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Abstract 
 

The lizard family Scincidae is the most species-rich family of squamate reptiles, comprising 

more than 1,600 species. Skinks are ecologically and morphologically diverse, occurring in 

tropical and temperate zones on all continents excluding Antarctica, as well as on many oceanic 

islands. Although skinks are a ubiquitous part of most of the world’s herpetofauna, we still lack a 

basic understanding of the evolutionary history and biodiversity of many clades within the 

family. Using molecular data, concatenated- and coalescent-based phylogenetic analyses, 

morphological datasets, and multivariate statistics, I reconstruct the evolutionary history of a 

clade of skinks called the Lygosoma group skinks, a group of elongate-bodied semifossorial 

species distributed across the Old World tropics in Africa, South Asia, Southeast Asia, and 

Sundaland. My dissertation focuses on the phylogenetics, systematics, taxonomy, species-level 

diversity, and biogeography of this group, and I address questions including: How are species 

related? What macroevolutionary factors have influenced species diversification across 

evolutionary time? And, how have historical processes shaped the modern biodiversity of 

Lygosoma group skinks? Additionally, I use high speed videos of locomotion and multivariate 

statistics to investigate the locomotor kinematics and performance of three species of co-

distributed skinks in Thailand to address the following question: Does diversity in morphology 

result in diversity in locomotor performance and kinematics? The results of my dissertation 

provide insight into the evolutionary history and biodiversity of skinks in the Old World tropics.  

In my first chapter, I delve into the taxonomic history of Lygosoma group skinks and propose 

a new classification based on phylogeny generated with the most robust genetic and taxonomic 

sampling of the group to date. The genera Lepidothyris, Lygosoma and Mochlus comprise the 

writhing or supple skinks (Lygosoma s.l.), a group of semi-fossorial, elongate-bodied skinks 
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distributed across the Old World Tropics. Due to their generalized morphology and lack of 

diagnostic characters, species- and clade-level relationships have long been debated. Recent 

molecular phylogenetic studies of the group have provided some clarification of species-level 

relationships, but a number of issues regarding higher level relationships among genera still 

remain. In this study, I present a phylogenetic estimate of relationships among species in 

Lygosoma, Mochlus and Lepidothyris generated by concatenated and species tree analyses of 

multilocus data using the most extensive taxonomic sampling of the group to date. I also use 

multivariate statistics to examine species and clade distributions in morphospace. The results 

reject the monophyly of Lygosoma s.l., Lygosoma s.s., and Mochlus, which highlights the 

instability of the current taxonomic classification of the radiation. Based on these findings, I 

revise the taxonomy of the writhing skinks to better reflect the evolutionary history of Lygosoma 

s.l. by restricting the genus Lygosoma to Southeast Asia, resurrecting the genus Riopa for a clade 

of Indian and Southeast Asian species, expanding the genus Mochlus to include all African 

species of writhing skinks, and describing a new genus in Southeast Asia. By providing a new 

classification for Lygosoma group skinks and the most robust species-level molecular phylogeny 

to date, this chapter establishes a new set of names for the group that are important in 

communicating about clades and species and facilitating future studies on evolution and 

diversification within this radiation of lizards. 

In my second chapter, I transition from a broad-scale study on biodiversity and systematics 

of Lygosoma group skinks and focus on fine-scale species-level diversity within the group. 

Specifically, I investigate the biodiversity of a species complex of skinks in the genus Riopa in 

Myanmar and show that the current species-level diversity of the group is highly underestimated. 

Recognizing species-level diversity is important for studying evolutionary patterns across 
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biological disciplines and is critical for conservation efforts. However, challenges remain in 

delimiting species-level diversity, especially in cryptic radiations where species are genetically 

divergent but show little morphological differentiation. Using multilocus molecular data, 

phylogenetic analyses, species delimitation analyses, and morphological data, I examine lineage 

diversification in a cryptic radiation of Riopa skinks in Myanmar. Four species of Riopa skinks 

are currently recognized from Myanmar based on morphological traits, but the boundaries 

between three of these species, R. anguina, R. lineolata, and R. popae are not well-defined. I find 

high levels of genetic diversity within these three species, and analyses suggest that they may 

comprise as many as 12 independently evolving lineages, which highlights the extent to which 

species diversity in the region is underestimated. However, quantitative trait data suggest that 

these lineages have not differentiated morphologically, possibly indicating that this cryptic 

radiation represents a non-adaptive evolution, although additional data is needed to corroborate 

this. The results of this chapter provide essential data on the biodiversity of a clade of skinks in 

Myanmar, an understudied region, and are therefore important in conservation and management. 

Additionally, this study corroborates a previously recognized hypothesis that species-level 

diversification is high within the country’s Central Dry Zone. Finally, this study provides 

important information on the true species-level diversity of Myanmar Riopa, which is critical for 

future studies of diversification in Lygosoma group skinks. 

In my third chapter, I increase taxonomic and genetic sampling of my molecular dataset, 

including the additional lineages discovered in chapter two, to investigate the historical 

biogeography of Lygosoma group skinks across the Old World tropics. Through this research, I 

gain an understanding of how large-scale geological and climatic processes affected 

diversification of the group since the late Paleocene approximately 60 million years ago. Using 
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Bayesian fossilized birth-death divergence dating for 40 ingroup lineages and species of 

Lygosoma group skinks, I reconstruct ancestral ranges and estimate shifts in evolutionary rates 

and species through time for all genera. Additionally, while logic suggests that geographic 

sampling has a large impact on biogeographic reconstructions of a clade, this result has never 

been demonstrated empirically. Therefore, I investigate the impact geographic sampling has on 

biogeographic analyses and the resulting ancestral range reconstructions by randomly sub-

sampling the species in my analysis and rerunning biogeographic analyses to generate null 

distributions for the probabilities of ancestral ranges. The results of this study support early 

diversification of Lygosoma group skinks just over 50 mya from an ancestral range that included 

India, with subsequent dispersal throughout the Old World tropics. Diversification continued 

throughout the Eocene and Miocene and was not accompanied by shifts in evolutionary rates. 

Resampling analyses indicate that biogeographic reconstruction is strongly influenced by the 

geographic sampling of taxa. The biogeographic scenario I present in this chapter provides a 

testable hypothesis for future studies on paleontology, diversification, and trait evolution in 

Lygosoma group skinks. Additionally, the results emphasize the importance of taxonomic and 

geographic sampling in understanding the evolutionary history of clades, indicating that 

biodiversity surveys remain an essential part of phylogenetic and evolutionary research. 

In my fourth chapter, I take a different approach to understanding the biodiversity of skinks 

by investigating how differences in body morphology affect the performance and kinematics of 

three species of skinks in Thailand. The goal of this study is to if species with different 

morphologies maintain locomotor performance and the process by which this happens. 

Locomotion is an essential function in the life of vertebrates and higher locomotor performance 

is correlated with increased survival. Although studies over the past three decades have made 
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substantial progress in understanding the locomotion and locomotor kinematics in squamate 

reptiles, we still lack an understanding of how locomotion occurs across the diversity of body 

forms in squamate reptiles. In this study, I investigate the locomotion and kinematics of three co-

distributed skink species from Southeast Asia: Eutropis macularia, Sphenomorphus maculatus, 

and Subdoluseps bowringii-frontoparietale. I find that the more elongate species, Subdoluseps 

bowringii-frontoparietale, has greater axial bending, whereas Sphenomorphus maculatus, the 

species with the relatively longest hind limb length, has a higher maximum velocity. 

Additionally, the results show correlations between stride mechanics (stride duration, stride 

length, and duty factor) and maximum velocity across all three species and correlations between 

stride mechanics and morphology in Eutropis macularia and Sphenomorphus maculatus. Finally, 

statistical analyses suggest that the two robust-limbed species, Eutropis macularia and 

Sphenomorphus maculatus, have higher reliance on limbed propulsion during locomotion than 

Subdoluseps bowringii-frontoparietale. This study is the first to investigate locomotor 

performance and kinematics in these three species and corroborates most previous hypotheses of 

locomotion in squamate reptiles. 
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Chapter 1: Multilocus phylogeny and a new classification for African, Asian, and Indian 

Supple and Writhing Skinks (Scincidae: Lygosominae) 

 

Elyse S. Freitas, Aniruddha Datta-Roy, Praveen Karanth, L. Lee Grismer, and Cameron D. Siler 

Published in Zoological Journal of the Linnean Society 2019, 186: 1067–1096. 

 

ABSTRACT 

The genera Lepidothyris, Lygosoma and Mochlus comprise the writhing or supple skinks 

(Lygosoma s.l.), a group of semi-fossorial, elongate-bodied skinks distributed across the Old 

World Tropics. Due to their generalized morphology and lack of diagnostic characters, species- 

and clade-level relationships have long been debated. Recent molecular phylogenetic studies of 

the group have provided some clarification of species-level relationships, but a number of issues 

regarding higher level relationships among genera still remain. Here we present a phylogenetic 

estimate of relationships among species in Lygosoma, Mochlus and Lepidothyris generated by 

concatenated and species tree analyses of multilocus data using the most extensive taxonomic 

sampling of the group to date. We also use multivariate statistics to examine species and clade 

distributions in morpho space. Our results reject the monophyly of Lygosoma s.l., Lygosoma s.s. 

and Mochlus, which highlights the instability of the current taxonomic classification of the 

group. We, therefore, revise the taxonomy of the writhing skinks to better reflect the 

evolutionary history of Lygosoma s.l. by restricting Lygosoma for Southeast Asia, resurrecting 

the genus Riopa for a clade of Indian and Southeast Asian species, expanding the genus Mochlus 

to include all African species of writhing skinks and describing a new genus in Southeast Asia. 
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KEYWORDS: Africa – India – Lamprolepis – Lepidothyris – Lygosoma – Mochlus – Riopa – 

Southeast Asia – taxonomy. 

 

INTRODUCTION 

The lizard family Scincidae is the most species-rich family of squamate reptiles. Skinks are 

ecologically and morphologically diverse, with more than 1,600 taxa recognized currently (Uetz 

et al., 2018) throughout tropical and temperate zones on all continents excluding Antarctica, as 

well as on many oceanic islands (Greer, 1970a; Vitt & Caldwell, 2013). Despite this high 

diversity, inter- and intra-generic phylogenetic relationships across many clades within the 

family remain poorly resolved (Pyron et al., 2013; Skinner et al., 2013; Barley et al., 2015a; 

Lambert et al., 2015; Zheng & Wiens, 2016), However, with the continued growth in available 

genetic data and increased taxonomic sampling in molecular systematic studies of various clades, 

research over the last decade has contributed greatly to an improved understanding of the 

diversity of scincid lizards (e.g. Linkem et al., 2011; Siler et al., 2011; Brandley et al., 2012; 

Datta-Roy et al., 2012; Sindaco et al., 2012; Skinner et al., 2013; Datta-Roy et al., 2014; Barley 

et al., 2015a; Pinto-Sánchez et al., 2015; Karin et al., 2016; Klein et al., 2016; Erens et al., 2017). 

Additionally, this nascent body of work has resulted in a dramatic increase in the rate of 

discovery of morphologically cryptic lineages (e.g. Daniels et al., 2009; Linkem et al., 2010; 

Chapple et al., 2011; Heideman et al., 2011; Siler et al., 2011, 2012, 2014, 2016, 2018; Kay & 

Keogh, 2012; Barley et al., 2013; Davis et al., 2014, 2016; Geheber et al., 2016; Heitz et al., 

2016; Medina et al., 2016; Busschau et al, 2017; Conradie et al., 2018; Karin et al., 2018; 

Pietersen et al., 2018). However, there remain many lingering taxonomic and phylogenetic 
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challenges within the family, possibly none more so than within the large and diverse subfamily 

Lygosominae. 

One of three subfamilies recognized widely within the lizard family Scincidae (Greer, 1970a; 

Pyron et al., 2013; Skinner et al., 2013; Lambert et al., 2015; Karin et al., 2016; Linkem et al., 

2016; Zheng & Wiens, 2016; but see an alternative not widely-accepted classification in Hedges 

& Conn, 2012; Hedges, 2014; Uetz et al., 2018), the Lygosominae contains approximately 1,320 

species (estimated from Uetz et al., 2018), and represents currently the most speciose radiation of 

scincid lizards, with a broad, global distribution (Greer, 1970a; Honda et al., 2000; Skinner, et 

al., 2011). The radiation likely began diversifying 100.6–63.6 Myr, during the late Cretaceous to 

early Paleocene (Skinner et al., 2011). Extant genera exhibit a rich biogeographic history, with 

evidence for historical transoceanic dispersal in some lineages (Carranza & Arnold, 2003; Honda 

et al., 2003; Rocha et al., 2006; Linkem et al., 2013; Skinner et al., 2013; Karin et al., 2016). 

Many genera have been the subject of recent phylogenetic studies, including Afroablepharus and 

Panaspis (Medina et al., 2016), Eutropis (Datta-Roy et al., 2012; Barley et al., 2013, 2015a), 

Lygosoma (Datta-Roy et al., 2014), Mabuya (Hedges & Conn, 2012; Pinto-Sánchez et al., 2015), 

Sphenomorphus (Linkem et al., 2011), Trachylepis (Sindaco et al., 2012), and Tytthoscincus 

(Grismer et al., 2018a). Although these studies have increased the understanding of diversity and 

relationships among these focal clades, they also have highlighted a number of phylogenetic and 

taxonomic issues that remain unresolved. As taxonomy reflects our knowledge of organisms in 

the tree of life (Vences et al., 2013), resolving these conflicts is important for investigating a 

myriad of higher-level questions, including studies of ecology, diversification, morphological 

evolution, and conservation of imperiled species. 
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One prime example of unresolved taxonomic issues among lygosomine skinks is the genus 

Lygosoma, which has a long and controversial history of uncertainty regarding species- and 

generic-level relationships. Lygosoma Hardwicke & Gray 1827, the type genus of the subfamily 

Lygosominae, comprises 31 recognized species distributed across Africa, India, Southeast Asia, 

the western and southern Philippines, and Christmas Island (Australia) (Geissler et al., 2011; 

Cogger, 2014; Datta-Roy et al., 2014; Heitz et al., 2016; Grismer et al., 2018b; Siler et al., 2018; 

Uetz et al., 2018). Genera closely allied to Lygosoma include Mochlus, consisting of 15 species 

found in semi-arid regions across central and subtropical southern Africa, and Lepidothyris, 

consisting of three species found in forested regions of central Africa (Greer, 1977; Wagner et 

al., 2009). Historically, the taxonomic status of these three genera has been debated extensively, 

with species in Mochlus and Lepidothyris often included within Lygosoma (e.g. Boulenger, 

1887; Greer, 1977; see taxonomic history of the group below), but recent phylogenetic analyses 

suggest that Lygosoma is paraphyletic with respect to both genera (Pyron et al., 2013; Datta-Roy 

et al., 2014). Therefore, from here on out, we refer to the 49 species represented by these three 

genera collectively, as Lygosoma sensu lato (s.l.), whereas, we refer to the 31 species in the 

genus Lygosoma (as currently recognized) as Lygosoma sensu stricto (s.s.). 

Although Greer (1977) found all members of Lygosoma s.l. to be united by osteological 

characteristics of the secondary palate, morphology has offered few clues to the phylogenetic 

relationships of species and clades within the group, which has resulted in considerable 

taxonomic confusion regarding the status of species and genera (e.g. Broadley, 1966; Greer, 

1977). Known as Supple or Writhing Skinks, species have been allocated to Lygosoma s.l. 

generally on the basis of their semi-fossorial ecology, head scale patterns and the presence of 

well-developed eyelids, elongate bodies and short fore- and hind limbs that do not meet when 
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adpressed (Smith, 1935; Mittleman, 1952; Greer, 1977; Geissler et al., 2011; Geissler, Hartmann 

& Neang, 2012). All species are pentadactyl with the exception of Lygosoma lineata, which has 

tetradactyl fore-limbs (Greer, 1977), and color and pigmentation patterns vary within and 

between species (Wagner et al., 2009). However, beyond these generalizations, species exhibit 

diverse body forms that range from moderately large (e.g. L. kinabatanganense: snout–vent 

length (SVL)=141 mm; L. haroldyoungi: SVL=148 mm; M. sundevallii: SVL=140 mm) to small 

(e.g. L. frontoparietale: SVL=41 mm; L. veunsaiense: SVL=34 mm), and more robust with short 

limbs (e.g. M. brevicaudis), to elongate and more gracile with small, slender limbs and shorter 

digits (e.g. L. quadrupes) (Broadley, 1966; Greer, 1977; Geissler et al., 2011). As a result of this 

considerable diversity in body form, researchers have struggled to define morphological 

boundaries between groups (Boulenger, 1887; Smith, 1937a; Greer, 1977). 

More recently, molecular phylogenetic techniques have been employed to examine species-

level relationships within Lygosoma s.l., resulting in increased taxonomic resolution (Ziegler et 

al., 2007; Wagner et al., 2009; Pyron et al., 2013; Datta-Roy et al., 2014). Nevertheless, not only 

have the results of this body of work revealed significant genetic lineage diversity, but also failed 

to support the monophyly of several recognized clades, including Lygosoma s.s. with respect to 

Mochlus and Lepidothyris, and Lygosoma s.l. with respect to the species Lamprolepis 

smaragdina (Honda et al., 2000, 2003; Pyron et al., 2013; Datta-Roy et al., 2014). Unfortunately, 

to date, the paucity of available genetic samples for many species has limited the degree to which 

studies have been able to resolve the intra- and intergeneric relationships in Lygosoma s.l. 

Additionally, several new species have been described recently based on genetic and/or 

morphological data (Lygosoma boehmei [Ziegler et al., 2007]; L. kinabatanganense [Grismer et 

al., 2018b]; L. peninsulare [Grismer et al., 2018b]; L. samajaya [Karin et al., 2018]; L. siamense 
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[Siler et al., 2018]; L. tabonorum [Heitz et al., 2016]; L. veunsaiense [Geissler et al., 2012]; and 

Lepidothyris hinkeli [Wagner et al., 2009]), but how these species relate to others within 

Lygosoma s.l. remains unresolved. In this manuscript, we employ phylogenetic approaches and 

analyses of external morphology to investigate species- and generic-level relationships and 

taxonomic conflicts within Lygosoma s.l. 

 

TAXONOMIC HISTORY OF LYGOSOMA S.L. 

Early classifications based on morphology 

The taxonomy of Lygosoma s.l. has a long and complex history. Within Lygosoma s.l., the 

traditionally used phenotypic characters in skink classifications are non-diagnostic and have 

overlapping numerical values, making it difficult to assign species to identifiable groups. 

Historically, taxonomic hypotheses for skinks employed a variety of morphological characters in 

genus-level classifications, such as the degree of body elongation, limb size and digit number, 

size of the ear opening, lower eyelid characteristics (i.e. scaly vs. with a transparent disc), head 

scalation patterns and pigmentation patterns (e.g. Duméril & Bibron, 1839; Gray, 1839). 

However, many of these characters have been shown to be convergent among skinks, calling into 

question the breadth of their diagnostic utility, especially in Lygosoma s.l., in which species 

exhibit varying body sizes and degrees of elongation (Smith, 1937a; Greer, 1977). Further 

complicating clear morphological definitions for members of this radiation is the anomalous 

morphology of the type species of Lygosoma s.s., L. quadrupes, which has a thin, snake-like 

body, tiny limbs, short digits and an atypical head scale pattern (single frontoparietal scale, 

nasals fused with supranasals; Greer, 1977). Whereas other species in the radiation also possess 

some of these characters (e.g. L. lineatum and L. vosmaerii have bodies nearly as elongate as L. 
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quadrupes; L. isodactylum has nasals fused anteriorly with supranasals [Greer, 1977; Geissler et 

al. 2011, 2012]), the combination of morphological traits in L. quadrupes is different from other 

species in Lygosoma s.l. (although the recently described species L. siamense and L. tabonorum, 

both part of the L. quadrupes species complex also have these morphological characters [Heitz et 

al., 2016; Siler et al., 2018]). Therefore, historically it has been difficult to classify L. quadrupes 

within a broader taxonomic context, as evidenced by multiple taxonomists classifying the species 

not with other members of Lygosoma s.l. but with superficially similar elongate-bodied species 

(e.g. Boulenger, 1887; Smith, 1935, 1937a; Mittleman, 1952) that have been shown subsequently 

not to be closely related. As a result, for the previous 150 years species within Lygosoma s.l. 

have alternated between being lumped within the same genus to being separated into multiple 

genera (Boulenger, 1887; Smith, 1935, 1937a; Mittleman, 1952; Broadley, 1966; Greer, 1977; 

Wagner et al., 2009), leading to taxonomic instability within the group. 

Currently, three genera are recognized within Lygosoma s.l.: Lygosoma s.s., Lepidothyris 

and Mochlus (Datta-Roy et al., 2014). However, less than a decade ago a fourth genus, Riopa, 

also was considered valid (Wagner et al., 2009). Of these four genera, the genus Lygosoma has 

undergone the most revisionary changes through the years, with species and species group 

compositions (i.e. sections and subgenera) a subject of continued confusion and debate (e.g. 

Smith, 1935, 1937a; Mittleman, 1952; Glauert, 1960; Laurent & Gans, 1965). The genus 

Lygosoma was first described in 1827 (Hardwicke & Gray) for the species Lacerta serpens 

Bloch 1776. In their description, the authors note that Lacerta serpens is a distinct species from 

Anguis quadrupes Linnaeus 1766, failing to realize that Bloch’s description of Lacerta serpens 

was a redescription of Linnaeus’ (1766) Anguis quadrupes. Bloch (1776) had redescribed Anguis 

quadrupes because the Linnaeus’ original description of the species had classified it as a four-
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legged snake (reviewed in Bauer & Günther, 2006). Hardwicke’s and Gray’s (1827) oversight, 

which may have resulted from the assignment of additional specimens to Lacerta serpens that 

were not truly quadrupes specimens (G. Shea, pers. comm.), was not resolved until Smith (1935) 

synonymized Lacerta serpens with Anguis quadrupes, thus making Lygosoma quadrupes the 

type species of Lygosoma. Over the next two centuries, in addition to Lygosoma Hardwicke & 

Gray, 1827, species currently in Lygosoma s.l. have been described as members of 12 disparate 

genera: Campsodactylus Duméril & Bibron 1839; Chiamela Gray 1839; Eumeces Wiegmann 

1834; Hagria Gray 1839; Lepidothyris Cope 1892 (nomen nudum until Cope 1900); Mochlus 

Günther 1864a; Podophis Wiegmann 1834; Riopa Gray 1839; Sphenosoma Fitzinger 1843; 

Sepacontias Günther 1880; Squamicilia Mittleman 1952; and Tiliqua Gray 1825. These genera 

were revised and reorganized in major works throughout the 19th century (Schneider, 1801; 

Daudin, 1802; Fitzinger, 1826, 1843; Wiegmann, 1834; Cocteau, 1836; Duméril & Bibron, 1839; 

Gray, 1839, 1845; Günther, 1864b; Theobald, 1876), culminating in Boulenger’s (1887) 

monograph cataloguing the lizards in the British Museum. Faced with the difficulty of 

classifying 2,340 specimens of scincid lizards representing 369 recognized species and having 

remarked on the difficulty of classifying skink genera, Boulenger (1887) synonymized most of 

these genera with Lygosoma, which resulted in the genus comprising 159 species (43% of all 

skink species recognized at the time). Additionally, Boulenger (1887) subdivided Lygosoma into 

11 sections (Emoa [sic] Gray 1845, Hemiergis Wagler 1830, Hinulia Gray 1845, Homolepida 

[sic] Gray 1845, Keneuxia Gray 1845, Liolepisma [sic] Duméril & Bibron, 1839, Lygosoma, 

Otosaurus Gray 1845, Rhodona Gray 1839, Riopa, and Siaphos [sic] Gray 1831) based on limb 

proportions and head scalation characters. For a half-century, his revision was the only large-

scale treatment of skink taxonomy. 
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By the early 1900s, there was growing concern about taxonomic confusion resulting from 

piecemeal adoption of a subset of Boulenger’s (1887) Lygosoma sections as genera. For 

example, his section Emoa [sic] was recognized as the genus Emoia by Barbour (1912), his 

section Otosaurus as the genus Otosaurus by Taylor (1923), his section Rhodona as the genus 

Rhodona by Loveridge (1933) and his section Liolepisma [sic] as the genus Leiolopisma by 

Smith (1935). Consequently, in 1937, Smith undertook a large-scale revision of Lygosoma, 

reevaluating and reclassifying Boulenger’s (1887) 11 sections. In doing so, Smith (1937a) 

elevated five sections to genera, believing each to be distinct enough morphologically from the 

rest of Lygosoma to warrant generic status: Emoia, Keneuxia as the genus Dasia, Otosaurus, 

Rhodona and Riopa. Four subgenera were recognized within Riopa—Eugongylus Fitzinger 1843, 

Eumecia Barboza du Bocage 1870, Panaspis Cope 1868 and Riopa (Smith, 1937a). Additionally, 

Smith (1937a) synonymized the section Homolepida [sic] with the genus Tiliqua and considered 

the sections Hemiergis and Siaphos [sic] invalid due to a lack of diagnostic characters, placing 

their species into the section Leiolopisma. Despite these many changes, the genus Lygosoma, as 

defined by Smith (1937a), remained species-rich, comprising more than 166 taxa separated into 

three sections—Leiolopisma, Lygosoma, and Sphenomorphus Fitzinger 1843 and one 

subgenus—Ictiscincus Smith 1937a. In his revision, Smith (1937a:219) lamented the lack of 

diagnostic characters separating species and sections within this large genus, writing, “I am 

unable to find any character by which to separate the well-developed forms of Lygosoma…from 

the degenerate ones. Between the extremes in each section, the difference is enormous, but the 

gap can be bridged by connecting forms showing every stage of development.” 

The next major revision of Lygosoma was conducted by Mittleman (1952), who felt that a 

taxonomic system in which genera are defined narrowly was preferable to the approach of 
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Boulenger (1887) and Smith (1937a), both of whom, in struggling to find diagnostic characters, 

treated Lygosoma as a catch-all genus. Therefore, in his revision Mittleman (1952) avoided using 

subgenera and sections and instead defined multiple genera for species formerly included in 

Boulenger’s (1887) and Smith’s (1937a) definitions of Lygosoma. Although he worked primarily 

from the literature instead of examining specimens (G. Shea, pers. comm.), Mittleman described 

three new genera and resurrected and redefined 30 genera based on body proportions, limb size, 

size of the ear opening and head scalation patterns (Mittleman, 1952). Consequently, the number 

of species in Lygosoma was reduced considerably to eight elongate, small-limbed species from 

Southeast Asia and Australia. Of the new genera described, the genus Squamicilia Mittleman 

1952 contained a species of Lygosoma s.l. (isodactylum) included previously in Riopa subgenus 

Riopa by Smith (1937a) and was defined on the basis of a scaly lower eyelid and absence of 

contact between supranasals (Mittleman, 1952). Additionally, the genera Mochlus and Riopa 

were redefined to comprise 14 and nine species, respectively (Mittleman, 1952). Prior to this 

work, Mochlus had long been treated as a synonym of Riopa, regardless of whether Riopa was 

considered a genus or a section at the time (Boulenger, 1887; Schmidt, 1919; Barbour & 

Loveridge, 1928; Loveridge, 1933; Smith, 1937a; FitzSimons, 1943). Mittleman (1952), in an 

effort to define genera that more accurately reflected perceived evolutionary relationships, 

considered Mochlus as a genus distinct from Riopa based on its scaly (vs. transparent) lower 

eyelid and more robust (vs. small) limbs. Even so, many authors have questioned the diagnostic 

value of the lower eyelid state and relative limb proportions for genera, noting considerable 

variation in states for both characters among many genera of skinks (Smith 1937a; Broadley, 

1966; Greer, 1974, 1977; Datta-Roy et al., 2015). As a result of this uncertainty, as well as 

concerns with over-splitting of genera by Mittleman (1952), many subsequent studies rejected 
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Mittleman’s (1952) separation of Mochlus and Riopa and continued to treat Mochlus, along with 

Squamicilia, as synonyms of Riopa (Loveridge, 1957; Broadley, 1962, 1966; Taylor, 1963; 

Greer, 1977). 

Despite disagreements regarding the taxonomic rank of Riopa, Mochlus and Squamicilia, the 

species composition of these genera remained stable over time, with all 24 species included in 

these genera recognized historically as being closely allied, representing part of Lygosoma 

section Riopa by Boulenger (1887) and Riopa subgenus Riopa by Smith (1937a). The genus 

Lepidothyris, mentioned by Cope (1892) (as a nomen nudum) and attributed formally to the 

species Lepidothyris fernandi by Cope (1900), also has continued to be allied with Riopa + 

Mochlus (synonymized with Riopa subgenus Riopa by Smith [1937] and Mochlus Mittleman 

[1952]). In contrast, since Boulenger (1887), the species composition of Lygosoma has changed 

considerably, with Smith (1937a) and Mittleman (1952) both offering different morphological 

definitions and species compositions for the genus—Smith treating the genus as a default group 

comprising otherwise unclassifiable species, and Mittleman treating it as a narrowly defined unit. 

After Mittleman (1952), authors continued to reclassify the species in Lygosoma placing them in 

different genera (e.g. Storr, 1964, 1967; Greer, 1970a; Cogger, 1975), so that by 1977, the only 

species that remained in the genus Lygosoma was the type species, Lygosoma quadrupes. 

The taxonomy of the genus Lygosoma was not revisited until Greer (1977) reexamined the 

morphology of Lygosoma quadrupes, looking at internal osteological characters of the skull in 

addition to the more traditional external morphological characters. In a paper that established the 

foundation of our current understanding of Lygosoma s.l. phylogenetic relationships, Greer 

(1977) proposed that L. quadrupes was closely related to species in the genus Riopa (which 

included Mittleman’s [1952] Mochlus and Squamicilia) based on the morphology of the 
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secondary palate. He further suggested that the characteristic elongate body plan of L. quadrupes 

was part of a gradient in gross body form morphology that encompassed the less elongate body 

morphologies of species of Riopa and concluded that the amount of overlap in characters 

between Riopa and Lygosoma quadrupes was insufficient to warrant the recognition of two 

separate genera (Greer, 1977). The genus Riopa was therefore synonymized with Lygosoma, 

resulting in a genus of 32 recognized species (Greer, 1977). Since Greer’s (1977) work, more 

recent phylogenetic studies of the genus have corroborated the close relationship between 

Lygosoma quadrupes + Riopa (Ziegler et al., 2007; Wagner et al., 2009; Pyron et al., 2013; 

Datta-Roy et al., 2014; see below), and this work remains a major influence on our current 

understanding of evolutionary patterns within Lygosoma s.l. 

 

Recent classifications based on molecular sequence data 

Over the last two decades, molecular phylogenetic studies focusing on lygosomine skinks have 

helped to resolve some of the long-standing taxonomic issues regarding genera within the 

Lygosominae (Honda et al., 2000, 2003; Skinner et al., 2011). Although molecular studies have 

increased our understanding of relationships among certain taxa within Lygosoma s.l., these 

studies exposed additional taxonomic challenges regarding the taxonomic rank and allocation to 

clusters of species, variably ascribed to the genera Lepidothyris, Lygosoma, Mochlus and Riopa. 

Ziegler et al. (2007) conducted the first molecular phylogenetic study of Lygosoma s.l., 

collecting sequence data for six Southeast Asian and Indian species from the mitochondrial gene 

16S. Not only did this study confirm Greer’s (1977) hypothesis of a close relationship between 

Lygosoma quadrupes and Riopa, but it also recovered L. quadrupes as nested within a clade of 
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species recognized previously by Mittleman (1952) as part of the genus Mochlus (Ziegler et al., 

2007). 

Wagner et al. (2009) conducted a molecular study focused on African species of Lygosoma 

to infer the phylogenetic position and biogeographic history of the Lygosoma fernandi species 

group from west-central Africa. Adding a second mitochondrial gene (12S) and additional 

African, Indian, and Southeast Asian taxa to the dataset of Ziegler et al. (2007) for a total of 11 

ingroup species, analyses recovered three, well-supported clades: two African clades (one 

comprising the L. fernandi species group [L. fernandi + L. hinkeli + L. striatus] and one 

comprising Lygosoma afer + L. sundevalli [afer subsequently has been synonymized into 

sundevallii, by Freitas et al., 2018]), and one Southeast Asian clade comprising L. koratense + L. 

quadrupes. However, inter-clade relationships, the placement of several Southeast Asian (L. 

bowringii, L. lineolatum) and Indian (L. albopunctata) taxa remained poorly supported, and the 

monophyly of the genus Lygosoma was not resolved with strong support (Wagner et al., 2009). 

Despite this lack of resolution across major portions of the phylogeny, Wagner et al. (2009) 

recommended a major revision to Greer’s (1977) taxonomy by splitting Lygosoma again into 

four genera: Lygosoma for Southeast Asian species, Lepidothyris for the Lygosoma fernandi 

species group, Mochlus for Lygosoma sundevallii, and Riopa for Indian species, referencing 

Mittleman (1952) for the morphological definition of these genera. Yet, this classification 

contradicted that of Mittleman (1952) in several ways that were not addressed. First, the species 

lineolatum and bowringii were placed in the genus Lygosoma instead of Riopa and Mochlus, 

respectively, as they were in Mittleman (1952), and second, the species albopunctatus was 

moved to the genus Riopa instead of Mochlus as it was in Mittleman [1952] (Wagner et al., 

2009). In fact, it appears that although Wagner et al. (2009) refer to Mittleman (1952) for the 
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definition of Lygosoma, Mochlus and Riopa, the authors did not follow Mittleman’s (1952) 

definition of the genera and instead implicitly define them geographically (Lygosoma for species 

from Southeast Asia, Mochlus for species from Africa excluding the Lepidothyris fernandi 

species group and Riopa for species from India). This lack of morphological definitions and the 

implicit reliance on geography as a diagnostic feature for these genera resulted in an unstable 

taxonomy in which generic boundaries were not well-defined. Whereas Mochlus was widely 

adopted as the generic name for African species (e.g. Kennedy et al., 2012; Trape, et al., 2012; 

Pyron et al., 2013; Hedges, 2014; Masterson, 2014; Uetz et al., 2018), most subsequent studies 

continued to treat Riopa as part of Lygosoma (Geissler et al., 2011, 2012; Pyron et al., 2013). 

Poor support along the backbone of their tree meant that Wagner et al. (2009) could not 

assess the reciprocal monophyly of genera, nor were they able to estimate the relationships of the 

genera to each other. Additionally, the lack of tissue samples for a majority of species meant that 

most of the species in Lygosoma could not be ascribed to Wagner et al.’s (2009) genera. Pyron et 

al.’s (2013) squamate phylogeny, in which Lygosoma s.l. was included as part of a much larger 

investigation into the evolutionary relationships of squamate reptiles, had better support at basal 

nodes. Although Pyron et al.’s (2013) study did not employ additional molecular or taxonomic 

sampling for Lygosoma s.l., the authors’ use of a supermatrix in an analysis that included 

thousands of other species resulted in a phylogeny that better resolved relationships among major 

clades in the group. Lygosoma s.l. was inferred to be monophyletic within Lygosominae; 

however, the genus Lygosoma was polyphyletic with respect to Lepidothyris and Mochlus (Riopa 

was treated as a synonym of Lygosoma), and Mochlus was not supported as monophyletic.  

A paraphyletic Lygosoma was corroborated through a molecular phylogenetic analysis of 

Lygosoma s.l. by Datta-Roy et al. (2014), which represents the most recent study conducted to 
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date on the genera. The 17-species dataset included additional Indian and Southeast Asian 

species of Lygosoma s.l. (Datta-Roy et al., 2014). Like Pyron et al.’s (2013) study, the results 

suggested that Lygosoma was polyphyletic with respect to Riopa and to both African genera. 

Based on these results, Datta-Roy et al. (2014) synonymized Riopa with Lygosoma, but they 

retained Mochlus and Lepidothyris as separate genera due to low support for the placement of the 

genera within the larger Lygosoma s.l. group. However, unlike Pyron et al. (2013), Datta-Roy et 

al. (2014) did not recover Lygosoma s.l. as monophyletic, instead observing the morphologically 

and ecologically distinct, arboreal species Lamprolepis smaragdina as nested within the clade 

with high support, although the species’ exact position was not resolved. 

Taken together, these molecular phylogenetic studies reflect the long-standing problems in 

arriving at a stable taxonomy for this Old World radiation of skinks. Despite considerable efforts 

to revise the taxonomy based on morphological characters and molecular data, the current 

taxonomic status of Lepidothyris, Lygosoma s.s., Mochlus and Riopa, remain unresolved, with 

recent phylogenetic studies suggesting that relationships within Lygosoma s.l. are more complex 

than previously recognized (Datta-Roy et al., 2014). In this study, we employ increased 

taxonomic and genetic sampling of Lygosoma s.l., combining concatenated and coalescent-based 

molecular phylogenetic analyses with multivariate statistical analyses of morphological data to 

address the following issues: (1) the monophyly of Lygosoma s.l. with respect to Lamprolepis; 

(2) the status and relationships of Lepidothyris, Lygosoma s.s., Mochlus and Riopa; (3) the ability 

to determine diagnostic morphological characters for clades; and (4) the taxonomic stability of 

Lygosoma s.l.  
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MATERIALS AND METHODS 

TAXON SAMPLING 

We sampled species from across the geographic distribution of Lygosoma s.l., including 

lineages from Africa, India, Southeast Asia and the Philippines, using one to two individuals per 

species (when available) for phylogenetic analyses. Our ingroup sampling consisted of 34 

individuals representing 22 species of Lygosoma s.l. This sampling comprised 17 species of 

Lygosoma s.s., one species of Lepidothyris and four species of Mochlus (Table S1). Tissue 

samples for the remaining 27 species in Lygosoma s.l. are not available in museum collections. 

Outgroup sampling was chosen based on Pyron et al. (2013) to assess the monophyly of 

Lygosoma s.l. and comprised nine individuals from species from closely and distantly related 

scincid genera, the lygosomine species Eutropis multifasciata, Lamprolepis smaragdina, Larutia 

sp., Lipinia pulchella, Otosaurus cumingi, Pinoyscincus jagori and Sphenomorphus fasciatus, 

and the scincine species Plestiodon fasciata (Table S1).  

 

GENETIC SAMPLING AND MOLECULAR METHODS 

Most of the sequences used in our analyses were novel; however, we were able to obtain data 

for several ingroup and outgroup samples from GenBank (Table S1). To generate our sequence 

data, we extracted genomic DNA from liver or muscle tissue using a high salt precipitation 

method (Aljanabi & Martinez, 1997) and amplified seven nuclear loci (nuDNA; oocyte 

maturation factor [cmos, 374 base pairs (bp)], follistatin-like protein 5 [FSTL5, 622 bp], prolactin 

receptor [PRLR, 566 bp], prostaglandin E receptor 4 [PTGER4, 470 bp], RNA fingerprint protein 

35 [R35, 665 bp], recombination activating gene 1 [RAG-1, 828 bp], synuclein alpha interacting 

protein [SNCAIP, 484 bp]) and two mitochondrial markers (mtDNA; NADH dehydrogenase 
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subunit 1 [ND1, 969 bp], 16S ribosomal RNA [16S, 559 bp]) using standard PCR protocols 

(Siler et al., 2011). All loci were chosen based on their ability to resolve relationships at different 

tree depths as shown in previous species-level phylogenetic studies of skinks (Whiting, Bauer & 

Sites Jr., 2003; Siler et al., 2011; Brandley et al., 2012), and several ingroup had available 

sequence data for these loci on GenBank (Table S1). Primers and annealing temperatures are 

listed in Table 1. PCR products were purified by ExoSAP-IT (Thermo Fisher Scientific), 

sequenced with BigDye® Terminator v3.1 sequencing kit (Thermo Fisher Scientific) and 

cleaned using ethanol precipitation. We sent sequencing product to Eurofins Genomics for 

visualization. All novel sequences are deposited in GenBank (Table S1). 

 

SEQUENCE ALIGNMENT AND CONCATENATED PHYLOGENETIC ANALYSES 

Raw sequence data were examined for heterozygous sites and erroneous base calls and were 

trimmed in Geneious v9.0.4 (Biomatters, Ltd.). We aligned each locus with MUSCLE (Edgar, 

2004) using default settings as implemented in Geneious and examined the resulting alignments 

by eye. For protein coding loci (all nuDNA and ND1), we used Geneious to translate and place 

alignments in the correct reading frame to check for errors in the location of insertions-deletions 

and to detect mismatched codons and erroneous internal stop codons. We retained ambiguous 

sites in the16S alignment after running preliminary maximum likelihood analyses on an 

alignment with the ambiguous sites included and an alignment with the ambiguous sites removed 

using RAxML v8.0.0 (Stamatakis, 2014). The resulting topologies did not show any highly 

supported incongruencies, and we therefore used the longer alignment in our subsequent 

concatenated analyses to maximize the size of our dataset. 
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Gene 
Sequence 

Length (bp) Primer Primer Sequence (5'–3') 
Annealing 
Temp (ºC) Reference 

cmos 374 cmosG73.1 
cmosG74.1 

GGCTRTAAARCARGTGAAGAAA 
GARCWTCCAAAGTCTCCAATC 

52.5 Whiting et al., 2003 

FSTL5 622 FSTL5.F1 
FSTL5.R2 

TTGGRTTTATTCTTCAYAAAGA 
YTCTSAACYTCAGTGATYTCACA 

55 Townsend et al., 2008 

PRLR 566 PRLR.F1 
PRLR.R3 

GACARYGARGACCAGCAACTRATGCC 
GACYTTGTGRACTTCYACRTAATCCAT 

55 Townsend et al., 2008 

PTGER4 470 PTGER4.F1 
PTGER4.R5 

GACCATCCCGGCCGTMATGTTCATCTT 
AGGAAGGARCTGAAGCCCGCATACA 

55 Townsend et al., 2008 

R35 665 R35.F 
R35.R 

GACTGTGGAYGAYCTGATCAGTGTGG 
GCCAAAATGAGSGAGAARCGCTTCTG  

55 Fry et al., 2006 

RAG-1 828 RAG-1.R13 
RAG-1.R13.rev 

TCTGCTGTTAATGGAAATTCAAG 
AAAGCAAGGATAGCGACAAGAG 

52.5 Groth & Barrowclough 1999 

SNCAIP 484 SNCAIP.F10 
SNCAIP.R13 

CGCCAGYTGYTGGGRAARGAWAT 
GGWGAYTTGAGDGCACTCTTRGGRC 

55 Townsend et al., 2008 

ND1 969 16dR 
tMet 

CTACGTGATCTGAGTTCAGACCGGAG 
ACCAACATTTTCGGGGTATGGG 

53 Leaché & Reeder, 2002 

16S 559 16Sar-L 
16Sbr-H 

CGCCTGTTTATCAAAAACAT 
CCGGTCTGAACTCAGATCACGT 

46 Palumbi, 1991 

 

 

Table 1. The primers and annealing temperatures for the seven nuclear genes and two mitochondrial genes used in this study. 
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Although many studies have suggested that partitioning a concatenated dataset by gene and 

codon position results in improved topologies (Brandley, Schmitz & Reeder, 2005; Brown & 

Lemmon, 2007; Linkem et al., 2011, 2013), empirical and simulated phylogenetic data have 

shown that when partitions have few variable sites, over-parameterization leads to estimation of 

values for unidentifiable parameters and the resulting topology can have incorrect long branch 

lengths due to poor estimation of substitution rate parameters (Marshall, 2010). Therefore, to 

determine the best partitioning strategy for each protein-coding gene, we calculated Bayes 

Factors to compare the unpartitioned to partitioned-by-codon topologies for each gene. First, 

weselected the best substitution model for each protein coding gene and codon position using the 

Akaike Information Criteria (AIC; Akaike, 1974) implemented in the program JMODELTEST 

v2.1.10 (Darriba et al., 2012; Table 2). We then generated trees for each partitioning strategy 

using Bayesian Inference (BI) with MRBAYES v3.2.6 (Ronquist et al., 2012). Each BI analysis 

consisted of two independent runs of four chains, run for 5,000,000 generations sampling every 

1,000 generations. Stationarity and convergence were assessed in Tracer v1.6 (Rambaut et al., 

2014). Convergence for all runs occurred within the first 3,000,000 generations and we 

conservatively discarded the first 10% of each run as burn-in. To estimate the marginal 

likelihoods of each topology, we used the stepping stone analysis (Fan et al., 2011; Xie et al., 

2011) implemented in MRBAYES, run for 50 steps and 2,958,000 generations with the first 

58,000 generations discarded as burn-in and an additional 5,000 generations removed from the 

beginning of each step as additional burn-in. We diagnosed the analysis every 1,000 generations, 

resulting in 58 trees in each step. We compared the marginal likelihoods of the topologies for 

each gene generated by the two partitioning strategies and calculated the Bayes Factor using the 

equation 2ln(BF10) = 2[ln(MarL1)-ln(MarL0)] (Kass & Raftery, 1995; Brandley et al., 2005; 
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Brown & Lemmon, 2007), where MarL1 is the marginal likelihood of the topology where the 

gene was partitioned by codon and MarL0 is the marginal likelihood of the topology where the 

gene was not partitioned. Results of the stepping stone analysis supported partitioning by codon  

 

 

Gene Partition Length (bp) Substitution model 
cmos Gene 

1st Codon Position 
2nd Codon Position 
3rd Codon Position 

374 
125 
125 
124 

HKY + Γ 
HKY + Γ 
GTR + Γ 
HKY + Γ 

FSTL5 Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

622 
207 
207 
208 

GTR + Γ 
GTR + Γ 
F81 + Γ 
HKY + Γ 

PRLR Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

566 
188 
189 
189 

GTR + Γ 
HKY + Γ 
GTR + Γ 
GTR + Γ 

PTGER4 Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

470 
157 
156 
157 

HKY + Γ 
GTR + Γ 
F81 + Γ 
GTR + Γ 

R35 Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

665 
221 
222 
222 

GTR + Γ 
K80 + Γ 
GTR + Γ 
GTR + Γ 

RAG-1 Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

828 
276 
276 
276 

GTR + Γ 
GTR + Γ 
HKY + Γ 
HKY + Γ 

SNCAIP Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

484 
161 
161 
162 

GTR + Γ 
HKY + Γ 
HKY + Γ 
GTR + Γ 

ND1 Gene 
1st Codon Position 
2nd Codon Position 
3rd Codon Position 

969 
323 
323 
323 

GTR + Γ 
GTR + Γ 
GTR + Γ 
GTR + Γ 

16S Gene 558 GTR + Γ 

 

Table 2. The results of JModelTest v2.1.10 showing inferred substitution models for 
the loci partitioned by gene and codon position. Partitions used in concatenated and 
coalescent-based analyses are shown in bold. 
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position for FSTL5, PTGER4, R35, SNCAIP and ND1, and partitioning by gene for cmos, PRLR 

and RAG-1 (Table 3). The non-protein-coding gene 16S was partitioned by gene. We ran three 

additional stepping stone analyses on the concatenated dataset, partitioning all loci by gene,  

codon position (except 16S), and by the partitioning scheme determined for each gene above. 

The results of these analysis supported the partitioning scheme determined above.  

Examining relationships recovered among gene trees revealed highly supported discordance 

for the relationship of Lamprolepis smaragdina and Lygosoma s.l. and for the relative placement 

of the major clades, with six of the nine genes—cmos, PTGER4, R35, RAG-1 and SNCAIP 

(nuDNA) and ND1 (mtDNA) having discordant nodes along the backbone of their respective 

trees compared with other gene trees. However, the species composition of major clades was 

congruent across all loci. Therefore, we used both concatenated phylogenetic methods and 

coalescent-based species tree methods to analyze higher-level evolutionary relationships within 

Lygosoma s.l. 

 

 

Gene ln(MarL0) ln(MarL1) 2ln(BF) Supported Model  
cmos -1393.50 -1398.15 -9.3 unpartitioned 
FSTL5 -1633.78 -1570.91 125.74 partitioned 
PRLR -3081.56 -3090.07 -17.02 unpartitioned 
PTGER4 -1577.97 -1481.96 192.02 partitioned 
R35 -3369.47 -3291.48 155.98 partitioned 
RAG-1 -3057.01 -3057.20 -0.38 unpartitioned 
SNCAIP -2095.3 -2048.92 92.76 partitioned 
ND1 -14400.31 -13853.07 1094.48 partitioned 

 

We performed concatenated partitioned Bayesian phylogenetic analyses with MRBAYES, 

partitioning the genes as determined above (Tables 2, 3). We ran two independent metropolis-

coupled Monte Carlo Markov Chain runs each with four chains for 30,000,000 generations 

Table 3. The results of the stepping stone analysis implemented in MRBAYES 
v3.2.6. Positive values for 2ln(BF) were considered support for the partitioned model 
(partitioned by codon position) and negative values were considered support for the 
non-partitioned model (Brown & Lemmon, 2007). 
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sampling every 5,000 generations. Stationarity of parameters was assessed in Tracer v1.6 and 

convergence of topologies in tree space analyzed using the commands topological.approx.ess 

and analyze.rwty in the package RWTY v1.0.1 (Warren, Geneva & Lanfear, 2017) in R v3.3.2 

(R Core Team, 2016). The effective sample sizes (ESS) for all parameters were above 200 

(Drummond et al., 2006). The samples exhibited convergence by 2,500,000 generations and we 

conservatively discarded the first 10% of samples as burnin, leaving 10,800 trees in the 

combined MCMC posterior distribution. Nodes with posterior probability support of at least 0.95 

were considered highly supported (Huelsenbeck & Rannala, 2004), and nodes with posterior 

probability support of 0.75–0.94 were considered moderately supported.  

