 

spines have been lost.  The axis is roughly the same size as the posterior cervicals, but 

has a much more modified neural spine that projects anteriorly to about the midpoint of 

the centrum.  This spine is very wide relative to the spines on the posterior cervicals, and 

is convex along its anterior and posterior margins.  In lateral view, the axis has a 

dorsoventrally widened anterior end compared to the more posterior cervicals, with a 

fused odontoid extending slightly anterior to the ventral margin of the axis.  The 

anteroventral margin of the axis is widely rounded in lateral view and dips ventrally 

below the ventral surface of the posterior cervicals.  In this same view, the ventral margin 

along the centrum is much more rounded and concave than in the posterior cervicals.  

There is a narrow, dorsoventrally short keel that runs anteroposteriorly along the entire 

ventral surface of the centrum.  This keel slightly flares mediolaterally as it approaches 

the anterior end of the axis.  In ventral view, the axis is wide, convex and rounded along 
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its anterior margin.  Its lateral margins are concave as the mediolateral width of the 

centrum tapers toward its posterior end.  The posterior end of the centrum is very rounded 

and sub-spherical where it articulates with the posterior vertebrae.  Small, mediolaterally 

short diapophyses are present about midway along the length of the centrum, and are 

situated slightly more dorsal than those in the posterior cervicals.   

 There are four cervical vertebrae posterior to the axis in the holotype, and the 

articulated series in USNM 15566 indicate that there are six cervical vertebrae in total.  

The diapophyses become increasingly more robust towards the posterior end of the spine 

in each successive cervical.  Gilmore (1942) suggests that the smooth articular surface of 

the diapophyses beginning on the third cervical likely indicated that a cervical rib may 

have been present, but none of the ribs are preserved in articulation except in one isolated 

cervical.  A low, rounded and thickened lamina extends posteroventrally from the base of 

the diapophyses to the middle region of the posterolateral end of the centrum.  The 

prezygapophyses are thin, subtriangular, and  project anterodorsolaterally.  The 

postzygapophyses are similar in size and shape to the prezygapophyses, and project 

posterodorsolaterally about the same distance as the prezygapophyses away from the 

centrum.  A thin lamina running anteroposteriorly along the dorsolateral margin of the 

centrum connects the zygapophyses at their dorsolateral edges.  The neural spines on the 

cervicals posterior to the axis are subrectangular in lateral view.  Each originates at about 

the midpoint of the dorsal surface of the centrum and extends posteriorly not past the 

posterior articular condyle of the vertebra.  The long axis of each of these spines runs 

diagonally in the posterodorsal direction, and their distal ends are blunt and mostly flat 

along the horizontal plane.  The cervicals possess zygosphene-zygantrum intervertebral 
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articulation at the dorsal margin of the anterior and posterior ends of the centrum.  The 

zygosphene is very small compared to the prezygapophyses but projects along the same 

diagonal plane.  The articular facet of the zygosphene faces mostly ventrolaterally but 

slightly anteriorly.  They do not extend dorsally above the dorsal tips of the 

prezygapophyses.  The anterior edge of the zygosphene is continuous with the anterior 

edge of the prezygapophysis, forming a U-shape in anterior view.  The ventral surface of 

the zygosphene and the dorsal surface of the prezygapophysis together create a cup-like 

slot for the articulation of the postzygapophysis between them.   

 

Dorsals 

The description of the dorsals is based largely on USNM 15566, which have been 

beautifully preserved in articulation, and several well preserved isolated vertebrae from 

other specimens including USNM 15559 (fig. 15) and 427683.  The dorsal vertebrae are 

subequal in size and morphology, but the shape of the neural spines varies along the 

series.  While the first few dorsal vertebrae have relatively anteroposteriorly narrow 

spines similar in shape to the posterior cervicals, the dorsals posterior to these have 

anteroposteriorly widened spines.  These median dorsal spines have concave anterior and 

posterior edges, with the anterior edge much more gradually sloping.  The distal tips are 

slightly thickened and flat horizontally, and shifted slightly posterior to the center of the 

centrum.  The spines are about half the anteroposterior width at their distal ends than at 

their bases, which extend anteroposteriorly along the entire length of the dorsal surface of 

the centrum.  The height of the spines as they extend dorsally is about half the 

dorsoventral width of the centra.  The dorsal vertebrae have a very similar zygosphene-
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zygantrum articulation as described for the cervicals.  The distal ends of the diapophyses 

are convex, blunt and ovate in lateral view.  The diapophyses become more thickened and 

robust toward the posterior end of the series with distal articular surfaces that become 

smaller. They extend only a few millimeters laterally away from the centrum, not much 

further than the prezygapophyses when viewed dorsally.  The ventral half of each dorsal 

is sub-cylindrical along the anteroposterior axis and has a widely convex rounded 

surface.  Viewed ventrally, the anterior end is slightly wider than the posterior end.  A 

subtle, flat lamina runs along the lateral side of the centrum from the base of the 

diapophyses to the lateral side of the posterior articular condyle.   

 

Sacrals 

There are two, unfused vertebrae in the sacrum, which are relatively well preserved in the 

holotype USNM 15477 (fig. 16).  The transverse processes are dorsoventrally flat and 

very large, having an anteroposterior width that is nearly the same as that of the centrum.  

They project laterally and slightly anteriorly away from the centrum.  The base of the 

transverse process is slightly concave along the anterior and posterior margins.  It is 

unclear if there were sacral ribs attached to the mediolaterally expanded transverse 

processes which become anteroposteriorly wider as they extend distally.  The transverse 

processes of the second sacral vertebra have a prominent groove that runs mediolaterally 

at the base of the processes on the ventral surface.  This groove ends where the ribs begin 

to expand anteroposteriorly.  The centra are similar in size and shape to those of the 

posterior dorsal vertebrae, and the anterior and posterior ends have similar zygapophysial 

and zygosphene-zygantrum articulations.  The neural spines become taller and more 
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anteroposteriorly narrow than those in most of the dorsal vertebrae, resembling the neural 

spine shape seen in the cervicals.  

 

Caudals 

The specimens mainly used to describe the caudals here are USNM 16369 and 16585 

(fig. 17), which both have a short series of nearly perfectly preserved articulated caudals 

with neural spines intact.  The first caudal vertebra is also well preserved in articulation 

with the sacrum in the holotype.  It is similar in overal morphology to the sacral 

vertebrae, having relatively large, flattened transverse processes that are fused with the 

ribs.  These processes are anteroposteriorly narrower than in the sacrum, and are directed 

slightly posterolaterally away from the centrum rather than anterolaterally.  The neural 

spine of this vertebra is quite large and tall relative to the other vertebrae, and is 

anteroposteriorly wider and more vertical than the neural spines in the sacrum.   The 

neural spines become successively narrower anteroposteriorly, and the more posterior 

caudals have tall, slender spines that are subovate in cross section.  Though they have 

been broken at their distal tips in in all of the available specimens, these more posterior 

neural spines are over twice the mediolateral width of the centra they project from.  They 

are positioned above the posterior half of the centra and are slightly tilted posteriorly, not 

extending past the posterior articular condles.  The transverse processes are similar in 

shape along the series but also become successively smaller away from the sacrum.  

Below the transverse processes, the centra are constricted toward the midline, which 

creates an hourglass shape of the centra when viewed ventrally.  The ventral surfaces of 

the centra are narrower mediolaterally compared to the broadly rounded surfaces of the 
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centra in the dorsal vertebrae. The caudals become gradually smaller, with slightly more 

elongated centra toward the distal end of the tail.  None of the specimens in the collection 

have preserved the entire distal end of the tail, however.  The caudals articulate similarly 

as they do along the rest of the vertebral series, however the zygapophases, zygosphene 

and zygantrum are much smaller and more reduced.   

 

Ribs 

The ribs have been preserved in several partial skeletons including USNM 16724 

(dorsal), 15568 (caudals and some cervicals), 16368 (some nearly perfectly preserved 

ribs), and 16374 (some thoracic).  There is also one cervical vertebra represented in the 

holotype with an articulating rib.  All have a single head, the capitulum, and the overall 

length of each rib becomes progressively longer from the cervicals to the thirteenth 

vertebra.  Two disarticulated cervical ribs embedded in matrix are relatively well 

preserved in USNM 15568 (fig. 18) and are identified by their small size relative to the 

dorsal ribs.  The cervical ribheads are subtriangular, having dorsoventrally wide proximal 

ends that are anteroposteriorly compressed.  There is a cup-like fossa that begins at the 

proximal end of the rib which covers most of the posterior surface of the capitulum and 

ends where the rib begins to narrow.  There is a shallow, transverse fossa that runs along 

the articular surface of the ribhead where it articulates with the vertebra.  The more 

anterior cervical ribs taper quite rapidly along the short shaft that extends beyond the 

ribhead.  These ribs appear to be subcircular in cross section and taper to a narrow point.  

The dorsal ribs (fig. 19) have more rounded, cupped articular surfaces that are ovate in 

proximal end view.  Gilmore (1942) notes that the seventh vertebra is articulated with 
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most anterior dorsal rib in USNM 15568, however, this part of the specimen was not 

available for this study.  These ribs taper ditally from the capitulums much more 

gradually than the cervicals, and maintain a similar diameter along the shaft.  They are 

long and thin, and make a subtle, widely arcing curve distoventrally.   

 

Scapula 

The best preserved scapula is the nearly complete right scapulae of USNM 15569 (fig. 

