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ABSTRACT 

LEARNING TO SWIM: AN EXPLORATION OF THE TERRESTRIAL TO AQUATIC 

TRANSITION IN ELAPIDS (SQUAMATA: ELAPIDAE) 

Justin Lawrence Jacobs 

The University of Texas at Arlington, 2021 

Supervising Professor: Eric N. Smith 

Elapidae is an extremely diverse family of venomous snake that have a nearly global 

distribution. To conquer such wide swaths of territory the initially fossorial snakes evolved many 

successful strategies pertaining to reproduction, locomotion, and predation techniques. Here I 

explore the multiple transitions of terrestrial to aquatic life through a high-density 3D geometric 

morphometric methodology conducted upon five large datasets of computed tomography (CT) 

data. This occurs primarily through the comparison of the genus of New World coralsnakes, 

Micrurus, with sea snakes of Hydrophis and Laticauda and is informed by a scale created to 

document and classify the disparate life history of elapids. My dissertation elucidates the 

morphological characters that are associated with an aquatic lifestyle and represent possibly 

undescribed biodiversity found within Elapidae. The CT data created for this dissertation is 

expected to significantly benefit future efforts into morphological analyses of the Elapidae.  
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CHAPTER ONE 

Introduction to Family Elapidae 

INTRODUCTION 

Elapidae is a diverse family of venomous snakes with over 380 currently recognized 

species distributed among 53 genera (Uetz and Etzold 1996). It is suggested that the crown 

elapid diversification occurred 30-38 Mya with an initial distribution in Asia while at present, 

elapids are widely distributed with species naturally occurring on all continents excluding 

Europe and Antarctica (Smart 2016; Lee et al. 2016; Zaher et al. 2019; White 1996). Elapidae is 

either sister to a monophyletic (Pyron et al. 2013), or nested within a paraphyletic (Figueroa et 

al. 2016; Zheng and Wiens 2016; Zaher et al. 2019), Lamprophiidae. 

  Elapids vary in habit—from the pelagic sea snake (Hydrophis platurus) with the broadest 

distribution of any snake from the eastern shores of Africa, across the pacific to the western 

shores of the Americas to the desert dwelling Sonoran coral snake (Micruroides euryxanthus)— 

and in diet, with the former only eating fish and the latter eating snakes and lizards. Cannibalism 

has been reported in numerous species of Micrurus and arboreal mambas (Dendroaspis) 

typically feed on birds and other small mammals. There is a spectrum of aquatic behavior for 

which we have developed the aquatic tendency score (ATS) to help stratify this behavior. 

This behavior is linked directly to the morphological traits of the skull, jaw, and vertebrae 

in Elapids. This morphologically disparate family varies from semi-fossorial Southeast Asian 

coralsnakes (e.g., Sinomicrurus swinhoei) with anteroposteriorly elongated midbody vertebrae 

that nearly lack a neural spine to the pelagic sea snake (Hydrophis platurus) with a large narrow 

neural spine (Supplemental Figures 4.20, 4.92). 
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In this study we use high density 3D geometric morphometrics on 22 bones across five 

datasets that make up the skull and body to explore phylogenetically informed patterns of 

external shape variation and modularity. Focusing on the diverse family of Elapidae, this study 

aims to investigate the multiple within-family aquatic origins to identify morphological 

similarities. 

TAXONOMY 

Historical higher level elapid relationships were reviewed in depth by Nock (2001). At 

the inception the family Elapidae, terrestrial and aquatic proteroglyphs were grouped in separate 

families Elapidae and Hydrophiidae, respectively (Boie 1827). Elapinae and Hydrophiinae were 

erected in Colubridae to delineate terrestrial proteroglyphs from aquatic proteroglyphs by 

Boulenger (1896). Elapidae and Hydrophiidae were elevated to family by Smith (1926), with 

Hydrophiidae containing two subfamilies, Hydrophiinae and Laticaudinae. Marine elapids and 

terrestrial elapids were placed in Elapidae as Hydrophiinae and Elapinae by Dowling (1959). 

This nominal organization was confirmed by McDowell (1970) but the included species in each 

group were no longer based on aquatic affinity. The division was based on the kinesis and shape 

of the palatine. Hydrophiinae, described as palatine draggers, included sea snake,s excluding 

Laticauda and all Australian terrestrial elapids. Elapinae, described as palatine erectors, included 

Laticauda and all other elapids. Smith et al. (1977) extrapolated from McDowell and resurrected 

Hydrophiidae as palatine draggers with two subfamilies: Oxyurinae, terrestrial palatine draggers, 

and Hydrophiinae, true seasnakes. Elapidae was divided into two subfamilies: Bungarinae, 

cobras, and Elapinae, coralsnakes and Laticauda. Slowinski et al. (1997) reverted to Dowling’s 

(1959) nomenclature while acknowledging the work of McDowell (1970) and Smith et al. (1977) 
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by including Australian terrestrial elapids in Hydrophiinae.: At present there are three valid 

subfamilies of Elapidae: paraphyletic Elapinae, which includes coralsnakes, cobras, terrestrial 

kraits, and their kin, Laticaudinae, solely containing Laticauda, and Hydrophiinae, which 

contains true seasnakes and Australian terrestrial elapids (ITIS 2021). In confirming the 

placement of Hemibungarus as within the cobra clade, Castoe et al. (2007) devised a new tribal 

organization for within Elapinae: Calliophini, containing all coralsnakes, and Hemibungarini, 

containing terrestrial kraits, cobras, and all other elapids endemic to Africa. Despite both being 

found to be paraphyletic in recent years (Pyron et al. 2013; Figueroa et al. 2016; Lee et al. 2016; 

Zaher et al. 2019), the terms are still infrequently used (e.g., Smart 2016). 

The organization within Elapidae is largely consistent between five recent large-scale 

phylogenies (Pyron et al. 2013; Figueroa et al. 2016; Lee et al. 2016; Zheng and Wiens 2016; 

Zaher et al. 2019). Concordant with these studies, Elapidae can be split into seven monophyletic 

groups: Calliophis, true coralsnakes (Micrurus, Micruroides, and Sinomicrurus), cobras and their 

kin (Naja, Heamachatus, Aspidelaps, Dendroaspis, Ophiophagus, and Hemibungarus), African 

garter snakes (Elapsoidea), terrestrial kraits (Bungarus), sea kraits (Laticauda), and true sea 

snakes including terrestrial Australian elapids (Hydrophiinae). Australasian elapids 

(Hydrophiinae) have been consistently shown to be monophyletic and are the best supported 

clade within Elapidae (Slowinski et al. 1997; Keogh 1998; Slowinski and Keogh 2000; 

Slowinski and Lawson 2005). Bungarus was found to be paraphyletic by Zaher et al. (2019) with 

Bungarus flaviceps as sister to the American coralsnake clade whereas Pyron et al. (2013), 

Figueroa et al. (2016), Lee et al. (2016), and Zheng and Wiens (2016) all recovered Bungarus as 

monophyletic. Two samples of Aspidelaps, A. lubricus and A. scutatus were only used by 

Figueroa et al. (2016) and Zaher et al. (2019) which were recovered as paraphyletic with the 
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cobra clade and monophyletic, respectively. Lee et al. (2016) was the only to find Calliophis to 

be monophyletic. Pyron et al. (2013) and Zheng and Wiens (2016) included the same two 

species as Lee et al. (2016), C. melanurus and C. bivirgatus, and recovered C. melanurus as 

basal to all other elapids and C. bivirgatus nested within, but basal to, all other coral snakes. 

Figueroa et al. (2016) had increased sampling of Calliophis but did not include C. bivirgatus. 

Calliophis was recovered as paraphyletic with C. sp. being nested within Sinomicrurus. Zaher et 

al. (2019) included C. bivirgatus and four additional species of Calliophis. Calliophis was 

recovered as sister to all other elapids but not monophyletic. C. bivirgatus was more closely 

related to all other elapids rather that the clade formed by the remaining Calliophis. Monophyly 

of Calliophis was recovered with high support with increased sampling focused on Asian 

coralsnakes (Smart 2016). 

PALEOBIOGROGRAPHY AND EVOLUTION OF BASAL ELAPIDS 

Multiple attempts have been made to corroborate genetic evidence with the limited fossil 

evidence in existence. Despite varying methods and scope, the results are broadly congruent, and 

have the crown elapid radiation taking place in the late-Eocene/early-Oligocene (Table 1.1). 

Wüster et al. (2007) is the exception to the agreement with all dates of divergence being 

consistently older than other studies reviewed. 

These time calibrated trees help support the biogeographic hypothesis of an Asian origin 

of Elapidae, which has been provisional due to the lack of resolution at the base of the tree 

(Keogh 1998; Kelly et al. 2009; Smart 2016). A well resolved basal elapid phylogeny is 

presented by Smart (2016) who goes on to describe the roughly seven million yearlong elapid 

dispersal as a series of events from Asia. The divergence of basal elapids (~28 mya; Kelly et al. 
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2009; Smart 2016) corresponds with estimates of the ‘hard’ collision of the Indian plate with the 

Laurasian (20-35 mya; Aitchison et al. 2007; Ali and Aitchison 2008; van Hinsbergen et al. 

2012; van Hinsbergen et al. 2019). The source of ancestral elapids in India was likely Sundaland, 

assuming ancestral elapids inhabited forests like most extant Calliophis (Smart 2016), as both 

areas were megathermal monsoonal forests at the time (Morley 2011). 

The divergence of Australasian elapids (~25 mya, Table 1.1) is in line with the geologic 

record. Tectonic reconstructions provide evidence for the first collision between the Australian 

continent with Southeast Asia occurring between 25 and 20 mya (Sparkman and Hall 2010; Hall 

2011, 2012). This collision is the likely impetus of the dispersal to the Australian continent and 

rapid diversification of Australasian elapids (Tyler 1979; Cogger and Heatwole 1981; Schwaner 

et al. 1985; Dessauer et al. 1987; Cadle 1987, 1988; Smart 2016). This rapid radiation could 

explain the regional dominance of Elapids (Scanlon et al. 2003). 

Environmental changes rather than tectonic events seem to be the cause of diversification 

and dispersal of elapids into the New World. Recent paleoclimate reconstructions based on 

paleobotanical evidence show bands of boreotropical and warm temperate forest stretching from 

the Atlantic coast of Europe to the Pacific coast of Asia and continuing to the northern latitudes 

of the New World from the Oligocene to the late Miocene (Boucot et al. 2013; Meseguer et al. 

2015). There was an expansive arid zone south of the boreotropical band that would have cut off 

this East-West corridor from tropical Southeast Asia if it were not for the seasonal monsoonal 

rains along Asia’s Pacific coast (Crowley 2012). If the most recent common ancestor of 

coralsnakes had the same proclivity for temperate and tropical forests as modern, the presence of 

Micrurus in Western Europe during the Miocene (Rage and Holman 1984, Ivanov 2000) can be 

understood. This supports the long-discussed hypothesis that ancestral coralsnakes invaded the 
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New World by crossing the Bering land Strait (Hoffstetter 1939; Bogert 1943; Darlington 1957; 

Underwood 1967; Cadle and Sarich 1981; Slowinski et al. 2001; Smart 2016). 

Following the elapid invasion of the New World, another clade of elapids dispersed into 

Africa during two periods of connection between Africa and Eurasia (Smart 2016). The first 

occurred during the late early Miocene (20-18 mya), when the Mediterranean was cut off from 

the Indian Ocean for the first time, the African and Arabian plates rotated clockwise and collided 

with the Anatolian plate (Rögl 1999). This collision formed the Gomphotherium landbridge, 

named after the extinct genus of ancestral elephants, which enabled mammal migration between 

Eurasia and Africa (Tassy 1990; Rögl 1998, 1999; Popov et al. 2004; Harzhauser et al. 2007). It 

is thought that during this time stem cobras migrated into Africa (Smart 2016). Briefly during the 

early middle Miocene (Langhian, 16.4-15 mya), the connection between Eurasian and Africa 

was severed only to be reconnected later in the middle Miocene (Serravallian, ~14 mya; Rögl 

1998, 1999; Popov et al. 2004). After the reconnection, derived cobras backdispersed into Asia 

to gain their modern distribution (Smart 2016). It is speculated by Smart (2016) that there was a 

second migration of elapids from Asia into Africa (~16 mya), when the most recent common 

ancestor of Dendroaspis (mambas) diverged from the clade containing Asian lineages, 

Ophiophagus (king cobra) and Hemibungarus (Philippine False Coral Snakes). Due to poor 

resolution and inconsistent tree topologies of these nodes this cannot be stated with much 

certainty (Smart 2016). 

  

TRENDS OF LIFE HISTORY 

  With such a widely distributed family as Elapidae, the behavior and habits are equally 

diverse. From the large arboreal eastern green mamba in Africa (Dendroaspis angusticeps) to the 
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widely distributed yellow-bellied sea snake (Hydrophis platurus) to the diminutive fossorial 

Indian coralsnake (Calliophis melanurus), elapids are broadly represented in terms of 

distribution, lifestyle, and diet. The information in Table 1.2 was compiled to aid in analyses in 

subsequent chapters and summarizes much of what is known about the diet and provides 

references for life history information of a selection of elapids. 

 Determination of habit (e.g., terrestrial, semi-aquatic, arboreal, etc.) for a given species 

proved to be a difficult task due to lack of information on numerous secretive snakes and 

conflicting or vague statements of different authors. Some texts made specific claims to the habit 

of species covered (Valencia et al. 2016) while others made sweeping claims pertaining to an 

entire genus rather than each species (Cogger 2018), and others still made no determination but 

provided information left up to interpretation (Campbell and Lamar 1989). In addition, habit is 

difficult to delineate as there are not clear distinctions between groupings as some straddle the 

line between two categories that the addition of ‘semi-’ to the grouping would still be 

insufficient. Take Micrurus dumerilii for example, by all accounts it is semi-fossorial (Campbell 

and Lamar 1989, 2004; Valencia et al. 2016) but has been documented eating synbranchid eels in 

addition to lizards and caecilians (Schmidt 1932; Herrera-Lopera et al. 2018). 

To overcome this challenge, the terrestrial elevation (arboreal, terrestrial, fossorial) of a 

species was separated from its habits associated with water. We developed a 1-10 scale to 

classify each species by degree of aquatic affinity, dubbed the aquatic tendency score (ATS). The 

ATS takes the form of reproduction, diet, locomotion, general proximity to water and willingness 

to enter water into account. Scores range from Acanthophis, which lacks record of aquatic prey 

or association with aquatic habitats and is scored as a 1, to Micrurus surinamensis, which is 

oviparous, has terrestrial and aquatic prey, and spends much of its life in water, scored as a 7, to 
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Hydrophis platurus, which is ovoviviparous, spends all its life in water, and only takes aquatic 

prey, scored as a 10. Each species in Table 1.2 has been scored according to the scale broken 

down in Table 1.3. As availability of an aquatic habitat varies across the range of a species, some 

populations use aquatic habitats more extensively than other populations as a result (Aubret 

2004). Because of this, the ATS of a given species is subject to change with more study. 

 

 THE SKULL 

Origin of the Skull 

The skull is a ubiquitous feature in extant vertebrates and it developed during the 

Cambrian Explosion (Shu et al. 1999). Over the course of the last 525 million years the skull 

developed through evolutionary stages. The skull was first a cartilaginous complex that 

facilitated feeding, followed by the cartilaginous chondrocranium, and finally the ossified 

dermatocranium (Kardong, 2009; Hirasawa and Kuratani 2015; Kaucka and Adameyko 2017). 

The long period of development has given rise to the plentiful anatomic diversity of skull pattern 

shapes and sizes, including those of reptiles. The path of vertebrate skull evolution begins with 

the development of a new head followed by cartilage and bone and continued toward limb 

growth and terrestriality. Dermal elements were the most plentiful in bony fishes and trends of 

simplification can be seen in all derived extant lineages (Westoll 1938; Herrel et al. 2007; 

Schoch 2014). Diversification from this simplification has yielded hyperdiversity in mammals 

and squamates. 
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Elapids within the Diversity of Reptilia 

  Reptiles are on the other side of the amniote tree, with respect to mammals. This group is 

further broken up into Eureptilia and Parareptilia. Eureptilia are diapsids (dinosaurs, Aves, and 

squamates) classically grouped together, while the Parareptilia include anapsids (previously 

including turtles, now considered diapsids; Hedges 2012). The definitions of these groups have 

stabilized in recent years after much revision with Parareptilia lacking extant taxa and including 

numerous groups like mesosaurs while Eureptilia contains all reptiles and Aves (Meyer 1857; 

Cope 1882; Osborn 1903; Williston 1917; Olson 1947; Romer 1956; Tsuji and Müller 2009). 

The past synonymous use of Parareptilia and Anapsida is erroneous as the current phylogeny 

includes bolosaurids, among others, which have temporal fenestrations (Reisz et al. 2007; Tsuji 

and Müller 2009). Under the current definition, Parareptilia is strongly supported by multiple 

defining characteristics that include the lack of lacrimal-narial contact, a shortened postorbital 

region, and the absence of a subtemporal process on the jugal (Müller and Tsuji 2007; Tsuji and 

Müller 2009). 

Squamates are united by a plethora of characters reviewed in detail by Gauthier et al. 

(1988) but are largely characterized by their cranial kinesis. This kinesis is exemplified by the 

most derived skulls of snakes, the most recent common ancestor of which had a small skull 

adapted for fossoriality (Herrel et al. 2007; da Silva et al. 2018). The reasons for the vast 

majority of differences in snake skulls are due to their fossorial evolution, limblessness, and their 

ability to swallow large prey (Greene 1997; Cundall and Irish 2008). In lizards, the lower jaw is 

the edge of the facial region but in snakes this remains a kinetic and loosely connected collection 

of elements attached to the brain case (Evans 2008; Cundall and Irish 2008). Snakes are 
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characterized by the supraoccipital not forming a border with the foramen magnum and other 

developmental differences (Cundall and Irish 2008). 

 Skull morphology has been shown to be associated with the diet and ecology of the 

snake (xenodontine snakes: Klaczko et al. 2016; aquatic snakes: Segall et al. 2020). Where 

fossorial snake skulls have lateral expansions of the parietal region, a posteriorly extended 

braincase, and a curved, reduced quadrate (da Silva et al. 2018). Aquatic snakes have a narrower 

anterior head region to reduce drag during strikes and a larger posterior region of the head to 

accommodate large prey items, with dorsally positioned nostrils and eyes (Segall et al. 2016) and 

overall converge on more hydrodynamic designs (Moon et al. 2019). Hydrophiine sea snake 

dietary preferences drive morphology, with burrowing eel specialists being of the 

‘microcephalic’ type with a very thin forebody and longer body length than the burrowing goby 

specialists that are short with small heads (Sherratt et al. 2018). Natricine piscivorous snakes 

have longer skulls than frog eating snakes (Vincent et al. 2009; Hampton 2011; Brecko et al. 

2011). Long sharp teeth and an elongated lower jaw are also associated with piscivory (Britt et 

al. 2009). Piscivorous snakes have faster closing jaws, and frog-eating snakes have higher 

closing forces (Hampton 2011) 

Quadrate morphology is extremely plastic regardless of phylogenetic position across the 

Squamata. This diversity is partly correlated with ecology and particularly fossoriality, and much 

of the remainder is likely due to dietary preference (Placi et al. 2020). Quadrate length 

contributes directly to gape size, and the mandible may as well, though it does not contribute to 

expanding the narrowest part of the oral cavity and may just grow along with other parts of the 

skull (Hampton and Moon 2012).  
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The Elapid Skull 

Elapids are diverse in the shape of their heads and that diversity extends to the 

morphology of the skull. There are not many consistent differences between the skulls of the 

Elapidae and related families other than anterior grooved maxillary fangs (McDowell 1968; 

McCarthy 1985). 

The snout of elapids varies greatly but in most, the nasals have contact with the frontals. 

This contact typically is between a narrow posterior projection from the nasals to the 

anteroventral surface of the frontals along the midline. This limited connection between bones 

facilitates kinesis (Cundall and Irish 2008). The premaxilla varies as much as the nasal frontal 

joint. In some species, like Simoselaps bertholdi, the dorsal extent of the premaxilla touches the 

nasal and has well developed transverse processes (Supplemental Figure 1.79). In others, as with 

Hydrophis schistosus, the premaxilla is disconnected from the rest of the snout and the transverse 

processes are much reduced in development (Cundall and Irish 2008; Supplemental Figure 

1.23).  

As with viperids and colubrids, the braincase of elapids follows a similar scheme most 

having connected frontals and parietals with many lacking post orbital elements (Underwood and 

Kochva 1993). The loss of postorbital elements or a reduction in size of the orbital margin may 

be related to fossoriality. The posterior braincase varies in shape but is consistent in bones 

present (Cundall and Irish 2008).  

Morphology and function of the palatine and maxillary apparatus in hydrophiine snakes, 

characterized as “palatine dragging” due to the independence of the palatine and pterygoid. Other 

elapids are characterized as “palatine erecting,” as the maxillae move with the palato-pterygoid 
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bar to walk prey into the mouth, and the palato-pterygoid joint facilitates the elevation of the 

rostral maxilla and palatine and caudal pterygoid (Deufel and Cundall 2009). 

Osteology-based Morphometric studies 

There have been a few recent studies that performed geometric morphometric analyses on 

elapids. Silva et al. (2017) used a low-density 2D approach to investigate the shape variation of 

the skull mandible and quadrate between aquatic and terrestrial Micrurus. Micrurus surinamensis 

was found to have a wider head, smaller nostrils, longer supratemporals and quadrates, and a 

longer tail than terrestrial species in the genus. This gives it an increased gape for eating fish 

instead of the elongate prey that is the main diet of other congeners. This contrasts with Rhoda et 

al. (2021), who used a high-density 3D approach to investigate the modularity of the feeding 

systems in aquatic snakes. Their dataset included M. surnamensis, M. lemniscatus, one 

Laticauda, four Hydrophis, and two other elapids amongst numerous other non-elapids. Their 

landmark scheme excluded the braincase and snout in their entirety to focus on the 

suspensorium, lower jaw, quadrate and supratemporal. The most supported groupings of bones 

are the mandible group and the palatopterygoid arch group (palatine and pterygoid), with the 

maxilla and quadrate grouped with cranial or mandibular elements. 

  

VERTEBRAE 

Broadly, elapids have four types of vertebrae: cervical, trunk, cloacal and caudal. Herein 

we use midbody vertebrae to describe the trunk vertebrae of the middle third between base of the 

skull and vent. Elapid vertebrae are comparable to those of colubrids but more substantial (Rage 

1984). Three characters were observed by Ikeda (2007) that are exclusive to Elapids: “the neural 

arch is more depressed than that of colubrids; the zygosphenal articular facets are oval in lateral 
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view; the subcentral ridge runs straight in lateral view.” The vertebrae of Bungarus have an 

extended neural spine and laterally elongated prezygapophysial and postzygapophysial processes 

(Hoffsetter 1939), where enlarged zygapophysial processes are diagnostic features of the genus 

(Slowinski 1994). The vertebrae of Sinomicrurus have an almost negligible neural spine and 

underdeveloped parapophyseal processes (Ikeda 2007). The vertebrae of Micrurus and 

Micruroides also have a low neural spine and have well developed paradiapophyses that extend 

beyond the condyle (Holman 1977). The neural spine is higher in Micrurus than in Micruroides 

(Holman 1977).  

Sea snakes (Hydrophiinae) have evolved a dorsoventrally elongated cross-sectional body 

shape achieved by an increase in body height rather than a decrease in width, and sea kraits 

(Laticauda) and other amphibious species exhibit a shape intermediate between sea snakes and 

the largely circular cross section of terrestrial snakes. The tail is higher and thinner in marine 

snakes, but it is shorter in length (Brischoux and Shine 2006). Paddle tails may allow sea snakes 

to maintain position in the water column under increased buoyancy due to the salt water while 

probing coral reefs for food, possibly explaining the lack of such a feature in non-marine aquatic 

snakes. Aquatic snakes frequently have closely related fossorial taxa, suggesting that burrowing 

adaptations aid in colonizing aquatic habitats and/or vice versa (Murphy 2012). Aquatic snakes 

have variation in vertebral size, with burrowing eel specialists evolving tiny heads and a greater 

disparity between forebody and hindbody girth as well as possessing more numerous and smaller 

vertebrae in the forebody region (Sherratt et al 2019; Sherratt and Sanders 2020). 

Analysis of the function of the zygosphene-zygantrum joint in snake midbody vertebrae 

found this as an osseous limit to the range of motion of the vertebral column, especially yaw, 

preventing injuries to soft tissue if this was responsible for limiting motion (Jurestovsky et al 
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2020). The spinalis muscle was found to have multiple vertebrae of origin in the vast majority of 

specimens, including all booids. Low relative segmental length of the spinalis may be indicative 

of flexibility, aiding in constriction and the contortion of hydrophiids for skin on skin contact to 

facilitate pelagic shedding (Jayne 1982). 
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Table 1.1. Time calibrated divergences of Elapid clades from recent studies. Asterisks denote divergences approximated from figures 

rather than stated by a given author. Dates given in millions of years ago. 

Study Nagy et al. 
2003 

Wüster et al. 
2007 

Sanders et al. 
2008 

Sanders & Lee 
2008 

Kelly et al. 2009 Lukoschek 
et al. 2012 

Lee et 
al. 2016 

Smart 2016 

Scope Alethinophidia
  

Alethinophidia
  

Hydrophiinae Squamata Elapoidea Caenophidi
a

Elapida
e

Alethinophidia  

Elapidae 35* 
 

26.2 (32.7-19.5) 37.4 (42.8-32.8) 33.00 (41.97-
27.42)

Calliophis 
  

28.5 (32.5-24.7) 35-18* 38 28.38 (35.46-
23.50)

Coralsnakes 
 

62* 28.5 (32.5-24.7) 24-15* 33* 26.57 (32.47-
21.73)

Cobras and kin 25* 56* 29.5 (33.0-25.9) 30-15* 32* 

Bungrarus 26.1 (30.6-21.4) 18-10* 31* 

Elapsoidea 47* 26.1 (30.6-21.4) 24-14* 30* 

Hydrophinae/ 
Laticauda 

46* 12.6 (15.6-10.1) 13.1(18.6-8.3) 23.0 (27.1-18.8) 25-14* 25 26.57 (32.47-
21.73) 

Hydrophis      6.2 (7.9-4.7)     14-8* 12*   
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Table 1.2. Aquatic tendency score (ATS), generalized range, diet information and refences for diet and habit for a selection of Elapids. 

Where Aus = Australia, Ind = Indonesia, SEA = South East Asia, NA = North America, CA = Central America, SA = South America, 

PNG = Papua New Guinea, ME = Middle East, and NC = New Caledonia. 

Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Acanthophis antarcticus Aus 1 Cogger 2018 Adults: small 

mammals & birds; 
juveniles: reptiles 

Cogger 2018 

Acanthophis cryptamydros Aus 1 Cogger 2018 
 

Acanthophis hawkei Aus 1 Cogger 2018 
 

Acanthophis laevis Ind, PNG 1 Cogger 2018 
 

Acanthophis praelongus Ind, Aus 1 Cogger 2018 
 

Acanthophis pyrrhus Aus 1 Cogger 2018 
Acanthophis rugosus Ind, Aus 1 Cogger 2018 
Acanthophis wellsi Aus 1 Cogger 2018 
Bungarus bungaroides SEA 2 Whitaker & Captain 2004; Das 

2012
Snakes Whitaker & Captain 2004; Das 

2012
Bungarus caeruleus South Asia 2 Whitaker & Captain 2004 Snakes, lizards, 

frogs & rodents 
Whitaker & Captain 2004 

Bungarus candidus SEA 1 Das 2012; Chan-ard et al. 2015 Snakes, Lizards & 
toads 

Das 2012 

Bungarus fasciatus SEA 4 Whitaker & Captain 2004; Das 
2007; Das 2012; Ahmed et al. 
2009; Stuebing et al. 2014; Chan-
ard et al. 2015 

Snakes, lizards, 
reptile eggs, frogs, 
rats & fishes 

Whitaker & Captain 2004; Das 
2007, 2012; Stuebing et al. 2014; 
Chan-ard et al. 2015 

Bungarus flaviceps SEA 1 Das 2012; Chan-ard et al. 2015 Snakes, lizards & 
small mammals 

Ahmed et al. 2009; Das 2012; 
Stuebing et al. 2014 

Bungarus magnimaculatus Myanmar 1 Das 2010 
 

Bungarus multicinctus SEA 4 Das 2012 Snakes, lizards, 
frogs, rodents & 
eels 

Das 2012 

Bungarus niger South Asia 1 Whitaker & Captain 2004; Ahmed 
et al. 2009; Das 2012 

Snakes & mammals 
when in captivity 

Whitaker & Captain 2004; Ahmed 
et al. 2009; Das 2012 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Bungarus walli South Asia 1 Whitaker & Captain 2004; Das 

2010 
Snakes when in 
captivity 

Whitaker & Captain 2004 

Calliophis beddomei India 1 
 

Calliophis bibroni India 1 Shankar & Ganesh 2009 
 

Calliophis biliniatus Philippines  1 Brown et al. 2018 
 

Calliophis bivirgatus SEA 1 Das 2007; Chanhome et al. 2011; 
Stuebing et al. 2014; Chan-ard et 
al. 2015; Brown et al. 2018 

Snakes, lizards, 
frogs & rodents 

Das 2007, 2012; Chanhome et al. 
2011; Stuebing et al. 2014; Chan-
ard et al. 2015 

Calliophis castoe India 1 Champion 1936; Champion & 
Seth 1968 

 

Calliophis gracilis SEA 1 Tweedie 1983; Das 2010; 
Chanhome et al. 2011; Chan-ard et 
al. 2015

Fossorial snakes & 
lizards 

Chanhome et al. 2011 

Calliophis haematoetron Sri Lanka 1 Smith et al. 2008; Silva et al. 2020 
Calliophis intestinalis SEA 1 Das 2007; Chanhome et al. 2011; 

Das 2012; Stuebing et al. 2014; 
Chan-ard et al. 2015; Fukuyama et 
al. 2020 

Fossorial snakes & 
lizards 

Das 2007, 2012; Chanhome et al. 
2011; Stuebing et al. 2014; Chan-
ard et al. 2015 

Calliophis maculiceps SEA 1 Chanhome et al. 2011; Das 2012; 
Chan-ard et al. 2015 

Snakes Chanhome et al. 2011; Das 2012; 
Chan-ard et al. 2015 

Calliophis melanurus South Asia 1 Whitaker & Captain 2004 
Calliophis nigrescens India 1 Kannan 2006; Lobo 2006 Snakes Whitaker & Captain 2004; Lobo 

2006 

Calliophis nigrotaeniatus SEA 1 EN Smith 2021, pers. comm. Snakes EN Smith 2021, pers. comm. 
Calliophis philippinus Philippines  1 Brown et al. 2018 
Calliophis salitan Philippines  2 Brown et al. 2018 
Calliophis suluensis Philippines  1 Brown et al. 2018 
Dendroaspis angusticeps Africa 1 Marais 2004; Spawls et al. 2004, 

2006 
Birds, eggs, rodents, 
bats & chameleons 

Marais 2004; Spawls et al. 2004, 
2006 

Dendroaspis jamesoni Africa 1 Chippaux & Jackson 2019 Adults: birds; 
juveniles: birds, 
lizards & toads 

Spawls et al. 2006; Chippaux & 
Jackson 2019 

Dendroaspis polylepis Africa 1 Marais 2004; Spawls et al. 2006; 
Chippaux & Jackson 2019 

Mammals, birds & 
snakes 

Marais 2004; Spawls et al. 2006; 
Chippaux & Jackson 2019 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Dendroaspis viridis Africa 1 Chippaux & Jackson 2019 birds Fuchs et al. 2019 
Elapsoidea boulengeri Africa 1 Marais 2004; Spawls et al. 2004, 

2006 
Snakes, lizards, 
frogs & rodents 

Marais 2004; Spawls et al. 2004, 
2006 

Elapsoidea guentherii Africa 1 Marais 2004; Chippaux & Jackson 
2019 

Snakes, lizards, 
amphibians & 
termites

Marais 2004; Chippaux & Jackson 
2019 

Elapsoidea laticincta Africa 1 Spawls et al. 2004; Chippaux & 
Jackson 2019 

Snakes, lizards, 
amphibians & 
insects 

Spawls et al. 2004; Chippaux & 
Jackson 2019 

Elapsoidea loveridgei Africa 1 Spawls et al. 2004, 2006; 
Chippaux & Jackson 2019 