 

SPECIES TREE ANALYSIS 

In light of our observed gene tree discordance, we conducted a coalescent-based species tree 

analysis in addition to concatenated phylogenetic analyses using the program *BEAST (Heled & 

Drummond, 2010) implemented in BEAST v2.4.6 (Bouckaert et al., 2014). When incomplete 

lineage sorting occurs, concatenated analyses can result in highly supported incorrect topologies 

(Degnan & Rosenberg, 2009; Heled & Drummond, 2010), especially if species had large 

ancestral populations sizes and speciation was rapid (Maddison, 1997). Coalescent-based 

analyses use the multi-species coalescent originally developed for population genetics (Kingman, 

1982; Tajima, 1983) to assess the probability that a gene tree evolved within the framework of a 

particular species tree (Rosenberg, 2002; Degnan & Rosenberg, 2009). To run our species tree 

analysis, we pared down our concatenated dataset to include only the nuclear genes cmos, PRLR, 

R35, RAG-1 and SNCAIP and the mitochondrial gene ND1. We excluded the nuclear genes 

FSTL5 and PTGER4 from our species tree analyses because these two loci had the most missing 
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data non-randomly distributed across ingroup taxa (i.e. these genes did not amplify across all 

clades), and we excluded the non-coding mtDNA gene 16S because while it was successful at 

resolving very shallow nodes, it was uncertain regarding relationships at deeper nodes in the tree 

where most of the problems with discordance occurred. Additionally, BEAST2 estimates the root 

of the tree during MCMC analyses making the inclusion of any outgroup taxa unnecessary, 

except to give additional information to the position of the ingroup root position (Drummond & 

Bouckaert, 2015). Therefore, we decreased the number of outgroup species used in our analysis 

to the two species with the lowest amount of missing data (Eutropis multifasciata and 

Lamprolepis smaragdina) to reduce computation effort and errors in prior estimation associated 

with the inclusion of less well-sampled taxa with long branches in BEAST time tree estimation 

(Drummond & Bouckaert, 2015). The data were partitioned according to the same partitioning 

scheme in our concatenated analysis (Tables 2–3) and each partition was assigned the same 

substitution model. Analyses were run using an estimated strict clock prior, a Yule process 

species tree prior and a piecewise linear and constant population size prior for all analyses. We 

changed the default Birthrate.t:Species and popMean priors from an inverse 1/X distribution to a 

lognormal distribution and the default clockRate prior for all loci from a uniform [-∞,∞] 

distribution to an exponential distribution. These default priors are inappropriate because they do 

not integrate to one (Drummond & Bouckaert, 2015). Three initial runs were conducted for 

20,000,000 generations each to tune the operators to values suggested by the BEAST2 operator 

outputs. Following the adjustment of operators, three additional runs were conducted for 

200,000,000 generations each to check the performance of priors; several substitution rate priors 

were adjusted based on the results of these runs from a default gamma distribution to an 

exponential distribution with a mean of 1.0 to place higher probability on values closer to 0. We 
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ran four final runs for 1,000,000,000 generations each sampling every 100,000 generations, 

using the CIPRES Science Gateway portal (Miller, Pfeiffer & Schwartz, 2010). These runs were 

examined separately and together in Tracer and RWTY (see above) to assess stationarity and 

convergence. We combined the species tree analyses in LogCombiner v2.4.6 (Bouckaert et al., 

2014), discarding the first 20% of trees in each posterior distribution as burnin, keeping a total of 

32,004 trees in the combined posterior distribution. We used TreeAnnotator v2.4.6 (Bouckaert et 

al., 2014) to select the maximum clade credibility tree and calculate the posterior probability of 

each bifurcation. 

 

MORPHOLOGICAL DATA AND MULTIVARIATE ANALYSES 

Specimens were examined for a total of 27 quantitative and qualitative characters, including 

mensural body measurements, meristic scale counts and head scale patterns. Characters were 

chosen based on their utility in previous taxonomic studies of skinks (e.g. Siler, et al., 2010; 

Linkem et al., 2011; Davis et al., 2014; Geissler et al., 2012; Grismer et al., 2014) and include: 

snout–vent length (SVL)—distance from the tip of the snout to the anterior edge of the vent, 

measured on the ventral surface of the specimen; axilla–groin distance (AGD)—distance 

between the posterior fore-limb insertion and the anterior hind limb insertion, measured on the 

ventral surface of the specimen; midbody width (MBW)—width of the body approximately 

midway between fore-limbs and hind limbs; tail length (TL)—distance from the posterior end of 

the vent to the tip of the tail, measured on the ventral surface of the specimen; tail width (TW)—

width of the tail at the widest part just posterior to the vent excluding the hemipene bulge in 

males; head length (HL)—distance from the tip of the snout to the widest portion of the head 

generally at the jaw articulation, which is anterior to the auricular opening; head width (HW)—



 
25 

width of the head at the widest part, generally at the jaw articulation; head depth (HD)—depth of 

the head from the occiput to the underside of the jaws at the widest part, generally at the jaw 

articulation; eye–nares distance (END)—distance from the anterior edge of the eye opening to 

the posterior edge of the naris along a line parallel to the mouth; snout length (SNL)—distance 

from the anterior edge of the eye opening to the tip of the snout along a line parallel to the 

mouth; internarial distance (IND)—distance between the nares; midbody scale row count 

(MBSRC)—number of scales around the midbody approximately midway between fore-limbs 

and hind limbs; axilla–groin scale row count (AGSRC)—number of dorsal scales along a line 

from the posterior fore-limb insertion and the anterior hind limb insertion; paravertebral scale 

row count (PVSRC)—number of mid-dorsal scales along a line from the parietals to a point 

opposite the vent, excluding enlarged nuchals; Finger-III lamellae count (FinIIILam)—number 

of enlarged scales under Finger-III; Toe-IV lamellae count (ToeIVLam)—number of enlarged 

scales under Toe-IV; supralabial scale count (SuprL)—number of enlarged scales in a line 

directly dorsal and parallel to the mouth opening; infralabial scale count (InfrL)—number of 

enlarged scales in a line directly ventral and parallel to the mouth opening; supraocular scale 

count (SO)—number of enlarged scales above the eye, the ventral edges of which are in contact 

with the dorsal edges of the superciliary scales and dorsal edges of which are in contact with the 

lateral edges of the frontal and/or frontoparietal scales; superciliary scale count (SC)—number of 

small scales directly above the eyelid and below the supraocculars, the first of which is in contact 

with the preocculars, and the last of which begins above the eye and terminates beyond the 

posterior edge of the orbital opening, not including superciliary #7 of Taylor (1935: 71 Fig. IV); 

supranasal scale contact (SN)—contact of supranasals along the midline; prefrontal scale contact 

(PF)—contact of prefrontals along the midline; frontoparietal contact (FP)—contact of 
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frontoparietal scales along the midline; parietal contact (P)—contact of parietal scales along the 

midline posterior to the interparietal scale; presence of enlarged nuchals (NU); first chin shield 

scale contact (1stChin)—contact of first chin shields along the midline; and presence of enlarged 

third chin shields (3rdChin). All specimens were measured by ESF, ADR, CDS, B. Karin, E. 

Ellsworth, and S. Pal. Because older specimens were often fixed with curved bodies, the three 

major body length measurements, SVL, AGD and TL, were measured with a measuring tape and 

rounded to the nearest mm. The remaining mensural characters were measured using digital 

calipers accurate to 0.01 mm. When measurements were obviously distorted due to specimen 

preparation (e.g. specimens flattened during preparation could lead to inaccuracies in midbody 

depth), the measurement was flagged and excluded from statistical analyses. When possible, 

characters were measured or counted on the right side of the body.  

Our morphological dataset included 254 specimens representing 25 species: 20/22 ingroup 

species from our phylogenetic analyses were included in our morphological dataset along with 

five additional species (L. kinabatanganense, L. koratense, L. pembanum, L. siamense, L. tanae) 

for which we were unable to obtain genetic samples (Table S2). One of these species, L. 

siamense is a new species described as part of the Lygosoma quadrupes species complex (Siler et 

al., 2018), and so we consider that species as part of the same clade as L. quadrupes, even though 

we lack DNA sequence data for it. Species in our phylogeny that we did not have morphological 

data for are M. guineensis and Lepidothyris fernandi. We ran principal components analysis 

(PCA) and discriminant analysis of principal components (DAPC) on the mensural and meristic 

characters, excluding the head scale patterns (SN, PF, FP, P, NU, 1stChin, 3rdChin) because of 

problems using discrete categorical characters in PCA when they do not exhibit strong 

taxonomic structure (Hill & Smith, 1976). We excluded juveniles (juveniles considered to be 
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individuals whose SVL fell outside of the lower range of previously published adult SVL for the 

species [Broadley, 1966, 1994; Das, 2010; Geissler et al., 2011, 2012; Heitz et al., 2016]) and 

outliers, which may have been individuals that were misidentified, so that our final dataset 

comprised a total of 199 individuals representing 25 species. Additionally, we excluded one 

mensural character (TL) due to missing data as a number of species in our morphological dataset 

only contained TL measurements from individuals with autotomized or regenerated tails, and 

four meristic characters (SuprL, InfrL, SO and SC) because these counts did not vary 

meaningfully between species and were introducing “noise” into preliminary analyses Therefore, 

differences in the variance of these characters seen by in the PCA results were artifacts of 

sampling, not statistically significant taxonomic differences. These excluded measurements and 

coded head scale patterns are used in our taxonomic descriptions below and in Table S3. Three 

species in our morphological dataset (L. albopunctatum, L. herberti and L. tanae) had a majority 

of individuals that were missing MBSRC data, and we filled in these missing values with 

average values from the literature (Tabachnick & Fidell, 2013). For the mensural characters, we 

converted characters to ratiometric data by dividing all measurements by SVL to lessen the 

disproportionate effect of body size variance on the analysis and then prior to performing 

multivariate analyses, we log-transformed (natural log) all mensural and meristic values to 

normalize the data (Tabachnick & Fidell, 2013). Therefore, we included the following 14 

characters in the PCA/DAPC morphological dataset: AGD, MBW, TW, HL, HW, HD, END, 

SNL, IND, MBSRC, AGSRC, PVSRC, FinIIILam and ToeIVLam.  

We ran PCA on the data using the command prcomp in the package stats in R v3.5.0 (R Core 

Team, 2018), setting scale=True so that the analysis was performed on the correlation matrix of 

the data. PCA analyzes the variance of all measurements for all samples and determines which 
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measurements contribute the majority of the variance to the entire dataset. Each successive 

principal component describes the majority of the variance that was not captured by the 

preceding principal component. We used the resulting principal components from the PCA as 

input variables for DAPC. Whereas PCA seeks to maximize the total variance captured across 

the dataset, DAPC compares within-group variance to between-group variance and seeks to 

minimize the amount of within group variance while maximizing between group variance 

(Jombart, Devillard & Balloux, 2010). Therefore, PCA illustrates the distribution of the entire 

dataset in morphospace whereas DAPC shows how groups differ in morphospace. We ran DAPC 

on the data grouping by phylogenetic clades using the first four principal components from the 

PCA as the variables, which accounted for 90% of the variance. The analysis was run in R using 

the command dapc in the package adegenet (Jombart, 2008).  

 

RESULTS 

CONCATENATED BAYESIAN PHYLOGENETIC ANALYSIS 

Our concatenated alignment comprised 43 individuals (34 ingroup samples, nine outgroup 

samples) sequenced for seven nuclear loci and two mitochondrial markers, for up to of 5,537 

base pairs (bp) per individual (average [x"] = 4,237 bp per individual). Ingroup taxa contained an 

average of 21.1% missing data for each individual (standard deviation = 18.6%) resulting from 

difficulty in obtaining complete sequence data for several loci for all species and species groups; 

for example, PRLR was not amplified successfully for L. quadrupes and L. tabonorum (Table 

S1). 

Bayesian concatenated phylogenetic analyses showed strong support for four divergent 

clades represented by the sampled taxa (Fig. 1), with no analysis supporting the monophyly of 
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Figure 1. The concatenated Bayesian consensus topology. Black circles denote highly supported nodes 
(pp≥0.95). Clades outlined in grayscale boxes refer to those listed in results and discussion. 
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Lygosoma s.l. (clade containing Lygosoma s.s., Mochlus and Lepidothyris, Bayesian posterior 

probability [pp]=0.51). Instead, we recover Lygosoma s.l. as part of a clade also comprising 

Lamprolepis smaragdina (Fig. 1, pp=1.0). Within Lygosoma s.l., we find four well-supported 

clades (Fig. 1, Clades A–D, pp=1.0;). The genus Lygosoma s.s is not recovered as monophyletic, 

with the African genera Mochlus and Lepidothyris nested within Lygosoma s.s. (Fig. 1, pp=1.0), 

breaking up Lygosoma s.s. into three separate clades: (1) Clade A contains the Southeast Asian 

species L. corpulentum, L. isodactylum, L. quadrupes and L. tabonorum; (2) Clade B contains 

the Southeast Asian species L. bowringii, L. frontoparietale, L. herberti and L. samajaya, and the 

Indian species L. pruthi; and (3) Clade D contains the Southeast Asian species L. anguinum, L. 

lineolatum and L. popae and the Indian species L. albopunctatum, L. goaense, L. guentheri, L. 

lineatum, L. punctatum and L. vosmaerii. Additionally, analyses did not support the monophyly 

of the genus Mochlus, with results instead showing Lepidothyris as nested within Mochlus (Fig. 

1, Clade C, pp=1.0), sister to Clade D (pp=1.0). The type species of Lygosoma s.s., L. quadrupes, 

is recovered as part of Clade A, which is supported as sister to the remaining Lygosoma s.l. 

clades (Fig. 1, pp=1.0). 

 

SPECIES TREE ANALYSIS 

Similar to the results of the concatenated Bayesian phylogenetic analysis, species tree 

analyses recover four clades within Lygosoma s.l. (Fig. 2; Clades A–D, pp=1.0, 0.85, 0.84, and 

1.0, respectively), with Lygosoma s.s. supported as paraphyletic. The genera Mochlus and 

Lepidothyris are both nested within Lygosoma s.s., separating the genus into three clades (Clades 

A, B, D, see concatenated results above for definition). Once again, Mochlus is found to be 

paraphyletic with respect to Lepidothyris, instead forming a Mochlus + Lepidothyris clade with 
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moderate support (Fig. 2, Clade C, pp=0.84). Clades B–D together are supported as a 

monophyletic group of taxa (pp=1.0) to the exclusion of Clade A (Fig. 2). 

 

 

 

 

The inferred species tree topology (Fig. 2) is broadly consistent with the Bayesian topology 

in regard to intraclade species-level relationships, with a few notable exceptions. First, the 

placement of M. sundevalli as part of Clade C, and L. pruthi as part of Clade B, received 

moderate support (pp=0.84 and 0.85, respectively). Second, although there is high support for 

superclade comprising Clades B, C, and D and excluding Clade A, there is no support for 

Figure 2. The coalescent-based species tree maximum clade credibility topology. Black circles denote 
highly supported nodes (pp≥0.95). Clades outlined in grayscale boxes refer to those listed in results and 
discussion. 
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interclade sister relationships between Clades B, C, and D (Fig. 2, pp=0.55). Finally, unlike the 

Bayesian topology, the species tree topology supports Lamprolepis smaragdina as the sister 

taxon to Clade A (Fig. 2, pp=0.97). 

 

MULTIVARIATE ANALYSES 

The principal components analysis shows that species in Lygosoma s.l. vary in degree of 

body elongation; however, the results show considerable overlap among species in morphospace 

(Fig. 3). The first two principal components (PCs) account for 82.8% of the total variance, with 

PC1 representing body size and accounting for 76.7% of the total variance and PC2 representing 

body robustness and accounting for 6.1% of the variance. For PC1, all characters have roughly 

equal loadings with the exception of MBSRC, which has a lower loading than the other 

characters. Three characters (AGD, AGSRC, and PVSRC) are negatively correlated with the 

remaining characters, confirming that as body elongation increases, body width decreases. For 

PC2, AGD, PVSRC, MBSRC, and ToeIVLam have the highest loadings, with AGD and 

ToeIVLam negatively correlated with PVSRC and MBSRC, suggesting that at a larger body 

size, relative elongation and digit lengths decrease (Table 4). The PCA reveals that clades (see 

Figures 1 and 2 for the phylogenetic definition of each clade) overlap highly in morphospace 

(Fig. 4A), with Clades B and C, and Clades C and D, showing the most overlap. Four species 

were not represented in our phylogenetic analyses and are therefore denoted as incertae sedis (L. 

kinabatanganense, L. koratense, L. pembanum, L. tanae; Fig. 4A), as their phylogenetic position 

remains unknown. As a result, we were not able to associate them definitively with any of the 

four Lygosoma s.l. clades. 
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Discriminant function analyses of principal components corroborates the PCA in showing that 

clades overlap highly in morphospace (Fig. 4B). Although the clades have distinct, non- 

overlapping centroids (averages) and 95% inertia ellipses in morphospace, several individual 

species overlap with centroids of different clades. This suggests that no clade is morphologically 

distinct from the other clades in Lygosoma s.l. Clades B and C exhibit the highest amount of 

overlap, whereas Clades A and B do not overlap at all. Interestingly, Clades B and C occupy 

smaller areas of morphospace than Clades A and D. 

 

 

 PC1 PC2 PC3 PC4 
% variance 76.7  6.1  3.9  3.1  
Cumulative variance 76.7  82.8  86.7  89.8  
AGD 0.2205  0.2752  0.7428  -0.4484  
MBW -0.2861  -0.4484  0.2181  -0.0299  
TW -0.2712  0.0450  0.2999  0.2188  
HL -0.2811  0.0715  0.0047  -0.0911  
HW -0.2920  0.0026  0.1331  0.0222  
HD -0.2865  -0.0056  0.2126  0.0194  
END -0.2664  0.0782  -0.1287  -0.1761  
SNL -0.2601  0.0145  0.2820  0.3981  
IND -0.2829  0.0293  0.0611  0.2398  
PVSRC 0.2918  -0.1149  0.1260  -0.0264  
MBSRC -0.1440  -0.9264  0.1966  -0.2266  
AGSRC 0.2933  -0.0503  0.1537  -0.0144  
FinIIILam -0.2586  0.0596  -0.2559  -0.5660  
ToeIVLam -0.2686  0.1622  -0.0659  -0.3483  

 

Table 4. The results of the PCA showing the variance, cumulative variance and 
character loadings for the first four principal components. These components were 
used as the input variables for the DAPC 
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DISCUSSION 

NON-MONOPHYLY OF LYGOSOMA S.L. AND PARAPHYLY OF LYGOSOMA S.S. AND MOCHLUS 

A stable taxonomy reflects evolutionary relationships of species and clades and thus 

continues to be of paramount importance for studies in biological science. Diverse fields, from 

ecology to development, rely on accurate species- and supra-specific-level identifications for 

their research (Mayr, 1976; Felsenstein, 1985; Winston, 1999; Wheeler, Raven & Wilson, 2004). 

Furthermore, taxonomy plays a critical role in biodiversity conservation and management, with 

agencies using recognized nomenclature for identification and classification of regional fauna, 

including rare and threatened species (e.g. CITES and IUCN; Kaiser et al., 2013; Groves et al., 

2017; IUCN-SSC Species Conservation Planning Sub-Committee, 2017). 

Figure 3. Principal components analysis of 14 characters for 25 species of Lygosoma s.l. with points 
given a different color and shape combination for each species. 
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Within supra-specific taxonomy, the genus category is included within the binomial name of 

a species, so while the genus category is not based inherently on biological criteria, it is an 

important communication tool in the name of a species, depicting relatedness between species 

Figure 4. A. Principal components analysis of 14 characters for 25 species of Lygosoma 
s.l. with points colored by phylogenetic clade. Ellipses around clusters are colored by 
clade and show the 95% boundary for each clade. B. Discriminant analysis of principal 
components based on the first four principal components obtained in our PCA analysis. 
Points and 95% inertia ellipses are colored by clade. 
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grouped within the same genus to the exclusion of other species that may be also closely related 

(Cain, 1956; Winston, 1999). Therefore, the genus reflects information about the evolutionary 

history of the species it composes. Inger (1958) proposed a definition of genera that uses 

ecological criteria to determine the species that fall within a genus, with “mode of life” (i.e. 

adaptive zone; Vences et al., 2013) as a major diagnostic character of the genus. However, this 

approach is problematic, especially for little-known clades, because it requires ecological 

knowledge of all species included within a genus and of closely related species excluded from 

the genus. Furthermore, congeners that live in sympatry may have undergone niche displacement 

(e.g. genus Brachymeles; Huron & Siler, unpubl. data), making the adaptive zone difficult to 

define empirically (Vences et al., 2013). Accordingly, the only current defining characteristic of 

a genus is that it represents a clade nested within a broader family-level clade. 

Among scincid lizards, a growing number of studies have shown that many taxonomic 

groupings are not supported as monophyletic (e.g. Amphiglossus [Whiting, Sites & Bauer, 2004]; 

Sphenomorphus [Linkem et al., 2011]; Anomalopus and Eulamprus [Skinner et al., 2013]; 

Trachylepis [Karin et al., 2016]; Afroablepharus [Medina et al., 2016]). These inconsistencies 

between historical nomenclature and hypothesized evolutionary relationships recovered through 

molecular datasets, necessitate revised genus-level classifications for taxonomic stability and for 

discussions of evolutionary patterns and processes within and among clades (Kaiser et al., 2013; 

Vences et al., 2013). 

Our concatenated, Bayesian Inference phylogenetic and coalescent-based species tree 

analyses reveal that Lygosoma s.l. is not monophyletic. Additionally, Lygosoma s.s. is 

paraphyletic, with both Mochlus and Lepidothyris nested within the genus, and the genus 

Mochlus is paraphyletic with Lepidothyris nested within the genus (Figs. 1–3). These results are 
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consistent across all analyses and unsurprisingly corroborate the findings of previous studies—

Datta-Roy et al. (2014) observed similar relationships between Lamprolepis and Lygosoma s.l., 

and Lygosoma s.s. and Mochlus in their study using the mtDNA genes 16S and 12S, albeit with 

low support at some of their deeper nodes. In our concatenated and coalescent-based analyses, 

Lygosoma s.s. Clade A, containing Lygosoma quadrupes, the type species of the genus, is 

supported as divergent from the other two major clades within Lygosoma s.s. (Figs. 1–3), again 

corroborating the results of Datta-Roy et al. (2014). 

Some differences between our concatenated and coalescent-based topologies are seen 

regarding the relationship between Lamprolepis smaragdina and Lygosoma s.l. In concatenated 

analyses, Lamprolepis smaragdina is recovered as part of Lygosoma s.l. with strong support 

(Fig. 1), although its position within Lygosoma s.l. is unresolved, which suggests that Lygosoma 

s.l. is paraphyletic with respect to Lamprolepis smaragdina. In contrast, the relationship between 

Lamprolepis smaragdina and Lygosoma s.l. is resolved fully in our coalescent-based species tree 

analyses, which recovered Lamprolepis smaragdina as the sister taxon to Clade A with strong 

support (Fig. 2). Although the finding of a paraphyletic Lygosoma s.l. with respect to 

Lamprolepis smaragdina is consistent with previous studies (Honda et al., 2000, 2003; Datta-

Roy et al., 2014), it is surprising nevertheless given the highly divergent life histories of the 

species in question: Lamprolepis smaragdina is a larger, more robust, bright-colored, arboreal 

skink, whereas most of the species in the genus Lygosoma are small, colored inconspicuously, 

and semi-fossorial (Greer, 1977; Das, 2010). In fact, Greer (1977) cited this ecological difference 

as clear evidence that the genera Lygosoma and Lamprolepis were not each other’s closest 

relatives. The differences in the relationship between Lamprolepis smaragdina and Lygosoma s.l. 

seen in our concatenated and coalescent-based analyses may be attributed to issues concerning 
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concatenated phylogenetic analyses, where the analysis of a concatenated dataset may result in 

misleading topologies in the presence of gene tree discordance (Degnan & Rosenberg, 2009; 

Linkem et al., 2016). We believe this may have contributed to the discrepancies between the two 

types of analyses, given the presence of some discordance between loci in our nuDNA dataset. 

The relationships of Clades B, C and D are resolved fully in our concatenated analyses but 

not in our coalescent-based analyses (Figs. 1, 2). In our concatenated analyses, Clades C and D 

are supported highly as sister, and together are recovered sister to Clade B. However, in 

coalescent-based analyses, the relationship between the three clades are not resolved, although 

they are still recovered together as distinct from Clade A with high support (Fig. 2). We suspect 

that incomplete taxonomic sampling across the radiation and low sample sizes for some rare or 

secretive species contributed to these results. To estimate the multispecies coalescent process for 

each gene, sequences from at least two individuals per lineage need to be included within the 

dataset (Heled & Drummond, 2010), which implies that increasing the taxonomic sampling per 

lineage will increase resolution of the species tree. Additionally, studies have shown that 

increased taxonomic sampling improves species tree accuracy (Hovmöller, Knowles & Kubatko, 

2013; Lambert et al., 2015). Unfortunately, these two issues could not be addressed fully at this 

time given the rarity or absence of tissues in collections for some focal taxa. However, as next-

generation sequencing techniques are quickly revolutionizing approaches to phylogenetic studies 

by providing datasets of thousands of loci at increasingly lower costs (Ekblom & Galindo, 2011), 

these datasets are becoming more common in skink population and phylogenetic research 

(Barley et al., 2015b; Brandley et al., 2015; Rittmeyer & Austin, 2015; Linkem et al., 2016; 

Bryson et al., 2017). These techniques have the power to resolve difficult intra- and interclade 
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relationships (e.g. Crawford et al., 2012; McCormack et al., 2012; Streicher & Wiens, 2017) and 

may be a promising tool for resolving the relationships among Clades B, C and D. 

 

CLADES ARE NOT DIFFERENTIATED BY MORPHOLOGY 

Researchers have struggled to find diagnostic characters for Lygosoma s.l., which has 

resulted in challenges to understanding the systematics of the group (Boulenger, 1887; Smith, 

1937a; Mittleman, 1952). As a result, species relationships have been in flux for almost two 

centuries, with species sometimes lumped together within a single genus (Boulenger, 1887), or 

split into multiple genera (Smith, 1937a; Mittleman, 1952). In performing multivariate analyses, 

we investigated whether combinations of characters commonly used in delimitating species and 

genera could differentiate Lygosoma s.l. species and clades in morphospace; however the results 

of our principal components analysis (PCA) and discriminant analysis of principal components 

(DAPC) underscore the historical difficulties in using morphology to classify Lygosoma s.l. 

skinks (Fig. 4), illustrating how traditional morphological approaches have largely failed in 

diagnosing clades with Lygosoma s.l. because of the large amount of morphological overlap 

between species in the group. Among species examined, our PCA results reveal transitions 

within Lygosoma s.l. between robust and elongated body forms, with species overlapping along a 

morphological gradient (Fig. 3). As a result, among the major clades, we find that none form 

distinct clusters in morphospace (Fig. 4A), although it appears that Clade A contains the most 

elongated species, followed by Clade D, and then by Clades B and C, with the highest amount of 

morphological overlap between Clades B, C, and D. Given our phylogenetic results which 

indicate that Clades B, C, and D together form a clade to the exclusion of Clade A, our 

observations of these clades having the highest amount of morphological overlap makes sense. 
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Our DAPC, which used the principal components from the PCA as descriptor variables, was 

conducted to compare within-clade variance to between-clade variance and revealed Clades B 

and C to have the highest amount of overlap and occupy more restricted areas of morphospace 

when compared with Clades A and D (Fig. 4B). Interestingly, Clade A seems the most distinct 

morphologically in the DAPC, with only two samples falling within the inertia ellipses of other 

clades, and only a single individual from another clade (Clade D) recovered within the Clade A 

inertia ellipse (Fig. 4B), which suggests that clade A comprises the most morphologically 

diagnosable species within Lygosoma s.l. However, this pattern may be driven by the large 

number of individuals of the Lygosoma quadrupes species complex in our morphological 

dataset, which have a highly derived body form in comparison to other species in Clade A and in 

Lygosoma s.l. (Greer, 1977), and it is likely that the inclusion of additional samples of other 

species in this clade (e.g. L. corpulentum, L. isodactylum) and from other clades, as well as the 

inclusion of additional species not currently included in our morphological dataset at all would 

temper this pattern. 

Four species are labeled as incertae sedis in our PCA analysis because they were not 

represented in our phylogenetic analyses. Among these, Lygosoma koratense from Southeast 

Asia appears to be morphologically most similar to species in Clade B and L. pembanum and L. 

tanae from Africa appear to be morphologically most similar to Clade C (Figs. 4, 5A). The 

remaining species, L. kinabatanganense, a large and robust species from Malaysia (Sabah, 

Borneo), does not fall within the morphological boundaries of any of the clades in our PCA. 

(Figs. 4, 5A). Interestingly, a previous phylogenetic study of Lygosoma s.l. suggested a close 

relationship between Lygosoma quadrupes and L. koratense (Honda et al., 2000), which was 

corroborated in subsequent studies using the same sequence data (Ziegler et al., 2007; Wagner et 
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al., 2009; Skinner et al., 2011 Pyron et al., 2013; Datta-Roy et al., 2014). Unfortunately, 

vouchered tissue samples of L. koratense were not available for this study. If the relationship of 

L. quadrupes and L. koratense holds true in future phylogenetic analyses, this would expand the 

extent of the occupied morphospace of Clade A, which currently includes only species that are 

more elongate, and thus would have interesting implications for the evolution of body form 

within the clade. 

The results of our PCA and DAPC analyses show that, like traditional morphological 

approaches based on external characters, multivariate approaches have largely failed to 

differentiate clades within Lygosoma s.l. While there exists variation in body form among 

species in the group, this appears to change along a morphological gradient that only partially 

conforms to phylogeny (Fig. 4A). However, there are two characters not included in our PCA 

and DAPC analyses that have been employed historically in Lygosoma s.l. systematics, which 

are worth discussing further because they may be of use to differentiating phylogenetic clades 

within Lygosoma s.l. These characters are the morphology of the secondary palate and the 

character state of the lower eyelid. Of these characters, the morphology of the secondary palate is 

the least controversial. Greer (1977) used the morphology of the secondary palate to unite L. 

quadrupes with Riopa, and he described all species of Riopa recognized at the time (31 species) 

as having processes that project from the posteromedial edge of the palatine bones which 

separate the two pterygoid bones. Interestingly, two character states of the secondary palate were 

noted within Lygosoma—an open state (pterygoids emarginated along their posterior edge) and a 

closed state (pterygoids not emarginated along their posterior edge), each of which correspond 

consistently with clades in our phylogenetic analyses (Figs. 1, 2; Greer, 1977). Greer (1977) 

listed all species found in our Clade B (with the exception of the recently described L. samajaya, 
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which he did not examine) and our Clade C (Mochlus + Lepidothyris) as having a closed palate, 

and listed all species found in our Clade A (with the exception of L. corpulentum, which he did 

not examine) and our Clade D (with the exception of L. vosmaerii, which he did not examine and 

L. punctatum which was variable) as having an open palate. The palate of L. koratense was listed 

as closed, again morphologically linking this species more closely with Clade B than Clade A. 

The morphology of the secondary palate has also been used to diagnose the genus Lamprolepis 

from Lygosoma s.l. (Greer, 1977). However, examination of written descriptions and drawings of 

the palate of Lamprolepis indicates that Lamprolepis smaragdina has posteromedial projecting 

processes separating the pterygoid bones (Greer, 1970b:fig. 1, 1977:Fig. 5), similar to although 

not as pronounced as the processes in Lygosoma s.l. Therefore, the morphology of the secondary 

palate is useful in diagnosing the larger Lygosoma s.l. group of clades, and may also be a useful 

descriptor variable for clades within Lyogosoma s.l. 

In contrast to the morphology of the secondary palate, the taxonomic utility of the lower 

eyelid character has been more controversial. Mittleman (1952) proposed the state of the lower 

eyelid, which has been defined broadly as either scaly or with a transparent window, as a 

diagnostic character separating groups, and he relied exclusively on eyelid state to split Mochlus 

from Riopa. Subsequent authors have disagreed with the taxonomic value of this character 

(Broadley, 1966; Greer, 1974, 1977), arguing that the character is highly variable within clades. 

Nevertheless, several recent skink taxonomic studies have mentioned the state of the lower 

eyelid as part of the combinations of diagnostic characters for some skink genera descriptions 

(Euprepis and Eutropis [Mausfeld & Schmitz, 2003]; Brachymeles [Siler et al., 2011]; Heremites 

and Toenayar [Karin et al., 2016]), although the presence of both states within the genus 

Scincella was noted by Linkem et al. (2011). In our study, the state of the lower eyelid does not 
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appear to be consistent within our clades, with the exception of Clade A in which all our sampled 

members have a scaly lower eyelid. Instead, the lower eyelid character state appears to be highly 

variable between species and may also exhibit intraspecific variation. Within Clade B, four of the 

five sampled species have a scaly lower eyelid; the exception being L. pruthi, which has a 

transparent disc on its lower eyelid (Sharma, 1977). In Clade C, all sampled species have a scaly 

lower eyelid, with the possible exception of M. guineensis. In the original description, M. 

guineensis was recorded as having a lower eyelid with a transparent disc (Peters, 1879); 

however, the eyelid state was revised subsequently as scaly by Greer (1977). Additionally, four 

species from Africa that we lack genetic data for but include provisionally in Clade C (M. 

laeviceps, M. mabuiiformis, M. simonettai, and M. tanae; see justification in our taxonomic 

revision section), also were described originally as having a lower eyelid with a transparent disc 

(Peters, 1874; Loveridge, 1935; Lanza 1979). One of these lineages, M. laeviceps, later was 

reclassified as having a scaly lower eyelid (Greer, 1977). In Clade D, all of our sampled species 

have a transparent lower eyelid; however, there is a record of one specimen of L. albopunctatum 

from Sarbhog, Assam, India in the Indian Museum, Kolkata that possesses a lower eyelid with a 

transparent window on its right side and a scaly lower eyelid on its left side (Hora, 1927). 

Additionally, L. lineolatum was described originally as having a scaly lower eyelid (Stoliczka, 

1870), but Smith (1935) reclassified the species as having a transparent disc in its lower eyelid. 

Nevertheless, several Lygosoma sp. individuals from Myanmar appear to have a scaly lower 

eyelid (ESF, unpubl. data), suggesting that the lower eyelid state is variable in Clade D. 

Therefore, unlike the morphology of the secondary palate, the lower eyelid character state seems 

to be inconsistent across most clades of Lygosoma s.l. and not useful for clade-level diagnosis.  
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A REVISED CLASSIFICATION OF LYGOSOMA S.L. 

OVERVIEW 

Currently, Lygosoma s.l. comprises 49 nominal 

species: 33 species in the genus Lygosoma s.s., 13 species 

in the genus Mochlus, and three species in the genus 

Lepidothyris. Of these 49 species, we were able to 

include 22 in our phylogenetic analyses, representing all 

three genera, for the most complete assessment of the 

radiation to date. The results of our phylogenetic analyses 

suggest that Lygosoma s.s. does not form a monophyletic 

group with respect to the other genera in Lygosoma s.l.—

Lepidothyris Cope 1892 and Mochlus Günther 1864a, 

and the genus Lamprolepis Fitzinger 1842. Instead, 

Lygosoma s.s.is separated into three clades, one 

comprising elongate-bodied species from Southeast Asia, 

Indonesia and the Philippines (Clade A), one comprising 

the widespread species L. bowringii and other small, 

stouter-bodied species from India and Southeast Asia, 

Indonesia, the Philippines, and Christmas Island (Clade 

B), and one comprising species from India and Southeast 

Asia (Clade D). Additionally, we do not recover Mochlus as monophyletic, with our results 

suggesting it is paraphyletic with respect to Lepidothyris. Given these results, we propose several 

taxonomic changes to this group (Fig. 5). First, we redefine the genus Lygosoma to include only 

Figure 5. Phylogenetic tree showing the 
revised taxonomy of Lygosoma s.l. The 
topology is based on the species-tree 
topology (see Figure 2). Support values are 
not shown. Species’ names shown in bold 
with asterisks above branches represent 
the type species for that genus. 
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Clade A, comprising the type species Lygosoma quadrupes, and other elongate-bodied taxa. 

Second, we resurrect the genus Riopa for Clade D, comprising the type species Riopa punctata 

and other species from India and Southeast Asia. Third, we synonymize the genus Lepidothyris 

with Mochlus. Last, we describe a new genus, Subdoluseps gen. nov. for Clade B, comprising 

the type species S. bowringii and additional species distributed across India, Southeast Asia, 

Indonesia, the Philippines and Christmas Island. We recognize that our taxonomic sampling is 

incomplete considering the large diversity of species that are recognized currently in the genus 

Lygosoma, and we therefore advocate for continued efforts to voucher and include more 

recognized diversity in future studies to better understand the diversity, distribution and 

boundaries of this unique radiation of Old World scincid lizards. 

 

GENUS LYGOSOMA HARDWICKE & GRAY 1827:228 

Type species 

Lacerta serpens Bloch 1776 = Anguis quadrupes Linnaeus 1766 (Smith, 1935) by monotypy. 

Podophis Wiegmann 1834:11. Type species Anguis quadrupes Linnaeus 1766 by monotypy. 

Eumeces: Günther 1864b:84. Part, not Eumeces Wiegmann 1834. 

Riopa: Smith 1935:312. Part, not Riopa Gray 1839. 

Mochlus: Mittleman 1952:9. Part, not Mochlus Günther 1864a. 

Squamicilia Mittleman 1952:9. Type species Eumeces isodactylus Günther 1864b by original 

designation. 

 

Diagnosis 
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Lygosoma can be identified by the following combination of characters: (1) Body size small to 

large (SVL 49–168 mm); (2) trunk moderately elongate to elongate (AGD 58–93% SVL); (3) 

digits short (FinIIILam 4–9, ToeIVLam 5–13); (4) MBSRC 25–38; (5) PVSRC 84–123; (6) 

lower eyelid scaly; (7) supranasal scales in contact medially or not in contact medially, usually 

fully- or partially fused with nasals; (8) prefrontals not in contact medially; (9) frontoparietal 

single or paired; (10) parietals in contact medially posterior to interparietal; (11) enlarged nuchal 

scales present or absent; and (12) palatine bones with posteriomedially projecting processes, 

pterygoids emarginated along posterior edge. 

 

Phylogenetic definition 

This genus comprises species that share a more recent common ancestor with L. quadrupes than 

with Subdoluseps bowringii, Lamprolepis smaragdina, Mochlus sundevallii, or Riopa punctata. 

 

Content 

L. quadrupes, L. corpulentum Smith 1921, L. isodactylum (Günther 1864b) L. siamense Siler, 

Heitz, Davis, Freitas, Aowphol, Termprrayoon & Grismer 2018 and L. tabonorum Heitz, 

Diesmos, Freitas, Ellsworth, Grismer, Aowphol, Brown & Siler 2016.  

 

Comments 

The suggested common name for this genus is Southeast Asian Writhing Skinks. Lygosoma 

means “writhing body” in Greek (lygos=writhe, soma=body). Linnaeus (1766) provided the 

earliest description of the type species of the genus, Anguis quadrupes and, due to its extremely 

elongate body and diminutive legs, mistook it for a member of the order Serpentes (snakes). Ten 
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years later, Bloch (1776) re-described the species as the lizard Lacerta serpens from two 

specimens, one of which (ZMB 1276) is a syntype of the species and the oldest herpetological 

specimen in the Zoological Museum of Berlin (Bauer & Günther, 2006). Later, Hardwicke & 

Gray (1827) described the genus Lygosoma for Lacerta serpens, mistakenly mentioning that the 

species was not the same as Anguis quadrupes, and consequently, the epithet quadrupes was not 

associated with the genus until serpens was synonymized with quadrupes by Smith (1935). 

Species included within Lygosoma display considerable variation in gross body size and 

shape. The smallest species included currently in the genus is L. siamense, which has an adult 

SVL of 49–79 mm, compared to the largest species, L. corpulentum, with an adult SVL of up to 

168 mm (although this measurement is only based on a single specimen). Additionally, species 

differ in the degree of trunk elongation, with species in the L. quadrupes species complex (L 

quadrupes, L. siamense, and L. tabonorum) being more elongate (AGD/SVL = 62.0–93.3%) 

when compared with other species such as L. corpulentum (AGD/SVL = 57.7%). Additional 

phylogenetic studies of morphological diversity and body form evolution are warranted for this 

group. 

Due to the lack of tissues samples in museum collections, we were not able to sample a large 

number of species from Southeast Asia recognized currently in the genus Lygosoma, including: 

L. angeli (Smith 1937b), L. bampfyldei Bartlett 1894, L. boehmei Ziegler, Schmitz, Heidrich, Vu 

& Nguyen 2007, L. haroldyoungi (Taylor 1962), L. kinabatanganense Grismer, Quah, 

Duzulkafly & Yambun 2018, L. koratense Smith 1917, L. opisthorhodum Werner 1910, L. 

peninsulare Grismer, Quah, Duzulkafly & Yambun 2018, L. schneideri Werner 1900, L. singha 

(Taylor 1950) and L. veunsaiense Geissler, Hartmann & Neang 2012. To avoid introducing 

additional taxonomic instability from speculating on their phylogenetic affinities, we treat these 
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species as incertae sedis and hope that future studies on the phylogenetics of this group will 

include samples of these taxa to elucidate their relationships to other species in Lygosoma s.l. We 

also did not include the species L. siamense in our phylogeny because the only available 

sequence was a portion of the 16S gene on GenBank; however, this species has been shown to be 

the sister taxon to the clade comprising L. quadrupes + L. siamense (Siler et al., 2018), and so we 

consider it to be definitively a member of Lygosoma. 

 

GENUS MOCHLUS GÜNTHER 1864a:308 

Type species 

Mochlus punctulatus = Eumeces afer Peters 1854 (Barboza du Bocage 1867) = Eumeces 

sundevallii (Eumices [sic] sunderallii [sic]) Smith 1849 (Freitas et al., 2018) by monotypy. 

Tiliqua: Burton 1836:62. Not Tiliqua Gray 1825. 

Sepacontias Günther 1880:235. Type species Sepacontias modestus Günther 1880 = Mochlus 

sundevallii (Freitas et al., 2018) by monotypy. 

Euprepes [sic]: Vaillant 1884:169. Part, not Euprepis Wagler 1830. 

Lygosoma: Boulenger 1887:209. Part, not Lygosoma Hardwick & Gray 1827. 

Lepidothyris Cope 1892:233. Type species Tiliqua fernandi Burton 1836 by subsequent 

designation (Cope, 1900). 

Riopa: Smith 1935:312. Part, not Riopa Gray 1839. 

 

Diagnosis 

Mochlus can be identified by the following combination of characters: (1) Body size medium to 

large (SVL 55–166 mm); (2) trunk moderately elongate to elongate (AGD 44–83% SVL); (3) 
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digits short to long (FinIIILam 6–10, ToeIVLam 9–17); (4) MBSRC 24–38; (5) PVSRC 60–78; 

(6) lower eyelid scaly or with a transparent disc; (7) supranasal scales in contact medially, 

occasionally fused or partially fused with nasals; (8) prefrontals not in contact medially, 

occasionally fused with frontonasal; (9) frontoparietal paired; (10) parietals in contact medially 

posterior to interparietal; (11) enlarged nuchal scales present or absent; and (12) palatine bones 

with posteriomedially projecting processes, pterygoids rounded along posterior edge. 

 

Phylogenetic definition 

This genus comprises species that share a more recent common ancestor with M. sundevallii than 

with Riopa punctata, Subdoluseps bowringii, Lygosoma quadrupes and Lamprolepis 

smaragdina. 

 

Content 

M. sundevallii, M. brevicaudis (Greer, Grandison & Barbault 1985), M. fernandi (Burton 1836), 

M. guineensis (Peters 1879), M. hinkeli (Wagner, Böhme, Pauwels & Schmitz 2009) and M. 

striatus (Hallowell 1854). 

 

Comments 

The suggested common name for this genus is African Supple Skinks. Studies of other 

African—Southeast Asian radiations have suggested that African species comprise a single 

radiation within the continent (Mausfeld et al., 2000; Fabre et al., 2012; Oliver et al., 2015; Karin 

et al., 2016). However, without greater taxonomic sampling of African species, we cannot 

corroborate this hypothesis for African species in Lygosoma s.l. The majority of Lygosoma s.l. 
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species in Africa lack tissues samples in museum collections and have never been included in 

phylogenetic studies. Therefore, we were unable to include them definitively in the genus 

Mochlus at this time. These species are: M. grandisonianus Lanza & Carfi, 1966, M. laeviceps 

(Peters 1874), M. lanceolatus (Broadley 1994), M. mabuiiformis (Loveridge 1935), M. mafianus 

(Broadley 1994), M. mocquardi (Chabanaud 1917), M. paedocarinatus Lanza & Carfi 1968, M. 

pembanus (Boettger 1913), M. productus (Boulenger 1909), M. simonettai (Lanza 1979), M. 

somalicus (Parker 1942), M. tanae (Loveridge 1935) and M. vinciguerrae (Parker 1932). Two of 

these species, M. pembanus and M. tanae were included in our morphological dataset and 

appeared to occupy a similar area of morphospace as species in Mochlus; however, given the 

large amount of overlap of clades in morphospace, their morphological affinities are not strong 

evidence alone for their placement in Mochlus. Alternatively, Greer (1977:527) suggested that 

M. tanae and another African species, M. mabuiiformis, were more closely related to Southeast 

Asian species than to other African species based on a combination of discrete character traits: 

open secondary palate, lower eyelid with a transparent disc, presence of pterygoid teeth, paired 

frontoparietal scales, distinct supranasal scales, and prentadactly digits. However, combinations 

of these states are shared across all Lygosoma s.l. and are not unique to a single clade, and some 

of these characters may represent convergence instead of phylogenetic relatedness. Additionally, 

Perret and Wuest (1983) examined the scale microstructure of M. guineensis, M. mabuiiformis, 

and M. fernandi, and found that they were all very similar, which may suggest that M. 

mabuiiformis is more closely related to African species than Asian species in Lygosoma s.l. 

Therefore, biogeography and morphology do not help us resolve the placement of these 13 

African species, and so we treat them as incertae sedis and hope that future studies will elucidate 

their phylogenetic position. Two African species, M. hinkeli and M. striatus have been included 
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in a recent phylogenetic study (Wagner et al., 2009) and were shown to form a clade with M. 

fernandi. Therefore, we treat these species definitively as members of Mochlus.  

 

GENUS RIOPA GRAY 1839:332 

Type species 

Riopa punctata = Lacerta punctata Linnaeus 1758 (Gray, 1845) by subsequent designation 

(Smith, 1935). 

Chiamela Gray 1839:332. Type species Chiamela lineata Gray 1839 by subsequent 

designation (Gray, 1845). 

Hagria Gray 1839:333.Type species Hagria vosmaerii Gray 1839 by monotypy. 

Campsodactylus Dumeríl & Bibron 1839:761.Type species Campsodactylus lamarrei 

Dumeríl & Bibron 1839 = Hagria vosmaerii Gray 1839 by monotypy. 

Sphenosoma Fitzinger 1843:23. Type species Eumeces punctatus Weigmann 1834 = Lacerta 

punctata Linnaeus 1758 by original designation. 

Eumeces: Günther 1864b:84. Part, not Eumeces Wiegmann 1834. 

Lygosoma: Boulenger 1887:209. Part, not Lygosoma Hardwicke & Gray 1827. 

 

Diagnosis 

Riopa can be identified by the following combination of characters: (1) body size small to 

medium (SVL 35–96 mm); (2) trunk moderately elongate (AGD 55–75% SVL); (3) digits short 

to long (FinIIILam 5–11, ToeIVLam 6–16); (4) MBSRC 19–30; (5) PVSRC 70–115; (6) lower 

eyelid scaly or with a transparent disc; (7) supranasal scales in contact medially, occasionally 

barely touching; (8) prefrontals not in contact medially; (9) frontoparietal single or paired; (10) 
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parietals in contact behind interparietal; (11) enlarged nuchal scales usually present, occasionally 

absent; and (12) palatine bones with posteriomedially projecting processes, pterygoids 

emarginated along posterior edge or occasionally rounded. 

 

Phylogenetic definition 

This genus comprises the species that share a more recent common ancestor with Riopa punctata 

than with Mochlus sundevallii, Subdoluseps bowringii, Lygosoma quadrupes and Lamprolepis 

smaragdina. 

