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ABSTRACT 

Holovacs, Nicholas Theodore, Morphological adaptations of the sand-swimmer lizard 
Calyptommatus leiolepis (Squamata: Gymnophthalmidae). Master of Science (Biology), 
August, 2018, Sam Houston State University, Huntsville, Texas. 
 

Squamates exhibit a vast diversity of body plans. These body plans are directly 

affected by the habitat and how they interact within it. A common occurrence within this 

group is the reduction of hind and forelimbs as well as body elongation. In this study, the 

axial and appendicular skeleton of the fossorial gymnophthalmid, Calyptommatus 

leiolepis, is analyzed to determine how its mode of locomotion affects its osteology. C. 

leiolepis is a fossorial sand swimmer with a moderately elongated body and a short tail. 

With this locomotor specialty it is important to determine the specific features that result. 

Current descriptions of closely related species indicate that there is a level of detail that is 

still required. Using high-resolution computer tomography (HRCT) each bone element 

within the skeleton was digitally segmented and a detailed description rendered. Key 

features related to the fossorial sand swimming nature of C. leiolepis include the head 

exhibiting a wide array of adaptations such as a shovel-like snout with a well-developed 

horizontal cartilaginous rim, nasal cartilages that produce a sand-guard to protect the 

nostrils, reduced eyes covered by a brille, lack of forelimbs, extreme reduction of 

hindlimbs, and imbricated scales among others. In addition to the autapomorphic features 

of Calyptomatus such as the cartilaginous labial rim, a triradiated jugal (with digit-like 

projections), a reduced pectoral girdle with upper limb, parasternal processes that 

reinforce the ribcage, and a single digit in the lower limbs. When comparing this species 

with other gymnophtalmid lizards including fossorial species, it is clear that 

Calyptomatus exhibits the higest number of structural modifications within the family. 
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Despite its specialized morphology, it still retains characters that link this genus to other 

members of  Gymnophtalmidae when included in a phylogeny based on phenotic data.  

KEY WORDS: CT-scan, Morphology, Osteology, Sand-swimming, Lizard, Squamata, 
Gymnophthalmidae.  
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CHAPTER I 

Introduction 

The Order Squamata (lizards and snakes), with more than 10,000 extant species 

recognized (Uetz et al., 2018), includes a diversity of body forms ranging from the 

typical saurian form with well-developed limbs to the elongated limbless form of snakes 

(Bradley et al., 2008; Vitt and Caldwell, 2008). Although the latter group constitutes 35% 

(3691 extant species) of the total number of squamate species, the percentage of snake-

like squamates is much higher since body elongation and reduction of limbs has appeared 

in several extant groups, including dibamids (Anelytropsis, Dibamus), gekkotans 

(pygopods), skinks (e.g., Chalcides), cordylids (e.g. Chamaesaura), gymnophtalmidae 

(e.g., Bachia, Calyptommatus, Nothobachia), amphisbaenians, and anguids (e.g., 

Ophisaurus, Ophiodes) (Gans, 1975; Rodrigues, 1991; Lee, 1998; Wiens and Slingluff, 

2001; Kearney and Stuart, 2004; Conrad, 2008; Zaher et al., 2009).  

Elongation of the body and reduction of limbs have been reported to be highly 

correlated (Wiens et al., 2006) and guided by a common developmental mechanism 

(Greene and Cundall, 2000; Wiens and Slingluff, 2001). However, this association has 

been refuted and its occurrence explained as the result of constraints imposed by 

mechanics of locomotion and/or common patterns of environmental selection, yet 

involving changes in quite separated, dissociated developmental mechanisms in each 

lineage (Sanger and Gibson-Brown, 2004; see also Wiens, 2004). The independence of 

these two traits is consistent with the observed different patterns of body elongation and 

limb reduction in squamates (Bradley et al., 2008). It also explains cases where limb 
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reduction occurs whether the body is elongated or not, or the contrasting condition of 

fully limbed elongated body forms (e.g., some species in the skink genus Lygosoma). 

Most limb-reduced squamates fit in two ecomorphs, a long-tailed surface dweller 

or a short-tailed burrowing ecomorph (Wiens et al., 2006; Bradley et al., 2008). Among 

gymnophtalmids that show limb reduction, two patterns have been identified: 1) 

forelimbs greater in size than the hindlimbs and with a very long tail (e.g., Bachia), and 

2) forelimbs missing and hindlimbs reduced, and with a short tail (e.g., Calyptommatus) 

(Rodrigues, 1991; Pellegrino et al., 2001; Jerez et al., 2010).  

Calyptommatus leiolepis (Figure 1) has reduced limbs and a short-intermediate 

tail, and differs from other limbless lizards in not having an extreme elongated snake-like 

body. This combination of traits might presuppose a limitation in locomotion, but this 

body form allows the species to sand swim in the loose sandy habitats of the inner dunes 

of the São Francisco River, Bahia, Brazil (Rodrigues, 1991; Lambertz, 2010; Siedchlag et 

al., 2010). In addition to reduction of limbs, this species has developed other adaptations 

for underground dwelling such as the development of a head with a transverse “shovel-

like” snout, fusion of the head scales, eyes covered by a brille, absence of tympanic 

membrane, and a compressed body (Roscito and Rodrigues, 2010). 

The phylogenetic placement of Calyptommatus leiolepis has been determined 

using molecular data (Pellegrino et al. 2001; Pyron et al. 2013). Based on nuclear (c-mos 

and 18S rDNA) and mitochondrial (12S ribosomal subunit, 16S ribosomal subunit, and 

ND4 protein coding regions) partitions, C. leiolepis was found to be nested with other 

species in the same genus (C. nicterus and C. sinebrachiatus). To date, Calyptommatus 

leiolepis has not been incorporated in any morphological phylogenetic analysis. Roscito 
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and Rodrigues (2010) described the cranial osteology of C. nicterus together with 

Scriptosaura catimbau and Nothobachia ablephara. The simultaneous description of 

three similarly fossorial lizards is advantageous because it allows us to focus on the 

particular variation of each species and avoid redundancy. It is also helpful to identify a 

general pattern that could be attributed to fossorial mode of life. For this reason, a re-

description of the cranial anatomy of the genus Calyptommatus is unnecessary at this 

point. Instead I will be referring to those aspects not mentioned in their description, 

indicating only characters that might have some phylogenetic value. For a more 

generalized description of the genus Calyptommatus I refer the reader to the paper by 

Roscito and Rodrigues (2010). In this project new details are provided about the internal 

anatomy of the skull based on High-Resolution X-ray Computed Tomography (HRCT). 

Finally, I will be contrasting the species studied herein with available descriptions of 

other squamates that have similar life modes. I also test the phylogenetic position using 

morphology of this highly derived fossorial lizard within the framework of Squamata. 

Materials and Methods 

 Specimens of Calyptommatus leiolepis were acquired from Dr. Hussam Zaher 

from the University of São Paulo, São Paulo, and  made available by Dr. Ricardo 

Montero, from the Instituto de Herpetología, Instituto Miguel Lillo, Universidad 

Nacional de Tucumán. Six ethanol preserved specimens were prepared using different 

techniques, including clearing and staining, skeletonization, and HRCT  to aid in the 

resolution of our findings with intraspecific variation in mind (Figure 2). HRCT images 

were obtained from the AMNH using a GE Phoenix v|tome|x s240 syste2m by Dr. 

Edward Stanley, with a molybdenum target and modification of the current and voltage to 
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maximize the range of densities recorded. Image stacks were used to create three-

dimensional models of the entire animal skeleton. This imaging technology is non-

invasive and allows a comprehensive look at the osteological and soft tissue anatomy 

without harming the integrity of the specimen. Using the computer software Avizo Lite v. 

9.4 (Thermo Scientific™, Waltham, Massachusetts), the image stack consisting of 8-bit 

TIFF files were loaded into the program to segment individual bones. I specified the 

voxel values for X, Y, and Z (0.02156461μm) to determine the exact size of the 

specimen. Each bone of the skull, selected vertebrae to indicate regional variation, and 

appendicular skeleton were digitally segmented. Each bone was rendered using the 

volume rendering option in Avizo Lite 9.4. 