Snakes, lizards, 
amphibians, insects, 
rodents & reptile 
eggs 

 Spawls et al. 2004, 2006; 
Chippaux & Jackson 2019 

Elapsoidea nigra Tanzania  1 Spawls et al. 2004, 2006 Caecilians Spawls et al. 2004, 2006 
Elapsoidea semiannulata Africa 1 Marais 2004 Snakes, lizards & 

amphibians 
Marais 2004 

Elapsoidea sundevallii Africa 1 Marais 2004 Snakes, lizards & 
their eggs, 
amphibians & 
mammals 

Marais 2004 

Elapsoidea trapei Africa 1 Chippaux & Jackson 2019 Snakes, lizards, 
amphibians &, 
insects 

Chippaux & Jackson 2019 

Hemachatus haemachatus Africa 1 Marais 2004 Snakes, lizards, 
rodents, birds & 
their eggs 

Marais 2004 

Hemibungarus calligaster Philippines  2 McLeod et al. 2011 
Hydrophis annandalei SEA 10 Das 2012; Stuebing et al. 2014 Fishes Voris 1972; Das 2012; Stuebing et 

al. 2014 

Hydrophis anomalus SEA 10 Chan-ard et al. 2015 Eels Voris 1972 
Hydrophis atriceps SEA 10 Das 2010; Stuebing et al. 2014 Eels & invertebrates Denburgh & Thompson 1908; Das 

2010; Stuebing et al. 2014 

Hydrophis belcheri SEA 10 Cogger 1975 Eels Voris 1972 
Hydrophis bituberculatus SEA 10 Chan-ard et al. 2015 Eels Chan-ard et al. 2015 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Hydrophis brookii SEA 10 Stuebing et al. 2014; Chan-ard et 

al. 2015 
Eels Voris 1972 

Hydrophis caerulescens SEA 10 Whitaker & Captain 2004; Das 
2012; Stuebing et al. 2014 

Fishes & eels Voris 1972; Whitaker & Captain 
2004; Das 2012; Stuebing et al. 
2014

Hydrophis cantoris SEA 10 Chan-ard et al. 2015 Eels & invertebrates Chan-ard et al. 2015 
Hydrophis coggeri Aus 10 Cogger 2018 

 

Hydrophis curtus SEA 9 Whitaker & Captain 2004; Das 
2012; Stuebing et al. 2014 

Fishes, eels & squid Volsøe 1939; Whitaker & Captain 
2004; Das 2012; Stuebing et al. 
2014

Hydrophis cyanocinctus SEA 9 Goris 2004; Whitaker & Captain 
2004; Das 2012 

Fishes, eels & 
invertebrates 

Smith 1935; Volsøe 1939; Voris 
1972; Goris 2004; Whitaker & 
Captain 2004; Das 2012 

Hydrophis czeblukovi Aus 10 Cogger 2018 
 

Hydrophis donaldi Aus 10 Cogger 2018 
Hydrophis elegans Aus 10 Cogger 1975 
Hydrophis fasciatus SEA 10 Cogger 1975; Das 2012 Eels Voris 1972; Das 2012 
Hydrophis gracilis SEA 10 Cogger 1975; Das 2012; Chan-ard 

et al. 2015 
Eels Wall 1921; Volsøe 1939; Voris 

1972; Das 2012; Chan-ard et al. 
2015

Hydrophis hardwickii SEA 10 Cogger 1975 Fishes & 
invertebrates 

Smith 1935; Voris 1972 

Hydrophis inornatus SEA 10 Cogger 1975; Chan-ard et al. 2015 Fishes Voris 1972; Chan-ard et al. 2015 
Hydrophis jerdonii SEA 9 Whitaker & Captain 2004; Chan-

ard et al. 2015; Stuebing et al. 
2014

Eels Voris 1972; Whitaker & Captain 
2004 

Hydrophis kingii Aus 10 Cogger 1975 
Hydrophis klossi SEA 10 Chan-ard et al. 2015 
Hydrophis laboutei NC 10 Cogger 2018 
Hydrophis lamberti SEA 10 Chan-ard et al. 2015 Catfishes Das 2010 
Hydrophis lapemoides SEA 10 Chan-ard et al. 2015 Fishes & eels Volsøe 1939; Das 2010 
Hydrophis macdowelli Aus 10 Cogger 2018 

 

Hydrophis major Aus 10 Cogger 1975 Fishes Voris 1972 
Hydrophis melanocephalus East Asia 10 Goris 2004 Eels Voris 1972; Goris 2004 
Hydrophis melanosoma SEA 10 Cogger 1975; Chan-ard et al. 2015 Eels Voris 1972; Chan-ard et al. 2015 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Hydrophis nigrocinctus SEA 10 Chan-ard et al. 2015 Eels Voris 1972 
Hydrophis obscurus SEA 10 Cogger 1975; Das 2012; Chan-ard 

et al. 2015 
Fishes Wall 1921 

Hydrophis ocellatus Aus 10 Cogger 2018 
 

Hydrophis ornatus SEA 10 Goris 2004; Whitaker & Captain 
2004; Das 2012 

Fishes & eels Goris 2004; Whitaker & Captain 
2004; Das 2012 

Hydrophis pachycercos SEA 10 Das 2010 
 

Hydrophis pacificus SEA 10 Cogger 1975 
 

Hydrophis parviceps SEA 10 Das 2010 
 

Hydrophis peronii SEA 10 Cogger 1975, 2018; Das 2012 Fishes Voris 1972; Cogger 1975; Das 
2012

Hydrophis platurus Pacific 10 Gasperetti 1988; Marais 2004; 
Whitaker & Captain 2004; Das 
2012 

Fishes Klawe 1964; Visser 1967; Marais 
2004; Whitaker & Captain 2004; 
Das 2012 

Hydrophis schistosus SEA 10 Cogger 1975; Whitaker & Captain 
2004; Das 2012; Stuebing et al. 
2014 

Fishes & prawns Volsøe 1939; Minton 1966; Voris 
1972; Whitaker & Captain 2004; 
Das 2012; Stuebing et al. 2014 

Hydrophis sibauensis Ind 10 Das 2012 
Hydrophis spiralis SEA 10 Das 2012 Eels Wall 1921; Volsøe 1939; Das 

2012
Hydrophis stokesii SEA 10 Whitaker & Captain 2004 Fishes Chan-ard et al. 2015 
Hydrophis stricticollis South Asia 10 Das 2010 
Hydrophis torquatus SEA 10 Stuebing et al. 2014; Chan-ard et 

al. 2015 
Fishes Voris 1972 

Hydrophis viperinus SEA 10 Das 2012; Stuebing et al. 2014 Fishes, eels & 
invertebrates 

Volsøe 1939; Voris 1972; Das 
2012 

Hydrophis vorisi Aus 10 Cogger 2018 
Hydrophis zweifeli PNG 10 Cogger 2018 Fishes Cogger 2018 
Laticauda colubrina Pacific 8 Goris 2004; Whitaker & Captain 

2004; Das 2007, 2012; Stuebing et 
al. 2014 

Eels Voris 1972; Whitaker & Captain 
2004; Das 2007, 2012; Stuebing et 
al. 2014 

Laticauda laticauda SEA 8 Goris 2004 Fishes Goris 2004 
Laticauda schistorhyncha SEA 8 Uetz & Etzold 1996  Fishes Voris 1972 
Laticauda semifasciata SEA 8 Goris 2004 Fishes Goris 2004 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Micruroides euryxanthus NA 1 Campbell & Lamar 1989, 2004; 

Heimes 2016; Babb & Brennan 
2018

Snakes and lizards Vitt & Hulse 1973; Lowe et al. 
1986; Heimes 2016; Babb & 
Brennan 2018

Micrurus albicinctus SA 1 Souza et al. 2011 Snakes Souza et al. 2011 
Micrurus alleni CA 5 Campbell & Lamar 1989, 2004 Eels & lizards Gaige et al. 1937; Roze 1996; 

Burger 1997; Solórzano 2004, 
2005

Micrurus altirostris SA 1 Rodriguez et al. 2018 
 

Micrurus ancoralis SA 2 Campbell & Lamar 1989; Arteaga 
et al. 2013; Valencia et al. 2016 

Snakes, caecilians 
& invertebrates 

Boulenger 1913; Roze 1996; 
Cisneros-Heredia 2005; Valencia 
et al. 2016; Rodriguez et al. 2018 

Micrurus annellatus SA 1 Campbell & Lamar 1989 Snakes & lizards Schmidt 1954; Roze 1996 
Micrurus apiatus CA 5 EN Smith 2021, pers. comm. Snakes, lizards, 

caecilians & eels; 
cannibalistic 

Greene 1973; Seib 1985; Smith 
1994; Roze 1996; Campbell 1998; 
West et al. 2019 

Micrurus averyi SA 1 Campbell & Lamar 1989; Martins 
& Oliveira 1998 

Snakes & lizards Martins & Oliveira 1998 

Micrurus bernadi Mexico 1 Heimes 2016 Snakes Roze 1996 
Micrurus bocourti SA 1 Campbell & Lamar 1989; 

Valencia et al. 2016 
Caecilians Roze 1996; Valencia et al. 2016 

Micrurus boicora Brazil 1 Bernarde et al. 2018 
Micrurus brasiliensis Brazil 1 Freitas 2003 Snakes & 

amphisbaenids 
Freitas 1999, 2003 

Micrurus browni CA 1 Blaney & Blaney 1978; Campbell 
& Lamar 1989 

Snakes Blaney & Blaney 1978; Casas-
Andreu & Lopez-Forment 1978; 
Spencer et al. 1999 

Micrurus carvalhoi SA 5 
Micrurus circinalis Trinidad 5 Campbell & Lamar 2004 Snakes, lizards, 

amphisbaenids & 
eels; cannibalistic 

Mole & Ulrich 1894; Mole 1924; 
Schmidt 1932; Wehekind 1955; 
Emsley 1977; Boos 1984; Murphy 
1997 

Micrurus clarki CA 5 Campbell & Lamar 1989 Eels & snakes Ray 2017 
Micrurus collaris SA 1 Roze & Trebbau 1958; Campbell 

& Lamar 1989 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Micrurus corallinus SA 1 Amaral 1978; Campbell & Lamar 

1989; de Sousa et al. 2012; Freitas 
2003  

Snakes, lizards, 
aphisbaenians & 
caecilians; 
cannibalistic 

Amaral 1978; Hoge & Federsoni 
1981; Lema et al. 1983; Roze 
1996; Marques & Sazima 1997; 
Freitas 2003 

Micrurus decoratus Brazil 1 Campbell & Lamar 1989; Freitas 
2003 

Snakes, lizards, 
amphisbaenians & 
caecilians 

Marques 2002; Freitas 2003 

Micrurus diana SA 1 Campbell & Lamar 2004 Snakes Roze 1966 
Micrurus diastema CA 6 Campbell & Lamar 1989, 2004; 

Lee 1996 
Snakes and their 
eggs, lizards, 
centipedes & eels; 
cannibalistic 

Greene 1973; Blaney & Blaney 
1978; Lee 1996; Roze 1996; 
Campbell 1998; Rodriguez-Garcia 
et al. 1998; Köhler et al. 2016; 
Heimes 2016; West et al. 2019 

Micrurus dissoleucus SA 1 Campbell & Lamar 1989 Snakes & lizards Roze 1996; Arévalo-Páez et al. 
2015

Micrurus distans Mexico 1 Campbell & Lamar 1989; Suazo-
Ortuño et al. 2004 

Snakes, lizards & 
frogs 

Ramírez-Bautista 1994; Heimes 
2016 

Micrurus diutius SA 6 Jowers et al. 2019; EN Smith 
2021, pers. comm. 

Micrurus dumerilii SA 4 Campbell & Lamar 1989, 2004; 
Valencia et al. 2016 

Lizards, caecilians 
& eels 

Schmidt 1932, Valencia et al. 
2016; Herrera-Lopera et al. 2018 

Micrurus elegans Mexico 1 Álvarez del Toro & Smith 1956; 
Blaney & Blaney 1978; Campbell 
& Lamar 1989, 2004 

Snakes Schmidt 1932; Roze 1996; 
Campbell & Lamar 2004 

Micrurus ephippifer Mexico 1 Campbell & Lamar 1989 Snakes Greene 1973; Roze 1996 
Micrurus filiformis SA 3 Campbell & Lamar 1989, 2004 Snakes & 

amphisbaenians 
Soini 1974b; Cunha & 
Nascimento 1993 

Micrurus frontalis SA 1 Campbell & Lamar 1989; Freitas 
2003 

Snakes, lizards & 
amphisbaenians; 
cannibalistic 

Azevedo 1961; Sazima & Abe 
1991; Roze 1996 
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Micrurus fulvius NA 1 Campbell & Lamar 1989; 

Davidson & Eisner 1996; Archis 
et al. 2018 

Snakes & lizards; 
cannibalistic 

Loveridge 1938, 1944; Obrecht 
1946; Myers 1965; Chance 1970; 
Greene 1973, 1984; Jackson & 
Franz 1981; Heinrich 1996; Roze 
1996; Krysko & Abdelfattah 
2002; Archis et al. 2018

Micrurus helleri SA 6 EN Smith 2021, pers. comm. 
 

Micrurus hemprichii SA 1 Cunha & Nascimento 1978; Dixon 
& Soini 1986; Campbell & Lamar 
1989; Roze 1996; Martins & 
Oliveira 1998; Freitas 2003 

Snakes, lizards, 
amphisbaenians & 
onychophorans 

Beebe 1946; Schmidt 1953a; 
Greene 1973; Cunha & 
Nascimento 1978, Dixon & Soini 
1986; Silva 1993; Roze 1996; 
Martins & Oliveira 1998; Freitas 
2003; Valencia et al. 2016; Rojas-
Morales et al. 2018

Micrurus hippocrepis CA 1 Campbell & Lamar 1989; Lee 
1996 

Snakes, caecilians 
& earthworms 

Greene 1973; Campbell 1998 

Micrurus ibiboboca Brazil 1 Campbell & Lamar 1989; Wang & 
Abe 1994; Freitas 2003 

Snakes, caecilians 
& amphisbaneians; 
cannibalistic 

Amaral 1933; Roze 1996; Freitas 
2003; Cavalcanti et al. 2012 

Micrurus isozonus SA 1 Campbell & Lamar 1989, 2004 Snakes & lizards Campbell & Lamar 2004 
Micrurus langsdorffi SA 4 Campbell & Lamar 1989, 2004; 

Valencia et al. 2016 
Snakes Soini 1947a; Roze 1996 

Micrurus laticollaris Mexico 1 Campbell & Lamar 1989 Snakes, lizards, 
amphisbaenians 

Papenfuss 1982; Benítez Gálvez 
1997 

Micrurus latifasciatus Mexico 1 Campbell & Lamar 1989 Snakes & caecilians Landy et al. 1966; Greene 1973; 
Seib 1985 

Micrurus lemniscatus SA 5 Beebe 1946; Campbell & Lamar 
1989, 2004; Martins & Oliveira 
1998; Freitas 2003; Valencia et al. 
2016 

Snakes, lizards, 
caecilians, 
amphisbaenians, 
fish & eels; 
cannibalistic 

Beebe 1946; Wehekind 1955; 
Greene 1973; Soini 1974b; Cunha 
& Nascimento 1978, 1982; Roze 
1982, 1996; Dixon & Soini 1986; 
Vanzolini 1986; Sazima & Abe 
1991; Martins & Oliveira 1998; 
Freitas 2003; Campbell & Lamar 
2004; Viana et al. 2015

Micrurus limbatus Mexico 1 Campbell & Lamar 1989, 2004; 
Heimes 2016 

Snakes Greene 1973 
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Micrurus margaritiferus SA 1 Campbell & Lamar 1989 

 

Micrurus medemi Colombia 1 Galvis-Rizo et al. 2015 Snakes Campbell & Lamar 2004; Galvis-
Rizo et al. 2015 

Micrurus mertensi SA 1 Campbell & Lamar 2004; 
Valencia et al. 2016 

Snakes Roze 1996; Valencia et al. 2016 

Micrurus mipartitus SA 2 Campbell & Lamar 1989; 
Valencia et al. 2016 

Snakes, lizards, 
caecilians & 
amphisbaenians 

Schmidt 1932; Roze 1996; 
Campbell & Lamar 2004 

Micrurus mosquitensis CA 5 Eels, snake eggs, 
snakes, caecilians, 
lizards 

Roze 1996, Solorzano 2004, Ray 
2017 

Micrurus multifasciatus CA 1 Campbell & Lamar 1989 Snakes & caecilians Burger 1997; Solorzano 2004 
Micrurus multiscutatus SA 1 Campbell & Lamar 1989; 

Valencia et al. 2016 

 

Micrurus narduccii SA 1 Soini 1974b; Campbell & Lamar 
1989; Valencia et al. 2016 

Snakes & lizards Carrillo de Espinosa 1983; Roze 
1996 

Micrurus nattereri SA 7 Passos & Fernandes 2005 
Micrurus nebularis Mexico 1 Campbell & Lamar 2004 Snakes Roze 1996 
Micrurus nigrocinctus CA 2 Schmidt & Smith 1943; Campbell 

& Lamar 1989, 2004; Urdaneta et 
al. 2004; Heimes 2016 

Snakes, lizards & 
their eggs, 
caecilians & eels; 
cannibalistic 

Schmidt 1932; Smith & Grant 
1958; Landy et al. 1966; Seib 
1985; Roze 1996; Campbell & 
Lamar 2004; Solorzano 2004; 
Urdaneta et al. 2004

Micrurus obscurus SA 2 Melo-Sampaio et al. 2013; 
Valencia et al. 2016 

Snakes & lizards Schmidt 1953b; Dixon & Soini 
1986; Cunha & Nascimento 1993; 
Roze 1996; Martins & Oliveira 
1998; Valencia et al. 2016 

Micrurus oligoanellatus Colombia 1 campbell and lamar 2004
Micrurus ornatissimus SA 1 Valencia et al. 2016 Snakes Valencia et al. 2016 
Micrurus pachecogili Mexico 1 Canseco-Márquez & Campbell 

2003 
Snakes Canseco-Márquez & Gutiérrez-

Mayén 2010 

Micrurus paraensis Brazil 1 Souza et al. 2011 Snakes & 
centipedes 

Cunha & Nascimento 1993; Roze 
1996; Souza et al. 2011 

Micrurus petersi Ecuador 2 Campbell & Lamar 1989; 
Valencia et al. 2016 
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Micrurus proximans Mexico 1 Campbell & Lamar 1989, 2004 Snakes Roze 1996 
Micrurus psyches SA 1 Campbell & Lamar 1989 Snakes & lizards; 

cannibalistic 
Wehekind 1955; Roze 1996 

Micrurus putumayensis SA 2 Campbell & Lamar 1989, 2004 
 

Micrurus pyrrhocryptus SA 1 Leynaud et al. 2008 Snakes & 
amphisbaenians 

Campbell & Lamar 2004; 
Leynaud et al. 2008; Ávila et al. 
2010

Micrurus renjifoi Colombia 2 Lamar 2003; Campbell & Lamar 
2004

 

Micrurus ruatanus Honduras 1 Campbell & Lamar 1989 Lizards Campbell & Lamar 2004 
Micrurus sangilensis Colombia 1 Campbell & Lamar 1989; Galvis-

Rizo et al. 2015 

 

Micrurus scutiventris SA 1 Campbell & Lamar 1989; 
Valencia et al. 2016 

Lizards & 
invertebrates 

Roze 1996; Valencia et al. 2016 

Micrurus serranus Bolivia 1 Muñoz-Saravia et al. 2009 Snakes & 
amphisbaenians 

Harvey et al. 2003; Sosa et al. 
2013 

Micrurus silviae SA 1 Di-Bernardo et al. 2007; Cacciali 
et al. 2011 

Micrurus spixii SA 1 Cunha & Nascimento 1978; 
Duellman 1978; Dixon & Soini 
1986; Campbell & Lamar 1989, 
2004; Duellman & Mendelson 
1995; Raze 1996; Martins & 
Oliveira 1998; Freitas 2003 

Snakes, lizards & 
amphisbaenians 

 Schmidt 1953b; Greene 1973; 
Dixon & Soini 1986; Cunha & 
Nascimento 1993; Silva 1993; 
Roze 1996; Martins & Oliveira 
1998; Freitas 2003 

Micrurus steindachneri SA 2 Campbell & Lamar 1989; 
Valencia et al. 2016 

Snakes Valencia et al. 2016 

Micrurus surinamensis SA 7 Cunha & Nascimento 1978; Dixon 
& Soini 1986; Campbell & Lamar 
1989, 2004; Duellman & Salas 
1991; Roze 1996; Martins & 
Oliveira 1998; Freitas 2003; Avila 
et al. 2013; Valencia et al. 2016 

Lizards, fishes & 
eels 

Bean 1924; Schmidt 1952; Greene 
1973; Duellman 1978; Dixon & 
Soini 1986; Cunha & Nascimento 
1993; Roze 1996; Martins & 
Oliveira 1998; Valencia et al. 
2016; Tavares-Pinheiro et al. 2021 
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Micrurus tener NA 1 Irwin 2004 Snakes, lizards, 

frogs & mammals 
Ruick 1948; Curtis 1952; Greene 
1973; Strecker 1980; Greene 
1984; Roze 1996; Reams et al. 
1999

Micrurus tschudii SA 2 Campbell & Lamar 1989, 2004; 
Valencia et al. 2016 

Snakes, lizards & 
amphisbaenids 

Roze 1996; Campbell & Lamar 
2004 

Naja anchietae Africa 1 Marais 2004 Snakes, toads, 
rodents, birds & 
their eggs 

Marais 2004 

Naja annulata Africa 8 Spawls et al. 2004; Spawls et al. 
2006

Fishes Spawls et al. 2004, 2006 

Naja annulifera Africa 1 Marais 2004 Snakes, toads, 
rodents, birds & 
their eggs 

Marais 2004 

Naja atra SEA 4 Das 2010 Snakes, lizards, 
frogs, fish, rodents 
& birds 

Das 2010 

Naja christyi Africa 8 Chippaux & Jackson 2019 Fishes Chippaux & Jackson 2019 
Naja haje Africa, ME 1 Corkill & Cochrane 1966; 

Gasperetti 1988; Spawls et al. 
2004; Spawls et al. 2006; 
Chippaux & Jackson 2019

Snakes, amphibians 
& their eggs, birds 
& mammals 

Gasperetti 1988; Spawls et al. 
2004, 2006 

Naja kaouthia SEA 5 Whitaker & Captain 2004; Ahmed 
et al. 2009; Das 2012; Chan-ard et 
al. 2015 

Snakes, frogs, fish 
& rodents 

Whitaker & Captain 2004; Ahmed 
et al. 2009; Das 2012; Chan-ard et 
al. 2015 

Naja katiensis Africa 1 Chippaux & Jackson 2019 
Naja mandalayensis Myanmar 1 Das 2010 
Naja melanoleuca Africa 5 Marais 2004; Spawls et al. 2004; 

Spawls et al. 2006 
Snakes, lizards, 
amphibians, fishes, 
birds & their eggs 
& mammals 

Spawls et al. 2004, 2006; Marais 
2004; Chippaux & Jackson 2019 

Naja mossambica Africa 1 Marais 2004; Spawls et al. 2004; 
Spawls et al. 2006 

Snakes, lizards, 
amphibians, 
mammals & insects 

Marais 2004; Spawls et al. 2004, 
2006 

Naja multifasciata Africa 1 Chippaux & Jackson 2019 
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Naja Naja South Asia 4 Whitaker & Captain 2004 Snakes, amphibians, 

birds & rodents 
Whitaker & Captain 2004 

Naja nigricincta Africa 1 Chippaux & Jackson 2019 
 

Naja nigricollis Africa 4 Marais 2004; Spawls et al. 2004; 
Spawls et al. 2006 

Snakes, lizards, 
amphibians, fishes, 
birds & their eggs 
& mammals 

Marais 2004; Spawls et al. 2004, 
2006; Chippaux & Jackson 2019 

Naja nivea Africa 1 Marais 2004 Snakes, lizards, 
toads, birds & 
rodents 

Marais 2004 

Naja nubiae Africa 1 Chippaux & Jackson 2019 
 

Naja oxiana Asia 1 Whitaker & Captain 2004 Lizards, amphibians 
& rodents 

Whitaker & Captain 2004 

Naja pallida Africa 1 Spawls et al. 2004; Spawls et al. 
2006 

Snakes, lizards, 
amphibians, birds & 
mammals 

Spawls et al. 2004, 2006 

Naja sagittifera India 4 Whitaker & Captain 2004 Reptiles, 
amphibians & 
rodents 

Whitaker & Captain 2004 

Naja senegalensis Africa 1 Chippaux & Jackson 2019 
Naja siamensis SEA 1 Das 2012; Chan-ard et al. 2015 Rodents Chan-ard et al. 2015 
Naja sputatrix Ind 1 Das 2012 Reptiles, toads & 

rodents 
Das 2012 

Naja sumatrana SEA 1 Das 2007; Das 2010; Das 2012; 
Stuebing et al. 2014 

Lizards, 
amphibians, birds & 
rodents 

Das 2007, 2012; Stuebing et al. 
2014 

Ophiophagus hannah Asia 4 Whitaker & Captain 2004; Das 
2007; Ahmed et al. 2009; Das 
2012; Stuebing et al. 2014 

Snakes, lizards, 
fishes & rodents 

Whitaker & Captain 2004; Das 
2007, 2012; Ahmed et al. 2009; 
Stuebing et al. 2014 

Oxyuranus microlepidotus Aus 1 Cogger 2018 Mammals Cogger 2018 
Oxyuranus scutellatus Ind, Aus 1 Cogger 2018 Mammals Cogger 2018 
Oxyuranus temporalis Aus 1 Cogger 2018 

 

Pseudohaje goldii Africa 4 Spawls et al. 2004; Spawls et al. 
2006; Chippaux & Jackson 2019 

Tortoises, 
amphibians, fishes 
& mammals 

Spawls et al. 2004, 2006; 
Chippaux & Jackson 2019 
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Species Range ATS Habit Reference(s) Diet Diet Reference(s) 
Pseudohaje nigra Africa 2 Chippaux & Jackson 2019 Amphibians Chippaux & Jackson 2019 
Simoselaps anomalus Aus 1 Cogger 2018 Lizard eggs Cogger 2018 
Simoselaps bertholdi Aus 1 Cogger 2018 Lizards Cogger 2018 
Simoselaps littoralis Aus 1 Cogger 2018 Lizards Cogger 2018 
Simoselaps minimus Aus 1 Cogger 2018 

 

Sinomicrurus houi China 2 Peng et al. 2018 Snakes Peng et al. 2018 
Sinomicrurus japonicus Japan 1 Goris 2004 Snakes, lizards & 

small mammals 
Mori & Moriguchi 1988; Goris 
2004 

Sinomicrurus boettgeri Japan 1 Snakes & lizards Takahashi & Ota 1995; 
Matsuhashi & Kyōichi 2007; 
Ohara 2013; Hamanaka et al. 2014

Sinomicrurus kelloggi SEA 1 Das 2010 Snakes Das 2010 
Sinomicrurus macclellandi SEA 1 Goris 2004; Ahmed et al. 2009; 

Chanhome et al. 2011; Das 2012; 
Chan-ard et al. 2015; Rahman et 
al. 2017 

Snakes & lizards Goris 2004; Whitaker & Captain 
2004; Ahmed et al. 2009; 
Hamanaka et al. 2014; Ōta 2014; 
Chan-ard et al. 2015 

Sinomicrurus swinhoei Taiwan 1 
Sinomicrurus annularis SEA 1 
Sinomicrurus peinani SEA 1 
Walterinnesia aegyptia ME 2 Gasperetti 1988; Uğurtaş et al. 

2001; Nilson & Rastegar-Pouyani 
2007

Lizards Gasperetti 1988 
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Table 1.3. Descriptions of the aquatic tendency score (ATS) ratings.  

Score Description Exemplifier 
1 No record of aquatic prey. Not associated with aquatic habitats. Acanthophis 

2 No record of aquatic prey. Infrequently associated with aquatic 
habitats. 

Bungarus 
bungaroides 

3 Enters water infrequently. Poor or unknown locomotion in 
water.  

Micrurus filiformis 

4 Enters water infrequently. Competent locomotion in water Bungarus faciatus 
5 Forages along the edges of bodies of water. Will enter water. 

Diet consists of terrestrial and aquatic prey items. 
Micrurus alleni 

6 Found frequently in aquatic environments but spends a smaller 
proportion than 7. Enters water to feed on prey. Diet consists of 
terrestrial and aquatic prey items. 

Micrurus diutius 

7 spends majority of its life in aquatic environments. Capable 
locomotion on land. Diet consists of terrestrial and aquatic prey 
items. 

Micrurus 
surinamensis 

8 Oviparous; comes to land for a portion of its life cycle. Slow 
locomotion on land. Solely aquatic diet. 

Laticauda 

9 non-egg laying; spends nearly all its life in aquatic 
environments. Slow locomotion on land. Solely aquatic diet. 

Hydrophis 
cyanocinctus 

10 non-egg laying; spends nearly all its life in aquatic 
environments. Futile locomotion on land. Solely aquatic diet. 

Hydrophis 
platurus 
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CHAPTER TWO 

Materials and Methods of a Geometric Morphometric Approach to the Analysis of the 

Elapid Skull and Vertebrae 

PHYLOGENY 

Phylogenetic reconstruction was conducted with Mr. Bayes 3.2.7. (Huelsenbeck and 

Ronquist 2001; Ronquist and Huelsenbeck 2003) in parallel (Altekar et al., 2004). Gene tree 

used locus NADH: ubiquinone oxidoreductase core subunit 4 (ND4) and associated tRNAs 

(tRNA-His, tRNA-Ser, and tRNA-Leu), for a total length of 922 bp. MUSCLE (Edgar 2004) was 

used to align data. The data set was partitioned by codon 1, 2, 3, and each following tRNA was 

partitioned as well. All partitions used a Dirichlet prior with a nucleotide model set to “4x4.” The 

number of substitution types were all set to Nst = Mixed with a rate set to Invgamma. Sample 

frequency was set to 1,000 and diagnosed at 10,000 with a total number of generations of 

50,000,000 across two runs with 12 chains (for parallel processing across 24 CPUs). A burn-in 

was set using a relative burn-in of 25.0 % for diagnostics (‘relburnin=yes’) and checked with 

Tracer 1.7 (Rambaut et al. 2018). After three independent runs for a total of 10 runs (first 

analysis at 4 runs, second analysis at 4 runs, and third analysis at 2 runs) for a total of 90,000,000 

million generations no runs fully converged. This is a limitation of the data for the group at hand 

(Vidal et al. 2008; Zaher et al. 2019). Because of this we kept the most concordant phylogeny, 

our third analysis. 

 

ECOLOGY 

 Like Elapidae as a whole, the specimens used in this study are extremely variable in their 

life history. They are fossorial, semi-fossorial, terrestrial, semi-aquatic, aquatic, and arboreal. 
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Some are egg-laying while others have live young. Specimens were evaluated on their aquatic 

behavior using the aquatic tendency score (ATS) to aid in graphical presentation of results and 

patten identification (Table 1.3). 

Asian coralsnakes, Calliophis and Sinomicrurus, are small semi-fossorial snakes that eat 

snakes and other small prey items. As such most have been rated 1 ATS, except for C. salitan 

and S. houi, both 2 ATS, due to being infrequently found near aquatic habitats (Brown et al. 

2018; Peng et al. 2018). Specific references to habit and diet were not found for C. beddomei, S. 

boettgeri, S. swinhoei, S. annularis, and S. peinani. C. beddomei is a rare species, known from 

only a few specimens and has been rated under the assumption that it is similar in habit and diet 

to other striped Indian Calliophis. At times, S. boettgeri, is considered to be a subspecies of S. 

japonicus and has been rated with the information for S. japonicus. Sinomicrurus swinhoei and S. 

annularis are recently recognized species, formerly considered to be a subspecies and a synonym 

of S. macclellandi (Smart et al. 2021), respectively, and as such were rated with information 

concerning S. macclellandi. There is a lack of information on the newly described S. peinani, so 

it was rated based on the assumption that’s its habit and diet are similar to other Sinomicrurus 

(Liu et al. 2020). 

New world coralsnakes, monotypic Micruroides and speciose Micrurus, have more 

diverse habits and diet in comparison to their Asian counterparts. This can be seen in the broad 

range of ATS, with desert dwelling Micruroides euryxanthus give a 1 ATS and Micrurus 

surinamensis, commonly known as the aquatic coral snake, with 7 ATS at the high end (Uetz and 

Etzold 1996; Heimes 2016). Most of the New World coralsnakes in Table 1.2 are semi-fossorial 

or terrestrial and lack aquatic prey items in their diet (57/72) and have been rated a 1 or 2 ATS 

where those rather 2 ATS inhabit areas close to aquatic environments. The one exception is M. 
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nigrocinctus, which Table 1.2 includes a record of eels in its diet. It is likely that these eel 

records are misattributed to M. nigrocinctus and should be associated with M. mosquitensis (EN 

Smith 2021, pers. comm.). A case can be made that the remaining 15 Micrurus are semi-aquatic 

or aquatic to varying degrees. 