 

Content 

R. punctata, R. albopunctata Gray 1846, R. anguina Theobald 1867, R. goaensis Sharma 1976, 

R. guentheri (Peters 1879), R. lineata (Gray 1839), R. lineolata Stoliczka 1870, R. popae Shreve 

1940, and R. vosmaerii (Gray 1839). 

 

Comments 

Our suggested common name for this clade is Asian Gracile Skinks. The species Lacerta 

punctata, described by Linnaeus (1758), referred to an illustration by Seba (1735: pl. II, fig. IX,) 

and two specimens housed in the Swedish Museum of Natural History (NRM 135). However, it 

was later discovered that the illustration and the specimens represented two different species. 

Although the majority of publications used Lacerta punctata to refer to the elongate Indian 

species now recognized as Riopa punctata, several publications used it to refer to the species 

now recognized as Trachylepis homalocephala. This led to confusion with the identity of 

Lacerta punctata, as the name was applied to the type species of two separate genera—Riopa 
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and Euprepis Wagler 1830 (reviewed in Bauer, 2003). Bauer (2003) fixed the name Lacerta 

punctata to Seba’s drawings, choosing the illustration of the male as the lectotype. 

 

GENUS SUBDOLUSEPS GEN. NOV. 

Type species 

Eumeces bowringii Günther 1864b. 

Eumeces: Günther 1864b:84. Part, not Eumeces Wiegmann 1834. 

Lygosoma: Boulenger 1887:209. Part, not Lygosoma Hardwicke & Gray 1827. 

Riopa: Smith 1935:312. Part, not Riopa Gray 1839. 

Mochlus: Mittleman 1952:9. Part, not Mochlus Günther 1864a. 

 

Diagnosis 

Subdoluseps can be identified by the following combination of characters: (1) body size small 

(SVL 35–70 mm); (2) trunk moderately elongate (AGD 42–69% SVL); (3) digits medium to 

long (FinIIILam 7–12, ToeIVLam 11–16); (4) MBSRC 26–34; (5) PVSRC 50–69; (6) lower 

eyelid scaly or with a transparent disc; (7) supranasal scales in contact medially or not in contact 

medially; (8) prefrontals not in contact medially; (9) frontoparietal single or paired; (10) parietals 

in contact behind interparietal; (11) enlarged nuchal scales present or absent; and (12) palatine 

bones with posteriomedially projecting processes, pterygoids rounded along posterior edge. 

 

Phylogenetic definition 
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This genus comprises the species that share a more recent common ancestor with S. bowringii 

than with Riopa punctata, Mochlus sundevallii, Lygosoma quadrupes and Lamprolepis 

smaragdina. 

 

Content 

S. bowringii, S. frontoparietalis (Taylor 1962), S. herberti (Smith 1916), S. pruthi (Sharma 

1977), and S. samajaya (Karin, Freitas, Shonleben, Bauer & Das 2018). 

 

Etymology 

From the Latin word “Subdolus” which means crafty or slippery and the Greek word “Seps” 

which means a snake-like animal and has been used previously as a genus name for skinks. This 

name describes the quickness of these skinks in the wild. The name is masculine. The suggested 

common name for this genus is Asian Agile Skinks. 

 

CONCLUSIONS 

Having a stable taxonomy to communicate about biodiversity is crucial for both scientific study 

and conservation management (Mayr, 1976; Felsenstein, 1985; Winston, 1999; Wheeler et al., 

2004; Kaiser et al., 2013; Groves et al., 2017; IUCN-SSC Species Conservation Planning Sub-

Committee, 2017). As molecular methods and phylogenetic analyses have improved, 

phylogenetic studies have contributed greatly to our growing understanding of global skink 

biodiversity. Over the last decade alone, five new scincid genera have been described 

(Pinoyscincus and Tythoscincus [Linkem et al., 2011], Toenayar [Karin et al. 2016], Brachyseps 

and Flexiseps [Erens et al., 2017]) to better reflect the evolutionary history of the family. Given 
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that species in Lygosoma s.l. are distributed across six of the 25 global biodiversity hotspots 

(Myers et al., 2000), classifying the biodiversity in this group is critical to discussions of skink 

diversity in these imperiled regions. Here, using the most comprehensive taxonomic sampling 

available, we have employed concatenated, coalescent-based and multivariate morphological 

analyses to illustrate the need for a revised classification of Lygosoma s.l. Therefore, we modify 

the taxonomy of Lygosoma s.l. to reflect our phylogenetic results, splitting the group into four 

genera—Lygosoma, Mochlus, Riopa, and Subdoluseps. Our revised classification can be used to 

more accurately assess lygosomine skink biodiversity including diversification rates and 

biogeographic and trait evolution patterns within and between clades in Lygosoma s.l. 
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SUPPLEMENTARY MATERIAL 

 

 

Species 
Museum 

No. Country CMOS FSTL5 PRLR PTGER4 R35 RAG1 SNCAIP ND1 16S 
Lygosoma 
corpulentum 

LSUHC 

9321 Cambodia --- MK409433 MK409453 HQ907531 HQ907638 MK409538 MK409565 HQ907329 --- 
Lygosoma 
isodactylum 

FMNH 

262154 Vietnam MK409390 MK409422 MK409444 --- MK409500 --- MK409554 MK409589 MK414547 

Lygosoma 
quadrupes ENS 13639 Indonesia MK409409 MK409438 --- MK409489 KX774339 MK409543 MK409572 KX774344 MG367368 

Lygosoma 
tabonorum PNM 9820 Philippines MK409400 MK409432 --- MK409484 KX774338 MK409537 MK409564 KX774343 MK414557 

Lygosoma 
tabonorum PNM 9821 Philippines MK409399 MK409431 --- MK409483 PNM 9821 MK409536 MK409563 KX774340 MG367367 

Mochlus 
brevicaudis 

MVZ 

249721 Ghana MK409389 MK409421 HM160878 MK409474 HM161064 HM161159 HM161256 HM160781 MK414546 

Mochlus 
fernandi PEM R5370 Gabon MK409403 --- --- --- MK409512 MH129994 --- MK409601 --- 
Mochlus 
fernandi PEM R5444 Gabon MK409404 --- MK409455 MK409487 MK409513 MH129995 MK409568 MK409602 MK414560 

Mochlus 
guineensis 

MVZ 

252551 Ghana MK409391 MK409423 MK409445 MK409475 MK409501 MK409528 MK409555 MK409590 MK414548 

Mochlus 
guineensis 

MVZ 

252556 Ghana MK409392 MK409424 MK409446 MK409476 MK409502 MK409529 MK409556 MK409591 MK414549 

Mochlus 
sundevallii CAS 209609 South Africa MK409407 --- --- --- MK409515 MH130003 --- MK409604 MK414561 

Mochlus 
sundevallii UTEP 21777 

Democratic 

Republic of 

Congo MK409386 MK409418 MK409441 --- MK409497 MH130034 MK409551 MK409586 MK414543 

Mochlus 
sundevallii UTEP 21778 

Democratic 

Republic of 

Congo MK409398 --- --- --- MK409507 MH130033 --- MK409596 MK414555 

Mochlus 
sundevallii 

WCDNA 

1077: no 

voucher Mozambique MK409408 --- MK409458 --- MK409516 MH130041 MK409571 MK409605 MK414562 

Riopa 
albopunctata CES 14/823 India --- --- MK409466 --- --- MK409544 MK409580 MK409620 MK414540 

Table S1. Table showing the taxonomic and genetic sampling for this study. Museum voucher numbers and country of origin for each sample and 
GenBank numbers for each gene are listed in the columns. 
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Riopa anguina CAS 223228 Myanmar MK409393 MK409425 MK409447 MK409477 MK409503 MK409530 MK409557 MK409592 MK414550 

Riopa anguina CAS 230414 Myanmar MK409395 MK409427 MK409449 MK409479 MK409505 MK409532 MK409559 MK409594 MK414552 

Riopa goaensis BNHS 1966 India --- --- MK409467 --- --- MK409545 MK409581 MK409619 KF577802 

Riopa guentheri CES 13/802 India --- --- MK409468 --- --- MK409546 MK409582 MK409621 MK414541 

Riopa lineata CES 13/805 India --- --- MK409469 --- --- MK409547 MK409583 MK409615 MK414542 

Riopa lineolata CAS 213615 Myanmar MK409396 MK409428 MK409450 MK409480 MK409506 MK409533 MK409560 MK409595 MK414553 

Riopa lineolata CAS 240673 Myanmar --- MK409430 MK409452 MK409482 MK409508 MK409535 MK409562 MK409597 

 

MK414556 

Riopa popae CAS 231327 Myanmar MK409397 MK409429 MK409451 MK409481 MF981875 MK409534 MK409561 MF981878 MK414554 

Riopa popae CAS 239204 Myanmar  MK409394 MK409426 MK409448 MK409478 MK409504 MK409531 MK409558 MK409593 MK414551 

Riopa punctata CES 14/811 India --- --- MK409471 --- --- MK409549 --- MK409616 MK414573 

Riopa 
vosmaerii BNHS 1975 India --- --- MK409472 --- --- MK409550 MK409585 MK409618 KF577803 

Subdoluseps 
bowringii 

FMNH 

261839 Cambodia MK409387 MK409419 MK409442 MK409473 MK409498 MK409526 MK409552 MK409587 MK414544 

Subdoluseps 
bowringii 

LSUHC 

7993 Malaysia MK409388 MK409420 MK409443 --- MK409499 MK409527 MK409553 MK409588 

 

MK414545 

Subdoluseps 
frontoparietalis ZMKU R705 Thailand MK409401 MK409434 --- MK409485 MK409509 MK409539 MK409566 MK409598 MK414558 

Subdoluseps 
frontoparietalis ZMKU R707 Thailand MK409402 MK409435 MK409454 MK409486 MK409510 --- MK409567 MK409599 MK414559 

Subdoluseps 
herberti 

LSUHC 

10995 Malaysia --- --- --- --- MK409511 MK409540 --- MK409600 MG020472 

Subdoluseps 
herberti 

LSUHC 

12098 Malaysia MK409405 MK409436 MK409456 --- MK409514 MK409541 MK409569 MK409603 MG020473 

Subdoluseps 
pruthi CES 09/905 India --- --- MK409470 --- --- MK409548 MK409584 MK409617 MK414572 

Subdoluseps 
samajaya CAS 259777 Malaysia MK409406 MK409437 MK409457 MK409488 MF981876 MK409542 MK409570 MF981879 MG020475 

Eutropis 
multifasciata KU 337427 Philippines MK409412 MK409439 MK409460 MK409491 MK409520 --- MK409574 MK409609 MK414566 

Lamprolepis 
smaragdina KU 337729 Philippines MK409415 --- MK409463 MK409494 MK409523 --- MK409577 MK409612 MK414569 

Lamprolepis 
smaragdina KU 337740 Philippines MK409416 MK409440 MK409464 MK409495 MK409524 --- MK409578 MK409613 MK414570 

Larutia sp. ENS 16755 Indonesia MK409410 --- MK409459 MK409490 MK409517 --- MK409573 MK409606 MK414563 



	

 
83 

Lipinia 
pulchella 

THNC 

56379 Philippines --- --- --- --- MK409518 --- --- MK409607 MK414564 

Otosaurus 
cumingi KU 338082 Philippines MK409413 --- MK409461 MK409492 MK409521 --- MK409575 MK409610 MK414567 

Pinoyscincus 
jagori KU 338232 Philippines MK409417 --- MK409465 MK409496 MK409525 --- MK409579 MK409614 MK414571 

Plestiodon 
fasciatus KU 289463 United States MK409411 --- --- --- MK409519 --- --- MK409608 MK414565 

Sphenomorphus 
fasciatus KU 338668 Philippines MK409414 --- MK409462 MK409493 MK409522 --- MK409576 MK409611 MK414568 

 

 

 

 

Species 
Museum 

No. 
Country: 

Island 
Lygosoma 
corpulentum 

FMNH 

213927 Thailand 

Lygosoma 
isodactylum 

FMNH 

177678 Thailand 

Lygosoma 
kinabatanganense 

FMNH 

76226 

Malaysia: 

Borneo 

Lygosoma koratense 
FMNH 

177656 Thailand 

Lygosoma koratense 
USNM 

81879 Thailand 

Lygosoma quadrupes 
FMNH 

122264 

Indonesia: 

Java 

Lygosoma quadrupes 
FMNH 

261866 Cambodia 

Lygosoma quadrupes 
MCZ 

25209 Vietnam 

Lygosoma quadrupes 
MCZ 

39278 Cambodia 

Lygosoma quadrupes MCZ 7667 

Indonesia: 

Java 

Lygosoma quadrupes 
USNM 

29414 

Indonesia: 

Java 

Lygosoma quadrupes 
USNM 

43257 

Indonesia: 

Java 

Table S2. Table showing the museum 
number (or collector number when the 
museum number was not available) and 
country of origin for each specimen in 
our morphological dataset. 



	

 
84 

Lygosoma quadrupes 
USNM 

43578 

Indonesia: 

Java 

Lygosoma quadrupes 
USNM 

43677 

Indonesia: 

Java 

Lygosoma quadrupes 
USNM 

43780 

Indonesia: 

Java 

Lygosoma siamense 
FMNH 

152332 Thailand 

Lygosoma siamense 
FMNH 

171438 Thailand  

Lygosoma siamense 
FMNH 

176979 Thailand  

Lygosoma siamense 
FMNH 

176980 Thailand 

Lygosoma siamense 
FMNH 

177491 Thailand 

Lygosoma siamense 
FMNH 

177492 Thailand 

Lygosoma siamense 
FMNH 

177495 Thailand 

Lygosoma siamense 
FMNH 

177496 Thailand 

Lygosoma siamense 
FMNH 

177497 Thailand 

Lygosoma siamense 
FMNH 

177502 Thailand 

Lygosoma siamense 
FMNH 

177503 Thailand 

Lygosoma siamense 
FMNH 

177505 Thailand 

Lygosoma siamense 
FMNH 

177506 Thailand 

Lygosoma siamense 
FMNH 

177508 Thailand 

Lygosoma siamense 
FMNH 

177509 Thailand 

Lygosoma siamense 
FMNH 

181084 Thailand 

Lygosoma siamense 
MCZ 

39279 Thailand 

Lygosoma siamense 
MCZ 

39280 Thailand 

Lygosoma siamense 
MCZ 

39281 Thailand 

Lygosoma tabonorum ACD 7365 

Philippines: 

Palawan 

Lygosoma tabonorum ACD 7366 

Philippines: 

Palawan 

Lygosoma tabonorum 
CAS 

152030 

Philippines: 

Cuyo 
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Lygosoma tabonorum 
CAS 

152032 

Philippines: 

Cuyo 

Lygosoma tabonorum 
CAS 

157345 

Philippines: 

Palawan 

Lygosoma tabonorum 
CAS 

28465 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

183651 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26514 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26515 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26521 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26523 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26524 

Philippines: 

Palawan 

Lygosoma tabonorum 
MCZ 

26525 

Philippines: 

Palawan 

Lygosoma tabonorum PNM 9820 

Philippines: 

Palawan 

Lygosoma tabonorum PNM 9821 

Philippines: 

Palawan 

Mochlus brevicaudis 
CAS 

136150 Ghana 

Mochlus brevicaudis 
CAS 

97523 Ghana 

Mochlus brevicaudis 
CAS 

97524 Ghana 

Mochlus brevicaudis 
MVZ 

249721 Ghana 

Mochlus pembanus 
CAS 

154565 Kenya 

Mochlus pembanus 
CAS 

154566 Kenya 

Mochlus pembanus 
CAS 

160957 Kenya 

Mochlus pembanus 
CAS 

160958 Kenya 

Mochlus pembanus 
CAS 

160959 Kenya 

Mochlus sundevallii 
CAS 

111823 Kenya 

Mochlus sundevallii 
CAS 

129752 Kenya 

Mochlus sundevallii 
CAS 

140243 Kenya 

Mochlus sundevallii 
CAS 

141515 Kenya 
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Mochlus sundevallii 
CAS 

147900 Kenya 

Mochlus sundevallii 
CAS 

148254 Somalia 

Mochlus sundevallii 
CAS 

148262 Somalia 

Mochlus sundevallii 
CAS 

148265 Somalia 

Mochlus sundevallii 
CAS 

148280 Somalia 

Mochlus sundevallii 
CAS 

148282 Somalia 

Mochlus sundevallii 
CAS 

153215 Kenya 

Mochlus sundevallii 
CAS 

154773 Kenya 

Mochlus sundevallii 
CAS 

161353 Tanzania 

Mochlus sundevallii 
CAS 

164458 Tanzania 

Mochlus sundevallii 
CAS 

165559 Kenya 

Mochlus sundevallii 
CAS 

173808 Tanzania 

Mochlus sundevallii 
CAS 

175604 Namibia 

Mochlus sundevallii 
CAS 

225113 Tanzania 

Mochlus sundevallii 
CAS 

227754 Tanzania 

Mochlus sundevallii 
CAS 

234120 South Africa 

Mochlus sundevallii 
CAS 

85750 Kenya 

Mochlus sundevallii 
FMNH 

12308 Tanzania 

Mochlus sundevallii 
FMNH 

142802 Zambia 

Mochlus sundevallii 
FMNH 

142803 Zambia 

Mochlus sundevallii 
FMNH 

168835 

Democratic 

Republic of 

Congo 

Mochlus sundevallii 
FMNH 

17248 Zimbabwe 

Mochlus sundevallii 
FMNH 

17260 Botswana 

Mochlus sundevallii 
FMNH 

17261 Botswana 
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Mochlus sundevallii 
FMNH 

190713 Mozambique 

Mochlus sundevallii 
FMNH 

190716 Mozambique 

Mochlus sundevallii 
FMNH 

195938 Mozambique 

Mochlus sundevallii 
FMNH 

255925 Tanzania 

Mochlus sundevallii 
FMNH 

64526 Namibia 

Mochlus sundevallii 
FMNH 

6565 Kenya 

Mochlus sundevallii 
FMNH 

65845 Namibia 

Mochlus sundevallii 
FMNH 

78159 Tanzania 

Mochlus sundevallii 
MCZ 

144868 Botswana 

Mochlus sundevallii 
MCZ 

144869 Botswana 

Mochlus sundevallii 
MCZ 

144870 Botswana 

Mochlus sundevallii 
MCZ 

18336 Mozambique 

Mochlus sundevallii 
MCZ 

18337 Mozambique 

Mochlus sundevallii 
MCZ 

24200 Tanzania 

Mochlus sundevallii 
MCZ 

31008 Kenya 

Mochlus sundevallii 
MCZ 

31011 Tanzania 

Mochlus sundevallii 
MCZ 

31013 Tanzania 

Mochlus sundevallii 
MCZ 

31014 Tanzania 

Mochlus sundevallii 
MCZ 

31020 Tanzania 

Mochlus sundevallii 
MCZ 

31022 Tanzania 

Mochlus sundevallii 
MCZ 

31031 Tanzania 

Mochlus sundevallii 
MCZ 

65156 South Africa 

Mochlus tanae 
FMNH 

255923 Tanzania 

Mochlus tanae 
FMNH 

255924 Tanzania 

Riopa albopunctata 
CES 

14/823 India 
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Riopa albopunctata 
FMNH 

152402 India 

Riopa albopunctata 
FMNH 

60662 India 

Riopa albopunctata 
FMNH 

74942 India 

Riopa albopunctata 
FMNH 

82911 Bangladesh 

Riopa anguina 
CAS 

206645 Myanmar 

Riopa anguina 
CAS 

206646 Myanmar 

Riopa anguina 
CAS 

206647 Myanmar 

Riopa anguina 
CAS 

215589 Myanmar 

Riopa anguina 
CAS 

215732 Myanmar 

Riopa anguina 
CAS 

221110 Myanmar 

Riopa anguina 
CAS 

222127 Myanmar 

Riopa anguina 
CAS 

223228 Myanmar 

Riopa anguina 
CAS 

234962 Myanmar 

Riopa anguina 
FMNH 

42673 Myanmar 

Riopa goaensis 
BNHM 

1966 India 

Riopa guentheri 
CAS 

11007 India 

Riopa guentheri 
CAS 

11008 India 

Riopa guentheri 
CES 

13/802 India 

Riopa lineata 
CES 

13/805 India 

Riopa lineolata 
CAS 

206533 Myanmar 

Riopa lineolata 
CAS 

210669 Myanmar 

Riopa lineolata 
CAS 

213615 Myanmar 

Riopa lineolata 
CAS 

215536 Myanmar 

Riopa lineolata 
CAS 

215537 Myanmar 

Riopa lineolata 
CAS 

215717 Myanmar 
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Riopa lineolata 
CAS 

231273 Myanmar 

Riopa lineolata 
CAS 

231325 Myanmar 

Riopa lineolata 
CAS 

232549 Myanmar 

Riopa lineolata 
USNM 

520566 Myanmar 

Riopa lineolata 
USNM 

520567 Myanmar 

Riopa lineolata 
USNM 

520570 Myanmar 

Riopa lineolata 
USNM 

520581 Myanmar 

Riopa lineolata 
USNM 

520586 Myanmar 

Riopa lineolata 
USNM 

520587 Myanmar 

Riopa lineolata 
USNM 

520598 Myanmar 

Riopa popae 
CAS 

210503 Myanmar 

Riopa popae 
CAS 

210503 Myanmar 

Riopa popae 
CAS 

216328 Myanmar 

Riopa popae 
CAS 

216329 Myanmar 

Riopa popae 
CAS 

231327 Myanmar 

Riopa popae 
CAS 

231329 Myanmar 

Riopa popae 
CAS 

232289 Myanmar 

Riopa popae 
CAS 

232550 Myanmar 

Riopa popae 
CAS 

233106 Myanmar 

Riopa punctata 
CES 

14/811 India 

Riopa vosmaerii 
BNHM 

1975 India 

Subdoluseps 
bowringii 

CAS 

123960 Thailand 

Subdoluseps 
bowringii 

CAS 

157408 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

CAS 

157411 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

CAS 

157412 

Philippines: 

Palawan 
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Subdoluseps 
bowringii 

CAS 

157415 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

CAS 

172730 Thailand 

Subdoluseps 
bowringii 

CAS 

172731 Thailand 

Subdoluseps 
bowringii 

CAS 

23577 Thailand 

Subdoluseps 
bowringii 

CAS 

23579 Thailand 

Subdoluseps 
bowringii 

CAS 

23580 Thailand 

Subdoluseps 
bowringii 

CAS 

60741 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

CAS 

60742 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

CAS 

60744 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

CAS 

60861 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

CAS 

60862 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

CAS 

62495 

Philippines: 

Sulu 

Archipelago  

Subdoluseps 
bowringii 

FMNH (no 

number) --- 

Subdoluseps 
bowringii 

FMNH 

119684 Indonesia 

Subdoluseps 
bowringii 

FMNH 

125640 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

FMNH 

125641 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

FMNH 

125642 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

FMNH 

125889 Malaysia 

Subdoluseps 
bowringii 

FMNH 

125893 Malaysia 

Subdoluseps 
bowringii 

FMNH 

125896 Malaysia 

Subdoluseps 
bowringii 

FMNH 

125899 Malaysia 

Subdoluseps 
bowringii 

FMNH 

134715 

Malaysia: 

Borneo 
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Subdoluseps 
bowringii 

FMNH 

134716 

Malaysia: 

Borneo 

Subdoluseps 
bowringii 

FMNH 

158736 

Malaysia: 

Borneo 

Subdoluseps 
bowringii 

FMNH 

158737 

Malaysia: 

Borneo 

Subdoluseps 
bowringii 

FMNH 

171461 Thailand 

Subdoluseps 
bowringii 

FMNH 

177494 Thailand 

Subdoluseps 
bowringii 

FMNH 

178327 Thailand 

Subdoluseps 
bowringii 

FMNH 

179449 Thailand 

Subdoluseps 
bowringii 

FMNH 

179456 Thailand 

Subdoluseps 
bowringii 

FMNH 

181847 Thailand 

Subdoluseps 
bowringii 

FMNH 

181880 Thailand 

Subdoluseps 
bowringii 

FMNH 

182044 Thailand 

Subdoluseps 
bowringii 

FMNH 

182054 Thailand 

Subdoluseps 
bowringii 

FMNH 

182059 Thailand 

Subdoluseps 
bowringii 

FMNH 

182234 Thailand 

Subdoluseps 
bowringii 

FMNH 

188764 Thailand 

Subdoluseps 
bowringii 

FMNH 

188828 Thailand 

Subdoluseps 
bowringii 

FMNH 

188829 Thailand 

Subdoluseps 
bowringii 

FMNH 

188833 Thailand 

Subdoluseps 
bowringii 

FMNH 

188836 Thailand 

Subdoluseps 
bowringii 

FMNH 

188837 Thailand 

Subdoluseps 
bowringii 

FMNH 

188843 Thailand 

Subdoluseps 
bowringii 

FMNH 

188856 Thailand 

Subdoluseps 
bowringii 

FMNH 

188859 Thailand 

Subdoluseps 
bowringii 

FMNH 

188868 Thailand 

Subdoluseps 
bowringii 

FMNH 

188869 Thailand 
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Subdoluseps 
bowringii 

FMNH 

188885 Thailand 

Subdoluseps 
bowringii 

FMNH 

611? Thailand 

Subdoluseps 
bowringii 

FMNH 

611? Thailand 

Subdoluseps 
bowringii 

FMNH 

83488 

Philippines: 

Mindanao 

Subdoluseps 
bowringii 

KU 

328482 Thailand 

Subdoluseps 
bowringii 

KU 

328483 Thailand 

Subdoluseps 
bowringii 

KU 

328484 Thailand 

Subdoluseps 
bowringii 

KU 

328485 Thailand 

Subdoluseps 
bowringii 

KU 

328486 Thailand 

Subdoluseps 
bowringii 

MCZ 

16666 Thailand 

Subdoluseps 
bowringii 

MCZ 

16667 Thailand 

Subdoluseps 
bowringii 

MCZ 

222214 Vietnam 

Subdoluseps 
bowringii 

MCZ 

222215 Vietnam 

Subdoluseps 
bowringii 

MCZ 

258372 Cambodia 

Subdoluseps 
bowringii 

MCZ 

258373 Cambodia 

Subdoluseps 
bowringii 

MCZ 

268478 

Indonesia: 

Sulawesi 

Subdoluseps 
bowringii 

MCZ 

268480 

Indonesia: 

Sulawesi 

Subdoluseps 
bowringii 

MCZ 

268482 

Indonesia: 

Sulawesi 

Subdoluseps 
bowringii 

MCZ 

268484 

Indonesia: 

Sulawesi 

Subdoluseps 
bowringii PNM 9827 

Philippines: 

Palawan 

Subdoluseps 
bowringii PNM 9828 

Philippines: 

Palawan 

Subdoluseps 
bowringii PNM 9829 

Philippines: 

Palawan 

Subdoluseps 
bowringii PNM 9830 

Philippines: 

Palawan 

Subdoluseps 
bowringii 

USNM 

163808 Vietnam 

Subdoluseps 
bowringii 

USNM 

164381 Vietnam 
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Subdoluseps 
bowringii 

USNM 

43575 

Indonesia: 

Java 

Subdoluseps 
bowringii 

USNM 

53496 Thailand 

Subdoluseps 
bowringii 

USNM 

72279 Thailand 

Subdoluseps 
bowringii 

USNM 

84858 Thailand 

Subdoluseps 
bowringii 

ZMKU 

612 Thailand 

Subdoluseps 
bowringii 

ZMKU 

712 Thailand 

Subdoluseps 
bowringii 

ZMKU 

713 Thailand 

Subdoluseps 
bowringii 

ZMKU 

714 Thailand 

Subdoluseps 
bowringii 

ZMKU 

715 Thailand 

Subdoluseps 
frontoparietale AA 1908 Thailand 

Subdoluseps 
frontoparietale AA 1911 Thailand 

Subdoluseps 
frontoparietale 

ZMKU 

705  Thailand 

Subdoluseps 
frontoparietale 

ZMKU 

706 Thailand 

Subdoluseps herberti 
FMNH 

176974 Thailand 

Subdoluseps herberti 
FMNH 

176975 Thailand 

Subdoluseps herberti 
FMNH 

176976 Thailand 

Subdoluseps herberti 
USNM 

76076 Thailand 

Subdoluseps herberti 
USNM 

76148 Thailand 

Subdoluseps pruthi 
CES 

09/905 India 

Subdoluseps 
samajaya 

CAS 

259777 

Malaysia: 

Borneo 

Subdoluseps 
samajaya 

UNIMAS 

9503 

Malaysia: 

Borneo 
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LYGOSOMA kinabatanganense (n=1) corpulentum (n=1) isodactylum (n=1) koratense (n=2) quadrupes (n=8) 

SVL (mm) 166.0 168.0 107.0 112.0–129.0 51.0–78.0 (65.1 ± 10.3) 

AGD/SVL (%) 53.0 57.7 72.0 49.0–60.5 70.6–82.4 (75.8 ± 3.8) 

MBW (mm) 23.5 21.5 9.0 18.4–18.5 3.1–5.7 (4.5 ± 0.9) 

MBW/SVL (%) 14.2 12.8 8.4 14.2–16.6 5.1–8.3 (6.9 ± 1.0) 

TL (mm) NA NA NA 90–109 36.0–72.0 (54.0 ± 12.7) 

TL/SVL (%) NA NA NA 80.4–84.5 66.7–105.9 (73.0 ± 32.6) 

TW (mm) 18.2 15.8 5.5 13.3–14.6 2.2–4.1 (3.4 ± 0.7) 

TW/MBW (%) 77.3 73.5 61.6 71.6–79.5 54.1–95.5 (75.6 ± 11.9) 

HL (mm) 17.7 18.0 8.3 12.8–15.7 3.9–5.6 (4.6 ± 0.6) 

HL/SVL (%) 10.7 10.7 7.7 11.4–12.1 6.4–8.4 (7.1 ± 0.7) 

HW (mm) 18.1 17.5 7.7 12.9–14.5 3.3–5.2 (4.4 ± 0.6) 

HW/MBW (%) 77.0 81.4 86.3 69.3–79.1 83.2–116.0 (99.6 ± 10.5) 

HD (mm) 16.7 14.3 5.2 9.0–11.7 2.9–4.1 (3.5 ± 0.5) 

END (mm) 5.9 5.1 2.5 4.6–4.7 1.2–1.8 (1.6 ± 0.2) 

SNL (mm) 8.7 7.5 4.3 6.6–7.2 1.9–2.9 (2.4 ± 0.4) 

IND (mm) 5.2 4.3 1.9 3.6–3.8 0.9–1.5 (1.2 ± 0.2) 

MBSRC 40 38 32 31–33 25–26 

AGSRC 57 55 77 39–46 90–101 

PVSRC 113 84 102 64–70 114–121 

Fin3Lam 11 9 9 9 4–7 

Toe4Lam 15 13 12 13 6–7 

SuprL 7 6 7 6–7 6–7 

InfrL 7 5 6 6 5–6 

SO 4 4 4 4 4 

SC 7 7 7 6–7 7 

contact of supranasal 

scales 
+ + – + +/– 

contact of prefrontal 

scales 
– – – – – 

frontoparietal scales paired paired single paired single 

contact of parietal scales + + + + + 

enlarged nuchal scales – – – – +/– 

contact of 1st chin shields + + + + + 

enlarged 3rd chin shields – – – – – 

lower eyelid scaly scaly scaly scaly scaly 

 

 

 

 

Table S3: Table with values (minimum–maximum) for mensural, meristic and qualitative characters for each species in Lygosoma, Mochlus, 
Riopa, and Subdoluseps gen. nov included in our morphological dataset. Means and standard deviations for mensural characters are shown in 
parentheses when the number of samples included is three or higher. Measurements and counts for juveniles and individuals suspected of being 
misidentified are excluded from this table. SVL=snout–vent length, AGD=axilla–groin distance, MBW=mid-body width, TL=tail length, TW=tail 
width, HL=head length, HW=head width, HD=head depth, END=eye–nares distance, SNL=snout length, IND=internarial distance, 
MBSRC=mid-body scale row count, PVSRC=paravertebral scale row count, FinIIILam=Finger-III lamellae, ToeIVLam=Toe-IV lamellae, 
SuprL=supralabials, InfrL=infralabials, SO=supraocculars, SC=supercilliaries. Definitions of each character are found in the text. 
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LYGOSOMA siamense (n=19) tabonorum (n=15) 

SVL (mm) 49.0–79.0 (61.1 ± 7.7) 58–79 (67.7 ± 5.9) 

AGD/SVL (%) 62.0–79.0 (73.1 ± 6.5) 63.3–93.3 (75.3 ± 7.1) 

MBW (mm) 3.0–4.8 (4.0 ± 0.5) 3.8–6.1 (4.7 ± 0.6) 

MBW/SVL (%) 5.0–7.8 (6.5 ± 0.7) 5.7–8.7 (7.0 ± 0.9) 

TL (mm) 34–74 (57.8 ± 12.3) 47–72 (63.9 ± 7.7) 

TL/SVL (%) 54.8 –124.5 (99.3 ± 22.7) 80.9–117.2 (99.3 ± 10.9) 

TW (mm) 2.3–4.3 (2.0 ± 0.5) 3.1–4.3 (3.6 ± 0.3) 

TW/MBW (%) 63.7–94.7 (75.6 ± 7.7) 62.2–92.8 (76.8 ± 8.8) 

HL (mm) 3.4–5.1 (4.2 ± 0.5) 4.1–5.6 (5.0 ± 0.5) 

HL/SVL (%) 5.4–8.2 (6.9 ± 0.8) 6.0–8.3 (7.4 ± 0.8) 

HW (mm) 3.2–5.3 (3.9 ± 0.5) 3.9–4.9 (4.5 ± 0.3) 

HW/MBW (%) 75.7–116.4 (97.5 ± 8.6) 74.2–118.8 (97.5 ± 13.6) 

HD (mm) 2.3–3.6 (3.0 ± 0.4) 3.1–3.8 (3.4 ± 0.2) 

END (mm) 1.1–1.6 (1.4 ± 0.1) 1.3–2.0 (1.6 ± 0.2) 

SNL (mm) 1.5–2.4 (2.0 ± 0.2) 2.1–3.0 (2.4 ± 0.3) 

IND (mm) 0.9–1.3 (1.1 ± 0.1) 1.1–1.5 (1.4 ± 0.1) 

MBSRC 26–28 25–26 

AGSRC 88–98 83–90 

PVSRC 114–123 106–111 

Fin3Lam 4–7 5–6 

Toe4Lam 5–7 6–7 

SuprL 6–7 6–7 

InfrL 5–6 6 

SO 4 4 

SC 6–8 5–6 

contact of supranasal 

scales 
– – 

contact of prefrontal 

scales 
– – 

frontoparietal scales single single 

contact of parietal scales + + 

enlarged nuchal scales +/– +/– 

contact of 1st chin shields + +/– 

enlarged 3rd chin shields – – 

lower eyelid scaly scaly 
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MOCHLUS brevicaudis (n=4) sundevallii (n=49) pembanus (n=5) tanae (n=2) 

SVL (mm) 55.064.0 (61.5 ± 4.5) 56.0–126.0 (89.6 ± 20.2) 40.0–64.0 (50.0 ± 11.0) 89.0–90.0 

AGD/SVL (%) 43.8–64.5 (58.2 ± 4.6) 47.4–82.5 (64.7 ± 6.5) 55.0–72.5 (65.2 ± 7.2) 60.7–70.4 

MBW (mm) 7.8–10.5 (8.9 ± 1.2) 7.6–16.3 (11.8 ± 2.4) 5.5–8.0 (6.7 ± 1.0) 11.6–15.2 

MBW/SVL (%) 12.7–16.9 (14.5 ± 1.7) 10.9–18.0 (13.4 ± 1.3) 11.5–16.5 (13.6 ± 2.1) 13.0–16.9 

TL (mm) NA 39.097.0 (64.8 ± 14.9) 35–56 (43.8 ± 9.4) NA 

TL/SVL (%) NA 51.3–110.8 (73.2 ± 15.2) 87.5–97.9 (93.8 ± 4.4) NA 

TW (mm) 6.4–7.2 (6.8 ± 0.4) 4.9–12.3 (8.6 ± 2.0) 4.0–6.5 (4.8 ± 0.7) 8.4–10.2 

TW/MBW (%) 68.5–82.8 (76.3 ± 5.9) 61.2–86.2 (72.2 ± 6.6) 60.7–99.5 (77.6 ± 15.8) 67.3–72.8 

HL (mm) 7.4–7.7 (7.6 ± 0.2) 6.1–13.9 (9.3 ± 2.0) 5.1–7.0 (6.1 ± 0.8) 10.4–10.9 

HL/SVL (%) 11.8–13.4 (12.4 ± 0.8) 8.2–13.2 (10.5 ± 1.2) 10.9–13.9 (12.4 ± 1.1) 11.7–12.1 

HW (mm) 7.1–8.9 (8.04 ± 0.8) 6.0–12.1 (8.9 ± 1.7) 4.5–6.6 (5.4 ± 0.9) 10.5–12.3 

HW/MBW (%) 85.2–95.3 (90.4 ± 0.4) 59.8–92.4 (75.9 ± 6.6) 68.7–92.9 (81.2 ± 8.9) 81.2–90.8 

HD (mm) 5.6–7.0 (6.3 ± 0.6) 4.7–11.0 (7.3 ± 1.6) 3.8–5.6 (4.7 ± 0.8) 7.7–10.0 

END (mm) 1.6–2.9 (2.4 ± 0.6) 2.0–4.5 (3.1 ± 0.6) 1.4–2.4 (1.8 ± 0.4) 3.3–3.6 

SNL (mm) 3.7–4.5 (4.0 ± 0.4) 2.9–7.1 (4.9 ± 1.0) 2.6–3.4 (3.0 ± 0.3) 5.3 

IND (mm) 2.1–2.3 (2.2 ± 0.1) 1.7–3.1 (2.4 ± 0.4) 1.4–1.9 (1.7 ± 0.2) 2.9 

MBSRC 27–28 24–30 24 23 

AGSRC 36–42 43–60 41–44 52–56 

PVSRC 61–64 65–78 59–65 70–73 

Fin3Lam 8–9 7–10 6–7 9 

Toe4Lam 10–11 10–15 9–12 12 

SuprL 6–7 5–7 6 6 

InfrL 6 6–7 6 7 

SO 4 4 4 4 

SC 6–8 6–8 6–7 NA 

contact of supranasal 

scales 
+ + + + 

contact of prefrontal 

scales 
– +//fused with frontonasal fused with frontonasal – 

frontoparietal scales paired paired paired paired 

contact of parietal scales + +/– + _ 

enlarged nuchal scales – +/– – – 

contact of 1st chin shields + +/– + + 

enlarged 3rd chin shields – – – – 

lower eyelid scaly scaly scaly scaly 
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RIOPA albopunctata (n=5) anguina (n=9) goaensis (n=1) guentheri (n=3) lineata (n=1) 
SVL (mm) 35.0–48.0 (41.2 ± 6.3) 50–58 (54.0 ± 2.8) 49.0 77–96 (87.0 ± 9.5) 57.0 

AGD/SVL (%) 57.1–71.4 (62.0 ± 5.8) 63.2–73.7 (69.8 ± 3.1) 54.6 70.8–76.3 (73.7 ± 2.7) 82.1 

MBW (mm) 3.4–6.4 (4.8 ± 1.3) 3.7–5.0 (4.5 ± 0.5) 7.5 8.5–9.6 (9.1 ± 0.6) 3.9 

MBW/SVL (%) 7.2–14.0 (11.7 ± 2.7) 7.2–9.3 (8.3 ± 0.8) 15.4 10.0–11.0 (10.4 ± 0.5) 6.8 

TL (mm) 33–37 (35.0 ± 2.9) 46–65 (53.3 ± 7.9) 48.0 107 NA 

TL/SVL (%) 80.5–105.7 *=(93.1 ± 17.8) 82.5–120.4 (101.2 ± 16.2) 98.7 111.5 NA 

TW (mm) 2.6–4.4 (3.6 ± 0.7) 2.5–3.9 (3.2 ± 0.5) 3.9 5.3–7.0 (6.2 ± 0.8) 2.9 

TW/MBW (%) 65.8–106.2 (78.8 ± 17.6) 57.5–76.4 (71.2 ± 6.8) 52.1 62.4–76.6 (68.3 ± 7.3) 75.0 

HL (mm) 4.2–6.6 (5.1 ± 1.0) 3.7–5.6 (4.6 ± 0.7) 9.7 7.2–9.1 (8.1 ± 0.9) 4.6 

HL/SVL (%) 11.4–13.8 (12.3 ± 0.9) 7.0–9.9 (8.5 ± 1.1) 20.0 8.2–11.7 (9.4 ± 2.0) 8.1 

HW (mm) 3.9–6.2 (4.8 ± 0.9) 3.6–4.7 (4.1 ± 0.3) 6.2 7.0–7.5 (7.3 ± 0.3) 3.8 

HW/MBW (%) 85.8–138.5 (104.6 ± 20.0) 79.4–97.6 (91.0 ± 7.6) 83.2 78.3–82.1 (80.1 ± 1.9) 95.9 

HD (mm) 3.1–4.4 (3.9 ± 0.5) 2.7–3.7 (3.1 ± 0.4) 4.3 4.9–5.6 2.1 

END (mm) 1.4–2.0 (1.7 ± 0.2) 1.4–1.7 (1.6 ± 0.1) 3.3 2.5–2.9 (2.7 ± 0.2) 1.5 

SNL (mm) 2.0–3.5 (2.7 ± 0.5) 1.9–2.8 (2.3 ± 0.3) 3.9 3.6–4.4 (3.9 ± 0.4) 2.1 

IND (mm) 1.2–1.7 (1.3 ± 0.2) 1.0–1.4 (1.2 ± 0.2) 2.0 1.9–2.0 (1.9± 0.1) 0.9 

MBSRC 27–29 20–25 30 25–26 19 

AGSRC 37–55 64–77 46 72–76 89 

PVSRC 59–71 86–99 58 93–98 107 

Fin3Lam 7–10 5–8 10 7–8 7 

Toe4Lam 13–16 7–9 15 12 8 

SuprL 6–7 7 7 6–7 5 

InfrL 5–6 5–6 7 6 5 

SO 4–5 4 4 4 4 

SC 7 6–7 NA 6–7 6 

contact of supranasal scales + +/ NA + + 

contact of prefrontal scales –  – – – 

frontoparietal scales paired single or paired paired paired single 

contact of parietal scales + + + + + 

enlarged nuchal scales +/– +/– + – – 

contact of 1st chin shields +/– + + + + 

enlarged 3rd chin shields – – – –  

lower eyelid transp. disc transp. disc transp. disc transp. disc transp. disc 
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RIOPA lineolata (n=16) popae (n=9) punctata (n=1) vosmaerii (n=1) 

SVL (mm) 39.0–57.0 (48.8 ± 4.8) 46.0–57.0 (51.6 ± 4.3) 45.0 50 

AGD/SVL (%) 56.8–76.1 (67.5 ± 5.1) 63.5–76.1 (69.3 ± 4.4) 68.8 75.9 

MBW (mm) 3.3–5.7 (4.6 ± 0.6) 3.8–6.1 (4.8 ± 0.7) 6.6 3.2 

MBW/SVL (%) 8.4–10.2 (9.4 ± 0.5) 8.0–10.8 (9.2 ± 1.0) 14.8 6.4 

TL (mm) 37.0–60.0 (52.7 ± 8.6) NA NA NA 

TL/SVL (%) 70.4–128.3 (110.9 ± 21.9) NA NA NA 

TW (mm) 2.4–4.0 (3.1 ± 0.4) 2.8–4.0 (3.3 ± 0.4) 4.1 2.0 

TW/MBW (%) 46.7–83.9 (68.8 ± 10.1) 58.9–80.4 (70.0 ± 8.0) 62.7 63.5 

HL (mm) 4.0–5.5 (4.7 ± 0.5) 3.4–4.9 (4.4 ± 0.5) 8.0 4.1 

HL/SVL (%) 8.2–12.1 (9.7 ± 1.2) 7.3–10.2 (8.5 ± 0.9) 18.0 8.4 

HW (mm) 3.4–4.4 (3.9 ± 0.3) 3.6–4.6 (4.1 ± 0.3) 6.6 3.6 

HW/MBW (%) 62.3–103.4 (87.5 ± 10.2) 73.4–96.6 (86.4 ± 7.0) 100.5 114.5 

HD (mm) 2.6–3.3 (3.0 ± 0.2) 2.8–3.5 (3.1 ± 0.3) 5.1 2.1 

END (mm) 1.2–1.9 (1.6 ± 0.2) 1.3–1.6 (1.5 ± 0.1) 2.0 1.5 

SNL (mm) 1.6–2.4 (2.1 ± 0.2) 1.3–2.3 (2.1 ± 0.1) 2.8 2.2 

IND (mm) 0.9–1.3 (1.2 ± 0.1) 1.0–1.3 (1.1 ± 0.1) 1.5 1.3 

MBSRC 20–24 24–26 24 23 

AGSRC 55–71 68–72 52 93 

PVSRC 78–93 90–96 70 114 

Fin3Lam 6–9 5–7 11 6 

Toe4Lam 9–14 8–9 13 7 

SuprL 6–7 7 7 6 

InfrL 6–7 6 5 6 

SO 4 4 4 5 

SC 6–8 6–7 7 7 

contact of supranasal scales +/– + + + 

contact of prefrontal scales – +/– – – 

frontoparietal scales single or paired single or paired paired single 

contact of parietal scales + + + + 

enlarged nuchal scales +/– +/– – – 

contact of 1st chin shields + + + – 

enlarged 3rd chin shields – – – – 

lower eyelid transp. disc transp. disc transp. disc transp. disc 



	

 
99 

SUBDOLUSEPS bowringii (n=74) frontoparietalis (n=2) herberti (n=4) pruthi (n=1) samajaya (n=2) 

SVL (mm) 40.0–64.0 (47.7 ± 5.3) 36.0–43.0 59–64 (61.3 ± 2.2) 46.0 70.0 

AGD/SVL (%) 41.7–68.9 (58.8 ± 5.1) 55.6–60.5 55.0–61.0 (58.0 ± 2.5) 68.5 40.0–43.0 

MBW (mm) 4.6–10.0 (6.8 ± 1.2) 5.6–7.0 8.2–9.4 (8.9 ± 0.6) 8.7 9.6 

MBW/SVL (%) 10.0–17.7 (14.2 ±1.8)– 15.5–16.3 13.3–15.8 (14.5 ± 1.4) 18.8 13.7 

TL (mm) 27.0–89.0 (46.0 ± 12.6) 47.0–54.0 NA NA 67.0 

TL/SVL (%) 59.6–100.2 (98.6 ± 25.5) 125.6–130.6 NA NA 96.4 

TW (mm) 3.0–6.2 (4.3 ± 0.6) 3.4–3.7 5.4–6.8 (5.9 ± 0.5) 4.4 6.7–7.2 

TW/MBW (%) 41.2–85.0 (63.9 ± 9.1) 52.5–60.8 57.8–72.3 (66.5 ± 6.3) 49.9 69.8 

HL (mm) 5.0–7.8 (6.3 ± 0.6) 5.5–6.1 6.8–8.8 (7.7 ± 0.9) 7.9 10.8–11.0 

HL/SVL (%) 10.8–16.1 (13.2 ± 1.2) 14.2–15.3 11.2–14.7 (12.6 ± 1.6) 17.0 15.5–15.7 

HW (mm) 4.5–7.3 (5.7 ± 0.6) 4.5–6.0 7.5–8.4 (8.0 ± 0.4) 5.9 7.9–9.0 

HW/MBW (%) 64.8–111.3 (85.5 ± 10.4) 80.6–85.2 85.5–99.0 (90.2 ± 6.0) 67.5 93.8 

HD (mm) 3.2–5.9 (4.3 ± 0.6) 3.5–3.7 5.1–6.2 (5.7 ± 0.4) 4.8 4.5–4.8 

END (mm) 1.6–3.2 (2.2 ± 0.3) NA 2.7–2.8 (2.7 ± 0.1) 2.4 2.9–3.1 

SNL (mm) 1.8–3.9 (3.0 ± 0.4) NA 3.5–4.4 (4.0 ± 0.4) 3.4 4.2–4.7 

IND (mm) 1.2–1.9 (1.5 ± 0.2) 1.3–1.5 2.1–2.3 (2.2 ± 0.1) 1.6 2.4–2.8 

MBSRC 26–31 28–29 27 32 28–30 

AGSRC 33–46 40–41 35–37 47 36 

PVSRC 51–69 60 54–58 60 60–61 

Fin3Lam 7–12 9–10 9–12 10 10 

Toe4Lam 11–16 13–15 14–15 16 13–14 

SuprL 5–8 7 6–7 7 7 

InfrL 6–7 6 6 6 6 

SO 4 4 4 4–5 4 

SC 6–8 5 NA 6 7 

contact of supranasal 

scales 
+/– + + – + 

contact of prefrontal 

scales 
– – – – – 

frontoparietal scales single or paired single paired paired paired 

contact of parietal scales +/– + + + + 

enlarged nuchal scales +/– + – + – 

contact of 1st chin shields +/– – +/– + + 

enlarged 3rd chin shields +/– + – + – 

lower eyelid scaly scaly scaly transp. disc scaly 
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Chapter 2: A taxonomic conundrum: Characterizing a cryptic radiation of Asian gracile 

skinks (Squamata: Scincidae: Riopa) in Myanmar 

 

Elyse S. Freitas, Aryeh H. Miller, R. Graham Reynolds, Cameron D. Siler 

Published in Molecular Phylogenetics and Evolution 2020, 146: 106754 

 

ABSTRACT 

Recognizing species-level diversity is important for studying evolutionary patterns across 

biological disciplines and is critical for conservation efforts. However, challenges remain in 

delimiting species-level diversity, especially in cryptic radiations where species are genetically 

divergent but show little morphological differentiation. Using multilocus molecular data, 

phylogenetic analyses, species delimitation analyses, and morphological data, we examine 

lineage diversification in a cryptic radiation of Riopa skinks in Myanmar. Four species of Riopa 

skinks are currently recognized from Myanmar based on morphological traits, but the boundaries 

between three of these species, R. anguina, R. lineolata, and R. popae are not well-defined. We 

find high levels of genetic diversity within these three species, and analyses suggest that they 

may comprise as many as 12 independently evolving lineages, which highlights the extent to 

which species diversity in the region is underestimated. However, quantitative trait data suggest 

that these lineages have not differentiated morphologically, possibly indicating that this cryptic 

radiation represents non-adaptive evolution, although additional data is needed to corroborate 

this.  
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Keywords: bModelTest; Bayesian Phylogenetics and Phylogeography (BPP); cryptic species; 

principal components analysis; non-ecological diversification; species delimitation 

 

1. Introduction 

The species is the fundamental taxonomic unit in characterizing biodiversity (de Queiroz, 2005). 