Two specimens (MZUPS71139 and MZUPS71156) of Calyptommatus leiolepis 

were cleared and double stained using Alizarin red for bone and Alician blue for cartilage 

using the protocol of Maisano (2008). Each of the staining reagents were gradually 

increased in concentration until cartilage or bone, depending on the reagent, were clearly 

visible through the flesh. A specimen of C. leiolepis was formalin-fixed to avoid tissue 

and bone becoming disarticulated during the staining protocol. After fixation, the 

specimen was dehydrated in 95–100% ethanol for two days. Alcian blue powder 

combined with 30% glacial acetic acid and 70% ethanol was used to stain cartilaginous 

elements. After the cartilage was stained, the specimen was neutralized in a sodium 

borate solution to halt the staining process. The specimen was then placed in a saturated 

pancreatin solution (65% distilled water/35% saturated sodium borate) for enzymatic 

digestion. Once tissue became translucent, bone elements were stained using 0.75% 

potassium hydroxide solution with Alizarin red powder. The final clearing step required 
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two solutions: 30% glycerol/70% KOH and 60% glycerol/40% KOH. After clearing was 

completed, the stained and cleared specimen of C. leiolepis was stored in 99% glycerol, 

with the addition of thymol to prevent the growth of fungus. Both specimens of C. 

leiolepis (MZUPS71139 and MZUPS71156) were then photographed using a NIXON 

E4300 camera. The skull of one cleared and stained specimen was illustrated by tracing 

most of the bones in Adobe Illustrator (Adobe Creative Cloud Illustrator CC, 2018). The 

illustration represents overlapped bone sutures with dashed lines, bone colored as white, 

and cartilage as blue (Figure 3). 

 To test the phylogenetic position of C. leiolepis, morphological data for this 

species were fitted into a large morphological dataset of squamate reptiles (Gauthier et 

al., 2012). This data set included 193 taxa and 610 characters that were composed of both 

cranial and post-cranial osteology as well as a number of soft anatomy characters. Cranial 

characters were scored using my observations made from the HRCT scans, cleared and 

stained specimens, ethanol-preserve specimens, and skeletonized specimens. Each 

character was coded quantitatively in a binary or multi-state manner. Morphological 

characters were coded using the data management and processing software, Mesquite v. 

3.40 (Madison and Madison, 2018). After characters were coded in Mesquite v. 3.40, the 

file was exported in TNT format. Characters were ordered as in Gauthier et al. (2012). 

The main goal of this analysis was to determine if the morphology of a very derived 

squamate still supports its placement within the gymnophtalmid lizards, or if this taxon 

would be lumped together with the so called “fossorial group” identified by Gauthier et 

al. (2012) that includes dibamids, amphisbaenians, and snakes, but excludes limbless 

gekkotans (i.e., pygopods). Due to large variation in morphology within the 
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gymnothalmids, it is worthwhile to determine if there is a conflict in the placement of C. 

leiolepis. The optimality criterion of maximum parsimony was used to provide a measure 

of confidence for the analysis, which was performed in TNT v. 1.5 (Goloboff and 

Catalano, 2016). Phylogenetic analysis used new technology options which includes a 

combination of sectorial search (RSS, CSS, 3 changes in sectors of size below 75, and 10 

changes in sectors of size above 75) and tree fusing (3 rounds, swap after exchanging, 

start from best tree, and use fusing to multiply optimal trees). The outgroup taxa used in 

my analysis was Sphenodon punctatus. After the search was completed, a strict consensus 

tree was calculated and Relative Bremer, Bremer, and Bootstrap support were used as 

measures of node support. Common synapomorphies for each node were indicated for 

relevant nodes.  
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Figure 1. Whole specimen of Calyptommatus leiolepis (MZUSP 71139).  
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Figure 2. Lateral, dorsal, and ventral views of four preparations of Calyptommatus 
leiolepis specimens: whole body dissection (MZUSP 71147), dried skeleton (MZUSP 
71367), cleared and stained (MZUSP 71156), and HRCT segmentation (MZUSP 71156). 
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Figure 3. Illustration of the cranium of Calyptommatus leiolepis in dorsal (A), lateral (B), 
and ventral (C) views; and the left jaw in lateral (D) and medial (E) views. Dashed lines 
represent the overlapping of bone, white/light grey color is bone, and blue color is 
cartilage. 
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CHAPTER II 

Results 

The skull of Calyptommatus leiolepis is small (MZUSP 71156 ~ 6.8 mm in 

length), longer than wide, with a snout that is rounded and depressed (Figures 3A–C). 

The skull is somewhat oblong, caused by a cartilaginous rim that is attached to the 

premaxilla, maxilla and jugal (Figures 4 and 5). This creates a lateral and flattened 

extension of the snout with a lip that produces the impression of an overbite (Figure 4). 

The anterorbital snout is shortened, and the external nares open laterally. These openings 

bear external cartilaginous nasal flaps similar to car fenders that are upward and forward 

external projections of the nasal cavity that seemingly help to prevent loose soil from 

entering the nasal passages (Figure 5).  

The eye socket is small and complete posteriorly and is surrounded by the 

circumorbital bones, prefontal, jugal, postorbitofrontal, and participation of the maxilla 

and frontal bones (Figure 6A). The eye socket, having a diameter that is about 11% of the 

total skull length, opens almost dorsally, giving the impression that the animal is looking 

upward. The frontoparietal suture is located about midway along the length of the skull 

length (Figure 6B). This species, as in many other gymnophtalmids, has reduced kinesis 

in the palate and the mesokinetic plane because the development of the paired tabs forms 

an interlocking frontoparietal suture (Arnold, 1998; Bell et al., 2003; Evans, 2008) 

(Figure 6B, C). In C. leiolepis there is an additional posteromedial process of the frontal 

that invades the interparietal suture (Figures 6B; 8R, 8S). The basicranium is 

proportionally large as in miniaturized lizards, especially in the area occupied by the otic 
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capsules (Rieppel, 1984a) as well as the posterior portion being globular and not covered 

by the parietals (Figure 6A–C).  

 The skull appears wedge-shaped and compact in lateral view (Figure 6A). 

Posterior to the postorbital bar, there is a wide infratemporal opening and a much smaller 

supratemporal fenestra, but neither is reduced or closed as is common in miniaturized 

specimens (M. C. Vallejo personal communication).  

 In ventral view, an oval and elongated premaxilla-vomer fenestra is visible 

(Figure 6C). The tooth arcade develops a well-defined gap or diastema, which is formed 

by a short portion of the premaxilla (approximately one tooth locus of space) and an 

anterior toothless portion of the maxilla (Figure 6C). The formation of this diastema is 

possibly due to the extensive suture overlap between the premaxilla and maxilla. There is 

also a circular premaxillary-maxillary aperture between these two bones (Figure 6C). The 

fenestra vomeronasalis is very small and notably shifted medially as consequence of the 

greater development of the maxillary palatal shelf, this fenestra is almost separated from 

the fenestra exochoanalis, which is almost closed, but the vomer and maxilla fail to abut 

or overlap; therefore, this species stills presents the paleochoanate condition (Lakjer, 

1927; Rieppel et al., 2008). The palate is duplicated, with a very deep choanal groove 

along the palatine and that forms a secondary palate partially covered by bone and 

cartilage. The suborbital fenestra is very small (almost closed) and irregular in shape 

(Figure 6C). The interpterygoid vacuity is also greatly reduced by the anterior extension 

of the parasphenoid and the closeness of the palatines: this space is almost limited to a 

narrow slit occupied by the cartilaginous cultriformis process. The posterior process of 

the pterygoid also develops medial plates that form a floor for the recesus vena jugularis. 
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The pterygoid is very rigid, indicating the reduced mobility of the palate, although the 

joint with the basipterygoid processes is still cartilaginous. This indicates the presence of 

a synovial joint with the braincase.  

Individual bone descriptions 

The Mandible 

The mandible is comprised of five bone elements: the dentary, coronoid, splenial, 

angular, surangular, and compound bones (Figure 7C–F). Overall, the posterior portion of 

the jaw exhibits signs of fusion that obscure the distinct suture lines for individual bones. 