20).  Both are embedded in matrix and only their lateral surface is visible. The scapula is 

tall and slender with a smooth, widely concave posterior margin and sinuous anterior 

margin.  In posterior view, the scapula is gently bowed laterally.  The posterodorsal edge 

narrows to a V-shaped point that extends slightly posterior to the posteroventral edge of 

the scapula.  The posterior border is slightly convex, and thicker and more robust than the 

thin anterior border.  A few small pieces of the suprascapula are present on USNM 

15569, but the overall shape of the suprascapula is unknown.  Just below the dorsal 

margin at the midline, there is a small, pointed tubercle that is anteroposteriorly thin.  

Along the anterodorsal edge of the scapula, a large emargination encompasses nearly half 

of the anterior margin.  The ventral part of this emargination forms the dorsal margin of a 

short process that extends anteriorly from the anterior edge of the scapula.  This process 

is situated about midway along the length of the scapula.  It is not clear how far it 

projected posteriorly as it appears to have been broken off near the base.  Ventral to this 

process, a second emargination is present along the anteroventral edge near the level of 

the glenoid fossa.  Along the dorsal surface of the distal end of the scapula, there is a 
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shallow fossa between the anterior and posterior margins.  The glenoid fossa is formed by 

a laterally inflected lip formed by the posteroventral edge of the scapula. 

 

Coracoid 

The coracoid is partially preserved in USNM 15568 (fig. 20) and excellently represented 

by the complete coracoid of USNM 15559.  The ventral half of the coracoid is 

mediolaterally flat and mushroom-shaped in lateral view, with a broad convex ventral 

border that extends anteroposteriorly well beyond the glenoid and the posterior margin of 

the scapula.  Its ventral end is about twice the width of its more dorsal base, which is 

similar in width to the scapula.  In posterior view, the coracoid is slightly inflected 

medially below the glenoid.  Along the anterodorsal border of the coracoid, there is a 

deep, U-shaped emargination that is situated just below the level of the glenoid.  The 

dorsal margin of this emargination forms the dorsal edge of a robust process that extends 

posteriorly from the coracoid.  This process is situated at the anterodorsal edge of the 

coracoid where it meets the anteroventral margin of the scapula, and is rounded and 

convex along its surface.  Between the glenoid and the posterior end of the coracoid 

anterior emargination is a small, sub-ovate foramen that perforates the anterior part of the 

coracoid.  The coracoid becomes thickened posterodorsally where the glenoid forms with 

a convex articulating surface bordered by a laterally inflected lip.    

 

Clavicle 

The clavicle (fig. 21) is a simple, rod-like bone that is anteroposteriorly narrow and 

mostly flat.  It makes a gentle curve dorsally along its long axis.  The proximal, more 
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ventral end is widened and possesses a sub-ovate fenestra that has a long axis parallel to 

the long axis of the clavicle.  At the distal end of this fenestra, there is a small concave 

indentation along the anterior (concave) margin of the clavicle, narrowing the clavicle’s 

width anteroposteriorly.  The proximal border is flat where it meets the rest of the 

pectoral girdle at the midline.  The clavicle slightly tapers towards the more distal, lateral 

end where it articulated with the scapulocoracoid.  The margin of this end is also blunt 

and flat, but the anteroposterior width is less than half that of the proximal end.  The 

posterior border is slightly thickened compared to the thinner anterior border.  On the 

external surface, a shallow fossa runs along the distal half of the clavicle’s long axis. 

 

Interclavicle  

The interclavicle (fig. 22) is anteroposteriorly long, and possesses both anterior and 

lateral processes and a long posterior process.  There are two anterior processes that each 

bifurcate at the anterior tip of the interclavicle, and curve laterally and posteriorly away 

from the midline.  The lateral processes begin just posterior to the anterior ones, though 

they have been broken off at their bases in all four interclavicles present in the collection.  

In USNM 15568 the bases of the lateral processes are well preserved.  Ventrally, at the 

base of each lateral process there is a shallow fossa with a slightly thickened anterior 

margin.  A small keel that runs along the midline between these processes separates these 

fossae.  Between the anterior and posterior processes, the lateral margins of the 

interclavicle are concave, constricting the margins at the midline.  The posterior process 

that projects perpendicularly from the lateral processes is long and mediolaterally narrow.  
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The lateral margins of this process are gently convex, and the posterior end tapers to a 

rounded V-shaped point. 

 

Humerus 

Of the 11 humeri in the collection, USNM 15566 (fig. 23) is the best preserved 

and in excellent condition. The humerus has widely expanded distal and proximal ends 

connected by a relatively short and narrow shaft.  The anteroposterior width of the 

proximal and distal ends are both nearly three times the width at the mid-shaft.  In dorsal 

and ventral view, the distal margin of the humerus is relatively straight anteroposteriorly 

compared to the broadly rounded proximal end.  The shaft makes up about a third of the 

total length of the humerus and is sub-ovate, dorsoventrally compressed in cross section.  

The majority of the proximal end of the humerus is very thin dorsoventrally and slightly 

concave.  The dorsal and ventral surfaces are smooth, and the margins curl ventrally.  The 

proximal articular surface is thickened and elongate along the proximal and part of the 

dorsal surface of the humerus.  Immediately anterior to this region is a small, 

anteroposteriorly narrow tuberosity that projects medially.  Posterior to the articular 

surface is a large medial tubercle that forms nearly the entire posterodorsal surface of the 

proximal head of the humerus.  This tubercle is raised on the dorsal surface and its apex 

projects posterodorsally.  The deltopectoral crest forms a broad and robust anterior 

margin of the proximal humerus.  The more distal half of the deltopectoral crest is 

sharply inflected ventrally, and thickened along the anterior margin.  The anterodorsal 

surface of this inflected region is mostly flat with a subtle shallow fossa.   
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The distal end of the humerus is about as anteroposteriorly wide as the proximal 

end, but is much wider dorsoventrally.  A narrow supinator process runs along the 

anterior margin of the distal end, where it begins to widen away from the shaft.  The 

borders of this process are distinct where they attach to the anterior margin, and the 

proximal end of the process is slightly separated from the main surface of the bone.  

Dorsally, a small ectepicondylar foramen is present where the proximal end of the 

process contacts the anterior surface of the humerus.  Immediately proximal to the 

supinator process is the ectepicondyle, which projects anteriorly and is rounded and 

blunt.  On the ventral surface, a small ectepicondylar fossa is situated near the anterior 

margin between the supinator process and ectepicondyle.  The ulnar trochlea is large, 

rounded and sub-ovate in ventral view.  The radial capitellum is slightly smaller and less 

pronounced, having a more sub-circular outline ventrally.  Medial to these articular 

surfaces is a deep fossa that widely separates the medial margins of the condyles from the 

distal end of the shaft.  The posterior region of the distal end of the humerus is widely 

expanded posteriorly, and dorsoventrally narrower than the anterior side.  In end view, it 

is slightly concave, and its dorsal surface is raised and rounded. A small, pointed 

tuberosity is present on the posterodorsal margin where the distal end of the shaft flares 

outward (posteriorly), which can be seen in both dorsal and ventral view.   

 

Ulna 

Of the seven complete ulnae in the collection, USNM 15566 (fig. 24) and USNM 15559 

represent two of the most complete and well preserved specimens.  The ulna is slender 

and mediolaterally flattened along the shaft.  The proximal epiphysis is thickened and 
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robust, with a prominent olecranon process that has a sub-hemispherical apex.  The 

articular surface of this epiphysis is broad and convex for articulation with the humerus.  

A large, thinned tubercle is positioned on the dorsal surface of the proximal epiphysis 

near the articular surface.  This tubercle is convex in outline when viewed laterally.  

Between the olecranon process and the shaft is a rounded fossa.  The ulna narrows at the 

shaft, which is mostly straight proximodistally. The shaft slightly twists toward the radius 

along its distal half, making the margins appear sinuous in side view.  The distal 

epiphysis is thickened and sub-spherical, but much less expanded than the proximal 

epiphysis.  The distal end makes a small curve ventrally toward the shaft.  A small fossa 

with thinned lateral and medial margins is present on the ventral surface just below where 

the distal epiphysis becomes thickened. 

 

Radius 

The radius (fig. 25) is a slender, simple bone that is slightly shorter than the ulna.  The 

distal end is widened mediolaterally and thickened around the margins, especially along 

the dorsal margin which is raised away from the bone.  The articular surface is sub-ovate 

in proximal view, and there is a small fossa just distal to the ventral margin that extends 

to the proximal end of the shaft.  The shaft is sub-circular in cross section and narrower 

than both ends of the radius.   

The proximal end is not as expanded as the distal end, and is convex in dorsal view.  It is 

concave along its ventral margin so that it is U-shaped in end view, and curves ventrally 

toward the shaft.   
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Carpals  

As Gilmore (1942) first noted, the entire composition of the forelimb is not fully 

represented by all of the specimens known.  The radiale is identifiable in USNM 15566 

where it is articulated with the radius, and is slightly larger than all other carpal bones 

except the ulnare.  The radiale and ulnare of USNM 15568 (fig. 26) are preserved in 

articulating position, though all other carpals of this specimen have scattered in the 

matrix and the total number of carpals is not certain.  In dorsal view, the ulnare is rugose 

and irregularly shaped.  Its posterior end is rounded where it meets the radius, and its 

anterior border is thinned and pointed.  The ulnare’s lateral side is concave where it 

articulates with the concave lateral border of the radiale.  The radiale is more cube-like in 

shape, and nearly equal in size to the radiale.   

 

Manus  

The best representative of the forefoot of P. sternbergi is USNM 15568 (fig. 26), a 

partially articulated right manus.  Metacarpals II, III, and IV are about equal in length, 

with metacarpal III being slightly longer.  Metacarpals V and I are much shorter and 

roughly one half the length of III, though metacarpal I is slightly longer than V.  