Diverse biological research fields, including ecology, developmental biology, genetics, and physiology 

rely on the accurate identification of species-level lineages to analyze and interpret results (Knowlton 

and Jackson, 1994; Bickford et al., 2007; Bortolus, 2008). Additionally, accurate species identification 

is crucial for conservation efforts (e.g. Dubois, 2003; Frankham et al., 2012; Seifan et al., 2016; Garnett 

and Christidis, 2017; Tantipisanuh and Gale, 2018), with organizations such as the IUCN using data on 

the distribution, ecology, and demography of recognized species for conservation assessments (IUCN-

SSC, 2017). 

Nevertheless, despite the fundamental nature of the species-level unit in research and conservation, 

challenges remain in recognizing entities that constitute species. Historically, species were defined 

based on morphological characteristics (e.g. Linnaeus, 1758); however, with the advent of molecular 

phylogenetics and phylogenomics, it has become possible to recognize distinct lineages from genetic 

data alone. Use of molecular data in species identification over the last three decades has indicated that 

many widespread species actually comprise multiple genetically divergent morphologically similar 

cryptic species. Complexes of cryptic species often result from non-ecological speciation, in which 

diversification is not accompanied by apparent ecological or morphological separation in traditional 

quantitative traits (Czekanski-Moir and Rundell, 2019). Despite the advance of techniques in 

molecular-based species identifications, morphology remains a critical component of taxonomy and 

systematics (Ceríaco et al., 2016); therefore, cryptic radiations present particular challenges for 
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taxonomists because of the lack of criteria for describing species that do not exhibit clear diagnostic 

phenotypic characters (Barley et al., 2013). As the number of recognized cases of cryptic speciation 

increases, many people suggest taking an integrative approach towards describing these new species 

that incorporates morphological, ecological, demographic, and geographic datasets with phylogenetic 

evidence (e.g. Bauer et al., 2011; Barley et al., 2013; Sukumaran and Knowles, 2017; Singhal et al., 

2018; Denham et al., 2019; Duran et al., 2019; Hillis, 2019). However, these integrative approaches, 

although ideal, are challenging when there is a paucity of genetic samples for lineages or observational 

data on a group’s habits—a situation particularly manifest in tropical scincid lizards. 

Lizards in the Family Scincidae (skinks) are a remarkably successful group of vertebrates, 

comprising more than 1,600 species (Uetz et al., 2019). Found in tropical and temperate regions on all 

continents except Antarctica, and on most oceanic islands, skinks have evolved a diverse array of 

ecologies, including terrestrial, fossorial, arboreal, rupicolous, and aquatic and are a major part of the 

global herpetofauna (Vitt and Caldwell, 2013). Therefore, recognizing species-level diversity is critical 

to understanding the evolutionary history of these lizards and the role they play in regional ecosystems. 

However, there has been historical taxonomic confusion and instability for a number of groups 

(e.g. Linkem et al., 2011; Brandley et al., 2012; Skinner et al., 2013; Erens et al., 2017; Freitas et 

al., 2019), driven in part by lack of diagnostic morphological characters for genera. Furthermore, 

within genera, cryptic and non-adaptive diversification appears common, which complicates 

efforts to quantify species-level diversity of the family—44 of the 94 new scincid species described 

between 2014–2019 (Uetz et al., 2019) were considered members of formerly recognized widespread 

species that subsequently were found to be distinct species based on genetic data (Table S1). These 

taxonomic revisions highlight broadly generalized and highly conserved external morphologies and 

body plans across species as contributing to difficulties in recognizing taxonomic boundaries. 
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Despite this high number of taxonomic revisions over the years, it is likely that underestimated levels of 

cryptic diversity still exist across the family Scincidae, particularly within poorly studied regions of the globe. 

Previous phylogenetic explorations of Asian Gracile Skinks (genus Riopa) from South and Southeast Asia 

have suggested that the genus harbors substantial genetic diversity beyond what has been formally recognized 

taxonomically (Freitas et al., 2019), and we report on this unrecognized diversity here. The genus Riopa 

comprises nine recognized species from Bangladesh, India, Maldives, Myanmar, Nepal, Pakistan, and 

Sri Lanka (Uetz et al., 2019). Members of the genus are semifossorial with small, gracile, and elongate 

bodies, found in or among rotting logs, loose soil, leaf litter and rocks in dry–semi-dry forest, 

grassland, and urban habitats across their range (Das, 2010; Vyas, 2014; Bhattarai et al., 2018; Prasad 

et al., 2018), although little is known about their natural history in Myanmar (Das, 2010). Long a 

source of taxonomic confusion due to their lack of diagnostic characters (reviewed in Freitas et al., 

2019), Riopa recently has been the subject of several revisionary studies which have attempted to 

elucidate species-level relationships within the genus (Datta-Roy et al., 2014; Freitas et al., 2019). 

Currently, there are four species of Riopa recognized from Myanmar: R. albopunctata Gray 1846, R. 

anguina Theobald 1868, R. lineolata Stoliczka 1870, and R. popae Shreve 1940. Of these, R. lineolata 

and R. popae are endemic; R. albopunctata was described originally from India but is widespread 

across southern Asia and is recognized to occur in both countries (Manthey and Grossman, 1997), and 

R. anguina, described originally from Myanmar, also occurs in localities in southwestern Thailand in 

Prachuap Khiri Khan and Chumphon Provinces (Nabhitabhata et al., 2000; Chan-ard et al., 2015). 

Historically, the four species from Myanmar have been diagnosed by variation in mensural and 

meristic characters, including relative limb lengths, midbody scale row count, and coloration 

(Theobald, 1868; Stoliczka 1870; Shreve 1940; Das, 2010; Geissler et al., 2012; Freitas et al., 2019). 

However, the considerable overlap in these characters between taxa have made recognizing species 
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Fig. 1. Map of Myanmar showing localities of specimens and tissues used in this study and the type localities 
for the three species described from Myanmar. Myanmar is shaded according to elevation, with lighter colors 
indicating higher elevations. Geographic features mentioned in text are labeled on the map, with the 
exception of the Central Myanmar Basin, which comprises the low elevation region between the Indo-
Myanmar Range in the west (Naga Hills, Chin Hills, Arakan Yoma) and Shan Hills in the east. The lower 
right inset shows the closeup of sampling around Mount Popa, the type locality of Riopa popae. The upper 
right inset shows the location of Myanmar in South and Southeast Asia, with the countries labeled according 
to their two letter ISO 3166-1 alpha-2 country codes: BD = Bangladesh, BT = Bhutan, CN = China, IN = 
India, KH = Cambodia, LA = Laos, LK = Sri Lanka, MM = Myanmar, NP = Nepal, TH = Thailand, VN = 
Vietnam. 
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boundaries difficult (Jayaram, 1949; Vyas 2001, 2010; Seetharamaraju et al., 2009; Srinivasulu and 

Seetharamaraju, 2010).  

Myanmar is located in Southeast Asia, bordered by India and Bangladesh in the northwest, the Bay 

of Bengal and the Andaman Sea in the southwest, China and Laos in the northeast, and Thailand in the 

southeast (Fig. 1). The country is diverse ecologically, varying in habitat type and abiotic factors such 

as elevation, temperature and precipitation (Fig. 2). Although Myanmar and the surrounding region 

were not initially identified as a biodiversity hotspot (Myers, 1988, 1990), over the past three decades 

there has been an increase in recognized species-level biodiversity in the region, prompting its 

classification as the Indo-Burma Biodiversity Hotspot (Mittermeier et al., 1999; Myers et al., 2000). 

During the last five years alone, expeditions across Myanmar have discovered large amounts of 

population- and species-level diversity among major vertebrate groups and has resulted in the 

description of 65 new species: ten species of amphibian,17 species of fish, two species of mammal, and 

36 species of reptile (Table S2). However, the level of unrecognized and cryptic diversity within 

scincid lizards in Myanmar remains poorly understood. In this paper, we use multilocus coalescent-

based species delimitation methods and multivariate analyses of morphological data to illustrate that 

species diversity within the genus Riopa in Myanmar is greatly underestimated. The results of our 

study suggest that the genus has undergone significant lineage diversification with little discernable 

divergence in external morphology. These levels of potential cryptic species diversity affect our 

understanding of the evolutionary, biogeographic, and ecological patterns of vertebrate diversification 

within the country. 

 

2. Materials and methods 

2.1. Taxon sampling and molecular methods 
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Ingroup sampling comprised 41 individuals of 

Riopa from central and northern Myanmar (Fig. 1) 

identified in museum collections as R. anguina (18 

individuals), R. bowringii (three individuals), R. 

lineolata (nine individuals), R. popae (five individuals), 

and R. sp. (six individuals) (Table S3). Several samples 

were obtained from Mount Popa, the type locality of R. popae, and Bago and Yangoon 

provinces, the approximate type locality of R. anguina; however, we did not obtain samples from 

the type locality of R. lineolata, which is farther south in Mon State (Fig. 1). Outgroup sampling 

included sequences from seven members of three closely related genera obtained from GenBank: 

Lygosoma quadrupes, Mochlus brevicaudis, M. guineensis, M. sundevallii, Subdoluseps 

bowringii, S. herberti, and S. samajaya, and one additional species from the genus Riopa, R. 

albopunctata, shown previously to be the sister species to Myanmar Riopa (Freitas et al., 2019; 

Table S3). Tissue samples were provided by the following institutions (museum acronyms 

follow Sabaj [2016]): California Academy of Science (CAS), La Sierra University Herpetology 

Collection (LSUHC), Museum of Vertebrate Zoology (MVZ), and Villanova University. 

Genomic DNA was extracted from ethanol-preserved liver, muscle, or tail tissue using a high-

salt extraction method (Aljanabi and Martinez, 1997) or the Wizard SV© Genomic DNA 

Purification System (Promega). Extracts were amplified via PCR in 10 !" reactions following 

Fig. 2. Maps of Myanmar showing different abiotic 
gradients: A) Mean annual temperature; B) Difference 
between the mean annual high temperature and the mean 
annual low temperature; C) Mean annual precipitation; and 
D) Precipitation of the driest month. Abbreviations for 
geographic features mentioned in text: CMB = Central 
Myanmar Basin, CDZ = Central Dry Zone, IMR = Indo-
Myanmar Range, MP = Mount Popa, SH = Shan Hills.  
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standard protocols (Siler et al., 2011; Freitas et al., 2019) for three nuclear DNA (nuDNA) loci 

and three mitochondrial DNA (mtDNA) genes. Nuclear loci comprised brain-derived 

neurotrophic factor (BDNF; 690 base pairs [bp]), RNA fingerprint protein 35 (R35; 662 bp), and 

recombination activating gene 1 (RAG1; 891 bp); mtDNA genes comprised NADH 

dehydrogenase subunit 1 (ND1; 966 bp) and subunit 2 (ND2; 1032 bp), and 16S ribosomal RNA 

(16S; 535 bp; Table 1). PCR products were purified by ExoSAP-IT (ThermoFisher Scientific), 

sequenced with BigDye® Terminator v3.1 sequencing kit (ThermoFisher Scientific) and cleaned 

using ethanol precipitation. We sent sequencing products to Eurofins Genomics in Louisville, 

Kentucky or the Genomic Sciences Laboratory at North Carolina State University for 

visualization. All novel sequences were deposited in GenBank (Table S3). 

 

2.2. Sequence alignment and phylogenetic analyses 

Raw sequences were imported into Geneious v10.2.4 (Biomatters, Ltd.), assembled into 

contigs, and checked for quality. All nuDNA contigs were examined for miscalled heterozygous 

sites. Once we were satisfied with data quality, we trimmed the primer binding sites from both 

ends of each contig and aligned contigs using MUSCLE (Edgar, 2004) in Geneious with default 

settings. Alignments were checked by eye for misplaced indels and, for all coding genes (all 

genes except 16S), erroneous internal stop codons. 

We ran preliminary Maximum Likelihood (ML) analyses in RAxML v8.2.12 (Stamatakis, 

2014) on each nuDNA gene separately and on the concatenated mtDNA dataset to check for 

discordance between loci. For ML analyses, 16S was analyzed as a single partition and nuDNA 

and mtDNA protein coding genes were partitioned by codon position, and the substitution model 

GTR+Γ was applied to each partition. Topological support was assessed by 100 bootstrap  
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Gene Primer Sequence (5'–3') 
Annealing 
Temp (ºC) Reference 

BDNF BDNF.F GACCATCCTTTTCCTKACTATGGTTATTTCATACTT 
61 Leaché &McGuire, 2006 

BDNF.R CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC 

R35 R35.F GACTGTGGAYGAYCTGATCAGTGTGG 55 Fry et al., 2006 
R35.R GCCAAAATGAGSGAGAARCGCTTCTG 

 

RAG1 RAG1.R13 TCTGCTGTTAATGGAAATTCAAG 53 Adapted from Groth & 
Barrowclough, 1999 by unknown  RAG1.R13.rev AAAGCAAGGATAGCGACAAGAG 

ND1 16dR CTACGTGATCTGAGTTCAGACCGGAG 53 Leaché & Reeder, 2002 
tMet TCGGGGTATGGGCCCRARAGCTT 

ND2 ND2_L4437 AAGCTTTCGGGCCCATACC 53 Macey et al., 1997 
ND2_H5730 AGCGAATRGAAGCCCGCTGG 

16S 16Sar-L CGCCTGTTTATCAAAAACAT 46 Palumbi et al., 1991 
16Sbr-H CCGGTCTGAACTCAGATCACGT 

Table 1  
The primers, primer sequences, and annealing temperatures used in this study. 



	

 
109 

pseudoreplicates. Results of these analyses showed no incongruence between the mtDNA and 

nuDNA topologies; therefore, we conducted additional partitioned, phylogenetic analyses on a 

concatenated nuDNA + mtDNA dataset. 

We used BEAST v2.5.1 (Bouckaert et al., 2014) to conduct a Bayesian phylogenetic analysis 

on our concatenated dataset, employing the package bModelTest v1.1.2 (Bouckaert and 

Drummond, 2017) to calculate the best substitution model for each partition. This approach 

estimates the phylogeny and the substitution models jointly using a reversible jump Monte Carlo 

Markov Chain (rjMCMC) algorithm, which allows the chain to analyze substitution models with 

different numbers of parameters (Bouckaert and Drummond, 2017). We limited our rjMCMC 

search to models containing different transition-transversion rates for computational efficiency, 

which includes the Jukes-Cantor model where all rates are equal, the GTR model where all rates 

are different, and all models where the rate of transitions is different from the rate of 

transversions—a total of 31 models (Bouckaert and Drummond, 2017). Although bModeltTest 

can search for the best substitution model for each partition, it requires a priori selection of the 

partitioning scheme. Therefore, like the ML single gene analyses, we partitioned our data by 

codon position, with the exception of 16S, which was treated as a single partition. The analysis 

was run using a relaxed lognormal molecular clock with default priors and a Yule Speciation 

model with default priors. We applied separate molecular clocks and tree models for the mtDNA 

and nuDNA. We conducted two runs of 100,000,000 generations each sampling every 10,000 

generations using the CIPRES Science Gateway (Miller et al., 2010). The results of these two 

analyses were examined separately and together in Tracer v1.7.1 (Rambaut et al., 2018) and 

RWTY v1.0.1 (Warren et al., 2017) in R v3.5.0 (R Core Team, 2018) to assess stationarity and 

convergence, determined by ESS values above 200 for parameters and runs sampling the same 
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regions of tree space in RWTY. The RWTY analyses were run using the command analyze.rwty. 

Convergence of most parameters occurred after 10,000,000 generations, and so we discarded the 

first 10% of each run as burnin. We combined the BEAST2 bModelTest analyses in 

LogCombiner v2.5.1 (Bouckaert et al., 2014), discarding the first 10% of trees in each posterior 

distribution as burnin (observed as appropriate for cutoff, see above). The output had 18,002 

trees in the combined posterior distribution of the final two runs. We used TreeAnnotator v2.5.1 

(Bouckaert et al., 2014) to select the maximum clade credibility tree and calculated the posterior 

probability of each bifurcation. 

 

2.3. Putative lineage identification 

The coalescent-based species delimitation program Bayesian Phylogenetics and 

Phylogeography (BPP), used to delimit species within Myanmar Riopa (see below), requires 

input of putative species-level lineages a priori to the analysis. BPP then tests these lineages and 

determines whether they warrant species-level recognition. Because specimen morphology gives 

few clues to the species-level identity of each individual, we used barcoding distance thresholds 

and the Bayesian species delimitation program bGMYC (Reid and Carstens, 2012) to determine 

lineages objectively within Myanmar Riopa. These methods determine groups of samples that 

can then be used as hypotheses for species assignment in BPP. We implemented barcoding 

distance thresholds and bGMYC on our ND2 ingroup data. As a mtDNA gene, ND2 has a higher 

mutation rate than nuDNA loci (Vawter and Brown, 1986), making it useful for detecting 

structure at shallow nodes in our topology. Additionally, we chose to use ND2 for species 

discovery because this gene had the most complete dataset of all our mtDNA markers (Table 

S3). 
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The barcoding distance threshold method clusters sequences based on a genetic threshold 

value determined by the barcoding gap, which is the numerical value not represented in a dataset 

of pairwise genetic distances, and thus a value that represents the gap between intra- and 

interspecific genetic diversity (Meyer and Paulay, 2005). Although this approach to lineage 

identification is purely distance-based and does not account for evolutionary processes, it is 

useful for identifying monophyletic genetic clusters that serve as a priori hypotheses of 

conspecificity within a set of samples. To implement the barcoding distance threshold method, 

we first calculated the uncorrected pairwise distance for ND2 (Table 2; S4) using the command 

dist.dna in the R package ape v5.2 (Paradis and Schliep, 2018), and then used these distances to 

identify the barcoding gap with the command localMinima in the R package Spider v1.5.0 

(Brown et al., 2012) with the barcoding gap corresponding to the lowest local minimum as 

determined by plotting the distances using the command plot. We then determined the number of 

genetic clusters by setting the barcoding gap as the maximum intraspecific genetic diversity 

threshold with the command tclust in Spider. 

In addition to the barcoding distance threshold method, we used the species delimitation 

program bGMYC to determine species-level lineages. BGMYC is the Bayesian implementation 

of GMYC (Pons et al., 2006), which uses the general mixed Yule coalescent model to estimate 

divergence events on a topology. The program bGMYC goes a step farther, in that it uses the 

general mixed Yule coalescent model to estimate divergent events on a posterior distribution of 

topologies, allowing it to incorporate phylogenetic uncertainty into its lineage assignment 

hypotheses and generate probabilities of conspecificity. Although the program has been used 

previously in species delimitation studies to identify species-level lineages, it was shown in  
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Lineage A 
n=3 

Lineage B 
n=3 

Lineage C 
n=6 

Lineage D 
n=1 

Lineage E 
n=1 

Lineage F 
n=6 

Lineage A 0.0–0.3      

Lineage B 10.4–11.1 0.0–4.7     

Lineage C 9.0–9.6 7.8–9.2 0.5–6.1    

Lineage D 11.1–11.4 12.4–13.4 10.8–12.7 NA   

Lineage E 11.8 12.8–13.6 11.6–12.4 8.7 NA  

Lineage F 11.3–11.7 11.7–13.1 9.6–12.4 8.5–8.7 9.0–9.2 0.0–0.5 
Lineage G 12.5–12.8 11.1–13.1 10.4–12.8 13.7 13.4 12.5–12.8 

Lineage H 12.7 12.4–13.4 11.1–12.2 12.8 13.1 12.2–12.5 

Lineage I 12.2–12.5 13.3–14.0 11.3–12.5 13.4 12.5 12.5–13.0 

Lineage J 10.5–12.0 10.4–12.5 10.4–13.0 11.6–13.6 10.8–12.5 10.8–12.5 

Lineage K 11.4–12.8 15.4–15.7 13.3–14.5 14.2 14.2 14.3–14.5 

Lineage L 11.1–12.8 12.2–14.8 12.0–14.2 11.9–13.6 12.0–13.1 12.7–13.9 

 Lineage G 
n=1 

Lineage H 
n=1 

Lineage I 
n=1 

Lineage J 
n=2 

Lineage K 
n=1 

Lineage L 
n=14 

Lineage G NA      

Lineage H 11.6 NA     

Lineage I 12.2 12.7 NA    

Lineage J 11.6–12.5 10.7–13.0 9.5–9.6 5.6   

Lineage K 13.3 14.5 12.5 11.4–11.7 NA  

Lineage L 11.7–12.8 11.4–12.2 8.7–10.4 7.2–9.3 8.2–10.7 0.0–5.8 

Table 2  

The uncorrected pairwise distance for the mitochondrial gene ND2 for all lineages recovered in 

barcoding distance thresholds lineage discovery method. The intra-lineage distances are bolded. 

Distances between lineages within each of the three major clades are highlighted in gray: Clade 

I=light gray; Clade II=medium gray; Clade III =dark gray. 
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simulation studies that it overestimates the number of species more often than BPP (Luo et al., 

2018); therefore, we used bGMYC instead to identify putative lineages within our ND2 dataset. 

BGMYC requires ultrametric topologies as input and so we generated ND2 phylogenies with 

ingroup samples only using bModelTest in BEAST2, partitioning ND2 by codon position and 

using a random local clock. This phylogenetic analysis was run once for 5,000,000 generations 

sampling every 500 generations and the output was viewed in Tracer to check for convergence, 

as described above. We used LogCombiner to remove the first 10% of trees as burnin 

andresample the posterior distribution every 5,000 generations, so that there were 181 trees in 

our posterior distribution to use as input for bGMYC. We implemented bGMYC in the R 

package bGMYC v1.0.2 (Reid, 2014) using the command bgmyc.multiphylo. We ran the 

MCMC chain for 50,000 generations with a burnin of 25,000 and a thinning interval of 500, 

which resulted in a total of 9,050 samples in the posterior distribution of the analysis. We used 

the command plot to visualize the MCMC output and determine if the analysis had converged. 

Finally, the MCMC samples were analyzed using the command bgmyc.point and a threshold 

value of 0.05, so that individuals or groups of individuals needed a more than 95% chance that 

they were distinct from other samples to be considered an independent lineage. 

Because BPP implements the Jukes-Cantor substitution model, it performs best when 

samples are separated by less than 10% sequence divergence (Flouri et al., 2018). Therefore, we 

performed barcoding distance threshold and bGMYC on the entire dataset (Fig. 3i, 3ii), as well 

independently on each of three major clades recovered in phylogenetic analyses (Fig. 3iii,3iv; 

Table 3; see results below) 
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2.4. Species delimitation 

To investigate the number of cryptic species within Myanmar Riopa, we ran Bayesian 

species delimitation analyses on our dataset using the program Bayesian Phylogenetics and 

Phylogeography (BPP) v4.0 (Rannala and Yang, 2003; Yang and Rannala, 2010; Yang, 2015). 

The program uses rjMCMC to analyze multiple loci under the multispecies coalescent (MSC), 

and it estimates relative species divergence times and ancestral population sizes. The MSC 

model implemented in BPP assumes free recombination between loci, no recombination within a 

given locus, and an absence of gene flow between taxa (Yang, 2015). In a recent simulation 

study, BPP was shown to outperform other species delimitation methods across different 

speciation scenarios, generally producing fewer false positives (overestimates of numbers of 

species) than the other methods (Luo et al., 2018). 

Taxonomic 
Sampling Lineage Identification Method 

No. Putative 
Species Genes Tested in BPP 

No. BPP 
Species (pp) 

All 

barcoding distance thresholds 12  
nuDNA, ND1, 16S 12 (1.00) 

nuDNA 12 (0.97) 

bGMYC 11  
nuDNA, ND1, 16S 11 (1.00) 

nuDNA 11 (0.99) 

Clade I 

barcoding distance thresholds 6  
nuDNA, ND1, 16S 6 (0.99) 

nuDNA 6 (0.99) 

bGMYC 3  
nuDNA, ND1, 16S 3 (1.00) 

nuDNA 3 (1.00) 

Clade II 
barcoding distance thresholds 

3  
nuDNA, ND1, 16S 3 (1.00) 

bGMYC nuDNA 3 (1.00) 

Clade III 

barcoding distance thresholds 4  
nuDNA, ND1, 16S 4 (0.52) 

nuDNA 4 (0.98) 

bGMYC 2  
nuDNA, ND1, 16S 2 (1.00) 

nuDNA 2 (0.99) 

Table 3 
Results of the Bayesian Phylogenetics and Phylogeography (BPP) analyses across all samples and for each clade 
analyzed separately. Each analysis was run on the complete genetic dataset, excluding ND2, which was used in 
lineage discovery, and on the nuDNA genetic dataset only.  
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We ran the A10 analysis in BPP (species delimitation with a fixed guide tree) to validate the 

lineages recovered by barcoding threshold distance and bGMYC, basing our guide species tree 

off the results of our concatenated phylogenetic analysis (above). To avoid pseudoreplication, we 

removed ND2 from our genetic dataset, and we concatenated ND1 and 16S so that the mtDNA 

was treated as a single locus. Therefore, the analysis was run on four loci: BDNF, R35, RAG1, 

and mtDNA, as well as on the nuDNA dataset only (Table 3). We did not phase our nuDNA for 

the analysis. We set the parameter locusrate=1 so that there was rate heterogeneity across loci, 

and in the combined nuDNA + mtDNA analyses, we used a heredity scaler so that the heredity of 

nuDNA = 1 and the heredity of mtDNA = 0.25. All other parameters were kept at default values, 

including the inverse gamma priors	" and #$, with " = (3, 0.002) and #$ = (3,0.03). Each BPP 

analysis was run twice to check consistence of the performance of the rjMCMC algorithm for 

20,000 generations sampled every 10 generations with a burnin of 8,000 generations. 

 

2.5. Population structure 

We used the NeighborNet algorithm (Bryant and Moulton, 2004) as implemented in the 

program SplitsTree v4.14.8 (Huson and Bryant, 2006) to visualize clade-level diversification and 

possible reticulating relationships within Myanmar Riopa. SplitsTree generates a phylogenetic 

network, which allows for visualization of all possible evolutionary histories of the samples, 

including all discordant splits (Houson and Bryant, 2006), giving us a clearer picture of 

monophyly and genetic differentiation between populations and species. We ran the program on 

the concatenated mtDNA dataset and on each individual nuDNA gene alignment, using HKY-

corrected p-distances to generate networks. Support for inferred network splits was assessed with 

1,000 bootstrap replicates; splits with bootstrap (bs) values of 70 or higher were considered 



	

 
116 

highly supported (Hillis and Bull, 1993). Lineage assignment was determined based on the 

results of the BPP analysis of the concatenated nuDNA + mtDNA dataset for 12 putative species. 

 

2.6. Species tree analysis 

We conducted species tree analyses on the ingroup taxa using *BEAST2 v0.15.2 (Ogilvie et 

al., 2017) in BEAST2. Taxa were designated as a member of a species based on the results of the 

BPP analysis of the concatenated nuDNA + mtDNA dataset for 12 putative species (Table 3). 

The results of the previous concatenated bModelTest indicated that several of the nuDNA codon 

position partitions were uninformative. Therefore, we changed our partitioning strategy for this 

analysis and partitioned nuDNA by gene instead of by codon position. ND1 and ND2 remained 

partitioned by codon position due to the higher information content of these partitions. We ran 

bModelTest on the ingroup taxa three times each for 100,000,000 generations, sampling every 

10,000 generations to obtain estimates for the substitution model for each partition. The analysis 

was run with a random local clock because lineages are all closely related and so we assumed 

similarity of clock rates with random change across branches (Drummond and Suchard, 2010), 

and a Yule Speciation model. As in the first bModelTest run, the nuDNA and mtDNA were 

linked separately so that two trees and two clocks, one each for nuDNA and mtDNA, were 

estimated. Alpha and beta values on the gamma prior for each clockrate.c parameter were 

changed to 2.0 and 0.5, respectively, as preliminary runs under default priors produced 

infinitesimally low values for these parameters and caused the likelihood to approach infinity. 

All other priors were kept at default values. Substitution model results from this analysis for each 

partition are shown in Table S5. 
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We plugged in the substitution models obtained from bModelTest into StarBEAST2 and ran 

a species tree analysis twice for 100,000,000 generations each, sampling every 10,000 

generations. We used a random local clock, and again changed the gamma prior on the 

clockrates.c parameter to an alpha and beta of 2.0 and 0.5, respectively. We viewed the output in 

Tracer and RWTY to determine convergence and stationarity, and discarded the first 10% of 

runs as burnin, leaving 18,002 trees in the posterior distribution. 

 

2.7. Morphological analyses 

We examined fluid-preserved specimens of Riopa from Myanmar for variation in mensural 

and meristic characters, selecting characters that have been used in previous skink phylogenetic 

studies to delimit species (Siler et al., 2010). Our final morphological dataset comprised 86 

individuals and contained 14 mensural characters: snout–vent length (SVL), axilla–groin 

distance (AGD), midbody width (MBW), tail width (TW), tail depth (TD), head length (HL), 

head width (HW), head depth (HD), eye diameter (ED), eye–nares distance (END), snout length 

(SNL), internares distance (IND); fore limb length (FLL), and hindlimb length (HLL), and five 

meristic characters: midbody scale row count (MBSRC), axilla–groin scale row count (AGSRC), 

paravertebral scale row count (PVSRC), Finger III lamellae (FinIIILam), and Toe IV lamellae 

(ToeIVLam). Additionally, we counted the number of supralabial, infralabial, supraocular, 

superciliary, loreal, and preocular scales and examined the degree of contact between head 

scales; however, following the observation that these characters show little to no variation across 

ingroup samples, they were excluded from subsequent morphological analyses. Measurements 

were taken by ESF and AHM with digital calipers accurate to 0.01mm with the exception of 

SVL and AGD—because older specimens were often fixed with curved bodies, SVL and AGD 
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were measured with a string which was then measured with digital calipers accurate to the 

0.01mm. All scale counts were taken on the right side of the body when possible. 

We conducted principal component analyses (PCA) on our mensural and meristic character 

datasets separately to visualize the distribution of the putative species recovered by BPP in 

morphospace. We removed individuals with missing data so that the mensural character dataset 

contained 73 individuals, with 38 of those also included in our phylogenetic analyses, and the 

meristic character dataset contained 81 individuals, with 45 of those also included in our 

phylogenetic analyses. Before conducting PCA on the mensural data, we size-corrected 

individuals to account for the disproportionately large effect of SVL on variance and to address 

any potential changes in body shape that occur with changes in body size, using the allometric 

equation: Xadj=log10(X)-β[log10(SVL)-log10(SVLmean)], where X is the original value of the 

mensural character, Xadj is the size-corrected value of the mensural character, SVLmean is the 

average SVL across all individuals, and β is the linear regression coefficient calculated from 

log10(X) against log10(SVL) (Thorpe, 1975; Lleonart, 2000). Ideally, we would calculate β for 

each putative species; however, several hypothesized lineages were represented by a single 

individual only, making the calculation of β impossible in these instances. Therefore, we 

calculated one β for each measurement across our dataset; because all individuals in our dataset 

are members of the same radiation across Myanmar, we feel confident that this did not have a 

large effect on the results. Prior to conducting the PCAs, we calculated the Z scores for each 

variable in both the mensural and meristic datasets using the scale function in R to standardize 

the variance for each variable. We ran each PCA using the command prcomp in R.  
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3. Results 

3.1. DNA sequencing and phylogenetic results 

 Our molecular dataset comprised 4,776 base pairs for 49 individuals—41 ingroup and eight 

outgroup samples with a total of 11.2% missing data across the entire concatenated alignment. 

The majority of missing data was confined to outgroup taxa, with only a few (n=7) ingroup taxa 

missing locus-specific coverage (Table S3). Our concatenated analyses in bModelTest inferred a 

well-supported topology (Fig. 3). Similar to the recent higher-level study of Lygosoma group 

skinks (Freitas et al., 2019), we recover a clade of Riopa from Myanmar with high support 

(posterior probability [pp] = 1.0; Fig. 3). Within Myanmar Riopa, three major clades are 

recovered (pp = 1.0 for each; Fig. 3, Clades I–III), each displaying significant intraspecific and 

well-supported genetic structure. These clades do not correspond to known species—individuals 

identified to species are not recovered as monophyletic groups (Table S3).  

 

3.2. Cryptic lineage identification and species delimitation 

Calculation of the uncorrected p-distances for the ND2 gene used in barcoding threshold 

values reveals high levels of genetic diversity between samples, with observed divergences 

between individuals of up to 15.7% (mean=10.4 ± 3.8%; Tables 2, S4). Within each of the three 

major clades (Figs. 1, 3, 6; Clades I–III), the pairwise genetic distances range from 9.2–13.0% 

(Tables 2, S4). These ND2 distances were used as input for the lineage barcoding threshold 

method and resulted in four potential thresholds at 1.7%, 5.0%, 6.8%, and 10.1%, with 6.8% 

corresponding to the lowest minimum threshold (Fig. 4). Based on this threshold value, we 

recovered 12 putative lineages, each comprising 1–14 sampled individuals (Fig. 3; Table 3). 

Clades I and II each were supported as comprising three lineages and Clade III supported as 
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Fig. 3. Phylogeny showing the results of the concatenated bModelTest analysis 
performed in BEAST2. Gray circles indicate nodes that are highly supported (pp ≥ 
0.95). The scale bar indicates branch lengths in average substitutions over time. 
The columns to the right of the topology indicate the putative lineages supported 
by each lineage discovery method: i—barcoding threshold values on the entire 
dataset; ii—bGMYC on the entire dataset; iii—barcode threshold values on each 
clade individually; and iv—bGMYC on each clade individually. The final column 
in black shows lineages supported by the BPP analysis with 12 putative lineages as 
input.  
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comprising six lineages. Comparatively, 

bGMYC supported 11 putative lineages, 

with Clades I and II again comprising three 

lineages, but Clade III instead comprising 

five lineages (Fig. 3; Table 3). Clade-

specific lineage barcoding distance 

thresholds and bGMYC lineage 

identification analyses identified six and 

three putative lineages, respectively, for 

Clade I, three for Clade II, and four and 

two, respectively for Clade III (Fig. 3; 

Table 3). These intra-clade analyses excluded lineages G and H from Clade III because these 

samples were greater than 10% divergent from all other lineages recovered, and as a result, were 

not included in clade-specific BPP analyses. For within clade barcoding distance thresholds 

analyses, the threshold values were 2.8% for Clade I, 5.4% for Clade II, and 6.4% for Clade III. 

In most cases, BPP analyses identified all input lineages as species with high support 

(considered to be posterior probabilities of above 0.95; Huelsenbeck and Rannala, 2004; Yang 

and Rannala, 2010) for both concatenated (nuDNA + mtDNA) and nuDNA only datasets. The 

exception was poor support (pp=0.52) observed for four putative lineages within Clade III in 

analyses of the concatenated dataset however, each of the same four lineages was highly 

supported (pp=0.98) in analyses of the nuDNA only dataset (Fig. 3; Table 3). 

 

3.3. Phylogenetic networks 

Fig. 4. Graph of the resulting barcoding threshold values 
for ND2. The gray and black dashed lines correspond to 
minimum values, with the bolded black dashed line at 
6.8%, which represents the lowest minimum value. This 
value (6.8%) was used as the input value for lineage 
discovery using the barcode threshold method. 
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Analysis of genetic structure using SplitsTree revealed that individual lineages were, for the 

most part, well defined with mtDNA but not with nuDNA (Fig. 5). In the mtDNA SplitsTree 

network, all individual lineages were well supported (bs=95–100) with the exception of lineage 

J, which was moderately supported (bs=69; Fig. 5). A split that grouped one individual of 

lineage L with lineage K also was recovered as highly supported (bs=89; Fig. 5). Additionally, 

Clades I and II were both recovered as highly supported (Clade I bs=70, Clade II bs = 91), 

whereas Clade III was only moderately supported (bs=67, Fig. 5). However, a subclade within 

Clade III comprising lineages I, J, K, and L, to the exclusion of lineages G and H, was recovered 

as highly supported (bs=100), and the subclade comprising lineages G and H was also recovered 

as highly supported (bs=91; Fig. 5). The nuDNA SplitsTree networks were less resolved than 

mtDNA. Both the R35 network and the RAG1 network had some support for individual lineages 

but clades were not supported, with the exception of Clade I in the RAG1 SplitsTree network 

(bs=95; Fig. 5). BDNF was least resolved out of all four networks, with the only instance of high 

support found for the separation of lineage G from all other lineages (bs=86; Fig. 5). Lineage G 

is also well supported in the R35 SplitsTree network (bs=100), but not in the RAG1 SplitsTree 

network (bs=61). Lineages that are well supported in both the R35 SplitsTree network and the 

RAG1 SplitsTree network include A (bs=80 [R35] and 100 [RAG1]), B (bs=84 [R35] and 83 

[RAG1]), and E (bs=96 [R35] and 90 [RAG1]). Two lineages were highly supported only in a 

single nuDNA SplitsTree network: C (bs=90 [RAG1]) and D (bs=94 [R35]). Lineages that were 

not highly supported across any nuDNA SplitsTree network were lineages F, H, I, J, K, and L. 

Several of these lineages were represented by a single sample and did not amplify for every 

nuDNA gene (Table S3). 
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Fig. 5. SplitsTree network graphs illustrating genetic splits for four loci: mitochondrial DNA (mtDNA) and 
the nuclear genes BDNF, RAG1, and R35. Gray lines represent the topology of each network, and blue, pink, 
and black lines crossing over the gray lines indicate major splits between taxa on either side of the line, with 
blue representing splits between clades, pink representing splits between lineages, and black representing other 
major splits. The color-coded number next to each colored line show the bootstrap support value for the split. 
Bootstrap support was assessed via 1000 bootstrap replicates and splits with values ≥ 70 are considered to be 
highly supported. 
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3.4. Species tree  

Species tree analysis of the 12 putative 

species obtained from BPP resulted in a 

topology with poorly supported structure 

(Fig. 6). Clade I is recovered with high 

support, although the relationships of 

lineage A, B, and C within Clade I are not 

resolved (Fig. 6). Clade II is also recovered with high support; however, lineage H is supported 

as part of Clade II, although its placement within the clade is not resolved (Fig. 6). Additionally, 

within Clade II, we recover lineages D and F as sister lineages (Fig. 6), which differs from the 

concatenated bModelTest analysis in which E and F are recovered as sister lineages, although 

this result is only moderately supported (pp=0.93, Fig. 3). A monophyletic Clade III is not 

recovered, with lineages G, I, J, K and L instead forming a polytomy along the backbone of the 

tree (Fig. 6). 

 

3.5. Multivariate analyses of morphology 

Results of the principal components analysis indicate that lineages and clades are not 

separated in morphospace (Fig. 7). In the mensural PCA analysis (Fig. 7), the first principal 

component (PC1) accounted for 36.5% of the variation and was loaded most heavily by TD, 

HW, HD, and FLL, suggesting that individuals are separated by body robustness, and the second 

principal component (PC2) accounted for 13.6% percent of the variation and loaded most heavily 

on AGD, MBW, TW, TD, END, and SNL, with AGD, MBW,TW, and TD negatively correlated 

with END and SNL, suggesting that individuals snout lengths are negatively correlated with 

Fig. 6. Maximum clade credibility topology showing the 
results of the species tree analysis. Gray circles indicate 
nodes that are highly supported (p ≥ 0.95). The scale bar 
indicates branch lengths in coalescent units. 
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body size (Table S6). Similarly, in the meristic PCA analysis (Fig. 7), PC1 accounted for 45.0% 

of the variation and loaded most heavily on MBSRC, PVSRC, FinIIILam, and ToeIVLam, with 

FINIILam and ToeIVLam negatively correlated with MBSRC and PVSRC, suggesting that body 

size is negatively correlated with digit length , and PC2 accounted for 21.1% percent of the 

variation and loaded most heavily on MBSRC and AGSRC, with MBSRC negatively correlated 

with AGSRC, suggesting that as the body elongates, body robustness decreases, and indicating 

that the degree of body elongation is important in distinguishing individuals in morphospace 

(Table S6). In the results of the meristic PCA, there does appear to be some separation of 

individuals along PC1 (Fig. 7); however, this separation does not correspond to phylogenetic 

placement and may be an artifact of the low samples size for some lineages. Clades or lineages 

do not form distinct clusters in morphospace in either the mensural or the meristic analysis. 

Lineage H, represented by a single sample, was excluded from both mensural and meristic 

analyses because the specimen was damaged. Lineage I was excluded from the mensural analysis 

because of its small size and damage, but it was included in the meristic analysis. 

 

 

 

 

Fig. 7. Graphs of the mensural (left) and meristic (right) PCAs. Lineage H is not shown in the figure because 
the specimen was damaged and excluded from analyses. 
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4. Discussion 

4.1. Genetic and morphological diversity within Myanmar Riopa 

Overall, we find high levels of genetic diversity within Myanmar Riopa that are not 

consistent with previously recognized morphological species boundaries. Currently, four species 

in the genus are recognized to occur in the country based on morphology: R. albopunctata, R. 

anguina, R. lineolata, and R. popae. However, results from our species delimitation analyses 

suggest that Myanmar harbors as many as 13 unique evolutionary lineages—the morphologically 

distinct R. albopunctata, plus 12 putative lineages recovered in species delimitation analyses that 

comprise the R. anguina-lineolata-popae species complex. Our concatenated and coalescent 

phylogenetic results indicate that these 12 lineages form a clade, sister to R. albopunctata (Fig. 

3), which suggests that Myanmar Riopa has diversified in situ within the country. These 12 

lineages of the R. anguina-lineolata-popae species complex are separated by ND2 mitochondrial 

distances of 7.2–15.7% (Table 2) and are well supported by the mtDNA SplitsTree network 

analysis (Fig. 5). However, their support among nuDNA SplitsTree network analyses varies, 

with several lineages (A, B, E, G) supported by two out of three nuDNA SplitsTree networks, 

two lineages (C, D) supported by one nuDNA SplitsTree network, and the remaining six lineages 

(F, H, I, J, K, L) not supported by any of the nuDNA SplitsTree networks (Fig. 5). These results 

are not surprising given that mtDNA evolves at a faster rate than nuDNA (Vawter and Brown, 

1986). The species delimitation program BPP is known to delimit population-level structure in 

addition to species-level structure (Sukumaran and Knowles, 2017; Barley et al., 2018; Luo et 

al., 2018; Leaché et al., 2019), and therefore, the lack of resolution among our nuDNA networks 

may indicate that some of the recovered lineages are genetically structured populations or 

incipient species instead of full species. Additionally, the species tree analysis does not fully 
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resolve inter-lineage relationships (Fig. 5), which may be an artifact of low genetic sampling, or 

again, indicate that the lineages are insipient species. 

Riopa species are small, cryptically colored, and semi-fossorial (Das, 2010), making them 

hard to detect during field surveys. As a result, one-half of the lineages recovered in species 

delimitation analyses (D, G, E, H, I, K) are represented in the dataset by a single individual, 

which prevents us from being able to characterize intra-lineage genetic diversity at this time. 

Furthermore, geographic sampling gaps exist across much of Myanmar, including in low–mid 

elevation regions in the eastern and southern portions of the country, and it is likely that 

additional unsampled genetic lineages exist within these regions. Species delimitation methods 

are affected by taxonomic and geographic scope of sampling, and many do not accommodate 

low intra-specific sampling (Lim et al., 2012), which affects their accuracy. As a result, the small 

sample size of many of our lineages (average n = 3.4 ± 3.8) combined with the possibility of 

unsampled lineages in Myanmar may distort the signal of population- versus species-level 

diversity. Understanding the distributions of Myanmar Riopa is crucial to appreciating the 

evolutionary history of the group, therefore additional surveys targeting Riopa across the country 

are needed to better resolve population- and species-level diversity within this clade. 

Despite the high amount of genetic diversity within Myanmar Riopa, we do not find that 

lineages or clades are separated in morphospace (Fig. 6). Instead, both the mensural and meristic 

PCAs show that there are no consistent morphological trends across lineages or clades. In the 

PC1 loadings for the mensural PCA and PC2 loadings for the meristic PCA, we do find the 

expected trend that body robustness is negatively correlated with body elongation across 

individuals (Gans, 1975; Wiens and Slingluff, 2001), but the other PC loadings are more difficult 

to interpret (Table S6) . Additionally, no lineages are separated by qualitative head scalation 
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patterns, with the exception of lineage F, in which all examined members have a scaly lower 

eyelid instead of a lower eyelid with a transparent disc. However, the taxonomic value of the 

lower eyelid state is a matter of debate due to its variability within clades (e.g. Broadley, 1966; 

Linkem et al., 2011; Freitas et al., 2019), with the state reportedly varying even between eyelids 

on the same individual (Hora, 1927). These morphological results suggest that intra-lineage 

morphology varies at least as much as inter-lineage morphology and indicates that body 

morphology is conservative across Riopa lineages in Myanmar, highlighting the limitations to 

employing diagnostic characters traditionally used in species delimitations studies in skinks. 

Our qualitative head scalation patterns are coded in a binary fashion (e.g. presence verses 

absence); however, geometric morphometric analyses on skull characteristics have been shown 

to be a useful tool in separating species that appear qualitatively similar (Ruane, 2015; Rej and 

Mead, 2017; Gabelaia et al., 2018) and may help to differentiate lineages of Myanmar Riopa in 

future studies. Furthermore, we did not examine internal osteological characters or hemipenes 

morphology, character sets that have helped to distinguish species in other squamate systematic 

studies (Welton et al., 2010; Prötzel et al., 2018), and researchers undertaking future studies on 

Riopa may wish to include these additional morphological elements. 

 

4.2. Biogeographic patterns within Myanmar Riopa 

Myanmar is both geographically and geologically complex, comprising multiple regions of tectonic 

uplift resulting from the collision of the Indian subcontinent with the Laurasian subcontinent beginning 

approximately 52 million years ago (van Hinsbergen et al., 2012; Khin et al., 2017), with some eastern 

topographical features such as the Shan Plateau (Fig. 1) dating to the Late Cretaceous (reviewed in 

Licht, 2013). This complex landscape has contributed to high levels of endemism in other groups of 
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squamate reptiles, including two genera of geckos in Myanmar: Cyrtodactylus (e.g. Grismer et al., 

2018a) and Hemiphyllodactylus (e.g. Grismer et al., 2018b), and may have driven diversification 

of Myanmar Riopa in the western and central parts of the country. Based on the localities of 

sampled specimens (Fig. 1), it appears that most putative Myanmar Riopa species are allopatric, with 

the possible exceptions of lineages J and L on the western side of the Irrawaddy (Ayeyarwady) 

River and lineages B, G, and I at Mount Popa (Fig. 1). Despite their close proximity, lineages J 

and L are separated by ND2 genetic distances of 7.2–9.3%, and lineages B, G, and I separated by 

ND2 genetic distances of 11.1–14.0% and may represent instances of secondary contact between 

lineages that diverged in allopatry. 

Lineages A and C are separated from the rest of Myanmar Riopa by the Arakan Yoma and 

Chin Hills, mountains that, along with the Naga Hills to the north, form the Indo-Myanmar 

(Indo-Burma) Range (Fig. 1). Uplift of the Indo-Myanmar Range began approximately 37 

million years ago, resulting from the collision of the Indian subcontinent with the Laurasian 

subcontinent (Mitchell, 1993; Licht et al., 2013). These mountains separate the western coast of 

Myanmar (the Assam Basin) from the country’s interior Central Myanmar (Central Burma) 

Basin. Although the timing of the complete separation of the Central Myanmar Basin from the 

Assam Basin remains unknown (Licht et al., 2013), it is likely that biotic exchange could have 

occurred between the two regions until as recently as the early Oligocene, approximately 33 

million years ago (Licht et al., 2013). This separation most likely predates the divergence of 

lineages A and C from the rest of Myanmar Riopa, suggesting that there was an instance of trans-

mountain dispersal early in the diversification of the clade. The mountains in the southern Indo-

Myanmar Range reach an elevation of over 3,000 m at Nat Ma Taung (Mount Victoria). 