The dentary extends posteriorly, coming in contact with the angular ventrally via 

the superior and inferior processes (Figure 7C, D, F). The superior process extends to 

about the posterior edge of the coronoid while the inferior process stops at the anterior 

portion of the external mandibular fenestra (Figure 7C, F). This bone is concave, curving 

medially, containing three mental foramina within the anterior one-third of the lateral 

surface (Figure 7C). Each dentary contains approximately 10 pleurodont teeth that are 

well spaced and recurved with somewhat expanded bases (Figure 7C, D, F). The 

dentition resembles that of certain groups of Amphisbaenidae, Pygopodidae, Anguidae, 

Helodermatidae, and Varanidae that contain recurved teeth that come to sharp terminal 

points (Hoffstetter and Gasc, 1969).  

The splenial contains two foramina that are visible on the medial surface, the 

alveolar foramen and anterior mylohyoid foramen (Figure 7F). These foramina are found 

ventral to the anteromedial process of the coronoid (Figure 7F).  

The angular is small and in a posterior position within the jaw, making contact 

with the compound bone posteriorly, splenial anteriorly, and surangular dorsally. The 
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posterior mylohyoid foramen is positioned anteroventrally, almost making contact with 

the surangular posteromedially (Figure 7E–F). On the lateral face of the surangular the 

large surangular foramen comes in contact with the coronoid ventrally, below with the 

posteromedial process, and is in close contact posteriorly with the posterodorsal process 

of the dentary (Figure 7C). The compound bone (prearticular-articular bone) extends 

posteriorly from the coronoid and dentary (Figure 7C–F). Between the retroarticular 

process and posterior part of the surangular is a concave fossa where the quadrate 

articulates (Figure 7D). The articulation occurs in between the lateral and medial 

condyles of the quadrate. 

Premaxilla  

The nasal process of the premaxilla contacts the nasals laterally, the frontal 

posterodorsally, and the vomer posteroventrally (Figures 6B, 7A). This bone is wide and 

long, presents a complex shape, and is the most prominent element of the snout (Figure 

8A–E). It forms the dorsolateral border of the naris, roofing the most part of the nasal 

cavity and the septomaxilla. This bone bears nine teeth that are attached towards the 

posterior edge of the palatal shelf (Figures 6C; 8 B, E). As consequence of not being 

attached to the margin of the tooth arcade, the tooth implantation is pleurodont, but the 

medial wall of the premaxillary parapet is very low, and it renders a view that makes 

tooth implantation almost acrodont. The premaxilla contacts the maxillary lappets, and 

the anterior processes of the vomer separates the maxillae, and contacts briefly the 

premaxilla. The premaxilla palatal shelf is indented and forms the anterior margin of the 

premaxillary-vomer fenestra (Figure 6C). Nested within the lateral process of the 

premaxilla is a notch into which the anterior process of the maxilla inserts (Figure 8A–E).  
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Maxilla  

This bone has a tall facial process with a steep incline behind the nares (Figure 

8F–J). This process is concave posteriorly, forming part of the margin of the eye socket 

(Figure 6A). The facial process is located on the posterior portion of the bone and is 

pierced by two to three large vascular foramina through which presumably the terminal 

branches of the maxillary artery and the maxillary branch of cranial nerve V exit to the 

nasal capsule (Figures 6A, 8F) (Oelrich, 1956; Evans, 2008). This bone together with the 

frontal entirely overlap the prefrontal; therefore, it is not visible dorsally (Figure 6 A–B). 

The palatal shelf is very broad and almost rectangular in shape (Figure 8J). It bears six 

pleurodont teeth, the same number as in C. nicterus (Figures 6C, 8J) (Roscito and 

Rodrigues, 2010). Some of the maxillary teeth are almost twice the size of premaxillary 

teeth (Figure 6C). The palatal shelf forms the posterior margin of the premaxilla-maxilla 

aperture, participates briefly in the premaxillary-vomer fenestra, forms the anterior 

margin of the fenestra vomeronasalis, the lateral margin of the fenestra exochoanalis, and 

the anterior margin the suborbital fenestra (Figure 6C). Specifically, the anteromedial and 

anterior process aid in the creation of the posterior margin of the premaxilla-maxilla 

aperture (Figures 6C, 8I–J). In addition, the posteromedial and posterior process of the 

maxillary shelf come in contact with the palatine and ectopterygoid, respectively (Figures 

6C, 8I–J). The osseous naris edge is concave, abutting against the nasal and aiding in the 

formation of the posterior edge of the naris (Figures 6A–B, 8F–J).  

Nasal 

This bone is very membranous and subtriangular in shape, with a concave anterior 

margin and a blunt posterior margin (Figures 6A–B, 8G–H). It forms the dorsal wall of 
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the nasal capsule. This bone has extensive, slightly overlapping contact with the 

premaxilla (medially) via the premaxilla facet, and the maxilla (laterally) via the maxilla 

facet (Figures 6B, 8G–H). It also overlaps the anterolateral process of the frontal bone 

and a small part of the prefrontal. The nasal bones bear from 1 to 3 vascular foramina, 

which in some specimens may be asymmetrical. The osseous naris edge aids in the 

posterodorsal margin of the external nares (Figures 6A, 8G–H).  

Prefrontal 

In C. leiolepis, this bone is almost completely concealed by the facial processes of 

the maxilla and the jugal (Figure 6A–B). This bone has a dorsal process that extends 

posteriorly beneath the frontal bone: it forms most of the inner anterodorsal wall of the 

orbit while the anterodorsal orbital rim is formed mostly by the maxilla and the frontal 

(Figures 6A–B, 8K–N). The prefrontal contacts the nasal ventrally but in lateral view the 

terminus of the facial process of the maxilla separates the prefrontal from the nasal 

(Figure 6A). In C. nicterus (Roscito and Rodrigues, 2010) the prefrontal is not visible in 

dorsal view, while in C. leiolepis this bone is slightly visible (Figure 6B).  

Postorbitofrontal 

The only element on the posterodorsal border of the orbit in Calyptommatus is 

formed by the fusion of the postfrontal and the postorbital (Figures 6A–B, 8O–P) 

(Roscito and Rodrigues, 2010). The squamosal makes contact with this bone on the 

dorsal edge via the squamosal facet (Figures 6A–B, 8O–P). Some specimens present a 

small foramen in this bone, which supports observations by Roscito and Rodrigues 

(2010) and the argument that the postfrontal and postorbital are fused in pygopodids 

(Rieppel, 1984b). This bone is wide and tapers posteriorly where it contacts the 
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squamosal to form the upper temporal bar. This bone forms the posterodorsal portion of 

the orbit (with the aid of the anterior process, lateroventral process, and the ridge that 

connects the two) and clasps the frontoparietal suture (Figures 6A, 8O–P).  

Jugal 

The jugal bone is curved and has a triradiate shape as in C. nicterus, which 

appears to be a synapomorphy of the genus. It is formed by a dorsal postorbitofrontal 

process that contribute to the postorbital bar, an anterior maxillary process, and a 

posterolateral process (Figures 6A–C, 8Q). The posterolateral process is expanded 

posteriorly and in some specimens may present digit-like posterior projections and some 

sculpturing (Figures 6A, 7Q). The posterolateral process has a dual function, serving for 

the anterior attachment site of the cartilaginous rim to the snout, and posteriorly for the 

ligamentous rictal plate that links the jugal with the anterior margin of the quadrate 

(Figure 5).  

Frontal 

This bone is crown shaped, having an anterior end that is half the width of the 

posterior end. Calyptommatus does not present the inter-orbital constriction seen in other 

gymnophatalmid genera, but it resembles other fossorial forms where the frontal tends to 

have parallel margins. In C. leiolepis there is a posteromedial process that invades and 

separates the parietals anteriorly (Figures 3A, 6B, 8R–S): this process is not present in C. 

nicterus, which presents a straight medial margin. This bone also exhibits parietal tabs in 

the posterior region that aid in forming a robust support structure (Figures 6B, 8R–S). 

The frontal participates in forming the orbitonasal fenestra along with the palatine and the 

prefrontal. It also contains laminar descending processes (crista cranii) that contact the 
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orbitonasals anteriorly and laterally protect the olfactory tracts without joining ventrally 

(Figure 8R–S).  