Metacarpals II-IV are much longer than the proximal phalanges, and are about the same 

length as the first two proximal phalanges that they articulate with.  In contrast, the 

proximal phalanges that articulate with metacarpals I and V are much longer, and these 

metacarpals are only slightly longer than their articulating phalanges.  The phalangeal 

formula of the manus is 2-3-4-5-3.  The phalanges articulate with a modified ball and 

socket configuration in which a cylindrical anterior end of each phalange fits into a 
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grooved posterior end of the articulating phalange. Digit III is the longest, but just 

slightly longer than IV, followed by II, V, and I.  The phalanges in each digit are 

generally sub-equal in length.  The distal phalanges are clawed and recurved ventrally 

with pointed distal tips.  

 

Ilium 

The main blade of the ilium (fig. 27) is sub-rectangular with relatively smooth and flat 

medial and lateral surfaces.  In dorsal and ventral view, the ilium projects posteriorly 

along a straight line.  Along the ventral margin of the blade there is a small convex 

tubercle visible in medial and lateral view.  The posterior end of the ilium is of similar 

dorsoventral height to the anterior end of the blade in both medial/lateral and 

dorsal/ventral views.  The posterior margin of the blade is flat and angled anterodorsally.  

A robust, rounded tubercle is present on the dorsal margin of the ilium that is situated 

immediately posterior to the acetabulum.  In lateral view, the ilium extends anteriorly to 

about the anterior edge of the acetabulum where it articulates with the pubis.  The 

anterior border of the ilium in medial view forms a broad convex suture with the ischium 

and pubis.  The anteroventral margin of the ilium ends just below the level of the dorsal 

tubercle on the lateral side, and slightly anterior to it in medial view.  When in 

articulation with the sacrum, the ilium sloped posterodorsally. 

 

Pubis 

The pubis (fig. 27) is slightly convex dorsally, and is a dorsoventrally thin bone that has 

thickened medial and lateral margins. In anterior view, the blade-like pubis is tilted along 
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the anteromedial axis, about 45 degrees below the horizontal.  A shallow fossa that 

deepens posteriorly and ends near the acetabulum is present on the ventral surface.  At 

the posterior tip of this fossa, a small pubic foramen perforates the bone.  In dorsomedial 

view, the pubis is about as wide as the dorsoventral width of the blade of the ilium, and 

becomes slightly widened anteriorly.  The medial edge makes a wide curve 

ventromedially from the anterior end of the acetabulum to the anterior end of the pubis, 

while the lateral edge runs anteroposteriorly in a nearly straight line.  Laterally, the pubis 

forms a thickened, rounded tubercle that is slightly raised at the posterior margin of the 

acetabulum.  Ventral to this tubercle, the acetabular border formed by the pubis becomes 

thinned and rim-like until it meets the ischium.  When articulated with the rest of the 

pelvis, the pubis sloped anteroventrally in line with the ilium. 

 

Ischium 

The ischium (fig. 28) is thin and blade-like, except where it forms the ventral border of 

the acetabulum. When viewing the pelvic girdle dorsally, the ischium runs within the 

anterolateral plane, and appears twisted away from the plane that the pubis and ilium 

follow.  A large, thickened tubercle is present at the posterodorsal margin of the ischium 

that forms the posteroventral rim of the acetabulum.  Ventral to the acetabulum, the 

anterior and posterior margins of the ischium become concave and create an hourglass 

shape in lateral and medial view.  The main “blade” of the ischium below this 

constriction is gently concave laterally and convex medially.  Its anterior end projects as 

an anterior process that gradually tapers as it extends beyond the anterior margin of the 

acetabulum.  The ventral edge is irregularly shaped and has been broken in most 
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specimens due to its thinness.  When articulated with the sacrum, the ischium is sloped 

anteroventrally, and its long axis runs perpendicular to that of the ilium and pubis.   

 

Femur 

The femur (fig. 28) is a very robust bone with large articular ends and a sub-cylindrical 

shaft that is bowed ventrally in anterior or posterior view.  The proximal articular surface 

is very rounded and sub-circular in dorsal and ventral view, and has a relatively flat 

dorsal face.  At the anterodistal margin of the dorsal face of this surface is a small raised 

tuberosity.  The anterior margin of the surface forms a lip that overhangs the anterior 

margin of the femur immediately distal to it.  The proximal head of the femur is 

anteroposteriorly wide, and becomes very thin toward the greater trochanter.  The 

anterior and posterior faces of the femoral head are slightly concave.  The greater 

trochanter is prominent, and extends widely away from the articular condyle.  The 

proximal margin of this trochanter is thickened and bulbous.  In posterior or anterior 

view, the proximal margin of the femur forms a dorsally concave arc between the 

condyle and the trochanter.  At the proximal end of the shaft, there is a subtly raised 

lesser trochanter that is nearly indistinguishable from the otherwise smooth surface of the 

femur. 

The distal end of the femur has a broad articular surface for the tibia. In posterior 

view, the medial condyle is sub-circular in outline with a rugose, mostly flattened 

posterior face.  The ventral margin of both condyles makes a sharp curve ventrally to 

overhang the ventral margin of the femoral distal head.  In distal view, the articular 

surface is slightly constricted between the medial and lateral condyles, between which a 
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very shallow fossa runs.  The medial condyle is anteroposteriorly narrower and projects 

more ventrally than the lateral condyle, which is broader and flatter ventrally.   

 

Tibia 

The tibia (fig. 29) is long and mostly straight, extending about two-thirds the total length 

of the femur.  It possesses widened epiphyses with well preserved suture lines, and a 

shaft that is sub-ovate, compressed slightly dorsoventrally in cross section.  The proximal 

epiphysis forms a thin, posteriorly projecting lip along the posterior surface of the knee 

joint that curls toward the shaft.  The articular surface is mostly flat with two shallow 

transverse facets for the femoral articulation.  In proximal view, the proximal epiphysis is 

irregularly shaped with a sinuous border at the back of the knee that forms a rounded 

“W” in outline.  The shaft of the tibia is robust and makes a slight curve distomedially.  

The distal epiphysis is smaller than the proximal one, and has a sub-ovate outline in end 

view.  A small, smooth fossa runs along short axis of the articular surface at the midline.  

The posterior end of the distal epiphysis is rounded and sub-spherical, and the anterior 

end is thinned and curls slightly ventrally where it meets the carpus.  Proximal to the 

anterodistal end along the anterior margin of the shaft is a small, acute tubercle.   

 

Fibula 

The fibula (fig. 30) is longer and more slender than the tibia, with a more circular shaft in 

cross section.  In USNM 16669 and USNM 16369, both of which preserve a hindlimb in 

articulation, the fibula extends proximally onto the femoral condyle beyond the tibia.  

The fibula is mostly straight but slightly bowed away from the tibia.  The proximal 
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epiphysis is thickened and widened anteroposteriorly, and has a smooth, cupped articular 

surface.  It extends more proximally at its posterior margin than the anterior margin, and 

is sub-triangular in proximal view.  At the distal end of the proximal epiphysis, there is a 

small fossa that does not extend onto the shaft.  The distal epiphysis is simple in shape, 

being convex and rounded where it articulates with the carpals.  It is not as wide or thick 

as the proximal epiphysis and forms a simple surface that fits into the cupped articular 

surface of the calcaneum.   

 

Tarsus 

Most of the left hind-foot of USNM 16369 (fig. 30) is fully preserved in articulation, and 

provides the basis for the description of the tarsals.  Other partially articulated specimens, 

including USNM 15568 and 15817, were used to supplement the description.  There 

appear to be seven tarsals in two of the most complete specimens, USNM 16369 and 

15817, though some may have been displaced in the matrix.  In this specimen, the 

astragalus and calcaneum are the largest bones in the tarsus and have fused together with 

the suture line slightly visible.  Both are block-like elements with concave, cupped 

proximal articular surfaces. The astragalus is slightly larger than the calcaneum, and has a 

concave distal surface that appears to have articulated with distal tarsal one.  In dorsal 

view, the proximal and distal margins of the astragalus are thinned, and the dorsal surface 

is slightly concave.  The proximal articular surface of the calcaneum projects slightly 

proximally where it meets the astragalus.  The distal tarsals are block-like with slightly 

convex distal and proximal ends for articulation with the metatarsals and proximal tarsals 

respectively.  Distal tarsal three is the largest and roughly twice the size of each of the 
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other distal tarsals.  A subtriangular tarsal articulates between the proximal end of the 

third distal tarsal and the astragalus, and a very small ovate tarsal articulates between the 

proximal borders of distal tarsal one and two.  Distal tarsal one appears to have 

articulated with the calcaneum, but these bones have been slightly displace from each 

other in the matrix.     

 

Pes 

There are five metatarsals (fig. 30, fig. 31) that become progressively larger from digit I-

IV.  Metatarsal V is hooked as in other squamates and curves away from digit IV.  It is 

slightly shorter than I, and roughly a quarter of the total length of IV.  Metatarsals II-IV 

are straight and have convex, rounded proximal and distal ends.  Metatarsal I is subtly 

bowed away from the adjacent metatarsals and has thickened ends.  Unlike the other 

metatarsals, V is greatly curved.  The phalangeal formula of the pes is 2-3-4-5-4.  The 

phalanges of each digit become progressively smaller distally, terminating with pointed, 

recurved claws.  Digit I is the shortest, and digits II-IV sequentially increase in length 

relative to I.  The metatarsals of digits I-V are long compared to the phalanges, being 

nearly as long as the combined length of all of the phalanges that they articulate with.  

The phalanges (fig. 31) in the pes articulate with the same ball and socket morphology as 

the phalanges in the manus.   

 

MODIFICATION OF GAUTHIER ET AL.’S (2012) MATRIX 

The following are modifications to 17 characters used in the analysis by Gauthier et al. 