Micrurus can be split into two clades based on coloration which has had genetic support 

(Slowinski 1995; Jowers et al. 2019). The two clades consist of monadals, where a dark band, 

typically black, occurs per each red band and is bound by light bands, and triadals, where 

additional dark bands are added between the light bands, typically white or yellow, and the red 

bands, giving three dark bands per red band, hence the term triadal. The M. lemniscatus complex 

is a taxonomically challenging group. The complex includes taxa that until recently have been 

considered subspecies of M. lemniscatus: M. l. lemniscatus, M. l. frontifasciatus, M. helleri, M. 

carvalhoi and M. diutius. There is support to elevate them all to full species except for M. l. 

frontifasciatus and is included as M. lemniscatus in table 1.2 (Valencia et al. 2016; Jowers et al. 

2019; Hurtado Gómez et al. 2021). Feitosa et al. (2007) and Terribile et al. (2018) have 

suggested that the M. lemniscatus complex should also include M. filiformis, M. isozonus, and M. 

serranus. Despite plethora of dietary accounts of M. lemniscatus and its former subspecies 

(Beebe 1946; Wehekind 1955; Greene 1973; Soini 1974b; Cunha and Nascimento 1978, 1982; 

Roze 1982, 1996; Dixon and Soini 1986; Vanzolini 1986; Sazima and Abe 1991; Martins and 

Oliveira 1998; Freitas 2003; Campbell and Lamar 2004) nothing can be said definitively until the 

specimens are reidentified due to the taxonomic flux and reassessment of distribution where 

there exists substantial overlap between members of the complex (Roze 1996; Campbell and 

Lamar 2004; Floriano et al. 2019). For that reason, the dietary information of the M. lemniscatus 

complex is under M. lemniscatus in Table 1.2. Micrurus lemniscatus was rated 5 ATS but could 
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potentially be lowered if it is determined that the accounts of aquatic prey items are of other 

members in the complex. Micrurus diutius and M. helleri were rated 6 ATS due to their tendency 

to go into the water to seek prey (EN Smith 2021, pers. comm.). Micrurus carvalhoi was 

conservatively rated 5 ATS based on what is known of the complex and could change based on 

further study. Campbell and Lamar (1989, 2004) have seen M. filiformis readily crossing 

streams, but it has not been found with aquatic prey and has therefore been rated 3 ATS. 

Micrurus isozonus, and M. serranus have been rated 1 ATS as they have a terrestrial diet and are 

not associated with aquatic environments. 

Micrurus surinamensis and M. nattereri are sister species and part of the M. lemniscatus 

complex and are known to be aquatic with more time spent in water than on land, taking both 

terrestrial and aquatic prey. The 7 ATS of both M. surinamensis and M. nattereri is based also on 

accounts attributed to M. surinamensis before M. nattereri was elevated to full species status 

from being a subspecies or synonym of M. surinamensis (Passos and Fernandes 2005). 

There are eight monadal Micrurus that are semi-aquatic to some degree and are included 

in Table 1.2. The first two are a part of the M. diastema complex: the eponymous M. diastema 

and M. apiatus, both of which are at the top end of the ATS for monadals, rated 6 and 5, 

respectively. West et al. (2019) conducted an in-depth review of the diet for the M. diastema 

complex, broken down by subspecies and author. Both M. diastema and M. apiatus have record 

of one swamp eel each and frequent aquatic habitats with M. apiatus to a lesser degree (EN 

Smith 2021, pers. comm.). Micrurus dumerilii and M. langsdorffi rated as 4 ATS with different 

justifications. Micrurus dumerilii is semi-fossorial but has taken eels on more than one occasion, 

likely opportunistically along stream banks while M. langsdorffi has been seen swimming across 

streams on multiple occasions but has not been recorded with aquatic prey (Campbell and Lamar 
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1989, 2004; Valencia et al. 2016). The remaining four semi-aquatic monadals, M. alleni, M. 

clarki, M. circinalis, and M. mosquitensis were all given a 5 ATS due to the records of them 

eating eels in addition to terrestrial prey and their association with water. 

  Cobras and their kin are represented by seven genera in Table 1.2: Dendroaspis, 

Hemachatus, Hemibungarus, Naja, Ophiophagus, Pseudohaje, and Walterinnesia. The mambas, 

Dendroaspis, are arboreal snakes endemic to Africa that feed primarily on birds and other 

arboreal and terrestrial prey, they were all rated 1 ATS. The rinkhals, Hemachatus haemachatus, 

generally live in arid environments, possess a varied terrestrial diet and was also rated 1 ATS. 

Hemibungarus inhabit tropical environments associated with water, lack data on their diet and 

were rated 2 ATS. True cobras, Naja, have a wide-ranging distribution—from Africa to India to 

Indonesia—and varied behavior and are the most speciose genera of this clade. Of the 24 Naja 

represented in Table 1.2, 16 were rated 1 ATS as they are not associated with aquatic habitats 

and have not been recorded with aquatic prey. The remaining eight range from the largely 

terrestrial, N. atra and N. nigricollis rated 4 ATS due to taking aquatic prey, to the aquatic and 

oviparous N. annulata and N. christyi rated 8 ATS. The king cobra, Ophiophagus hannah, was 

rated 4 ATS due to its frequent association with aquatic habitats and taking of aquatic prey. The 

two tree cobras in Table 1.2, Pseudohaje goldii and P. nigra, were rated 4 and 2 ATS, 

respectively, due to their arboreal nature and prey choice. Walterinnesia aegyptia was rated 2 

ATS due to its preference of being near aquatic habitats while not taking aquatic prey. 

African garter snakes, Elapsoidea, are terrestrial snakes endemic to Africa that have not 

been found with aquatic prey and have all been rated 1 ATS. 

There are two related, but monophyletic groups referred to as kraits, Bungarus and 

Laticauda, terrestrial and sea kraits, respectively. Bungarus can be found across South and South 
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East Asia. Bungarus fasciatus and B. multicinctus have both been recorded with aquatic prey and 

were rated 4 ATS. The remaining seven Bungarus covered in Table 1.2 were rated 1 or 2 ATS as 

they have not taken aquatic prey but have an association with aquatic habitats, assigned 2 ATS. 

Laticauda can be found in rocky crevices along South East Asian shorelines by day and foraging 

out at sea by night. Laticauda colubrina has the broadest distribution, from the shores of 

Indonesia east to small pacific islands, and is also the most land-loving of its congeners, having 

been seen as high as 50 m above sea level (Goris 2004). The species of this entirely oviparous 

genus were rated 8 ATS. 

Four genera of Hydrophiinae were included in Table 1.2, Hydrophis, Acanthophis, 

Oxyuranus and Simoselaps. Unsurprisingly, Hydrophis consistently rated 10 ATS as they are 

entirely aquatic, bear live young and have aquatic diets. This is with the exceptions of H. curtus, 

H. cyanocinctus, and H. jerdonii, which were all rated 9 ATS due to their ability to locomote, 

albeit slowly, on land (Whitaker and Captain 2004; Das 2012). Death adders and taipans, 

Acanthophis and Oxyuranus, which inhabit Australia, Indonesia, and Papua New Guinea, were 

rated 1 ATS as they are entirely terrestrial with varied but terrestrial diets (Cogger 2018). 

Simoselaps is a genus of Australia burrowing snakes found in arid regions (Cogger 2018). As 

such their diet is also fossorial and have been rated 1 ATS. 

 

SKULL 

Specimens 

We produced and analyzed data from the skulls of 87 elapid specimens, including 46 

New World coralsnakes (Micrurus and Micruroides) and 23 Asian coralsnakes (Calliophis and 

Sinomicrurus). This dataset includes 65 species and subspecies (Table 2.1; Appendix). 
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Specimens were chosen based on the condition and quality of their preservation. All specimens 

were preserved in 70% EtOH apart from UTA R-7072, which is dry. The skull of FMNH 39479 

was scanned by The University of Texas High-Resolution X-ray CT Facility (UTCT) and is 

available through the Digital Morphology online library (DigiMorph; 

http://digimorph.org/specimens/Micrurus_fulvius). The skull of UMMZ 244197 was scanned by 

The University of Michigan, Museum of Zoology, Research Museums Center and is available 

through the online repository, MorphoSource, (Media ID: 000071019). All other specimens were 

scanned at the Shimadzu Center for Environmental, Forensics, and Material Science with a 

Shimadzu InspeXio SMX-100CT CT system. The data was produced from 960 second scans at 

65 kV, 40 μA, and 500 SID at a zoom level to minimize the voxel size while capturing the entire 

skull in frame. 

Volumes were brightness and contrast adjusted in ImageJ (Schneider et al. 2012) by 

CLAHE (Reza 2004; Figure 2.2A) then digitally dissected to create 3D polygon models (.ply) of 

the skulls with DrishtiPaint (Limaye 2012, Yuzhi et al. 2020; Figure 2.2B). Skulls were 

segmented into eight regions which allowed for the export of the quadrate and lower jaw to be 

analyzed separately. The right suspensorium, lower jaw and quadrate were removed to simplify 

the model as analysis was only conducted on one side of the skull. Models were simplified down 

to a maximum of 1,000,000 faces to ease downstream data analysis in Avizo (Thermo Fisher 

Scientific, Waltham, MA, US). Models were converted from binary ply to ASCII ply at the 

instruction of Bardua, Felice, et al. (2019) in R 4.0.2 (R Core Team 2021) to alleviate potential 

compatibility issues with R packages. 
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Morphometric Data Preparation and Collection 

Regions 

In line with Bardua, Wilkinson, Gower, Sherratt, and Goswami (2019), regions were 

defined a priori to enable testing of modularity hypotheses. The 17 regions are largely based on 

entire bones and are defined in Table 2.2. Of all bones investigated in this study, the postorbital 

was the only one that was not present in all specimens and was therefore segmented out and 

excluded from analysis.  

 

Landmarks and Semi-landmark Curves 

 Eighty-four landmarks and 86 semi-landmark curves were placed on the left side of each 

skull using Checkpoint (Stratovan, Davis, CA, US; Figure 2.2C). If there were broken bones on 

the left side while the right was complete, the skull was reflected in Checkpoint. The landmark 

and curve placement scheme was developed to outline the lateral edges of each bone and 

influenced by recent geometric morphometric studies and guides (Placi et al. 2016; Bardua, 

Felice, et al. 2019; Bardua, Wilkinson, et al. 2019; Rhoda et al. 2020; C Bardua 2020, pers. 

comm.; Table 2.3). Due to the degree of fusion of the supratemporal to the prootic and 

exoccipital in most specimens, the supratemporal was not segmented away from the braincase. 

As a result, the posterior edge of the prootic is defined by the anterior edge of the supratemporal 

in that curves 30 and 33 are shared by both and the anterodorsal edge of the exoccipital is 

defined by the exoccipital crest and the ventral edge of the supratemporal.   

 The number of points along each curve was increased and the points were placed 

equidistantly between two landmarks by the function equidistantCurve, which is contained 

within the R package Morpho (Schlager 2017; 2.2D). 
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Surface landmarks 

 Surface landmarks were applied to the skull of ANMH-28846 in Checkpoint. ANMH-

28846 was designated the template, from which surface points were applied to all other skulls. 

Patching was conducted in a piecemeal fashion started with the creation of multiple atlases with 

‘createAtlas,’ with which the surface points of the template are defined and subsequently applied 

to the rest of the skulls with ‘placePatch’ (Bardua, Felice, et al. 2019; Figure 2.2E). The 

functions ‘createAtlas’ and ‘placePatch’ are both found within Morpho (Schlager 2017). 

Patching the parietal, prootic, exoccipital, basisphenoid, and basioccipital while using a mesh 

that included the suspensorium resulted in erroneous point placement. To overcome this, patches 

were placed on these bones though the use of meshes with the suspensorium removed.  

Surface landmarks were excluded from the septomaxilla and vomer due to the extreme 

variability of completeness caused by the insufficient thickness and incomplete calcification of 

the bone. Surface points were also excluded from the pterygoid due to the variable presence of 

teeth on the dorsal surface in addition to the incomplete posterior extent and from the palatine 

due to insuperable issues with patching. 

With patching complete, the surface points were slid together with slider3d to minimize 

the bending energy and allow for a geometrically and biologically preferable location of the 

points as the initial patch placement is somewhat arbitrary (Schlager 2017; Bardua, Felice, et al. 

2019; Figure 2.2F). Points were mirrored across midline with mirror2plane (Schlager 2017), 

aligned with ‘gpagen’ from the R package geomorph (Adams et al. 2021; Baken et al. 2021) and 

finally mirrored pointed were removed before additional analyses. Mirroring across the midline 

prior to alignment reduces shape variation along the midline when compared with the alignment 

of data from just one side of a bilaterally symmetric structure (Bardua, Felice, et al. 2019). 
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Data Analyses 

 The covariance ratio (CR) through the implementation of ‘modularity.test’ from 

geomorph (Collyer and Adams 2018, 2021; Adams et al. 2021; Baken et al. 2021) was used to 

assess the patterns of modularity of the 87 skulls. CR evaluated the modularity of 210 different 

model structures that varied from the null hypothesis of one module (no modularity) to 17 

modules (all regions are separate). Descriptions of which can be found in Table 2.4.  

Subsequent analyses were conducted on the skull as a whole and each aligned module 

separately using geomorph (Collyer and Adams 2018, 2021; Adams et al. 2021; Baken et al. 

2021) as in Bardua, Wilkinson, et al. (2019). Generalized Procrustes Analysis (GPA; Gower 

1975) through ‘gpagen,’ was conducted on all specimens and two additional data subsets: just 

coralsnakes, and aquatic and semiaquatic species (5-10 ATS). From these three comparisons we 

can identify patterns of variation in aquatic coralsnakes associated with phylogeny or with 

aquatic tendency.  

 

QUADRATE 

Specimens 

We produced and analyzed data from the skulls of 101 elapid specimens, including 57 

New World coralsnakes (Micrurus and Micruroides) and 23 Asian coralsnakes (Calliophis and 

Sinomicrurus). This dataset includes 78 species and subspecies (Table 2.1; Appendix).  

The quadrate dataset was derived from the skull dataset and underwent the same initial 

preparation (Figure 2.3A-B). The segmented left quadrate was exported from DrishtiPaint if 

present and lacking any apparent deformity. If the left was missing or the right quadrate was in 

better shape, the right quadrate was exported and reflected using Checkpoint. Models were 
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converted from binary ply to ASCII ply at the instruction of Bardua, Felice, et al. (2019) in R 

4.0.2 (R Core Team 2021) to alleviate potential compatibility issues with R packages.  

 

Morphometric Data Preparation and Collection 

Landmarks and Semi-landmark Curves 

 Ten landmarks and 10 semi-landmark curves were placed on each quadrate using 

Checkpoint (Figure 2.3C). The landmark and curve placement scheme was developed to outline 

dorsal edge and the quadrate/articular joint while connecting the two across the lateral face and 

influenced by recent geometric morphometric studies and guides (Placi et al. 2016; Bardua, 

Felice, et al. 2019; Bardua, Wilkinson, et al. 2019; Rhoda et al. 2020; Table 2.5). 

 The number of points along each curve was increased and the points were placed 

equidistantly between two landmarks by the function equidistantCurve (Schlager 2017; Figure 

2.3D). 

 

Surface landmarks 

 Surface landmarks were applied the quadrate of ANMH-28846 in Checkpoint. ANMH-

28846 was designated the template, from which surface points were applied to all other 

quadrates. Patching sliding and alignment of the quadrate was completed with the same means as 

the skull (Figure 2.3E-F). 

Surface landmarks were excluded from the face of the quadrate/articular joint as the 

fusion between the quadrate and lower jaw was variable and therefore the quality of quadrate is 

variable. As a single quadrate is not bilaterally symmetrical, points were not mirrored across the 

midline as with the skull.  
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Data Analyses  

As the quadrate is a single bone, modularity testing was not conducted. All other analyses 

were performed as on the skull.  

 

LOWER JAW 

Specimens 

We produced and analyzed data from the skulls of 100 elapid specimens, including 56 

New World coralsnakes (Micrurus and Micruroides) and 23 Asian coralsnakes (Calliophis and 

Sinomicrurus). This dataset includes 78 species and subspecies (Table 2.1; Appendix).  

The lower jaw dataset was derived from the skull dataset and underwent the same initial 

preparation (Figure 2.4A-B). The left lower jaw was exported if present and lacking any apparent 

deformity (e.g., breakage, growths). If the left was missing or the right lower jaw was in better 

condition, the right lower jaw was exported and reflected using Checkpoint. Models were 

simplified down to a maximum of 1,000,000 faces to ease downstream data analysis in Avizo 

(Thermo Fisher Scientific, Waltham, MA, US). Models were converted from binary ply to 

ASCII ply at the instruction of Bardua, Felice, et al. (2019) in R 4.0.2 (R Core Team 2021) to 

alleviate potential compatibility issues with R packages.  

 

Morphometric Data Preparation and Collection 

Regions 

The four regions of the lower jaw data set are based on a single surface of entire bones: 

the lateral face of the dentary, the lateral face of the compound, the medial face of the splenial, 

and the medial face of the angular (Table 2.6).  
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Landmarks and Semi-landmark Curves 

Nineteen landmarks and 20 semi-landmark curves were placed on each jaw using 

Checkpoint (Figure 2.4C). The landmark and curve placement scheme was developed to outline 

the lateral edges of each bone and influenced by recent geometric morphometric studies and 

guides (Placi et al. 2016; Bardua, Felice, et al. 2019; Bardua, Wilkinson, et al. 2019; Rhoda et al. 

2020; Table 2.7). 

The number of points along each curve was increased and the points were placed 

equidistantly between two landmarks by the function equidistantCurve (Schlager 2017; 2.4D). 

Surface landmarks 

Surface landmarks were applied the lower jaw of ANMH-28846 in Checkpoint. ANMH-

28846 was designated the template, from which surface points were applied to all other jaws. 

Patching sliding and alignment of the quadrate was completed with the same means as the skull 

(Figure 2.4E-F). As the exported half of the lower jaw in this dataset is not bilaterally 

symmetrical, points were not mirrored across the midline as with the skull.  

Data Analyses 

Modularity and all other analyses were performed on the lower jaw dataset as on the skull 

dataset. 

MIDBODY VERTEBRA 

Specimens 

We produced and analyzed data from the midbody vertebrae of 93 elapid specimens, 

including 57 New World coralsnakes (Micrurus and Micruroides) and 16 Asian coralsnakes 
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(Calliophis and Sinomicrurus). This dataset includes 71 species and subspecies (Table 2.1; 

Appendix). CT scans were conducted with the same settings as the skull dataset at a zoom level 

to minimize the voxel size and capture a minimal number of vertebrae in frame. The vertebrae 

scanned were at the midpoint between the base of the skull and vent.  

Volumes were brightness and contrast adjusted and segmented with the same means as 

the skull dataset (Figure 2.5A-B).  

Morphometric Data Preparation and Collection 

Landmarks and Semi-landmark Curves 

Twenty-seven landmarks and 35 semi-landmark curves were placed on the left side of 

each vertebrae using Checkpoint (Figure 2.5C). If the left side of the vertebrae was found to be 

deformed or otherwise abnormal, the vertebra was reflected with Checkpoint. The landmark and 

curve placement scheme was developed to highlight anatomically pertinent features like, the 

perimeter of all facets and the lateral extent of all processes and was influenced by recent 

geometric morphometric guides (Bardua, Felice, et al. 2019; C Bardua 2020, pers. comm.; Table 

2.9). 

The number of points along each curve was increased and the points were placed 

equidistantly between two landmarks by the function equidistantCurve (Schlager 2017; 2.5D). 

Surface points were not applied due to the variable completeness of the vertebral mesh which is a 

result of the small size of the specimens and the limitations of the micro-CT scanner used. Points 

were mirrored across midline and aligned with the same means as the skull dataset.  
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Data Analyses 

As a vertebra is a single bone, modularity testing was not conducted. All other analyses 

were performed as on the skull.  

CAUDAL VERTEBRA 

Specimens 

We produced and analyzed data from the caudal vertebrae of 92 elapid specimens, 

including 53 New World coralsnakes (Micrurus) and 19 Asian coralsnakes (Calliophis and 

Sinomicrurus). This dataset includes 73 species and subspecies (Table 2.1; Appendix). CT scans 

were conducted with the same settings as the skull dataset at a zoom level to minimize the voxel 

size and capture a minimal number of vertebrae in frame. The vertebrae scanned were at the 

midpoint between the base of the skull and vent.  

Volumes were brightness and contrast adjusted and segmented with the same means as 

the skull dataset (Figure 2.6A-B).  

Morphometric Data Preparation and Collection 

Landmarks and Semi-landmark Curves 

Twenty-nine landmarks and 37 semi-landmark curves were placed on the left side of each 

skull using Checkpoint (Figure 2.6C). The landmark and curve placement scheme was developed 

in the same maner as the midbody vertebra dataset (Table 2.10). 
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 The number of points along each curve was increased and the points were placed 

equidistantly between two landmarks, mirrored across the midline alinged and mirror points 

were removed with the same means of the midbody vertebra dataset (Figure 2.6D). 

Data Analyses 

As a vertebra is a single bone, modularity testing was not conducted. All other analyses 

were performed as on the skull.  
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Figure 2.1. Bayesian phylogenetic reconstruction using Mr. Bayes 3.2.7 with ND4 (922 bp). The 

phylogeny was run 90,000,000 generations. Node labels denote posterior probabilities.  
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Figure 2.2. Steps in morphometric data preparation. CT data was sharpened with CLAHE (A), segmented in DrishtiPaint (B), and 

landmarked in Checkpoint (C). The curves were subsampled (D), surface points were added (E), and all points were slid together (F) 

with Morpho in R. Green points are the original position and red are the position post-slide.
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Figure 2.3. Steps in morphometric data preparation of the quadrate dataset. CT data was 

sharpened with CLAHE (A), segmented in DrishtiPaint (B), and landmarked in Checkpoint (C). 

The curves were subsampled (D), surface points were added (E), and all points were slid together 

(F) with Morpho in R. Green points are the original position and red are the position post-slide. 
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Figure 2.4. Steps in morphometric data preparation of the lower jaw dataset. CT data was 

sharpened with CLAHE (A), segmented in DrishtiPaint (B), and landmarked in Checkpoint (C). 

The curves were subsampled (D), surface points were added (E), and all points were slid together 

(F) with Morpho in R. Green points are the original position and red are the position post-slide. 
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Figure 2.5. Steps in morphometric data preparation of midbody vertebra dataset. CT data was 

sharpened with CLAHE (A), segmented in DrishtiPaint (B), and landmarked in Checkpoint (C). 

The curves were subsampled with Morpho in R (D). 

 
Figure 2.6. Steps in morphometric data preparation of the caudal vertebra dataset. CT data was 

sharpened with CLAHE (A), segmented in DrishtiPaint (B), and landmarked in Checkpoint (C). 

The curves were subsampled with Morpho in R (D). 
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Figure 2.7. Dorsal, lateral, and ventral views (A-C, respectively) of the skull of Hemibungarus 

calligaster (KU 307474). Right suspensorium excluded. Abbreviations: bo, basioccipital; bs, 

basisphenoid; ecp, ectopterygoid; exo, exoccipital; f, frontal; f5b, foramen for maxillary branch 

of trigeminal; f5c, foramen for mandibular branch of trigeminal; mx, maxilla; na, nasal; p, 

parietal; pal, palatine; pfr, prefrontal; pmx, premaxilla; pro, prootic; pt, pterygoid; pVf, posterior 

Vidian foramen; smx, septomaxilla; so, supraoccipital; st, supratemporal; v, vomer. Adapted 

from Cundall and Irish (2008). 
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Figure 2.8. Lateral and medial views (A-B, respectively) of the left lower jaw of Hemibungarus 

calligaster (KU 307474). Abbreviations: a, articular; an, angular; cf, compound foramen; corp, 

coronoid process; cp, compound; d, dentary; df, dentary foramen; sp, splenial. Adapted from 

Cundall and Irish (2008).
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Figure 2.9. Dorsal, lateral, anterior, and posterior views (A-D, respectively) of a midbody vertebra of Hemibungarus calligaster (KU 

307474). Abbreviations: cn, condyle; ct, cotyle; d, diapophysis; hy, hypapophysis; ir, interzygapophyseal ridge; nc, neural canal; ns, 

neural spine; pp, parapophysial process; p, parapophysis; poa, postzygapophyseal articular facet; po, postzygapophysis; prp, 

prezygapophyseal accessory process; pra, prezygapophyseal articular facet; pr, prezygapophysis; sr, subcentral ridge; sn, 

synapophyses; zgf, zygantral articular facet; zg, zygantrum; zyf, zygosphenal articular facet; zy, zygosphene. Adapted from Ikeda 

(2007). 
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Figure 2.10. Dorsal, lateral, anterior, and posterior views (A-D, respectively) of a caudal vertebra of Hemibungarus calligaster (KU 

307474). Abbreviations: cn, condyle; ct, cotyle; he, hemapophysis; ir, interzygapophyseal ridge; nc, neural canal; ns, neural spine; ple, 

pleurapophysis; pp, parapophysial process; poa, postzygapophyseal articular facet; po, postzygapophysis; prp, prezygapophyseal 

accessory process; pra, prezygapophyseal articular facet; pr, prezygapophysis; sr, subcentral ridge; zgf, zygantral articular facet; zg, 

zygantrum; zyf, zygosphenal articular facet; zy, zygosphene. Adapted from Ikeda (2007). 
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Table 2.1. Specimens used in this study. 

   Dataset Inclusion 
# Species Catalog Number ATS Sex SVL TL V SC SC type S Q J M C 

1 Acanthophis antarcticus UTA R-7623 1 M 467 110 123 47 Entire X X X X X

2 Bungarus candidus UTA R-65799 1 M 657 158 211 77 Divided X X X X X

3 Bungarus flaviceps UTA R-62257 1 M 835 138 219 53 Divided X X X X X

4 Calliophis beddomei MNHN 46-81 1 F 277 28 225 31 Divided X X X X X

5 Calliophis bibroni CAS 17268 1 F 402 41 222 29 Entire X

6 Calliophis biliniatus KU 309511 1 M 856 141 229 54 Divided X X X X X

7 Calliophis biliniatus KU 311415 1 M 568 52 231 30 Divided X X X X X

8 Calliophis bivirgatus bivirgatus UTA R-63079 1 M 693 59+ 286 29+ Divided X X X X X

9 Calliophis cf. intestinalis NMW 27221-4 1 F 334 15 259 16 Entire X X X

10 Calliophis gracilis USNM 53447 1 juv. 368 23 309 26 Divided X X X X

11 Calliophis intestinalis UTA R-60738 1 M 391 21 263 16 Divided X X X X X

12 Calliophis intestinalis cf. immaculata NMW 27192-1 1 F 393 28 218 22 Entire X X

13 Calliophis intestinalis immaculata UTA R-65802 1 M 276 22 212 22 Entire X X X X X

14 Calliophis intestinalis lineata UTA R-65801 1 M 478 40 231 25 Entire X X X X X

15 Calliophis maculiceps MNHN 5459 1 M 348 39 188 30 Divided X X X X X

16 Calliophis melanurus MNHN 46-286 1 F 189 13 269 26 Divided X X X X X

17 Calliophis melanurus MNHN 48-318 1 F 216 17 276 29 Divided X X

18 Calliophis nigrescens CAS 17265 1 M 567 72 251 40 Divided X

19 Calliophis nigrotaeniatus NMW 27220-7 1 M 504 51 211 26 Entire X X X

20 Calliophis philippinus KU 310369 1 M 625 56 246 32 Divided X X X X X

21 Calliophis philippinus KU 314913 1 M 438 41 248 32 Divided X X X X X

22 Calliophis salitan PNM 9844 2 M 856 141 229 54 Divided X X X

23 Dendroaspis angusticeps UTA R-34982 1 M 274 89 210 108 Divided X X X X

24 Elapsoidea nigra CAS 168978 1 F 355 24 160 15 Divided X X X X

25 Hemachatus haemachatus UTA R-7431 1 M 725 150 132 38 Divided X X X X X
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# Species Catalog Number ATS Sex SVL TL V SC SC type S Q J M C

26 Hemibungarus calligaster KU 307474 2 M 416 36 204 23 Divided X X X X X

27 Hydrophis platurus UTA R-41049 10 F 449 57 353 50 Entire X X X X X

28 Hydrophis schistosus UTA R-63074 10 M 713 112 256 47 Entire X X X X X

29 Laticauda colubrina UTA R-65800 8 F 425 27 240 35 Divided X X X X X

30 Laticauda laticauda UTA R-6355 8 M 770 119 236 47 Divided X X X X X

31 Micrelaps vaillanti CAS 169941 1 F 391 23 246 22 Divided X X X X

32 Micruroides euryxanthus UTA R-60734 1 M 357 31 222 27 Divided X X X X

33 Micrurus alleni UTA R-60556 5 M 734 128 222 52 Divided X X X X X

34 Micrurus ancoralis UTA R-55945 2 M 952 80 257 36 Divided X X X X X

35 Micrurus apiatus UTA R-39267 5 F 502 64 224 46 Divided X X X X X

36 Micrurus apiatus UTA R-39554 5 F 396 43 222 38 Divided X X X X X

37 Micrurus apiatus UTA R-53450 5 F 426 61 210 44 Divided X X X X

38 Micrurus bocourti UTA R-58145 1 F 421 37 225 32 Divided X X X X

39 Micrurus diastema UTA R-52565 6 F 717 87 215 39 Divided X X X X X

40 Micrurus dissoleucus UTA R-54184 1 M 366 41 176 28 Divided X X X X

41 Micrurus distans UTA R-14471 1 M 665 88 212 45 Divided X X X X

42 Micrurus diutius UTA R-20756 6 M 766 66 214 27 Divided X X X X

43 Micrurus diutius UTA R-54182 6 M 622 61 212 31 Divided X X X X X

44 Micrurus dumerilii AMNH 35951 4 F 254 32 212 41 Divided X X X X X

45 Micrurus elegans elegans MZFC 18819 1 M 364 86 201 50 Divided X X X X X

46 Micrurus elegans veraepacis UTA R-58869 1 M 444 73 205 44 Divided X X X X X

47 Micrurus elegans veraepacis UTA R-7072 1 F 775 64 226 30 Divided X X X

48 Micrurus ephippifer UTA R-64863 1 M 603 120 213 57 Divided X X X X X

49 Micrurus filiformis UTA R-3423 3 F 247 19 289 34 Divided X X X X X

50 Micrurus filiformis  UTA R-65836 3 M 344 32 267 37 Divided X X X X X

51 Micrurus fulvius UTA R-61632 1 M 430 54 210 34 Divided X X X X X

52 Micrurus helleri UTA R-38005 6 F 323 28 257 37 Divided X X X X X
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53 Micrurus helleri UTA R-55977 6 F 677 57 250 33 Divided X X X

54 Micrurus helleri UTA R-65841 6 F 395 38 253 38 Divided X X X X

55 Micrurus hemprichii UTA R-29997 1 M 510 55 178 31 Divided X X X X X

56 Micrurus hemprichii UTA R-9683 1 M 735 78 194 31 Divided X X X X X

57 Micrurus isozonus UTA R-22589 4 F 557 33 216 21 Divided X X X X X

58 Micrurus isozonus UTA R-3951 4 F 648 33 217 17 Divided X X X X X

59 Micrurus laticollaris UTA R-52559 4 M 401 48 206 40 Divided X X X X X

60 Micrurus laticollaris UTA R-57562 4 F 496 67 215 40 Divided X X X X X

61 Micrurus latifasciatus UTA R-4606 4 M 344 61 193 53 Divided X X X

62 Micrurus lemniscatus cf. helleri UTA R-34563 5 M 275 21 241 32 Divided X X X X X

63 Micrurus lemniscatus cf. helleri UTA R-65803 5 M 703 51 229 33 Divided X X X X X

64 Micrurus limbatus UTA R-64852 1 F 479 44 201 25 Divided X X X X X

65 Micrurus limbatus UTA R-64899 1 M 464 74 188 37 Divided X X X X X

66 Micrurus melanotus AMNH 35934 1 F 439 23 305 21 Divided X X X X

67 Micrurus melanotus UTA R-22582 1 M 218 16 309 29 Divided X X X X X

68 Micrurus mipartitus UTA R-54187 2 F 539 36 262 25 Divided X X X X X

69 Micrurus mosquitensis UTA R-12919 5 F 378 42 210 36 Divided X X X X X

70 Micrurus nattereri UTA R-3594 7 M 239 33 182 40 Divided X X

71 Micrurus nattereri UTA R-54175 7 M 513 76 188 41 Divided X X X X

72 Micrurus nattereri UTA R-55086 7 M 248 35 189 42 Divided X X X X

73 Micrurus nattereri UTA R-60727 7 F 834 88 201 32 Divided X X X X X

74 Micrurus nigrocinctus zunilensis UTA R-64858 2 M 496 77 208 50 Divided X X X X X

75 Micrurus obscurus UTA R-3840 2 F 642 32 214 16 Divided X X X X X

76 Micrurus oliveri UTA R-64893 1 M 602 112 210 52 Divided X X X X

77 Micrurus ornatissimus UTA R-60724 1 F 612 65 224 37 Divided X X X X X

78 Micrurus pyrrhocryptus UTA R-51404 1 M 317 29 224 29 Divided X X X X X

79 Micrurus renjifoi UTA R-3490 2 F 405 21 241 17 Divided X X X X X
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80 Micrurus serranus UTA R-34561 1 M 484 35 218 22 Divided X X X X X