Parietal 

This bone in C. leiolepis remains unfused in the anterior portion, the position of 

the parietal fontanelle: in C. nicterus it is completely fused. Another difference among 

these species is the major development of a medial constriction in C. leiolepis, which 

leaves the prootic portion of the braincase exposed in dorsal view. The postparietal 

process is more rounded than in C. nicterus (Figures 6B, 9A–C). The significant 

development of a decensus parietalis process in the genus Calyptommatus contributes to 

the anterolateral closure of the braincase with the epipterygoid and orbitosphenoids 

(Figures 6A, 9B–C). This laminar process has a nearly rectangular shape with more or 

less straight ventral margin, and remains separated from the pterygoid, epipterygoid and 

orbitosphenoids (Figure 6A). The frontal overlaps this bone on the frontal facet, located 

on the anterior end of the parietal dorsal to the decensus parietalis process (Figure 9A–B).  

Supratemporal 

This is a small splint of bone inserted between the postparietal process of the 

parietal and the squamosal (Figures 6A, 9D). In C. leiolepis it is in contact with the either 

the cephalic condyle of the quadrate or the paroccipital process of the otooccipital 

posteriorly as in C. nicterus, where this bone seems to be more vertically oriented. This 

orientation positions the dorsal process in between the parietal and the start of the 

squamosal shaft (Figures 6A, 9D). 
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Epipterygoid 

This is a columnar bone that lies between the prootic and the decensus parietalis 

process of the parietal (Figure 6A). It contributes to the closure of the braincase laterally 

and is inserted in the fossa columella of the pterygoid. The bone is compressed and 

resembles a knife (Figures 6A, 9E).  

Squamosal 

The bone has the typical hockey stick shape of lizards (Figures 6A, 9F–G) 

(Robinson, 1967; Rieppel, 1994). The shaft is curved and has a long overlapping suture 

with the postorbitofrontal (Figure 6A). It defines the lateral margin of the supratemporal 

fenestra (Figure 6A). The posterior process is lateroventrally expanded and contacts the 

dorsal surface of the quadrate (Figure 6A).  

Vomer 

This bone is elongated in C. leiolepis and is not entirely fused in adults. The 

paired vomers remain separated anteriorly and posteriorly, in the former producing a 

posterior expansion for the premaxilla-vomer fenestra and the later an anterior expansion 

of the interpterygoid vacuity (Figures 6C, 9H–I). The vomer also forms the posteromedial 

margin of the fenestra vomeronasalis, the medial margin of the fenestra exochoanalis, and 

participates in the choana. The anterior processes of the vomer are continued 

posterolateraly into two conspicuous ventral crests (Figure 9I). In dorsal view, the 

anterior process show two short anterolateral processes, which together with two 

transverse ridges define the area occupied by the vomeronasal organ (Figure 9H). In 

ventral view, the vomer is overlapped by the palatine on the posteriorly located palatine 

process (Figure 6C).  
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Palatine 

This bone is nearly rectangular in shape and overlaps the posteromedial portion of 

vomer and a large triangular area that correspond to the posteromedial flange of the 

maxilla (Figure 6C). Posteriorly this bone is overlapped by the pterygoid, and slightly by 

the ectopterygoid (Figure 6C). The palatine is extremely furrowed, forming a duplicated 

palate that is partially covered by a cartilaginous sheet that forms an incomplete 

secondary palate. In the HRCT model, the palatine bone was rendered in combination 

with the pterygoid and ectopterygoid because the resolution of the scan did not allow 

these bones to be separated; however, in the cleared and stained specimen, it was evident 

that they are not fused but clumped together (Figures 6C, 9J–L). The palatine forms the 

posteromedial border of the suborbital fenestra (Figure 6C). 

Ectopterygoid 

This bone is triangular shaped, flattened, and broad (Figure 9J–L). It does not 

contact the maxilla anteriorly, but has extensive contact with the maxilla medially and 

with the pterygoid posteriorly (Figure 9J–L). In Calyptommatus this bone becomes 

enlarged, and as a consequence the suborbital fenestra becomes extremely reduced 

(Figure 6C) (Roscito and Rodrigues, 2010). This bone forms the posterolateral border of 

the suborbital fenestra (Figure 6C).  

Pterygoid 

This is the longest bone of the cranium. In C. leiolepis it is excluded from the 

suborbital fenestra by the extensive contact between the palatine and the ectopterygoid 

(Figures 6C, 9J–L). The bone bears on its dorsal surface the fossa columella where the 

epipterygid inserts (Figure 9J). The pterygoid participates in the synovial joint with the 
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braincase. Posterior to this articulation, the bone develops two inward blade-like 

structures that cover ventrally the lateral margins of the braincase (Figure 6C). Contrary 

to C. nicterus (Roscito and Rodrigues, 2010), in C. leiolepis the pterygoid has two 

discrete anterior processes, a pointed lateral process that bounds the ectopterygoid 

posteriorly, and a broad and nearly transverse medial process (with a minimal projection) 

that contacts extensively the palatine (Figures 6C, 9J–L). In the posterior region of the 

pterygoid a laterally pointed quadrate process with a quadrate facet that abuts the 

quadrate for articulation with the jaw (Figure 6C).  

Quadrate 

This bone is suspended from the squamosal, supratemporal and the paroccipital 

process (Figure 6A–C). The mandibular articulation is bicondylar: the lateral condyle is 

slightly larger than the medial one (Figure9 M–P). The anterior, lateral, and medial 

surfaces of the quadrate are convex and the posteroventral is slightly concave (Figure 

9M–P). The posterior concavity defines a reduced middle ear space which is mostly filled 

by the columella auris and some small ossifications. Between the posterior crest and 

central pillar there is a large cavity that extends within the body of the quadrate (Figure 

9M, P). On the ventral region, dorsal to the medial condyle, there is a pterygoid facet in 

which the pterygoid abuts for mandibular articulation (Figure 9M, P). 

Otostapes 

This bone is highly modified having a rivet shape, consisting of a broad footplate 

joined by a very short and subtriangular shaft (Figure 10C). The footplate fits tightly into 

the fenestra ovalis (Figures 6A, 10C). Its shaft is very short and is expanded laterally 
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from where a thin and wing-like extrastapes originates (Figures 6A, 9Q–S, 10B–C). 

These two structures combine to form the columella auris.  

Sclerotic Ring 

The ossicles within this ring structure of the orbit are reduced and completely 

fused creating a cone-like appearance (Figures 6A–B and 9T–U). Additionally, the 

sclerotic ring is narrow and steeply angled, as if pointing laterally out of the orbit (Figure 

6A–B). This morphology mirrors all other squamate groups that are also fossorial and 

have not completely lost the development of the sclerotic ring (Atkins and Franz-

Odendaal, 2016). 

Neurocranium 

In C. leiolepis the sutures are easy to identify. Compared to C. nicterus this 

species has a more globular braincase. In general, these two species present similar 

suturing in the braincase. The main difference in suturing between the two species is the 

presence of a large parietal fontanelle (Figures 6B, 7A, 9A–B).  

Orbitosphenoid 

The paired orbitosphenoids are small and slender bones that are anteriorly placed 

in the braincase, just in front of the decensus parietalis process of the parietal. These two 

bones are articulated medially in front of the braincase.  

Prootic 

The crista alaris is absent and this creates a rectangular outline when viewed 

laterally (Figure 10C). This anterior part of the basicranium contacts only the 

epipterygoid, which lies between the braincase and the decensus parietalis process 

(Figure 6A). Anterior to the prootic, there is a downward projecting process that includes 
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the incisura protica. In Calyptommatus the incisura prootica is entirely closed and pierces 

the prootic, so instead of being a notch it is a foramen (Figure 10C–F). The same foramen 

is developed convergently in nearly all gekkotans, and in that group is called the foramen 

prootico (Daza et al., 2013). Additionally, the incisura prootica is the course for the 

trigeminal nerve (cranial nerve V). Roscito and Rodrigues (2010) describe the presence 

of a crista prootica, but they did not specify in which three burrowing taxa it was present. 

In Calyptommatus the crista prootica is poorly developed, and below it, there is a limited 

space for the recesus vena jugularis, which is partially covered by a medial laminar 

projection of the pterygoid (Figure 10A–D). The facial foramen opens laterally, posterior 

to the foramen prootico, and just anterior to the fenestra ovalis (Figure 10C). The prootic 

forms the anterior half of the fenestra ovalis (Figure 10A–F).  