(2012) based on observations of these characters in P. sternbergi for the current study.  
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The character numbers listed below along with the quoted character descriptions are all 

repeated from Gauthier et al. (2012) except for numbers 614, 615, and 618, which are 

from Longrich et al. (2012).  These are each followed by the state changes from the 

original state (taken from the character matrix of Longrich et al. (2012)) to the new the 

new state used in this analysis, with a brief explanation for the change. 

 

52. “Frontal anterior margin shape: (0) mainly trends anteromedially (1) broadly 

transverse” 0  ?  

 Gauthier et al. (2012) score the anterior margins of the frontal as mainly trending 

anteromedially.  However, in P. sternbergi, this margin is U-shaped and does not appear 

to be directed in any way along the anteromedial axis when viewed dorsally.  The 

alternate state in their analysis is a broadly transverse frontal anterior margin, which also 

does not represent the morphology seen in P. sternbergi. The frontal anterior margin 

shape is considered here to not meet the description of either state, and is therefore 

rescored.  Alternatively a third, autapomorphic state could be scored, but it would make 

no difference to the results. 

 

149. “Jugal lateral exposure below orbit: (0) absent (1) partly exposed above orbital 

margin of maxilla (2) entirely exposed above orbital margin of maxilla (ordered).”  0  2 

This is also rescored for the following: Gilmoreteius 02 based on Sulimski (1975), 

Adamisaurus 02 based on Sulimski (1972), Gobinatus 02 based on Gao and Norell 

(2000)  
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 In Polyglyphanodon, Gilmoreteius, Adamisaurus, and Gobinatus, the suborbital 

jugal ramus extends anteriorly to near the anterior margin of the orbit, making it entirely 

exposed above the posterior end of the maxilla that extends posteriorly below the orbit 

(see fig. 6).  In state 0, the suborbital ramus does not extend anteriorly below the orbit 

and is not exposed at all above the suborbital region of the maxilla, which is clearly not 

the condition in these polyglyphanodontians.   

 

394.  “Coronoid, anterolateral dentary process (0) absent (1) present  (2) overlaps dentary 

past level of tooth row (ordered).”  ?  0 

 The anterolateral margin of the coronoid does not extend anteriorly onto the 

dentary and therefore this process is scored here as not present.   

 

397. “Surangular, external foramina (0) two foramina, anterior and posterior (1) single 

foramen.” ?  1 

 Only one foramen is present on the surangular, which is positioned at the anterior 

end just posterior to the coronoid eminence.  Of the many well preserved rami in the 

collection, including the holotype and USNM 16587, there is no evidence of a second, 

posterior external foramen on the surangular.   

 

398. “Adductor fossa: (0) faces dorsomedially, medial wall below lateral wall  (1) faces 

dorsally, medial/lateral walls same height (2) no distinct medial wall  (3) faces 

dorsolaterally, lateral wall below medial wall.”  0  2 
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 The adductor fossa of the dentary has a tall, vertical lateral wall, but a medial wall 

does not appear to be present.  The medial margin of the fossa is mostly flat, and more 

closely resembles state two as figured by Gauthier et al. (2012) for character 398 (note: 

no figure numbers given for their characters). 

  

400. “Surangular dorsal margin (0) nearly horizontal, rising somewhat toward the 

coronoid, anterodorsal edge set below level of tooth crowns (1) rises steeply 

anterodorsally to coronoid, with apex reaching above level of tooth crowns.”  ?  0 

 The anterodorsal margin of the surangular is mostly flat in lateral view and does 

not rise anteriorly onto the posterior base of the coronoid.   It is clear that the dorsal 

margin of the surangular does not reach above the level of the tooth crowns. 

 

430. “Tooth replacement: (0) present  (1) absent.”  ?  1 

 P. sternbergi has been previously documented by Nydam and Cifelli (2002) to 

suppress tooth replacement based on the lack of replacement pits (refer to character 431) 

and the type of tooth implantation.  This study confirms their finding and tooth 

replacement is scored as absent. 

 

431. “Resorption pits: (0) present (1) absent.” ?  1  

 See character 430 above. 

 

489. “Scapula: (0) short and wide (1) elongate and thin.” ?  0 



51 
 

 The scapula of P. sternbergi is flattened and wide rather than slender and can be 

confidently scored as 0. 

 

492. “Scapula, emargination on anterodorsal edge (scapular fenestra): (0) absent (1) 

present.”  ?  1 

 The anterodorsal margin of the scapula is clearly emarginated, closely resembling 

state 0  figured by Gauthier et al. (2012) for character 492. 

 

493. “Scapulocoracoid emargination: (0) absent (1) present”.  ?  1  

 Character 493 refers to an emargination on the dorsal edge of the scapula where it 

meets the coracoid (opposite of the glenoid fossa).  The dorsal, proximal end of the 

coracoid forms the distal border of this emargination.   

 

495. “Coracoid, anterior (primary) emargination (fenestra): (0) absent (1) present.” ?  1  

 The coracoid has only one emargination, which is characterized as the anterior 

emargination figured by Gauthier et al. (2012) for character 495.   

 

496. “Coracoid, posterior (secondary) emargination (fenestra): (0) absent (1) present.”  ? 

 0 

 The coracoid possesses only one emargination, and this secondary emargination is 

therefore scored as not present.  
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612.  “Dentary symphysis: (0) primarily developed dorsal to Meckel’s groove (1), 

dentary symphysis V-shaped in medial view with extensive accessory articular surface 

developed ventral to the Meckelian groove, and tip of dentaries contacting ventrally.” 

 

New state: (2) dentary symphysis V-shaped in medial view with small articular surface 

developed ventral to Meckelian groove that does not extend posteriorly. (ordered)”  1 2  

 This character in P. sternbergi cannot be accurately described by either state as 

given by Longrich et al. (2012).  There is a reduced ventral articular surface that exists at 

the dentary symphysis, and the dorsal surface is only slightly more developed dorsal to 

Meckel’s groove.  The ventral margin of the symphysis is more restricted to the anterior 

end of the dentary than the dorsal margin when viewed medially, and is not as 

prominently developed as it is in other polyglyphanodontians such as Socognathus.  In P. 

sternbergi the ventral articular surface ends before the level of the second most anterior 

dentary tooth, while in Socognathus, this feature is much more robust, extending 

posteriorly to at least the fifth dentary tooth.   

 

614. “Intramandibular septum, caudal process: (0) absent (1) caudal process on 

posteroventral margin of intramandibular septum.” ?  0. 

 In P. sternbergi, the intramandibular septum appears to begin at the anterior third 

of the dentary where Meckel’s groove abruptly becomes shallow.  The posterior end of 

the septum is narrow and U-shaped toward the dentary symphysis, and does not possess a 

process in this region.   
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615. “Intramandibular septum (0) attached ventrally (1) has extensive free ventral 

margin.”  ? 0 

 The intramandibular septum of P. sternbergi smoothly tapers along its ventral 

margin where it ends and the Meckelian groove deepens, and does not possess a dorsally 

projecting free margin as is seen in anguids. 

 

618. “Dentary, tooth implantation: (0) pleurodont, (1) with teeth on medial surface of 

jaw, and tooth bases and subdental ridge extending at least 50% of the distance down the 

medial surface of the jaw or subpleurodont, (2) with teeth subapically positioned, 

extending less than 50% down the medial surface of the jaw as measured at the middle of 

the toothrow, or subacrodont/acrodont, (3) with teeth extending 33% or less down the 

medial surface of the jaw. “  2  3 

 This character is somewhat confusing and numbered incorrectly in Longrich et al. 

(2012).  In their analysis P. sternbergi is not scored correctly. In order to more 

specifically characterize the type of tooth implantation, this character is modified as 

follows (modification in italics): 

Dentary, tooth implantation: (0) pleurodont, (1) with teeth on medial surface of 

jaw, and tooth bases and subdental ridge extending at least 50% of the distance down the 

medial surface of the jaw or subpleurodont, (2) with teeth subapically positioned, 

extending between 50% to 33% down the medial surface of the jaw as measured at the 

middle of the toothrow, (subacrodont (3) with teeth extending 33% or less down the 

medial surface of the jaw (subacrodont to acrodont). 
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In P. sternbergi, the tooth implantation varies along the dentary tooth row, with 

the anterior teeth being subapical (less than 33% down the medial wall of the dentary) to 

the posterior teeth apical and equally ankylosed to the lateral and medial sides of the 

dentary.  This varying type of tooth implantation that becomes apical towards the 

posterior of the dentary is unique in P. sternbergi compared to other 

polyglyphanodontians.   

 

PHYLOGENETIC ANALYSIS 

Methods 

The morphological character matrix published by Longrich et al. (2012) was used 

as the initial dataset for this analysis.   This matrix was chosen because it is a slightly 

modified and revised version of Gauthier et al.’s (2012) matrix with 12 additional 

characters and more polyglyphanodontian taxa, for a total of 219 species and 622 

characters.  The dataset was assembled in Mesquite (Maddison and Maddison 2005) 

where the character modifications described above were made.  This data was exported 

for analysis using TNT (Goloboff et al. 2003) where multistate characters were ordered 

as stated in Gauthier et al. (2012) unless otherwise noted.  TNT was chosen as the 

preferred software as it is much faster and more powerful than PAUP, which was the tree 

searching program used by Gauthier et al. (2012).  A new technology search using a 

sectorial search, tree fusion, and a ratchet set to 100 iterations was run to find the most 

parsimonious trees.  All other settings in TNT were kept in the default state for the 

analysis.   
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This procedure was also repeated to analyze the unmodified matrix of Longrich et 

al. (2012) in order to detect any changes that the methods used here had on the results 

that these authors reported using PAUP. 