82 Micrurus steindachneri AMNH 28846 2 F 499 51 227 36 Divided X X X X X

83 Micrurus steindachneri AMNH 35819 2 M 510 87 203 42 Divided X X X X X

84 Micrurus surinamensis UTA R-15679 7 F 1074 120 171 31 Divided X X X X X

85 Micrurus surinamensis UTA R-50173 7 M 620 93 171 35 Divided X X X X X

86 Micrurus surinamensis UTA R-54378 7 F 1054 125 178 32 Divided X X X X X

87 Micrurus surinamensis UTA R-5849 7 M 343 50 168 37 Divided X X X

88 Micrurus surinamensis UTA R-65798 7 F 217 27 183 36 Divided X X

89 Micrurus surinamensis UTA R-65844 7 M 620 90 173 36 Divided X X X X X

90 Micrurus tener FMNH 39479 1 ? ? ? ? ? ? X X X

91 Micrurus tener UTA R-63282 1 M 506 76 207 41 Divided X X X X X

81 Micrurus sp. UTA R-6086 - F 726 79 218 40 Divided X X

92 Naja annulata UTA R-18199 8 M 327 81 199 74 Divided X X X X X

93 Naja christyi UTA R-18200 8 M 386 95 206 73 Divided X X X X X

94 Naja siamensis UTA R-16872 1 F 287 50 165 48 Divided X X X X X

95 Ophiophagus hannah UTA R-60836 4 M 422 98 242 97 Divided X X X X X

96 Oxyuranus scutellatus UTA R-60839 1 M 1333 240 227 69 Divided X X X X X

97 Prosymna stuhlmanni UTA R-64493 1 M 178 33 135 30 Divided X X X X

98 Pseudohaje goldii UTA R-63636 2 M 481 286 198 85 Divided X X X X X

99 Simoselaps bertholdi UMMZ 244197 1 M 153 19 109 ? Divided X X X

100 Sinomicrurus annularis ROM 31158 1 M 308 40 197 36 Divided X X X X

101 Sinomicrurus boettgeri UTA R-58837 1 M 408 38 195 25 Divided X X X X X

102 Sinomicrurus japonicus CAS 204979 1 M 432 40 203 28 Divided X X X

103 Sinomicrurus kelloggi ROM 37079 1 M 505 72 183 40 Divided X X X X

104 Sinomicrurus macclellandi CAS 17267 1 M 490 58 203 32 Divided X

105 Sinomicrurus peinani ROM 35245 1 M 524 59 210 32 Divided X X X

106 Sinomicrurus peinani ROM 37109 1 M 525 59 218 30 Divided X X X X X
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107 Sinomicrurus swinhoei MVZ 23876 1 F 449 47 232 34 Divided X X X X X

108 Walterinnesia aegyptia UTA R-13021 2 M 848 141 185 46 Divided X X X X X
Tail length is abbriviated as TL, ventral scale count as V, subcaudal scale count as SC, skull dataset as S, quadrate dataset as Q, lowerjaw dataset as J, mibdbody 
vertebra dataset as M, and caudal vertebra dataset as C. Measurments for SVL and TL are in milimeters. Numbering coorelates with Supplemental Figures 6-71). 
Specimens are from the following institutions: American Museum of Natual History, New York, USA (AMNH), California Academy of Sciences, San Francisco, 
USA (CAS), Field Museum of Natural History, Chicago, USA (FMNH), University of Kansas Natural History Museum, Lawrence, USA (KU), Muséum 
National d’Histoire Naturelle, Paris, France (MNHN), Museum of Vertebrate Zoology, Berkeley, USA (MVZ), Museo de Zoología Alfonso L. Herrera, Ciudad 
de México, México (MZFC), Naturhistorisches Museum Wien, Vienna, Austria (NMW), National Museum of the Philippines, Manila, Philippines (PNM), Royal 
Ontario Museum, Toronto, Canada (ROM), University of Michigan Museum of Zoology, Ann Arbor, USA (UMMZ), Smithsonian National Museum of Natural 
History, Washington, D.C., USA (USNM), University of Texas Arlington Amphibian and Reptile Diversity Research Center, Arlington, USA (UTA). 

Table 2.2. Regions of the skull used in this study. 

Region Definition 
Premaxilla Anterior and ventral faces of premaxilla.
Nasal Dorsal surface of nasal. 
Prefrontal Extent of the dorsoanterior surface of prefrontal that can be seen in dorsal aspect. 
Frontal Dorsal surface of frontal.
Parietal Dorsal and lateral surfaces of parietal.
Supraoccipital Dorsal surface of supraoccipital.
Supratemporal Lateral surface of supratemporal.
Prootic Lateral surface of prootic. Posterior extent of the region is interrupted by, and therefore defined by, the intrusion of the supratemporal. In 

most specimens the supratemporal is firmly fused with the braincase at its anterior end. Segmenting it out would leave the lateral surface of 
the prooctic altered and unfit for inclusion in analysis.

Exoccipital Dorsal, lateral, and posterior surfaces of exoccipital. The dorsolateral extent of this region is defined by the exoccipital ridge as the compete 
surface is obfuscated by the supratemporal in most specimens.

Septomaxilla Defined by two curves, one along the dorsal edge to capture posterior and anterior extent, and the second along the anterior edge.
Vomer Defined be one curve to capture the posterior and anterior extent in ventral view. 
Maxilla Surface points were placed on the lateral surface from the tooth row ventrally to the dorsal ridge. Additional landmarks and curves are 

included to capture the depth of the complex geometry.
Palatine Surface points were placed on the lateral surface from the tooth row ventrally to the dorsal ridge. Additional landmarks and curves are 

included to capture the depth of the complex geometry.
Ectopterygoid Ventrolateral surface of ectopterygoid.
Pterygoid Ventral surface of the pterygoid.
Basisphenoid Ventral surface of basisphenoid.
Basioccipital Ventral surface of basioccipital. 



60 
 
 

Table 2.3. Landmarks and semi-landmark curves of the skull. 

  Landmark position 
1 Premaxilla; anterior most point in dorsal view 
2 Premaxilla; dorsal most point 
3 Premaxilla; lateral most point 
4 Premaxilla; posterior lateral projection 
5 Premaxilla; most posterior point along midline in 

ventral view 
6 Nasal; anteromedial corner in dorsal view 
7 Nasal; anterolateral corner in dorsal view 
8 Nasal; posterolateral corner in dorsal view 
9 Nasal; posteromedial corner in dorsal view 
10 Prefrontal; point of greatest medial inflection of 

dorsomedial flange 
11 Prefrontal; anterolateral end in dorsal/lateral view 
12 Prefrontal; lateral posteroventral end; ventral end 
13 Prefrontal; posterolateral end of left prefrontal in 

dorsal (or lateral) view 
14 Frontal; anteromedial corner in dorsal view 
15 Frontal; end of left anterolateral process; most 

lateral point of contact between frontal and 
prefrontal in dorsal view 

16 Frontal; anterolateral corner of joint/suture 
between parietal and frontal 

17 Frontal; posteromedial corner of joint/suture 
between parietal and frontal 

18 Parietal; most anterior point dorsal view along 
mid-sagittal plane 

19 Parietal; anterolateral corner of joint/suture 
between parietal and frontal 

20 Parietal; anterolateral projection at frontal 
junction and around orbital foramen

21 Parietal; left anteroventral corner 
22 Parietal; point of contact between basisphenoid, 

parietal, and left prootic 
23 Parietal; most posterior point along mid-sagittal 

plane in dorsal view 
24 Supraoccipital; most anterior point along mid-

sagittal plane in dorsal view 
25 Supraoccipital; anterolateral corner next to prootic 
26 Supraoccipital; posterolateral corner 
27 Supraoccipital; most posterior point along mid-

sagittal plane in dorsal view 
28 Supratemporal; anterodorsal end 
29 Supratemporal; anteroventral end 
30 Supratemporal; posterior end 
31 Supratemporal; point along anterior edge in line 

with posterior edge of prootic 
32 Prootic; anterodorsal corner 
33 Prootic; anteroventral corner 
  

34 Prootic; point of contact between basisphenoid, 
basioccipital, and prootic 

35 Prootic; posteroventral corner 
36 Prootic; posterodorsal corner 
37 Prootic; dorsal point of foramen for the maxillary 

branch of the trigeminal nerve 
38 Prootic; ventral point of foramen for the maxillary 

branch of the trigeminal nerve 
39 Prootic; dorsal point of foramen for the 

mandibular branch of the trigeminal nerve
40 Prootic; ventral point of foramen for the 

mandibular branch of the trigeminal nerve
41 Exoccipital; anteromedial corner 
42 Exoccipital; anterior most point of exoccipital 

crest at exoccipital-supraoccipital suture
43 Exoccipital; ventral most point of exoccipital crest 
44 Exoccipital; anterodorsal end of opening for 

columella
45 Exoccipital; anteroventral end of opening for 

columella
46 Exoccipital; anteroventral corner 
47 Exoccipital; posteroventral most point 
48 Exoccipital; posterolateral corner dorsolateral to 

foramen magnum
49 Exoccipital; most posterior point in dorsal view 

along mid-sagittal plane 
50 Exoccipital; dorsal point of exoccipital foramen 
51 Exoccipital; ventral point of exoccipital foramen 
52 Septomaxilla; end of conchal process 
53 Septomaxilla; anterior most point 
54 Septomaxilla; posterior most point 
55 Vomer; anterior extreme in ventral view 
56 Vomer; posterior extreme in ventral view 
57 Maxilla; anterior most point along tooth row 
58 Maxilla; posterior most point along tooth row 
59 Maxilla; posterior most point of ectopterygoid 

process
60 Maxilla; anterior most point of ectopterygoid 

process
61 Maxilla; posterior most point of palatine facet 
62 Maxilla; anterior most point of palatine facet 
63 Palatine; anterior tip 
64 Palatine; lateral end of the maxillary process 
65 Palatine; medial end of choanal process 
66 Palatine; posterior end 
67 Ectopterygoid; anterodorsal tip of ectopterygoid 
68 Ectopterygoid; posterior end of ectopterygoid 
69 Ectopterygoid; anteroventral tip of ectopterygoid 
70 Pterygoid; anterodorsal end of palatine process of 

pterygoid
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  Landmark position
71 Pterygoid; posterolateral extent of pterygoid 
72 Pterygoid; posteromedial extent of pterygoid 
73 Pterygoid; anteromedial end of pterygoid 
74 Basisphenoid; anterior end of cultriform process 

in ventral view 
75 Basisphenoid; point of contact between 

basisphenoid, parietal, and prootic 
76 Basisphenoid; point of contact between 

basisphenoid, basioccipital, and prootic
77 Basisphenoid; most posterior point along mid-

sagittal plane 
78 Basisphenoid; lateral edge of posterior Vidian 

foramen 
79 Basisphenoid; medial edge of posterior Vidian 

foramen 
80 Basioccipital; most anterior point of basioccipital 

along mid-sagittal plane in ventral view
81 Basioccipital; point of contact between 

basisphenoid, basioccipital, and left prootic; 
placed on basioccipital 

82 Basioccipital; most posterior point of contact 
between left prootic and basioccipital

83 Basioccipital; tip of left posterolateral process of 
basioccipital 

84 Basioccipital; posterior end of occipital condyle 

  Semi-landmark curve position 
1 Premaxilla; midline; point 1 to 2 
2 Premaxilla; dorsolateral edge; point 2 to 3 
3 Premaxilla; anteroventral edge; point 1 to 3 
4 Premaxilla; posteroventral edge; point 3 to 4 
5 Premaxilla; posteroventral edge; point 4 to 5 
6 Premaxilla; midline in ventral view; point 1 to 5 
7 Nasal; anterior edge; point 6 to 7 
8 Nasal; lateral edge; point 7 to 8 
9 Nasal; posterior edge; point 8 to 9 
10 Nasal; medial edge; point 6 to 9 
11 Prefrontal; anteromedial edge; point 10 to 11 
12 Prefrontal; anterolateral edge; point 11 to 12 
13 Prefrontal; posterolateral edge; anterior margin of 

orbital; point 12 to 13 
14 Prefrontal; posteromedial edge along anterior 

edge; point 10 to 13 
15 Frontal; anterior edge; point 14 to 15 
16 Frontal; lateral edge; point 15 to 16 
17 Frontal; posterior edge; point 16 to 17 
18 Frontal; medial edge; point 14 to 17 
19 Parietal; anterior edge in dorsal aspect; point 18 to 

19 
20 Parietal; margin; point 19 to 20 
21 Parietal; margin; point 20 to 21 
  

22 Parietal; margin, along edge of basisphenoid; 
point 21 to 22

23 Parietal; posterior edge; point 22 to 23 
24 Parietal; midline in dorsal aspect; point 18 to 23 
25 Supraoccipital; anterior edge from midline to 

anterolateral most point; point 24 to 25
26 Supraoccipital; lateral edge; point 25 to 26 
27 Supraoccipital; posterior edge from most 

posterolateral point to midline; point 26 to 27
28 Supraoccipital; midline; point 24 to 27 
29 Supratemporal; anterior edge; point 28 to 29 
30 Supratemporal; ventrolateral edge; point 29 to 30 
31 Supratemporal; posterodorsal edge; point 30 to 31 
32 Supratemporal; anterodorsal edge; point 28 to 31 
33 Prootic; anterior edge that connects points 32 and 

33
34 Prootic; edge along prootic-basisphenoid suture; 

point 33 to 34
35 Prootic; edge along prootic-basioccipital suture; 

point 34 to 35
36 Prootic; posteroventral edge; point 29 to 35 
37 Prootic; posterior edge, dorsal to the 

supratemporal; point 31 to 36 
38 Prootic; dorsal edge that connects points 32 and 

36
39 Prootic; anterior edge of foramen for the 

maxillary branch of the trigeminal nerve; point 37 
to 38

40 Prootic; posterior edge of foramen for the 
maxillary branch of the trigeminal nerve; point 37 
to 38

41 Prootic; anterior edge of the foramen for the 
mandibular branch of the trigeminal nerve; point 
39 to 40

42 Prootic; posterior edge of the foramen for the 
mandibular branch of the trigeminal nerve; point 
39 to 40
Curves 30 and 33 of the supratemporal also define 
the boundary of the prootic 

43 Exoccipital; anterior edge; point 41 to 42 
44 Exoccipital; exoccipital crest; point 42 to 43 
45 Exoccipital; the ventral extent of the exoccipital 

crest to the anterior edge of the exoccipital, 
ventral to the supratemporal; point 43 to 44

46 Exoccipital; edge of foreman which the columella 
passes through that connects points 44 and 45

47 Exoccipital; anteroventral edge; point 45 to 46 
48 Exoccipital; ventral edge; point 46 to 47 
49 Exoccipital; posterolateral edge of exoccipital; 

point 47 to 48
50 Exoccipital; posterodorsal edge of exoccipital; 

point 48 to 49
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  Semi-landmark curve position 
51 Exoccipital; medial edge of exoccipital along the 

sagittal plane; point 41 to 49 
52 Exoccipital; anterior edge of exoccipital foramen; 

point 50 to 51 
53 Exoccipital; posterior edge of exoccipital 

foramen; point 50 to 51 
54 Septomaxilla; dorsoanterior edge; point 52 to 53 
55 Septomaxilla; dorsal edge along sagittal plane; 

point 53 to 54 
56 Vomer; medial edge in ventral view; point 55 to 

56 
57 Maxilla; lateral edge along tooth row; point 57 to 

58 
58 Maxilla; posteromedial ridge; point 58 to 59 
59 Maxilla; edge of ectopterygoid process; point 59 

to 60 
60 Maxilla; medial edge; point 60 to 61 
61 Maxilla; edge of platine facet; point 61 to 62 
62 Maxilla; anterodorsal ridge; point 57 to 62 
63 Maxilla; dorsal ridge; point 57 to 58 
64 Palatine; anterodorsal edge; point 63 to 64 
65 Palatine; dorsal edge; point 64 to 65 
66 Palatine; posterodorsal edge; point 65 to 66 

67 Palatine; ventrolateral edge; point 63 to 66 
68 Palatine; ventromedial edge; point 63 to 66 
69 Ectopterygoid; dorsal edge; point 67 to 68 
70 Ectopterygoid; ventral edge; point 68 to 69 
71 Ectopterygoid; anterior edge; point 67 to 69 
72 Pterygoid; lateral edge; point 70 to 71 
73 Pterygoid; Posterior edge; point 71 to 72 
74 Pterygoid; Medial edge; point 72 to 73 
75 Pterygoid; Anterior edge; point 70 to 73 
76 Basisphenoid; lateral edge; point 74 to 75 
77 Basisphenoid; lateral edge; point 75 to 76 
78 Basisphenoid; posterior edge; point 76 to 77 
79 Basisphenoid; midline; point 74 to 77 
80 Basisphenoid; anterior edge of posterior Vidian 

foramen; point 78 to 79 
81 Basisphenoid; posterior edge of posterior Vidian 

foramen; point 78 to 79 
82 Basioccipital; anterior edge; point 80 to 81 
83 Basioccipital; anterolateral edge along suture with 

prootic; point 81 and 82 
84 Basioccipital; lateral edge; point 82 to 83 
85 Basioccipital; posterolateral edge; point 83 to 84 
86 Basioccipital; midline; point 80 to 84 

 

Table 2.4. Model structures evaluated for modularity of the skull dataset.  

Model  Definition 
1 no modules 

2A jaw, else 

2B jaw+pmx, else 

2C jaw+pmx+pfr, else 

2D jaw+pfr, else 

2E jaw+pmx+smx+v, else 

2F braincase, else 

2G braincase+pfr, else 

2H braincase+st, else 

2I braincase+pfr+st, else 

2J jaw+bo+bs, else 

2K jaw+bs+bo+v, else 

2L jaw+bs+bo+v+smx, else 

3A braincase+st, jaw, snout+pfr 

3B jaw, braincase+snout, st 

3C braincase+pfr+st, jaw, snout 

3D braincase+st, snout, jaw+pfr 

3E braincase+st+pfr, jaw+v, snout 

3F braincase+st+pfr, jaw+v+smx, snout 

3G braincase+st, jaw+v+pfr, snout 

3H braincase+st, jaw+v+smx+pfr, snout 

3I pro+so+exo+bo, jaw, else 

3J braincase+pfr+st, ecp+pt, snout+mx+pal 

4A jaw, snout, f+p+bs+pfr, pro+so+exo+bo+st 

4B jaw+pfr, snout, f+p+bs, pro+so+exo+bo+st 

4C jaw, snout+pfr, f+p+bs, pro+so+exo+bo+st 

4D snout+pfr, jaw, braincase, st 

4E snout+pfr, f+p+pro+so+exo+st, bs+bo, jaw 

4F snout, jaw, f+p+pro+so+exo+st+pfr, bs+bo 

4G snout, jaw+pfr, f+p+pro+so+exo+st, bs+bo 

4H pmx+n+smx, jaw+v, 
f+p+pro+so+exo+pfr+st, bs+bo 

4I pmx+n, jaw+v+smx, 
f+p+pro+so+exo+pfr+st, bs+bo 

4J pmx+n, jaw+v+smx+pfr, 
f+p+pro+so+exo+st, bs+bo 

4I pmx, n+smx+v, pfr+braincase+st, jaw 

5A pmx, na+smx+v, braincase+pfr, st, jaw 

5B snout, braincase, pfr, st, jaw 
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Model  Definition 
5C pmx, na+smx+v, jaw, braincase+pfr, st 

5D snout, braincase, st, pfr+mx+pal, ecp+pt 

5E snout, braincase+pfr, st, mx+pal, ecp+pt 

5F snout, braincase, st, pfr+mx+ecp, pal+pt 

5G snout, braincase+pfr, st, mx+ecp, pal+pt 

5H f+p+pro+so+exo+pfr, bs+bo, st, jaw, snout 

5I f+p+pro+so+exo, bs+bo, st, jaw+pfr, snout 

5J f+p+pro+so+exo, bs+bo, st, jaw, snout+pfr 

5K snout+pfr, frontal+p+bs, pro+so+exo+bo, st, 
jaw 

5L snout+pfr+frontal, p+bs, pro+so+exo+bo, st, 
jaw 

5M snout, pfr+frontal+p+bs, pro+so+exo+bo, st, 
jaw 

6A pmx+na, smx+v, pfr, braincase, st, jaw 

6B pmx, na+smx+v, pfr, braincase, st, jaw 

6C pmx+na, smx+v, braincase+pfr, pal+pt, 
mx+ecp, st 

6D pmx+na, smx+v, braincase+pfr, pal+mx, 
pt+ecp, st 

6E pmx+na, smx+v, f+p+pro+so+exo+pfr, st, 
bs+bo, jaw 

6F snout, f+p+pro+so+exo, pfr, st, bs+bo, jaw 

6G pmx+na, smx+v, f+p+pro+so+exo, st, bs+bo, 
jaw+pfr 

6H snout, pfr, fr+bs+p, pro+so+exo+bo, st, jaw 

6I pmx+na, smx+v, pfr+fr+bs+p, 
pro+so+exo+bo, st, jaw 

6J snout, pfr, +fr, bs+p, pro+so+exo+bo, st, jaw 

6K pmx+na, smx+v, fr+bs+p, pro+so+exo+bo, 
st, jaw+pfr 

6L pmx+na, smx+v, pfr, fr+bs+p, 
pro+so+exo+bo+st, jaw 

7A pmx+na, pfr, smx+v, fr+p+bs, 
pro+so+exo+bo, st, jaw 

7B pmx+na, pfr, smx+v, f+p+pro+so+exo, 
bs+bo, st, jaw 

7D pmx, pfr, na+smx+v, fr+p+bs, 
pro+so+exo+bo, st, jaw 

7E pmx, na, smx+v, fr+p+bs, pro+so+exo+bo, 
st, jaw+pfr 

7F pmx, na, pfr, smx+v, braincase+st, pal+pt, 
mx+ecp 

7G pmx, na, pfr, smx+v, braincase+st, ecp+pt, 
mx+pal 

7H pmx+na, pfr, smx+v, braincase, st, pal+pt, 
mx+ecp 

7I pmx+na, pfr, smx+v, braincase, st, ecp+pt, 
mx+pal 

7J pmx+na, pfr+fr, smx+v, p, 
bs+pro+so+exo+bo, st, jaw 

7K snout, pfr, fr, p, bs+pro+so+exo+bo, st, jaw 

8A pmx, na, smx+v, pfr braincase, st, mx+pal, 
ecp+pt

8B pmx, na, smx+v, pfr braincase, st, mx+ecp, 
pal+pt

8C pmx+na, smx, v, pfr braincase, st, mx+pal, 
ecp+pt

8D pmx+na, smx, v, pfr braincase, st, mx+ecp, 
pal+pt

8E pmx+na, smx+v, pfr braincase, st, mx, pal, 
ecp+pt

8F pmx+na, smx+v, pfr braincase, st, mx+pal, 
ecp, pt

8G snout, pfr braincase, st, mx, pal, ecp, pt 

8H pmx, na+smx+v, pfr braincase, st, mx+pal, 
ecp, pt

8I pmx, na+smx+v, pfr braincase, st, mx, pal, 
ecp+pt

8J pmx+na, pfr, f+p+bs, pro+so+exo+bo, st, 
jaw, smx, v

8K pmx, na, pfr, f+p+bs, pro+so+exo+bo, st, 
jaw, smx+v

8L pmx, na, pfr, f+p+bs, pro+so+exo+bo+st, 
jaw, smx, v

8M pmx+na, smx, v, pfr, f+p+pro+so+exo, st, 
bs+bo, jaw

8N pmx, na, smx+v, pfr, f+p+pro+so+exo, st, 
bs+bo, jaw

8O pmx, na, smx, v, pfr, f+p+pro+so+exo+st, 
bs+bo, jaw

9A pmx, na, smx, v, braincase+st+pfr, mx, pal, 
ecp, pt

9B pmx, na, smx, v, braincase+st, pfr, mx, pal, 
ecp+pt

9C pmx, na, smx, v, braincase+pfr, mx, pal, 
ecp+pt, st

9D pmx, na, smx, v, braincase+pfr, mx, pal+pt, 
ecp, st

9E pmx, na, smx, v, braincase+pfr, mx+pal, pt, 
ecp, st

9F pmx, na, smx+v, pfr, f+p+bs, 
pro+so+exo+bo, st, mx+pal, ecp+pt

9G pmx, na, smx+v, pfr, f+p+bs, 
pro+so+exo+bo, st, mx+ecp, pal+pt

9H pmx+na, smx, v, pfr, f+p+bs, 
pro+so+exo+bo, st, mx+pal, ecp+pt

9I pmx+na, smx, v, pfr, f+p+bs, 
pro+so+exo+bo, st, mx+ecp, pal+pt

9J pmx, na, smx, v, pfr, f+p+pro+so+exo, st, 
bs+bo, jaw

9K pmx+na, smx+v, pfr, f+p+pro+so+exo, st, 
bs+bo, mx, pal, ecp+pt 
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Model  Definition 
9L pmx+na, smx+v, pfr, f+p+pro+so+exo+st, 

bs+bo, mx, pal, ecp, pt 
9M pmx+na, smx+v, pfr, fr+p, bs, bo, 

so+exo+po, st, jaw 
9N pmx, na, smx+v, pfr, fr+p, bs+bo, 

so+exo+po, st, jaw 
9O pmx+na, smx, v, pfr, fr+p, bs+bo, 

so+exo+po, st, jaw 
10A pmx, na, smx, v, f+p+bs, pro+so+exo+bo, st, 

mx+pal, ecp+pt 
10B pmx, na, smx, v, f+p+bs, pro+so+exo+bo, st, 

mx+ecp, pal+pt 
10C pmx+na, smx+v, pfr, f+p+bs, 

pro+so+exo+bo, st, mx, pal, ecp, pt
10D pmx, na+smx+v, pfr, f+p+bs, 

pro+so+exo+bo, st, mx, pal, ecp, pt
10E pmx, na, smx+v, pfr, f+p+bs, 

pro+so+exo+bo+st, mx, pal, ecp, pt
10F pmx, na, pfr, smx+v, fr+p, bs, bo, 

so+exo+po, st, jaw 
10G pmx+na, pfr, smx, v, fr+p, bs, bo, 

so+exo+po, st, jaw 
10H pmx+na, pfr, smx+v, fr+pal, bs, bo, 

so+exo+po, st, mx+pal, ecp+pt 
10I pmx+na, pfr, smx+v, fr+pal, bs, bo, 

so+exo+po, st, mx+ecp, pal+pt 
10J pmx+na, smx+v, pfr, fr+pal, bs+bo, so, 

po+exo, st, mx+pal, ecp+pt 
10K pmx+na, smx+v, pfr, fr+pal, bs+bo, so, 

po+exo, st, mx+ecp, pal+pt 
10L pmx+na, smx+v, pfr, fr+p, bs, bo, so, 

po+exo, st, jaw 
10M pmx, na, smx+v, pfr, fr+pal, bs+bo, so, 

po+exo+st, mx+pal, ecp+pt 
10N pmx, na, smx+v, pfr, fr+pal, bs+bo, so, 

po+exo+st, mx+ecp, pal+pt 
10O pmx+na, smx, v, pfr, fr+pal, bs+bo, so, 

po+exo+st, mx+pal, ecp+pt 
10P pmx+na, smx, v, pfr, fr+pal, bs+bo, so, 

po+exo+st, mx+ecp, pal+pt 
10Q pmx+na, smx+v, pfr, fr+p, so+exo, st, bs, po, 

bo, jaw 
10R pmx+na, smx+v, pfr, fr+pal, so+exo, st, bs, 

po+bo, mx+pal, ecp+pt 
10S pmx+na, smx+v, pfr, fr+pal, so+exo, st, bs, 

po+bo, mx+ecp, pal+pt 
11A pmx, na, smx, v, pfr, braincase, st, pal, mx, 

ecp, pt 
11B pmx, na, smx, v, pfr, f+p+bs, 

pro+so+exo+bo+st, pal, mx, ecp, pt
11C pmx, na, smx, v, pfr, bs+bo, 

f+p+pro+so+exo+st, pal, mx, ecp, pt

11D pmx, na, smx, v, pfr, f+p+bs, 
pro+so+exo+bo, st, pal, mx, ecp+pt

11E pmx, na, smx, v, pfr, f+p+bs, 
pro+so+exo+bo, st, pal+mx, ecp, pt

11F pmx, na+v+smx, pfr+fr, p, so, po, exo, st, bs, 
bo, jaw

11G pmx+na, v+smx, pfr+fr, p, so, po, exo, st, bs, 
bo, jaw

11H pmx+na, v+smx, pfr, fr+p, so, po, exo, st, bs, 
bo, jaw

11I pmx+na, v+smx, pfr+fr, p, so, po, exo, st, 
bs+bo, mx+pal, ecp+pt 

11J pmx+na, v+smx, pfr+fr, p, so, po, exo, st, 
bs+bo, mx+ecp, pal+pt 

11K pmx+na, v+smx, pfr, fr, p, so, po, exo, st, 
bs+bo, Jaw

11L pmx+na, smx+v, pfr, fr, p+bs, so+exo, 
po+bo, st, mx, pal, ecp+pt 

11M pmx+na, smx+v, pfr, fr, p+bs, so+exo, 
po+bo, st, mx+ecp, pal, pt 

11N pmx+na, smx+v, pfr, fr, p+bs, so, exo, 
po+bo, st, mx+pal, ecp+pt 

11O pmx+na, smx+v, pfr, fr, p+bs, exo, po+so, 
bo, st, mx+pal, ecp+pt 

11P pmx+na, smx+v, pfr, fr, p+bs, exo, 
po+so+bo, st, mx, pal, ecp+pt 

12A pmx, na, smx+v, fr, p, bs, bo, so, exo, po, st, 
jaw+pfr

12B pmx+na, smx+v, fr, p, bs, bo, so, exo, po, st, 
jaw, pfr

12C pmx, na, smx+v, fr, p+bs, bo, so, exo, po, st, 
jaw, pfr

12D pmx, na, smx, v, fr+p+bs, bo, so, exo, po, st, 
jaw, pfr

12E pmx, na, smx+v, fr, p, bs, bo+po, so, exo, st, 
jaw, pfr

12F pmx, na, smx+v, fr, p, bs, bo, po+so, exo, st, 
jaw, pfr

12G pmx, na, smx+v, fr, p, bs, bo, po, so+exo, st, 
jaw, pfr

12H pmx, na, smx+v, fr, p, bs, bo, po+exo, so, st, 
jaw, pfr

12I pmx+na, pfr, fr, p, pro+so+exo+bo, st, 
smx+v, mx, pal, ecp, pt, bs 

12J pmx, na, pfr, fr, p, pro+so+exo+bo, st, 
smx+v, mx+pal, ecp, pt, bs 

12K pmx+na, pfr, fr, p, pro+so+exo+bo, st, smx, 
v, mx+pal, ecp, pt, bs 

12L pmx, na, pfr, fr, p, pro+so+exo+bo, st, 
smx+v, mx+ecp, pal, pt, bs 

12M pmx+na, pfr, fr, p, pro+so+exo+bo, st, smx, 
v, mx+ecp, pal, pt, bs 

12N pmx, na, pfr, fr, p, pro+so+exo+bo, st, 
smx+v, mx, ecp, pt+pal, bs 
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Model  Definition 
13A pmx+na, pfr, smx+v, fr+p+bs, so, exo, po, st, 