Elevation data taken in the field for a subset of Riopa specimens indicates that individuals were 
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found predominately at mid-elevations, with some individuals found at higher elevations (77–

2,065 m above sea level; Table S3), suggesting that parts, but not all, of the Arakan Yoma and 

Chin Hills may be a barrier to dispersal between eastern and western lineages. Additionally, 

orographic lift of monsoon winds on the western side of the mountains results in the rain shadow 

effect in which the Assam Basin in the west is wetter than the Central Myanmar Basin in the 

east, potentially exposing lineages A and C to a different set of ecological conditions than what 

is experienced by other members of Myanmar Riopa, although detailed ecological data on this 

group are not available. 

Lineage B in Clade I and all lineages within Clades II and III are located in the central and 

southern portions of the Central Myanmar Basin, east of the Indo-Myanmar Range (Fig. 1). 

Within the southern and central portion of the Central Myanmar Basin, lineages B, E, G, H, J, 

and L are separated from each other by the Irrawaddy River, with B, E, G, and H found on the 

eastern side of the river and J and L found on the western side of the river. Lineages D, F, and K 

are located in the northern Central Myanmar Basin between the Chindwin and Irrawaddy Rivers. 

Although rivers have been implicated as barriers to dispersal of skinks in other parts of the world 

(Jackson and Austin, 2010; Miralles and Carranza, 2010; but see Vences et al., 2014), this is the 

first study recognizing the Irrawaddy River as a potential barrier to dispersal. Future studies 

focusing on gene flow between lineages on eastern and western sides of the river are needed to 

elucidate the role of the Irrawaddy River as a biogeographic barrier in Myanmar Riopa. 

In addition to geographical boundaries, Myanmar has experienced changes in climate 

throughout the Miocene, Pliocene and Pleistocene, resulting from the uplift of the Himalayas and 

the subsequent strengthening of the South and East Asian monsoon systems (Clift et al., 2008; 

Zhang et al., 2015). Simulation studies suggest that the Chin Hills and the Arakan Yoma affect 
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the climates of the Assam and Central Myanmar Basins by playing a critical role in the 

strengthening and seasonality of the annual South Asian Monsoon across the Indian subcontinent 

(Wu et al., 2014; Wu and Hsu, 2016). These climate changes caused a transition from C3- to C4-

dominated grasslands (Quade et al., 1989) and gave rise to mosaic savannah forest habitat across 

the Indian Subcontinent and Southeast Asia (Sun and Wang, 2005; Patnaik and Nanda, 2010; 

Louys and Meijaard, 2010; Ratnam et al., 2016). Fossil ungulates and hominids from Pliocene 

and Pleistocene deposits in South and Southeast Asia provide additional evidence for the 

expansion of grassland habitats in the region during this time (Takai et al., 2006; Suraprasit et al., 

2014; Patnaik, 2016). Species of Riopa are typically found in dry to semi-dry forests and grasslands 

(Das, 2010; Vyas, 2014; Bhattarai et al., 2018; Prasad et al., 2018), and populations may have 

been isolated by patches of forest habitats as vegetation shifts occurred throughout the Tertiary, 

thus promoting speciation under a scenario of reduced or suspended gene flow. 

Across portions of the Central Myanmar Basin, precipitation falls below 1000 mm per year 

(Fig. 2C; Matsuda, 2013), forming a region of semi-arid habitat known as the Central Dry Zone 

(Figs. 1, 2; Wu et al., 2014). This region has unique arid-adapted forest and grassland habitats 

and high levels of endemicity within terrestrial vertebrates (Smith, 1943; Slowinski and Wüster, 

2000; Platt et al., 2003; Zug et al., 2006; Shimada et al., 2010; Grismer et al., 2018c; Poyarkov et 

al., 2019) and has been hypothesized as a major center of speciation (Zug et al., 2006); however, 

the mechanisms behind the high levels of diversification in this region remain unknown. Our 

results supporting multiple cryptic lineages of Riopa concentrated within the boundaries of the 

Central Dry Zone (lineages B, G, H, I, J, L; Figs. 1, 2C) provide further evidence for the 

important role this biogeographic region may have played in vertebrate diversification. 
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4.3. Are Myanmar Riopa an example of non-ecological diversification? 

The pattern of high genetic diversity with no accompanying morphological differentiation 

suggests that Myanmar Riopa have undergone non-ecological diversification, in which genetic 

divergence between lineages has not been driven by adaptation to divergent environmental 

conditions. Non-ecological diversification results from allopatric separation of populations into 

isolated ecologically similar regions followed by non-ecologically mediated genetic evolution over 

time (Pyron et al., 2015; Czekanski-Moir and Rundell, 2019). Given the lack of morphological 

separation between lineages of Myanmar Riopa, it does not appear that lineages have been 

subjected to divergent natural selection or have undergone disparification (increase in 

morphospace area occupied over time by a clade [Czekanski-Moir and Rundell, 2019]) despite 

genetic diversification (Table 2). However, the lack of ecological data for Myanmar Riopa 

preclude the possibility of statistical tests of ecological differentiation within the clade, and we 

also lack knowledge on which morphological characters are ecologically relevant in this clade. It 

is possible that ecologically relevant variation exists between individuals but was not examined 

in this study. Additionally, we lack fossil data that could provide concrete evidence of ancestral 

morphology, an important consideration of whether diversification has been driven by ecological 

or non-ecological processes, although given the morphological uniformity of lineages within the 

clade, we hypothesize that the current morphology is pleisiomorphic. 

Signatures of non-ecological speciation have been documented in other groups of skinks 

including Eutropis in the Philippines (Barley et al., 2013), Carlia and Lampropholis in Australia 

(Singhal et al., 2018), and Cryptoblepharus in Australia (Blom et al., 2016). Similar to our 

observations, these studies reveal high levels of genetic diversification not accompanied by 

morphological disparification, although only Blom et al. (2016) conducted explicit statistical 
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tests linking the morphology examined in the study with species’ ecologies. In addition to these 

studies, the numerous instances of cryptic radiations across the Family Scincidae (see Table S1 

for a list of all cryptic species described between 2014–2019) allude to non-ecological speciation 

as a common occurrence within scincid lizards, but this has not been tested explicitly in a 

statistical framework. Therefore, although it is clear that Myanmar Riopa constitutes a cryptic 

radiation, the processes contributing to diversification in the clade cannot be determined based 

on our current data. 

 

4.4. Taxonomic implications 

In discussing distribution patterns of Riopa species in Myanmar, Jayaram (1949:407) remarked, “it 

is likely that these are mere races of a single species.” Our genetic results dispute this hypothesis and 

instead suggest that there is significant cryptic diversity present within the R. anguina-lineolata-popae 

species complex. However, because the species delimitation program BPP delimits both 

population- and species-level structure (Sukumaran and Knowles, 2017; Barley et al., 2018; Luo 

et al., 2018; Leaché et al., 2019), it is likely that some of the 12 lineages represent genetically 

divergent populations and not full species. Furthermore, using genetic data alone to diagnose 

species remains controversial (Bauer et al., 2011; Singhal et al., 2018; Hillis, 2019) despite the 

widespread adoption of the General Lineage Concept definition of species (deQueiroz, 1998; 

1999), which states only that species are independently evolving lineages. 

Therefore, determination of which of our Myanmar Riopa lineages represent new species is 

complicated by the lack of distinguishing morphological features and the current paucity of other 

pertinent natural history information, such as behavior, ecology, microhabitat preferences, and 

geographic distributions. The type specimens of R. anguina, R. lineolata, and R. popae are 
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housed at the Zoological Survey of India, the British Museum of Natural History, and the 

Museum of Comparative Zoology, respectively, and, except for R. popae, were not available for 

examination. Additionally, three sampled lineages were found at Mount Popa, the type locality 

of R. popae (lineages B, G, and I) and one sampled lineage (lineage B) was found around the 

approximate type locality of R. anguina, but no genetic samples exist from the type locality of R. 

lineolata (Fig. 1), making it difficult to assign lineages to recognized species based on their 

geographical distributions. 

Additional studies are needed to determine what proportion of lineages identified within the 

R. anguina-lineolata-popae species warrant recognition as separate species. Because several 

lineages are found in close proximity with large genetic differentiation (J and L; B, G, and I; Fig. 

1, Table 2), it is likely that they represent distinct species along separate evolutionary 

trajectories, according to the General Lineage Concept (de Queiroz, 1998, 1999). However, at 

this time, we decline to advance the taxonomy of this group until more data are available that 

will allow for improved resolution of species-level diversity within the R. anguina-lineolata-

popae species complex. Recognizing the high levels of cryptic diversity with Myanmar Riopa is 

a critical first step in understanding the evolutionary dynamics that generate biodiversity in the 

region. 
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SUPPLEMENTARY MATERIAL 

 

 

 

Year Species Taxonomic Authority Cryptic? 

2014 Brachymeles isangdaliri Davis, Feller, Brown & Siler Yes 

2014 Brachymeles mapalanggaon Davis, Feller, Brown & Siler Yes 

2014 Caledoniscincus pelletieri Sadlier, Whitaker, Wood Jr. & Bauer No 

2014 Carlia sukur Zug & Kaiser No 

2014 Carlia wundalthini Hoskin No 

2014 Ctenotus superciliaris Rabosky, Hutchinson, Donnellan, Talaba & Lovette Yes 

2014 Glaphyromorphus nyanchupinta Hoskin & Couper No 

2014 Glaphyromorphus othelarrni Hoskin & Couper No 

2014 Lipinia sekayuensis Grismer, Ismail, Awang, Rizal & Ahmad No 

2014 Nannoscincus koniambo Sadlier, Bauer, Whitaker & Wood Jr.  No 

2014 Parvoscincus duwendorum Siler, Linkem, Cobb, Watters, Cummings, Diesmos & Brown Yes 

2014 Parvoscincus manananggalae Siler, Linkem, Cobb, Watters, Cummings, Diesmos & Brown Yes 

2014 Parvoscincus tikbalangi Siler, Linkem, Cobb, Watters, Cummings, Diesmos & Brown Yes 

2014 Phaeoscincus ouinensis Sadlier, Shea & Bauer No 

2014 Phaeoscincus taomensis Whitaker, Smith & Bauer No 

2014 Plestiodon kuchinoshimensis Kurita & Hikida Yes 

2014 Sigaloseps balios Sadlier, Bauer & Wood Jr.  No 

2014 Sigaloseps conditus  Sadlier, Bauer & Wood Jr.  No 

2014 Sigaloseps ferrugicauda Sadlier, Smith, Shea & Bauer No 

2014 Sigaloseps pisinnus Sadlier, Shea, Whitaker, Bauer & Wood Jr. No 

2015 Liburnascincus artemis  Hoskin & Couper No 

2015 Sphenomorphus senja Grismer & Quah No 

2015 Trachylepis adamastor Ceríaco No 

2016 Brachymeles dalawangdaliri 
Davis, Geheber, Watters, Penrod, Feller, Ashford, Kouri, Nguyen, Shauberger, Sheatsley, Winfrey, Wong, Sanguila, Brown 

& Siler Yes 

Table S1 
A list of all skink species described between 2014–2019 from Uetz et al. (2019) with their taxonomic authorities. To be considered cryptic for the purposes of this 

list, the species must previously have been recognized in the literature as a member of a different species, and subsequently was described as a new species based 

on genetic and morphological data (and not morphological data alone). Species considered cryptic are highlighted in blue.  
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2016 Brachymeles ilocandia 
Siler, Davis, Freitas, Huron, Geheber, Watters, Penrod, Papeş, Amrein, Anwar, Cooper Hein, Manning, Patel, Pinaroc, 

Diesmos, Diesmos, Oliveros & Brown Yes 

2016 Brachymeles ligtas 
Geheber, Davis, Watters, Penrod, Feller, Davey, Ellsworth, Flanagan, Heitz, Moore, Nguyen, Roberts, Sutton, Sanguila, 

Linkem, Brown & Siler Yes 

2016 Eutropis austini Batuwita No 

2016 Eutropis greeri Batuwita No 

2016 Lerista hobsoni Couper, Amey & Worthington-Wilmer No 

2016 Lerista vanderduysi Couper, Amey & Worthington-Wilmer No 

2016 Lygosoma tabonorum Heitz, Diesmos, Freitas, Ellsworth & Grismer Yes 

2016 Mabuya parviterrae Hedges, Lorvelec, Barré, Berchel, Combot, Vidal & Pavis Yes 

2016 Madascincus miafina  Miralles, Köhler, Glaw & Vences Yes 

2016 Madascincus pyrurus Miralles, Köhler, Glaw & Vences Yes 

2016 Paracontias ampijoroensis Miralles, Jono, Mori, Gandola, Erens, Köhler, Glaw & Vences No 

f2016 Paracontias mahamavo Miralles, Jono, Mori, Gandola, Erens, Köhler, Glaw & Vences No 

2016 Sphenomorphus sungaicolus Sumarli, Grismer, Wood Jr., Ahmad, Rizal, Ismail, Izam, Ahmad & Linkem No 

2016 Trachylepis principensis Ceríaco, Marques & Bauer Yes 

2016 Trachylepis thomensis Ceríaco, Marques & Bauer Yes 

2016 Tytthoscincus batupanggah Karin, Das & Bauer No 

2016 Tytthoscincus leproauricularis Karin, Das & Bauer No 

2016 Tytthoscincus panchorensis  Grismer, Muin, Wood Jr., Anuar & Linkem No 

2017 Carlia insularis Afonso Silva, Santos, Ogilvie & Moritz Yes 

2017 Carlia isostriacantha Afonso Silva, Santos, Ogilvie & Moritz Yes 

2017 Ctenotus pallasotus Rabosky & Doughty Yes 

2017 Ctenotus rhabdotus Rabosky & Doughty Yes 

2017 Eumeces persicus Faizi, Rastegar-Pouyani, Rastegar-Pouyani, Nazarov, Heidari, Zangi, Orlova & Poyarkov No 

2017 Nessia gansi Batuwita & Edirisinghe No 

2017 Oligosoma awakopaka Jewell No 

2017 Oligosoma elium Melzer, Bell & Patterson Yes 

2017 Oligosoma kokowai Melzer, Bell & Patterson Yes 

2017 Oligosoma prasinum Melzer, Bell & Patterson Yes 

2017 Plestiodon lotus Pavón-Vázquez, Nieto-Montes de Oca, Mendoza-Hernández, Centenero-Alcalá, Santa Cruz-Padilla & Jiménez-Arcos No 

2017 Plestiodon takarai Kurita, Ota & Hikida Yes 
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2017 Sphenomorphus dekkerae Shea No 

2017 Trachylepis gonwouoi Allen, Tapondjou, Welton & Bauer No 

2017 Tribolonotus choiseulensis Rittmeyer & Austin Yes 

2017 Tribolonotus parkeri Rittmeyer & Austin Yes 

2017 Tropidophorus sebi Pui, Karin, Bauer & Das No 

2017 Tytthoscincus jaripendek Grismer, Wood Jr., Quah, Anuar, Ngadi, Mohd-Izam & Ahmad No 

2017 Tytthoscincus kakikecil Grismer, Wood Jr., Quah, Anuar, Ngadi, Mohd-Izam & Ahmad No 

2017 Tytthoscincus martae Grismer, Wood Jr., Quah, Anuar, Ngadi, Mohd-Izam & Ahmad No 

2017 Tytthoscincus temasekensis Grismer, Wood Jr., Lim & Liang No 

2018 Acontias albigularis Conradie, Busschau & Edwards Yes 

2018 Acontias wakkerstroomensis Conradie, Busschau & Edwards Yes 

2018 Carlia crypta Singhal, Hoskin, Couper, Potter & Moritz Yes 

2018 Emoia beryllion Kraus No 

2018 Eremiascincus rubiginosus Mecke & Doughty No 

2018 Lampropholis bellendenkerensis Singhal, Hoskin, Couper, Potter & Moritz Yes 

2018 Lampropholis elliotensis Singhal, Hoskin, Couper, Potter & Moritz Yes 

2018 Lampropholis similis Singhal, Hoskin, Couper, Potter & Moritz Yes 

2018 Lygosoma kinabatanganensis Grismer, Quah, Duzulkafly & Yambun No 

2018 Lygosoma peninsulare Grismer, Quah, Duzulkafly & Yambun No 

2018 Lygosoma samajaya Karin, Freitas, Shonleben, Grismer, Bauer & Das No 

2018 Lygosoma siamensis Siler, Heitz, Davis, Freitas, Aowphol, Termprayoon & Grismer Yes 

2018 Oligosoma hoparatea Whitaker, Chapple, Hitchmough, Lettink & Patterson No 

2018 Ophiomorus kardesi Kornilios, Kumlutaş, Lymberakis & Ilgaz Yes 

2018 Panaspis namibiana Ceríaco, Branch & Bauer Yes 

2018 Panaspis thomensis Ceríaco, Soares, Marques, Bastos-Silveira, Scheinberg, Harris, Brehm & Jesus Yes 

2018 Scincella nigrofasciata Neang, Chan & Poyarkov No 

2018 Scolecoseps broadleyi Verburgt, Verburgt & Branch No 

2018 Sphenomorphus yersini Nguyen, Nguyen, Nguyen, Orlov & Murphy No 

2018 Tytthoscincus keciktuek  Grismer, Wood Jr., Ahmad, Baizul-Hafsyam, Afiq-Shuhaimi, Rizal & Quah No 

2018 Tytthoscincus monticolus Grismer, Wood Jr., Ahmad, Baizul-Hafsyam, Afiq-Shuhaimi, Rizal & Quah No 

2019 Epibator insularis Sadlier, Debar, Chavis, Bauer, Jourdan & Jackman 

 

No 
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2019 Kuniesaurus albiauris Sadlier, Deuss, Bauer & Jourdan No 

2019 Lerista alia Amey, Couper & Worthington-Wilmer Yes 

2019 Lerista anyara Amey, Couper & Worthington-Wilmer No 

2019 Lerista parameles Amey, Couper & Worthington-Wilmer Yes 

2019 Oligosoma albornense Melzer, Hitchmough, Bell, Chapple & Patterson No 

2019 Oligosoma auroraensis Melzer, Hitchmough, Bell, Chapple & Patterson No 

2019 Oligosoma salmo Melzer, Hitchmough, Bell, Chapple & Patterson No 

2019 Subdoluseps malayana Grismer, Dzukafly, Muin, Quah, Karin, Anuar & Freitas No 

2019 Trachylepis raymondlaurenti Marques, Ceríaco, Bandeira, Pauwels & Bauer Yes 

 

 

 

Group Year Species Taxonomic Authority 

Amphibian 2014 Ichthyophis multicolor Wilkinson, Presswell, Sherratt, Papadopoulou & Gower 

Amphibian 2014 Tylototriton shanorum Nishikawa, Matsui & Rao 

Amphibian 2016 Limnonectes longchuanensis Suwannapoom, Yuan, Chen, Sulliva, & McLeod 

Amphibian 2017 Theloderma pyaukkya Dever 

Amphibian 2018 Tylototriton ngarsuensis Grismer, Wood Jr., Quah, Thura, Espinoza, Grismer, Murdoch & Lin 

Amphibian 2019 Ansonia kyaiktiyoensis Quah, Grismer, Wood Jr., Thura, Oaks & Lin 

Amphibian 2019 Microhyla fodiens Poyarkov, Gorin, Zaw, Kretova, Gogoleva, Pawangkhanant & Che 

Amphibian 2019 Microhyla irrawaddy Poyarkov, Gorin, Zaw, Kretova, Gogoleva, Pawangkhanant & Che 

Amphibian 2019 Tylototriton kachinorum Zaw, Lay, Pawangkhanant, Gorin & Poyarkov 

Amphibian 2019 Tylototriton panwaensis Grismer, Wood Jr., Quah, Thura, Espinoza & Murdoch 

Fish 2014 Schistura hypsiura Bohlen, Šlechtová & Udomritthiruj 

Fish 2016 Danio htamanthinus Kullander & Norén 

Fish 2017 Devario fangae Kullander 

Fish 2017 Devario myitkyinae Kullander 

Fish 2017 Lepidocephalichthys eleios Kottelat 

Fish 2017 Malihkaia aligera Kottelat 

Fish 2017 Oreoglanis hponkanensis Chen, Qin & Chen 

Table S2 
List of all new vertebrate species described from Myanmar between 2014–2019. 
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Fish 2017 Schistura indawgyiana Kottelat 

Fish 2017 Schistura nubigena Kottelat 

Fish 2017 Schistura wanlainensis Kottelat 

Fish 2018 Altigena malihkaia Zheng, Qin & Chen 

Fish 2018 Amblyceps improcerum Ng & Kottelat 

Fish 2018 Exostoma chaudhurii Ng & Kottelat 

Fish 2018 Laubuka tenella Kullander, Rahman, Norén & Mollah 

Fish 2018 Mustura celata Kottelat 

Fish 2019 Opsarius putaoensis Qin, Maung & Chen 

Fish 2019 Rhyacoschistura larreci Kottelat 

Mammal 2017 Hoolock tianxing 
Fan, He, Chen, Ortiz, Zhang, Zhao, Li, Zhang, Kimock, Wang, Groves, Turvey, Roos, Helgen & 

Jiang 

Mammal 2017 Murina hkakaboraziensis Soisook, Thaw, Kyaw, Oo, Pimsai, Suarez-Rubio & Renner 

Reptile 2015 Pareas vindumi Vogel 

Reptile 2017 Cyrtodactylus lenya Mulcahy, Thura & Zug (in Connette et al., 2017) 

Reptile 2017 Cyrtodactylus payarhtanensis Mulcahy, Thura & Zug (in Connette et al., 2017) 

Reptile 2017 Gyiophis salweenensis Quah, Grismer, Wood Jr., Thura, Zin, Kyaw, Lwin, Grismer & Murdoch 

Reptile 2018 Cyrtodactylus aunglini Grismer, Wood Jr., Thura, Win, Grismer, Trueblood & Quah 

Reptile 2018 Cyrtodactylus bayinnyiensis Grismer, Wood Jr., Thura, Quah, Murdoch, Grismer, Herr, Lin & Kyaw 

Reptile 2018 Cyrtodactylus chaunghanakwaensis Grismer, Wood Jr., Thura, Quah, Murdoch, Grismer, Herr, Lin & Kyaw 

Reptile 2018 Cyrtodactylus dammathetensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus linnoensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus linnwayensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus meersi Grismer, Wood Jr., Quah, Murdoch, Grismer, Herr, Espinoza, Brown & Lin 

Reptile 2018 Cyrtodactylus myaleiktaung Grismer, Wood Jr., Thura, Win, Grismer, Trueblood & Quah 

Reptile 2018 Cyrtodactylus myintkyawthurai Grismer, Wood Jr., Quah, Murdoch, Grismer, Herr, Espinoza, Brown & Lin 

Reptile 2018 Cyrtodactylus naungkayaingensis Grismer, Wood Jr., Thura, Quah, Murdoch, Grismer, Herr, Lin & Kyaw 

Reptile 2018 Cyrtodactylus pharbaungensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus pyinyaungensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus sadanensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus sadansinensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus sanpelensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 
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Reptile 2018 Cyrtodactylus shwetaungorum Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactlylus sinyineensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus welpyanensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus yathepyanensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Cyrtodactylus ywanganensis Grismer, Wood Jr., Thura, Quah, Grismer, Murdoch, Espinoza & Lin 

Reptile 2018 Hemiphyllodactylus linnwayensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Hemiphyllodactylus montawaensis Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Hemiphyllodactylus tonywhitteni Grismer, Wood Jr., Thura, Zin, Quah, Murdoch, Grismer, Lin, Kyaw & Lwin 

Reptile 2018 Hemiphyllodactylus uga Grismer, Wood Jr., Zug, Thura, Grismer, Murdoch, Quah & Lin 

Reptile 2018 Hemiphyllodactylus ywanganensis Grismer, Wood Jr., Zug, Thura, Grismer, Murdoch, Quah & Lin 

Reptile 2018 Ptychozoon popaense Grismer, Wood Jr., Thura, Grismer, Brown & Stuart 

Reptile 2019 Cnemaspis thayawthadangyi Lee, Miller, Zug & Mulcahy 

Reptile 2019 Cnemaspis tanintharyi Lee, Miller, Zug & Mulcahy 

Reptile 2019 Cyrtodactylus mombergi Grismer, Wood Jr, Quah, Thura, Herr & Lin 

Reptile 2019 Cyrtodactylus nyinyikyawi Grismer, Wood Jr., Thura, Win & Quah 

Reptile 2019 Cyrtodactylus pinlaungensis Grismer, Wood Jr., Quah, Thura, Oaks & Lin 

Reptile 2019 Cyrtodactylus pyadalinensis Grismer, Wood Jr., Thura, Win & Quah 

 

 

 

 

Species 
Museum 

No. Clade 

Original 
Species 
Epithet 

Decimal 
Latitude 

Decimal 
Longitude 

Elevation 
(m) BDNF R35 RAG1 ND1 ND2 16S 

Lygosoma 
quadrupes ENS 13639 --- --- --- --- --- --- KX774339 MK409543 KX774344 --- MG367368 

Mochlus 
brevicaudis 

MVZ 

249721 --- --- 8.3484 0.6011 893 HM160590 HM161064 HM161159 HM160781 --- MK414546 

Mochlus 
guineensis 

MVZ 

252551 --- --- 6.3672 -1.0330 --- --- MK409501 MK409528 MK409590 --- MK414548 

Mochlus 
sundevallii 

WC-DNA 

1077 --- --- 14.9000 37.9500 --- --- MK409516 MH130041 

 

MK409605 MH142365 MK414562 

Subdoluseps 
bowringii 

LSUHC 

6998 --- --- --- --- --- HQ907230 HQ907637 HQ907230 HQ907328 HQ907430 MN841798 

Subdoluseps 
herberti 

LSUHC 

11803 --- --- 6.6300 100.1800 --- --- MF981874 MN850172 MF981877 --- MN841799 

Table S3 
List of samples used in this study with their associated GenBank numbers. The Clade column refers to the Bayesian Phylogenetics and Phylogeography 

(BPP) putative species identification for the specimen based on molecular data, and the Original Species Epithet column refers to the species that the 
specimen was identified as when accessioned. Museum abbreviations follow Sabaj (2016). 
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Subdoluseps 
samajaya CAS 259777 --- --- 1.5235 110.3882 --- --- MF981876 MK409542 MF981879 --- MG020475 

Riopa 
albopunctata CES 14/823 --- --- --- --- --- --- --- MK409544 MK409620 --- MK414540 

Riopa sp. CAS 221110 A anguina 21.0261 93.0268 --- MN850099 MN850140 MN850173 MN850204 MN850239 MN841800 

Riopa sp. CAS 221144 A anguina 20.9437 92.9500 --- MN850100 MN850141 MN850174 MN850205 MN850240 MN841801 

Riopa sp. CAS 221146 A anguina 20.8732 92.9296 --- MN850101 MN850142 MN850175 MN850206 MN850241 MN841802 

Riopa sp. CAS 210669 B lineolata 20.9046 95.2337 --- MN850102 MN850143 MN850176 MN850207 MN850242 MN841803 

Riopa sp. CAS 230414 B bowringii 17.0489 96.0939 23 MN850103 MK409505 MK409532 MK409594 MN850243 MK414552 

Riopa sp. CAS 231325 B lineolata 20.8979 95.2344 710 MN850104 MN850144 MN850177 MN850208 MN850244 MN841804 

Riopa sp. CAS 206647 C anguina 17.7199 94.5404 --- MN850105 MN850145 MN850178 MN850209 MN850245 MN841805 

Riopa sp. CAS 206648 C anguina 17.7177 94.5321 --- MN850106 MN850146 MN850179 MN850210 MN850246 MN841806 

Riopa sp. CAS 223198 C anguina 19.3099 94.1501 --- MN850107 MN850147 --- MN850211 MN850247 MN841807 

Riopa sp. CAS 223228 C anguina 19.3136 94.1461 --- MN850108 MK409503 MK409530 MK409592 MN850248 MK414550 

Riopa sp. CAS 223229  C anguina 19.3136 94.1461 --- MN850109 --- --- MN850212 MN850249 MN841808 

Riopa sp. CAS 223232 C anguina 19.3144 94.1490 --- MN850110 --- --- MN850213 MN850250 MN841809 

Riopa sp. CAS 239204 D anguina 25.6738 95.5906 160 MN850111 MN850148 MN850180 MN850214 MN850251 MN841810 

Riopa sp. CAS 216328 E popae 23.0682 96.2243 --- MN850112 MN850149 MN850181 MN850215 MN850252 MN841811 

Riopa sp. CAS 232289 F popae 25.4761 95.6183 226 MN850113 MN850150 MN850182 MN850216 MN850253 MN841812 

Riopa sp. CAS 232549 F lineolata 25.1893 96.2936 221 MN850114 MN850151 MN850183 MN850217 MN850254 MN841813 

Riopa sp. CAS 232587 F bowringii 25.1861 96.2899 222 MN850115 MN850152 MN850184 MN850218 MN850255 MN841814 

Riopa sp. CAS 233085 F bowringii 25.2834 96.2899 224 MN850116 MN850153 MN850185 MN850219 MN850256 MN841815 

Riopa sp. CAS 233106 F popae 24.9805 96.3543 235 MN850117 MN850154 MN850186 MN850220 MN850257 MN841816 

Riopa sp. CAS 241537 F sp. 25.1831 96.2902 199 MN850118 MN850155 MN850187 MN850221 MN850258 MN841817 

Riopa sp. CAS 231327 G popae 20.8979 95.2344 710 MN850119 MF981875 MK409534 MF981878 MN850259 MK414554 

Riopa sp. CAS 230491 H sp. 21.0819 96.3626 264 MN850120 MN850156 MN850188 MN850222 MN850260 MN841818 

Riopa sp. CAS 214071   I lineolata 20.8861 95.2263 --- MN850121 --- --- MN850223 MN850261 MN841819 

Riopa sp. CAS 213615 J lineolata 20.0654 94.6242 --- MN850122 MK409506 MK409533 MK409595 --- MK414553 

Riopa sp. CAS 213826 J lineolata 20.1917 94.4599 --- MN850123 MN850157 MN850189 MN850224 MN850262 MN841820 

Riopa sp. CAS 243147  J sp. 21.9300 94.2021 332 MN850124 --- --- MN850225 MN850263 MN841821 

Riopa sp. CAS 240673 K sp. 24.7544 96.3481 219 MN850125 MK409508 MK409535 MK409597 MN850264 

 

MK414556 

Riopa sp. CAS 206645 L anguina 22.3052 94.4794 --- MN850126 MN850158 MN850190 MN850226 MN850265 MN841822 

Riopa sp. CAS 206646 L anguina 22.3053 94.4794 --- MN850127 MN850159 MN850191 MN850227 MN850266 MN841823 
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Riopa sp. CAS 210184 L anguina 22.3094 94.4208 --- MN850128 MN850160 MN850192 --- MN850267 MN841824 

Riopa sp. CAS 210255 L anguina 22.3223 94.4865 --- MN850129 MN850161 MN850193 MN850228 MN850268 MN841825 

Riopa sp. CAS 210503 L popae 22.3170 94.4701 --- MN850130 MN850162 MN850194 MN850229 MN850269 MN841826 

Riopa sp. CAS 215536 L lineolata 22.3181 94.4573 --- MN850131 MN850163 MN850195 MN850230 MN850270 MN841827 

Riopa sp. CAS 215537 L lineolata 22.3181 94.4573 --- MN850132 MN850164 MN850196 MN850231 MN850271 MN841828 

Riopa sp. CAS 215589 L anguina 22.3082 94.5030 --- MN850133 MN850165 MN850197 MN850232 MN850272 MN841829 

Riopa sp. CAS 215698 L anguina 22.3064 94.5503 --- MN850134 MN850166 MN850198 MN850233 MN850273 MN841830 

Riopa sp. CAS 215699 L anguina 22.3064 94.5503 --- MN850135 MN850167 MN850199 MN850234 MN850274 MN841831 

Riopa sp. CAS 215717 L lineolata 22.2662 94.6176 --- MN850136 MN850168 MN850200 MN850235 MN850275 MN841832 

Riopa sp. CAS 234962 L anguina 21.1925 94.0497 1722 MN850137 MN850169 MN850201 MN850236 MN850276 MN841833 

Riopa sp. CAS 243102 L sp. 22.2112 94.1718 225 MN850138 MN850170 MN850202 MN850237 MN850277 MN841834 

Riopa sp. CAS 243133 L sp. 21.9186 94.2321 361 MN850139 MN850171 MN850203 MN850238 MN850278 MN841835 

 

 

 

Individual 
CAS 
223229 

CAS 
223232 

CAS 
206647 

CAS 
206648 

CAS 
215699 

CAS 
223228 

CAS 
232289 

CAS 
241537 

CAS 
233106 

CAS 
232549 

CAS 
233085 

CAS 
232587 

CAS 
215589 

CAS 
206645 

CAS 
234962 

CAS 
215536 

CAS 
215537 

CAS 223229 ---                                 

CAS 223232 0.030 ---                               

CAS 206647 0.056 0.058 ---                             

CAS 206648 0.056 0.058 0.005 ---                           

CAS 215699 0.034 0.006 0.061 0.061 ---                         

CAS 223228 0.034 0.006 0.061 0.061 0.006 ---                       

CAS 232289 0.116 0.122 0.098 0.096 0.122 0.122 ---                     

CAS 241537 0.116 0.122 0.098 0.096 0.122 0.122 0.005 ---                   

CAS 233106 0.116 0.122 0.098 0.096 0.122 0.122 0.003 0.003 ---                 

CAS 232549 0.116 0.122 0.098 0.096 0.122 0.122 0.003 0.003 0.000 ---               

CAS 233085 0.117 0.123 0.099 0.098 0.123 0.123 0.005 0.005 0.002 0.002 ---             

CAS 232587 0.117 0.123 0.099 0.098 0.123 0.123 0.005 0.005 0.002 0.002 0.003 ---           

CAS 215589 0.128 0.125 0.123 0.122 0.122 0.123 0.134 0.134 0.134 0.134 0.133 0.136 ---         

Table S4 
Uncorrected ND2 p-distance between each individual. 
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CAS 206645 0.127 0.123 0.123 0.122 0.120 0.122 0.134 0.134 0.134 0.134 0.133 0.136 0.026 ---       

CAS 234962 0.136 0.133 0.125 0.127 0.130 0.131 0.137 0.137 0.137 0.137 0.136 0.139 0.058 0.038 ---     

CAS 215536 0.131 0.125 0.127 0.125 0.122 0.123 0.134 0.134 0.134 0.134 0.133 0.136 0.003 0.023 0.055 ---   

CAS 215537 0.128 0.125 0.123 0.122 0.122 0.123 0.130 0.130 0.130 0.130 0.128 0.131 0.008 0.021 0.053 0.008 --- 

CAS 210503 0.128 0.125 0.123 0.122 0.122 0.123 0.130 0.130 0.130 0.130 0.128 0.131 0.008 0.021 0.053 0.008 0.000 

CAS 243102 0.136 0.130 0.122 0.120 0.127 0.128 0.130 0.130 0.130 0.130 0.128 0.131 0.034 0.020 0.044 0.034 0.029 

CAS 243133 0.134 0.134 0.127 0.125 0.134 0.133 0.130 0.130 0.130 0.130 0.128 0.131 0.037 0.023 0.049 0.037 0.030 

CAS 206646 0.127 0.127 0.125 0.123 0.123 0.125 0.130 0.130 0.130 0.130 0.128 0.131 0.017 0.015 0.050 0.017 0.012 

CAS 210184 0.127 0.123 0.122 0.120 0.120 0.122 0.128 0.128 0.128 0.128 0.127 0.130 0.009 0.023 0.055 0.009 0.002 

CAS 210255 0.131 0.125 0.127 0.125 0.122 0.123 0.134 0.134 0.134 0.134 0.133 0.136 0.003 0.023 0.055 0.000 0.008 

CAS 213826 0.142 0.139 0.131 0.130 0.136 0.137 0.134 0.134 0.134 0.134 0.133 0.136 0.038 0.029 0.049 0.038 0.037 

CAS 214164 0.140 0.140 0.128 0.127 0.137 0.139 0.131 0.131 0.131 0.131 0.130 0.133 0.040 0.034 0.053 0.040 0.038 

CAS 231445 0.131 0.134 0.127 0.125 0.131 0.133 0.133 0.133 0.133 0.133 0.131 0.134 0.037 0.030 0.053 0.040 0.038 

CAS 214071 0.122 0.125 0.114 0.113 0.122 0.125 0.127 0.130 0.127 0.127 0.125 0.128 0.087 0.093 0.104 0.090 0.088 

CAS 230414 0.088 0.081 0.082 0.078 0.078 0.081 0.119 0.119 0.119 0.119 0.120 0.117 0.133 0.122 0.128 0.130 0.130 

CAS 210669 0.090 0.088 0.084 0.081 0.088 0.091 0.130 0.130 0.130 0.130 0.131 0.128 0.142 0.137 0.143 0.139 0.137 

CAS 231325 0.090 0.088 0.084 0.081 0.088 0.091 0.130 0.130 0.130 0.130 0.131 0.128 0.142 0.137 0.143 0.139 0.137 

CAS 231440 0.130 0.127 0.127 0.125 0.123 0.125 0.123 0.123 0.123 0.123 0.125 0.122 0.093 0.082 0.090 0.093 0.085 

CAS 243147 0.110 0.110 0.105 0.104 0.107 0.108 0.110 0.110 0.110 0.110 0.111 0.108 0.084 0.072 0.085 0.084 0.082 

CAS 221110 0.093 0.095 0.091 0.090 0.093 0.096 0.113 0.113 0.113 0.113 0.114 0.114 0.122 0.114 0.120 0.122 0.122 

CAS 214165 0.093 0.095 0.091 0.090 0.093 0.096 0.116 0.116 0.116 0.116 0.117 0.117 0.119 0.111 0.120 0.119 0.119 

CAS 215698 0.093 0.095 0.091 0.090 0.093 0.096 0.113 0.113 0.113 0.113 0.114 0.114 0.122 0.114 0.120 0.122 0.122 

CAS 239204 0.127 0.122 0.110 0.108 0.119 0.122 0.087 0.087 0.087 0.087 0.085 0.088 0.125 0.122 0.123 0.122 0.120 

CAS 216328 0.123 0.122 0.117 0.116 0.119 0.122 0.090 0.090 0.090 0.090 0.091 0.091 0.131 0.120 0.130 0.131 0.130 

CAS 231327 0.128 0.122 0.108 0.104 0.120 0.120 0.127 0.127 0.127 0.127 0.128 0.125 0.123 0.117 0.128 0.123 0.120 

CAS 230491 0.119 0.120 0.113 0.111 0.119 0.122 0.123 0.125 0.123 0.123 0.125 0.122 0.117 0.114 0.119 0.117 0.117 

CAS 240673 0.143 0.143 0.133 0.134 0.143 0.145 0.145 0.145 0.145 0.145 0.143 0.146 0.107 0.096 0.082 0.104 0.102 

 

 

Table S4 Continued 

Uncorrected ND2 p-distance between each individual. 
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Individual 
CAS 
210503 

CAS 
243102 

CAS 
243133 

CAS 
206646 

CAS 
210184 

CAS 
210255 

CAS 
213826 

CAS 
214164 

CAS 
231445 

CAS 
214071 

CAS 
230414 

CAS 
210669 

CAS 
231325 

CAS 
231440 

CAS 
243147 

CAS 
221110 

CAS 
214165 

CAS 243102 0.029 ---                               

CAS 243133 0.030 0.024 ---                             

CAS 206646 0.012 0.023 0.026 ---                           

CAS 210184 0.002 0.030 0.032 0.014 ---                         

CAS 210255 0.008 0.034 0.037 0.017 0.009 ---                       

CAS 213826 0.037 0.030 0.034 0.030 0.038 0.038 ---                     

CAS 214164 0.038 0.030 0.035 0.032 0.040 0.040 0.008 ---                   

CAS 231445 0.038 0.029 0.032 0.032 0.040 0.040 0.020 0.021 ---                 

CAS 214071 0.088 0.098 0.099 0.091 0.090 0.090 0.093 0.095 0.099 ---               

CAS 230414 0.130 0.127 0.133 0.131 0.128 0.130 0.133 0.136 0.125 0.133 ---             

CAS 210669 0.137 0.142 0.148 0.142 0.136 0.139 0.148 0.145 0.137 0.140 0.047 ---           

CAS 231325 0.137 0.142 0.148 0.142 0.136 0.139 0.148 0.145 0.137 0.140 0.047 0.000 ---         

CAS 231440 0.085 0.088 0.090 0.091 0.087 0.093 0.082 0.087 0.087 0.096 0.117 0.125 0.125 ---       

CAS 243147 0.082 0.082 0.090 0.082 0.084 0.084 0.085 0.090 0.084 0.095 0.104 0.113 0.113 0.056 ---     

CAS 221110 0.122 0.122 0.125 0.123 0.123 0.122 0.128 0.123 0.120 0.125 0.104 0.111 0.111 0.120 0.108 ---   

CAS 214165 0.119 0.119 0.122 0.120 0.120 0.119 0.125 0.120 0.117 0.122 0.104 0.111 0.111 0.117 0.105 0.003 --- 

CAS 215698 0.122 0.122 0.125 0.123 0.123 0.122 0.128 0.123 0.120 0.125 0.104 0.111 0.111 0.120 0.108 0.000 0.003 

CAS 239204 0.120 0.128 0.128 0.120 0.119 0.122 0.136 0.134 0.134 0.134 0.123 0.134 0.134 0.136 0.116 0.111 0.114 

CAS 216328 0.130 0.120 0.125 0.123 0.128 0.131 0.125 0.123 0.122 0.125 0.128 0.136 0.136 0.125 0.108 0.117 0.117 

CAS 231327 0.120 0.117 0.127 0.122 0.119 0.123 0.125 0.128 0.122 0.122 0.111 0.131 0.131 0.125 0.116 0.125 0.128 

CAS 230491 0.117 0.116 0.119 0.119 0.116 0.117 0.122 0.119 0.114 0.127 0.125 0.134 0.134 0.130 0.107 0.127 0.127 

CAS 240673 0.102 0.096 0.107 0.099 0.104 0.104 0.101 0.099 0.101 0.125 0.154 0.157 0.157 0.117 0.114 0.128 0.128 
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Partition 
Substitution 

Model 
Has Equal Base 

Frequencies 
Has Rate 

Heterogeneity 
Gamma Shape 

Parameter 
Has Invariable 

sites 
Proportion of 

Invariable Sites 

BDNF TN93 Yes Yes 0.221 Yes 0.947 

R35 TN93 Yes Yes 0.348 Yes 0.772 

RAG1 TN93 Yes Yes 0.464 Yes 0.793 

ND1_1 TN93 No Yes 0.407 Yes 0.386 

ND1_2 TN93 No Yes 0.211 Yes 0.705 

ND1_3 TN93 No Yes 0.219 No --- 

ND2_1 TN93 No Yes 0.336 Yes 0.265 

ND2_2 TN93 No Yes 0.180 Yes 0.610 

ND2_3 TN93 No Yes 3.239 No --- 

16S TN93 No Yes 0.150 Yes 0.635 

MENSURAL PC1 PC2 
Percent Variation 36.5% 13.6% 

AGD  0.101 -0.371 

MBW -0.297 -0.374 

TW -0.287 -0.337 

TD -0.325 -0.328 

HL -0.278  0.057 

HW -0.356 -0.061 

HD -0.346 -0.078 

ED -0.224  0.272 

END -0.194  0.366 

SNL -0.232   0.307 

IND -0.219 -0.233 

FLL -0.339  0.210 

HLL -0.292  0.296 

MERISTIC PC1 PC2 
Percent Variation 45.0% 21.1% 

MBSRC  0.532 -0.795 

AGSRC  0.198  0.457 

Table S5 
The substitution models for each partition determined by bModelTest. 

Table S6 

Percent variation and loadings of the first two 

principal components (PC) in the mensural and 

meristic principal components analyses.  
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PVSRC  0.461  0.260 

FinIIILam -0.453  0.201 

ToeIVLam -0.510  0.226 
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Abstract 

Aim: This study investigates the historical biogeography of Lygosoma group skinks across the 

Old World tropics and seeks to understand how large-scale geological and climatic processes 

affected diversification of the clade. In particular, we focus on the role of the geological 

evolution of India and mainland Southeast Asia in facilitating dispersal and dispersion of species 

across large geographic areas. 

Location: Africa, South Asia, Southeast Asia, and the Sunda Shelf. 

Methods: We conducted Bayesian fossilized birth-death divergence dating for 40 ingroup 

lineages and species of the genera Lygosoma, Mochlus, Riopa, and Subdoluseps on a 

concatenated alignment of nuclear and mitochondrial genes. We reconstructed ancestral ranges 

and estimated shifts in evolutionary rates and species through time for all genera. We also 

investigated the effects of geographic sampling on our biogeographic results by sub-sampling 

our phylogenetic results and generating null distributions of the probabilities of ancestral ranges.  

Results: We found that Lygosoma group skinks began to diversify 53.5 mya (68.7–40.6) from an 

ancestral range that included India and dispersed throughout the Old World tropics. 

Diversification continued throughout the Eocene and Miocene and was not accompanied by 
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shifts in evolutionary rates. Our resampling analyses indicated that biogeographic reconstruction 

is influenced by the geographic sampling. 

Main conclusions: The collision of the Indian subcontinent with the Eurasian had profound 

effects on species across the Old World tropics, including Lygosoma group skinks. However, 

most the estimated diversification dates for the clade predate uplift of the Himalayas and onset of 

the South Asian monsoon weather pattern, suggesting that diversification was mainly facilitated 

by dispersion of species across wide geographic areas, along with dispersal from India to Africa. 

However, increased sampling across the Old World tropics is needed to confirm our hypotheses.  

 

Keywords: dispersal, dispersion, fossilized birth-death dating, geographic sampling, India-

Eurasia collision, Scincidae,  

 

1 | INTRODUCTION 

The modern distributions of higher-level taxa are influenced by geological and climatic 

processes that occur across large temporal and spatial scales (Morrone & Crisco, 1995; Wiens & 

Donoghue, 2004), including plate tectonics, emergent land area, orogeny, erosion, sea level 

changes, ocean currents, and climate change (Hall, 2009). These processes provide the backdrop 

for evolution, dispersal, and extinction of species over millions of years (Lomolino et al., 2010). 

By reconstructing the history of diversification of extant taxa through time in relation to geologic 

and climatic processes, researchers can infer the historical biogeography and evolution of global 

biodiversity and gain insights into the origin and diversification of major clades (e.g. Gamble et 

al., 2008; Karin et al., 2016; Yuan et al., 2016). 
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Of particular interest to historical biogeographers is the evolution and diversification of 

clades across the Old World tropics. Located between 30º N and 30º S across Africa, Australia, 

Eurasia, and parts of the Pacific (Fig. 1), the Old World tropics is a geologically complex region, 

composed of multiple continental plates, terranes, and oceanic islands (Hall, 2009). This region 

is recognized for its high biodiversity (Myers et al., 2000), and comprises six major 

biogeographic realms: (1) sub-Saharan Africa, (2) the Indian subcontinent, (3) the Philippines, 

(4) mainland Southeast Asia, (5) Sundaland, and (6) Wallacea (Fig. 1). Recently, attention has 

been given to the role animal and plant dispersal has played in shaping current biodiversity 

within biogeographic realms, focusing on the impacts of large-scale geological and climatic 

changes on biotic exchange between realms (Brown et al., 2013; de Bruyn et al., 2014, Klaus et 

al., 2016). For example, the impact of the Indian supercontinent with the Eurasian supercontinent 

and the resulting uplift of the Himalayas, opened up new rocky habitats for Cyrtodactylus geckos 

and facilitated eastward and westward dispersal of the clade from a proto-trans-Himalayan 

ancestral range into Southeast Asia and the Western Himalayas (Agarwal et al., 2014). 

The modern geography of the Old World tropics formed from millions of years of continental 

fragmentation, amalgamation, and volcanic activity (McLoughlin, 2001; Hall, 1996, 2009, 2011; 

Chatterjee et al., 2017). After the collision of the Indian subcontinent with the Eurasian 

subcontinent approximately 59–55 million years ago (mya) in the Eocene (Zhang et al., 2012; Hu 

et al., 2016; Chatterjee et al., 2017) the spatial configuration of Africa, India, mainland Southeast 

Asia, and Sundaland, has remained mostly consistent (Hall, 2009; Potter & Szatmari, 2009). 