 

Results 

The analysis of the modified Longrich et al. (2012) data produced 3 most 

parsimonious trees with a length of 5462 steps.  This is 21 steps longer than the tree 

reported by Longrich et al. (2012).  The resulting consistency index of these trees was 

0.181 and the retention index was 0.792.  These trees were used to create a strict 

consensus cladogram shown in fig. 32.  In the strict consensus, the relationships of major 

clades and the taxa within Polyglyphanodontia matches those derived from the analyses 

of Gauthier et al. (2012) and Longrich et al. (2012).  Like the results of these previous 

analyses, there is a basal split into Iguania and a monophyletic clade that includes 

Scleroglossa, Polyglyphanodontia and Mosasauria, with Polyglyphanodontia and 

Mosasauria placed as Scleroglossan stem clades.  P. sternbergi is again resolved as sister 

to Gilmoreteius and nested well within an entirely Asian clade of lizards which also 

includes Adamisaurus, Gobinatus, and Tchingisaurus.  This Asian clade forms a 

polytomy with three other North American lizards: Tripennaculus, Leptochamops, and 

Obamadon.  This polytomy is sister to an entirely North American radiation of 

polyglyphanodontian lizards, though the interrelationships of this group are highly 

unresolved.   

The resulting unambiguous synapomorphies supporting Polyglyphanodontia 

include (49-1) frontal interorbital width/frontoparietal suture width 44-47%; (89-1) 



56 
 

parietal ventral lappet prominent V-shaped flat process; (116-3) maxilla facial process 

apical surface faces large, triangular, dorsally directed surface sharply set off from nearly 

vertical external surface of facial process; (375-3) splenial anterior length three-fourths or 

more relative to dentary tooth row; (379-1) splenial anterior inferior alveolar foramen 

position relative to anterior mylohyoid foramen is dorsal to posterodorsal;  (613-1) 

dentary subdental shelf has a slot for the dorsal margin of the splenial.  Although these 

synapomorphies are very different from the unambiguous synapomorphies given by 

Gauthier et al. (2012), the topologies of the strict consensus cladogram reported here and 

in their analysis are the same with respect to the placement of Polyglyphanodontia within 

Squamata. 

The analysis resulted in seven autapomorphies for P. sternbergi, which were used 

in revising the diagnosis of the group.  These include: (149-2) jugal lateral exposure 

below orbit entirely exposed above orbital margin of maxilla; (231-1) palatines only 

contact anteriorly; (398-2) adductor fossa has no distinct medial wall; (430-1) tooth 

replacement absent (431-1) lack of resorption pits at tooth bases; (561-1) astragalus and 

calcaneum co-ossified with suture visible; (620-1) accessory cusp developed lingual to 

tooth apex on tooth crown. 

The analysis of Longrich et al.’s (2012) original data without the modifications 

produced a nearly identical result, however, an additional synapomorphy was recovered 

that was not included in the above analysis, character (619-1) tooth crowns with distinct 

accessory cusps.  In addition, this analysis found a total of three autapomorphies for P. 

sternbergi, (231-2), (561-1), and (620-1).  This result is the same as in the analysis of the 
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modified data, to the exclusion of the four new autapomorphies reported in the results 

above.    

 

DISCUSSION 

The Classification of Polyglyphanodontia and Comparing Alternative Hypotheses 

As previously explained, the phylogenetic placement of polyglyphanodontians 

within Squamata has been contentious.  Most authors (e.g. Denton and O’Neil 1995; 

Nydam et al. 2000; Nydam and Cifelli 2002) have assigned P. sternbergi and various 

other Polyglyphanodon-like lizards from the North American Cretaceous to the Teiidae 

based on their possession of several teiid synapomorphies given by Estes et al. (1988), 

the most notable being a hypertrophied splenial, heavy cementum at tooth bases, and 

basal, subcircular tooth replacement.  These characters are cited consistently throughout 

the literature as the morphological evidence used to group polyglyphanodontians with 

teiids, although as discussed previously, more recent analyses have found alternative 

hypotheses for this grouping based on new morphological data.  Estes (1983) originally 

defined the Polyglyphanodontinae based on the following synapomorphies: presence of a 

parietal foramen, 27-29 presacral vertebrae, arrangement of scapular fenestrae, caudal 

vertebrae with short, non-divergent process on either side of the autotomy septa 

anteriorly, posterior process absent on posterior caudals. These characters were described 

as “primitive” with respect to other teiids, leading him to group polyglyphanodontians 

together as a separate subfamily within Teiidae.  Given the substantial amount of 

systematic work done on polyglyphanodontians and the varying hypotheses of their 
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relationships, I will focus here on comparing results of the analysis presented in this 

thesis as well as two of the most recent and comprehensive studies of Squamata.  

Gauthier et al. (2012) give seven unambiguous synapomorphies supporting the 

monophyly of Polyglyphanodontia, which include: (111) maxilla post-premaxillary 

processes in contact and vertically expanded; (122) jugal very deep below orbit; (149) no 

jugal lateral exposure below orbit; (175) supratemporal slender and hidden completely in 

dorsal view by parietal-squamosal contact; (399) surangular adductor fossa on external 

face of the mandible deep and extends ventrally more than half way down, nearly to 

angular bone; (403) presence of a prearticular crest on the mandible; (418) maxilla tooth 

row extends anterior to midorbit (note: numbers before characters refer to character 

numbers used in the referenced publication).  Character (175) and the states described 

above for (111) and (418) are unique in that they are new to Gauthier et al.’s (2012) 

analysis and have not been employed in any previous analyses of Squamata.  These 

characters are important to note as they may contribute at least partially to the unusual 

placement of Polyglyphanodontia away from teiids.  The current study verifies that P. 

sternbergi exhibits almost all of the character states listed above except for (149), a 

character that was scored incorrectly by Gauthier et al. (2012) in their analysis.  Revision 

of this character in the current analysis, however, did not result in any changes regarding 

the overall placement of Polyglyphanodontia, indicating the topology is robust enough to 

withstand at least some changes to the matrix supporting this placement.   

An interesting result of the study presented here is that the unambiguous 

synapomorphies of Polyglyphanodontia discovered in my analysis are entirely different 

from those found by Gauthier et al. (2012).  Rerunning Longrich et al.’s (2012) original 
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matrix (= Gauthier et al.’s slightly modified matrix) also produced a unique set of 

unambiguous synapomorphies that were much more consistent with my analysis than 

Gauthier et al.’s (2012).  Of particular interest is that some of the unambiguous 

synapomorphies found here have been repeatedly cited as grouping 

polyglyphanodontians together (e.g., Estes 1983; Denton and O’Neil 1995; Nydam et al. 

2000; Nydam and Cifelli 2002), but have never been recovered as such in any other 

large-scale phylogenetic analysis of Squamata.  For example, in contrast to the results of 

Gauthier et al. (2012), the analysis presented here found one of the traditionally 

diagnostic characters of Polyglyphanodontidae, a hypertrophied splenial, to be an 

unambiguous synapomorphy of the clade.  These results appear to be more congruent 

with the observations of previous authors who used these synapomorphies to group the 

polyglyphanodontians together, and this study presents the strongest phylogenetically 

based evidence supporting these characters as synapomorphies and diagnostic characters 

of Polyglyphanodontia.  Future iterations of the matrix used in this analysis using PAUP 

may be necessary to elucidate why the results show an entirely different set of 

unambiguous synapomorphies, but such a study is not undertaken at this time.   

In Conrad’s (2008) analysis, Polyglyphanodontidae, which as used by Conrad 

(2008) contains the same taxa as Polyglyphanodontia, is diagnosed by seven entirely 

different synapomorphies: (9) absence of dermal sculpturing on the prefrontal; (77) 

pineal foramen lying with the parietal; (119) presence of pterygoid-vomer contact; (122) 

pterygoids contact at the midline; (213) waisted marginal teeth; (261) non-angulated 

clavicle; and (266) secondary scapular fenestra present.  None of these diagnostic 

characters is the same as those given by Gauthier et al. (2012) or in the analyses reported 
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in this study, however, over half (characters 77, 122, 261, and 266) were incorporated in 

Gauthier et al.’s (2012) and my analyses.  The discrepancy between the characters 

grouping polyglyphanodontians in these analyses is likely a result of the large number of 

additional characters used in Gauthier et al.’s (2012) matrix which have contributed to a 

new set of synapomorphies for Polyglyphanodontia and Scleroglossa.    

 Looking at the broader classification of Polyglyphanodontia, the analyses that 

have placed this clade as a subfamily of, or closely related group to, Teiidae have cited 

very different characters supporting this phylogeny.  Conrad (2008) gives six diagnostic 

characters for a clade he names Macroteiida, which groups polyglyphanodontians 

together with the rest of the crown teiids.  These characters include: 66(0) prefrontals 

with large contributions to the orbitonasal fenestra, 92(2) postfrontal developed as a 

mediolaterally elongate bar forming the anterior margin of the supratemporal fenestra, 

114(0) no development of the secondary palate, 124(1) ectopterygoid contacting the 

palatine in the suborbital fenestra, 166(0) absence of fusion between the articular-

prearticular and the surangular, and 269(1) presence of a single anterior process of the 

interclavicle.  None of the characters listed previously which other authors (e.g. Estes 

1983, Estes et al. 1988, Denton and O’Neil 1995; Nydam et al. 2000; Nydam and Cifelli 

2002) have used as evidence supporting polyglyphanodontian-teiid affinities are 

presented by Conrad (2008) as supporting Macroteiida or the subfamilies within that 

clade.  This is likely due to the greater taxon and character sampling used in Conrad’s 

(2008) analysis compared to these previous analyses, providing more information about 

the distribution of characters among closely related taxa.  This conclusion is further 

supported by the fact that Conrad (2008) used a majority of the characters from Estes et 
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al. (1988), meaning that there was a large amount of character overlap between these two 

analyses.  Nevertheless, the topology of Conrad’s (2008) phylogeny did not differ 

drastically from previous analyses with respect to the overall placement of 

polyglyphanodontians, and provided additional evidence to support the grouping of 

polyglyphanodontians with teiids.   