bo, mx, pal, ecp, pt 
13B pmx+na, pfr, smx+v, fr, p+bs, so, exo, po, st, 

bo, mx+pal, ecp, pt 
13C pmx+na, pfr, smx+v, fr+p, bs, so, exo, po, st, 

bo, mx+pal, ecp, pt 
13D pmx+na, pfr, smx+v, fr, p+bs, so, exo, po, st, 

bo, mx, pal, ecp+pt 
13E pmx+na, pfr, smx+v, fr+p, bs, so, exo, po, st, 

bo, mx, pal, ecp+pt 
13F pmx+na, pfr, smx+v, fr, p, bs, so, exo, po, st, 

bo, mx+pal, ecp+pt 
13G pmx, na, pfr, smx, v, fr, p, bs, so, exo, po+bo, 

st, jaw 
13H pmx+na, pfr, smx, v, fr, p, bs, so, exo, po, bo, 

st, jaw 
13I pmx, na, pfr, smx+v, fr, p, bs, so, exo, po, bo, 

st, jaw 
13J pmx, na, pfr, smx, v, fr, p, bs, so+po, exo, bo, 

st, jaw 
13K pmx, na, pfr, smx, v, fr, p, bs, po, so+exo, bo, 

st, jaw 
13L pmx, na, pfr, smx, v, fr, p, bs, so, po+exo, bo, 

st, jaw 
13M pmx+na, pfr, fr, p, bs+bo, so, exo, po, st, 

mx+pal, ecp, pt, smx+v 
13N pmx+na, pfr, fr, p, bs+bo, so, exo, po, st, mx, 

pal, ecp+pt, smx+v 
13O pmx+na, pfr, fr+p, bs+bo, so, exo, po, st, mx, 

pal, ecp, pt, smx+v 
13P pmx+na, pfr, fr, p+so, bs+bo, exo, po, st, mx, 

pal, ecp, pt, smx+v 
13Q pmx+na, pfr, fr, p+po, bs+bo, exo, so, st, mx, 

pal, ecp, pt, smx+v 
13R pmx, na, pfr, fr, p, bs+bo, so+exo, po, st, 

mx+pal, ecp, pt, smx+v 
13S pmx, na, pfr, fr, p, bs+bo, so+po, exo, st, 

mx+pal, ecp, pt, smx+v 
14A jaw, pmx, na, smx, v, pfr, fr, p, bs, so, exo, 

po, st, bo 
14B snout, pfr, fr, p, bs, so, exo, po, st, bo, mx, 

pal, ecp, pt 
14C pmx+na, smx, v, pfr, fr+p+bs, so, exo, po, st, 

bo, mx, pal, ecp, pt 
14D pmx, na, smx, v, pfr, fr, p, bs, st, 

pro+so+exo+bo, mx, pal, ecp, pt
14E pmx, na, smx, v, pfr+fr+p+bs, so, exo, po, st, 

bo, mx, pal, ecp, pt 
14F pmx, na, smx, v, pfr, fr, pal, bs, so+exo, 

po+bo, st, mx, pal, ecp+pt 

14G pmx, na, smx, v, pfr, fr, p, bs, so, 
exo+po+bo, st, mx, pal, ecp+pt 

14H pmx, na, smx, v, pfr, fr, p, bs, so+exo+po, 
bo, st, mx, pal, ecp+pt 

14I pmx+na, smx+v, pfr, fr, p, bs+bo, so, exo, 
po, st, mx, pal, ecp, pt 

14J pmx, na, smx, v, pfr, fr, p, bs+bo, so, exo, po, 
st, mx+pal, ecp+pt

14K pmx, na, smx, v, pfr, fr, p, bs+bo, 
so+exo+po, st, mx, pal, ecp, pt 

14L pmx, na, smx+v, pfr, fr+p, bs+bo, so, exo, 
po, st, mx, pal, ecp, pt 

15A pal+ecp+pt, else separate 

15B mx+pal, ecp+pt, else separate 

15C mx+ecp, pal+pt, else separate 

15D mx+pal+ecp, else separate 

15E pmx+na, smx+v, else separate 

15F pmx, na, smx+v, ecp+pt, else separate 

15G pmx+na, ecp+pt, else separate 

15H pmx, na, smx+v, mx+pal, else separate 

15I pmx+na, mx+pal, else separate 

15J fr+p+bs, else separate 

15K p+bs, bo+po, else separate 

15L p+bs, so+po, else separate 

15M p+bs, exo+po, else separate 

15N p+bs, exo+so, else separate 

15O p+bs, exo+bo, else separate 

16A pmx+na, else separate 

16B pfr+fr, else separate 

16C p+bs, else separate 

16D po+exo, else separate 

16E mx+ecp, else separate 

16F smx+v, else separate 

16G fr+p, else separate 

16H bo+po, else separate 

16I so+exo, else separate 

16J exo+bo, else separate 

16K pal+mx, else separate 

16L na+smx, else separate 

16M p+so, else separate 

16N bs+bo, else separate 

16O ecp+pt, else separate 

17 all separate 

Single bone abbriviations are in line with Cundall and Irish (2008). jaw=ecp+mx+pal+pt, 
snout=pmx+na+smx+v, braincase=f+p+pro+so+exo+bo+bs
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Table 2.5. Landmarks and semi-landmark curves of the quadrate.

  Single Landmark Points 

1 Anterior most point along dorsal ridge
2 Posterior most point along dorsal ridge

3 
Posterolateral most point of articulation with 
the articular 

4 
Dorsoanterior most point of articulation with 
the articular 

5 
Posteromedial most point of articulation with 
the articular 

6 
Ventromedial most point of articulation with 
the articular 

7 
Anterolateral most point of articulation with the 
articular 

8 
Dorsoposterior most point of articulation with 
the articular 

9 
Anteromedial most point of articulation with 
the articular 

10 
Ventrolateral most point of articulation with the 
articular
Semi-landmark Curves 

1 Dorsal edge that connects; point 1 to 2
2 Lateral edge that connects; point 1 to 3
3 Edge of quadrate/articular joint; point 3 to 4
4 Edge of quadrate/articular joint; point 4 to 5
5 Edge of quadrate/articular joint; point 5 to 6
6 Edge of quadrate/articular joint; point 6 to 7
7 Edge of quadrate/articular joint; point 7 to 8
8 Edge of quadrate/articular joint; point 8 to 9
9 Edge of quadrate/articular joint; point 9 to 10
10 Edge of quadrate/articular joint; point 3 to 10

 
Table 2.6. Regions of the lower jaw used in this study. 

Region Definition 

Dentary Lateral surface of dentary.

Compound Lateral surface of compound.

Angular Medial surface of angular.

Splenial Medial surface of splenial.

 

Table 2.7. Landmarks and semi-landmark curves of the lower jaw.

  Single Landmark Points 

1 Dentary; anterior tip 

2 Dentary; posterodorsal extreme 

3 Dentary; most concave point along posterior edge 
in lateral aspect 

4 Dentary; end of posteroventral process 

5 Compound; anterior tip 

6 Compound; anterolateral most point of the 
compound/quadrate joint 

7 Compound; anteromedial most point of the 
compound/quadrate joint 

8 Compound; posterolateral most point of the 
compound/quadrate joint 

9 Compound; posteromedial most point of the 
compound/quadrate joint 

10 Compound; posterior end retroarticular process 

11 Most posteroventral contact between angular and 
compound 

12 Angular; most anterodorsal point of dorsal flange 

13 Most dorsal point of contact between splenial and 
angular in medial view 

14 Most ventral contact between angular and splenial 

15 Splenial; anterior tip 

16 Anterior edge of dentary foramen seen in lateral 
view

17 Posterior edge of dentary foramen 

18 Anterior edge of compound foramen seen in 
lateral view

19 Posterior edge of compound foramen 

  Semi-landmark Curves 

1 Dentary; dorsolateral edge, along tooth base; 
point 1 to 2

2 Dentary; posterolateral edge; point 2 to 3 

3 Dentary; posterolateral edge; point 3 to 4 

4 Dentary; ventral edge; point 1 to 4 

5 Compound; dorsolateral edge; point 5 to 6 
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  Semi-landmark Curves 

6 Anterior ridge of compound/quadrate joint; point 
6 to 7 

7 Posterior ridge of compound quadrate joint; point 
8 to 9 

8 Compound; posterodorsal edge; point 8 to 10 

9 Compound; ventral edge; point 10 to 11 

10 Compound; anteroventral edge; point 5 to 11 

11 Angular; dorsal edge; point 11 to 12 

12 Angular; anterior edge of angular; point 12 to 13 

13 Boundary of angular and splenial in medial 
aspect; point 13 to 14 

14 Angular; ventral edge; point 11 to 14 

15 Splenial; ventral edge; point 14 to 15 

16 Splenial; dorsal edge of splenial; point 13 to 15 

17  Dorsal edge of dentary foramen; point 16 to 17 

18  Ventral edge of dentary foramen; point 16 to 17 

19  Ventral edge of compound foramen; point 18 to 
19

20  Dorsal edge of compound foramen; point 18 to 
19

 
Table 2.8. Model structures evaluated for modularity of the lower jaw.

  Definition 

1 no modules 

2A compound+dentary, angular+splenial

2B dentary+splenial, compound+angular

2C dentary+angular+splenial, compound

2D compound+angular+splenial, dentary

2E dentary+compound+splenial, angular

2F dentary+compound+angular, splenial

3A compound, dentary, angular+splenial

3B compound+dentary, angular, splenial

3C dentary, splenial, compound+angular

3D dentary+splenial, compound, angular

3E dentary, angular+splenial, compound

3F dentary+angular, splenial, compound

4 all separate

Table 2.9. Landmarks and semi-landmark curves of the midbody vertebrae.

 Single Landmark Points 

1 Posterior most point of zygosphenal articular facet 

2 Anterior most point of zygosphenal articular facet 

3 Anterior most point of zygosphene along sagittal 
plane 

4 Anterior base of neural spine 

5 Anterior most point of neural spine 

6 Posterior most point of neural spine 

7 Posterior base of neural spine 

8 Posterior most point of zygantrum along sagittal 
plane 

9 Posterior most point of left postzygapophyseal 
articular facet 

10 Anterior most point of left postzygapophyseal 
articular facet 

11 Medial most point along interzygapophyseal ridge 

12 Anterior most point of left prezygapophyseal 
articular facet 

13 Posterior most point of left prezygapophyseal 
articular facet 

14 End of prezygapophyseal accessory process 

15 End of parapophysial process 

16 Ventral most point of parapophysis 

17 Dorsal most point of diapophysis 

18 Point along cotyle margin that intersects with 
medial ridge of parapophysial process 

19 Point along cotyle margin that intersects with 
ventrolateral most margin of neural canal

20 Anterodorsal extent of cotyle along sagittal plane 

21 Anterodorsal extent of condyle along sagittal plane 

22 Point along condyle margin that intersects with 
ventrolateral most margin of neural canal

23 Posterior most point of zygantral articular facet 

24 Anterior most point of zygantral articular facet 

25 Anteroventral extent of condyle along sagittal plane 

26 Posterior extent of hypapophysis 

27 Anteroventral extent of cotyle along sagittal plane 
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 Semi-landmark Curves 

1 Dorsolateral edge of zygosphenal articular facet; 
point 1 to 2 

2 Ventromedial edge of zygosphenal articular facet; 
point 1 to 2 

3 Anterior edge of zygosphene; point 2 to 3 

4 Dorsomedial line; point 3 to 4 

5 Anterolateral edge of neural spine; point 4 to 5 

6 Dorsolateral edge of neural spine; point 5 to 6 

7 Posterolateral edge of neural spine; point 6 to 7 

8 Dorsal edge of neural spine; point 4 to 7 

9 Dorsomedial line along sagittal plane; point 7 to 8 

10 Internal dorsal line of neural canal along sagittal 
plane; point 3 to 8 

11 Posterior edge of zygantrum; point 8 to 9 

12 Medial edge of postzygapophyseal articular facet; 
point 9 to 10 

13 Lateral edge of postzygapophyseal articular facet; 
point 9 to 10 

14 Curve along posterior half of interzygapophyseal 
ridge; point 9 to 11 

15 Curve along anterior half of interzygapophyseal 
ridge; point 11 to 12 

16  Lateral edge of the left prezygapophyseal articular 
facet; point 12 to 13 

17 Medial edge of the left prezygapophyseal articular 
facet; point 12 to 13 

18 Curve along anterior edge of the prezygapophyseal 
accessory process; point 12 to 14 

19 Anterolateral edge that connects prezygapophyseal 
accessory process and parapophysial process; point 
14 to 15

20 Ventrolateral edge of parapophysial process; point 
15 to 16

21 Posterior margin of left synapophyses; point 16 to 
17

22 Anterior margin of left synapophyses; point 16 to 17 

23 Ventromedial edge of parapophysial process; point 
15 to 18

24 Lateral margin of cotyle; point 18 to 19 

25 Anterolateral edge of neural canal; point 2 to 19 

26 Anterodorsal margin of cotyle; point 19 to 20 

27 Internal ventral line of neural canal along sagittal 
plane; point 20 to 21

28  Dorsal margin of condyle; point 21 to 22 

29 Posterolateral margin of neural canal; point 22 to 23 

30 Dorsolateral margin of zygantral articular facet; 
point 23 to 24

31 Ventromedial margin of zygantral articular facet; 
point 23 to 24

32 Ventrolateral margin of condyle; point 22 to 25 

33 Dorsoposterior edge of hypapophysis; point 25 to 
26

34 Ventral edge of hypapophysis; point 26 to 27 

35 Ventral margin of cotyle; point 18 to 27 

Table 2.10. Landmarks and semi-landmark curves of the caudal vertebrae. 

  Single Landmark Points 

1 Posterior most point of zygosphenal articular 
facet 

2 Anterior most point of zygosphenal articular facet 

3 Anterior most point of zygosphene along sagittal 
plane 

4 Anterior base of neural spine 

5 Anterior most point of neural spine 

6 Posterior most point of neural spine 

7 Posterior base of neural spine 

8 Posterior most point of zygantrum along sagittal 
plane 

9 Posterior most point of left postzygapophyseal 
articular facet 

10 Anterior most point of left postzygapophyseal 
articular facet 

11 Medial most point along interzygapophyseal ridge 

12 Anterior most point of left prezygapophyseal 
articular facet

13 Posterior most point of left prezygapophyseal 
articular facet

14 End of prezygapophyseal accessory process 

15 End of pleurapophysis 

16 Posterior most point of pleurapophysis 

17 Point along cotyle margin that intersects with 
medial ridge of pleurapophysis 

18 Point along cotyle margin that intersects with 
ventrolateral most margin of neural canal

19 Anterodorsal extent of cotyle along sagittal plane 

20 Anterodorsal extent of condyle along sagittal 
plane

21 Point along condyle margin that intersects with 
ventrolateral most margin of neural canal

22 Posterior most point of zygantral articular facet 
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  Single Landmark Points 

23 Anterior most point of zygantral articular facet 

24 Anteroventral extent of condyle along sagittal 
plane 

25 Posterior base of hemapophysis/hemal keel along 
sagittal plane 

26 Posteroventral extent of hemapophysis/hemal 
keel 

27 Anteroventral extent of hemapophysis/hemal keel 

28 Anterior base of hemapophysis/hemal keel along 
sagittal plane 

29 Anteroventral extent of cotyle along sagittal plane 

  Semi-landmark Curves 

1 Dorsolateral edge of zygosphenal articular facet; 
point 1 to 2 

2 Ventromedial edge of zygosphenal articular facet; 
point 1 to 2 

3 Anterior edge of zygosphene; point 2 to 3 

4 Dorsomedial line; point 3 to 4 

5 Anterolateral edge of neural spine; point 4 to 5 

6 Dorsolateral edge of neural spine; point 5 to 6 

7 Posterolateral edge of neural spine; point 6 to 7 

8 Dorsal edge of neural spine along sagittal plane; 
point 4 to 7 

9 Dorsomedial line along sagittal plane; point 7 to 8 

10 Internal dorsal line of neural canal along sagittal 
plane; point 3 to 8 

11 Posterior edge of zygantrum; point 8 to 9 

12 Medial edge of postzygapophyseal articular facet; 
point 9 to 10 

13 Lateral edge of postzygapophyseal articular facet; 
point 9 to 10 

14 Curve along posterior half of interzygapophyseal 
ridge; point 9 to 11 

15 Curve along anterior half of interzygapophyseal 
ridge; point 11 to 12 

16  Lateral edge of the left prezygapophyseal 
articular facet; point 12 to 13 

17 Medial edge of the left prezygapophyseal articular 
facet; point 12 to 13 

18 Curve along anterior edge of the 
prezygapophyseal accessory process; point 12 to 
14 

19 Anterolateral edge that connects 
prezygapophyseal accessory process and 
parapophysial process; point 14 to 15 

20 Ventrolateral edge of parapophysial process; 
point 15 to 16 

21 Ventromedial edge of pleurapophysis; point 15 to 
17 

22 Lateral margin of cotyle; point 17 to 18 

23 Anterolateral edge of neural canal; point 2 to 18 

24 Anterodorsal margin of cotyle; point 18 to 19 

25 Internal ventral line of neural canal; point 19 to 
20

26 Dorsal margin of condyle; point 20 to 21 

27 Posterolateral margin of neural canal; point 21 to 
22

28 Dorsolateral margin of zygantral articular facet; 
point 22 to 23

29 Ventromedial margin of zygantral articular facet; 
point 22 to 23

30 Ventrolateral margin of condyle; point 21 to 24 

31 Ventral edge of condyle; point 24 to 25 

32 Posterolateral extent of hemapophysis/hemal 
keel; point 25 to 26

33 Venterolateral edge of hemapophysis/hemal keel; 
point 26 to 27

34 Anterolateral extent of hemapophysis/hemal keel; 
point 27 to 28

35 Ventral edge of hemapophysis/hemal keel along 
sagittal plane; point 25 to 28 

36 Anteroventral edge of cotyle; point 28 to 29 

37 Ventral margin of cotyle; point 17 to 29 
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CHAPTER THREE 

Results 

SKULL 

Modularity 

 A 15-module model of the skull was the most supported by Covariance Ratio (CR) 

(Adams and Collyer 2019) which was phylogenetically corrected. This model, 15H, consists of 

the premaxilla, nasal, prefrontal, frontal, parietal, basisphenoid, basioccipital, supraoccipital, 

prootic, exoccipital, supratemporal, ectopterygoid and pterygoid as separate modules with the 

septomaxilla and vomer combined to form one module and the maxilla and palatine to form 

another (Table 2.4). The CR of 15H was 0.633 with a p-value of <0.01 and an associated effect 

size (Z) of -9.999. Disregarding the one module null hypothesis where, Z = 0, Z ranged from a 

maximum of -9.182 to -9.999 for models 8C and 15H, respectively.  

 

Generalized Procrustes Analysis 

Whole Skull 

 Principal component analysis (PCA) of the whole skull dataset which utilized all 

specimens showed that the first principal component (PC1) accounts for 22.5% of shape 

variation and PC2 accounts for 20.7% (Figure 3.1). PC1 appears to describe the overall length of 

skull while, PC2 is related to the robustness of the braincase. Hydrophiinae samples 

(Acanthophis, Hydrophis Oxyuranus, and Simoselaps) clustered along the maximum of PC2 

(PC2+) with no trend along PC1. Sinomicrurus clustered along a single band of PC2 on the 

minimal half of PC1, while Naja clustered toward PC1+. There is an association of aquatic 

Micrurus clustering higher along PC2 than the remaining congeners.  
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 A PCA of the whole skull data set conducted on the coralsnake subset (Micruroides, 

Micrurus, Sinomicrurus) showed that PC1 accounts for 27.6% of shape variation and PC2 

accounts for 20.2% (Figure 3.2). PC1 appears to describe the robustness of the parietal, PC2 is 

related to the rugosity and size of the braincase and length of the supratemporal. PC2- and PC2+, 

M. surinamensis and M. ephippifer, respectively (Figure 3.2E-F), are found close along PC1. 

This association allows for the association with the extreme ends of PC2 to be seen. Aquatic 

Micrurus are consistently found on the lower end of PC2, while terrestrial and semi-aquatic 

species are found higher along PC2. 

 A PCA of the whole skull data set conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 32.7% of shape variation and PC2 accounts for 22.5% 

(Figure 3.3). PC1 appears to describe the robustness of the parietal, PC2 is related to the length 

of the supratemporal. There is a clear association based on phylogeny genus-based clusters do 

not touch.  

 

Premaxilla 

 A PCA of the premaxilla module, which utilized all specimens, showed that the PC1 

accounts for 30.8% of shape variation and PC2 accounts for 17.1% (Figure 3.4). PC1 appears to 

describe the extent of the transverse process, PC2 is related to the dorsal maximum. Coralsnakes 

have a close association that does not appear to have an aquatic tendency stratification. Both 

Laticauda samples can be seen within Micrurus and Sinomicrurus. 

 A PCA of the premaxilla module conducted on the coralsnake subset showed that PC1 

accounts for 36.1% of shape variation and PC2 accounts for 11.1% (Figure 3.5). PC1 appears to 

describe the extent of the transverse process, PC2 is related to the prominence of the posterior 
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lateral projection. Sinomicrurus is clustered tightly while Micrurus has more variation. Higher 

ATS tend to be associated with PC2+, but the aquatic specimens are clustered within terrestrial 

specimens as well.  

 A PCA of the premaxilla module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 29.8% of shape variation and PC2 accounts for 29.3% 

(Figure 3.6). PC1 appears to describe the dorsal maximum, PC2 is related to the shape of the 

ventral surface. Micrurus is clustered tightly in comparison to Hydrophis which runs the length 

of PC2. 

 

Septomaxilla and Vomer  

A PCA of the septomaxilla and vomer module, which utilized all specimens, showed that 

the PC1 accounts for 24.6% of shape variation and PC2 accounts for 23.4% (Figure 3.7). PC1 

appears to describe angle and length of the dorsoposterior process of the septomaxilla along the 

midline, PC2 is related to the dorsomedial extent of the choanal process. While overall, 

clustering is associated with relatedness, the aquatic groups take different path. Basal Calliophis 

clustered tightly in the center. Micrurus increases in ATS from center toward PC2- while 

Hydrophis and aquatic Naja are toward the opposite end of PC2.  

 A PCA of the septomaxilla and vomer module conducted on the coralsnake subset 

showed that PC1 accounts for 26.8% of shape variation and PC2 accounts for 21% (Figure 3.8). 

Taken together, PC1 and PC2 appear to describe angle and length of the dorsoposterior process 

of the septomaxilla along the midline and the dorsomedial extent of the choanal process. 

Sinomicrurus is clustered tightly while Micrurus has more variation. Higher ATS tend to be 
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associated with PC1+ and PC2-, but the aquatic specimens are not cleanly divided from the rest 

of Micrurus.  

 A PCA of the septomaxilla and vomer module conducted on the semi-aquatic and aquatic 

subset (>5 ATS) showed that PC1 accounts for 50.9% of shape variation and PC2 accounts for 

21% (Figure 3.9). PC1 appears to describe the angle of the anteroventral edge of the 

septomaxilla, PC2 is related to the extent of the choanal process. There appears to be more 

association with phylogeny than ATS.  

 

Nasal 

 A PCA of the nasal module, which utilized all specimens, showed that the PC1 accounts 

for 63.2% of shape variation and PC2 accounts for 14.7% (Figure 3.10). PC1 appears to describe 

the angle and length of the anterior edge, PC2 is related to the overall length in comparison to the 

width and location of the lateral edge. While overall, clustering is associated with relatedness, 

the aquatic groups tend to be associated with PC1+. Micrurus increases in ATS from PC1- 

toward PC1+ while Hydrophis and Laticauda are still more extreme.  

 A PCA of the nasal module conducted on the coralsnake subset showed that PC1 

accounts for 46.4% of shape variation and PC2 accounts for 20.9% (Figure 3.11). PC1 appears to 

describe the angle and length of the anterior edge, while the variation within PC2 is unclear. 

Micrurus surinamensis and M. nattereri, all 7 ATS, are grouped toward PC1- with some 

exception.  

 A PCA of the nasal module conducted on the semi-aquatic and aquatic subset (>5 ATS) 

showed that PC1 accounts for 66.6% of shape variation and PC2 accounts for 17.3% (Figure 

3.12). PC1 appears to describe the angle and length of the anterior edge, PC2 is related to the 
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overall length in comparison to the width and location of the lateral edge. Micrurus increases in 

ATS from PC1- toward PC1+ while Hydrophis and Laticauda are still more extreme. 

 

Prefrontal 

 A PCA of the prefrontal module, which utilized all specimens, showed that the PC1 

accounts for 43.4% of shape variation and PC2 accounts for 27.2% (Figure 3.13). PC1 appears to 

describe the angle of attachment with the frontal along the posterior edge, PC2 is related to the 

change in dorsoventral width. There is a strong association with relatedness. Calliophis is broken 

into two discrete clusters along PC1, accounting for both PC1+ and PC1-.  

 A PCA of the prefrontal module conducted on the coralsnake subset showed that PC1 

accounts for 28.6% of shape variation and PC2 accounts for 23.9% (Figure 3.14). PC1 appears to 

describe width at the dorsoventral midpoint compared to the dorsal edge, while the variation 

within PC2 is associated with the dorsoventral length. There looks to be an association with ATS 

and the prefrontal extending laterally rather than ventrolaterally.  

 A PCA of the prefrontal module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 54.4% of shape variation and PC2 accounts for 17.6% 

(Figure 3.15). PC1 appears to describe the angle of attachment with the frontal along the 

posterior edge, PC2 is related to the width at midpoint. Hydrophis is more extreme while the 

other three genera are tightly clustered. 

 

Frontal  

A PCA of the frontal module, which utilized all specimens, showed that the PC1 accounts 

for 39.1% of shape variation and PC2 accounts for 31.9% (Figure 3.16). PC1 appears to describe 
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the angle of anterior edge, PC2 is related to the angle of the posterior edge. There is an 

association with relatedness more so than ATS. The three Micrurus specimens closest to PC1- 

are all M. surinamensis with 7 ATS.  

 A PCA of the prefrontal module conducted on the coralsnake subset showed that PC1 

accounts for 34.4% of shape variation and PC2 accounts for 28.9% (Figure 3.17). PC1 appears to 

describe the angle of the posterior edge, while the variation within PC2 may be associated with 

the posterior edge length. Sister taxa, Micrurus surinamensis and M. nattereri, (both 7 ATS) are 

split across PC2.  

 A PCA of the prefrontal module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 44.6% of shape variation and PC2 accounts for 30.8% 

(Figure 3.18). PC1 appears to describe the length of the lateral edge, PC2 is related to angle of 

the posterior edge. The specimens are clustered tightly by genus with Micrurus surinamensis 

extending toward PC1+. 

 

Parietal 

A PCA of the parietal module, which utilized all specimens, showed that the PC1 

accounts for 47.3% of shape variation and PC2 accounts for 23.8% (Figure 3.19). PC1 appears to 

describe the anteroposterior length of the bone, PC2 is related to the length of the ventrolateral 

extent. There is a great deal of variation and spread exhibited by the PCA. Loose clustering is 

exhibited by genus and by ATS. Hydrophiinae is spread out across PC1 in the top half of PC2 

apart from Oxyuranus. Calliophis is spread out across PC1 in the bottom half of PC2. Cobras and 

their kin are clustered toward and include PC1- and PC2+.  
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 A PCA of the parietal module conducted on the coralsnake subset showed that PC1 

accounts for 51.6% of shape variation and PC2 accounts for 16.4% (Figure 3.20). PC1 appears to 

describe overall concavity where PC1- looks like a deflated version of PC1+. The variation 

within PC2 is associated with the overall length. Sister taxa, Micrurus surinamensis and M. 

nattereri, (both 7 ATS) are downshifted along PC2 but spread across PC1.  

 A PCA of the parietal module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 62.8% of shape variation and PC2 accounts for 14.4% 

(Figure 3.21). PC1 appears to describe the rugosity and concavity, PC2 is related to the 

protrusion of the parietal crest associated with the postorbital. The specimens are clustered 

tightly by genus. 

 

Supraoccipital 

A PCA of the supraoccipital module, which utilized all specimens, showed that the PC1 

accounts for 42.5% of shape variation and PC2 accounts for 19.7% (Figure 3.22). PC1 appears to 

describe the rugosity and width, the variation described by PC2 is less clear. Despite significant 

overlap and spread, grouping is largely based on relatedness with Calliophis downshifted along 

PC2.  

 A PCA of the supraoccipital module conducted on the coralsnake subset showed that PC1 

accounts for 52.1% of shape variation and PC2 accounts for 13.3% (Figure 3.23). PC1 appears to 

describe the rugosity and width, the variation described by PC2 is less clear. Sinomicrurus is 

downshifted along PC2 while the spread of Micrurus extends to all extremes without a pattern 

associated with ATS.  
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 A PCA of the supraoccipital module conducted on the semi-aquatic and aquatic subset 

(>5 ATS) showed that PC1 accounts for 47.9% of shape variation and PC2 accounts for 19.9% 

(Figure 3.24). PC1 appears to describe the rugosity and width, the variation described by PC2 is 

less clear. The Naja is clustered tightly at the extreme end of PC1 with no clear pattern of 

association with the remaining specimens. 

 

Prootic  

A PCA of the prootic module, which utilized all specimens, showed that the PC1 

accounts for 56.5% of shape variation and PC2 accounts for 9.27% (Figure 3.25). PC1 appears to 

describe amount of overlap of the prootic by the supratemporal, the variation described by PC2 

may be associated with the width of the prootic along its ventral edge of the dorsoventral width 

of the supratemporal. There is a clear clustering by genus for all genera apart from Micrurus. 

Micrurus surinamensis and M. nattereri are found towards PC1+ while the remaining Micrurus 

overlap with Sinomicrurus and Calliophis and include PC1-. 

 A PCA of the prootic module conducted on the coralsnake subset showed that PC1 

accounts for 56.1% of shape variation and PC2 accounts for 11% (Figure 3.26). The variation 

described by PC1 and PC2 are the same as in Figure 3.25 with the same trend found in Micrurus.  

 A PCA of the prootic module conducted on the semi-aquatic and aquatic subset (>5 ATS) 

showed that PC1 accounts for 63.4% of shape variation and PC2 accounts for 14.6% (Figure 

3.27). The variation described by PC1 and PC2 are the same as in Figure 3.25 with the same 

trend found in Micrurus.  
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Exoccipital 

A PCA of the exoccipital module, which utilized all specimens, showed that the PC1 

accounts for 24.5% of shape variation and PC2 accounts for 12.6% (Figure 3.28). PC1 appears to 

describe the length of the suture with the basioccipital, the variation described by PC2 is less 

clear. There is a trend of increasing ATS along PC1 in Micrurus. Aquatic specimens of other 

genera are also found on the higher end of PC1 intermixed with their terrestrial congeners.  

 A PCA of the exoccipital module conducted on the coralsnake subset showed that PC1 

accounts for 22.7% of shape variation and PC2 accounts for 15.9% (Figure 3.29). PC1 appears to 

describe the length of the suture with the basioccipital, the variation described by PC2 is less 

clear. All specimens are clustered together on the low end of PC1 apart from the 7 ATS 

Micrurus.  

 A PCA of the exoccipital module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 27.4% of shape variation and PC2 accounts for 17.8% 

(Figure 3.30). PC1 appears to describe the length of the suture with the basioccipital, the 

variation described by PC2 is less clear. The trend visible in Figure 3.26 is still apparent with 

aquatic Micrurus split from semi-aquatic Micrurus across PC1 by the remaining samples.  

 

Supratemporal 

A PCA of the supratemporal module, which utilized all specimens, showed that the PC1 

accounts for 57.1% of shape variation and PC2 accounts for 13.4% (Figure 3.31). PC1 appears to 

describe the overall length of the supratemporal, the variation described by PC2 is less clear. 

There is a trend of increasing ATS along PC1 in Micrurus. Aquatic specimens of other genera 

are also found on the higher end of PC1 intermixed with their terrestrial members of their clade. 
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Calliophis has two specimens at PC2- while the rest are clustered with terrestrial Micrurus and 

Sinomicrurus.  

 A PCA of the supratemporal module conducted on the coralsnake subset showed that 

PC1 accounts for 59.7% of shape variation and PC2 accounts for 12.4% (Figure 3.32). PC1 

appears to describe the overall length of the supratemporal, the variation described by PC2 is less 

clear. All specimens are clustered together on the low end of PC1 apart from the 7 ATS 

Micrurus.  

 A PCA of the supratemporal module conducted on the semi-aquatic and aquatic subset 

(>5 ATS) showed that PC1 accounts for 77% of shape variation and PC2 accounts for 8.61% 

(Figure 3.33). PC1 appears to describe the overall length of the supratemporal, the variation 

described by PC2 is less clear. The trend visible in Figure 3.32 is still apparent with aquatic 

Micrurus split from semi-aquatic Micrurus across PC1 by the remaining samples.  