Otooccipital 

This bone forms the posterolateral side of the cranium (Figures 6A, C; 10A–F). It 

forms the posterior half of the fenestra ovalis, and the anterodorsally oriented fenestra 

rotunda (which is oval instead of rounded) (Figure 6A, C). The fenestra rotunda in lizards 

is also termed the lateral opening of the recessus scalae tympani (LARST; Rieppel, 

1985). The LARST in Calyptommatus is located posterior to the fenestra rotunda, this 

seems to be shared also with Scriptosaura, while in other squamates LARST is usually 

located below the fenestra rotunda (Figures 6A, 10C, D).  

The fenestra ovalis and the LARST are separated by the crista interfenestralis, 

which narrows ventrally and expands dorsally toward the paroccipital process (Figure 

10C). The paroccipital process is very reduced and located dorsally from the otostapes 

(Figure 10C). The crista tuberalis is very faint, and originates posteriorly, curving around 
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the posterior border of the fenestra rotunda (Figure 10C). The crista tuberalis projects 

ventrally towards the ventrally directed sphenoccipital tubercle where it is capped by a 

distinct ossification, the basicranial sesamoid (Figures 10B–F, 11) (Montero et al., 2017). 

Posterior to the crista tuberalis there is a well-defined vagus foramen, which marks the 

division between the two elements that compose the otooccipital, the opisthotic and 

exoccipital (Figure 10C) (Bever et al., 2005). Below the vagus foramen are two 

hypoglossal nerve foramina (Figures 6A; 10B, C, F). In C. nicterus and other 

gymnophalmids, two (Bell et al., 2003; Guerra and Montero, 2009; Roscito and 

Rodrigues, 2010) or three (Tarazona et al., 2008) small foramina have been described. 

The otooccipital forms the lateral margin for the foramen magnum and they participate in 

the formation of the prominent occipital condyle (Figures 3A–C; 6A–C; 7B; 10A–D, F).  

Supraoccipital 

This bone forms the dorsal margin of the foramen magnum, and its posterior 

margin is rounded (Figures 3A–B; 6A–B; 7B; 10A, C, E, F). This bone is completely 

roofed by the parietal in C. leiolepis, and as consequence, the posttemporal fenestrae 

disappears; the lack of these fenestrae is a difference with C. nicterus where two slender 

openings are persistent (Figures 6B, 7B). Similarly, the process ascendens tectum 

synoticum in C. leiolepis is not developed; therefore, the parietal and the supraoccipital 

developed a wide suture contact (Figures 3A, 6B).  

Parabasisphenoid 

This bone presents medially an elongated parasphenoid rostrum, from where the 

cartilaginous cultriformis process originates (Figures 3C, 6C, 10A–E). The cultriformis 

process is a long rod that extend up to the level of the vomer (Figure 11). The 



24 

 

parasphenoid rostrum extends farther anteriorly than the basipterygoid process (Figures 

3C, 6C). The basipterygoid processes are covered by cartilaginous pads and form a 

synovial joint with the medial flange of the pterygoid (Figure 11). The basisphenoid is 

pierced by the abducens canal and the Vidian/carotid canals (Oelrich, 1956; Conrad, 

2004; Bever et al., 2005). In ventral view the posterior opening of the Vidian canal is 

visible near the base of the basipterygoid process.  

Basioccipital 

This bone forms the majority of the occipital condyle (Figures 3C; 6C; 7B; 10B, 

F). The occipital condyle protrudes posteriorly, which is a character for miniaturized 

species (Figures 3C; 6C; 7B; 10B, 10F; Vallejo, personal communication). The occipital 

condyle is nearly rhomboid and convex ventrally. In the specimens of C. leiolepis we did 

not find any contribution to the border of the LARST, but it forms the projection of the 

sphenoccipital tubercles (Figures 10B–F, 11).  

Hyoid apparatus 

The apparatus consists of a five ossified/bone elements (three paired and one 

unpaired) and two cartilaginous elements: basihyal, hyoid cornu, glossohyal, 1st 

ceratobranchial, epihyal, 2nd epibranchial, and 2nd ceratobranchial (Figure 12A–B). The 

basihyal is shaped like a shark tooth with the apical process pointing toward the 

mandibular symphysis and the two basal processes extending postero-laterally (Figure 

12A–B). Extending antero-laterally from the lateral position of the basal processes of the 

basihyal is the hyoid cornu (Figure 12A–B). This structure extends towards the inferior 

process of the dentary. The glossohyal is positioned medially and is angled at about 45o 

toward the vomer (Figure 12A–B). Positioned posteriorly of the basal processes of the 
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basihyal are the ceratobranchials, of which it articulates. This ossified element extends 

postero-laterally as well as angles dorsally pointing towards the atlas (Figure 12A–B). 

Posterior to the basihyal there are straight filamentous projections that follow the trachea 

posteriorly, extending beyond the 1st ceratobranchial (Figure 12B). Attached to the 1st 

ceratobranchial on the posterolateral end is a small cartilaginous element, the 1st 

epibranchial (Figure 12B).  

Pectoral girdle 

 The pectoral girdle consists of a clavicle, interclavicle, suprascapular, 

scapulocoracoid, sternum, xiphisternum, and parasternum (Figures 13A–B, 14). The 

clavicle is thin and narrow, located anteriorly from the scapulocoracoid and interclavicle 

(Figure 13A–B). The clavicle contacts the suprascapula dorsolaterally and interclavicle 

posteriorly (Figure 13A–B). The interclavicle is positioned anteriorly from the sternum 

following the contour of the two anteromedial sternal processes (Figure 13A–B). Overall, 

the pectoral girdle is similar in morphology to that of C. nicterus, but is distinct in that it 

contain a larger (~4x) central foramen within the sternum, a sternum that extends further 

posteriorly, and a more narrow suprascapular (Roscito and Rodrigues 2012). To increase 

rigidity to the pectoral region, Calyptommatus leiolepis has developed a consolidation of 

the rib cage via the parasternum, which consists of a series of ventral bony ribs that 

overlap the adjacent structures in the same way that it does in birds (Figure 14). The 

presence of parasternal ribs has also been reported in other gymnophthalmids (e.g., 

Bachia intermedia, C. nicterus, Nothobachia ablephara, and Scriptosaura catimbau) and 

seems to be a synapomorphic trait for some groups within the Gymnophthalmidae 

(Camp, 1923; Roscito and Rodrigues 2013). 
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Pelvic girdle and limbs 

 The pelvic girdle contains a long hypoischium (~2mm) that extends 

posteromedially from the pubic tubercle (Figure 13C). On the posterolateral edge of the 

girdle between the ischium and pubis is a small obturator foramen (Figure 13C–D). 

Lateral to the obturator foramen is a small lateral pectineal process that contours the 

femoral condyle (Figure 13D). On the posteromedial edge of the ischium lies a poorly 

developed ischial tuberosity that is directed posterolaterally (Figure 13D). There is a 

dorsally directed epiphyseal tuberosity extending from the ilium (Figure 13E). The pelvic 

girdle exhibits no fusion on the medial edges of both the ischium and pubis (Figure 13C–

D). The femur is the same length as the phalange, metatarsal, fibula, and tibia combined 

(~2.75mm) and is directed posterolaterally (Figure 13C–E). The hind limb exhibits only a 

single metatarsal and phalange that are roughly the same length (~0.75mm) (Figure 13C–

E).  

Cervical vertebrae 

 The cervical vertebrae exhibit a concave morphology of the neural arches, which 

are pointed medial at the dorsal tip (Figure 15A–E). In the middle portion of the neural 

arches there is a very small posterodorsal process (Figure 15A–E). Below the 

posterodorsal process, on the anterior side of the atlas, is a small laterally curved 

transverse process that connects to the occipital condyle facet (Figure 15B), which is the 

point of contact between the atlas and braincase for universal movement of the cranium 

(Figure 15B). In dorsal and lateral views, the vertebrae are tapered at the ventral end and 

become wider behind the posterodorsal process (Figure 15D–E). The intercentrum is 
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located on the ventral portion of the vertebrae and exhibit very small contact with both 

arches, medially from the transverse processes (Figure 15A–C).  