Wallacea was formed beginning 23 mya when the Australian plate collided with Sundaland near 

western Sulawesi causing mountain building and widespread volcanism across Wallacea and 

leading to the formation of oceanic islands in the region (Hall, 2009, 2011). 
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In addition to spatial geographical evolution, the topography and climate of the Old World 

tropics has undergone major changes in the last 55 million years (Morely, 2012; Chatterjee et al., 

2017). Patterns of ocean circulation changed after the break-up of Gondwana and the subsequent 

northward movement of Africa, Australia, and India, which resulted in global cooling and 

aridifying; this changing climate was later exacerbated by the uplift of major mountain belts and 

the by the permanent formation of the Antarctic ice sheet 14 mya (Zachos et al., 2001; Potter & 

Figure 1 Map of the Old World tropics with major biogeographic regions mentioned in text shaded in gray and 
the localities of Lygosoma group skink individuals indicated by a color dot, with the color corresponding to the 
genus. Data on localities obtained from GBIF (accessed January, 2020). Blue dashed lines indicate the northern 
and southern boundaries of the Old World tropics at 30º north and south, and the red dashed line denotes the 
equator. The inset map shows the dispersal probabilities and distance modifiers used in our biogeographic 
analyses. Distances between biogeographic regions in the inset are not to scale.  
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Szatmari, 2009). In the Old World tropics, the collision between India and Eurasia had profound 

consequences on the orography and climate of South and Southeast Asia. At the time of 

collision, both India and Southeast Asia had warm and humid climates with seasonal 

precipitation (Licht et al., 2014; Spicer et al., 2017; Shukla & Mehrotra, 2018), which may have 

been driven by seasonal transitions of the Intertropical Convergence Zone (Spicer et al., 2017). 

However, the collision initiated the uplift of the Tibetan Plateau starting 50 mya and Himalayan 

mountains starting 30 mya, which created inland rain shadows across central Asia (Chatterjee et 

al., 2013, 2017) and drove the formation of the South and East Asian monsoon systems (Sun & 

Wang, 2005; Clift et al., 2008; Zhang et al., 2015; Chatterjee et al., 2017). The monsoons 

increased total precipitation, rainfall seasonality, and humidity across South Asia, Southeast 

Asia, Sundaland, and eastern China (Sun &Wang, 2005; Clift et al., 2008; Morley, 2012) and the 

South Asian monsoon has large effect on the seasonally predominate surface currents across the 

Indian Ocean (Schott et al, 2009). Although the exact timing of onset of both systems remains 

controversial, studies have suggested that they were established by 24 mya and have experienced 

increases and decreases in intensity across the Miocene (Sun & Wang, 2005; Clift et al., 2008; 

Sanyal et al., 2010). These shifts in intensity have been attributed to orographic changes in the 

region (Clift et al., 2008; Sanyal et al., 2010) and external forces including the growth of the 

Antarctic ice sheet (Ao et al., 2016).  

Despite the seasonally high rainfall that characterizes the Asian monsoon systems, increasing 

global aridity throughout the Miocene, Pliocene, and Pleistocene led to major shifts in tropical 

Asian ecosystems. Fossil evidence indicate the spread of C4 grasslands throughout South Asia 

starting 16 mya (Ratnam et al., 2016) and becoming dominant 9–7 mya (Quade et al., 1989; 

Takai et al., 2006; Ratnam et al., 2016), which may have facilitated exchange of open-grassland-
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adapted fauna between Africa, South Asia, and Southeast Asia (Barry et al., 1985, 1991;  

Suraprasit et al., 2014; Patnaik et al., 2016). Glacial-interglacial cycles in the Pliocene and 

Pleistocene changed emergent land area across the Philippines, Sundaland and Wallacea, with 

glacial periods corresponding to low sea levels and allowing faunal exchange across formerly 

disjunct areas (Voris, 2000; Zhong et al., 2004; Lohmann et al., 2011; Brown et al., 2013). 

Faunal exchange between biogeographic regions in the Old World tropics followed by 

species-level diversification within biogeographic regions has occurred repeatedly through time. 

Dispersal and diversification patterns have been well documented in and between the 

Philippines, Sundaland, and Wallacea, (e.g. Gorog et al., 2004; Esselstyn et al., 2009; Oliveros & 

Moyle, 2010; Siler et al., 2010, 2012; Thomas et al., 2012; Linkem et al., 2013; Barley et al., 

2015; Beck et al., 2017; Tänzler et al., 2016; O’Connell et al., 2018; Rowsey et al., 2018; Reilly 

et al., 2018, 2019; Rowe et al., 2019; Tsang et al., 2020), in which island archipelagos and 

changing sea levels create a natural laboratory for such research. These island studies have 

suggested that in-situ diversification occurs following dispersal to new areas (Esselstyn et al., 

2009; Oliveros & Moyle, 2010; Siler et al., 2012; Barley et al., 2015; Tänzler et al., 2017; Rowe 

et al., 2019), and that dispersal between biogeographic regions is common (Esselstyn et al. 2009; 

Linkem et al., 2013; Tänzler et al., 2017; Rowe et al., 2019; Tsang et al., 2020). Following 

dispersal, clades experience an increase in speciation rate that then slows over time, which is 

attributed to increased ecological opportunity post colonization. (Esselstyn et al., 2009; Rowe et 

al., 2019). Nevertheless, in their study on murid rodents across Wallacea and the Sunda Shelf, 

Rowe et al. (2019) found that while diversification rates increased following colonization, there 

were no statistically significant rate shifts from the Muridae background speciation rate. In 

contrast, stagnant or decreasing diversification rates, as found in Rhacophorus frogs when they 
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dispersed across islands in Sundaland, suggest that habitats have reached equilibrium (O’Connell 

et al., 2018). 

In contrast, patterns of dispersal and diversification of species across mainland biogeographic 

regions in the Old World tropics (Africa, India, mainland Southeast Asia) have received less 

attention; however, these studies have also shown the ability of species to disperse across major 

biogeographic barriers (e.g. Bocxlaer et al., 2009). The role of India in facilitating faunal 

exchange across the Old World tropics is of particular interest to researchers studying the 

historical biogeography of clades in the region. Previously, it was hypothesized that India was 

isolated after breaking off from Gondwana—the Noah’s Arc hypothesis (McKenna, 1973), but 

recent fossil data (Briggs, 2003; Rust et al., 2010; Chatterjee et al., 2017; Stebner et al., 2017, 

Thein et al., 2017) and phylogenetic metadata studies (Klaus et al., 2016) suggest that faunal 

exchange between the subcontinent and other areas was dynamic throughout India’s northward 

journey (Klaus et al., 2016). Recent molecular phylogenetic studies on the historical 

biogeography of widespread higher-level vertebrate clades across the continental Old World 

tropics suggest that a majority of the clades that have been studied that diversified after the 

collision of India and Eurasia originated in and subsequently dispersed out of Southeast Asia, 

(Adenominae toads [Bocxlaer et al., 2011]; Boiga snakes [although the sister genus is in Africa, 

Weinell et al., in press]; Draconinae agamids [Grismer et al., 2016]; Eutropis skinks [Barley et 

al., 2015]; Hylarana group frogs [Oliver et al., 2015]; Tersiphone flycatchers [Fabre et al., 

2012]; and Varanus monitor lizards [Vidal et al., 2012]), although there is also evidence that 

clades originated in and subsequently dispersed out of Africa (Rhacophoridae frogs [Li et al., 

2013]; Campephagidae birds [Pepke et al., 2019]). In most cases (but see Li et al., 2013; Grismer 

et al., 2016), the geologic and climatic factors that facilitate dispersal between these mainland 
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biogeographic regions are not discussed, with attention instead focused on the biogeography of 

the focal clades among island systems. Here we investigate the historical continental and island 

biogeography of a widespread clade of scincid lizards across the Old World tropics, focusing on 

diversification patterns of continental lineages and the role of India played in the clade’s modern 

distribution. 

Lizards in the Family Scincidae (skinks) comprise more than 1,600 species (Uetz et al., 

2020) distributed globally, with species found across diverse habitats on every continent except 

Antarctica (Vitt & Caldwell, 2013). Trans-oceanic dispersal within the Scincidae is common, 

allowing species to colonize oceanic islands and landmasses separated by large bodies of water 

(Rocha et al., 2006; Carranza et al., 2008; Linkem et al., 2013; Skinner et al., 2013; Karin et al., 

2016), indicating that skinks are remarkable dispersers across inhospitable boundaries. Previous 

molecular phylogenetic studies have suggested that crown scincids began to diversify 

approximately 100 mya in the Cretaceous (Wiens et al., 2006; Skinner et al., 2011; Burbrink et 

al., 2019), although a study by Tałanda (2018) placed the fossil lizard Ardeosaurus brevipes, 

from the Ettling Quarry in present-day Germany, within Scincidae, which suggests that the 

family originated much earlier in the Jurassic approximately 157–152 mya in the Laurasia 

supercontinent. 

Lygosoma group skinks comprise five genera of predominately small, elongate-bodied, 

semifossorial lizards (with the exception of Lamprolepis, which is larger and arboreal) 

distributed across the Old World tropics (Freitas et al., 2019): Lamprolepis found in the 

Philippines and across Wallacea, Lygosoma found in mainland Southeast Asia and the 

Sundaland, Mochlus found in sub-Saharan Africa, Riopa found in India and western mainland 

Southeast Asia, and Subdoluseps found in India, mainland Southeast Asia, Sundaland, and 
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Wallacea (Fig. 1). The broad distribution of this clade across the six major biogeographic regions 

in the Old World tropics allows us to investigate the effects of the geologic and climatic 

evolution of the region on species diversification. Divergence dating on major lineages within 

the Lygosominae subfamily of skinks to which Lygosoma group skinks belong suggests that the 

clade began to diversify 56.8–21.8 mya (mean=38.2 mya; Skinner et al., 2011), which indicates 

that diversification of this group occurred after the India-Eurasia collision. However, there are no 

divergence timing data for genus- and species-level diversification of Lygosoma group skinks, so 

that how orography and climate changes across the Old World tropics impacted this clade is 

unknown. The highest species-level diversity of Lygosoma group skinks are found in mainland 

Southeast Asia, and we hypothesize that this region represents the origin of diversity of the group 

(Croizat et al., 1974), in line with most previous higher level taxonomic studies of the region 

(e.g. Barley et al., 2015; Oliver et al., 2015). Previous phylogenetic studies of Lygosoma group 

skinks have revealed that Indian species are not monophyletic, suggesting multiple dispersals 

between India and mainland Southeast Asia relatively early in the diversification history of the 

group (Datta-Roy et al., 2014; Freitas et al., 2019). In contrast, species from Africa form a clade, 

which suggests a single dispersal event to Africa followed by species-level diversification. Using 

an updated phylogeny with increased taxonomic and genetic sampling, we investigate the timing 

of diversification, reconstruct the biogeographic history, and examine diversification rates of 

Lygosoma group skinks to test the following hypotheses: (1) Lygosoma group skinks initially 

diversified in mainland Southeast Asia and subsequently dispersed to India and Africa after the 

collision of the Indian subcontinent with the Asian subcontinent; (2) dispersal to Africa was 

transoceanic from India facilitated by ocean currents that established due to the onset of the 

South Asian Monsoon; (3) Miocene cooling and aridification increased species-level 
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diversification rates of Mochlus in Africa and Riopa in India and mainland Southeast Asia; and 

(4) sea level changes in the Pliocene and Pleistocene facilitated the dispersal of Lygosoma and 

Subdoluseps into the Sundaland.  

 

2 | MATERIALS AND METHODS 

2.1 | Taxonomic sampling 

2.1.1 | Extant taxa 

Divergence dating and biogeographic analyses are impacted by the taxonomic sampling of the 

phylogeny (Heath et al., 2008; Schulte II, 2013; Soares and Schrago, 2015) with low taxonomic 

sampling affecting the precision of the dating estimates when rate heterogeneity among lineages 

is high. Therefore, we used the most comprehensive sampling of Lygosoma group skinks to date 

for phylogenetic reconstruction and biogeographic analyses, including one member of each 

recognized species for which we had sampling (25 species included of 52 recognized species 

[25/52] consisting of 1/3 Lamprolepis, 7/15 Lygosoma, 5/19 Mochlus, 6/9 Riopa, and 6/6 

Subdoluseps species). Additionally, 11 of the 12 unnamed lineages within the Riopa anguina-

lineolata-popae species complex in Myanmar were included (Freitas et al., 2020). Although a 

number of recent studies have described additional species within Lygosoma group skinks based 

on molecular data (Heitz et al., 2016; Karin et al., 2018; Siler et al., 2018; Grismer et al., 2019), 

the taxonomy of the clade remains poorly characterized, and there are a number of distinct 

unnamed cryptic lineages within each genera (ESF pers. obs.). Therefore, we used the barcoding 

threshold method, described below, to add an additional four unnamed operational taxonomic 

units (OTUs) to our ingroup dataset, for a total ingroup sampling of 40 lineages (Table S1). 
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To determine objectively the number of unnamed OTUs to include in our ingroup sampling, 

we used the barcoding threshold method. This method examines pairwise genetic distances 

between individuals to determine the numerical cutoff value that represents the transition 

between intra- and interspecific genetic diversity in tested samples (Meyer & Paulay, 2005). This 

threshold value is contingent on the number and relatedness of samples included in the analysis 

and is not a biologically meaningful number. Therefore, although this method is promising for 

lineage discovery, it is not ideal for species delimitation (Meyer & Paulay, 2005); nevertheless, 

the barcode threshold method is useful as an objective tool to identify divergent genetic diversity 

within a set of sequences, as it is used here. Samples representing 151 individuals from the 

genera Lygosoma, Mochlus, Riopa, and Subdoluseps were sequenced and aligned for the 

mitochondrial gene (mtDNA) ND1 (see sequencing and alignment methods below). The 

resulting alignment was analyzed using JModelTest v2.1.10 (Darriba et al., 2012) to determine 

the best method of substitution across all sites in ND1; the alignment was not partitioned because 

the current implementation of the barcoding threshold method does not accommodate data 

partitioning when calculating distance matrices. Pairwise ND1 distances between individuals 

were calculated using the dist.dna function in the R v3.5.3 (R Core Team, 2019) program ape 

v5.3 (Paradis & Schliep, 2018), using the substitution model TN93 as determined by 

JModelTest. The barcoding threshold value was calculated using the localMinima function, and 

the resulting value of 5.6% genetic divergence was set as the threshold to determine the number 

OTUs using the function tclust. This analysis suggested that there were 44 OTUs represented by 

the 151 sampled individuals. The resulting OTUs mostly corroborated the species-level status of 

all named species and delimited lineages of Myanmar Riopa, with the following exceptions: the 

species Riopa goaensis was not considered distinct from the species R. guentheri; the species 
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Subdoluseps frontoparietale was not considered distinct from S. bowringii; and several species 

were separated into multiple OTUs. In all of these cases, we based our taxonomic assignment on 

previous published species accounts and considered R. goaensis, R. guentheri, S. frontoparietale, 

and S. bowringii as separate species and continued to treat named species with multiple 

recovered OTUs as single species. Finally, an additional OTU was included for a genetically 

divergent sample that did not have ND1 sequence data available. The resulting taxonomic 

sampling included 40 ingroup Lygosoma group individuals and 27 outgroups, 20 of which were 

obtained from GenBank (Table S1). 

 

2.1.2 | Fossil taxa 

We obtained taxonomic and temporal data for the fossil scincids that were used to calibrate the 

fossilized birth-death model (Heath et al., 2014) from the Paleobiology Databased (accessed 

October 2019). Although there are multiple fossils classified as members of Scincidae, most lack 

or have ambiguous diagnostic characters and cannot be easily ascribed to clades within the 

family. Only 11 fossils, five of which were fossils of extant species, could be confidently placed 

with the scincid tree of life and were used in our analyses (see Table S2 for a list of all fossil taxa 

included in our analyses). 

 

2.2 | Genetic sampling and sequencing 

We sequenced seven nuclear genes (nuDNA)—brain-derived neurotrophic factor (BDNF), 

oocyte maturation factor (CMOS), prolactin receptor (PRLR), prostaglandin E receptor 4 

(PTGER4), RNA fingerprint protein 35 (R35), recombination activating gene 1 (RAG1), and 

synuclein alpha interacting protein (SNCAIP); and one mitochondrial gene (mtDNA)—NADH 
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dehydrogenase subunit 1 (ND1) following standard PCR and sequencing protocols (e.g. Siler et 

al., 2011). Genes were chosen based on their use in previous phylogenetic studies of skinks (e.g. 

Brandley et al., 2011; Freitas et al., 2019), and primers and annealing temperatures are listed in 

Table S3. Raw sequence data were checked for quality in Geneious v10.2.4 (Biomatters Ltd) and 

aligned by eye. All genes sequenced for this study are protein-coding genes; therefore, each 

alignment was translated to amino acids in Geneious to look for erroneous internal stop codons 

and amino acid mismatches, which indicate errors in alignment. 

 

2.3 | Maximum likelihood analyses and species tree analysis 

Maximum likelihood phylogenetic analyses were conducted in IQ-TREE v1.6.12 (Nguyen et al., 

2015) on each gene separately using the combined (ingroup + outgroup taxa) dataset to check for 

gene tree discordance. Each gene was partitioned by codon position, and automatic model 

selection (Kalyaanamoorthy et al., 2017) with the AICc selection criteria was used so that IQ-

TREE calculated the best substitution model for each partition and implemented that partition in 

phylogenetic analysis. Support for each node was assessed using 100 non-parametric bootstrap 

replicates. Results revealed significant gene-tree discordance among ingroup taxa as expected 

based on the results of previous analyses (Freitas et al., 2019). 

We conducted additional IQ-TREE analyses on ingroup taxa only using the same methods as 

described above and used the resulting gene trees to generate a species tree in ASTRAL-III 

(Zhang et al., 2018). Support for the species tree was assessed using the local posterior 

probability, which measures the posterior probability for the quadripartition surrounding the 

node, not the bipartition (Sayyari & Mirarab, 2016). The species tree indicated that the main 

regions of gene tree discordance regard the relationship of Lamprolepis smaragdina to the rest of 
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the Lygosoma group skinks and the relationships between the genera Mochlus, Riopa, and 

Subdoluseps (Fig. S1), consistent with previous studies (Freitas et al., 2019). 

 

2.4 | Topology tests 

Unfortunately, the current implementation of the fossilized birth-death method for dating 

analysis cannot accommodate co-estimation of the species tree, which is problematic for 

Lygosoma group skinks as the clade has gene tree discordance and unresolved nodes in the 

species tree. To surmount this issue, we used maximum likelihood topology testing to compare 

different node constraint configurations against the unconstrained topology to test hypotheses of 

relationships within the clade. We used the AU test (Shimodaira, 2002) implemented in IQ-

TREE on the concatenated ingroup alignment to test six different topological configurations 

(placement of Lamprolepis smaragdina in relation to the rest of the Lygosoma group skinks + the 

relationship of Mochlus, Riopa, and Subdoluseps) against the unconstrained tree to examine if 

the unconstrained tree is significantly worse than the constrained trees (Fig. S2). Significance 

was assessed with 10,000 RELL replicates (Kishino et al., 1990). Prior to this analysis, we used 

PartitionFinder v2.1.1 (Lanfear et al., 2012) on the ingroup concatenated alignment to estimate 

jointly the best partitioning scheme and models of substitution for the data, using the greedy 

search algorithm to test all models and setting branchlengths = linked and model selection = aicc. 

The resulting best scheme was applied in phylogenetic estimation of the constrained and 

unconstrained trees. 

 

2.5 | Divergence dating analyses 
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The AU test suggested that the unconstrained tree could not be rejected when compared to 

constrained trees (Figure S2) and so we used the unconstrained tree for dating analysis. To 

determine the best partitioning scheme and substitution models for each partition in the dating 

analysis, we used the program Partition Finder v2.1.1 as above on the ingroup + outgroup 

concatenated alignment. Divergence dating was done in MrBayes v3.2.6 (Ronquist et al., 2012) 

implementing the fossilized birth-death method (FBD; Heath et al., 2014), which uses date 

ranges from all existing fossils to estimate node ages. This method does not require the input of 

calibration probability densities for fossils or the exact placement of the fossil along the 

phylogeny (Heath et al., 2014). We set the extant sample probability prior to 0.60, which 

suggests that we have an estimated ingroup sampling coverage of 60% and we used previously 

estimated secondary calibrations for the age of the root of Scincidae (Wiens et al., 2006; Skinner 

et al., 2011; Burbrink et al., 2019) to set the prior for the age of the root to treeagepr = 

offsetexp(94.4,108.5), where 94.4 is the minimum age of the root 108.5 is the mean age of the 

root in millions of years. All other FBD priors were set to default values. We used the igr clock 

variance prior and set igrvarpr = exp(37) and the clockratepr = lognorm(-7.1,0.61) as in Zhang et 

al., (2016). We conducted four runs, each consisting of four chains, for 40,000,000 generations 

for each run. Results were examined for convergence and stationarity in Tracer v1.7.1 (Rambaut 

et al., 2018). 

 

2.6 | Ancestral area reconstructions 

We used the program BioGeoBEARS v1.1.2 (Matzke, 2013) in R to reconstruct geographical 

evolutionary history of Lygosoma group skinks. BioGeoBEARS calculates the maximum 

likelihood of model parameters and then calculates probability of ancestral ranges at each node 
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using the optimized parameter values (Matzke, 2014) We ran 12 different biogeographic models 

in BioGeoBEARS: DEC, DEC+J, DEC+x, DEC+J+x, DIVALIKE, DIVALIKE+J, 

DIVALIKE+x, DIVALIKE+J+x, BAYAREALIKE, BAYAREALIKE+J, BAYAREALIKE+x, 

and BAYAREALIKE+J+x taking into account the effects of jump dispersal (+J) and distance 

(+x) on range evolution across the phylogeny. We compared the resulting likelihoods of each 

model with AICc and considered the model with the lowest AICc value to be the best-fit model 

to our data (Akaike, 1974). Prior to analysis, we trimmed our FBD topology to include only 

extant ingroup species using the command extract.clade in the R package ape. 

We included five biogeographic realms in our analysis, which were chosen based on each 

region’s unique geological history: sub-Saharan Africa (hereafter, Africa), the Indian 

subcontinent (India), mainland Southeast Asia (Southeast Asia), Sundaland, and Wallacea (Fig. 

1). These realms have been designated as separate biogeographic regions in many previous 

studies (e.g. Oliver et al., 2015; Grismer et al., 2016; Wienell et al., in press). Many additional 

boundaries exist within these large-scale realms identified based on fine-scale analyses of 

climate (Wu et al., 2014), vegetation (van Welzen et al., 2011; Ratnam et al., 2016) or animal 

distributions (Inger, 1999), but these are hard to incorporate in macroevolutionary analyses and 

may not be relevant at large spatial and temporal scales. We did not include the Philippines 

biogeographic realm in our analyses despite the occurrence of the species Lamprolepis 

smaragdina across most islands in the archipelago because the oceanic archipelago is not a focal 

area of this study and including additional regions increases the state space of BioGeoBEARS 

analyses, affecting the computation time. Previous studies have shown that L. smaragdina 

dispersed to the Philippines from Wallacea in the Miocene (Linkem et al., 2013). The Philippine 

island of Palawan is considered part of the Sundaland biogeographic realm in line with previous 
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studies (e.g. Barley et al., 2015) despite its mainland Southeast Asia origin approximately 30 

mya (Hall, 1996). Biogeographic studies of the island suggest that it is home to both Sundaic and 

Philippine taxa, suggesting that it plays an important role in the dispersal of species between 

Sundaland and the Philippine archipelago (Esselstyn et al., 2010). 

We allowed dispersal of species between Africa-India, Africa-Sundaland, India-Southeast 

Asia, India-Sundaland, Southeast Asia-Sundaland, and Sundaland-Wallacea (Fig. 1). We did not 

allow dispersals between Africa-Southeast Asia, Africa-Wallacea, India-Wallacea, and Southeast 

Asia-Wallacea because there is no direct straight-line dispersal route between these regions. 

Overland dispersals and transoceanic dispersals were given dispersal probabilities of 1.0 and 0.5, 

respectively. In the six models with the +x free parameter, the dispersal probabilities were 

multiplied by a distance matrix in which the distance between adjacent areas (i.e. India-Southeast 

Asia and Southeast Asia-Sundaland) was set to 1.0 and transoceanic dispersals were given a 

numeric value that reflected the relative Euclidian distance between the regions (Fig. 1). The 

maximum number of areas a single species was allowed to inhabit was three, in line with the 

observation that the most widespread species, Subdoluseps bowringii, is found across Southeast 

Asia, Sundaland, and Wallacea (ESF pers. obs.). Therefore, we allowed ancestors to inhabit all 

combinations of two or three biogeographic regions except for those requiring the 

aforementioned disallowed dispersal routes. The disallowed area combinations were Africa-

India-Wallacea, Africa-Southeast Asia-Wallacea, and India-Indochina-Wallacea, but we kept the 

states of Africa-Southeast Asia, Africa-Wallacea, and India-Wallacea, because these could occur 

if a widespread taxon across three regions went extinct in one portion of its range. Therefore, 22 

ancestral states were allowed, including the null range (no areas inhabited). We ran a time-

stratified analysis in which dispersal between Sundaland-Wallacea was allowed only more 
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recently than 25 mya, consistent with the geological history of the region. States were considered 

likely if they were reconstructed with a greater than 10% probability. 

Because different biogeographic regions have been sampled at different proportions, we 

investigated the effects of geographic sampling on biogeographic reconstruction. Specifically, 

because we only include approximately 60% of all Lygosoma group skink lineages in our 

analyses we were wanted to understand how changes in the proportion of geographic sampling 

(i.e. changes in the number of species from different geographic regions included in the 

phylogeny) would affect our inferences. Africa has the lowest proportion of sampled species of 

all biogeographic regions included in the analysis (5/19 versus 7/8 from India, 19/23 from 

mainland Southeast Asia, 9/16 from Sundaland, and 2/2 from Wallacea; this list includes the 

unnamed lineages and species in our phylogeny). Therefore, we rarefied the geographic taxa 

used in biogeographic analysis by randomly resampling ingroup species in our FBD phylogeny 

using the sample_n command in the R package dplyr v0.8.3 (Wickham et al., 2019) so that each 

region had the same proportion of species sampled as in Africa, rounding up to the nearest whole 

number (Africa=5 species, India = 3 species, Southeast Asia=7 species, Sundaland=5 species, 

Wallacea =1 species). We reran BioGeoBEARS as above on the reduced topology. This analysis 

was repeated 200 times to get a distribution of ancestral states across the root and genus nodes in 

the phylogeny (nodes 1 & 5–8 in Figs. 2, 3; Table 1). The resulting null distribution of ancestral 

state probabilities were tested for significant bimodality with Hartigan’s dip test (Hartigan & 

Hartigan, 1985) using the command dip.test in the R package diptest v0.75-7 (Maechler, 2016), 

with distributions considered to be bimodal if they had a significance level of p ≤	0.05. We then 

compared the null distribution to the results from the original (complete taxonomic sampling) 

BioGeoBEARS analysis. An ancestral state was considered significantly different from the null 
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if it had a z-score ≥ 2.0 (fell outside of two standard deviations of the mean). We interpreted a 

significant bimodality p-value or a significantly different probability as an indication that 

taxonomic sampling affected the node’s ancestral state reconstructions. 

 

2.7 | Diversification rate shifts analysis 

We investigated whether there are shifts in diversification rate over time in Lygosoma group 

skinks using the program Bayesian Analysis of Evolutionary Mixtures (BAMM) v2.5.0 

(Rabosky, 2014). BAMM uses reversible jump MCMC analysis to sample different models of 

lineage diversification and detect shifts in the evolutionary rate across a phylogeny. We used the 

speciation-extinction model and specified the approximate sampling proportion separately for 

each genus to avoid bias that is caused when assuming a single sampling proportion across tree. 

We set the expected number of rate shifts to 1.0. Prior to analysis, we used the setBAMMpriors 

command in the R package BAMMtools v2.1.7 (Rabosky et al., 2014) to calculate starting values 

for the MCMC chain. The analysis was run twice, each for 12,000,000 generations, and we 

discarded the first 10% of generations of each run as burnin. We analyzed the output in 

BAMMtools using the commands getEventData to obtain the posterior distribution of the 

number of rate shifts across the topology and computeBayesFactors to compare different models 

using Bayes Factors. A Bayes Factor higher than 20 was considered support for the alternative 

model of rate shifts over the null model of no rate shifts (Rabosky, 2014). 

 

3 | RESULTS 

3.1 | Phylogenetic reconstructions, topology tests, and divergence dating 
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The phylogeny showed that Lygosoma group skinks are monophyletic within Scincidae. 

However, despite increased genetic and taxonomic sampling over previous molecular 

phylogenetic studies (Datta-Roy et al., 2014; Freitas et al., 2019), the relationships of 

Lamprolepis smaragdina to the rest of the Lygosoma group skinks and of the genera Mochlus, 

Riopa, and Subdoluseps remain unresolved (Figs. 2, S1, S3). All other nodes within Lyogosma 

group skinks are well-supported in the concatenated analysis as in Freitas et al. (2019) although 

the relationships between Southeast Asian Riopa clades are resolved with high support as more 

similar to what is depicted in the Southeast Asian Riopa species tree topology than the 

concatenated topology in Freitas et al. (2020). In addition to indicating poor resolution at the 

Lamprolepis + Lygosoma and Mochlus + Riopa + Subdoluseps nodes, the species tree indicates 

that some sub-generic- and pecies-level relationships are not well resolved (Fig. S1).  

Our analyses also show additional novel phylogenetic results. We recover the species 

Lygosoma veunsaiense (Geissler et al., 2012) as part of the genus Larutia (Fig. S3), and 

therefore, we formally reclassify it here as Larutia veunsaiense.  We note that with this 

reclassification, the Lygosoma group skinks comprise 51 recognized species instead of 52. 

Furthermore, we confirm that the species Lygosoma koratense is a member of the genus 

Lygosoma (Fig. 2), a classification that had been questioned by Freitas et al. (2019) based on the 

more robust morphology of this species compared with other members of Lygosoma. 

Additionally, we reidentify the sample of Lygosoma isodactylum included in Freitas et al. (2019) 

as a member of the species Lygosoma angeli, based on identical sequence data to multiple 

individuals identified as of L. angeli (ESF pers. obs.). Finally, we find that Lygosoma siamense 

as described by Siler et al. (2018) is not monophyletic and instead comprises three distinct 

lineages in mainland Southeast Asia and Sundaland (Figs. 2, 3).
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Figure 2 Bayesian concatenated topology of Lygosoma group skinks (outgroups 
and fossil calibrations have been removed). Each genus is bounded in a different 
color box, which corresponds to the colors in Figure 1. Numbers below each node 
represent the mean divergence date for that node, and the gray bars indicate the 
95% hpd interval for each node. Numbers in circles above select nodes are used 
for descriptor purposes and correspond to node numbers in Figures 3, 4 and Table 
1. 
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Topology tests comparing the likelihood of the unconstrained topology to six different 

constrained topologies indicate that the unconstrained tree is not significantly worse than any 

constrained tree (Fig. S2; Table S4). Furthermore, we find that trees with a constrained sister 

relationship between Mochlus and Subdoluseps are significantly worse than all other topological 

configurations (Table S4). Therefore, we conducted Bayesian fossilized birth-death divergence 

dating on the unconstrained concatenated topology. 

Results from divergence dating indicate that Lygosoma group skinks began to diversify 

approximately 53.5 mya (95% highest posterior density = 68.7–40.6 mya) in the Eocene. 

Lamprolepis split from Lygosoma 48.1 mya (62.1–35.1), Subdoluseps split from Mochlus + 

Riopa 42.9 mya (55.1–32.4), and Mochlus and Riopa split 39.6 mya (51.0–29.6; Fig. 2, Table 1). 

Most major within-genera diversification events occurred 35–25 mya, and species-level 

diversification peaked 13–8 mya (Fig. 2). 

 

3.2 | Ancestral area reconstruction and diversification rates 

The best-fit model to our data was DEC+J (Table 2), which suggests that jump-dispersal across 

large distances occurs within the group, and relative distance between regions (+x) does not have 

an effect on the model. The most probable root ancestral range for Lygosoma group skinks was 

reconstructed as widespread across India, Southeast Asia, and Sundaland (probability [p]=28%), 

although a number of other ranges were considered likely (Fig. 3, node 1; Table 1), all of which 

included India and were widespread across multiple biogeographic regions. The large number of 

ranges considered possible is likely a result of the large number of states and maximum range 

size allowed in our biogeographic analyses. The BioGeoBEARS resampling analysis suggested 

that the ancestral state probability of India-Southeast Asia-Sundaland was significantly different 
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from the null distribution, which indicates that root node reconstruction depends on geographic 

sampling, although none of the other possible ancestral ranges were significantly different from 

the null distribution (Table 3). 

 

 

 

The most probable range for the ancestor of Lamprolepis-Lygosoma was reconstructed as 

Sundaland (p=54%; Fig. 3, node 2; Table 1), followed by Southeast Asia-Sundaland (p=26%) 

and Southeast Asia (p=20%), whereas the range for the ancestor of Mochlus-Riopa-Subdoluseps 

was India (p=37%; Fig. 4, node 3; Table 1), followed by Africa-India-Southeast Asia (p=19%) 

and Africa-India (p=15%). Both the ancestor of Mochlus-Riopa and Subdoluseps were 

reconstructed as occurring in India with high probability (p=32% and 34%, respectively, Fig. 4, 

nodes 4–5; Table 1), with the ancestor of Mochlus-Riopa also reconstructed as occurring in 

Node Split Mean Median 

95% highest 

posterior density 

Reconstructed ancestral 

range probabilities  

1 Lygosoma group skinks 53.5 52.6 68.7–40.6 
28% I-SA-SS, 15% I-SS, 
13% A-I-SA, 12% A-I-
SS, 32% Other 

2 Lamprolepis-Lygosoma 48.1 47.3 62.1–35.1 
54% Sunda Shelf, 26% 
SA-SS, 20% Southeast 
Asia 

3 Subdoluseps-Mochlus + 
Riopa 42.9 42.1 55.1–32.4 

37% India, 19% A-I-SA, 
15% A-I, 11% I-SA, 18% 
Other 

4 Mochlus-Riopa 39.6 38.9 51.0–29.6 
32% India, 24% Africa, 
21% A-I, 14% A-I-SA, 
8% Other 

5 Subdoluseps 37.7 37.1 49.4–27.2 
34% India, 31% 
Southeast Asia, 12% I-
SA, 23% Other 

6 Mochlus 34.4 33.9 45.4–24.7 100% Africa 

7 Riopa 32.4 31.8 42.6–23.3 79% India, 20% I-SA, 
1% Other 

8 Lygosoma 30.5 29.9 41.2–20.5 88% SA, 10% SA-SS, 
2% Other 

9 Riopa Southeast Asian 
subgenus 27.1 26.7 36.0–18.4 89% Southeast Asia, 

11% Other 
10 Riopa Indian subgenus 24.7 24.3 33.8–16.3 100% India 

Table 1 Results of fossilized birth-death divergence dating and biogeographic reconstruction for Lygosoma group 
skinks. The node number matches the node numbers in Figures 2–4. All ages are in millions of years. 
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Figure 3 Bayesian concatenated topology of Lygosoma group skinks (outgroups and fossil calibrations have 
been removed). Pie graphs at each node indicate the most probable ancestral ranges at that node (states 
reconstructed with >10% probability), with the colors corresponding to those in the legend and the map. The 
gray bars indicate the 95% hpd interval for each node. The color dots next to S. bowringii and R. 
albopunctata indicate that those species are found across multiple biogeographic regions, with the color of 
the dot corresponding to the region. Numbers in circles above select nodes are used for descriptor purposes 
and correspond to node numbers in Figures 2, 4, and Table 1. 
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Model LnL Num. Params d e j x AICc AICc weight 
DEC +J -47.16 3 0.003 0.001 0.042 0.000 101.0 0.40 
DEC +J +x -47.02 4 0.005 0.001 0.065 -1.690 103.2 0.13 
DIVALIKE +J -48.24 3 0.004 0.001 0.051 0.000 103.2 0.14 
DIVALIKE +J +x -47.02 4 0.005 0.001 0.065 -1.690 103.2 0.13 
DEC +x -48.48 3 0.007 0.002 0.000 -2.500 103.6 0.11 
DEC -50.13 2 0.005 0.002 0.000 0.000 104.6 0.07 
DIVALIKE +x -50.43 3 0.011 0.002 0.000 -2.500 107.5 0.02 
DIVALIKE -52.42 2 0.008 0.002 0.000 0.000 109.2 0.01 
BAYAREALIKE +J -52.00 3 0.003 0.002 0.070 0.000 110.7 0.00 
BAYAREALIKE +J +x -51.08 4 0.003 0.002 0.085 -1.040 111.3 0.00 
BAYAREALIKE -62.91 2 0.004 0.021 0.000 0.000 130.2 0.00 
BAYAREALIKE +x -62.53 3 0.007 0.021 0.000 -1.890 131.7 0.00 

Table 2 Summary statistics for all models ran in BioGeoBEARS, ordered by AICc. The bolded model was the one with the best fit to the data. 
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Africa (p=24%), widespread across Africa-India (p=21%) or widespread across Africa-India-

Southeast Asia (p=14%), and the ancestor of Subdoluseps also reconstructed as occurring in 

Southeast Asia (p=31%) or widespread across India-Southeast Asia (p=12%). Diversification 

rate shifts analysis indicates that there has not been a shift in the evolutionary rate in any branch 

across the phylogenetic tree. Plots of speciation rates over time for each genus show that 

speciation rates have declined over time (Fig. 3). 

Results of the BioGeoBEARS resampling analyses suggested that the majority of generated 

null distributions had significant bimodality, indicating that geographic sampling does affect the 

biogeographic reconstructions (Fig. 5, Table S5). The most probable ancestral state for the root 

(India-Southeast Asia-Sundaland) and for the genus Riopa (India) were significantly different 

from the null distribution of probabilities (p=0.03 and p<0.00, respectively), with the root range 

of India-Southeast Asia-Sundaland considered not as probable in the resampling analyses 

whereas the Riopa range of India considered more probable in the resampling analyses (Fig. 5). 

The other major nodes’ most probable states were not significantly different from the null 

distribution.  

 

4 | DISCUSSION 

4.1 | India is the ancestral range of Lygosoma group skinks 

The results of our divergence dating analysis using the fossilized birth-death method (FBD) 

resulted in a mean divergence time for Lygosoma group skinks of 53.5 mya (68.7–40.6), shortly 

after the collision of the Indian subcontinent with the Eurasian subcontinent 59–55 mya (Zhang 

et al., 2012; Hu et al., 2016; Chatterjee et al., 2017). This date is much older than 38.2 mya 

estimated by Skinner et al. (2011) using the traditional node dating method with two fossil 
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Figure 4 Null distributions for the most probable ancestral ranges at the root node and for all 
genera, excluding Lamprolepis. The solid red line indicates the probability of the range at the 
for the full-species topology, and the dashed red line indicates the mean probability of the null 
distribution. Summary statistics are given for each graph. Colors match the range colors in 
Figure 3. 
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calibrations. In comparing the FBD method with traditional node dating, Saladin et al. (2017) 

found that the FBD method resulted in older ages than traditional node dating, which the authors 

attributed to differences in how fossil calibration points are treated in the analyses (as minimum 

ages in traditional node dating versus anywhere in the clade in the FBD method). It was also 

shown that the traditional node dating method is more sensitive to extant and fossil taxonomic 

sampling (Saldin et al., 2017). In their broad study of lygosomine skinks, Skinner et al. (2011) 

only include two extant members of Lygosoma group skinks (Lamprolepis smaragdina and 

Subdoluseps bowringii), and therefore, our increased taxonomic sampling as well as use of FBD 

dating method resulted in an older, more robust estimate for the diversification of Lygosoma 

group skinks. 

Although we hypothesized that 

Lygosoma group skinks originated in 

Southeast Asia because of the high 

genus- and species-level diversity in 

the region, ancestral state 

reconstructions suggest that the most 

probable range was widespread across 

India, Southeast Asia, and Sundaland, 

although the relative probability for 

this distribution is low (Fig. 4). Despite 

the large number of probable range states for the ancestor of Lygosoma group skinks, India is 

reconstructed as part of the ancestral range in all of them, suggesting that the Indian subcontinent 

Figure 5 Plots of speciation rate through time for each genus, 
excluding Lamprolepis.  
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is the center of origin for the group (Fig. 4). However, whether the group diversified in India or 

across a wider area that includes Africa, Southeast Asia, and/or Sundaland is unknown.  

Our BioGeoBEARS analyses using species subsets also suggested that Lygosoma group 

skinks diversified in a range that was, or included, India (Table S5), but the reconstructed ranges 

from this analysis was dependent on geographic sampling. In particular, the root range of India-

Southeast Asia-Sundaland obtained from complete taxonomic sampling was significantly 

different than the null distribution of probabilities for that range using species subsets. 

The timing of diversification of Lygosoma group skinks corresponds with the Great Indo-

European Interchange (Chatterjee et al., 2017), where an increase in global temperatures (the 

Eocene thermal maximum) combined with a decrease in sea level and the collision of India with 

Eurasia led to faunal exchange of terrestrial tetrapods across Europe, South Asia, and Southeast 

Asia (Clementz et al., 2011; Smith et al., 2016; Chatterjee et al., 2017). Therefore, it is possible 

that the ancestor of Lygosoma group skinks participated in the Great Indo-European Interchange 

and was widespread across the Old World tropics. Increased ingroup species sampling along 

with dense sampling of the sister clade and other closely related outgroups is needed to resolve 

the ancestral state of the group more accurately. 

 

4.2 | Genus-level diversification resulted from dispersion and founder-event speciation 

Our results indicate that the major genus-level diversification events in Lygosoma group skinks 

occurred in the late Eocene to early Oligocene (38–30 mya), prior to the uplift of the Himalayas 

(Chatterjee et al., 2013, 2017) and onset of the South Asian monsoon (Clift et al., 2008; 

Chatterjee et al., 2017). Results of phylogenetic analyses indicate that while Mochlus, Riopa, and 

Subdoluseps form a well-supported clade to the exclusion of Lygosoma and Lamprolepis, the 
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order of separation of three genera are not well resolved. AU topology tests indicate that the tree 

resulting from concatenated analyses is not significantly worse than the constrained topologies, 

and so we use the concatenated topology in our biogeographic analyses, which corresponds with 

the species tree topology of Freitas et al. (2019). Increased taxonomic and genetic sampling is 

needed to determine if this lack of resolution is a result of missing data or a true hard polytomy, 

in which rapid diversification of these genera limits the ability to resolve the relationships 

(Whitfield & Lockhart, 2007). 

The timing of divergence of Lygosoma group skink genera is similar to the timing of the 

diversification events estimated for Sun skinks (genus Eutropis) across India and Southeast Asia 

(Barley et al., 2015). Species in the genus Eutropis are found in the same habitats as the genera 

Lygosoma, Riopa, and Subdoluseps, and the contemporaneous divergence timings of these clades 

may indicate that diversification was driven by the same processes. The center of origin of 

Eutropis was reconstructed as Southeast Asia, which is concordant with Lygosoma and possibly 

Subdoluseps, but not with Riopa (Fig. 4). Throughout the Eocene, global temperatures cooled 

and aridity increased (Zachos et al., 2001), which may have initiated the spread of savannahs 

throughout South and Southeast Asia (Ratnam, 2016). However, fossil data suggest multiple 

shifts between more arid and more humid habitats across Sundaland during this time (Morley, 

2012), indicating that spatially- and temporally localized shifts in climate and habitat existed 

within the larger global cooling trend, and most likely affected the diversification of species 

within major biogeographic regions. Nevertheless, in the late Eocene, continuous habitat 

unbroken by major orographic barriers existed between India and Southeast Asia (Chatterjee et 

al., 2017) and faunal exchange between India and continental Southeast Asia increased (Klaus et 

al., 2016). Therefore, it is possible that diversification of Lygosoma group skinks resulted from 



	

 
195 

dispersion from an Indian ancestral range into previously inaccessible regions across Southeast 

Asia. Theory suggests that species with larger range sizes are more likely to speciate as a result 

of the increased probability that an emergent barrier will bisect their range (Rosenzweig, 1975; 

Gaston, 1998). It then follows that geographic dispersion increasing range size from a smaller to 

larger area (Cracraft, 1994) would promote speciation and that any geological or climatic event 

that promotes faunal exchange also promotes diversification, even in the absence of major shifts 

in environmental conditions. Our results indicate that genus-level diversification of Lygosoma 

group skinks did not coincide with any major known geological or climatic event, including 

major orographic uplift, and we suggest that diversification occurred as a result of faunal 

exchange between India and Southeast Asia. 

Our results also rule out the role of the onset of the seasonal South Asian monsoon weather 

pattern in the dispersal of the Mochlus ancestor from India to Africa. Mochlus began to diversify 

34.4 mya (45.4–24.7), which likely predates the establishment of the South Asian monsoon. 

Although the exact timing of monsoon onset is unknown, its intensity is hypothesized to coincide 

with elevational changes of the Himalayas (Clift et al., 2008; Zhang et al., 2015; Chatterjee et al., 

2017), which began to uplift approximately 30 mya (Chatterjee et al., 2013, 2017). Nevertheless, 

fossil data have suggested that seasonal monsoon-like weather patterns did exist in the region at 

the time (Licht et al., 2014; Spicer et al., 2017; Shukla & Mehrotra, 2018). Additionally, 

overland and island “stepping stone” connections between Africa and Eurasia existed 

intermittently both prior to and after the collision of India with Asia (Chatterjee et al., 2013, 

2017), and may have facilitated dispersal of species between regions. However, given the lack of 

Lygosoma group skink fossils and sister species in the Arabian Peninsula or northern Africa, it is 

unlikely that overland dispersals promoted diversification in the same way as they did in 
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Lygosoma, Riopa, and Subdoluseps. Instead, we hypothesize that Mochlus diversified as a result 

of founder-event speciation, in which the ancestor of the genus dispersed transoceanically across 

the Indian Ocean, perhaps arriving in eastern central Africa, which currently harbors the highest 

species-level diversity of Mochlus and may be the center of origin of the genus. 

In another potential example of founder-event speciation, the genus Lamprolepis split from 

Lygosoma 48.1 mya (62.1–35.1) in Southeast Asia and/or the Sunda Shelf (Fig. 3; Table 1). 

Lamprolepis subsequently went extinct from these biogeographic regions (with the exception of 

two Lamprolepis species of with small ranges on Borneo) after it dispersed to Wallacea in the 

early Miocene (Linkem et al., 2013). Lamprolepis smaragdina later dispersed into the 

Philippines (Linkem et al., 2013) while Lygosoma diversified in Southeast Asia 30.5 mya (41.2–

20.5), with species’ ancestral ranges subsequently transitioning between Southeast Asia and 

Sundaland. Although founder-event speciation is an important mechanism in island 

biogeography (Paulay & Meyer, 2002), its role in facilitating faunal exchange between Southeast 

Asia and Sundaland is less clear, given that these two regions are connected, and distribution of 

species could therefore result from dispersion. The Southeast Asia and Sundaland biogeographic 

regions are separated by an emergent barrier along the Thai-Malay peninsula, at or 

approximately 500 km south of the Isthmus of Kra (Hughes et al., 2003; Baltzer et al., 2008; 

Parnell et al., 2013). Although the Thai-Malay Peninsula was formed more than 100 mya 

(McLoughlin, 2001; Hall, 2009), the barrier is often attributed to more recent species- and 

population-level divergences from the Pliocene and Pleistocene (e.g. Patou et al., 2010; Luo et 

al., 2014; Beck et al., 2017). The type of barrier at the Isthmus of Kra remains unknown and has 

been attributed to Mio-Pliocene marine transgressions (e.g. Woodruff et al., 2003; de Bruyn et 

al., 2005) or to abrupt climate transitions (Baltzer et al., 2008; Hughes et al., 2009), with fossil 
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evidence suggesting that the barrier shifted north and south throughout the Pleistocene 

(Suraprasit et al., 2019). Furthermore, population-level studies of taxa distributed across the 

Isthmus of Kra have revealed that it is a leaky barrier for some taxa (e.g. Dejtaradol et al., 2016; 

Boontop et al., 2017), and, may have comprised mixed open grassland-closed canopy forest that 

could have facilitated faunal exchange between Southeast Asia and Sundaland in the middle 

Pleistocene (Suraprasit et al., 2019). 

Speciation rates in Lygosoma group skinks following genus-level diversification have 

decreased (Fig. 5), similar to results found in other taxa in the Old World tropics (e.g. murid 

rodents, Rowe et al., 2019). This pattern is attributed to dispersal of an ancestor to a new region, 

followed by speciation. However, there is no change in rate configuration between the root and 

tips of the phylogeny, which may indicate that Lygosoma group skinks did not experience key 

innovations such as novel morphological or ecological adaptations that would have driven 

diversification (Rabosky, 2014). Instead, it appears that genus-level diversification of Lygosoma 

group skinks occurred as a result of stochastic dispersion and dispersal events, similar to what 

has been inferred for other skink groups in the Old World tropics (e.g. Linkem et al., 2013). 