 

Basisphenoid 

A PCA of the basisphenoid module, which utilized all specimens, showed that the PC1 

accounts for 35.7% of shape variation and PC2 accounts for 20.9% (Figure 3.34). PC1 appears to 

describe the overall length of the anterior half of the basisphenoid, the variation described by 

PC2 looks to be associated with the dorsoventral height of the anterior tip. Calliophis is highly 

variable along both axes. 

 A PCA of the basisphenoid module conducted on the coralsnake subset showed that PC1 

accounts for 47.3% of shape variation and PC2 accounts for 11.8% (Figure 3.35). PC1 appears to 

describe the length and width of the anterior extent, the variation described by PC2 is less clear. 

A consistent trend is not readily apparent.  
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 A PCA of the basisphenoid module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 46.7% of shape variation and PC2 accounts for 16.2% 

(Figure 3.36). PC1 appears to describe the length and width of the anterior extent, the variation 

described by PC2 is associated with the ventral extent of the bone. Hydrophis schistosus has a 

ventral keel along the midline that is causing it to be so far away along PC2 from the remaining 

specimens. There is variation along PC1, but it does not appear to be related to a trend in ATS. 

 

Basioccipital 

A PCA of the basioccipital module, which utilized all specimens, showed that the PC1 

accounts for 30.4% of shape variation and PC2 accounts for 20.3% (Figure 3.37). PC1 appears to 

describe the concavity of the bone, the variation described by PC2 looks to be associated with 

the shape of the suture with the exoccipital. There appears to be a trend of aquatic Micrurus 

extending toward the higher end of PC2+ albeit with exceptions.  

 A PCA of the basioccipital module conducted on the coralsnake subset showed that PC1 

accounts for 28.7% of shape variation and PC2 accounts for 20.6% (Figure 3.38). PC1 appears to 

describe the rugosity of the basioccipital, PC2 looks to be associated with concavity. Some 

aquatic Micrurus cluster away from most samples but also near some terrestrial samples. The 

trend here is not as clear as it is with other modules.  

 A PCA of the basioccipital module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 32.9% of shape variation and PC2 accounts for 20.6% 

(Figure 3.39). PC1 appears to describe the rugosity of the bone, the variation described by PC2 is 

associated with the overall length. Clustering is based on relatedness more than anything else.  
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Maxilla and Palatine 

A PCA of the maxilla and palatine module, which utilized all specimens, showed that the 

PC1 accounts for 50% of shape variation and PC2 accounts for 10.9% (Figure 3.40). PC1 

appears to describe the anteroposterior length of the maxilla, the variation described by PC2 is 

associated with the overall robustness of the maxilla. Calliophis has one compact cluster at PC1+ 

and a few more specimens of the same ATS isolated from the cluster. Micrurus surinamensis and 

M. nattereri and the aquatic Naja are found higher along PC2 than their terrestrial counterparts.  

 A PCA of the maxilla and palatine module conducted on the coralsnake subset showed 

that PC1 accounts for 44.7% of shape variation and PC2 accounts for 11.3% (Figure 3.41). PC1 

appears to describe the anteroposterior length of the maxilla, the variation described by PC2 is 

associated with length of the maxilla in comparison to the palatine. Clusters are loosely based on 

genus while 7 ATS Micrurus is grouped tightly near PC1+, PC2+.  

 A PCA of the maxilla and palatine module conducted on the semi-aquatic and aquatic 

subset (>5 ATS) showed that PC1 accounts for 68.8% of shape variation and PC2 accounts for 

10.1% (Figure 3.42). PC1 appears to describe the anteroposterior length of the maxilla, the 

variation described by PC2 may describe the length of the palatine. Groups are clustered tightly 

by genus. 

 

Ectopterygoid  

A PCA of the ectopterygoid module, which utilized all specimens, showed that the PC1 

accounts for 33.2% of shape variation and PC2 accounts for 26.2% (Figure 3.43). PC1 appears to 

describe the lateromedial width, the variation described by PC2 is associated with the width of 
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the anterior edge. Clustering is largely based on genus. Calliophis has two specimens at PC2- 

while the rest are clustered with terrestrial Micrurus and Sinomicrurus.  

 A PCA of the ectopterygoid module conducted on the coralsnake subset showed that PC1 

accounts for 36.3% of shape variation and PC2 accounts for 18.9% (Figure 3.44). PC1 appears to 

describe the overall length, the variation described by PC2 is less clear. Aquatic Micrurus are 

clustered toward PC1+. Sinomicrurus japonicus and S. boettgeri are isolated from their 

congeners toward PC1-, PC2+.  

 A PCA of the ectopterygoid module conducted on the semi-aquatic and aquatic subset 

(>5 ATS) showed that PC1 accounts for 62.9% of shape variation and PC2 accounts for 14.1% 

(Figure 3.45). PC1 appears to describe the lateromedial width, the variation described by PC2 is 

associated with the presence of an additional lateral process. Grouping is based on genus.  

 

Pterygoid 

A PCA of the pterygoid module, which utilized all specimens, showed that the PC1 

accounts for 50.9% of shape variation and PC2 accounts for 24.5% (Figure 3.46). PC1 appears to 

describe the overall length of the pterygoid, the variation described by PC2 may be associated 

with the angle of the posterior extent. There is variation along PC1 but without and obvious trend 

associated with genus or ATS. Calliophis is split along PC2 with the majority near PC2-.  

 A PCA of the pterygoid module conducted on the coralsnake subset showed that PC1 

accounts for 66.4% of shape variation and PC2 accounts for 10.1% (Figure 3.47). PC1 appears to 

describe the overall length of the pterygoid, the variation described by PC2 is less clear. Aquatic 

Micrurus tend to have PC values along both axes.  
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 A PCA of the pterygoid module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 73.3% of shape variation and PC2 accounts for 10.4% 

(Figure 3.48). PC1 appears to describe the overall length of the pterygoid, the variation described 

by PC2 is less clear. The clustering is similar to that seen in Figure 3.46. 

 

QUADRATE 

Generalized Procrustes Analysis 

A PCA of the quadrate, which utilized all specimens, showed that the PC1 accounts for 

44% of shape variation and PC2 accounts for 15.9% (Figure 3.49). PC1 the dorsoventral length 

of the quadrate, the variation described by PC2 is less clear. Basal Calliophis, terrestrial 

coralsnakes and Hemibungarus are found on the lower end of PC. All other specimens are found 

on the higher end of PC1+ without a distinct trend.  

 A PCA of the quadrate conducted on the coralsnake subset showed that PC1 accounts for 

41.3% of shape variation and PC2 accounts for 16.9% (Figure 3.50). PC1 the dorsoventral length 

of the quadrate, the variation described by PC2 is less clear but might be associated with the 

shape of the head. 7 ATS Micrurus are consistently found toward PC1+.  

 A PCA of the quadrate conducted on the semi-aquatic and aquatic subset (>5 ATS) 

showed that PC1 accounts for 43.8% of shape variation and PC2 accounts for 18.6% (Figure 

3.51). PC1 the dorsoventral length of the quadrate, the variation described by PC2 is less clear.  

7 ATS Micrurus are consistently found toward PC1+ clustered more tightly with Hydrophis and 

Naja than their congeners.  
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LOWER JAW 

Modularity  

 A 2-module model of the skull was the most supported by CR (Adams and Collyer 2019) 

which was phylogenetically corrected. This model, 2C, consists of the dentary, angular and 

splenial combined to form one module and the compound as a separate module (Table 2.8). The 

CR of 2C was 0.89 with a p-value of 0.001 and an associated effect size (Z) of -26.878. 

Disregarding the one module null hypothesis where, Z = 0, Z ranged from a maximum of -

15.744 to -26.878 for models 2F and 2C, respectively.  

  

Generalized Procrustes Analysis 

Jaw 

A PCA of the entire jaw dataset, which utilized all specimens, showed that the PC1 

accounts for 47.5% of shape variation and PC2 accounts for 11.3% (Figure 3.52). PC1 appears to 

describe the overall angle of the compound in lateral view, the variation described by PC2 is less 

clear. The angle of the compound is correlated with relatedness and does not show a trend 

associated with ATS.  

 A PCA of the entire jaw dataset conducted on the coralsnake subset showed that PC1 

accounts for 31.6% of shape variation and PC2 accounts for 13.4% (Figure 3.53). PC1 appears to 

describe the ratio of the length of the dentary to length of the compound, the variation described 

by PC2 is associated with the height of the coronoid process of the compound. Micrurus 

surinamensis and M. nattereri are clustered toward PC1+, PC2+ and away from other congeners.  

 A PCA of the entire jaw dataset conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 58.8% of shape variation and PC2 accounts for 13.7% 
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(Figure 3.54). PC1 appears to describe the ratio of the length of the dentary to length of the 

compound, the variation described by PC2 is less clear. Aquatic Micrurus cluster tightly within 

genus but a trend along ATS can be seen. All other genera are clustered along PC1  

 

Compound 

A PCA of the compound module, which utilized all specimens, showed that the PC1 

accounts for 52.3% of shape variation and PC2 accounts for 15.2% (Figure 3.55). PC1 appears to 

describe the overall angle of the compound in lateral view, the variation described by PC2 is less 

clear. Clustering is related to genus in Micrurus, Calliophis and Sinomicrurus, which from a 

tight overlapping group toward PC1+. 

 A PCA of the compound module conducted on the coralsnake subset showed that PC1 

accounts for 28.8% of shape variation and PC2 accounts for 21.11% (Figure 3.56). PC1 appears 

to describe the general robustness of the compound, the variation described by PC2 is less clear 

but somewhat associated with the extent of the coronoid process of the compound. Sinomicrurus 

forms a much looser cluster than Micrurus. Micrurus surinamensis and M. nattereri cluster 

toward PC2+.  

 A PCA of the compound module conducted on the semi-aquatic and aquatic subset (>5 

ATS) showed that PC1 accounts for 65.3% of shape variation and PC2 accounts for 15% (Figure 

3.57). PC1 appears to describe the overall angle of the compound in lateral view, the variation 

described by PC2 is less clear. Clustering is associated with relatedness without an underlying 

trend in ATS. 
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Dentary, Angular and Splenial 

A PCA of the dentary, angular and splenial module, which utilized all specimens, showed 

that the PC1 accounts for 34.2% of shape variation and PC2 accounts for 14.3% (Figure 3.58). 

PC1 appears to describe the posterior extent of the dentary, the variation described by PC2 is 

associated with the dorsal extent of the splenial dorsal process in relation to the dorsoposterior 

extent of the angular. Clustering is largely based on genus with significant overlap between 

genera. Calliophis melanurus is an exception which is found isolated toward PC2+.  

 A PCA of the dentary, angular and splenial module conducted on the coralsnake subset 

showed that PC1 accounts for 34.6% of shape variation and PC2 accounts for 15.4% (Figure 

3.59). PC1 appears to describe the overall length of the toothrow past the point of contact 

between the dentary and the anterior extend to the compound. The variation described by PC2 

may be associated with the comparison of curves 2 and 3 (Table 2.7). Aquatic Micrurus are more 

associated with PC1+ than the main Micrurus cluster.  

 A PCA of the dentary, angular and splenial module conducted on the semi-aquatic and 

aquatic subset (>5 ATS) showed that PC1 accounts for 56.3% of shape variation and PC2 

accounts for 12.9% (Figure 3.60). PC1 appears to describe the posterior extent of the dentary 

along the toothrow, the variation described by PC2 is less clear. Clustering is largely based on 

genus. 

 

MIDBODY VERTEBRA 

Generalized Procrustes Analysis 

A PCA of the midbody vertebra dataset, which utilized all specimens, showed that the 

PC1 accounts for 41% of shape variation and PC2 accounts for 18.4% (Figure 3.61). PC1 
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appears to describe the anteroposterior length of the vertebra, the variation described by PC2 is 

associated with the height of the neural spine. There is a trend of increasing ATS along PC1 in 

Micrurus. Aquatic specimens of other genera are also found on the higher end of PC1 intermixed 

with their terrestrial members of their clade. Hydrophis is at the extreme end of PC2+ isolated 

from other Hydrophiinae. 

 A PCA of the midbody vertebra dataset conducted on the coralsnake subset showed that 

PC1 accounts for 46.6% of shape variation and PC2 accounts for 11.2% (Figure 3.62). PC1 

appears to describe the anteroposterior length of the vertebra, the variation described by PC2 is 

less clear. A clear trend is not apparent. Aquatic Micrurus are both the minimum and maximum 

along PC1 and scattered in between.  

 A PCA of the midbody vertebra dataset conducted on the semi-aquatic and aquatic subset 

(>5 ATS) showed that PC1 accounts for 47.5% of shape variation and PC2 accounts for 27.7% 

(Figure 3.63). PC1 appears to describe the anteroposterior length of the vertebra, the variation 

described by PC2 is associated with the height of the neural spine. Clustering looks to be more 

associated with relatedness than ATS.  

 

CAUDAL VERTEBRA 

Generalized Procrustes Analysis 

A PCA of the caudal vertebra dataset, which utilized all specimens, showed that the PC1 

accounts for 32.7% of shape variation and PC2 accounts for 23.3% (Figure 3.64). PC1 appears to 

describe the overall length of the vertebra in combination with the angle of the pleurapophysis, 

the variation described by PC2 is associated with the height of the neural spine in combination 

with the angle and length of the pleurapophysis. There is a trend of increasing ATS along PC2 
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but is overshadowed by the extreme morphology of Hydrophis. Specimens are clustered along 

PC1 largely be genus with the exception of Micrurus which is spread out along the axis.  

 A PCA of the caudal vertebra dataset conducted on the coralsnake subset showed that 

PC1 accounts for 42% of shape variation and PC2 accounts for 20.3% (Figure 3.65). PC1 

appears to describe the anteroposterior length of the vertebra, the variation described by PC2 is 

associated with the length of the pleurapophysis. Specimens with a lower ATS tend to be found 

toward PC2+. The trend associated with PC1 is not readily apparent.  

 A PCA of the caudal vertebra dataset conducted on the semi-aquatic and aquatic subset 

(>5 ATS) showed that PC1 accounts for 36.4% of shape variation and PC2 accounts for 32.8% 

(Figure 3.66). PC1and PC2 both describe the length of the neural spine and the extent of the 

pleurapophysis. The extreme morphology of Hydrophis allows the remainder of specimens to 

largely cluster by genus.  
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Figure 3.1. PCA of the skull, utilizing all specimens, colored by ATS (A) and genus (B). Images of the skull of specimens at the 

extremes of PC1 (C-D) and PC2 (D-E) in dorsal view. 
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Figure 3.2. PCA of the skull conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the skull of specimens 

at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.3. PCA of the skull of the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus (B). Images of the skull 

of specimens at the minimum of PC1 and PC2 (C) and maximum of PC1 (D) and maximum of PC2 (E) in dorsal view. 
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Figure 3.4. PCA of the premaxilla module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the premaxilla of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in frontal (left) and ventral (right) view. 



93 
 
 

 

Figure 3.5. PCA of the premaxilla module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

premaxilla of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in frontal (left) and ventral (right) view. 
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Figure 3.6. PCA of the premaxilla module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the premaxilla of specimens at the extremes of PC1 and PC2 (C-D) in frontal (left) and ventral (right) view. 



95 
 
 

 

Figure 3.7. PCA of the septomaxilla and vomer module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the 

septomaxilla and vomer of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral (left) and anterolateral (right) view. 
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Figure 3.8. PCA of the septomaxilla and vomer module conducted on the coralsnake subset, colored by ATS (A) and genus (B). 

Images of this module of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral (left) and anterolateral (right) view. 
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Figure 3.9. PCA of the septomaxilla and vomer module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS 

(A) and genus (B). Images of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral (left) and anterolateral (right) view. 
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Figure 3.10. PCA of the nasal module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the nasal of specimens at 

the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.11. PCA of the nasal module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the nasal of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.12. PCA of the nasal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus (B). 

Images of the nasal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.13. PCA of the prefrontal module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the prefrontal of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsolateral view. 
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Figure 3.14. PCA of the prefrontal module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

prefrontal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsolateral view. 
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Figure 3.15. PCA of the prefrontal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the prefrontal of specimens at the extremes of PC1 (C-D) and PC2 (D-E) in dorsolateral view. 
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Figure 3.16. PCA of the frontal module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the frontal of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.17. PCA of the frontal module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the frontal 

of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.18. PCA of the frontal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the frontal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.19. PCA of the parietal module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the parietal of 

specimens at the extremes of PC1 (C-D) and PC2 maximum (C) and minimum (E) in lateral view. 
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Figure 3.20. PCA of the parietal module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

parietal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.21. PCA of the parietal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the parietal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.22. PCA of the supraoccipital module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the 

supraoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.23. PCA of the supraoccipital module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

supraoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.24. PCA of the supraoccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the supraoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsal view. 
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Figure 3.25. PCA of the prootic module utilizing all specimens, colored by ATS (A) and genus (B). Images of the prootic of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.26. PCA of the prootic module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the prootic 

of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.27. PCA of the prootic module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the supraoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.28. PCA of the exoccipital module utilizing all specimens, colored by ATS (A) and genus (B). Images of the exoccipital of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in posterolateral view. 
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Figure 3.29. PCA of the exoccipital module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

exoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in posterolateral view. 
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Figure 3.30. PCA of the exoccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the exoccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in posterolateral view. 
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Figure 3.31. PCA of the supratemporal module utilizing all specimens, colored by ATS (A) and genus (B). Images of the 

supratemporal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsolateral view. 
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Figure 3.32. PCA of the supratemporal module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

supratemporal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsolateral view. 
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Figure 3.33. PCA of the supratemporal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the supratemporal of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in dorsolateral view. 
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Figure 3.34. PCA of the basisphenoid module utilizing all specimens, colored by ATS (A) and genus (B). Images of the basisphenoid 

of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.35. PCA of the basisphenoid module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

basisphenoid of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.36. PCA of the basisphenoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the basisphenoid of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.37. PCA of the basioccipital module utilizing all specimens, colored by ATS (A) and genus (B). Images of the basioccipital 

of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.38. PCA of the basioccipital module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

basioccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.39. PCA of the basioccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the basioccipital of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.40. PCA of the maxilla and palatine module utilizing all specimens, colored by ATS (A) and genus (B). Images oof 

specimens at the extremes of PC1 (C-D) and the PC2 maximum (C) and minimum (E) in lateral (top) and ventral (bottom) views. 
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Figure 3.41. PCA of the maxilla and palatine module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images 

of the maxilla and palatine of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in anterolateral (left) and ventral (right) views. 



130 
 
 

 

Figure 3.42. PCA of the maxilla and palatine module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) 

and genus (B). Images of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in anterolateral (left) and ventral (right) views. 
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Figure 3.43. PCA of the ectopterygoid module, utilizing all specimens, colored by ATS (A) and genus (B). Images of the 

ectopterygoid of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.44. PCA of the ectopterygoid module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

ectopterygoid of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.45. PCA of the ectopterygoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of the ectopterygoid of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventrolateral view. 
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Figure 3.46. PCA of the pterygoid module utilizing all specimens, colored by ATS (A) and genus (B). Images of the pterygoid of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in ventral view. 
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Figure 3.47. PCA of the pterygoid module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

pterygoid of specimens at the PC1 minimum (C) and PC2 minimum (E) and PC1 and PC2 maxima (D). 
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Figure 3.48. PCA of the pterygoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the pterygoid of specimens at the PC1 minimum (C) and PC2 minimum (E) and PC1 and PC2 maxima (D). 
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Figure 3.49. PCA of the quadrate dataset utilizing all specimens, colored by ATS (A) and genus (B). Images of the quadrate of 

specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral (left) and medial (right) view. 
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Figure 3.50. PCA of the quadrate dataset conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

quadrate of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral (left) and medial (right) view. 
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Figure 3.51. PCA of the quadrate dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus 

(B). Images of the quadrate of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral (left) and medial (right) view. 
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Figure 3.52. PCA of the jaw utilizing all specimens, colored by ATS (A) and genus (B). Images of the jaw of specimens at the 

extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.53. PCA of the jaw conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the jaw of specimens 

at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 



142 
 
 

 

Figure 3.54. PCA of the jaw conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and genus (B). Images 

of the jaw of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral view. 
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Figure 3.55. PCA of the compound module utilizing all specimens, colored by ATS (A) and genus (B). Images of the compound of 

specimens at the extremes of PC1 (C-D) and PC2 minimum (C) and maximum (E) in lateral (top) and dorsal (bottom) views.  
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Figure 3.56. PCA of the compound module conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

compound of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in lateral (top) and dorsal (bottom) views.  
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Figure 3.57. PCA of the compound module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images 5 of specimens at the extremes of PC1 (C-D) and PC2 (D-E) in lateral (top) and dorsal (bottom) views.  
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Figure 3.58. PCA of the dentary, angular, and splenial module utilizing all specimens, colored by ATS (A) and genus (B). Images of 

the dentary, angular, and splenial of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in medial (left) and lateral (right) views. 
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Figure 3.59. PCA of the dentary, angular, and splenial module conducted on the coralsnake subset, colored by ATS (A) and genus (B). 

Images of specimens at the extremes of PC1 (C-D) and PC2 (C, E) in medial (left) and lateral (right) views. 
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Figure 3.60. PCA of the dentary, angular, and splenial module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS (A) and genus (B). Images of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in medial (left) and lateral (right) views. 
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Figure 3.61. PCA of the midbody vertebra dataset, utilizing all specimens, colored by ATS (A) and genus (B). Images of the midbody 

vertebra of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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Figure 3.62. PCA of the midbody vertebra dataset conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of 

the midbody vertebra of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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Figure 3.63. PCA of the midbody vertebra dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) 

and genus (B). Images at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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Figure 3.64. PCA of the caudal vertebra dataset, utilizing all specimens, colored by ATS (A) and genus (B). Images of the midbody 

vertebra of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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Figure 3.65. PCA of the caudal vertebra dataset conducted on the coralsnake subset, colored by ATS (A) and genus (B). Images of the 

midbody vertebra of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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Figure 3.66. PCA of the caudal vertebra dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS (A) and 

genus (B). Images of specimens at the extremes of PC1 (C-D) and PC2 (E-F) in the anterior (left) and lateral (right) views.  
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CHAPTER FOUR 

Discussion 

MODULARITY  

In this study morphological variation of 24 bones was quantified and analyzed to 

elucidate the evolutionary trends of aquatic elapids in largely terrestrial genera. The results 

suggest that the skull of elapids is highly modular, with the highest supported hypothesis 

splitting the 17 bones of the skull data set into 15 separate modules. This study found that the 

maxilla and palatine form a module, this contradicts recent studies that found the palatine and 

pterygoid to form a module (Watanabe et al. 2019; Rhoda et al. 2021). This difference in result 

from Watababe et al.(2019) is likely due to their inclusion of many less kinetic taxa including 

lizards. The present study also found modularity within the mandible where Rhoda et al. (2021) 

found it be a single module. This difference in result could be due to the variable bones present 

in each study and the structure of the dataset. Rhoda et al. (2021) focused on the feeding system, 

did not include the skull itself and investigated the modularity of the upper jaw and mandible 

within a single dataset. Whereas here we included the upper jaw with the skull dataset and 

analyzed the jaw separately due to the condition of specimens used. This study found that the 

septomaxilla and vomer form a single module. This makes sense as they are defined simply in 

our landmark scheme and consistently fused together across the dataset.  

As for the lower jaw, of the 14 model structures tested, model 2C had the greatest 

support. The two modules were the compound as a separate bone and the angular, dentary and 

splenial together as the 2nd module. These two modules act during feeding but perform different 

tasks. The compound is the site of jaw muscle attachment while the dentary in integral in 

piercing prey. 
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GENERALIZED PROCRUSTES ANALYSIS 

 The results of the Generalized Procrustes Analysis (GPA) contain clear trends associated 

with aquatic tendency. The results can be broken into three categories: morphological trends 

within Micrurus, possible diversity within Calliophis and modules with relatedness associated 

clustering. 

 

Trends within Micrurus 

Sister taxa, Micrurus surinamensis and M. nattereri, are the main drivers of the trends 

observed in the PCAs. Both species are 7 ATS, the highest ATS assigned to a coralsnake taxon. 

As such there are marked morphological differences that are not seen in other coral snakes, even 

species that within closely related M. lemniscatus species complex. This complex is represented 

by nine samples in our dataset; two M. diutius, three M. helleri, two M. filiformis, and two M. 

lemniscatus cf. helleri, all of which have aquatic tendencies to a lesser extent in comparison to 

M. surinamensis and M. nattereri (Table 2.1). The differences are first apparent in the whole 

skull PCAs where elongated supratemporals and diminutive supratemporal and exoccipital can 

be seen. Looking at the modules individually, M. surinamensis and M. nattereri have more 

extreme variation in 17 of the 20 modules investigated than the majority of their congeners, the 

most dramatic of which are discussed here.  

 Despite the septomaxilla and vomer module consisting of three curves, the complex 

geometry makes it difficult to discern what variation is being described by the principal 

component extremes. It appears the choanal process of the septomaxilla is more extensive in M. 

surinamensis and M. nattereri than in other Micrurus. This character is consistent with 
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Laticauda but not Hydrophis, in which it is nearly absent. This leads to the conclusion that it is 

not an inherently aquatic trait but could be used as a diagnostic character within the genus.  

Most coralsnakes have nasals with a blunt anterior edge, in comparison with the swept 

back morphology of nasals in Hydrophis. Micrurus surinamensis and M. nattereri have similarly 

swept back nasals. This could aid in developing the hydrodynamic snake head discussed by 

Young (1990).  

The length of the supratemporal was an identifying feature of M. surinamensis and M. 

nattereri that was identified in preliminary work and again seen in the results here. The length of 

the supratemporal, in conjunction with the length of the quadrate, is likely associated with gape 

size (Rhoda et al. 2021). This could facilitate aquatic feeding habits. Due to the anterior portion 

of the supratemporal overlapping the prootic, the prootic module defined in this study is better at 

describing the variation in of the anterior portion of the supratemporal than the prootic itself. 

Micrurus surinamensis and M. nattereri have supratemporals that not only overlap with the 

prootic but nearly touch the parietal. In this way these two taxa cleanly associate with Laticauda 

and Hydrophis more than their congeners.  

Another part of the gape size equation, the quadrate, was substantially longer in M. 

surinamensis and M. nattereri than their congeners and more closely associated with Laticauda 

and Hydrophis. 

The exoccipital is a bone of complex geometry that forms the dorsoposterior and lateral 

surfaces of the braincase. The ventral suture connects it with the basioccipital. Variation along 

this suture is where M. surinamensis and M. nattereri diverge from their congeners. Consistent 

with the whole skull observations of a smaller posterior braincase, the exoccipital-basioccipital 

suture is shorter in length. This character was associated with PC1 and compared to other 
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principal components, 27.4% is not the strongest descriptor of variation. That being said, M. 

surinamensis and M. nattereri were more extreme along this axis than Laticauda and Hydrophis. 

The reduction in size of the exoccipital is involved in the larger trend of the reduction in size of 

the posterior braincase, again this possibly enables the aquatic snakes to more easily cut through 

the water. 

Moving on to the jaw, we see a drastic difference between aquatic Micrurus and other 

aquatic clades. Hydrophis has a much more slender and delicate jaw in comparison with the 

robust jaw of M. nattereri. The large coronoid processes in M. surinamensis and M. nattereri 

was not as visible in non-aquatic Micrurus.  

The jaws of both aquatic Micrurus and Hydrophis show adaptation toward aquatic life by 

different means. The dentary of Hydrophis is long with many teeth while the compound is more 

slender. The dentary of M. nattereri is shorter but the more robust compound and large coronoid 

processes increases surface area available for muscle attachment. This yields possibility for a 

stronger bite force, or at least a sustained bite.  

This could be due to the difference of their diet. Hydrophis is piscivorous or fish eating 

while Micrurus nattereri eats lizards, fish and eels. A need for a sustained bite could be more 

important in terrestrial feeding in comparison to feeding just on fish. Also, while eels are 

technically fish, they are elongate with a body plan that differs from what comes to mind when 

most think of the word fish. Hydrophis likely swallows an entire fish of a typical body plan fairly 

quickly in comparison to M. nattereri feeding upon a swamp eel.  

The teeth of aquatic Micrurus and Hydrophis differ. The teeth of M. surinamensis and M. 

nattereri are wider and less numerous than the needle-like teeth in Hydrophis. It is possible that 
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these needle-like teeth give more opportunity to slip between the hard scales of fish while 

aquatic Micrurus are able to clamp down on an eel more easily.  

Micrurus surinamensis and M. nattereri are two aquatic species that distinguish 

themselves morphologically from their terrestrial and semi-fossorial congeners. These changes 

are predominantly reducing braincase size and increasing gape size, both of which are found also 

in the aquatic genera Laticauda and Hydrophis. 

The midbody and caudal vertebrae of M. surinamensis and M. nattereri are 

morphologically more similar to other Micrurus than those of Laticauda and Hydrophis A more 

developed neural spine than most Micrurus is present in the midbody vertebrae but is not 

developed to the extent of Laticauda and Hydrophis. The same can be seen in the caudal 

vertebrae where the neural spine and pleurapophyses are developed but not to the extreme extent 

as seen in Laticauda and Hydrophis. The dramatic length of the neural spine and pleurapophyses 

of these two mostly marine genera are aquatic adaptations that were necessary for the 

development of their laterally compressed tails, a trait not seen in Micrurus.  

Specimens of the Micrurus lemniscatus species complex associate with other semi-

aquatic Micrurus specifically and all other Micrurus generally over clustering with M. 

surinamensis and M. nattereri, despite being more related to the aquatic pair than other terrestrial 

Micrurus. We did not see any evidence that this species complex had an intermediary trend 

between M. surinamensis and M. nattereri and terrestrial Micrurus. More so to the opposite 

effect, M. lemniscatus species complex specimens were clustered with semi-aquatic Micrurus 

and away from M. surinamensis and M. nattereri on the semiaquatic and aquatic subset PCAs of 

the nasal; prefrontal; prootic; exoccipital; supratemporal; maxilla and palatine; quadrate; and 

dentary, angular and splenial modules (Figures 3.12, 3.15, 3.30, 3.33, 3.42, 3.51, 3.60). Few 
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exceptions are worth noting but do not change this interpretation of the results. For the prefrontal 

module, one sample of M. cf. helleri (UTA R-34563) was close to samples of M. surinamensis 

and M. nattereri but was still well associated with semi-aquatic Micrurus. For the maxilla and 

palatine module, both samples of M. cf. helleri are the closest to aquatic Micrurus but are still 

well within the semi-aquatic Micrurus cluster. For the dentary, angular and splenial module of 

the lower jaw, one sample of M. helleri (UTA R-65803) is found with aquatic Micrurus but still 

not that distant from the remaining Micrurus.  

 

Calliophis Diversity 

 Small and fossorial to semi-fossorial snakes, Calliophis, were consistently rated low 

ATS. This genus is the most basal in Elapidae and as such is thought to have a morphology that 

is most consistent with the familial most recent common ancestor. Though not a primary goal of 

this study, variation was found amongst the Calliophis in our dataset.  

The prefrontals of C. melanurus (MNHN 48-318 and MNHN 46-286) and gracilis 

(USNM 53447) are connected by their dorsal edge to the dorsolateral edge of the frontals. This is 

similar to the positioning seen in Hydrophis but unlike the remainder of their congeners which 

are connected to the anterodorsal surface of the frontals. The supratemporals of C. melanurus are 

diminutive in comparison to their congeners and are fused to the exoccipital to the degree that 

their outline is difficult to discern.  

The upper jaw of C. melanurus also differs from its congeners. The palatines are less than 

the length of their maxillae in ventral view and the maxillary process of the ectopterygoid is 

exceptionally wide. This taxon also has a divergent dentary, angular and splenial module, the 

morphological difference of which could not be easily ascertained.  
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There is genetic evidence for further undescribed diversity within Calliophis (E.N Smith, 

Pers. Com. 2021). It is possible that the shape of the prefrontal and that other diversity uncovered 

by these analyses could be used as a morphologically diagnosable characters within the genus. 