 The axis is tall, containing two prominent blade-like processes on the dorsal and 

ventral surfaces (Figure 15F). The dorsal neural spine is angled posteriorly with a slight 

anterior overhang (Figure 15F). Below the neural spine there is a small projection of the 

postzygopophysis that comes in contact with the succeeding vertebra’s prezygopophysis 

(Figure 15F). The transverse process is directed posterolaterally and extends past the 

body of the vertebra (Figure 15G). There is a large anteriorly projected odontoid process 

that makes contact with the odontoid process facet of the atlas (Figure 15A). The 

odontoid process is wide at the base and tapers to a small anterior process (Figure 15F–

G). 

Thoracolumbar vertebrae and ribs 

 Each of the trunk vertebrae are procoelous, and contain a dorsal neural spine, 

anterodorsally directed prezygopophyses, posteroventrally directed postzygopophyses, 

and lateral synapophyses with which the tubercles of the ribs make contact with the 

vertebra (Figure 15H–M). The presacral vertebral series varies in neural spine length and 

direction, length of the centrum, and thickness of the hypapophysis (Figure 15H–M). The 

anterior presacral vertebrae, located in the thoracic region above the sternum, are short in 

centrum length (~1.2mm) and stout (Figure 15H). In lateral view, the neural spine is tall 

and directed slightly posteriorly (Figure 15H). On the ventral side of a presacral vertebra 

the hypapophysis is thin and directed ventrally slightly passed the synapophysis (Figure 

15H–I). The next posteriorly located presacral vertebra has a more blunt neural spine that 

is directed further posteriorly as well as a more rounded hypapophysis that does not 
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project ventrally passed the synapophysis (Figure 15J). The next vertebra exhibits the 

same process of blunting of the hyapophysis and neural spine with an even more 

posteriorly angled neural spine (Figure 15L–M). 

 The ribs contact the vertebrae at the synapophyses and are present in all presacral 

vertebrae except for the first three cervical vertebrae (Figure 17). From anterior to 

posterior, the ribs extend laterally from the vertebral column and reach a maximum width 

at about the midpoint of the column and then constrict towards the sacrum (Figure 17). 

Sacrum 

 This bone is formed by the fusion of  two sacral vertebra, these to vertebra define 

two sacral foramina, one between each of the connections of the transverse process for 

each sacral vertebrae (Figure 16A–B). Both sacral foramina are located medially within 

the vertebra ~0.5mm from the midline (Figure 16A). This bone also contains two neural 

spines, the anterior one is shorter in length compared to the posterior one (Figure 16A–

B), which is almost twice as long as the anterior one.  

 In fully limbed, tetrapod forms, squamates the sacrum is separated into two 

distinct vertebrae (Hoffstetter and Gasc, 1969). Deviation from this morphology is 

common with the incorporation of a vertebra anterior or posterior to the two original 

sacral vertebrae (Hoffstetter and Gasc, 1969). Within groups of fossorial and limb-

reduced squamates, the sacral vertebrae became fused at their neural spine, centra, and 

distal ends of their transverse processes (Hoffstetter and Gasc, 1969). The fusion of these 

two vertebra are not complete, thus leaving a small foramina (sacral foramen) clearly 

visible on the ventral side (Figure 16A). This simplification of sacral morphology within 
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Calyptommatus leiolepis can be seen in other groups such as Bachia, Ophiodes, and 

others (Hoffstetter and Gasc, 1969; Camp 1923).  

Caudal vertebrae 

 The caudal vertebrae have an elongated morphology (Figure 15N). The caudal 

vertebrae contain a more extended neural spine than in the sacral and presacral vertebrae 

(Figure 15F–O). On the dorsal tip of the neural spine there is a slight anteriorly 

positioned notch (Figure 15N). Due to the elongated nature of the caudal vertebrae, the 

intervertebral foramen is slightly extended to the center of the vertebra, giving it a more 

oval appearance (Figure 15N). The prezygopophysis is also extended anteriorly 0.5mm 

from the intercentrum (Figure 15N). These vertebrae contain two pairs of transverse 

processes that extend laterally on either side, a unique characteristic of only a few 

squamate groups (Ethridge, 1967; Figure 15N–O). On the anterior end of the last caudal 

vertebra there seems to be an autotomic septum located just prior to what would be the 

transverse processes, exhibiting the type 3 location of Ethridge (1967; Figure 15N–O). 

Overall, the caudal vertebrae change drastically in morphology from the first vertebra to 

the last. 

Phylogenetic Analysis 

 A maximum parsimony analysis was carried out with the morphological dataset 

(Gauthier et al, 2012) of 193 taxa including unordered and ordered coded characters for 

Calyptommatus leiolepis. The analysis retained 50 hits and from the analysis and a strict 

consensus tree was formulated. Bremer, relative Bremer, and bootstrap support values 

were calculated from the strict consensus tree. The analysis revealed the position of C. 

leiolepis to be nested within the Gymnophthalmidae clade (Figure 18). For simplicity, 
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major clades are collapsed except for taxa within Scincomorpha (Figure 18). All major 

groups (Scincoidea, Teiidae, Gymnophthalmidae, and Lacertidae) retain placements that 

are supported with the underlying morphological dataset (Gauthier 2012). 

Synapomorphies that support the placement of Calyptommatus leiolepis within 

Gymnophthalmidae and are diagnostic for this taxa include characters: 2) premaxilla 

palatal shelf – (0) not bifid posteriorly; 7) premaxilla body anterior ethmoidal foramina 

exit via – (1) premaxilla notch; 21) nasal descending lamina – (0) absent; 31) nasofrontal 

suture shape – (0) without V-shaped nasal process into frontal midline; 65) postfrontal 

relative to parietal table – (0) ventrolateral; 70) postfrontal broad and flat – (0) not; 81) 

postorbital-ectoptergoid contact – (0) absent; 82) postorbital jugal ramus – (0) extends 

ventral to quadrate head; 84) postorbital contribution to posterior orbital margin – (3) 67-

80%; 95) parietal post-parietal projection near midline – (0) absent; 119) maxilla firmly 

sutured to palatine – (0) present; 133) prefrontal-frontal suture in cross-section – (0) 

prefrontal arcs gently about anterolateral frontal margin along entire anteroposterior 

length; 143) jugal – (0) jugal broadly overlaps level of posterior maxillary tooth row; 

166) supratemporal – (0) present; 169) supratemporal anterior suture with parietal shape 

– (0) supratemporal lies flat against supratemporal process of parietal; 182) quadrate-

pterygoid overlap – (1) short overlap or small lappet; 185) quadrate height to braincase 

depth ratio – (1) 50-59%; 190) stapes – (0) imperforate; 191 stapedial shaft – (1) short 

and thick; 196) septomaxilla – (0) present; 211) vomeronasal organ and mushroom body 

– (0) not fully enclosed by septomaxilla and vomer; 212) vomer fusion – (1) absent; 258) 

pterygoid separation on midline – (2) broad at base but not as narrowly separated 

anteriorly; 308) crista prootica – (0) does not extend onto basipteryoid; 339) basal tubera 
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position – (1) anteromedial with apex at lateral juncture of sphenoid and basioccipital 

andterior and medial to prootic-opisthotic suture; 341) occipital condyle – (0) posterior 

surface of condyle straight in ventral view; 349) hypoglossal (XII) foramina exit - (0) 

hypoglossal foramina separated from vagus; 356) dentary anterodorsal edge of dental 

parapet at tip – (0) straight; 360) dentary subdental shelf/gutter development in anterior 

part of dentary – (2) pronounced subdental gutter; 361) dentary number of mental 

foramina on lateral surface – (3) three; 393) coronoid posteromedial process – (1) present 

; 446) second ceratobranchials – (0) present; 499) clavicle – (0) present; 500) clavicle – 

(0) no notch or fenestration present; 501) clavicle – (0) rod-like; 503) distal clavicle 

articulation – (1) with suprascapula; 517) ischial tubercle – (0) present; 524) pelvic 

elements [ilium, ischium, pubis] – (1) distinct elements weakly united in non-sutural 

contacts; 526) hyperischial foramen – (0) absent; 527) epiphyses on long bones – (1) 

absent; 548) femur – (0) present; 556) fibulo-astragalar joint – (0) occupies less than half 

of distal end of fibula; and 583) mineralized cranial scales hinges – (0) absent. 