 

4.3| Species-level diversification within Lygosoma group skinks 

Our results suggest that most species-level divergences within Lygosoma group skinks occurred 

in the middle to late Miocene (13–8 mya) and not more recently during Pliocene–Pleistocene 

glacial cycles as we had hypothesized. Although the Plio-Pleistocene glacial cycles and 

associated changes in sea level and habitat shifts are well-known as drivers of speciation across 

the Old World tropics, especially in island systems (e.g. Fabre et al., 2012; Reilly et al., 2019), 

Miocene climatic and habitat changes are also associated with diversification (e.g. O’Connell et 
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al., 2018). At the start of the Miocene (~23 mya), the Himalayas and the South Asian monsoon 

system were fully established (Clift et al., 2008; Sunyal et al., 2010 Chatterjee et al., 2017), and 

the Australian plate had collided with the Eurasian plate, forming Wallacea (Hall 2009, 2011). 

The Early and Middle Miocene climate was warm and humid (Morley, 2012; Srivastava et al., 

2014) reaching a climatic optimum approximately 14 mya (Böhme, 2003; Holbourn et al., 2015), 

which coincided with peak faunal exchange between India and Southeast Asia (Klaus et al., 

2016). Subsequent cooling throughout the late Miocene facilitated the spread of savannah 

habitats across South and Southeast Asia (Ratnam, 2016). Interestingly, this five million year 

burst of speciation within Lygosoma group skinks occurred regardless of biogeographic realm, 

with Lygosoma and Subdoluseps diversifying in Southeast Asia and Sundaland, Riopa 

diversifying in Southeast Asia, and Mochlus diversifying in sub-Saharan Africa (Fig. 3). This 

coincident diversification may indicate a common driver of diversification across genera. With 

the exception of species in the genus Lamprolepis, most species of Lygosoma group skinks are 

found in more open and arid environments (Das, 2010; Vyas, 2014; Freitas et al, 2018), which 

suggests that diversification may have been in response to the opening of previously closed-

canopy habitats (Morley, 2012). 

Additionally, although climate throughout the Micoene shifted from warm and tropical to 

cooler and humid, regions across South and Southeast Asia experienced climatic oscillations, 

that is associated with changes in exhumation rate of the Himalayas and the resulting shift in 

monsoon intensity (Clift et al., 2008). Chemical weathering, sedimentation, and fossil evidence 

suggests that throughout the late Miocene and Pliocene, both the South and Southeast Asian 

monsoon systems have experienced shifts in intensity, with marked decreases 16.5–15 mya and 

10.5–3.5 mya (Clift et al., 2008). These shifts may be associated with the high levels of Miocene 
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faunal turnover in the region (Barry et al., 1985; Patnaik, 2016) and could have contributed to 

speciation with Lygosoma group skinks by facilitating dispersion and dispersal during drier 

periods, and then creating barriers to gene flow during more humid periods. 

 

4.4 | Importance of geographic sampling in biogeographic reconstructions 

Although taxonomic sampling is known to have an important impact on the inferred dates of 

divergence dating analyses (Heath et al., 2008; Schulte II, 2013; Soares and Schrago, 2015), the 

impact of geographic sampling on biogeographic reconstructions is not well-studied. Intuitively, 

it makes sense that having a greater representation of species from across the geographic 

distribution of the clade under study will result in more robust ancestral area reconstructions. 

Nevertheless, given the rarity of genetic voucher samples of Lygosoma group skinks in museums 

and the difficulty of finding most species in the wild (Das, 2010; Geissler et al., 2011, Vyas, 

2014), we were interested in understanding exactly how our biogeographic reconstructions 

would change if we had lower geographic representation in our phylogeny. We found that across 

all major nodes, geographic sampling had a large impact on our results (Table S5). Most of our 

generated null distributions had significant bimodality, indicating that the probability of the 

ancestral state at that node shifted dramatically as geographic sampling changed (Fig. 5; Table 

S5). These results underscore the importance of continued global biodiversity surveys to detect 

rare or under-sampled species and the necessity of taxonomic research in biological sciences. 

Therefore, we admit that although the biogeographic scenario for Lygosoma group skinks as 

presented above is based on the most robust taxonomic and geographic sampling of the group to 

date, it should be considered a hypothesis in need of further investigation.  
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SUPPLEMENTARY MATERIAL 

 

 

 

Figure S1 ASTRAL-III species tree topology for Lygosoma group skinks. Black circles denote nodes with local posterior probabilities ≥0.95. 
Probabilities <0.95 are written at each node.  
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Figure S2 Constraint trees used in AU topology tests, with the red circles indicated the nodes that were 
constrained. The p-value for each constraint is shown. P-values of ≤0.05 were considered significantly unlikely. 
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Figure S3 Bayesian concatenated topology of Lygosoma group skinks including all outgroups and fossil 
calibrations. Fossils were used to calibrate the tree and did not have any associated data, so their placement 
along the topology does not reflect their actual phylogenetic relationships, outside of belonging to the 
specific clade. The scale bar represents is in time units (millions of years). 
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Species Museum No. Country BDNF CMOS PRLR PTGER4 R35 RAG1 SNCAIP ND1 
Lamprolepis 
smaragdina KU 337740 Philippines X MK409416 MK409464 MK409495 MK409524 --- MK409578 MK409613 

Lygosoma angeli --- Vietnam X X X --- X X X X 
Lygosoma 
corpulentum LSUHC 9321 Cambodia  HQ907231 X MK409453 HQ907531 HQ907638 MK409538 MK409565 HQ907329 

Lygosoma koratense --- Cambodia X X --- X X partial X X 

Lygosoma quadrupes --- Indonesia X MK409409 --- MK409489 KX774339  MK409543 MK409572 KX774344 

Lygosoma siamense 1 LSUHC 8002 Cambodia KJ555045 X --- X X X X KJ555052 

Lygosoma siamense 2 LSUHC 9062 Malaysia X X --- X X X X X 

Lygosoma siamense 3 LSUHC 9990 Malaysia X X --- X X X X X 

Lygosoma sp. ZFMK 71715 Malaysia X X X X X X X --- 

Lygosoma tabonorum PNM 9821 Philippines X MK409400 --- MK409484 KX774338  MK409537 MK409564 KX774343 

Mochlus brevicaudis MVZ 249721 Ghana HM160590 MK409389 HM160878 MK409474 HM161064 HM161159 HM161256 HM160781 

Mochlus fernandi PEM R5444 Gabon X MK409404 MK409455 MK409487 MK409513 MH129995 MK409568 MK409602 

Mochlus guineensis MVZ 252556 Ghana X MK409392 MK409424 MK409476 MK409502 MK409529 MK409556 MK409591 

Mochlus sundevallii UTEP 21777 

Democratic 
Republic of 
Congo X MK409386 MK409441 X MK409497 MH130034 MK409551 MK409586 

Mochlus tanae 
FMNH 
255922 Tanzania X X X X X X X X 

Riopa albopunctata --- Nepal X X X X X X X X 

Riopa clade A CAS 221110 Myanmar MN850099 X --- X MN850140 MN850173 X MN850204 

Riopa clade B CAS 230414 Myanmar MN850103 MK409395 MK409449 MK409479 MK409505 MK409532 MK409559 MK409594 

Riopa clade C CAS 239204 Myanmar MN850108 MK409393 MK409447 MK409477 MK409503 MK409530 MK409557 MK409592 

Riopa clade D CAS 239204 Myanmar MN850111 X X X MN850148 MN850180 X MN850214 

Riopa clade E CAS 216328 Myanmar MN850112 X X X MN850149 MN850181 X MN850215 

Riopa clade F CAS 233106 Myanmar MN850117 X X X MN850154 MN850186 X MN850220 

Riopa clade G CAS 231327 Myanmar MN850119 MK409397 MK409451 MK409481 MF981875 MK409534 MK409561 MF981878  

Riopa clade H CAS 230491 Myanmar MN850120 X X X MN850156 MN850188 X MN850222 

Table S1 Ingroup and outgroup taxa used in phylogenetic analyses and their associated GenBank numbers. 
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Riopa clade J CAS 213615 Myanmar MN850122 MK409396 MK409450 MK409480 MK409506 MK409533 MK409560 MK409595 

Riopa clade K CAS 240673 Myanmar MN850125 X MK409452 MK409482 MK409508 MK409535 MK409562 MK409597 

Riopa clade L CAS 243133 Myanmar MN850139 X X X MN850171 MN850203 X MN850238 

Riopa goaensis BMNH 1966 India --- --- MK409467 --- --- MK409545 MK409581 MK409619 

Riopa guentheri CES 13/802 India --- --- MK409468 --- --- MK409546 MK409582 MK409621 

Riopa lineata CES 13/805 India --- --- MK409469 --- --- MK409547 MK409583 MK409615 

Riopa punctata CES 14/811 India --- --- MK409471 --- --- MK409549 --- MK409616 

Riopa vosmaerii BNHM 1975 India --- --- MK409472 --- --- MK409550 MK409585 MK409618 

Subdoluseps bowringii 
FMNH 
261839 Cambodia X MK409387 MK409442 MK409473 MK409498 MK409526 MK409552 MK409587 

Subdoluseps 
frontoparietale 

ZMKUR 
00705 Thailand X MK409401 X MK409485 MK409509 MK409539 MK409566 MK409598 

Subdoluseps herberti 
LSUHC 
11803 Malaysia X X X X X X X MF981877 

Subdoluseps malayana 
LSUHC 
12098 Malaysia X MK409405 MK409456 --- MK409514 MK409541 MK409569 MK409603 

Subdoluseps pruthi CES 09/905 India --- --- MK409470 --- --- MK409548 MK409584 MK409617 

Subdoluseps samajaya CAS 259777 Indonesia X MK409406 MK409457 MK409488 MF981876  MK409542 MK409570 MF981879 

Subdoluseps sp. CAS 231439 Myanmar X X X X X X X X 

Acontias meleagris Chimeric --- GU457870 AY662572 JN880799 JN662868 HQ876348 HQ180119 GU432696 AY315568 

Chalcides oscellatus MVZ 242790 Somalia HM160584 --- HM160872 HM160967 HM161058 HM161153 HM161250 HM160775 

Emoia caeruleocauda MVZ 239361 Indonesia HM160585 --- HM160873 --- HM161059 HM161154 HM161251 HM160776 

Eugongylus rufescens Chimeric --- HM160671 --- HM160957 HM161049 HM161144 HM161240 HM161334 HM160862 

Eumeces schneiderii MVZ 234475 Iran HQ655168 DQ675390 JN880835 JN662870 JN568485 DQ675333 --- AY649193 

Eurylepis taeniolatus MVZ 246017 Iran HM160586 --- HM160874 HM160968 HM161060 HM161155 HM161252 HM160777 

Eutropis multifasciata KU 337427 Philippines X MK409412 MK409460 MK409491 MK409520 X MK409574 MK409609 

Feylina polylepis Chimeric --- HM160587 --- HM160875 HM160969 HM161061 HM161156 HM161253 HM160778 
Granderina 
rubricauda MVZ 238841 Madagascar GU457871 AY662571 --- JN662869 JN568493 --- GU432697 AY662556 

Isopachys anguinoides 
ZMKUR 
00709 Thailand --- X X X X --- X X 

Janetaescincus braueri No voucher Mauritius HM160672 --- HM160958 HM161050 HM161145 HM161241 HM161335 HM160863 

Larutia sp. --- Vietnam X X --- X X --- X X 

Larutia veunsaiense --- Vietnam X X X X X --- X X 
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Liopholis whitii 
SAMA 
R34781 Australia HM160591 --- HM160879 HM160972 HM161065 HM161160 HM161257 HM160782 

Lipinia pulchella THNC 56379 Philippines HQ907220 --- --- X MK409518 --- X MK409607 
Madascincus 
melanopleura 

UMM 
A208656 Madagascar HM160589 --- HM160877 HM160971 HM161063 HM161158 HM161255 HM160780 

Melanoseps 
occidentalis CAS 20783 

Equatorial 
Guinea KP843150 --- --- KP843178 --- --- --- AY649191 

Mesoscincus 
schwartzei UTA R50296 Guatemala HM160578 --- HM160866 HM160961 HM161052 HM161147 HM161244 HM160769 

Otosaurus cumingi KU 338082 Philippines X MK409413 MK409461 MK409492 MK409521 --- MK409575 MK409610 
Paracontias 
hildebrandti 

UMM 
Z209166 Madagascar HM160592 --- HM160880 HM160973 HM161066 --- --- HM160783 

Pinoyscincus jagori KU 338232 Philippines X MK409417 MK409465 MK409496 MK409525 --- MK409579 MK409614 

Plestiodon fasciatus KU 289463 
United 

States X MK409411 --- X MK409519 --- X MK409608 

Scincella lateralis MVZ 246056 
United 

States HM160593 --- HM160881 HM16097 HM161067 HM161162 HM161258 HM160784 

Scincopus fasciatus MVZ 242724 Niger HM160595 --- HM160882 --- HM161069 HM161164 --- HM160786 

Scincus scincus MVZ 234537 Iran HM160667 --- HM160954 --- HM161140 HM161236 HM161331 HM160858 
Sphenomorphus 
fasciatus KU 338668 Philippines X MK409414 MK409462 MK409493 MK409522 --- MK409576 MK409611 

Trachylepis perrotetti MVZ 245351 Ghana HM160668 --- HM160955 HM161047 HM161141 HM161237 HM161332 HM160859 

Typhlosaurus sp. MVZ 164850 --- HM160669 --- --- HM161048 HM161142 HM161238 HM161333 HM16086 
 

 

 

 

Fossil Citation Age (mya) Clade 

Chalcides augei  Čerňanský, et al., 2019 16.0–13.7 
Chalcides oscellatus* 
Chalcides sp. 

Chalcides sp. Venczel & Hír, 2013 11.1–0.0 
Chalcides oscellatus* 
Chalcides augei 

Egernia gillespieae  Thorn et al.,  2019 16.0–11.6 

Egernia sp. 
Liopholis whitii* 
Proegernia palankarinnensis 
Tiliqua pusilla 

Egernia sp. Myers et al., 2001 11.6–0.0 

Egernia gillespieae 
Liopholis whitii* 
Proegernia palankarinnensis 
Tiliqua pusilla 

Table S2 List of the fossil calibrations used in this study. Species highlighted in red are fossils of extant 
species. Species with stars next to their names have genetic data available and were used in our 
phylogenetic analysis. The taxonomic authority lists the authors who described the extinct fossils. 
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Hermites vittatus 
Čerňanský & 
Syromyatnikova, 2019 7.2–0.0 

Eutropis multifasciata* 
Trachylepis perrotetti* 

Plestiodon antiquus  Holman, 1981 24.8–20.4 
Plestiodon fasciatus* 
Plestiodon sp. 

Plestiodon fasciatus* Holman & Grady, 1989 2.6–0.0 
Plestiodon antiquus 
Plestiodon sp. 

Plestiodon sp. Tucker et al., 2014 13.6–0.0 
Plestiodon antiquus 
Plestiodon fasciatus* 

Proegernia palankarinnensis Martin, et al., 2004 28.4–23.0 

Egernia gillespieae 
Egernia sp. 
Liopholis whitii* 
Tiliqua pusilla 

Tiliqua pusilla  Shea & Hutchinson, 1992 11.6–5.3 

Egernia gillespieae 
Egernia sp. 
Liopholis whitii* 
Proegernia palankarinnensis 

Tropidophorus bavaricus Böhme, 2010 16.0–13.6 

Isopachys anguinoides* 
Larutia sp.* 
Larutia veunsaiense* 
Lipinia pulchella* 
Otosaurus cumingi* 
Pinoyscincus jagori* 
Scincella lateralis* 
Sphenomophus fasciatus* 

 

Gene Primer Sequence (5'–3') 
Annealing Temp 

(ºC) Reference 

BDNF 
BDNF.F GACCATCCTTTTCCTKACTATGGTTATTTCATACTT 

61 Leaché &McGuire, 2006 
BDNF.R CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC 

CMOS 
cmosG73.1 GGCTRTAAARCARGTGAAGAAA 

52.5 Whiting et al., 2003 
cmosG74.1 GARCWTCCAAAGTCTCCAATC 

PRLR 
PRLR.F1 GACARYGARGACCAGCAACTRATGCC  

55 Townsend et al., 2008 
PRLR.R3 GACYTTGTGRACTTCYACRTAATCCAT 

PTGER4 
PTGER4.F1 GACCATCCCGGCCGTMATGTTCATCTT 

55 Townsend et al., 2008 
PTGER4.R5 AGGAAGGARCTGAAGCCCGCATACA 

R35 
R35.F GACTGTGGAYGAYCTGATCAGTGTGG 

55 Fry et al., 2006 
R35.R GCCAAAATGAGSGAGAARCGCTTCTG 

 

RAG1 RAG1.R13 TCTGCTGTTAATGGAAATTCAAG 53 

Table S3 The primers and annealing temperatures used in this study. 
 



	

 
226 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A I SA SS A-I A-SA A-SS I-SA I-SS SA-SS A-I-SA A-I-SS A-SA-SS I-SA-SS 

Node 1: Root                             

Bimodality p-value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Mean null 
reconstruction 
probability 0.00 0.02 0.03 0.09 0.03 0.04 0.04 0.07 0.13 0.06 0.07 0.12 0.16 0.14 

RAG1.R13.rev AAAGCAAGGATAGCGACAAGAG Adapted from Groth & Barrowclough, 
1999 by unknown  

SNCAIP 
SNCAIP.F10 CGCCAGYTGYTGGGRAARGAWAT 

55 Townsend et al., 2008 
SNCAIP.R13 GGWGAYTTGAGDGCACTCTTRGGRCT 

ND1 
16dR CTACGTGATCTGAGTTCAGACCGGAG 

53 Leaché & Reeder, 2002 
tMet TCGGGGTATGGGCCCRARAGCTT 

Tree LogL deltaL AU test p 
Unconstrained -28351.290 0.000 0.689 

Constraint 1 -28361.124 9.834 0.100 

Constraint 2 -28364.035 12.746 0.010 

Constraint 3 -28353.333 2.043 0.276 

Constraint 4 -28358.950 7.660 0.263 

Constraint 5 -28361.825 10.535 0.016 

Constraint 6 -28351.290 0.000 0.721 

Table S4 Summary statistics for the AU test. LogL = the log 
likelihood of the tree, deltaL = the difference between the log 
likelihood of the tree and the log likelihood of the tree with the 
highest log likelihood (constraint 6), AU test p = the p-value for 
the AU test. P was considered significant at a vale of ≤0.05. 
 

Table S5 Results of biogeographic reconstructions after reducing geographic sampling of Lygosoma group skinks. Cells with 
dashed lines indicate states that were never reconstructed as ancestral ranges for the node. Bolded cells indicate the most probable 
ancestral range in the full-taxa phylogeny. P-values for bimodality are considered significant if the ≥0.05. The range state Wallace 
and all ranges including Wallacea were never reconstructed as probable, and so are removed from this table for clarity. A = Africa, 
I = India, SA= Southeast Asia, SS = Sundaland. 
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Mean null 
reconstruction standard 
deviation 0.00 0.02 0.04 0.07 0.01 0.01 0.02 0.08 0.11 0.02 0.05 0.06 0.07 0.06 
Original reconstruction 
probability 0.00 0.02 0.02 0.02 0.01 0.04 0.01 0.08 0.15 0.05 0.13 0.12 0.07 0.28 

Z-score 
-

0.52 
-

0.21 
-

0.39 
-

0.99 
-

1.25 0.21 -1.33 0.09 0.22 -0.28 1.31 0.04 -1.30 2.21 

                              
Node 3: Mochlus-
Riopa-Subdoluseps                             

Bimodality p-value 0.88 0.00 0.14 0.04 0.17 0.06 0.06 0.13 0.05 0.05 0.21 0.14 0.81 0.31 
Mean null 
reconstruction 
probability 0.09 0.35 0.05 0.06 0.16 0.10 0.05 0.06 0.04 0.00 0.01 0.01 0.01 0.00 
Mean null 
reconstruction standard 
deviation 0.05 0.22 0.05 0.05 0.06 0.07 0.06 0.06 0.05 0.00 0.02 0.02 0.02 0.00 
Original reconstruction 
probability 0.01 0.37 0.01 0.00 0.15 0.06 0.00 0.11 0.03 0.00 0.19 0.00 0.02 0.01 

Z-score 
-

1.76 0.08 
-

0.78 
-

1.14 
-

0.19 -0.53 -0.84 0.93 
-

0.30 -0.62 11.36 -0.61 0.83 1.63 

                              

Node 5: Subdoluseps                             

Bimodality p-value --- 0.00 0.00 0.00 --- --- --- 0.07 0.21 0.00 --- --- --- 0.00 
Mean null 
reconstruction 
probability --- 0.21 0.27 0.47 --- --- --- 0.00 0.00 0.04 --- --- --- 0.00 
Mean null 
reconstruction standard 
deviation --- 0.25 0.23 0.30 --- --- --- 0.01 0.01 0.07 --- --- --- 0.00 
Original reconstruction 
probability --- 0.34 0.31 0.08 --- --- --- 0.12 0.04 0.03 --- --- --- 0.09 

Z-score --- 0.51 0.16 
-

1.29 --- --- --- 9.22 3.21 -0.08 --- --- --- Infinity 

                              

Node 7: Riopa                             

Bimodality p-value 0.41 0.00 0.31 0.18 0.02 0.35 0.29 0.00 0.08 0.31 0.23 0.01 0.20 0.34 
Mean null 
reconstruction 
probability 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
Mean null 
reconstruction standard 
deviation 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 
Original reconstruction 
probability 0.00 0.79 0.01 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00 
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Z-score 
-

0.40 
-

4.83 4.02 
-

0.65 
-

0.70 -0.65 -0.53 4.89 
-

0.72 -0.66 -0.63 -0.55 -0.52 -0.64 

                              

Node 8: Lygosoma                             

Bimodality p-value --- --- 0.00 0.00 --- --- --- --- --- 0.00 --- --- --- --- 
Mean null 
reconstruction 
probability --- --- 0.52 0.38 --- --- --- --- --- 0.10 --- --- --- --- 
Mean null 
reconstruction standard 
deviation --- --- 0.33 0.35 --- --- --- --- --- 0.10 --- --- --- --- 
Original reconstruction 
probability --- --- 0.88 0.01 --- --- --- --- --- 0.10 --- --- --- --- 

Z-score --- --- 1.09 
-

1.08 --- --- --- --- --- 0.00 --- --- --- --- 
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Chapter 4: Locomotion and kinematics in three species of co-distributed skinks from 

Southeast Asia (Family Scincidae: Eutropis macularia, Sphenomorphus maculatus, 

Subdoluseps bowringii-frontoparietale) 

 

ELYSE S. FREITAS, PHILIP J. BERGMANN, ANCHALEE AOWPHOL, and CAMERON D. 

SILER 

Formatted for Biological Journal of the Linnean Society 

 

ABSTRACT 

Locomotion is an essential function in the life of vertebrates and higher locomotor performance 

is correlated with increased survival. Although numerous studies over the past three decades 

have made substantial progress in understanding the locomotion and locomotor kinematics in 

squamate reptiles, we still lack an understanding of how locomotion occurs across the diversity 

of body forms in squamate reptiles. In this study, we investigate the locomotion and kinematics 

of three co-distributed skink species from Southeast Asia: Eutropis macularia, Sphenomorphus 

maculatus, and Subdoluseps bowringii-frontoparietale. We find that more elongate species, 

Subdoluseps bowringii-frontoparietale, the more elongate species, has greater axial bending 

whereas Sphenomorphus maculatus, the species with the relatively longest hind limb length, has 

a higher maximum velocity. We also find correlations between stride mechanics (stride duration, 

stride length, and duty factor) and maximum velocity across all three species and correlations 

between stride mechanics and morphology in Eutropis macularia and Sphenomorphus 

maculatus. Finally, statistical analyses suggest that the two robust-limbed species, Eutropis 
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macularia and Sphenomorphus maculatus have higher reliance on limbed propulsion during 

locomotion than Subdoluseps bowringii -frontoparietale.  

 

KEYWORDS: analysis of covariance (ANCOVA) — biomechanics — body elongation — 

canonical correlation analysis (CCA) — hind limb stride cycle — locomotor performance — 

principal components analysis (PCA) — undulatory locomotion —velocity  

 

INTRODUCTION 

Locomotion in vertebrates is essential for predator escape (Martin & López, 1995; Husak, 2006; 

Domenici et al., 2008), food acquisition (Higham, 2007), and dispersal (Medina et al., 2018), and 

may also have important indirect effects on sexual selection (Husak & Fox, 2008). In squamate 

reptiles, locomotor performance has been directly tied to survival, with studies showing that 

juveniles that run faster are more likely to reach adulthood (Jayne & Bennett, 1990; Garland Jr. 

& Losos, 1994; Miles, 2004; Husak, 2006). Therefore, selection on locomotor performance will 

result in species evolving morphological and behavioral strategies that maximize locomotor 

performance in a given environment (e.g. Arnold, 1983; Garland Jr. and Losos, 1994; 

Wainwright et al., 2005; Bergmann & Irschick, 2010). For example, Calsbeek & Irschick (2007) 

investigated morphology, habitat use, locomotor performance, and survival of Anolis sagrei 

lizards and found that males with longer limbs ran better on broad surfaces, whereas males with 

shorter limbs ran better on narrow surfaces. The authors compared this experimental result to the 

perches that the lizards were found on in their natural habitat and found that the males that 

favored perches that matched the diameter on which they performed best had a higher survival 

rate, showing that optimal locomotor performance in a given situation is a function of a species’ 
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morphology, ecology, and behavior. However, although numerous studies have investigated 

locomotion in relation to morphology in squamate lizards (e.g. Huey & Hertz, 1984; Garland Jr., 

1985; Losos, 1990a, 1990b; Gans & Fusari, 1994; Bauwens et al., 1995; Reilly & Delancy, 1997; 

Fieler& Jayne, 1998; Irschick & Losos, 1998; Vanhooydonck et al., 2006; Bergmann & Irschick, 

2010; Zamora-Camacho et al., 2014; Morinaga & Bergmann, 2019), we still lack an 

understanding of the kinematics of locomotion across most species. Understanding how an 

organism’s morphology correlates with its locomotor performance is important to recognizing 

broader patterns of organismal diversity and ecomorphology. Therefore, this lack of data affects 

our understanding of the evolution of morphology and ecology of squamates.  

Reptiles in the order Squamata (lizards and snakes), are ideal model organisms for 

investigating the influence of morphology on locomotor performance given the high numbers of 

species and morphological and ecological diversity of the group (e.g. Vitt & Caldwell, 2013). 

Squamate reptiles comprise more than 10,750 recognized species (Uetz et al., 2020) and are 

found in most aquatic and terrestrial ecosystems (excluding the Arctic and Antarctic), with 

species exhibiting arboreal, fossorial, rupicolous, and/or terrestrial habits (Vitt & Caldwell, 

2013). Previous studies have provided essential detail on morphology and locomotion in 

squamates, and from these data, we have put together a general picture of locomotion and the 

kinematics of locomotion (i.e. how species locomote) in squamate reptiles (Sukhanov, 1974; 

Russel & Bauer, 2008). There are two kinematic models of locomotion in limbed squamates. The 

first model suggests that velocity is a function of stride length (total distance traveled during 

swing and stance phases), stride duration (total time of swing and stance phases), and duty factor 

(the proportion of the stride that is the stance phase), with increased stride length, decreased 

stride duration, and decreased duty factor correlating with increased velocity during locomotion 
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(Sukhanov, 1974). This model has been corroborated by studies of lizard locomotion, which 

have shown that as speed increases, an individual’s stride duration decreases and its stride length  

increases (Reilly & Delancy, 1997; Fieler & Jayne, 1998; Bergmann and Irschick, 2010). 

Additionally, the proportion of time that the foot is in contact with the ground also decreases at 

increased speeds (Relliy & Delancy, 1997; Fieler & Jayne, 1998; but see Bergmann & Irschick, 

2010). In limbed squamates, hind limbs are the source of propulsion during locomotion (Losos, 

1990a; Russel & Bauer, 2008) and larger species or species with longer limbs relative to body 

size reach higher velocities than their congeners with smaller hind limbs (Losos, 1990a, 1990b; 

Bauwens et al., 1995; Calsbeek & Irschick, 2007; Bergman & Irschick, 2010). These results 

indicate that the relative hind limb length compared to body size is advantageous for the 

evolution of higher sprint speeds in lizards.  

However, numerous morphological studies of elongate-bodied squamates show that as the 

body lengthens the relative limb lengths decrease (Lande, 1978; Greer & Wadsworth, 2003; 

Wiens et al., 2006; Bergmann & Irschick, 2010; Siler & Brown, 2011). This fact then raises the 

question of if and how limb-reduced elongate-bodied species maintain the same level of 

locomotor performance as sympatric fully limbed stocky-bodied species that may be subject to 

similar predation pressures and resource limitations. The second kinematic model of locomotion 

in limbed squamates suggest that increased trunk length leads to increased axial bending during 

locomotion (Sukhanov, 1974). Furthermore, it has been observed that at higher speeds, lizards 

increase axial bending, with more elongate-bodied species bending their bodies more than 

stocky-bodied species (Sukhanov, 1974) as their locomotion transitions from limbed- to 

undulatory locomotion (Gans, 1986; Gans & Fusari, 1994; Morinaga & Bergmann, 2019). Ritter 

(1992) found that stocky-bodied species bent their bodies laterally via standing (discreet) waves 
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of lateral flexion at lower forward velocities and switched to travelling (continuous) waves of 

lateral flexion at higher forward velocities, whereas species with more elongate bodies and 

relatively shorter limbs always locomoted with traveling waves of lateral flexion regardless of 

the forward velocity. However, although elongate-bodied species bend their bodies more than 

stocky bodied species, they do not attain higher maximum velocities than stocky-bodied species 

(Bergmann & Irschick, 2010) nor is the energetic cost of locomotion decreased (Walton et al., 

1990). This then suggests that undulation has evolved to maintain locomotor performance in 

elongate-bodied species instead of facilitating the evolution of an elongate body. In limbed 

species, undulation of the body  increases stride length (Russel & Bauer, 2008) by contributing 

to pelvic rotation (Fieler & Jayne, 1998), and may therefore provide a mechanism by which 

elongate-bodied species can maintain locomotor performance at levels similar to less elongate 

species. Therefore, the general picture that has emerged over the last three decades of research 

into the mechanics of locomotion in lizards is a trade-off between relative hind limb length and 

relative body elongation in which species rely on either hind limb propulsion or axial bending to 

locomote. 

Here we further investigate this biomechanics trade-off in three terrestrial co-distributed 

skink species found in Southeast Asia, with the goal of contributing to a broader understanding 

of locomotion squamates. These three species have similar maximum body sizes (max SVL) but 

exhibit different degrees of relative hind limb lengths and body elongation, reported here as the 

average ratios of hind limb length to body size (HLL/SVL), trunk length to body size 

(AGD/SVL), and midbody width to body size (MW/SVL): Eutropis macularia is a stocky-

bodied species (max SVL = 62–65 mm, HLL/SVL = 0.2, AGD/SVL  = 0.5, MW/SVL = 0.2; Fig. 

1A) found in mixed deciduous and dry dipterocarp habitats; Sphenomorphus maculatus is a 
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relatively longer-limbed species (max SVL = 67 mm, HLL/SVL = 0.3, AGD/SVL = 0.5, 

MW/SVL = 0.1; Fig. 1B) found in forested areas, most often in rocky habitats at the edge of 

streams; and Subdoluseps bowringii and Sub. frontoparietale are elongate-bodied short-limbed 

semi-fossorial sister species (max SVL = 57 mm, HLL/SVL = 0.1, AGD/SVL = 0.6, MW/SVL = 

0.1; Fig. 1C) found in leaf litter in mixed deciduous and dry dipterocarp habitats, with Sub. 

bowringii widespread throughout Southeast Asia and Sub. frontoparietale restricted to a single 

region in central Thailand (Das, 2010; Grismer, 2011; Chan-ard et al., 2015). Given their status 

as sister species (Freitas et al., 2019) and their almost identical morphologies, we treat 

Subdoluseps bowringii and Subdoluseps frontoparietale as a single species. These three species 

are diurnal ecological generalists, found across multiple pristine and disturbed habitat types and 

presumably feeding on a wide variety of invertebrates (Das, 2010; Grismer, 2011; Chan-ard et 

al., 2015), and were seen being active most often in the mornings and afternoons (ESF pers. 

observation). The differences in body shape and relative limb sizes across these sympatric 

species makes them an ideal group to study diversity in locomotor kinematics and performance 

relative to diversity in morphology. Therefore, we examine inter- and intraspecific locomotor 

performance and kinematics of these species to answer the following questions: (1) How do 

these species differ across morphospace? (2) Do differences in morphology between species 

result in differences in locomotor performance? (3) Do species with different morphologies 

differ in their locomotor kinematics? And (4) do intraspecific differences in performance and 

locomotion correspond with body size? In our interspecific comparisons, we expect Sph. 

macuatus to reach higher velocities than E. macularia, and Sub. bowringii-frontoparietale due to 

its relatively longer hind limbs We expect that the more elongate species, Sub. bowringii-

frontoparietale will rely more on axial bending than limb propulsion during locomotion whereas 
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E. macularia and Sph. maculatus rely more on their limbs during locomotion, as exhibited 

through significant correlations between their limb biomechanics and performance. In our 

intraspecific comparisons, we expect that larger individuals will reach higher velocities than 

smaller individuals, but kinematics will not differ significantly across body sizes.  

 

 

MATERIALS AND METHODS 

SPECIMEN COLLECTION 

Field work was conducted in central and southern Thailand from July–November by ESF and 

AA under Thailand National Research Council permit to ESF (NRC) 54/60 and University of 

Oklahoma IACUC protocol R17-019 (see Table S1 for locality and voucher information). A total 

of 101 juvenile and adult skinks representing four species, Eutropis macularia (n=32), 

Sphenomorphus maculatus (n=32), Subdoluseps bowringii (n=32), and Sub. frontoparietale 

(n=5) were caught using pitfall traps or by hand. Locomotion trials were conducted at Sakaerat 

Environmental Research Station (SERS) in Nakhon Ratchasima Province, Thailand, and 

individuals not collected at SERS were transported to the field station within three days of 

capture. During the course of the trials, individuals were stored outside on a covered patio in 

plastic containers with leaves and substrate to allow them to hide, and they were fed a selection 

of wild-caught termites and ants every other day. Individuals used in the locomotion trials were 

kept a maximum of seven days before either being vouchered (n=43) or released at the point of 

capture (n=58). Individuals that were vouchered were euthanized by being submerged in a jar 

with aqueous chloretone (Simmons, 2015), fixed in 10% formalin, and are accessioned and 
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stored in 70% ethanol at the Sam Noble Oklahoma Museum of Natural History (SNOMNH) or 

Zoological Museum of Kasetsart University (ZMKU).  

 

BODY MEASUREMENTS 

To compare kinematics and performance across species we took the following ten body 

measurements with digital calipers accurate to 0.1 mm: snout–vent length (SVL), axilla–groin 

distance (AGD), midbody width (MW), head length (HL), head width (HW), fore-limb length 

(FLL), thigh length (ThighL), shin length (ShinL), Finger III length (Fin3L), and Toe IV length 

(Toe4L) (Fig. 1; Bergmann & Irschick, 2010; see Freitas et al., 2019 for detailed definitions of 

SVL, MW, HL, and HW). We also examined lizards’ tails to determine if the tail was original, 

regenerated (regrown fully or partially), or autotomized (stubby). Whenever possible, all handed 

measurements were taken on the right side of the individual. Individuals that were not vouchered 

(n=58) were measured by ESF before being released, and they were released at least 12 hours 

post-measuring to allow them to recuperate from the stress of being handled. For live 

individuals, each morphological character was measured in triplicate, and the average value of 

all three measurements was used in subsequent analyses. For vouchered specimens, 

measurements were taken at the SNOMNH or ZMKU by ESF. Several vouchered individuals 

were not able to be measured (n=11 [10 Sph. maculatus, 1 Sub. bowringii, all adults]), and so 

these were included in our locomotor analyses but excluded from analyses that included 

morphological variables. 
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Figure 1. Illustrations of the three species of skink and all morphological and biomechanics measurements used in this 

study. White circles indicate where the painted points were located on the body. A) Eutropis macularia: AGD = axilla–

groin distance, HL = head length, HW = head width, MW = midbody width, SVL = snout–vent length. B) 

Sphenomorphus maculatus: Fin3L = finger 3 length, FLL = fore-limb length, ShinL = shin length, ThighL = thigh 

length, Toe4L = toe 4 length. C) Subdoluseps bowringii-frontoparietale: AX angle = axial angle, FL angles = fore-limb 

protraction and retraction angles, HL angles = hind limb protraction and retraction angles.  
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LOCOMOTION TRIALS 

All locomotion trials were conducted between 1100 and 1700 hr outdoors on a covered patio at 

SERS from July–November 2017. White dots were painted on the dorsal side of each individual 

along the midline of the body at the occiput, pectoral and pelvic girdles, midbody (halfway 

between the pectoral and pelvic girdles), opposite the cloaca, and on each elbow and knee (Fig. 

1) using a washable non-toxic paint pen to track the xy coordinates of these landmarks during the 

trials (Bergman & Irschick, 2010). The instantaneous temperature and relative humidity were 

measured immediately after each trial using a Kestrel 3500 meter. Prior to November, trials were 

conducted only after ambient temperature reached 27ºC following the protocol of Bergmann & 

Irschick (2010). In November, the temperature decreased, and trials were performed at ambient 

temperatures of 20–24ºC; however, all three species were still active in the forest around SERS 

at this time (ESF pers. obs.), and so temperatures never fell below the thermal threshold of the 

lizards. Therefore, we felt justified in conducting experiments in situ rather than transferring 

individuals to a more controlled environment for locomotor data collection. Correlation analyses 

of ambient temperature and relative humidity against maximum velocity and maximum 

acceleration (see methods below) indicated that the decrease in temperature did not affect the 

results of the trials (temperature-maximum velocity r2 = -0.15; temperature-maximum 

acceleration r2 = -0.06; relative humidity-maximum velocity r2 = 0.13, relative humidity-

maximum acceleration r2 = 0.13). 

Locomotion trials were conducted on a one meter long portable track built by PJB that was 

15 cm wide with 15 cm tall clear plexiglass sides. The soil substrate used in the trials was 

collected from SERS, air dried for three days, and sifted using a #60 sieve from the Student 6-

Screen Sieve Set (Forestry Suppliers) to a particle size of 0.423 mm so that the substrate was 
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standardized across trials. When not in use, the substrate was stored in an airtight plastic fish bag 

to prevent it from humidifying. The track was filled with substrate to a depth of approximately 5 

mm. 

Each individual was filmed running on the track with a Casio Exilim 12-megapixel high-

speed digital camera at a frame rate of 240 frames per second (Bergmann & Irschick, 2010). 

Lizards were motivated to run by a tap on the tail or by drumming our fingers on the edge of the 

track to startle them. Three trials were taken of each individual to account for differences in 

behavior and performance (Losos et al., 2002; Bergmann & Irschick, 2010). The order of 

individuals was randomized for each trial and all individuals received a minimum of ten minutes 

rest between trials. Because most trials included multiple runs by the lizard, videos were trimmed 

to include only a single run. An ideal run was one in which the lizard accelerated from a stopped 

position and ran in a straight line for at least two fore-limb and hind limb stride cycles.  

It should be noted that an individual’s locomotor performance on the track is not identical 

with their performance in nature given the homogenous conditions on the track versus the 

heterogenous conditions in the wild (Irschick & Losos, 1998). Furthermore, most individuals did 

not appear to demonstrate the same maximum velocity on the track as they did in the wild (ESF 

pers. obs.; Garland Jr. & Losos, 1994; Losos et al., 2002), and videos were not eliminated from 

analyses if the individual appeared to perform at a suboptimal speed because removal of these 

videos would have decreased our sample size. Therefore, the measurements of maximum 

velocity and acceleration obtained in this study should not be considered as the maximum 

performance ability for each species either in a laboratory or natural setting. However, we are 

confident that the data we present are true representations of the results of the trials and therefore 
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point to accurate, albeit simplified, similarities and differences between species (Irschick & 

Losos, 1998). 

 

VIDEO DIGITIZATION AND MEASUREMENTS OF LOCOMOTOR VARIABLES 

The painted points on each individual were digitized in MatLab 2019b (MathWorks, Inc.) using 

the environment DLTdv5 designed by Tyson Hedrick (2010; see Hedrick, 2008) to get the xy 

coordinates of each point over the course of the run. The resulting coordinate data were 

smoothed using a sixth-level smoothing spline in the MatLab Curve Fitting Toolbox on the 

second derivative (acceleration) of the xy coordinates (Bergmann & Irschick, 2010) to remove 

noise associated with stochastic error in the digitization process. We calculated the run maximum 

velocity from the occiput point and selected the run with the highest maximum velocity for 

subsequent analyses to avoid pseudoreplication from using all three runs for each individual in 

analyses. 

For the best run, we collected the following 18 performance and kinematic measurements for 

a single hind limb stride following Bergmann & Irschick (2010). A hind limb stride includes 

both the hind limb swing and stance (step) and is defined as beginning at the video frame in 

which the entire foot (including toes) lifted off the substrate until the following frame that the 

foot lifted off the substrate: maximum velocity of the midbody point (in meters per second, 

MaxV), maximum acceleration of the midbody point (in meters per second squared, MaxAcc), 

minimum acceleration of the midbody point (which is the maximum negative acceleration, in 

meters per second squared, MinAcc), stride length (distance the midbody point traveled in 

meters, StrideL), stride duration (time stride lasted in seconds, StrideDur), step duration (time 

that foot was in contact with the substrate in seconds, StepDur), duty factor (the proportion of the 
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stride that was the step, DutyF), maximum velocity axial angle (measured as the angle formed 

from the pectoral, midbody, and pelvic points at the instantaneous MaxV, MaxVAx), maximum 

acceleration axial angle (measured as the angle formed from the pectoral, midbody, and pelvic 

points at the instantaneous MaxAcc, MaxAccAx), minimum axial angle (measured as the 

smallest angle formed from the pectoral, midbody, and pelvic points, MinAx), hind limb 

protraction angle (measured as the angle formed from the vent, pelvic, and knee points when 

hind limb reached its maximum forward extension, HLPro), hind limb protraction velocity 

(instantaneous velocity in meters per second at point of maximum hind limb protraction, 

HLProV), hind limb protraction acceleration (instantaneous acceleration in meters per second 

squared at point of maximum hind limb protraction, HLProAcc), hind limb retraction angle 

(measured as the angle formed from the vent, pelvic, and knee points when hind limb reached its 

maximum backwards extension, HLRetr), hind limb retraction velocity (instantaneous velocity in 

meters per second at point of maximum hind limb retraction (HLRetrV), hind limb retraction 

acceleration (instantaneous acceleration in meters per second squared, HLRetrAcc), fore-limb 

protraction angle (measured as the angle formed from the occiput, pectoral, and elbow points 

when fore-limb reached its maximum forward extension, FLPro), and fore-limb retraction 

(measured as the angle formed from the occiput, pectoral, and elbow points when fore-limb 

reached its maximum backwards extension, FLRetr; Fig. 1). Whenever possible, the hind limb 

stride cycle involved the animal’s right hind limb, and all protraction and retraction angles were 

measured using the limbs on the right side of the body; however, in the videos in which the stride 

cycle of the left hind limb was analyzed due to visibility issues (n=3), protraction and retraction 

angles were measured for the left limbs. All velocities and accelerations were measured in 

MatLab by calculating the first and second derivative of the xy coordinates, respectively, and all 
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angles were measured using ImageJ. StrideL, StrideDur, and StepDur were calculated by 

manually determining the relevant start and end frames in ImageJ and then using time and 

distance measurements calculated from xy coordinates in MatLab. DutyF was calculated by 

dividing StepDur by StrideDur. As a note: because of the way limb angles were measured, 

higher HLPro and FLRetr angles indicate the limb was closer to the body whereas higher HLRetr 

and FLPro angles indicate the limb was farther from the body. We define the following groups of 

locomotor characters: performance comprises all maximum velocity and acceleration locomotor 

variables (n=7 variables), stride mechanics comprises all locomotor characters involving the 

description of the stride (n=4), and biomechanics comprises all body angle locomotor characters 

(n=7). 

 

JUSTIFICATION FOR NOT APPLYING PHYLOGENETIC CORRECTIONS TO OUR DATA 

Phylogenetic corrections are used to correct for the process of evolution when comparing 

species’ traits and can be explained as follows: one of the assumptions of all univariate and 

multivariate statistical analyses is that the residual errors of data from different treatments are 

independent (Tabachnik & Fidel, 2014), meaning that data for one observation is not dependent 

on or influenced by data from another observation. This assumption does not always hold true 

for trait data from separate species because species are descended from a common ancestor and 

therefore are not independent (Felsenstein, 1985). For example, the evolution of a snake-like 

morphology in two sister species of the skink genus Brachymeles (Siler et al., 2011) is likely to 

have occurred in the common ancestor of those species, and not independently in the two 

terminal branches leading from the ancestor to the species. For species that are more distantly 

related, such as a snake-like skink in the genus Brachymeles and a snake-like skink in the genus 
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Scelotes (Whiting et al., 2003), the evolution of a snake-like morphology may still be dependent 

on the starting point that existed in the common ancestor of the genera. A number of methods 

have been proposed to correct for the non-independence of species’ traits including phylogenetic 

independent contrasts (Felsenstein, 1985) and phylogenetic least squares (Grafen, 1989), and 

these techniques are used widely in the literature when comparing locomotion and morphological 

data across multiple species (e.g. Garland Jr. & Losos, 1994; Bauwens et al., 1995; Bergmann & 

Irshick, 2010).  

However, implementing phylogenetic corrections is not without its own statistical and 

assumptive shortfalls (e.g. Westoby et al., 1995; Losos, 2011; Cooper et al., 2016; Uyeda et al., 

2018). These shortfalls include the assumption that trait evolution is constant across clades and 

that we know the underlying evolutionary model of the characters in question (Losos, 2011). 

These assumptions are unlikely to hold for the species used in our analyses given the large 

amount of time that they have been evolving independently. In a time-calibrated phylogeny of 

lygosomine skinks, Skinner et al. (2011) recovered the ancestor of Eutropis and Subdoluseps as 

occurring 68.2 million years ago (mya) and the ancestor of Sphenomorphus and Eutropis-

Subdoluseps as occurring 81.5 mya (and see Freitas et al., prev. chapter for an explanation of 

why these dates may be underestimates). This suggests that species in these clades have been 

evolving independently from each other since before the extinction of the dinosaurs, making 

assumptions of evolutionary rate constancy unlikely to hold true. 

Furthermore, our primary goal in this study was to understand how body elongation and limb 

reduction, on the path towards becoming “snake-like”, affects locomotor performance in scincid 

lizards. Therefore, we are not addressing questions on how morphology and locomotion are 
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correlated across the skink phylogeny (Garland Jr. et al., 1992), and so correcting for 

phylogenetic signal in these morphological and locomotor traits is not necessary. 

 

PRINCIPAL COMPONENTS ANALYSIS OF MORPHOLOGY AND LOCOMOTOR VARIABLES 

Phylogenetic analyses reveal that Subdoluseps bowringii and Sub. frontoparietale are not 

reciprocally monophyletic and may form a species complex (Freitas et al., 2019), and 

preliminary principal components analysis (PCA) of these species suggest that they do not differ 

in morphospace. Therefore, we conducted all subsequent statistical analyses of morphological 

and locomotor variables on these two species combined as a single “species.” Prior to statistical 

analyses, we examined Pearson correlation matrices of the locomotor characters for 

multicollinearity, combining data from all species together, using the corrplot.mixed graphing 

function in the R v3.6.2 (R Core Team, 2019) package corrplot v0.84 (Wei and Simko, 2017). 

We considered characters with r2 ≥ 0.7 as multicollinear. For the locomotor characters, the 

velocity values MaxV, HLProV, and HLRetrV were highly correlated (MaxV-HLProV r2 = 0.89; 

MaxV-HLRetrV r2 = 0.88; HLProV-HLRetrV r2 = 0.77), and the stride value StepDur was 

highly correlated with StrideDur and DutyF (StrideDur-StepDur r2 = 0.95; StepDur-DutyF r2 = 

0.74), and so we removed HLProV, HLRetrV, and StepDur from all subsequent statistical 

analyses. Morphological variables are generally highly colinear, and so we removed SVL from 

all statistical analyses. 