 

Ecological Signal in Vertebrae 

 Significant trends could not be discovered in the analysis of the midbody or caudal vertebrae 

in terms of aquatic tendency. While vertebral form can be a fantastic source of diagnostic 

characters (Hoffsetter 1939; Holman 1977; Rage 1984; Slowinski 1994; Ikeda 2007), it is a poor 

predictor of ecology. Vertebral form reflects taxonomic status to a higher degree than ecology 

(Johnson 1955). Osteosclerosis of extinct and extant snake vertebrae is not a reliable predictor of 

snake ecology (Hampton 2019).
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CHAPTER FIVE 

General Conclusion 

Elapidae is an extremely diverse family of snakes, as illustrated by its expansive 

geographic distribution and in the variety of life histories. In this project I attempt to classify the 

disparate habits of the family using a classification scheme dubbed the Aquatic Tendency Score 

to understand the evolutionary history and adaptations the group has utilized to become so 

speciose and phenotypically diverse. This project aims to have other studies replicate and modify 

this scheme for use in subsequent explorations of morphology. 

 Through the large-scale CT data collection completed for this project, a data set has been 

created that will serve future researchers after it is uploaded to an online repository 

(Morphosource). This data set contains scans of 108 specimens of 76 species from 20 genera 

with sampling focused primarily on new world coralsnakes. Three scans were taken of each 

specimen, the skull, midbody vertebra and caudal vertebra. The skull scans were split into three 

datasets, the lower jaw, quadrate, and the rest of the skull, thus creating five datasets.  

Through a high-density 3D geometric morphometric methodology, it has been shown that 

the elapid skull is highly modular, and that the mandible consists of at least two modules. Of the 

17 regions of the skull, defined a priori, 13 were found to be independent with the remaining 

four forming two modules, one of septomaxilla and vomer and the other of maxilla and palatine. 

The two modules of the jaw were found to be the compound bone, in a single module, and the 

dentary, angular and splenial as the second.  

Further, principal component analyses of the five datasets revealed that aquatic 

coralsnakes, Micrurus surinamensis and M. nattereri, have morphological characters that are 

divergent from their semi-aquatic and terrestrial congeners, and that are consistent with the 
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morphology of aquatic Hydrophis and Laticauda. The characters revolve around reducing the 

size of the braincase, possibly for more efficient aquatic locomotion, and increased gape size. 

Specifically, the exoccipital plays a key role in the trend of the reduction in braincase size and, 

the anteroposterior lengthening of the supratemporal and dorsoventral lengthening of the 

quadrate relate to an increased gape size.  

Morphological diversity has been uncovered in Calliophis which, with further study, can 

be used to reorganize its taxonomy to provide a more accurate picture of the biodiversity within. 

The two morphological differences that are apparent from these analyses are the angle of 

attachment of the prefrontal to the frontal (either anteriorly as in C. salitan or laterally as in C. 

gracilis) and the comparison of the length of the maxilla to the palatine. In C. salitan the maxilla 

is stunted anteroposteriorly, which contrasts with an extended palatine, while in C. melanurus, 

the maxilla and palatine are of roughly the same length. 

Much like the skull, elapid vertebrae are morphologically diverse. This diversity has 

shown to be more associated with taxonomic relationships and vertebrae were confirmed to not 

be an accurate predictor of aquatic habitat. It is possible that ecological based trends can be 

uncovered through the use of a vertebrae dataset, but for now, that was out of the scope of this 

project.  
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APPENDIX 

Supplemental Figures 

 

Supplemental Figure 1.1. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Acanthophis antarcticus (UTA R-7623). Right suspensorium excluded. 
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Supplemental Figure 1.2. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Bungarus candidus (UTA R-65799). Right suspensorium excluded.  
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Supplemental Figure 1.3. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Bungarus flaviceps (UTA R-62257). Right suspensorium excluded.  
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Supplemental Figure 1.4. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis beddomei (MNHN 46-81). Right suspensorium excluded.  
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Supplemental Figure 1.5. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis biliniatus (KU 309511). Right suspensorium excluded.  
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Supplemental Figure 1.6. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis biliniatus (KU 311415). Right suspensorium excluded.  
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Supplemental Figure 1.7. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis bivirgatus bivirgatus (UTA R-63079). Right suspensorium excluded. 
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Supplemental Figure 1.8. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis gracilis (USNM 53447). Right suspensorium excluded.  
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Supplemental Figure 1.9. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis intestinalis (UTA R-60738). Right suspensorium excluded.  
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Supplemental Figure 1.10. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis cf. intestinalis (NMW 27221-4). Right suspensorium excluded.  
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Supplemental Figure 1.11. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis intestinalis immaculata (UTA R-65802). Right suspensorium excluded.  



195 
 
 

 

Supplemental Figure 1.12. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis intestinalis lineata (UTA R-65801). Right suspensorium excluded.  
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Supplemental Figure 1.13. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Calliophis maculiceps (MNHN 5459). Right suspensorium excluded.  
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Supplemental Figure 1.14. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis melanurus (MNHN 46-286). Right suspensorium excluded.  
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Supplemental Figure 1.15. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis melanurus (MNHN 48-318). Right suspensorium excluded. 
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Supplemental Figure 1.16. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Calliophis nigrotaeniatus (NMW 27220-7). Right suspensorium excluded.  
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Supplemental Figure 1.17. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Calliophis philippinus (KU 310369). Right suspensorium excluded.  
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Supplemental Figure 1.18. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Calliophis philippinus (KU 314913). Right suspensorium excluded.  
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Supplemental Figure 1.19. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Calliophis salitan (PNM 9844). Right suspensorium excluded.  
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Supplemental Figure 1.20. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Hemachatus haemachatus (UTA R-7431). Right suspensorium excluded.  
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Supplemental Figure 1.21. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Hemibungarus calligaster (KU 307474). Right suspensorium excluded. 
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Supplemental Figure 1.22. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Hydrophis platurus (UTA R-41049). Right suspensorium excluded.  



206 
 
 

 

Supplemental Figure 1.23. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Hydrophis schistosus (UTA R-63074). Right suspensorium excluded.  
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Supplemental Figure 1.24. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Laticauda colubrina (UTA R-65800). Right suspensorium excluded.  
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Supplemental Figure 1.25. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Laticauda laticauda (UTA R-6355). Right suspensorium excluded.  



209 
 
 

 

Supplemental Figure 1.26. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micruroides euryxanthus (UTA R-60734). Right suspensorium excluded.  
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Supplemental Figure 1.27. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus alleni (UTA R-60556). Right suspensorium excluded.  



211 
 
 

 

Supplemental Figure 1.28. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus ancoralis (UTA R-55945). Right suspensorium excluded.  
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Supplemental Figure 1.29. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus apiatus (UTA R-39267). Right suspensorium excluded.  
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Supplemental Figure 1.30. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus apiatus (UTA R-39554). Right suspensorium excluded.  
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Supplemental Figure 1.31. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus diastema (UTA R-52565). Right suspensorium excluded.  
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Supplemental Figure 1.32. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus diutius (UTA R-54182). Right suspensorium excluded.  
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Supplemental Figure 1.33. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus dumerilii (AMNH 35951). Right suspensorium excluded.  
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Supplemental Figure 1.34. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus elegans elegans (MZFC 18819). Right suspensorium excluded.  
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Supplemental Figure 1.45. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus elegans veraepacis (UTA R-7072). Right suspensorium excluded.  
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Supplemental Figure 1.36. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus elegans veraepacis (UTA R-58869). Right suspensorium excluded.  
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Supplemental Figure 1.37. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus ephippifer (UTA R-64863). Right suspensorium excluded.  
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Supplemental Figure 1.38. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus filiformis (UTA R-3423). Right suspensorium excluded. 
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Supplemental Figure 1.39. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus filiformis (UTA R-65836). Right suspensorium excluded.  
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Supplemental Figure 1.40. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus fulvius (UTA R-61632). Right suspensorium excluded.  
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Supplemental Figure 1.41. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus helleri (UTA R-38005). Right suspensorium excluded.  
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Supplemental Figure 1.42. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus helleri (UTA R-65841). Right suspensorium excluded.  
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Supplemental Figure 1.43. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus hemprichii (UTA R-9683). Right suspensorium excluded.  
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Supplemental Figure 1.44. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus hemprichii (UTA R-29997). Right suspensorium excluded.  
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Supplemental Figure 1.45. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus isozonus (UTA R-3951). Right suspensorium excluded.  
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Supplemental Figure 1.46. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus isozonus (UTA R-22589). Right suspensorium excluded.  
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Supplemental Figure 1.47. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus laticollaris (UTA R-52559). Right suspensorium excluded.  
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Supplemental Figure 1.48. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus laticollaris (UTA R-57562). Right suspensorium excluded.  
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Supplemental Figure 1.49. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus lemniscatus cf. helleri (UTA R-34563). Right suspensorium excluded.  
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Supplemental Figure 1.50. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus lemniscatus cf. helleri (UTA R-65803). Right suspensorium excluded. 
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Supplemental Figure 1.51. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus limbatus (UTA R-64852). Right suspensorium excluded.  
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Supplemental Figure 1.52. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus limbatus (UTA R-64899). Right suspensorium excluded. 
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Supplemental Figure 1.53. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus melanotus (UTA R-22582). Right suspensorium excluded.  
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Supplemental Figure 1.54. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus mipartitus (UTA R-54187). Right suspensorium excluded. 
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Supplemental Figure 1.55. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus mosquitensis (UTA R-12919). Right suspensorium excluded.  
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Supplemental Figure 1.56. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus nattereri (UTA R-54175). Right suspensorium excluded.  
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Supplemental Figure 1.57. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus nattereri (UTA R-55086). Right suspensorium excluded.  
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Supplemental Figure 1.58. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus nattereri (UTA R-60727). Left suspensorium excluded.  
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Supplemental Figure 1.59. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus nigrocinctus zunilensis (UTA R-64858). Right suspensorium excluded.  
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Supplemental Figure 1.60. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus obscurus (UTA R-3840). Right suspensorium excluded.  
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Supplemental Figure 1.61. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus ornatissimus (UTA R-60724). Right suspensorium excluded.  
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Supplemental Figure 1.62. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus pyrrhocryptus (UTA R-51404). Right suspensorium excluded.  
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Supplemental Figure 1.63. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus renjifoi (UTA R-3490). Right suspensorium excluded.  
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Supplemental Figure 1.64. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus serranus (UTA R-34561). Right suspensorium excluded.  
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Supplemental Figure 1.65. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus steindachneri (AMNH 28846). Right suspensorium excluded.  
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Supplemental Figure 1.66. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus steindachneri (AMNH 35819). Right suspensorium excluded.  
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Supplemental Figure 1.67. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus surinamensis (UTA R-15679). Right suspensorium excluded.  



251 
 
 

 

Supplemental Figure 1.68. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus surinamensis (UTA R-50173). Right suspensorium excluded.  
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Supplemental Figure 1.69. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus surinamensis (UTA R-54378). Right suspensorium excluded.  
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Supplemental Figure 1.70. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Micrurus surinamensis (UTA R-65844). Right suspensorium excluded.  
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Supplemental Figure 1.71. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus tener (FMNH 39479). Right suspensorium excluded.  
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Supplemental Figure 1.72. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Micrurus tener (UTA R-63282). Right suspensorium excluded.  
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Supplemental Figure 1.73. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Naja annulata (UTA R-18199). Right suspensorium excluded.  
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Supplemental Figure 1.74. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Naja christyi (UTA R-18200). Right suspensorium excluded.  
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Supplemental Figure 1.75. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Naja siamensis (UTA R-16872). Right suspensorium excluded.  
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Supplemental Figure 1.76. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Ophiophagus hannah (UTA R-60836). Right suspensorium excluded.  
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Supplemental Figure 1.77. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Oxyuranus scutellatus (UTA R-60839). Right suspensorium excluded.  
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Supplemental Figure 1.78. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Pseudohaje goldii (UTA R-63636). Right suspensorium excluded.  
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Supplemental Figure 1.79. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Simoselaps bertholdi (UMMZ 244197). Right suspensorium excluded.  
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Supplemental Figure 1.80. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Sinomicrurus annularis (ROM 31158). Right suspensorium excluded.  
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Supplemental Figure 1.81. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Sinomicrurus boettgeri (UTA R-58837). Right suspensorium excluded.  
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Supplemental Figure 1.82. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Sinomicrurus japonicus (CAS 204979). Right suspensorium excluded.  
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Supplemental Figure 1.83. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Sinomicrurus kelloggi (ROM 37079). Right suspensorium excluded.  
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Supplemental Figure 1.84. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Sinomicrurus peinani (ROM 35245). Right suspensorium excluded.  
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Supplemental Figure 1.85. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Sinomicrurus peinani (ROM 37109). Right suspensorium excluded.  
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Supplemental Figure 1.86. Dorsal, lateral, ventral, anterior, and posterior views (A-E, 

respectively) of the skull of Sinomicrurus swinhoei (MVZ 23876). Right suspensorium excluded.  
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Supplemental Figure 1.87. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) 

of the skull of Walterinnesia aegyptia (UTA R-13021). Right suspensorium excluded.
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Supplemental Figure 2.1. Lateral and medial views (A-B, respectively) of the left quadrate of 

Acanthophis antarcticus (UTA R-7623). 

 

Supplemental Figure 2.2. Lateral and medial views (A-B, respectively) of the left quadrate of 

Bungarus candidus (UTA R-65799). 
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Supplemental Figure 2.3. Lateral and medial views (A-B, respectively) of the left quadrate of 

Bungarus flaviceps (UTA R-62257). 

 

Supplemental Figure 2.4. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis beddomei (MNHN 46-81). 
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Supplemental Figure 2.5. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis biliniatus (KU 309511). 

 

Supplemental Figure 2.6. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis biliniatus (KU 311415). 
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Supplemental Figure 2.7. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis bivirgatus bivirgatus (UTA R-63079). 

 

Supplemental Figure 2.8. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis gracilis (USNM 53447). 
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Supplemental Figure 2.9. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis intestinalis (UTA R-60738). 

 

Supplemental Figure 2.10. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis cf. intestinalis (NMW 27221-4). 
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Supplemental Figure 2.11. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis intestinalis immaculata (UTA R-65802). 

 

Supplemental Figure 2.12. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis intestinalis cf. immaculata (NMW 27192-1). 
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Supplemental Figure 2.13. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis intestinalis lineata (UTA R-65801). 

 

Supplemental Figure 2.14. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis maculiceps (MNHN 5459). 
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Supplemental Figure 2.15. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis melanurus (MNHN 46-286). 

 

Supplemental Figure 2.16. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis nigrotaeniatus (NMW 27220-7). 
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Supplemental Figure 2.17. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis philippinus (KU 310369). 

 

Supplemental Figure 2.18. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis philippinus (KU 314913). 
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Supplemental Figure 2.19. Lateral and medial views (A-B, respectively) of the left quadrate of 

Calliophis salitan (PNM 9844). 

Supplemental Figure 2.20. Lateral and medial views (A-B, respectively) of the left quadrate of 

Dendroaspis angusticeps (UTA R-34982). 
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Supplemental Figure 2.21. Lateral and medial views (A-B, respectively) of the left quadrate of 

Elapsoidea nigra (CAS 168978). 

 

Supplemental Figure 2.22. Lateral and medial views (A-B, respectively) of the left quadrate of 

Hemachatus haemachatus (UTA R-7431). 
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Supplemental Figure 2.23. Lateral and medial views (A-B, respectively) of the left quadrate of 

Hemibungarus calligaster (KU 307474).  

 

Supplemental Figure 2.24. Lateral and medial views (A-B, respectively) of the left quadrate of 

Hydrophis platurus (UTA R-41049). 
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Supplemental Figure 2.25. Lateral and medial views (A-B, respectively) of the left quadrate of 

Hydrophis schistosus (UTA R-63074). 

 

Supplemental Figure 2.26. Lateral and medial views (A-B, respectively) of the left quadrate of 

Laticauda colubrina (UTA R-65800). 
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Supplemental Figure 2.27. Lateral and medial views (A-B, respectively) of the left quadrate of 

Laticauda laticauda (UTA R-6355). 

 

Supplemental Figure 2.28. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrelaps vaillanti (CAS 169941). 
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Supplemental Figure 2.29. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micruroides euryxanthus (UTA R-60734). 

 

Supplemental Figure 2.30. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus alleni (UTA R-60556). 
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Supplemental Figure 2.31. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus ancoralis (UTA R-55945). 

 

Supplemental Figure 2.32. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus apiatus (UTA R-39267). 
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Supplemental Figure 2.33. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus apiatus (UTA R-39554). 

 

Supplemental Figure 2.34. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus apiatus (UTA R-53450). 
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Supplemental Figure 2.35. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus bocourti (UTA R-58145). 

 

Supplemental Figure 2.36. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus diastema (UTA R-52565). 
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Supplemental Figure 2.37. Lateral and medial views (A-B, respectively) of the right quadrate of 

Micrurus dissoleucus (UTA R-54184). 

 

Supplemental Figure 2.38. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus distans (UTA R-14471). 
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Supplemental Figure 2.39. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus lemniscatus diutius (UTA R-20756). 

 

Supplemental Figure 2.40. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus diutius (UTA R-54182). 
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Supplemental Figure 2.41. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus dumerilii (AMNH 35951). 

 

Supplemental Figure 2.42. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus elegans elegans (MZFC 18819). 
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Supplemental Figure 2.43. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus elegans veraepacis (UTA R-7072). 

 

Supplemental Figure 2.44. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus elegans veraepacis (UTA R-58869). 
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Supplemental Figure 2.45. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus ephippifer (UTA R-64863). 

 

Supplemental Figure 2.46. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus filiformis (UTA R-3423). 
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Supplemental Figure 2.47. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus filiformis (UTA R-65836). 

 

Supplemental Figure 2.48. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus fulvius (UTA R-61632). 
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Supplemental Figure 2.49. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus helleri (UTA R-38005). 

 

Supplemental Figure 2.50. Lateral and medial views (A-B, respectively) of the right quadrate of 

Micrurus helleri (UTA R-55977). 
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Supplemental Figure 2.51. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus helleri (UTA R-65841). 

 

Supplemental Figure 2.52. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus hemprichii (UTA R-9683). 
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Supplemental Figure 2.53. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus hemprichii (UTA R-29997). 

 

Supplemental Figure 2.54. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus isozonus (UTA R-3951). 
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Supplemental Figure 2.55. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus isozonus (UTA R-22589). 

 

Supplemental Figure 2.56. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus laticollaris (UTA R-52559). 
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Supplemental Figure 2.57. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus laticollaris (UTA R-57562). 

 

Supplemental Figure 2.58. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus lemniscatus cf. helleri (UTA R-34563). 
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Supplemental Figure 2.59. Lateral and medial views (A-B, respectively) of the right quadrate of 

Micrurus lemniscatus cf. helleri (UTA R-65803). 

 

Supplemental Figure 2.60. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus limbatus (UTA R-64852). 
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Supplemental Figure 2.61. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus limbatus (UTA R-64899). 

 

Supplemental Figure 2.62. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus melanotus (AMNH 35934). 



302 
 
 

 

Supplemental Figure 2.63. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus melanotus (UTA R-22582). 

 

Supplemental Figure 2.64. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus mipartitus (UTA R-54187). 
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Supplemental Figure 2.65. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus mosquitensis (UTA R-12919). 

 

Supplemental Figure 2.66. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus nattereri (UTA R-54175). 
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Supplemental Figure 2.67. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus nattereri (UTA R-55086). 

 

Supplemental Figure 2.68. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus nattereri (UTA R-60727). 
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Supplemental Figure 2.69. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus nigrocinctus zunilensis (UTA R-64858). 

 

Supplemental Figure 2.70. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus obscurus (UTA R-3840). 
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Supplemental Figure 2.71. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus oliveri (UTA R-64893). 

 

Supplemental Figure 2.72. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus ornatissimus (UTA R-60724). 
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Supplemental Figure 2.73. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus pyrrhocryptus (UTA R-51404). 

 

Supplemental Figure 2.74. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus renjifoi (UTA R-3490). 
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Supplemental Figure 2.75. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus serranus (UTA R-34561). 

Supplemental Figure 2.76. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus steindachneri (AMNH 28846). 
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Supplemental Figure 2.77. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus steindachneri (AMNH 35819). 

 

Supplemental Figure 2.78. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus surinamensis (UTA R-5849).  
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Supplemental Figure 2.79. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus surinamensis (UTA R-15679). 

 

Supplemental Figure 2.80. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus surinamensis (UTA R-50173). 
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Supplemental Figure 2.81. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus surinamensis (UTA R-54378). 

 

Supplemental Figure 2.82. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus surinamensis (UTA R-65844).
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Supplemental Figure 2.83. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus tener (FMNH 39479). 

 

Supplemental Figure 2.84. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus tener (UTA R-63282). 
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Supplemental Figure 2.85. Lateral and medial views (A-B, respectively) of the left quadrate of 

Micrurus sp. (UTA R-6086). 

 

Supplemental Figure 2.86. Lateral and medial views (A-B, respectively) of the left quadrate of 

Naja annulata (UTA R-18199). 
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Supplemental Figure 2.87. Lateral and medial views (A-B, respectively) of the left quadrate of 

Naja christyi (UTA R-18200).

Supplemental Figure 2.88. Lateral and medial views (A-B, respectively) of the left quadrate of 

Naja siamensis (UTA R-16872). 
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Supplemental Figure 2.89. Lateral and medial views (A-B, respectively) of the left quadrate of 

Ophiophagus hannah (UTA R-60836). 

 

Supplemental Figure 2.90. Lateral and medial views (A-B, respectively) of the left quadrate of 

Oxyuranus scutellatus (UTA R-60839). 
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Supplemental Figure 2.91. Lateral and medial views (A-B, respectively) of the left quadrate of 

Prosymna stuhlmanni (UTA R-64493). 

 

Supplemental Figure 2.92. Lateral and medial views (A-B, respectively) of the left quadrate of 

Pseudohaje goldii (UTA R-63636). 



317 
 
 

 

Supplemental Figure 2.93. Lateral and medial views (A-B, respectively) of the left quadrate of 

Simoselaps bertholdi (UMMZ 244197). 

 

Supplemental Figure 2.94. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus annularis (ROM 31158). 
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Supplemental Figure 2.95. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus boettgeri (UTA R-58837). 

 

Supplemental Figure 2.96. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus japonicus (CAS 204979). 
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Supplemental Figure 2.97. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus kelloggi (ROM 37079). 

 

Supplemental Figure 2.98. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus peinani (ROM 35245). 
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Supplemental Figure 2.99. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus peinani (ROM 37109). 

 

Supplemental Figure 2.100. Lateral and medial views (A-B, respectively) of the left quadrate of 

Sinomicrurus swinhoei (MVZ 23876). 
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Supplemental Figure 2.101. Lateral and medial views (A-B, respectively) of the left quadrate of 

Walterinnesia aegyptia (UTA R-13021). 

 



322 
 
 

 

Supplemental Figure 3.1. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Acanthophis antarcticus (UTA R-7623). 

 

Supplemental Figure 3.2. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Bungarus candidus (UTA R-65799). 
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Supplemental Figure 3.3. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Bungarus flaviceps (UTA R-62257). 

 

Supplemental Figure 3.4. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis beddomei (MNHN 46-81). 
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Supplemental Figure 3.5. Medial, dorsal, and lateral views (A-C, respectively) of the right lower 

jaw of Calliophis biliniatus (KU 309511). 

 

Supplemental Figure 3.6. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis biliniatus (KU 311415). 
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Supplemental Figure 3.7. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis bivirgatus bivirgatus (UTA R-63079). 

 

Supplemental Figure 3.8. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis gracilis (USNM 53447). 
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Supplemental Figure 3.9. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis intestinalis (UTA R-60738). 

 

Supplemental Figure 3.10. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis cf. intestinalis (NMW 27221-4). 
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Supplemental Figure 3.11. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis intestinalis cf. immaculata (NMW 27192-1). 

 

Supplemental Figure 3.12. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis intestinalis immaculata (UTA R-65802). 
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Supplemental Figure 3.13. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis intestinalis lineata (UTA R-65801). 

 

Supplemental Figure 3.14. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis maculiceps (MNHN 5459). 
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Supplemental Figure 3.15. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis melanurus (MNHN 46-286). 

 

Supplemental Figure 3.16. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis melanurus (MNHN 48-318). 
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Supplemental Figure 3.17. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis nigrotaeniatus (NMW 27220-7). 

 

Supplemental Figure 3.18. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis philippinus (KU 310369). 
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Supplemental Figure 3.19. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis philippinus (KU 314913). 

 

Supplemental Figure 3.20. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Calliophis salitan (PNM 9844). 
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Supplemental Figure 3.21. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Dendroaspis angusticeps (UTA R-34982). 

 

Supplemental Figure 3.22. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Elapsoidea nigra (CAS 168978). 
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Supplemental Figure 3.23. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Hemachatus haemachatus (UTA R-7431). 

 

Supplemental Figure 3.24. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Hemibungarus calligaster (KU 307474). 
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Supplemental Figure 3.25. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Hydrophis platurus (UTA R-41049). 

 

Supplemental Figure 3.26. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Hydrophis schistosus (UTA R-63074). 



335 
 
 

 

Supplemental Figure 3.27. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Laticauda colubrina (UTA R-65800). 

 

Supplemental Figure 3.28. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Laticauda laticauda (UTA R-6355). 
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Supplemental Figure 3.29. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrelaps vaillanti (CAS 169941). 

 

Supplemental Figure 3.30. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micruroides euryxanthus (UTA R-60734). 
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Supplemental Figure 3.31. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus alleni (UTA R-60556). 

 

Supplemental Figure 3.32. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus ancoralis (UTA R-55945). 
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Supplemental Figure 3.33. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus apiatus (UTA R-39267). 

 

Supplemental Figure 3.34. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus apiatus (UTA R-39554). 
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Supplemental Figure 3.35. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus apiatus (UTA R-53450). 

 

Supplemental Figure 3.36. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus bocourti (UTA R-58145). 
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Supplemental Figure 3.37. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus diastema (UTA R-52565). 

 

Supplemental Figure 3.38. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus dissoleucus (UTA R-54184). 
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Supplemental Figure 3.39. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus distans (UTA R-14471). 

 

Supplemental Figure 3.40. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus diutius (UTA R-20756). 
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Supplemental Figure 3.41. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus diutius (UTA R-54182). 

 

Supplemental Figure 3.42. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus dumerilii (AMNH 35951). 
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Supplemental Figure 3.43. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus elegans (MZFC 18819). 

 

Supplemental Figure 3.44. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus elegans veraepacis (UTA R-7072). 
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Supplemental Figure 3.45. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus elegans veraepacis (UTA R-58869). 

 

Supplemental Figure 3.46. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus ephippifer (UTA R-64863). 
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Supplemental Figure 3.47. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus filiformis (UTA R-3423). 

 

Supplemental Figure 3.48. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus filiformis (UTA R-65836). 
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Supplemental Figure 3.49. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus fulvius (UTA R-61632). 

 

Supplemental Figure 3.50. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus helleri (UTA R-38005). 
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Supplemental Figure 3.51. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus helleri (UTA R-65841). 

 

Supplemental Figure 3.52. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus hemprichii (UTA R-9683). 
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Supplemental Figure 3.53. Medial, dorsal, and lateral views (A-C, respectively) of the right lower 

jaw of Micrurus hemprichii (UTA R-29997). 

 

Supplemental Figure 3.54. Medial, dorsal, and lateral views (A-C, respectively) of the right lower 

jaw of Micrurus isozonus (UTA R-3951). 
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Supplemental Figure 3.55. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus isozonus (UTA R-22589). 

 

Supplemental Figure 3.56. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus laticollaris (UTA R-52559). 
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Supplemental Figure 3.57. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus laticollaris (UTA R-57562). 

 

Supplemental Figure 3.58. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus latifasciatus (UTA R-4606). 
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Supplemental Figure 3.59. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus lemniscatus cf. helleri (UTA R-34563). 

 

Supplemental Figure 3.60. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus lemniscatus cf. helleri (UTA R-65803). 
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Supplemental Figure 3.61. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus limbatus (UTA R-64852). 

 

Supplemental Figure 3.62. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus limbatus (UTA R-64899). 
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Supplemental Figure 3.63. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus melanotus (AMNH 35934). 

 

Supplemental Figure 3.64. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus melanotus (UTA R-22582). 
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Supplemental Figure 3.65. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus mipartitus (UTA R-54187). 

 

Supplemental Figure 3.66. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus mosquitensis (UTA R-12919). 
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Supplemental Figure 3.67. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus nattereri (UTA R-54175). 

 

Supplemental Figure 3.68. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus nattereri (UTA R-55086). 



356 
 
 

 

Supplemental Figure 3.69. Medial, dorsal, and lateral views (A-C, respectively) of the right lower 

jaw of Micrurus nattereri (UTA R-60727). 

 

Supplemental Figure 3.70. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus nigrocinctus zunilensis (UTA R-64858). 
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Supplemental Figure 3.71. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus obscurus (UTA R-3840). 

 

Supplemental Figure 3.72. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus oliveri (UTA R-64893). 
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Supplemental Figure 3.73. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus ornatissimus (UTA R-60724). 

 

Supplemental Figure 3.74. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus pyrrhocryptus (UTA R-51404). 
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Supplemental Figure 3.75. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus renjifoi (UTA R-3490). 

 

Supplemental Figure 3.76. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus serranus (UTA R-34561). 
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Supplemental Figure 3.77. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus steindachneri (AMNH 28846). 

 

Supplemental Figure 3.78. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus steindachneri (AMNH 35819). 
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Supplemental Figure 3.79. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus surinamensis (UTA R-15679). 

 

Supplemental Figure 3.80. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus surinamensis (UTA R-50173). 
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Supplemental Figure 3.81. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus surinamensis (UTA R-54378). 

 

Supplemental Figure 3.82. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus surinamensis (UTA R-65844). 
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Supplemental Figure 3.83. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus tener (FMNH 39479). 

 

Supplemental Figure 3.84. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus tener (UTA R-63282). 
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Supplemental Figure 3.85. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Micrurus sp. (UTA R-6086). 

 

Supplemental Figure 3.86. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Naja annulata (UTA R-18199). 
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Supplemental Figure 3.87. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Naja christyi (UTA R-18200). 

 

Supplemental Figure 3.88. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Naja siamensis (UTA R-16872). 
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Supplemental Figure 3.89. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Ophiophagus hannah (UTA R-60836). 

 

Supplemental Figure 3.90. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Oxyuranus scutellatus (UTA R-60839). 
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Supplemental Figure 3.91. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Prosymna stuhlmanni (UTA R-64493). 

 

Supplemental Figure 3.92. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Pseudohaje goldii (UTA R-63636). 
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Supplemental Figure 3.93. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Simoselaps bertholdi (UMMZ 244197). 

 

Supplemental Figure 3.94. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus annularis (ROM 31158). 
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Supplemental Figure 3.95. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus boettgeri (UTA R-58837). 

 

Supplemental Figure 3.96. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus japonicus (CAS 204979). 
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Supplemental Figure 3.97. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus peinani (ROM 35245). 

 

Supplemental Figure 3.98. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus peinani (ROM 37109). 
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Supplemental Figure 3.99. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Sinomicrurus swinhoei (MVZ 23876). 

 

Supplemental Figure 3.100. Medial, dorsal, and lateral views (A-C, respectively) of the left lower 

jaw of Walterinnesia aegyptia (UTA R-13021). 
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Supplemental Figure 4.1. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Acanthophis antarcticus (UTA R-7623). 
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Supplemental Figure 4.2. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of Bungarus 

candidus (UTA R-65799). 
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Supplemental Figure 4.3. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of Bungarus 

flaviceps (UTA R-62257). 
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Supplemental Figure 4.4. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis beddomei (MNHN 46-81). 
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Supplemental Figure 4.5. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis biliniatus (KU 309511). 
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Supplemental Figure 4.6. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis biliniatus (KU 311415). 
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Supplemental Figure 4.7. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis bivirgatus bivirgatus (UTA R-63079). 
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Supplemental Figure 4.8. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis gracilis (USNM 53447). 



380 
 
 

 

Supplemental Figure 4.9. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis intestinalis (UTA R-60738). 
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Supplemental Figure 4.10. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis intestinalis immaculata (UTA R-65802). 
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Supplemental Figure 4.11. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis intestinalis lineata (UTA R-65801). 
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Supplemental Figure 4.12. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis maculiceps (MNHN 5459). 
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Supplemental Figure 4.13. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis melanurus (MNHN 46-286). 
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Supplemental Figure 4.14. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis philippinus (KU 310369). 
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Supplemental Figure 4.15. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Calliophis philippinus (KU 314913). 
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Supplemental Figure 4.16. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Dendroaspis angusticeps (UTA R-34982). 
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Supplemental Figure 4.17. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Elapsoidea nigra (CAS 168978). 
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Supplemental Figure 4.18. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Hemachatus haemachatus (UTA R-7431). 
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Supplemental Figure 4.19. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Hemibungarus calligaster (KU 307474). 
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Supplemental Figure 4.20. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Hydrophis platurus (UTA R-41049). 
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Supplemental Figure 4.21. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Hydrophis schistosus (UTA R-63074). 
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Supplemental Figure 4.22. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Laticauda colubrina (UTA R-65800). 
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Supplemental Figure 4.23. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Laticauda laticauda (UTA R-6355). 
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Supplemental Figure 4.24. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrelaps vaillanti (CAS 169941). 
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Supplemental Figure 4.25. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micruroides euryxanthus (UTA R-60734). 
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Supplemental Figure 4.26. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus alleni (UTA R-60556). 
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Supplemental Figure 4.27. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus ancoralis (UTA R-55945). 
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Supplemental Figure 4.28. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus apiatus (UTA R-39267). 
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Supplemental Figure 4.29. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus apiatus (UTA R-39554). 
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Supplemental Figure 4.30. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus apiatus (UTA R-53450). 
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Supplemental Figure 4.31. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus bocourti (UTA R-58145). 