Additionally, the synapomorphies that are diagnostic for gymnophthalmids include: 134) 

prefrontal length relative to height – (1) short anteroposteriorly; 167) supratemporal 

shortens – (2) supratemporal very small; 225) vomer posterodorsal margin forms 

expanded hollow flange – (0) absent; 248) palatine choanal process – (0) forms an 

extensive concave surface dorsal to the ductus nasopharyngeus; 337) Vidian canal caudal 

opening – (0) within basisphenoid; 382) angular taller anteriorly closely approaching 

coronoid – (0) absent; 383) angular medial exposure – (2) narrow; and 460) cervical 

vertebrae number increase – (0) six or fewer. 
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Figure 4. Cleared and stained Calyptommatus leiolepis (MZUSP 71156) in dorsal (a), 
ventral (b) and left lateral (c) views emphasizing the broad and flattened snout with a 
cartilaginous rim, external nasal cartilaginous flaps that cover the nasal openings, 
cartilaginous jugal attachments,and the basicranial sesamoids for insertion of the longus 
coli muscle. 
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Figure 5. Cleared and stained Calyptommatus leiolepis (MZUSP 71156) in lateral view 
emphasizing the external nasal cartilaginous flaps that cover the nasal opeinings and 
cartilaginous jugal attachments.  
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Figure 6. The cranium of Calyptommatus leiolepis (MZUSP 71156). Skull in (A) lateral, 
(B) dorsal, and (C) ventral view. 
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Figure 7. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (1 
of 8). Skull in (A) anterior and (B) posterior view, jaw in (C) lateral, (D) dorsal, (E) 
ventral, and (F) medial view. 
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Figure 8. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (2 
of 8). Premaxilla in (A) anterior, (B) posterior, (C) lateral, (D) dorsal, and (E) ventral 
views. Left maxilla in (F) lateral view. Right maxilla in (G) dorsal and (H) ventral views. 
Right nasal in (I) dorsal and (J) ventral view. Left prefrontal in (M) medial, (N) posterior, 
(O) anterior, and (P) lateral views. Right postorbitofrontal in (K) medial and (L) lateral 
views. Right jugal in (Q) lateral view. Frontal in (R) dorsal and (S) ventral views. 



37 

 

Figure 9. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (3 
of 8). Parietal in (A) dorsal, (B) ventral, and (C) lateral views. Right supratemporal in (D) 
dorsal view. Right epipterygoid in (E) medial view. Right squamosal in (F) lateral and 
(G) medial views. Vomer in (H) dorsal and (I) ventral view. Combined palatine, 
ectopterygoid, and pterygoid in (J) dorsal, (K) ventral, and (L) lateral views. Right 
quadrate in (M) medial, (N) lateral, (O) anterior, and (P) lateral views. Otostapes in (Q) 
anterior, (R) lateral, and (S) medial views. Right sclerotic ring in (T) lateral and (U) 
medial views. 
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Figure 10. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (4 
of 8). Basicranium in (A) dorsal, (B) ventral, (C) lateral, (D) medial, (E) anterior, and (F) 
posterior views. 
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Figure 11. Cleared and stained Calyptommatus leiolepis (MZUSP 71156) in ventral view 
emphasizing the basicranial sesamoid and longus coli muscle.  
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Figure 12. Ventral views of the individual bone segmentation (A) and histological 
staining (B) of the hyoid apparatus of Calyptommatus leiolepis (MZUSP 71156) (5 of 8).  
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Figure 13. Individual bone segmentation and histological staining of Calyptommatus 
leiolepis (MZUSP 71156) (6 of 8). Pectoral girdle in (A) ventral and (B) lateral views. 
Bone segmentation of pelvic girdle in (C) dorsal view. Histological staining of pelvic 
girdle in (D) ventral and (E) lateral views. 
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Figure 14. Cleared and stained specimen of Calyptommatus leiolepis (MZUSP 71156) 
emphasizing the parasternum in the pectoral girdle. 
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Figure 15. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (7 
of 8). Atlas in anterior (A), posterior (B), dorsal (C), lateral (D), and ventral (E) views. 
Axis in lateral (F) and ventral (G) views. Trunk vertebra 2 in lateral (H) and ventral (I) 
views. Trunk vertebra 12 in lateral (J) and ventral (K) views. Trunk vertebra 27 in lateral 
(L) and ventral (M) views. Caudal vertebra 3 in lateral (N) and ventral (O) views. 
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Figure 16. Individual bone segmentation of Calyptommatus leiolepis (MZUSP 71156) (8 
of 8). Sacrum in ventral (A) and lateral (B) views. 
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Figure 17. Complete vertebral segmentation and region identification of Calyptommatus 
leiolepis (MZUSP 71156).  
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Figure 18. Maximum parsimony analysis of Squamata with the insertion of 
Calyptommatus leiolepis (MZUSP71156): support values indicated at each node 
Bremmer/relative Bremmer/bootstrap. 
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CHAPTER III 

Discussion 

Calyptommatus leiolepis comprises all characters representative of 

gymnophthalmids: fused frontals, loss of a parietal foramen and frontal lappets covering 

the parietal (Estes et al, 1988; Bell et al, 2003). Although these characters are common to 

gymnophthalmids, there is a large amount of variation within the group. Much of the 

variation within gymnophthalmids is found in the temporal and suborbital fenestrae, 

frontal, parietal, squamosal, palatal elements, presence or absence of lacrimals, 

postfrontals, postorbitals, tooth counts, and morphology of the jaw and braincase (Bell et 

al, 2003). C. leiolepis comprise many specialized characters that separate it from other 

taxa within gymnophthalmids as well as other limb-reduced groups. These characters 

include the head containing a shovel-like snout with a well-developed horizontal keel, 

nasal cartilages that produce a sand-guard to protect the nostrils, reduced eyes covered by 

a brille, lack of forelimbs, extreme reduction of hindlimbs, and imbricated scales among 

others.  

Under closer examination using HRCT scan data, the snout of C. leiolepis is 

narrow, but when the whole specimen is visually examined it appears broad (Figure 2). 

This broadening of the snout is due to the specialized development of a cartilaginous rim 

that boarder the snout. This is a unique character that no other lizard contains and has 

allowed C. leiolepis to increase surface area without having to widen the bone.  

The ocular skeleton of squamates has recently been found to be an important 

diagnostic character for fossorial squamates (Atkins and Franz-Odendaal, 2016). The 

ocular skeleton is comprised of a combination of scleral cartilage and ossicles (Walls, 
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1942). The presence or absence of these elements is variable among vertebrate groups 

and are thought to be influenced by behavior (Atkins and Franz-Odendaal, 2016). Groups 

that have a fossorial lifestyle and are scotopic, contain scleral ossicles that are reduced or 

absent (e.g., amphisbaenians), while those that are non-fossorial and photopic have well 

developed sclerotic rings (Franz-Odendaal, 2008). For C. leiolepis, individual scleral 

ossicles (~14) are present during early stages of development, but these elements become 

fused in the adult (Roscito and Rodrigues, 2012). Given the tendency of these lizards to 

burrow within sandy substrates, it is expected that they would correspond more with 

fossorial and scotopic animals. Loss of the ocular skeleton is a diagnostic character for 

fossorial taxa (Atkins and Franz-Odendaal, 2016), but this tendency has not been 

observed in C. leiolepis or any other sand-swimmer lizards like the African Sandfish 

(e.g., Scincus scincus), which has a similar ocular skeleton to C. leiolepis (i.e., fused 

elements). Additionally, there is a complete external brille covering the eye. This trait is 

found in many groups of squamates including members of the Pygopodidae, Gekkonidae, 

Phyllodactylidae, Scincidae, Sphaerodactylidae, Serpentes, and Gymnophthalmidae 

(Guerra-Fuentes et al., 2014). 