Why is there such a dramatically different placement of Polyglyphanodontia 

within Squamata according to this and Gauthier et al.’s (2012) analysis compared to all 

previous studies?  It is likely that the addition of new characters and broader taxon 

sampling in their analyses had the greatest impact on the differing topology for several 

reasons.  First, as previously mentioned, Gauthier et al. (2012) give 10 unambiguous 

synapomorphies of the clade Scleroglossa that polyglyphanodontians lack, which are 

summarized in Table 1.  Three of these synapomorphies and six states added to 

characters used by other authors are new and unique to Gauthier et al.’s (2012) analysis, 

indicating that this new data, including the new synapomorphies for Polyglyphanodontia 

mentioned above, may be playing an important role in grouping crown scleroglossans to 

the exclusion of polyglyphanodontians.  In addition, any differences in the topology of 

Gauthier et al.’s (2012) phylogeny compared to that of Conrad (2008) due to the different 

tree building methods and software between these analyses have been ruled out, since the 

phylogenetic analysis presented in this study used the same methods as Conrad (2008) 

and resulted in virtually the same overall topology as the one reported by Gauthier et al. 

(2012).  In order to investigate this issue further, it would be useful in the future to 

incorporate Gauthier et al.’s (2012) new characters into future iterations of Conrad’s 

(2008) matrix to see if Polyglyphanodontia is recovered outside of Scleroglossa again.  
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This may give a better indication as to whether or not Gauthier et al.’s (2012) new data is 

driving this alternate hypothesis of polyglyphanodontian classification, and which new 

characters are playing the greatest role in this change.   

 

Interpreting Morphological Convergence Based on a New Hypothesis for 

Polyglyphanodontia 

If the phylogenetic placement of Polyglyphanodontia according to Gauthier et al. 

(2012) is accepted as the current hypothesis of this clade’s relationship relative to 

Squamata, then many of the putative teiid-like characteristics of P. sternbergi and its 

relatives can be considered homoplastic features resulting from morphological 

convergence with teiids.  One of the most notable is the hypertrophied splenial, which is 

an important character that has commonly been used to identify various Cretaceous lizard 

species known only from isolated dentaries as members of the Teiidae.  While this 

characteristic is found in almost all of the teiid groups used in this analysis, it also 

evolved in several other clades across the squamate tree including some iguanids (e.g. 

Priscagama, Phryhosomimus, and Mimeosaurus) and quite commonly in basal 

anguimorphs (e.g. Exostinus, Xenosaurus, Elgara and Celestus).  Other characters cited 

by other authors such as the large contribution of the prefrontals to the orbitonasal 

fenestra, lack of fusion between the articular, prearticular and surangular, ectopterygoid 

contact with the palatine, and the presence of an anterior process of the interclavicle 

appear to have evolved many times in disparate groups across the squamate tree, and are 

additional instances of morphological convergence between polyglyphanodontians and 

teiids that are not unique to these clades.   
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Perhaps the most intriguing convergent trait found among many North American 

polyglyphanodontians, including P. sternbergi, is the presence of complex molariform or 

transversely expanded posterior teeth.  Such tooth morphology has only been described in 

a few other extant South American teiid lineages including Dicrodon and Teius (Presch 

1974), and has often been cited as strong evidence to support the group’s close 

relationship to teiids (e.g. Denton and O’Neil 1995; Nydam and Cifelli 2002; Nydam et 

al. 2007).  Some of the similarities that P. sternbergi shares with Dicrodon and Teius 

include heterodont dentition, with simple, conical premaxillary and anterior maxillary 

teeth that become mediolaterally expanded toward the posterior end of the maxilla.  

These posterior teeth possess medial and lateral cusps that are connected by a central 

ridge that forms a V-shaped depression in anterior or posterior view.  Subtle differences 

include the height of each cusp relative to the other and orientation of the central ridge, 

for example, in Dicrodon, the medial cusp is slightly smaller than the lateral cusp, and the 

central ridge is angled anteromedially with more widely sloping sides (Presch 1974).  In 

P. sternbergi, the lateral and medial cusps are subequal and not conical, and the central 

ridge is oriented transversely with more vertically sloping sides.  The molariform 

morphology seen in teiids like Teius have also been used to diagnose other Cretaceous 

“teiids” like Peneteius (Estes 1969) and Bicuspidon (Nydam et al. 2007) that exhibit 

similar features in their dentition.   

 Even though polyglyphanodontian teeth show resemblances to the teeth found in 

some teiids, most of these comparisons are based on superficial observations of general 

tooth characteristics without any strong evidence of homology.  A detailed study of the 

dentition of Teius by Brizuela and Albino (2009) revealed several crucial differences 
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between the teeth of Teius and polyglyphanodontians like P. sternbergi that provides 

evidence their unique tooth characters are the result of convergence rather than shared 

relationships.  Brizuela and Albino (2009) demonstrate that Teius has evolved 

transversely bicuspid teeth through an entirely different pattern of cusp formation in 

which an anterior cusp has rotated to a lingual position, compared to 

polyglyphanodontians where a new cusp is thought to have developed independently on 

the lingual side of the tooth.  It was also widely thought that Dicrodon and Teius did not 

exhibit tooth replacement as adults (Presch 1974), but Brizuela and Albino (2009) 

observe tooth replacement in adults of these teiids.  Brizuela and Albino (2009) also 

describe dental occlusion of teiids with transversely bicuspid teeth as a simple, loosely 

interdigitating pattern that is much less complex and not as precise as that seen in 

polyglyphanodontians.  For example, in P. sternbergi, teeth preserved in occlusion tightly 

interdigitate and have highly specialized shearing surfaces, presumably for processing 

plant matter (Nydam 2005), whereas in teiids occlusion is not as tight and does not 

facilitate shearing (Brizuela and Albino 2009).  Other differences include the mode of 

tooth implantation, which Brizuela and Albino (2009) describe as subpleurodont in 

transversely bicuspid teiids like Teius, but is subacrodont to acrodont in P. sternbergi. 

These observations provide an additional line of evidence that is congruent with the 

phylogenetic results presented in this paper and by Gauthier et al. (2012) which strongly 

suggests that these features are not homologous.   

It is also important to point out that homoplasy in squamate dentitions may be 

more common than previously recognized.  Tooth morphology is highly variable among 

squamates, and there are at least six different tooth morphotypes that have been described 
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among macroteiids alone (Presch 1974).  Even though most lizards have simple tooth 

shapes that are typically columnar, varying degrees of expanded or molariform teeth have 

been described in virtually every major squamate lineage (Estes and Williams 1984).  

Though not well studied in squamates, the evolvability of tooth shape and cusp formation 

to meet dietary specializations has been well documented in mammals and has been 

linked to the same set of developmental genes or “developmental module” (Jernvall and 

Jung 2000).  It seems reasonable to assume that small changes in the developmental 

mechanisms underlying tooth development in lizards may contribute to the repeated 

evolution of multicuspate, transversely expanded teeth among distantly related groups.  

For example, the medial cusp in transversely toothed polyglyphanodontians could have 

evolved due to slight modifications of the expression or signaling in preexisting dental 

developmental modules.  Due to homoplastic patterns in tooth morphology associated 

with similar dietary niches, tooth characters should not be heavily relied upon as 

phylogenetically informative when assessing the overall placement of 

polyglyphanodontians within Squamata.  

 

Evaluating Paleoecological Interpretations of Diet for P. sternbergi based on Dental 

and Cranial Morphology 

Although tooth morphology may not provide reliable phylogenetic information 

for analyses of broader polyglyphanodontian relationships to other squamates, these 

characteristics may potentially prove to be useful in answering certain paleoecological 

questions related to feeding.  Given the unique tooth morphology of P. sternbergi, there 

has been no shortage of inferences about this taxon’s diet, beginning with Gilmore’s 
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(1942) original description in which he writes that the fossil’s chisel-like teeth and other 

jaw characteristics indicate that this lizard was an herbivore.  Nydam (2000) supports this 

conclusion, adding that P. sternbergi’s large body size required large energy 

requirements that would likely have been sustained by herbivory.   Other traits like the 

transverse, chisel-like shape along with heavily cemented tooth bases and lack of apical 

wear are also used as evidence that P. sternbergi sliced tough vegetation rather than 

crushing insects or shelled organisms, a diet which is typically associated with broader, 

flatter, more apically worn teeth (Nydam 2000).   In addition, microscopic serrations 

along the transverse blade discovered from an analysis using SEM have been described 

as most similar to those found on the teeth of Iguana iguana and have been interpreted to 

have functioned similarly (i.e. improving plant cropping ability) (Nydam 2005).  The 

tightly interdigitating posterior “shearing” teeth were also postulated by Nydam (2005) to 

have improved mechanical food processing by tearing leaves caught in occlusion before 

they were swallowed, which could improve digestion efficiency compared to ingesting 

whole cropped leaves like Iguana and many other lizards do.   