403 
 
 

 

Supplemental Figure 4.32. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus diastema (UTA R-52565). 
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Supplemental Figure 4.33. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus dissoleucus (UTA R-54184). 
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Supplemental Figure 4.34. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus distans (UTA R-14471). 
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Supplemental Figure 4.35. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus diutius (UTA R-20756). 
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Supplemental Figure 4.36. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus diutius (UTA R-54182). 
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Supplemental Figure 4.37. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus dumerilii (AMNH 35951). 
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Supplemental Figure 4.38. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus elegans elegans (MZFC 18819). 
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Supplemental Figure 4.39. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus elegans veraepacis (UTA R-58869). 
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Supplemental Figure 4.40. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus ephippifer (UTA R-64863). 
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Supplemental Figure 4.41. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus filiformis (UTA R-3423). 
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Supplemental Figure 4.42. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus filiformis (UTA R-65836). 
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Supplemental Figure 4.43. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus fulvius (UTA R-61632). 



415 
 
 

 

Supplemental Figure 4.44. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus helleri (UTA R-38005). 
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Supplemental Figure 4.45. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus helleri (UTA R-55977). 
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Supplemental Figure 4.46. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus helleri (UTA R-65841). 
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Supplemental Figure 4.47. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus hemprichii (UTA R-9683). 
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Supplemental Figure 4.48. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus hemprichii (UTA R-29997). 
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Supplemental Figure 4.49. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus isozonus (UTA R-3951). 
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Supplemental Figure 4.50. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus isozonus (UTA R-22589). 
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Supplemental Figure 4.51. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus laticollaris (UTA R-52559). 
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Supplemental Figure 4.52. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus laticollaris (UTA R-57562). 
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Supplemental Figure 4.53. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus latifasciatus (UTA R-4606). 



425 
 
 

 

Supplemental Figure 4.54. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus lemniscatus cf. helleri (UTA R-34563). 
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Supplemental Figure 4.55. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus lemniscatus cf. helleri (UTA R-65803). 
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Supplemental Figure 4.56. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus limbatus (UTA R-64852). 



428 
 
 

 

Supplemental Figure 4.57. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus limbatus (UTA R-64899). 
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Supplemental Figure 4.58. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus melanotus (AMNH 35934). 
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Supplemental Figure 4.59. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus melanotus (UTA R-22582). 



431 
 
 

 

Supplemental Figure 4.60. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus mipartitus (UTA R-54187). 
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Supplemental Figure 4.61. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus mosquitensis (UTA R-12919). 
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Supplemental Figure 4.62. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus nattereri (UTA R-3594). 
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Supplemental Figure 4.63. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus nattereri (UTA R-54175). 
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Supplemental Figure 4.64. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus nattereri (UTA R-55086). 
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Supplemental Figure 4.65. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus nattereri (UTA R-60727). 
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Supplemental Figure 4.66. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus nigrocinctus zunilensis (UTA R-64858). 
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Supplemental Figure 4.67. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus obscurus (UTA R-3840). 
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Supplemental Figure 4.68. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus oliveri (UTA R-64893). 
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Supplemental Figure 4.69. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus ornatissimus (UTA R-60724). 
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Supplemental Figure 4.70. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus pyrrhocryptus (UTA R-51404). 
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Supplemental Figure 4.71. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus renjifoi (UTA R-3490). 
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Supplemental Figure 4.72. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus serranus (UTA R-34561). 
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Supplemental Figure 4.73. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus steindachneri (AMNH 28846). 
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Supplemental Figure 4.74. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus steindachneri (AMNH 35819). 
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Supplemental Figure 4.75. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-5849). 
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Supplemental Figure 4.76. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-15679). 
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Supplemental Figure 4.77. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-50173). 
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Supplemental Figure 4.78. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-54378). 
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Supplemental Figure 4.79. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-65798). 
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Supplemental Figure 4.80. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus surinamensis (UTA R-65844). 
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Supplemental Figure 4.81. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Micrurus tener (UTA R-63282). 
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Supplemental Figure 4.82. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of Naja 

annulata (UTA R-18199). 
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Supplemental Figure 4.83. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of Naja 

christyi (UTA R-18200). 
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Supplemental Figure 4.84. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of Naja 

siamensis (UTA R-16872). 
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Supplemental Figure 4.85. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Ophiophagus hannah (UTA R-60836). 
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Supplemental Figure 4.86. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Oxyuranus scutellatus (UTA R-60839). 
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Supplemental Figure 4.87. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Prosymna stuhlmanni (UTA R-64493). 
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Supplemental Figure 4.88. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Pseudohaje goldii (UTA R-63636). 
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Supplemental Figure 4.89. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Sinomicrurus boettgeri (UTA R-58837). 
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Supplemental Figure 4.90. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Sinomicrurus kelloggi (ROM 37079). 
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Supplemental Figure 4.91. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Sinomicrurus peinani (ROM 37109). 
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Supplemental Figure 4.92. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Sinomicrurus swinhoei (MVZ 23876). 
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Supplemental Figure 4.93. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the midbody vertebra of 

Walterinnesia aegyptia (UTA R-13021).
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Supplemental Figure 5.1. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Acanthophis 

antarcticus (UTA R-7623). 
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Supplemental Figure 5.2. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Bungarus 

candidus (UTA R-65799). 
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Supplemental Figure 5.3. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Bungarus 

flaviceps (UTA R-62257). 
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Supplemental Figure 5.4. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

beddomei (MNHN 46-81). 
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Supplemental Figure 5.5. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

bibroni (CAS 17268). 
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Supplemental Figure 5.6. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

biliniatus (KU 309511). 
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Supplemental Figure 5.7. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

biliniatus (KU 311415). 
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Supplemental Figure 5.8. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

bivirgatus bivirgatus (UTA R-63079). 
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Supplemental Figure 5.9. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

intestinalis (UTA R-60738). 
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Supplemental Figure 5.10. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

intestinalis immaculata (UTA R-65802). 
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Supplemental Figure 5.11. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

intestinalis lineata (UTA R-65801). 
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Supplemental Figure 5.12. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

maculiceps (MNHN 5459). 
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Supplemental Figure 5.13. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

melanurus (MNHN 46-286). 
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Supplemental Figure 5.14. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

nigrescens (CAS 17265). 
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Supplemental Figure 5.15. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

philippinus (KU 310369). 
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Supplemental Figure 5.16. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Calliophis 

philippinus (KU 314913). 
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Supplemental Figure 5.17. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Dendroaspis angusticeps (UTA R-34982). 
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Supplemental Figure 5.18. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Elapsoidea 

nigra (CAS 168978). 
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Supplemental Figure 5.19. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Hemachatus haemachatus (UTA R-7431). 
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Supplemental Figure 5.20. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Hemibungarus calligaster (KU 307474). 



485 
 
 

 

Supplemental Figure 5.21. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Hydrophis 

platurus (UTA R-41049). 



486 
 
 

 

Supplemental Figure 5.22. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Hydrophis 

schistosus (UTA R-63074). 
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Supplemental Figure 5.23. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Laticauda 

colubrina (UTA R-65800). 
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Supplemental Figure 5.24. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Laticauda 

laticauda (UTA R-6355). 
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Supplemental Figure 5.25. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrelaps 

vaillanti (CAS 169941). 



490 
 
 

 

Supplemental Figure 5.26. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

alleni (UTA R-60556). 
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Supplemental Figure 5.27. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

ancoralis (UTA R-55945). 
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Supplemental Figure 5.28. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

apiatus (UTA R-39267). 
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Supplemental Figure 5.29. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

apiatus (UTA R-39554). 
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Supplemental Figure 5.30. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

apiatus (UTA R-53450). 
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Supplemental Figure 5.31. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

bocourti (UTA R-58145). 
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Supplemental Figure 5.32. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

diastema (UTA R-52565). 



497 
 
 

 

Supplemental Figure 5.33. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

dissoleucus (UTA R-54184). 
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Supplemental Figure 5.34. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

distans (UTA R-14471). 
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Supplemental Figure 5.35. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

diutius (UTA R-20756). 
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Supplemental Figure 5.36. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

diutius (UTA R-54182). 
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Supplemental Figure 5.37. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

dumerilii (AMNH 35951). 
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Supplemental Figure 5.38. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

elegans elegans (MZFC 18819). 
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Supplemental Figure 5.39. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

elegans veraepacis (UTA R-58869). 
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Supplemental Figure 5.40. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

ephippifer (UTA R-64863). 
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Supplemental Figure 5.41. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

filiformis (UTA R-3423). 
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Supplemental Figure 5.42. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

filiformis (UTA R-65836). 
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Supplemental Figure 5.43. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

fulvius (UTA R-61632). 
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Supplemental Figure 5.44. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

helleri (UTA R-38005). 
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Supplemental Figure 5.45. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

helleri (UTA R-55977). 
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Supplemental Figure 5.46. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

hemprichii (UTA R-9683). 
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Supplemental Figure 5.47. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

hemprichii (UTA R-29997). 
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Supplemental Figure 5.48. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

isozonus (UTA R-3951). 
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Supplemental Figure 5.49. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

isozonus (UTA R-22589). 
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Supplemental Figure 5.50. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

laticollaris (UTA R-52559). 
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Supplemental Figure 5.51. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

laticollaris (UTA R-57562). 
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Supplemental Figure 5.52. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

latifasciatus (UTA R-4606). 
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Supplemental Figure 5.53. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

lemniscatus cf. helleri (UTA R-34563). 
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Supplemental Figure 5.54. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

lemniscatus cf. helleri (UTA R-65803). 
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Supplemental Figure 5.55. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

limbatus (UTA R-64852). 
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Supplemental Figure 5.56. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

limbatus (UTA R-64899). 
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Supplemental Figure 5.57. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

melanotus (AMNH 35934). 
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Supplemental Figure 5.58. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

melanotus (UTA R-22582). 
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Supplemental Figure 5.59. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

mipartitus (UTA R-54187). 
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Supplemental Figure 5.60. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

mosquitensis (UTA R-12919). 
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Supplemental Figure 5.61. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

nattereri (UTA R-3594). 



526 
 
 

 

Supplemental Figure 5.62. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

nattereri (UTA R-60727). 



527 
 
 

 

Supplemental Figure 5.63. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

nigrocinctus zunilensis (UTA R-64858). 
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Supplemental Figure 5.64. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

obscurus (UTA R-3840). 
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Supplemental Figure 5.65. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

oliveri (UTA R-64893). 
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Supplemental Figure 5.66. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

ornatissimus (UTA R-60724). 
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Supplemental Figure 5.67. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

pyrrhocryptus (UTA R-51404). 
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Supplemental Figure 5.68. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

renjifoi (UTA R-3490). 
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Supplemental Figure 5.69. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

serranus (UTA R-34561). 
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Supplemental Figure 5.70. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

steindachneri (AMNH 28846). 
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Supplemental Figure 5.71. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

steindachneri (AMNH 35819). 
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Supplemental Figure 5.72. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-5849). 
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Supplemental Figure 5.73. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-15679). 
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Supplemental Figure 5.74. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-50173). 
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Supplemental Figure 5.75. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-54378). 
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Supplemental Figure 5.76. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-65798). 
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Supplemental Figure 5.77. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

surinamensis (UTA R-65844). 
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Supplemental Figure 5.78. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Micrurus 

tener (UTA R-63282). 
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Supplemental Figure 5.79. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Naja 

annulata (UTA R-18199). 
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Supplemental Figure 5.80. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Naja 

christyi (UTA R-18200). 
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Supplemental Figure 5.81. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Naja 

siamensis (UTA R-16872). 
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Supplemental Figure 5.82. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Ophiophagus hannah (UTA R-60836). 
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Supplemental Figure 5.83. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Oxyuranus 

scutellatus (UTA R-60839). 
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Supplemental Figure 5.84. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of Prosymna 

stuhlmanni (UTA R-64493). 
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Supplemental Figure 5.85. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Pseudohaje goldii (UTA R-63636). 
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Supplemental Figure 5.86. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus annularis (ROM 31158). 
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Supplemental Figure 5.87. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus boettgeri (UTA R-58837). 
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Supplemental Figure 5.88. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus kelloggi (ROM 37079). 
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Supplemental Figure 5.89. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus macclellandi (CAS 17267). 
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Supplemental Figure 5.90. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus peinani (ROM 37109). 
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Supplemental Figure 5.91. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Sinomicrurus swinhoei (MVZ 23876). 
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Supplemental Figure 5.92. Dorsal, lateral, ventral, anterior, and posterior views (A-E, respectively) of the caudal vertebra of 

Walterinnesia aegyptia (UTA R-13021). 
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Supplemental Figure 6. PCA of the skull, utilizing all specimens, colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 7. PCA of the skull conducted on the coralsnake subset, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 8. PCA of the skull of the semi-aquatic and aquatic subset (>5 ATS), colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 9. PCA of the premaxilla module, utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 10. PCA of the premaxilla module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 11. PCA of the premaxilla module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored 

by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 12. PCA of the septomaxilla and vomer module, utilizing all specimens, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 13. PCA of the septomaxilla and vomer module conducted on the coralsnake subset, colored by ATS. 

Numbering corresponds with Table 2.1. 
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Supplemental Figure 14. PCA of the septomaxilla and vomer module conducted on the semi-aquatic and aquatic subset (>5 

ATS), colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 15. PCA of the nasal module, utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 16. PCA of the nasal module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 17. PCA of the nasal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 18. PCA of the prefrontal module, utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 19. PCA of the prefrontal module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 20. PCA of the prefrontal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 21. PCA of the frontal module, utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 22. PCA of the frontal module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 23. PCA of the frontal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 24. PCA of the parietal module, utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 25. PCA of the parietal module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 26. PCA of the parietal module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 27. PCA of the supraoccipital module, utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 28. PCA of the supraoccipital module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 29. PCA of the supraoccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 30. PCA of the prootic module utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 31. PCA of the prootic module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 32. PCA of the prootic module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 33. PCA of the exoccipital module utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 34. PCA of the exoccipital module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 35. PCA of the exoccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored 

by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 36. PCA of the supratemporal module utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 37. PCA of the supratemporal module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 38. PCA of the supratemporal module conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 39. PCA of the basisphenoid module utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 40. PCA of the basisphenoid module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 41. PCA of the basisphenoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored 

by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 42. PCA of the basioccipital module utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 43. PCA of the basioccipital module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 44. PCA of the basioccipital module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored 

by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 45. PCA of the maxilla and palatine module utilizing all specimens, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 46. PCA of the maxilla and palatine module conducted on the coralsnake subset, colored by ATS. 

Numbering corresponds with Table 2.1. 
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Supplemental Figure 47. PCA of the maxilla and palatine module conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 48. PCA of the ectopterygoid module, utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 49. PCA of the ectopterygoid module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 50. PCA of the ectopterygoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 51. PCA of the pterygoid module utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 52. PCA of the pterygoid module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 53. PCA of the pterygoid module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 54. PCA of the quadrate dataset utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 55. PCA of the quadrate dataset conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 56. PCA of the quadrate dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 57. PCA of the jaw utilizing all specimens, colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 58. PCA of the jaw conducted on the coralsnake subset, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 59. PCA of the jaw conducted on the semi-aquatic and aquatic subset (>5 ATS), colored by ATS. 

Numbering corresponds with Table 2.1. 
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Supplemental Figure 60. PCA of the compound module utilizing all specimens, colored by ATS. Numbering corresponds with 

Table 2.1. 
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Supplemental Figure 61. PCA of the compound module conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 62. PCA of the compound module conducted on the semi-aquatic and aquatic subset (>5 ATS), colored 

by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 63. PCA of the dentary, angular, and splenial module utilizing all specimens, colored by ATS. 

Numbering corresponds with Table 2.1. 
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Supplemental Figure 64. PCA of the dentary, angular, and splenial module conducted on the coralsnake subset, colored by 

ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 65. PCA of the dentary, angular, and splenial module conducted on the semi-aquatic and aquatic subset 

(>5 ATS), colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 66. PCA of the midbody vertebra dataset, utilizing all specimens, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 67. PCA of the midbody vertebra dataset conducted on the coralsnake subset, colored by ATS. 

Numbering corresponds with Table 2.1. 
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Supplemental Figure 68. PCA of the midbody vertebra dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Figure 69. PCA of the caudal vertebra dataset, utilizing all specimens, colored by ATS. Numbering corresponds 

with Table 2.1. 
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Supplemental Figure 70. PCA of the caudal vertebra dataset conducted on the coralsnake subset, colored by ATS. Numbering 

corresponds with Table 2.1. 
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Supplemental Figure 71. PCA of the caudal vertebra dataset conducted on the semi-aquatic and aquatic subset (>5 ATS), 

colored by ATS. Numbering corresponds with Table 2.1. 
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Supplemental Tables 

Supplemental Table 1. GenBank accession numbers of specimens used in phylogenetic tree 

creation.

Accession # Species Tag/identifier 

NC15812.1 Python molurus molurus 

DQ305477.1 Daboia russellii  CAS-205253

DQ486323.1 Prosymna ruspolii  CMRK-316

FJ404389.1 Prosymna janii  

FJ404350.1 Buhoma procterae  

NC7398.1 Boa constrictor  

FJ404383.1 Psammodynastes sp.  NNV-2008

FJ606538.1 Laticauda laticaudata  

FJ606530.1 Laticauda laticaudata  

FJ593191.1 Laticauda laticaudata  AM-EBU13932

FJ606504.1 Laticauda saintgironsi  

FJ593190.1 Laticauda frontalis  AM-EBU13918

AY058977.1 Laticauda colubrina  CAS-HERP-220643

EU546998.1 Laticauda colubrina  

FJ606516.1 Laticauda guineai  

GQ397209.1 Demansia psammophis  NR-3389

EU547002.1 Demansia papuensis  

AY058973.1 Demansia vestigiata  

EU547001.1 Toxicocalamus preussi  

GQ397211.1 Toxicocalamus loriae  FK-7523

AY340173.1 Pseudechis papuanus  

AJ830284.1 Pseudechis guttatus  

AJ830281.1 Pseudechis colletti  

DQ098433.1 Pseudechis australis  ABTC-756

AY340180.1 Pseudechis butleri  

EU547009.1 Furina ornata 

EU547008.1 Furina diadema  

EU546999.1 Aspidomorphus muelleri  

GQ397204.1 Aspidomorphus schlegeli  FK-11616

GQ397205.1 Aspidomorphus lineaticollis  FK-6220

EU547000.1 Micropechis ikaheka  

EU547026.1 Hemiaspis signata  

FJ593193.1 Hemiaspis damelii  

EU547038.1 Emydocephalus annulatus  

JX423417.1 Aipysurus mosaicus  BGF04498

EF506636.1 Aipysurus eydouxi  

EF506634.1 Aipysurus fuscus  

EF506658.1 Aipysurus laevis  

EF506655.1 Aipysurus laevis  

FJ593194.1 Aipysurus apraefrontalis  QMJ80569

EF506633.1 Aipysurus duboisii  

EF210842.1 Vermicella intermedia  

KC014504.1 Hydrophis obscurus  ZMUCR661171

JX002985.1 Hydrophis mcdowelli  ABTC101326

KC014515.1 Leioselasma spiralis  MZBOphi3896

JQ217216.1 Hydrophis atriceps  MZBOphi4138

KC014490.1 Hydrophis fasciatus  MZBOphi3958

KC014523.1 Kerilia jerdonii  ZMUCR661329

KC014472.1 Hydrophis belcheri  CM1677

JQ217217.1 Hydrophis coggeri  MZBOphi4228

FJ593213.1 Hydrophis cyanocinctus  FMNH249391

KC014513.1 Hydrophis parviceps  ZMUCR661279

FJ593226.1 Hydrophis pacificus  QMJ83613

JQ217213.1 Hydrophis donaldi  SAMAR65216

JX987168.1 Hydrophis schistosa  MZBOphi12121

KC014511.1 Hydrophis pachycercos  ZMUCR661230

KC014502.1 Disteira major  WAM154749

FJ593208.1 Disteira kingii  QMJ80500

JQ217209.1 Hydrophis peronii  MZBOphi4257

KC014496.1 Hydrophis lamberti  MZBOphi4240

FJ593222.1 Hydrophis ornatus  QMJ82080

KC014507.1 Hydrophis ocellatus  ABTC55606

JQ217218.1 Hydrophis caerulescens  MZBOphi4145

FJ593212.1 Hydrophis brookii  FMNH252511

FJ593205.1 Astrotia stokesii  QMJ83580

JX002986.1 Praescutata viperina  MZBOphi4065

JX987173.1 Hydrophis zweifeli  SAMAR67201

FJ593233.1 Pelamis platurus  NR8918

FJ593234.1 Pelamis platurus  NR8922

FJ593216.1 Hydrophis elegans  

FJ593232.1 Lapemis curtus  QMJ82553

FJ593218.1 Hydrophis lapemoides  FMNH249584

FJ593201.1 Parahydrophis mertoni  
NTM13607, 
ABTC28239

FJ593198.1 Ephalophis greyae  

KC014494.1 Microcephalophis gracilis  MZBOphi4169

FJ593199.1 Hydrelaps darwiniensis  
NTM16471, 
ABTC28875

EF210832.1 Oxyuranus scutellatus  

DQ098438.1 Oxyuranus scutellatus  AMS-R119562

MT346947.1 Oxyuranus scutellatus  

EU547005.1 Oxyuranus microlepidotus  

EF210821.1 Oxyuranus temporalis  

DQ098490.1 Pseudonaja modesta  SAMA-R35874

DQ098470.1 Pseudonaja guttata  ABTC-32082

DQ098488.1 Pseudonaja ingrami  
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DQ098508.1 Pseudonaja nuchalis  BT23

DQ098644.1 Pseudonaja textilis  SAMA-R56770

DQ098465.1 Pseudonaja affinis  WAM-R121141

DQ098476.1 Pseudonaja inframacula  SAMA-R24757

AY340168.1 Acanthophis pyrrhus  

AY340169.1 Acanthophis wellsei  

AY340158.1 Acanthophis rugosus  

AY340163.1 Acanthophis antarcticus  

AY340163.1 Acanthophis antarcticus  

AY340164.1 Acanthophis praelongus  

EU547011.1 Brachyurophis semifasciata  

EU547010.1 Brachyurophis australis  

EU547013.1 Neelaps bimaculatus  

EU547015.1 Simoselaps bertholdi  

EU547014.1 Simoselaps anomalus  

AJ830256.1 Pseudechis porphyriacus  

EF210841.1 Neelaps calonotus  

EU547007.1 Cacophis squamulosus  

EU547016.1 Suta fasciata  

EU547018.1 Suta suta  

EU547017.1 Suta spectabilis  

EU547019.1 Suta monachus  

EU547022.1 Rhinoplocephalus nigrescens  

EU547020.1 Rhinoplocephalus bicolor  

GU062884.1 Drysdalia rhodogaster  EBU39042

EU547028.1 Drysdalia mastersii  

GU062882.1 Drysdalia coronoides  

AY058972.1 Elapognathus coronata  SAM-R22966

EU547023.1 Denisonia devisi  

EU547024.1 Echiopsis curta  

EU547029.1 Austrelaps labialis  

EU547030.1 Austrelaps superbus  

EU547033.1 Tropidechis carinatus  

EU547034.1 Notechis ater  

EU547031.1 Hoplocephalus bitorquatus  

EU547032.1 Echiopsis atriceps  

FJ516687.1 Hoplocephalus bungaroides  NMV-AUS-Hb161

FJ404339.1 Homoroselaps lacteus  PEM-R17097

KM519694.1 Boaedon radfordi  UTEP-20995

HQ207158.1 Mehelya capensis  

HQ207185.1 Lamprophis aurora  

MG003042.1 Psammophis aegyptius  

AF420196.1 Thamnophis sirtalis infernalis 

KX130755.1 Calliophis sp.  US-2016a

KX130756.1 Calliophis bivirgata  UTA-R60740

AY058979.1 Calliophis bivirgata  LSUMZ-37496

KX130758.1 Calliophis bivirgata  FMNH-267967

KX130757.1 Calliophis bivirgata  FMNH-273611

LC543965.1 Calliophis intestinalis  MZB-6108

KX130761.1 Calliophis intestinalis  PSGV89

KX130760.1 Calliophis intestinalis  KU-311415

LC543964.1 Calliophis intestinalis  KUHE-53910

KX130759.1 Calliophis intestinalis  KU-314913

FJ404333.1 Atractaspis bibronii  

MK621531.1 Atractaspis duerdenii  MBUR-229

JQ282155.1 Calliophis castoe  

JQ282156.1
Calliophis nigrescens 
khandallensis 

KC347502.1 Calliophis melanurus  

KX130762.1 Calliophis melanurus  BNHSno3

AY058975.1 Elapsoidea nigra  LSUMZ-56273

JF357928.1 Elapsoidea semiannulata  

AJ830250.1 Bungarus slowinskii  

EU579523.1 Bungarus fasciatus  

KX130763.1 Bungarus fasciatus  MZB.Ophi.3576

KC347501.1 Bungarus ceylonicus  

AJ830220.1 Bungarus caeruleus  

AJ830242.1 Bungarus sindanus  

AJ830241.1 Bungarus niger  

NC11392.1 Bungarus multicinctus  

AJ830228.1 Bungarus candidus  

AJ830239.1 Bungarus candidus  

EF137408.1 Micruroides euryxanthus  

AY058969.1 Aspidelaps scutatus  LSUMZ-56251

KX130764.1 Hemibungarus calligaster  KU-307474

EF137403.1 Calliophis calligaster  

AY058971.1 Sinomicrurus japonicus  CAS-HERP-204980

AJ830251.1 Bungarus flaviceps  

AJ830219.1 Bungarus flaviceps  

EF137404.1 Leptomicrurus narduccii  

KU754446.1 Micrurus laticollaris  M33

KX660567.1 Micrurus alleni  

KX660566.1 Micrurus alleni  

KU754449.1 Micrurus elegans  M22

MG947663.1 Micrurus ephippifer  

AF228424.1 Micrurus corallinus  

MK534175.1 Micrurus circinalis  

MK534170.1 Micrurus circinalis  

MK534171.1 Micrurus circinalis  

MK534172.1 Micrurus circinalis  

MK534173.1 Micrurus circinalis  

MK534174.1 Micrurus circinalis  

JF308713.1 Micrurus psyches  

KP998035.1 Micrurus dumerilii transandinus MECN-2881

KP998036.1 Micrurus dumerilii transandinus MECN-3862

KP998029.1 Micrurus dumerilii transandinus UTA-R55951

KP998028.1 Micrurus ornatissimus  QCAZ-6094

KP998033.1 Micrurus ornatissimus  FHGO-7137
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KP998034.1 Micrurus ornatissimus  FHGO-7314

JF308715.1 Micrurus corallinus  

JF308714.1 Micrurus albicinctus  

KP998030.1 Micrurus bocourti  UTA-R60726

KP998031.1 Micrurus bocourti  MECN-2608

KP998038.1 Micrurus bocourti  CORBIDI-4502

KP998027.1 Micrurus mertensi  QCAZ-6692

KP998037.1 Micrurus mertensi  CORBIDI-14775

KP998032.1 Micrurus mertensi  MHNC-11515

JF308710.1 Micrurus diastema diastema 

MG947665.1 Micrurus ephippifer  

JF308712.1 Micrurus mosquitensis  

KU754421.1 Micrurus nigrocinctus  M13

KU754457.1 Micrurus nigrocinctus  M28

KU754414.1 Micrurus browni  M15

MG947648.1 Micrurus diastema  

KU754434.1 Micrurus diastema  M50

MG947667.1 Micrurus diastema  

MG947657.1 Micrurus diastema  

KU754441.1 Micrurus tener  M230

KU754401.1 Micrurus tener  M236

KU754402.1 Micrurus tener  M326

JF308711.1 Micrurus tener tener 

KU754425.1 Micrurus fulvius  M314

MG947653.1 Micrurus sp.  

KU754444.1 Micrurus fulvius  M175

GU045453.1 Micrurus fulvius  

U49298.1 Micrurus fulvius  

KU754440.1 Micrurus fulvius  M173

KU754410.1 Micrurus fulvius  M176

MG947728.1 Micrurus distans  

MG947641.1 Micrurus distans  

MG947675.1 Micrurus distans  

AF228441.1 Micrurus decoratus  

AF228434.1 Micrurus pyrrhocryptus  

JF308705.1 Micrurus pyrrhocryptus  

AF228433.1 Micrurus baliocoryphus  

AF228440.1 Micrurus ibiboboca  

AF228437.1 Micrurus lemniscatus carvalhoi clone2

AF228436.1 Micrurus lemniscatus carvalhoi clone1

AF228429.1 Micrurus altirostris  clone1

AF228430.1 Micrurus altirostris  clone2

AF228432.1 Micrurus altirostris  clone4

AF228431.1 Micrurus altirostris  clone3

AF228428.1 Micrurus brasiliensis  clone2

AF228427.1 Micrurus brasiliensis  clone1

AF228426.1 Micrurus frontalis  clone2

AF228425.1 Micrurus frontalis  clone1

JF308708.1 Micrurus spixii obscurus 

AF228443.1 Micrurus spixii  

AF228442.1 Micrurus hemprichii  

JF308704.1 Micrurus hemprichii ortoni 

AF228444.1 Micrurus surinamensis  

JF308709.1 Micrurus surinamensis  

EF137407.1 Micrurus surinamensis  

JF308707.1 Micrurus lemniscatus lemniscatus

MK534176.1 Micrurus diutius  

MK534177.1 Micrurus diutius  

MK534178.1 Micrurus diutius  

AF228439.1 Micrurus lemniscatus  clone2

MW662060.1 Micrurus filiformis  ICN11380

JF308706.1 Micrurus lemniscatus diutius 

MK534179.1 Micrurus lemniscatus  

AF228438.1 Micrurus lemniscatus  clone1

AF228435.1 Micrurus lemniscatus lemniscatus

JF308717.1 Micrurus dissoleucus nigrirostris

JF308716.1 Micrurus mipartitus decussatus 

EF137406.1 Micrurus mipartitus  

EF137410.1 Calliophis macclellandi  

AY058974.1 Dendroaspis polylepis  CAS-HERP-220644

JF357927.1 Dendroaspis angusticeps  

MT346816.1 Dendroaspis angusticeps  

EF137409.1 Calliophis kelloggi  

EU921899.1 Ophiophagus hannah  

AY058984.1 Ophiophagus hannah  CAS-HERP-206601

AY058988.1 Walterinnesia aegyptia  

MT346838.1 Hemachatus haemachatus  

MT346952.1 Pseudohaje goldii  

MT346951.1 Pseudohaje goldii  

AY058983.1 Naja nivea 

GQ387080.1 Naja senegalensis  

GQ387079.1 Naja arabica  

GQ387062.1 Naja haje 

GQ387089.1 Naja annulifera  

GQ387085.1 Naja anchietae  

AY058985.1 Naja multifasciata  

KX130765.1 Naja melanoleuca  CAS-207871

DQ897689.1 Naja melanoleuca  

MT346897.1 Naja christyi  

AY058970.1 Naja annulata  HLMD-RA-1607

MT346896.1 Naja annulata  

MH337375.1 Naja naja 

AY713378.1 Naja naja 

DQ897691.1 Naja sputatrix  

AY058982.1 Naja kaouthia  CAS-HERP-206602

EU624209.1 Naja kaouthia  

EU921898.1 Naja atra CIB093931
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DQ343648.1 Naja naja  

GQ359578.1 Naja pallida  

DQ897718.1 Naja nubiae  

GQ359576.1 Naja katiensis  

DQ897724.1 Naja mossambica  

AY713377.1 Naja nigricollis  

GQ359575.1 Naja ashei  

DQ897709.1 Naja nigricincta nigricincta 

DQ897709.1 Naja nigricincta nigricincta 

 