 The suborbital fenestra is almost lost within C. leiolepis. This finding is unusual 

due to the skeletal autapomorphy of having a suborbital fenestra is contained within all 

basal lineages of diapsids (Evans 1988). This character is usually made by the bone-to-

bone contact between the palatine, ectopterygoid, and the maxilla. This characteristic of 

closing of the suborbital fenestra is even further exacerbated by a complete closure of the 

fenestra in C. nicterus (Roscito and Rodrigues, 2010).  
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Another finding includes that of the basicranial sesamoid, which is an ossified 

element that covers the sphenoccipital tubercle of the basicranium (Figure 9). In C. 

leiolepis, the element is large (~1mm) and globular shaped. Many other vertebrate groups 

contain sesamoids but these elements vary dramatically in shape and size depending on 

the taxa’s degree of fossoriality (Montero et al., 2016). Within squamates, basicranial 

sesamoids have been found in many families, fossorial or not (Montero et al., 2016). 

Taxa that are not fossorial may or may not contain this element, but if this element is 

present it is usually reduced in size in n0n-fossorial taxa. C. leiolepis contains a 

proportionally large basicranial sesamoid (~1mm) compared to other non-fossorial taxa 

(Montero et al., 2016). This morphological adaptation towards a larger basicranial 

sesamoid may be attributed to assisting some of the head movement muscles during 

burrowing through the substrate. It has been shown that these basicranial sesamoids are 

anchors of attachment for the long coli muscle (Montero et al., 2016). The function of 

this muscle is for movement of the head in a ventral motion. Thus, a larger basicranial 

sesamoid would increase the surface area for attachment of the longus coli muscle for a 

greater force for burrowing.  

The jugal is another diagnostic character for Calyptommatus, containing a 

triradiated morphology. Upon close examination, the posterolateral process is elongated 

with finger-like projections. This elongation of the posterolateral process of the jugal has 

been found in other squamate groups, being attributed to the redevelopment of the 

posttemporal bar (Mo et al., 2009).  

Postorbitofrontal is a name that has been applied to the unique element on the 

posterodosal portion of the orbit in Calyptommatus, a similar situation occurs in some 
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iguanians, all gekkotans and anguids (Camp, 1923; Conrad, 2008; Daza and Bauer, 

2010). In squamates, usually the bone that participates in the postorbital bar and the upper 

temporal bar is the postorbital, while the postfrontal usually clasps the frontoparietal 

suture (Evans, 2008). Developmental data for gekkotans have shown that in Eublepharis 

macularius the postorbitofrontal corresponds only to the postfrontal, but this 

interpretation is conditioned to an anterior shift of the postorbital to a parafrontal position 

and its successive fusion with the frontal bone (Wise and Russell, 2010). In 

Calyptommatus the postorbitofrontal is indeed formed by the fusion of a well-developed 

postorbital and reduced postfrontal (Roscito and Rodrigues, 2010).  

Although C. leiolepis was described as lacking an external ear, it actually does 

contain a small opening visible in ventral view at the height of the bottom half of the fifth 

infralabial (Rodrigues, 1991). This opening is also seen in lateral view where a small 

tympanic membrane is visible, bounded by the posterior-most upper labials and below 

the second row of temporal scales. This ear opening is half the diameter of the eye. The 

presence of a tympanic membrane and the greater modification of the stapes suggest that 

this animal can perceive low frequency sounds and possible vibrations underground.  

In extremely miniaturized lizards, the size of the foramina is commonly enlarged, 

seemingly the nerves and arteries that pierce them have to keep a minimum size after a 

certain point. For instance, the size of the maxillary foramina in Calyptommatus are huge 

compared with larger forms (e.g., Neusticurus ecpleopus; Bell et al., 2003).  

Inherently, squamates encompass a very large diversity of body forms that range 

from fully tetrapod to the elongated limbless forms seen in snakes (Bradley et al., 2008; 

Vitt and Caldwell, 2008). This transition from having four fully-developed limbs to a 
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limbless form has been attributed to the modification of vertebral number as well as 

pectoral and pelvic girdle adaptations (Roscito and Rodrigues, 2013). Taxa that comprise 

a snake-like body form includes not just burrowing taxa, but surface and grass dwellers 

as well (Camp, 1923). The shift toward elongation of the trunk region is thought to have 

occurred due to the advantageous nature of undulatory locomotion, where movement 

through dense substrate would be hindered by fully developed limbs (Gans, 1974).  

 The pectoral and pelvic girdle is directly affected by the shift to a snake-like body 

form and comprises two patterns of reduction. The girdles can exhibit a greater reduction 

in the forelimb than the hind limb or have a greater reduction in the hind limb compared 

to the forelimb (Roscito and Rodrigues, 2013). For example, pygopodids contain taxa 

that are range from terrestrial and fossorial with varying degrees of girdle development 

(Greer, 1989). Terrestrial taxa contain well developed pectoral and pelvic girdles, in 

which the pelvic girdle becomes fused in the adult stage (Stephenson, 1962). Fossorial 

taxa on the other hand, have very reduced pelvic and pectoral girdle development, 

containing unfused pelvic elements (Stephenson, 1962; Greer, 1989). This theme also 

occurs within the families Scincidae and Gymnophthalmidae, where there are groups that 

contain well-developed girdle elements, but those that are fossorial are typically 

elongated with reduced girdle development (Greer, 1970). For C. leiolepis, the pelvic and 

pectoral girdles are very reduced, having unfused puboischiadic halves, reduction in size 

of pelvis (~4mm), and reduction of the prehensile elements in the hindlimb into one 

metatarsal and one phalange. These morphological adaptations are also characteristic in 

other burrowing taxa closely related to this taxon, such as Scriptosaura catimbau and C. 

nicterus (Roscito and Rodrigues, 2013).  
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Ancestral trunk vertebrae number is 25 (Sphenodon punctatus; Bergmann and 

Irschick, 2011). Lizard-like gymnophthalmids and some teiids have 25-26 trunk 

vertebrae, while snake-like species have an increased number of trunk vertebrae. 

Specifically, the vertebral column of C. leiolepis consists of 44 presacral vertebrae 

(Figure 15). Two modes of elongation have been determined: lengthening of the tail or of 

the trunk (Wiens and Slingluf, 2001; Wiens et al., 2006). The increased maneuverability 

of undulatory locomotion through the loose sand habitat in which C. leiolepis travels has 

led to the adaption of lengthening the trunk, but retaining a short/intermediate tail (unlike 

the “short-tailed burrowers”; Figure 1).  

There is a longstanding problem in squamate phylogeny that creates major 

discrepancies in relationships among the major clades (i.e., Gekkota, Iguania, 

Scincomorpha, Anguimorpha, and Ophidia) based on morphology and molecular data 

(Losos et al., 2012). One main criticism to morphological data sets is that due to their 

shared missing appendicular elements, all the limb-reduced groups/body-elongated 

groups are clumped together in a “fossorial group” (Conrad 2008; Gauthier et al. 2012). 

C. leiolepis clearly demonstrates that not all fossorial and semi-fossorial taxa are affected 

and grouped together with limbless forms (other exceptions are pygopods geckos and the 

anguimorph Ophisaurus). C. leiolepis has an unique combination of derived characters 

that are diagnostic for this taxa (e.g., shovel-like snout with a well-developed horizontal 

keel, nasal cartilages, reduced eyes covered by a brille, lack of forelimbs, reduction of 

hind limbs, and imbricated scales), but at the same time this taxon still retains 

synapomorphies of gymnophthalmids. C. leiolepis has also developed adaptations for 

semi-fossorial dwelling, but these adaptations differ considerably with other fossorial 



53 

 

groups. To some extent, C. leiolepis, has reinvented its morphological blueprint to be 

compatible with its semi-fossorial lifestyle. This can be witnessed by comparing the way 

that the braincase becomes closed; in the majority of fossorial squamates groups, the 

parietal and the prootic form the main lateral walls of the braincase—in C. leiolepis, the 

decensus parietalis process of the parietal is hypertrophied, creating a robust structure for 

lateral protection, and fulfilling the protective function of the brain.  

The genus Calyptommatus shows very unique morphological traits that are 

suitable for its sand swimming locomotion. The adaptations of these lizards represent 

well their habitat and behavior. This is a rare situation among squamates, where 

frequently their morphology is very generalized and establishing a relationship between 

ecology and morphology is very difficult. The in-depth study of the morphology of C. 

leiolepis suggests that these animals occupy an undescribed position in the lizard niche 

hypervolume (Pianka et al., 2017). 
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