While most of the evidence presented by other authors seems to suggest an 

herbivorous diet for P. sternbergi, their conclusions are highly speculative regarding the 

form-function relationship of dental morphology and feeding behavior.  An 

understanding of the ecomorphology associated with food acquisition and processing in 

extinct taxa has been a common endeavor in paleontology (see Barrett 2000), and has 

typically been addressed by either studying function in closely related living taxa (the 

phylogenetic method) or comparing traits to extant analogues (Lauder 1995).  In the case 

of P. sternbergi, there are no closely related living taxa with which to compare its 



67 
 

dentition, and little work has been done comparing its dental morphology to that of its 

putative analogues found in Teius  and Dicrodon.  Some studies have pointed out that 

inferring the diet of P. sternbergi from extant teiids with similar teeth is problematic, as 

both omnivory and carnivory are observed throughout Teiidae (Mertzger and Herrel 

2005) and even within the single genus Teius (Presch 1974, Bizuela and Albino 2009).  

While most authors have favored an herbivorous diet for P. sternbergi based on 

similarities to Iguana, none has explored the possibility of insectivory, which seems 

plausible given the analogous teeth seen in Teius teyou, an insectivorous teiid (Bizuela 

and Albino 2009).  It should also be taken into consideration that there are no sharp 

distinctions between faunivory, herbivory and omnivory among extant lizards, and that 

no extant lizard has been shown to be exclusively herbivorous, including predominantly 

herbivorous lizards such as Iguana. It therefore should not be assumed that P. sternbergi 

or other extinct lizards fit into a single dietary category.  Future studies on the dentition 

of P. sternbergi should include explicit hypotheses that can be tested before dietary 

inferences about herbivory or even carnivory can be made.  Such studies would be 

preferable to the speculative assumptions that have been made by other authors who have 

studied P. sternbergi’s ecomorphology, and may be more promising with newer methods 

of biomechanical modeling using computer simulations (e.g. Hutchinson 2011).   

Besides tooth morphology, there are other characteristics of the cranial anatomy 

of P. sternbergi that may be suggestive of its ecological specializations that other authors 

have not discussed.  While lizards have typically been considered dietary generalists, few 

studies have investigated the ecomorphology of lizards based on cranial shape.  Mertzger 

and Herrel (2005) provided the first phylogenetically based study demonstrating that 
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there is a significant correlation between skull shape and dietary niche in lizards.  These 

authors were able to test a priori hypotheses of herbivory based on biomechanical 

properties of specific cranial features by analyzing the relationship between dietary 

specializations and morphological traits.  This study found that herbivory is strongly 

associated with increased skull height and body size, and shorter skulls, muzzles, 

retroarticular processes and toothrows compared to carnivorous lizards which show the 

opposite trends in morphology.  P. sternbergi and other polyglyphanodontians fossilized 

with complete skeletons (e.g. Gilmoreteius, Adamasaurus, Cherminsaurus) exhibit 

several of these phenotoypes linked to herbivory such as a relatively tall, short skull with 

a large body size; features which have been demonstrated to increase bite force (see 

Mertzger and Herrel 2005).  Future morphometric analyses, along with biomechanical 

modeling techniques like Finite Element Analysis, which incorporate these fossils with 

extant squamates may provide a more reliable means of testing hypotheses of 

polyglyphanodontian herbivory or other dietary specialization associated with their 

specific cranial traits.   

 

CONCLUSION 

 

The exceptionally well preserved collection of P. sternbergi presented here 

represents the most complete member of Polyglyphanodontia in North America, 

providing the rare opportunity to study the morphology and evolution of this clade in 

detail.  The primary goal of this thesis was to produce the most complete description 

available on the morphology of this important fossil, which includes new anatomical data 

relevant to its inclusion in modern phylogenetic analyses of Squamata.  This required a 
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thorough examination of a large collection of P. sternbergi specimens at the Smithsonian 

National Museum of Natural History, including the type material, and a description of its 

features in the context of how they compare to those of other squamates.   As this fossil 

has recently been incorporated into two comprehensive morphological phylogenetic 

analyses of Squamata, it was also the intent of this paper to review how other authors 

have scored P. sternbergi in their matrices, and make any justified revisions based on 

evidence presented in the description.  Other aims of this project were to perform a 

phylogenetic analysis incorporating the new data collected for this thesis, as well as to 

review of the systematics and taxonomy of P. sternbergi. 

 The current study found 15 characters scored for P. sternbergi in the matrices of 

Gauthier et al. (2012) and Longrich et al. (2012) that required revision, including one 

character that their analyses showed as an unambiguous synapomorphy of Scleroglossa.  

All other characters described by these authors were either verified here to be accurately 

scored, with evidence supporting these scorings given in the description, or left 

unchanged if there was not sufficient evidence to change them (e.g. a lack of CT data to 

assess some characters).  Despite these modifications, there were no major changes in the 

topology of the strict consensus phylogeny given by Gauthier et al. (2012) compared to 

the strict consensus in this analysis.  Polyglyphanodontia in particular does not change 

position within Squamata, and it appears that the squamate phylogeny of Gauthier et al. 

(2012) is so robust that these modifications do not result in even minor differences in the 

topology within this clade.  There were significant differences, however, between the 

unambiguous synapomorphies of Polyglyphanodontia found in this analysis compared to 
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those found by Gauthier et al. (2012), which is an issue that may be resolved in future 

studies. 

While the results of the phylogenetic analysis presented here do not produce a 

new hypothesis of the phylogeny of Polyglyphanodontia, they are important in that they 

provide additional evidence for Gauthier et al.’s (2012) hypothesis supporting the 

placement of Polyglyphanodontia outside of Scleroglossa.   This result contradicts all 

previous phylogenetic analyses that have included Polyglyphanodontia, and is possibly 

due to the extensive new information about the distribution of characters among closely 

related taxa that Gauthier et al. (2012) used in their analysis.  A more in-depth 

investigation will be necessary to reveal the exact causes leading to a change in position 

of Polyglyphanodontia on the squamate tree, especially since certain inferences about 

squamate character evolution and convergence are very different depending on whether 

polyglyphanodontians are placed as stem or crown scleroglossans.   

Even though much can be learned from the fossil taxon P. sternbergi, there is still 

a large gap in our understanding of the clade Polyglyphanodontia, particularly in North 

America where most species are only known from very fragmentary dentaries (e.g. 

Nydam et al. 2010; Longrich et al. 2012).  By accepting the hypothesis that this clade is 

scleroglossan stem group, then a polyglyphanodontian ghost lineage should extend into 

the Late Jurassic when crown scleroglossans appear (Gauthier et al. 2012).  We therefore 

know virtually nothing about Polyglyphanodontia throughout the Jurassic and most of the 

Cretaceous, despite it being one of the most diverse Late Cretaceous squamate clades.   In 

time, paleontological excavations of North American Jurassic sediments may recover 

more members of this clade and help to resolve their evolutionary interrelationships.  
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Until then, however, the potential for research on the paleoecology, biogeographic 

patterns, and functional morphology of P. sternbergi and other polyglyphanodontians 

offers an exciting opportunity to enhance our understanding of this important squamate 

clade.   
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TABLES 

Table 1: Unambiguous scleroglossan synapomorphies that polyglyphanodontians lack, 

showing specific states for P. sternbergi.  Characters and states highlighted in bold are 

new and unique to Gauthier et al.’s (2012) analysis.  * Indicates character that is unique 

and unreversed. 

 

Character and Number 

(Gauthier et al. 2012) 

Description of state for P. 

sternbergi  

Description of state for 

Scleroglossa 

82. Postorbital jugal 

ramus 

(0)Extends ventral to quadrate 

head  
(1) Level with quadrate 

head (new state) 

90. Parietal temporal 

muscles originate 
(1)Ventrally on parietal 

table and dorsally on 

supratemporal process  

(2) Ventrally on parietal table 

and supratemporal process 

128. Prefrontal 

orbitonasal margin 

(new character) 

(0)Slopes ventrolaterally  (1) vertical 

162. Squamosal base 

of temporal ramus 

(new) 

(0)Diverges from parietal  (1) Base lies against the 

parietal 

188. Quadrate slopes 

anteroventrally (more 

than 90 degrees 

anterior slope from 

quadrate head) (new) 

? (2) 108-121 degrees 

200.*, Septomaxilla, 

dorsal expansion 

(0)Flat or weakly convex  (1) Expanded and convex 

241. Palatine-pterygoid 

overlap 

 

 

(1)Palatine overlaps 

pterygoid dorsally from 

lateral to near medial 

margin of pterygoid, with 

loose abutment laterally  

(2) Palatine barely overlaps 

pterygoid laterally and 

pterygoid does not extend 

well anterior to 

ectopterygoid-jugal-maxilla 

juncture (new state) 

258. Pterygoid 

separation on midline 
(0) Pterygoids narrowly 

separated for most of their 

length  

(2) Broad at base, but not as 

narrowly separated 

anteriorly 

272. Ectopterygoid 

angulation in dorsal 

view 

(0)Nearly orthogonal  (1) Obtuse angle (including 

crescentic curve)  

502. Clavicular 

angulation 
(0) Simple curved rod, 

following contour of 

scapulocoracoid  

(1) Strongly angulated, 

curving anteriorly away from 

scapulocoracoid 
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FIGURES 

For the following specimen figures, the scale bar represents 1cm. 

 

 

 

Figure 1. Phylogeny of Squamata from Conrad (2008) showing Polyglyphanodontidae as 

the sister group of Teiidae.   
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Figure 2.  Phylogeny of Squamata from Gauthier et al. (2012) showing the overall 

placement of Polyglyphanodontia relative to other major clades.   
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Figure 3. Skull of USNM 16588 in right lateral view. Abbreviations: an, angular; ar, 

articular; c, coronoid; d, dentary; f, frontal; j, jugal; l, lacrimal; n, nasal; p, parietal; pmx, 

premaxilla; po, postorbital; ptf, postfrontal; sa, surangular; sq, squamosal.  
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Figure 4. Skull of USNM 16588 in dorsal view.  Abbreviations: f, frontal; j, jugal; n, 

nasal; o, orbit; p, parietal; pmx, premaxilla; po, postorbital; ptf, postfrontal; sq, 

squamosal.  
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Figure 5. Skull of USNM 16588 in anterior view. Abbreviations: an, angular; ar, 

articular; c, coronoid; d, dentary; f, frontal; j, jugal; l, lacrimal; n, nasal; p, parietal; pmx, 

premaxilla; po, postorbital; ptf, postfrontal; sa, surangular; sq, squamosal. 
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Figure 6. Holotype skull (USNM 15477) in right lateral view.   
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Figure 7. Skull of USNM 16588 in posterior view.  Abbreviations: bspr, basioccipital 

process; eo, exooccipital; fm, foramen magnum; hf, hypoglossal foramen; occ, occipital 

condyle; p, parietal; pstp, parietal supratemporal process; q, quadrate; so, supraoccipital; 

sq, squamosal.  
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Figure 8. Skull of USNM 16588 in posteroventral view. Abbreviations: bsp, 

basipterygoid process; bspr, basioccipital process; eo, exooccipital; fm, foramen 

magnum; hf, hypoglossal foramen; mr, mandibular ramus; occ, occipital; p, parietal; pstp, 

parietal supratemporal process; so, supraoccipital. 
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Figure 9. Skull of holotype USNM 15477 in ventral view.  Abbreviations: bsp, 

basipterygoid process; bspr, basioccipital process; ec, ectopterygoid; j, jugal; mr, 

mandibular ramus; m, maxilla; occ, occipital condyle; pal, palatine; pm, premaxilla; pt, 

pterygoid; sof, suborbital fenestra; v, vomer.  
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Figure 10. A. Medial view of right mandibular ramus of 15559 B. lateral view of right 

ramus of 15559 C. Left ramus of USNM 15477 with completely preserved coracoid.   
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Figure 11. Anterior close up of USNM 15568 mandibular ramus in medial view showing 

some key polyglyphanodontian features of the splenial and dentary.  Red arrow indicates 

the most anterior extent of the splenial that terminates near the dentary symphysis.  Green 

arrow shows dentary subdental shelf with slot for the dorsal margin of the splenial. 

 

 

 

 
 

Figure 12. Right mandibular ramus of USNM 15559 in occlusal view.   

 



84 
 

 
 

Figure 13. SEM images of P. sternbergi teeth from Nydam (2005) of A. Posterior right 

dentary of UMNH 15559 which was used in this study, shown in oblique lingual view 

and B1-B4.OMNH 61334 in occlusal (B1) and distal (B2-B4) views. 
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Figure 14. Articulated series of cervical vertebrae of USNM 15477 including axis, C3, 

and C4  shown in A. right lateral B. ventral and C. dorsal view.  Abbreviations: dp, 

diapophysis; ns, neural spine; o, odontoid, zyg, zygapophyses.  
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Figure 15. Isolated dorsal vertebra of USNM 15559 with partially preserved  posterior 

end of neural spine and broken right post-zygapophysis in A. left lateral, B. ventral and 

C. dorsal view. Abbreviations: di, diapophysis; ns, neural spine; zm, zygantrum; zyg, 

prezygaphophysis; zyg’, postzygaphophysis. 
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Figure 16. Sacrum of USNM 15477 articulated with dorsal and caudal vertebrae in A. 

right lateral view and B. ventral view.  Abbreviations: c, caudal vertebra; d, dorsal 

vertebra; dp, diapophysis; s, sacral vertebra; tp, transverse process; zyg, zygapophysis. 
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Figure 17. Anterior caudal vertebral series of USNM 16585 articulated in matrix in left 

lateral view.  Line drawing represents fourth vertebra in series.  Abbreviations: ns, neural 

spine; tp, transverse process; zyg, prezygapophysis; zyg’, postzygapophysis.  

 

 

 

 

 

 

 
 

Figure 18. Two cervical ribs of USNM 15568 isolated in matrix in lateral view (left or 

right cannot be determined). 
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Figure 19. Dorsal ribs of USNM 16724 in dorsal view. 
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Figure 20. Right scapula and coracoid of USNM 15559. A. Dorsal view B. Posterior 

view. Abbreviations: co, coracoid; gf, glenoid fossa; sc, scapula. 

 

 

 

 

 
 

Figure 21. Partial clavicles including A. right clavicle of USNM 15559 in proximal view 

with proximal end broken away, and B. proximal end only of USNM 16369 in lateral 

view.  
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Figure 22. Interclavicle of USNM 15568 in ventral view. 
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Figure 23. Left humerus of USNM 15566 in A. dorsal view, and B. ventral view. 

Abbreviations: ac, adductor crest; c, capitellum; dpc, deltopectoral crest; df, distal fossa; 

ec, ectepicondyle; ecf, ectepicondylelar fossa; entc, entepicondyle; pf, proximal fossa; t, 

trochlea. 
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Figure 24. Right ulna of USNM 15666 in A. lateral, B. medial, and C. anterior view.  Left 

side is proximal end. 
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Figure 25.  Right radius of USNM 15566 in A. medial, B. posterior, and C. anterior view.  

Left side is proximal end. 
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Figure 26. Right manus of USNM 15568 in dorsal view. 
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Figure 27.  Nearly complete right half of the pelvis of USNM 15477 in A. lateral and B. 

medial view.  Abbreviations: ac, acetabulum; il, ilium; is, ischium; pb, pubis. 
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Figure 28. Femora of USNM 15566.  A. Left femur in posterior and B. right femur in 

anterior view.  Abbreviations: h, femoral head; lc, lateral condyle; mc, medial condyle; t, 

greater trochanter.  Left side is proximal end. 
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Figure 29.  Left tibia of USNM 15566 in A. external view B. lateral view C. inner view. 
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Figure 30.  Left hindlimb of USNM 16369 articulated in matrix.  Abbreviations: a, 

astragalus; c, calcanium; fe, femur; fi, fibula; mt, metatarsals; p, phalange; t, tarsals; ti, 

tibia.  
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Figure 31. Partially articulated left pes of USNM 16369 in dorsal view. 
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Figure 32. Cladogram from the revised matrix of Longrich et al. (2012) performed in this 

this study showing the interrelationships of polyglyphanodontians and the overall 

placement of Polyglyphanodontia within Squamata.  Relationships of Mosasauria, 

Scleroglossa, Iguania and Rhynchocephalia are not shown but are concordant with those 

of Longrich et al. (2012).     
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APPENDIX 1 
 

Referred material not included by Gilmore (1942): 

 

USNM 16367: partial pelvis, femur, tibia and fibula; short series of caudal vertebrae with 

transverse processes and neural spines preserved. 

USNM 16368: large block with nearly completely articulated right hindlimb with pelvis, 

partial left femur and tibia; distal left pes; seven articulated dorsal vertebrae; 

several scattered nearly complete ribs; disarticulated phalanges; partial coracoid; 

two partial scapulae; proximal end of a clavicle; proximal end of a humerus; right 

ramus; skull with preserved left side and most of skull roof.   

USNM 16369: block with well preserved articulated left hind limb with part of left 

pelvis, femur fibula, tibia, and most of the pes excluding the phalanges; right 

femur; right tibia; distal part of right pes; articulated sacral vertebrae; articulated 

series of anterior caudal vertebrae preserved with transverse processes and neural 

spines. 

USNM 16374: incomplete skeleton in block including poorly preserved articulated dorsal 

vertebrae; distal end of left humerus articulated with radius; several broken ribs; 

part of left and right pelvis; incomplete articulated left limb with femur, fibula and 

several metatarsals; proximal end of right femur; partial right pes; articulated 

series of posterior dorsal, sacral and anterior caudal vertebrae. 

USNM 16584: block preserving right femur, tibia and fibula; partial ulna; proximal end 

of a clavicle; caudal vertebra; scattered limb elements, phalanges and metatarsals.  

USNM 16585: left femur and tibia; part of a pubis; six articulated anterior caudal 

vertebrae preserved with transverse processes and neural spines; partially 
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articulated pes; partial ulna, femur, dorsal vertebrae; scattered limb fragments and 

phalanges. 

USNM 16588: nearly complete isolated skull; block of fragmentary limb elements; 

poorly preserved crushed skull with right side exposed. 

USNM 16724: dorsal vertebra; seven nearly complete dorsal ribs; most of right pelvis; 

right femur; right side of a skull with nasals, right frontal, part of right jugal and 

maxilla preserved; part of right ramus; incomplete ulna and radius; five partially 

articulated digits. 

USNM 427677: block with part of anterior medial side of right ramus; scattered dorsal 

ribs; femur; left and right humeri; right pelvis without ischium; scattered dorsal 

and caudal vertebrae; fragmentary limb and vertebral elements. 

USNM 427678: partial pelvis; proximal half of a humerus; partial right femur; partial 

dorsal vertebra; unidentified bone fragments. 

USNM 427679: block with radius; scattered phalanges; partially articulated cervical 

vertebrae; skull fragments. 

USNM 427680: partial tibia; incomplete skull roof with frontal, parietal, postfrontals and 

left squamosal; proximal end of a clavicle; incomplete scapula and coracoid; left 

and right ilium and pubis; proximal end of right femur articulated with pelvis.  

USNM 427681: very poorly preserved skull with part of left maxilla, premaxilla, and 

nasals; partial left and right ramus; distal end of a humerus; partial dorsal 

vertebra; unidentified bone fragments. 

USNM 427682: block with left and right coracoid; incomplete ribs; partial radius; 

fragmentary limb elements. 
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USNM 427683: distal end of a humerus; partial dorsal vertebra; unidentified bone and 

limb fragments; right femur. 

 