To investigate morphological and locomotor similarities and differences between species, we 

used PCA to explore intra- and interspecific distribution of species in multivariate space for 

morphology, locomotion (all locomotor variables combined), performance (MaxV, MaxAcc, 

MinAcc, HLProAcc, HLRetrAcc), stride mechanics (StideL, StrideDur, DutyF), and 
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biomechanics (MaxVAx, MaxAccAx, MinAx, HLPro, HLRetr, FLPro, FLRetr). PCA is a 

dimension-reduction technique that returns a set of independent components that describe the 

strength and direction of correlation between raw variables and is therefore a useful tool in which 

to evaluate which variables in a multivariate dataset are the most important to the process under 

study. We ran the PCAs in R using the command prcomp in the stats v3.6.2 package (R Core 

Team, 2019). For the morphology PCA, we size-size corrected all individuals within each 

species to remove the disproportionately large effect of body size on the variance, so that we 

could include juveniles and adults in the same analysis. Therefore, we size-corrected each 

measurement against the species-specific mean SVL and applied a character-specific regression 

coefficient to transform the value using the equation: 

Xadj=log10(X)-β[log10(SVL)-log10(SVLmean)] 

where X is the original value of the character, Xadj is the size-corrected value of the character, 

SVLmean is the average SVL across all individuals, and β is the species-specific linear regression 

coefficient calculated from log10(X) against log10(SVL) (Thorpe, 1975; Lleonart, 2000) using the 

command lm in the stats package in R. We also ran PCAs of each species individually using 

log10-transformed measurements without a size correction to examine if juveniles and adults 

cluster differently in morphospace. The results of the species-specific morphology PCAs 

suggested that the majority of variation between adults and juveniles is in body size, and so we 

broke species into three separate age classes—hatchlings (<31 mm), juveniles (31–45 mm and 

adults (>45 mm) to facilitate data exploration in the locomotor PCAs. Although both E. 

macularia and Sph. maculatus reach larger adult sizes than Sub.bowringii-frontoparietale (62–65 

mm, 67 mm, and 57 mm, respectively; Grismer, 2011), their minimum adult sizes are not 

recorded, and so we designated the size bins equally for exploratory analyses, based on personal 
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observations of live animals by ESF. We used these age class bins as well as bins for the tail 

status of the individuals (whole, regenerated, or autotomized) to examine if size or tail status had 

different distributions in locomotor space, and we also used bins for MaxV to explore the effect 

of speed on the distribution of stride mechanics and biomechanics in multivariate space. All 

PCAs on morphological and locomotor variables were conducted on the correlation matrix, 

implemented by setting scale=T. In the results (below), we report any principal components 

loadings with values ≥ 0.3. 

 

ANALYSIS OF COVARIANCE OF LOCOMOTOR VARIABLES BY SPECIES AND AXILLA–GROIN DISTANCE 

To determine if E. macularia, Sph. maculatus, and Sub. bowringii-frontoparietale differ 

significantly across each locomotor variable, we conducted analysis of covariance (ANCOVA) 

for each locomotor variable, grouping by species. We included AGD as a covariate to examine if 

body size (proxy for age, see above) affects locomotion. We first set orthogonal contrasts in R 

from the default contr.treatment to contr.sum using the options command from the base R 

package. We then used the command lm in the stats package in R to generate linear models of 

each response variable against the predictor variables species and AGD, including a species-by-

AGD interaction term with the following model in R: 

locomotor variable ~ species + AGD + species:AGD 

After running each model, we checked the residuals for normality and homoscedasticity using 

plots of the residuals versus fitted values, quantile-quantile plots, histograms, and density plots; 

residuals did not deviate significantly from assumptions except for FLRetr, so we reran the 

model using log10-transformed FLRetr values. A p value of p ≤ 0.05 was considered significant. 

For variables that were significantly different across species, we conducted a Tukey’s post-hoc 
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test on the model results using the command glht in the R package multcomp v1.4-12 (Hothorn 

et al., 2008). 

 

CANONICAL CORRELATIONS OF MORPHOLOGY AND LOCOMOTOR VARIABLES 

To investigate if the degree of body elongation affects locomotion, we ran combined species 

canonical correlation analyses (CCAs) of size-corrected morphological variables (see above) 

against locomotor variables. Because we are primarily interested in the correlation of limb and 

body measurements with locomotion, we removed HW and HL from this analysis. Given the 

large number of morphological and locomotor characters measured and our low sample size for 

each species, we were not able to conduct analyses on the complete morphological dataset 

against the complete locomotor dataset. Therefore, we ran CCAs on the following data subsets: 

morphology (AGD, FLL, Fin3L, ThighL, ShinL, Toe4L, MW, excluding head size) against 

kinematics (MaxV, MaxAcc, MinAcc, HLProAcc, HLRetrAcc), morphology against stride 

mechanics (StrideL, StrideDur, DutyF), morphology against axial biomechanics (MaxVAx, 

MaxAccAx, MinAx), and morphology against limb biomechanics (HLPro, HLRetr, FLPro, 

FLRetr). 

Additionally, we were interested in investigating if species were using their morphologies 

differently when locomoting, and so we ran species-specific CCAs on the same above data 

subsets without size-correcting the morphological variables. We were also interested in 

investigating how performance and stride mechanics are correlated within species and if either or 

both were also correlated with biomechanics, and so we conducted species-specific CCAs testing 

performance against stride mechanics, performance against axial biomechanics, performance 

against limb biomechanics, stride mechanics against axial biomechanics, stride mechanics 
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against limb biomechanics, and axial biomechanics against limb biomechanics. Previous studies 

have indicated that individuals perform differently before and after tail autotomization (reviewed 

in McElroy & Bergmann, 2013). Although the direction of performance change is not consistent 

across taxonomic groups, all studies investigating tail autonomy and performance in skinks 

suggested that performance declined after tails were lost. Therefore, to avoid any confounding 

effects of tail status, we excluded individuals with autotomized tails from the CCA analyses 

(n=17), including only individuals with whole or regenerated tails (n=84). 

Prior to running the CCA analyses, we examined histogram, density, and Q-Q plots of each 

locomotor character for the combined species dataset and for each morphological and locomotor 

character for each species-specific dataset to check for deviations from a normal distribution. 

Characters that were not normally distributed were log10-transformed before analyses. Because 

all acceleration characters had negative values, we added 10 to each value before log10-

transforming. 

We ran CCA using the cc command in the R package CCA v1.2 (González & Déjean, 2012). 

To check if the first canonical variate was significant, we calculated Wilk’s Lambda, which was 

then used to calculate the X2 statistic (as in Tabachnik & Fidel, 2014). The X2 statistic was used 

to determine p, with a p ≤ 0.05 considered significant. For all significant CCAs, we analyzed 

how much variance from the raw or log-transformed variables was captured by the first 

canonical variate, and we performed a redundancy analysis (Rotenberry et al., 1996) to analyze 

how much variance the first canonical variate captured from its opposite raw or log-transformed 

variables. Loadings for significant CCAs were considered important if they had a value ≥0.3 

(Tabachnik & Fidel, 2014). 
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RESULTS 

MORPHOLOGICAL PRINCIPAL COMPONENTS ANALYSIS 

Results from the combined-species, size-corrected morphological PCA indicate that all three 

species are separated in morphospace by body size and body elongation (Fig. 2; Table 1). The 

first principal component (PC1) accounts for 79.5% of the variance and loads most heavily on all 

characters excluding MW, but with AGD negatively correlated with all other body 

measurements. This PC1 loading pattern suggests that as relative AGD (body elongation) 

increases, other measurements of body size decrease. The second principal component (PC2) 

accounts for 9.2% of the variance and loads most heavily on negative MW and positive Toe4L.  

 

 

 

 

 

 

 

 

 

Altogether, the results suggest that Subdoluseps bowringii-frontoparietale is more elongate than 

Eutropis macularia and Sphenomorphus maculatus whereas E. macularia and Sph. maculatus 

are similar in body size but differ in midbody width and the length of Toe IV (Fig. 2). Species-

specific PCAs were not size-corrected and, as expected, body size has a disproportionately large 

effect on the variance, with PC1 representing size (as in Losos, 1990b). For E. macularia, PC1  

Morphology PC1 PC2 
Variance (%) 79.5  9.2  

Cumulative Variance (%) 79.5  88.7  

AGD -0.312  0.251  

HL 0.328  -0.173  

HW 0.351  -0.085  

FLL 0.363  0.015  

Fin3L 0.354  0.177  

ThighL 0.350  0.244  

ShinL 0.358  0.173  

Toe4L 0.331  0.399  

MW 0.232  -0.787  

Table 1. Results of the combined species morphological PCA. 

Loadings used in interpretation are bolded. Character definitions are 

in the text.  
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Figure 2. Results of the morphological PCAs for the 

species used in this study. A) Combined-species PCA of 

size-corrected morphological characters showing the 

distribution of Eutropis macularia (orange triangles), 

Sphenomorphus maculatus (green triangles), and 
Subdoluseps bowringii (purple triangles) in morphospace. 

The black arrows at the top of the graph are the biplot of 

loadings for all significant morphological character along 

principal component 1 (PC1) and principal component 2 

(PC2). The percent values for PC1 and PC2 indicate the 

percent of variance explained by each component. 

Character definitions are in the text B) Species-specific 

PCAs using non-size-corrected morphological characters. 

Each circle is shaded according to the raw SVL value, with 

more shading indicating a larger individual. The percent 

values for PC1 indicate the percent of variance explained 

by the component. 
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accounts for 90.7% of the variance, for Sph. maculatus, PC1 accounts for 92.2% of the variance, 

and for Sub. bowringii-frontoparietale, PC1 accounts for 86.4% of the variance. Across all 

species-specific PCAs, juveniles differ from adults along PC1 but not PC2, indicating that there 

is not a large effect of allometric growth on the characters that were included in the analyses 

(Fig. 2). 

 

LOCOMOTOR PRINCIPAL COMPONENTS ANALYSIS 

Species-specific locomotor PCAs indicate that neither age nor tail status affected the distribution 

of locomotor variables in multivariate space. Additionally, species-specific PCAs on stride 

mechanics and biomechanics (excluding performance) indicate that neither age class, tail status, 

nor maximum velocity clustered individuals in multivariate stride mechanics + biomechanics 

space. Therefore, we conducted the remaining locomotor PCAs on all species combined, 

including individuals of all age classes, speeds, and tail statuses. 

The combined-species locomotor PCA indicates that locomotor variables are much less 

correlated than they are for morphological PCAs (Fig. 3A). PC1 accounts for 20.5% of the 

variance and loads most heavily on negative MaxV, negative MaxAcc, negative HLProAcc, 

negative HLRetrAcc, and StrideDur, whereas PC2 accounts for 14.7% of the variance and loads 

most heavily on negative HLRetrAcc, negative DutyF, negative HLPro, and negative FLRetr 

(Fig. 3A; Table 2). Therefore, species are primarily separated by performance and secondarily 

separated by stride mechanics and biomechanics. Additionally, it appears that Sub. bowringii-

frontoparietale has a smaller distribution in locomotor space than both E. macularia and Sph. 

maculatus with the majority of Sub. bowringii-frontoparietale individuals clustered in the middle 
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All Locomotor Characters PC1 PC2 
Variance (%) 20.5  14.7  

Cumulative Variance (%) 20.5  35.2  

MaxV -0.341  -0.040  

MaxAcc -0.430  -0.240  

MinAcc -0.237  -0.269  

HLProAcc -0.399  -0.273  

HLRetrAcc -0.325  -0.318  

StrideL 0.104  -0.133  

StrideDur 0.414  -0.222  

DutyF 0.254  -0.419  

MaxVAx 0.174  -0.186  

MaxAccAx 0.064  -0.199  

MinAx 0.253  -0.221  

HLPro 0.150  -0.399  

HLRetr 0.067  -0.082  

FLPro 0.073  -0.257  

FLRetr -0.016  -0.310  

Performance PC1 PC2 

Variance (%) 49.9  26.5  

Cumulative Variance (%) 49.9  76.4  

MaxV 0.356  0.558  

MaxAcc 0.543  0.192  

MinAcc 0.294  -0.670  

HLProAcc 0.534  0.161  

HLRetrAcc 0.455  -0.422  

Stride Mechanics PC1 PC2 
Variance (%) 50.6  33.4  

Cumulative Variance (%) 50.6  84.0  

StrideL 0.304  0.901  

StrideDur 0.708  0.004  

DutyF 0.638  -0.433  

Biomechanics PC1 PC2 
Variance (%) 24.1  19.3  

Cumulative Variance (%) 24.1  43.4  

MaxVAx 0.390  -0.173  

MaxAccAx 0.370  0.389  

MinAx 0.539  0.167  

HLPro 0.363  0.341  

HLRetr 0.155  0.392  

FLPro 0.414  -0.414  

FLRetr 0.305  -0.590  

Table 2. Results of the combined-species locomotor PCAs. Loadings 
used in interpretation are bolded. Character definitions are in the text. 
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Figure 3. Results of the combined-species 

locomotor PCAs for Eutropis macularia 
(orange triangles), Sphenomorphus maculatus 
(green triangles), and Subdoluseps bowringii 
(purple triangles). A) All locomotor 

characters. B) Performance characters. C) 

Stride mechanics characters. D) Biomechanics 

characters. The black arrows at the top of each 

graph are the biplot of loadings for all 

significant locomotor character along principal 

component 1 (PC1) and principal component 2 

(PC2). The percent values for PC1 and PC2 

indicate the percent of variance explained by 

each component. Character definitions are in 
text.  

 



	

 
254 

of PC1 and near the top of PC2. In contrast, the other two species overlap considerably and are 

distributed more evenly across multivariate space.  

As expected from the results of the locomotor PCA (all variables together), the performance 

PCA (on the variables MaxV, MaxAcc, MinAcc, HLProAcc, HLRetrAcc; Fig. 3B; Table 2), the 

stride mechanics PCA (on the variables StideL, StrideDur, DutyF; Fig. 3C; Table 2), and the 

biomechanics PCA (on the variables MaxVAx, MaxAccAx, MinAx, HLPro, HLRetr, FLPro, 

FLRetr; Fig. 3D; Table 2) show that E. macularia and Sph. maculatus overlap highly in 

multivariate space but that Sub. bowringii-frontoparietale appears to occupy more confined and 

distinct clusters in multivariate space. This differential distribution of species across multivariate 

space suggests that there are differences in locomotion between the elongate- and stocky-bodied 

species. For the performance PCA, PC1 accounts for 49.9% of the variance and loads most 

heavily on all characters excluding MinAcc whereas PC2 accounts for 26.5% of the variance and 

loads most heavily on MaxV, negative MinAcc, and negative HLRetrAcc (Fig. 3B; Table 2). For 

the stride mechanics PCA, PC1 accounts for 50.6% of the variation and loads most heavily on all 

characters whereas PC2 account for 33.4% of the variance and loads most heavily on StrideL and 

negative DutyF (Fig. 3C; Table 2). For the biomechanics PCA, PC1 accounts for 24.1% of the 

variance and loads most heavily on all characters excluding HLRetr, and PC2 accounts for 

19.3% of the variance and loads most heavily on MaxAccAx, HLPro, HLRetr, negative FLPro, 

and negative FLRetr (Fig. 3D; Table 2). 

 

ANALYSIS OF COVARIANCE 
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Results of the analyses of covariance (ANCOVAs; Table 3) indicate that the only locomotor 

response variable that was significantly different across species was MaxV (p=0.049), with the 

Tukey test indicating that Sub. bowringii-frontoparietale differs significantly from Sph.  

 macularia (p=0.042; Fig. 4A; Table 3). However, there was not a significant  

 effect of AGD on MaxV (p=0.30; Table 3) nor was there a significant interaction between 

species and AGD (p=0.127; Table 3). Although only MaxV was significant different between 

species, the response variable StrideDur had a significant interaction term of species and AGD 

(p=0.024; Fig. 4B; Table 1). Additionally, several response variables were significantly affected 

by AGD, with all showing a positive correlation. These response variables were StrideL 

(p<0.000), DutyF (p=0.002), HLPro (p=0.023), and MinAx (p=0.017; Fig. 4C–F; Table 3). All 

other locomotor response variables showed no significant differences between species and across 

AGD. 

 

 CANONICAL CORRELATION ANALYSIS 

Results from the combined-species canonical correlations analyses (CCA) indicated that there 

was no significant correlation between morphology against axial angles, but that morphology 

against performance, morphology against stride mechanics, and morphology against hind limb 

angles was significant (Table 4). For morphology (AGD, FLL, Fin3L, ThighL, ShinL, Toe4L, 

MW) against performance (MaxV, MaxAcc, MinAcc, HLProAcc, HLRetrAcc) (Wilks’ Λ=0.465, 

X2=50.150, p<0.05; Table 5), the morphology variate loaded on Fin3L and ThighL and explained 

5.7% of morphological variance, whereas the performance variate loaded on MaxV and MaxAcc 
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Figure 4. Graphs of the ANCOVA results for all significant tests showing values Eutropis macularia (orange 

triangles), Sphenomorphus maculatus (green triangles), and Subdoluseps bowringii (purple triangles), and 

fitted regression lines. Color lines in A and B indicate that significant differences were found for each species 

(A) and that the interaction term was significant (B). Black lines in C–G indicate that significant differences 

were found for across AGD but not for species. P-values for each test are shown below the legend. 
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and explained 14.3% of the performance variance (Table 5). Variance in morphology explained 

3.6% of the variance in performance (Table 5). For morphology against stride mechanics 

(StrideL, StrideDur, DutyF) Wilks’ Λ=0.391, X2=62.426, p<0.001; Table 5), the morphology 

variate loaded on all morphological characters with AGD negatively correlated with the other 

characters and explained 75.7% of the variance, whereas the stride mechanics variate loaded on 

all stride mechanics characters and explained 44.0% of the variance (Table 5). Variance in 

morphology explained 20.6% of the variance in stride mechanics (Table 5).  

  

 

 

 

 

 

 

 

 

 

 

 

 

For morphology against limb angles (HLPro, HLRetr, FLPro, FLRetr) (Wilks’ Λ=0.363, 

X2=58.822, p<0.001; Table 5), the morphology variate again loaded on all morphological 

characters with AGD negatively correlated with the other characters and explained 55.3% of the 

 
Species:AGD 

p-value 
Species p-

value AGD p-value 
Performance    

MaxV 0.127 0.049 0.295 

MaxAcc 0.252 0.077 0.630 

MinAcc 0.556 0.610 0.722 

HLProAcc 0.598 0.162 0.600 

HLRetrAcc 0.123 0.104 0.292 

Stride 
Mechanics    

StrideL 0.828 0.348 0.000 
StrideDur 0.024 --- --- 

DutyF 0.139 0.688 0.002 
Biomechanics    

MaxVAx 0.508 0.232 0.200 

MaxAccAx 0.643 0.244 0.860 

MinAx 0.868 0.809 0.017 
HLPro 0.106 0.051 0.023 
HLRetr 0.281 0.227 0.276 

FLPro 0.621 0.394 0.191 

FLRetr 0.388 0.230 0.429 

Table 3. Results of the ANCOVA of species and body size (AGD) for 
all locomotor characters. Significant p-values are bolded. 
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variance, whereas the limb angle variate loaded on HLPro and explained 21.5% of the variance 

(Table 4). Variance in morphology explained 11.5% of the variance in hind limb angles (Table 

4).  

Results of the species-specific CCAs indicated that there was no significant correlation 

between morphology and performance, morphology versus axial angles, performance against 

axial angles, performance against limb angles, and axial angles against limb angles for all three 

species (Table 4). Morphology against stride mechanics was significant for E. macularia 

(Λ=0.062, X2=57.149, p<0.001; Table 4) and Sph. maculatus (Λ=0.033, X2=35.921, p<0.025; 

Table 4), but not for Sub. bowringii-frontoparietale (Table 4). For E. macularia, the morphology 

variate loaded most heavily on all morphological characters and explained 62.1% of the variance 

whereas the stride mechanics variate loaded on all stride mechanics characters and explained 

41.1% of the variance (Table 6). Variance in E. macularia morphology explained 31.7% of the 

variance in their stride mechanics. For Sph. maculatus, the morphological variate loaded on all 

morphological characters and explained 82.1% of the variance, whereas the stride mechanics 

variate loaded on all stride mechanics characters and explained 28.7% of the variance (Table 6). 

Variance in Sph. maculatus morphology explained 27.0% of the variance in stride mechanics 

(Table 6). Morphology against limb angles was only significant for E. macularia (Λ=0.046, 

X2=61.780, p<0.001; Table 4). In this result, the morphological variate loaded on all 

morphological characters excluding MW and explained 22.6% of the variance, whereas the limb 

angles variate loaded on all limb angle characters and explained 24.8% of the variance (Table 7). 

Variance in morphology explained 20.5% of the variance in limb angles (Table 7). Performance 

against stride mechanics was significant for all three species (E. macularia Λ=0.033, X2=73.020, 
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Species-combined N Wilks’ " X2 df p (<) 
Morphology-Performance 73 0.465 50.150 35 0.050 
Morphology-Stride Mechanics 73 0.391 62.426 21 0.001 
Morphology-Axial Biomechanics 72 0.634 29.815 21 0.100 

Morphology-Limb Biomechanics 65 0.363 58.822 28 0.010 
Eutropis macularia N Wilks’ " X2 df p 

Morphology-Performance 27 0.095 45.830 35 0.250 

Morphology-Stride Mechanics 27 0.062 57.159 21 0.001 
Morphology-Axial Biomechanics 27 0.248 28.559 21 0.250 

Morphology-Limb Biomechanics 27 0.046 61.780 28 0.001 
Performance-Stride Mechanics 27 0.033 73.020 15 0.001 
Performance-Axial Biomechanics 27 0.383 20.613 15 0.250 

Performance-Limb Biomechanics 27 0.276 27.030 20 0.250 

Stride Mechanics-Axial Biomechanics 27 0.621 10.704 9 0.500 

Stride Mechanics-Limb Biomechanics 27 0.383 21.087 12 0.050 
Limb Biomechanics-Axial Biomechanics 27 0.763 5.951 12 0.950 

Sphenomorphus maculatus N Wilks’ " X2 df p 
Morphology-Performance 17 0.115 20.509 35 0.990 

Morphology-Stride Mechanics 17 0.033 35.921 21 0.025 
Morphology-Axial Biomechanics 16 0.066 25.777 21 0.250 

Morphology-Limb Biomechanics 13 0.004 33.746 28 0.250 

Performance-Stride Mechanics 27 0.029 75.801 15 0.001 
Performance-Axial Biomechanics 26 0.400 18.759 15 0.250 

Performance-Limb Biomechanics 22 0.205 25.346 20 0.250 

Stride Mechanics-Axial Biomechanics 26 0.387 20.398 9 0.025 
Stride Mechanics-Limb Biomechanics 22 0.297 20.661 12 0.100 

Limb Biomechanics-Axial Biomechanics 22 0.634 7.743 12 0.900 

Subdoluseps bowringii-frontoparietale N Wilks’ " X2 df p 
Morphology-Performance 29 0.324 24.227 35 0.950 

Morphology-Stride Mechanics 29 0.267 29.682 21 0.250 

Morphology-Axial Biomechanics 29 0.492 15.966 21 0.900 

Morphology-Limb Biomechanics 25 0.335 19.681 28 0.900 

Performance-Stride Mechanics 30 0.046 75.541 15 0.001 
Performance-Axial Biomechanics 30 0.490 17.470 15 0.500 

Performance-Limb Biomechanics 26 0.343 21.380 20 0.500 

Stride Mechanics-Axial Biomechanics 30 0.692 9.402 9 0.500 

Stride Mechanics-Limb Biomechanics 26 0.427 17.849 12 0.250 

Limb Biomechanics-Axial Biomechanics 26 0.483 15.581 12 0.250 

Table 4. Summary statistics for the CCA analyses. Significant tests are bolded. N = number of individuals, df = 

degrees of freedom. P-values were obtained from Chi-squared tables and thus represent the upper limit of the true 

p-value. Sample sizes vary across tests due to missing data for some individuals. Character definitions are in the 

text. 
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p<0.001; Sph. maculatus Λ=0.029, X2=75.800, p<0.001; Sub. bowringii-frontoparietale Λ=0.046, 

X2=75.541, p<0.001; Table 4). For E. macularia, the performance variate loaded on negative 

MaxV, MinAcc, and HLRetrAcc and explained 24.1% of the variance whereas the stride 

mechanics variate loaded on all stride mechanics characters with StrideL negatively correlated 

with the other characters and explained 43.2% of the variance (Table 8). Variance in E. 

macularia performance explained 40.8% of the variance in stride mechanics whereas stride 

mechanics explained 22.7% of the variance in performance (Table 8). For Sph. maculatus, the 

performance variate loaded on negative MaxV and positive MinAcc and explained 23.6% of the 

variance, whereas the stride mechanics variate loaded on negative StrideL and DutyF and 

explained 24.8% of the variance (Table 8). Variance in Sph. maculatus performance explained 

23.2% of the variance in stride mechanics and variance in stride mechanics explained 22.1% of 

the variance in performance (Table 8). For Sub. bowringii-frontoparietale, the performance 

variate loaded on MaxV, MaxAcc, and HLProAcc and accounted for 25.8% of the variance 

whereas the stride mechanics variate loaded on all stride mechanics characters with StrideL 

negatively correlated with the other characters and explained 44.7% of the variance (Table 8). 

Variance in Sub. bowringii-frontoparietale performance explained 40.5% of the variance in 

stride mechanics and variance in stride mechanics explained 23.3% of the variance in 

performance (Table 8). Stride mechanics against axial angles was only significant for Sph. 

maculatus (Λ=0.387, X2=20.398, p<0.025; Table 4). The stride mechanics variate loaded on 

negative DutyF and explained 24.0% of the variance, whereas the axial angles variate loaded on 

negative MaxAccAx and explained 19.2% of the variance (Table 9). Variance in stride 

mechanics explained 8.0% of the variance in axial angles and variance in axial angles explained 
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Morphology-Performance, significant 
Morphology variate Performance variate 

Variance (%) 5.7 Variance (%) 14.3 

Redundancy (%) --- Redundancy (%) 3.6 

AGD 0.002 MaxV -0.554 
FLL 0.221 MaxAcc -0.603 
Fin3L 0.352 MinAcc 0.173 

ThighL 0.382 HLProAcc 0.130 

ShinL 0.196 HLRetrAcc 0.014 

Toe4L 0.046   

MW 0.206   

Morphology-Stride Mechanics, significant 
Morphology variate Stride Mechanics variate 

Variance (%) 75.7 Variance (%) 44.0 

Redundancy (%) --- Redundancy (%) 20.6 

AGD -0.834 StrideL 0.581 
FLL 0.934 StrideDur 0.690 
Fin3L 0.963 DutyF 0.711 
ThighL 0.922   

ShinL 0.937   

Toe4L 0.800   

MW 0.660   

Morphology-Axial Biomechanics, not significant 

Morphology variate Limb Biomechanics variate 
Variance (%) 50.1 Variance (%) 49.3 

Redundancy (%) --- Redundancy (%) 11.8 

AGD -0.919 MaxVAx 0.726 
FLL 0.767 MaxAccAx 0.850 
0Fin3L 0.633 MinAx 0.479 
ThighL 0.703   

ShinL 0.678   

Toe4L 0.449   

MW 0.721   

Morphology-Limb Biomechanics, significant 
Morphology variate Limb Biomechanics variate 

Variance (%) 55.3 Variance (%) 21.5 

Redundancy (%) --- Redundancy (%) 11.5 

AGD -0.533 HLPro 0.911 
FLL 0.839 HLRetr -0.134 

Table 5. Detailed results of the significant combined-species CCA analyses. 

All morphological variables were size-corrected before analyses. Redundancy 

refers to the amount of variance in the variate that is explained by the variance 

in the opposite variate. Loadings used in interpretation are bolded. Character 

definitions are in the text. 
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Fin3L 0.777 FLPro 0.103 

ThighL 0.911 FLRetr 0.029 

ShinL 0.782   

Toe4L 0.833   

MW 0.376   

Eutropis macularia, significant 
Morphology variate Stride Mechanics variate 

Variance (%) 62.1 Variance (%) 41.1 

Redundancy (%) --- Redundancy (%) 31.7 

AGD 0.759 StrideL 0.560 
FLL 0.877 StrideDur 0.781 
Fin3L 0.733 DutyF 0.556 
ThighL 0.882   

ShinL 0.788   

Toe4L 0.661   

MW 0.789   

Sphenomorphus maculatus, significant 
Morphology variate Stride Mechanics variate 

Variance (%) 82.1 Variance (%) 28.7 

Redundancy (%) --- Redundancy (%) 27.0 

AGD 0.849 StrideL 0.715 
FLL 0.917 StrideDur 0.495 
Fin3L 0.946 DutyF 0.325 
ThighL 0.912   

ShinL 0.933   

Toe4L 0.905   

MW 0.874   

Subdoluseps bowringii-frontoparietale, not significant 

Morphology variate Stride Mechanics variate 
Variance (%) 51.7 Variance (%) 24.9 

Redundancy (%) --- Redundancy (%) 13.8 

AGD -0.838 StrideL -0.814 
FLL -0.595 StrideDur -0.282 

Fin3L -0.563 DutyF -0.066 

ThighL -0.700   

ShinL -0.784   

Toe4L -0.656   

MW -0.842   

Table 6. Detailed results of the CCA analyses of morphology against stride 

mechanics for each species. Redundancy refers to the amount of variance in 

the variate that is explained by the variance in the opposite variate. Loadings 

used in interpretation are bolded. Character definitions are in the text. 
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Eutropis macularia, significant 
Morphology variate Limb Biomechanics variate 

Variance (%) 22.6 Variance (%) 24.8 

Redundancy (%) --- Redundancy (%) 20.5 

AGD 0.568 HLPro 0.581 
FLL 0.412 HLRetr 0.395 
Fin3L 0.568 FLPro 0.504 
ThighL 0.617 FLRetr 0.495 
ShinL 0.430   

Toe4L 0.381   

MW 0.231   

Sphenomorphus maculatus, not significant 

Morphology variate Limb Biomechanics variate 
Variance (%) 1.6 Variance (%) 43.6 

Redundancy (%) --- Redundancy (%) 41.6 

AGD 0.014 HLPro -0.477 
FLL -0.025 HLRetr 0.591 
Fin3L 0.188 FLPro 0.944 
ThighL 0.001 FLRetr 0.526 
ShinL 0.198   

Toe4L 0.117   

MW 0.145   

Subdoluseps bowringii-frontoparietale, not significant 

Morphology variate Limb Biomechanics variate 
Variance (%) 2.5 Variance (%) 24.7 

Redundancy (%) --- Redundancy (%) 9.6 

AGD -0.067 HLPro 0.437 
FLL 0.045 HLRetr 0.557 
Fin3L -0.267 FLPro -0.362 
ThighL -0.247 FLRetr 0.594 
ShinL 0.033   

Toe4L -0.105   

MW -0.152   

Table 7. Detailed results of the CCA analyses of morphology against limb 

biomechanics for each species. Redundancy refers to the amount of variance 

in the variate that is explained by the variance in the opposite variate. 
Loadings used in interpretation are bolded. Character definitions are in the 

text. 
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Eutropis macularia, significant 
Performance variate Stride Mechanics variate 

Variance (%) 24.1 Variance (%) 43.2 

Redundancy (%) 22.7 Redundancy (%) 40.8 

MaxV -0.980 StrideL -0.552 
MaxAcc -0.142 StrideDur 0.666 
MinAcc 0.309 DutyF 0.740 
HLProAcc 0.037   

HLRetrAcc 0.354   

Sphenomorphus maculatus, significant 
Performance variate Stride Mechanics variate 

Variance (%) 23.6 Variance (%) 24.8 

Redundancy (%) 22.1 Redundancy (%) 23.2 

MaxV -0.947 StrideL -0.717 
MaxAcc -0.227 StrideDur 0.262 

MinAcc 0.399 DutyF 0.400 
HLProAcc -0.177   

HLRetrAcc 0.202   

Subdoluseps bowringii-frontoparietale, significant 
Performance variate Stride Mechanics variate 

Variance (%) 25.8 Variance (%) 44.7 

Redundancy (%) 23.3 Redundancy (%) 40.5 

MaxV -0.973 StrideL -0.810 
MaxAcc -0.354 StrideDur 0.667 
MinAcc 0.200 DutyF 0.490 
HLProAcc -0.344   

HLRetrAcc 0.243   

Table 8. Detailed results of the CCA analyses of performance against stride 

mechanics for each species. Redundancy refers to the amount of variance in 

the variate that is explained by the variance in the opposite variate. Loadings 

used in interpretation are bolded. Character definitions are in the text 
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Eutropis macularia, not significant 

Axial Biomechanics variate Stride Mechanics variate 
Variance (%) 33.3 Variance (%) 35.2 

Redundancy (%) 10.0 Redundancy (%) 10.5 

MaxVAx 0.524 StrideL -0.931 
MaxAccAx 0.788 StrideDur -0.434 
MinAx 0.324 DutyF -0.021 

Sphenomorphus maculatus, significant 
Axial Biomechanics variate Stride Mechanics variate 

Variance (%) 19.2 Variance (%) 24.0 

Redundancy (%) 8.0 Redundancy (%) 10.0 

MaxVAx 0.164 StrideL 0.289 

MaxAccAx -0.708 StrideDur 0.269 

MinAx 0.214 DutyF -0.750 
Subdoluseps bowringii-frontoparietale, not significant 

Axial Biomechanics variate Stride Mechanics variate 
Variance (%) 28.4 Variance (%) 31.0 

Redundancy (%) 6.4 Redundancy (%) 7.0 

MaxVAx -0.921 StrideL -0.775 
MaxAccAx 0.059 StrideDur -0.542 
MinAx 0.023 DutyF 0.190 

Table 9. Detailed results of the CCA analyses of axial biomechanics against 

stride mechanics for each species. Redundancy refers to the amount of 

variance in the variate that is explained by the variance in the opposite 

variate. Loadings used in interpretation are bolded. Character definitions are 
in the text. 
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10.0% of the variance in stride mechanics (Table 9). Stride mechanics against limb angles was 

only significant for E. macularia (Λ=0.383, X2=21.087, p<0.05; Table 4). The stride mechanics 

variate loaded on StrideDur and DutyF and explained 40.7% of the variance whereas the limb 

angles variate loaded on HLPro and explained 24.1% of the variance (Table 10). Variance in 

stride mechanics explained 12.3% of the variance in limb angles, and variance in limb angles 

explained 20.8% of the variance in stride mechanics (Table 10). 

 

Eutropis macularia, significant 
Limb Biomechanics variate Stride Mechanics variate 

Variance (%) 24.1 Variance (%) 40.7 

Redundancy (%) 12.3 Redundancy (%) 20.8 

HLPro 0.930 StrideL 0.135 
HLRetr 0.274 StrideDur 0.991 
FLPro -0.153 DutyF 0.468 
FLRetr 0.024   

Sphenomorphus maculatus, not significant 

Limb Biomechanics variate Stride Mechanics variate 
Variance (%) 63.8 Variance (%) 50.6 

Redundancy (%) 11.2 Redundancy (%) 23.5 

HLPro -0.131 StrideL 0.858 
HLRetr -0.084 StrideDur 0.870 
FLPro 0.712 DutyF 0.148 

FLRetr -0.325   
Subdoluseps bowringii-frontoparietale, not significant 

Limb Biomechanics variate Stride Mechanics variate 
Variance (%) 24.2 Variance (%) 41.8 

Redundancy (%) 12.8 Redundancy (%) 22.0 

HLPro 0.274 StrideL 0.379 
HLRetr 0.851 StrideDur -0.372 
FLPro 0.231 DutyF -0.985 
FLRetr -0.341   

Table 10. Detailed results of the CCA analyses of limb biomechanics against 

stride mechanics for each species. Redundancy refers to the amount of 

variance in the variate that is explained by the variance in the opposite variate. 

Loadings used in interpretation are bolded. Character definitions are in the 
text. 
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DISCUSSION 

Locomotor performance (defined in this study as maximum velocity and stride cycle acceleration 

characters; see methods) is a critical part of survival in squamate reptiles (Huey & Hertz, 1984; 

Jayne & Bennett, 1990; Garland Jr. & Losos, 1994; Miles, 2004; Husak, 2006). Although we 

have a general picture of locomotion in squamate reptiles, we still lack data on performance and 

kinematics across all body forms. In this paper, we examine the morphology and locomotion of 

three co-distributed lizards in the Family Scincidae (skinks), with the goal of understanding how 

differences in morphology result in differences in performance and kinematics. Eutropis 

macularia has a robust body, Sphenomorphus maculatus is slightly more gracile but with 

relatively longer hind limbs, and Subdoluseps bowringii-frontoparietale is elongate with 

relatively shorter hind limbs.  

 

SPECIES OCCUPY DIFFERENT REGIONS OF MORPHOSPACE 

The results of our size-corrected combined-species PCA indicates that the species in this study 

exhibit a trade-off between relative body size and relative body elongation along PC1 (Fig. 2; 

Table 1), showing that as body elongation increases, the size of the head and length of the limbs 

decreases. This trade-off between relative body size and relative body elongation in squamates 

has been widely documented (e.g. Greer & Wadsworth, 2003; Wiens et al., 2006; Bergmann & 

Irschick, 2010; Siler et al., 2011). Along PC2, species are separated by midbody width and 

length of the fourth toe, and it appears that these variables are most important in distinguishing 

E. macularia and Sph. maculatus in morphospace. This shows that these three species inhabit 

different regions of morphospace.  
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MAXIMUM VELOCITY CORRELATES WITH RELATIVE HIND LIMB LENGTH BUT NOT ABSOLUTE HIND 

LIMB LENGTH 

Biomechanical models indicate that velocity while locomoting is determined by stride length and 

stride frequency (Sukhanov, 1974; Losos, 1990a). Because stride length is determined in part by 

limb length, this model entails two hypotheses: in interspecific comparisons, the species with the 

largest hind limb length relative to body size (i.e. SVL) should reach the highest velocities 

(Losos, 1990a; Bauwens et al., 1995) and in intraspecific comparisons, larger individuals should 

reach the highest velocities (Garland Jr., 1985). In line with the first hypothesis, we find that the 

species with longer hind limbs relative to their body size reach a higher maximum velocity (Fig. 

4A; Table 5). The results of our combined-species CCA of size-corrected morphological 

variables against performance indicates that differences in body shape, specifically relative thigh 

length and relative finger length, is significantly correlated with performance. However, 

variation in morphology explained only 3.6% of the variation in performance (Table 5), 

suggesting that there are additional factors that influenced species’ velocities during the trials. 

These factors may include differences in individuals’ behavior (Garland Jr. & Losos, 1994) and 

unmeasured morphological variables such as muscle mass (Garland Jr., 1985; Reilly & Delancy, 

1997; Vanhooydonck et al., 2006) and body condition (Garland Jr. & Losos, 1994). 

Nevertheless, the result of our ANCOVA reveals that Sph. maculatus, the species with the 

longest relative hind limb length, locomoted at significantly higher speeds than Sub. bowringii-

frontoparietale, the species with the shortest relative hind limb length (Figure 4A) as seen in 

previous studies (Losos, 1990a; Bauwens et al., 1995; Vanhooydonck et al., 2006; Goodman, 

2009; Bergmann & Irschick, 2010). This result suggests that increasing relative hind limb length 

is a mechanism behind higher locomotor performance in lizards.  



	

 
269 

However, we do not take these differences in performance in the track as indicating that Sph. 

maculatus are better performers in nature. Our study provides data on species’ performance 

capacities under homogenous conditions but do not replicate conditions encountered by 

individuals in their environment. Performance in the wild is the target of natural selection 

(Arnold, 1983; Emerson & Arnold, 1989), and numerous abiotic and biotic factors affect when 

and how species locomote (Garland Jr. & Losos, 1994). Species may therefore use a variety of 

morphological and behavioral strategies to maximize locomotor performance in different 

situations, for example by choosing escape routes or changing the distance an individual allows a 

threat to approach before fleeing (Martin & Lòpez, 1995), by using different sized perches 

(Calsbeek & Irschick, 2007), or changing their biomechanics in response to heterogenous terrain 

(Kohlsdorf & Biewener, 2006). Therefore, although these results corroborate the hypothesis that 

the species with the longest relative hind limb length reach the fastest speeds, more data are 

needed to understand how this result is translates to performance in nature. 

Given the importance of hind limb length in performance (Russell & Bauer, 2008), we also 

expected that maximum velocity would increase intraspecifically with increasing body size (i.e. 

adults would be faster than juveniles). Previous studies have found a correlation between body 

size and maximum velocity within species (Garland Jr., 1985; Calsbeek & Irschick, 2007; 

Zamora-Camacho et al., 2014) and between species (Losos, 1990a, 1990b), although overall 

support for this hypothesis has been ambiguous (Bauwens et al., 1995; Garland Jr. & Losos, 

1994). In our ANCOVA, we find that intraspecific differences in maximum velocity is not 

significantly associated with body size for any of the species (Fig. 4A), which suggests that 

larger individuals, who therefore have longer hind limbs, did not reach significantly higher 

velocities than their smaller conspecifics. This point is also reflected in our species-specific 
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CCAs in which there was no correlation between raw (not size-corrected) morphology and 

performance (Table 4), indicating that intraspecific changes in velocity and acceleration were not 

correlated with morphology (i.e. larger individuals did not run faster than smaller individuals).  

The fact that intraspecific differences in body size did not result in significant intraspecific 

differences in maximum velocity may be an artifact of individuals performing suboptimally 

during the trials and our small sample size (see comments in methods). However, there is a 

growing body of literature suggesting that the ontogeny of locomotor performance across 

vertebrates is more complex than may be expected from pure size and speed correlations 

(Carrier, 1996). Although we expect that larger individuals are faster simply as a function of 

their larger size, locomotor performance is a critical function for vertebrates regardless of age 

(Carrier, 1996). Studies of locomotion have shown that maximum velocity in juvenile squamates 

is significantly correlated with survival but that maximum velocity in adults is not (Jayne & 

Bennett, 1990; Miles, 2004; Husak, 2006). Therefore, our result that maximum velocity does not 

change intraspecifically across different body sizes may instead reflect the hypothesis that 

selection on performance is higher for juveniles than for adults (Carrier, 1996; Herrel et al., 

2016).  

There are two hypotheses for why selection for performance may be greater in juveniles than 

adults. First, the age-class difference may simply be a byproduct of the fact that poor-performing 

juveniles are eliminated from the population prior to adulthood, so that only high-performing 

adults remain (Herrel et al., 2016). This hypothesis suggests that selection on performance for 

adults is nonexistent because all adults perform at the same capacities. The second hypothesis 

suggests that selection differences on performance between adults and juveniles may result from 

differential pressures acting on individuals over the course of their lifetimes. Increased selection 
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on juveniles may result from increased predation pressure, in that smaller individuals are more at 

risk from a wider variety of predators than larger individuals (Stamps, 1983; Husak, 2006). 

Therefore, performing optimally during locomotion may be more important to survival for 

juveniles than it is for adults. Although the underlying mechanism differs between these two 

hypotheses, the ultimate result is the same: juveniles and adults have similar maximum velocities 

regardless of size.  

 

MAXIMUM ACCELERATION DOES NOT DIFFER SIGNIFICANTLY BETWEEN SPECIES OR BODY SIZE 

Acceleration during locomotion is important not only for determining maximum velocity, but 

also in determining how quickly the individual reaches maximum velocity. Therefore, some 

researchers have suggested that acceleration performance is more important than velocity 

performance in an individual’s survival (Huey & Hertz, 1984). Despite biomechanical models 

suggesting that larger individuals should be worse performers during acceleration given the 

scaling of size and muscular force (Vanhooydonck et al., 2006), studies have shown that 

maximum velocity and maximum acceleration have coevolved (Huey & Hertz, 1984; 

Vanhooydonck et al., 2006). As a result, larger lizards, which locomote at higher velocities, also 

achieve higher maximum accelerations than smaller lizards in both intraspecific and interspecific 

studies of acceleration performance (Huey & Hertz, 1984; Vanhooydonck et al., 2006). 

However, the result of our ANCOVA analysis for all acceleration variables do not show any 

significant differences in acceleration variables within or between species. This result may 

reflect the lack of significant differences in maximum velocity within species in this study and 

may be due to the same cause. In the trials, the timing of maximum acceleration during the hind 

limb cycle differed between individuals. While maximum acceleration occurred most often 
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immediately after the hindlimb left the substrate, this timing varied across individuals, 

suggesting that individuals were behaving differently while locomoting (i.e. speeding up, 

maintaining speed, or slowing down; ESF pers. obs.). Alternatively, E. macularia, Sph. 

maculatus, and Sub. bowringii-frontoparietale may not exhibit inter- and intraspecific 

differences in their acceleration performance. These species are similar-sized generalist 

terrestrial skinks found in similar habitats (Das, 2010; Grismer, 2011; Chan-ard, 2015, ESF pers. 

obs.) and therefore, are likely preying on the same sources and under similar predation threats, so 

that their locomotor performances are similar. Future studies should take care to standardize 

acceleration performance across trials to better understand the relationship between body size 

and acceleration performance. 

Evidence for coevolution of maximum acceleration and maximum velocity is seen in the 

morphological characters that are important in determining maximum velocity and maximum 

acceleration—Vanhooydonck et al. (2006) found that both variables were determined in part by 

the mass of the knee extensor muscle. However, maximum velocity was also determined by the 

length of the hind limb elements (Vanhooydonck et al., 2006). This suggests that evolutionary 

changes of increased limb length relative to body size of the lizard facilitates higher maximum 

velocity in lizards, but acceleration capacity depends on whether there have been parallel 

changes in the limb muscles. We find that maximum velocity is positively correlated with 

maximum acceleration in all PCAs and most CCAs (Tables 2, 4, 7), suggesting that these two 

variables have coevolved in the species in this study. However, maximum velocity is not 

correlated with acceleration during hind limb protraction and retraction in all PCA and most 

CCA analyses (Tables 2, 4, 7), indicating that acceleration throughout the hind limb stride cycle 

is decoupled from maximum velocity.  
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COMPLEX RELATIONSHIP BETWEEN STRIDE MECHANICS, PERFORMANCE, AND MORPHOLOGY 

According to the biomechanics models of locomotion, at higher velocities, lizards are expected 

to increase their stride length, decrease their stride duration, and decrease their duty factor 

(Sukhanov, 1974). Previous studies have found a relationship between increased stride length, 

decreased stride duration, higher maximum velocity, and higher relative hind limb length 

(Bergmann & Irschick, 2010), corroborating biomechanical models that suggest that longer 

limbs increase stride length, which, along with stride frequency, results in higher maximum 

velocity (Losos, 1990a). In this study, we find that stride mechanics were significantly correlated 

with performance and with size-corrected and absolute body size (Figs. 2, 4C, 4D; Tables 2, 4, 

5). The results of our species-specific performance-stride mechanics CCAs suggest that as 

maximum velocity and maximum acceleration increase, the distance traveled (stride length) 

increases while stride duration and duty factor decrease (although the correlation between stride 

duration and other stride mechanics characters was not significant for Sph. maculatus; Table 8). 

This result corroborates previous studies that found positive correlations between stride length 

and maximum velocity and negative correlations between stride duration, duty factor, and 

maximum velocity (Reilly & Delancy, 1997; Fieler & Jayne, 1998; Bergmann & Irschick, 2010). 

All together, these results indicate that as lizards move faster, they also move farther and 

decrease the proportion of time their foot is in contact with the substrate. 

However, results of the stride mechanics PCA and the both the combined-species and 

species-specific CCAs of morphology against stride mechanics suggests that the relationship 

between stride length, stride duration, and duty factor is more complex (Fig. 3C; Tables 2, 5). In 

these analyses, stride duration, and duty factor are positively correlated with stride length instead 

of being negatively correlated with stride length. Intuitively this result makes sense: if 
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performance is equal across individuals, then the distance traveled for each stride will increase 

with increased stride duration and increased proportion of time that the foot remains in contact 

with the substrate. Therefore, these results suggest that the kinematics of locomotion change with 

changes in maximum velocity, a result that has been previously documented in lizards (Farley & 

Ko, 1997; Fieler & Jayne, 1998; Russell & Bauer, 2008).  

We also find that stride mechanics are dependent on the relative and absolute size of an 

individual. Our combined-species CCA indicates that increases in relative body size and 

decreases in relative body elongation correlate with increases in all three stride mechanics 

characters. This result suggests that individuals with larger relative body sizes increase the 

frequency and length of their strides and maintain contact with the ground for a longer 

proportion of time during the hind limb cycle. Species-specific CCAs suggest that absolute body 

size is also important in stride mechanics. These analyses indicate that increased body size is 

correlated with increases in all three stride mechanics characters (Table 6), suggesting that 

absolutely larger individuals also increase the frequency and length of each stride and the 

proportion of time that the foot remains in contact with the ground. However, this result is 

significant only for E. macularia and Sph. maculatus (Tables 4, 5). The lack of significance for 

this relationship in the Sub. bowringii-frontoparietale CCA may suggest that stride mechanics in 

Sub. bowringii-frontoparietale is decoupled from limb morphology. Studies have shown that 

axial bending increases in elongate-bodied species (Gans, 1976; Ritter, 1992; Bergmann & 

Irschick, 2010) and undulation increases stride length by rotating the pelvis forward (Russel & 

Bauer, 2008). Therefore, Sub. bowringii-frontoparietale may use axial bending to compensate 

for or enhance the action of the limbs during locomotion (but see below for a discussion 

regarding the lack of significant morphology-axial bending correlations for this species). As a 
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result, correlations between stride mechanics and morphology in elongate-bodied reduced-

limbed species may differ from those seen in species with relatively longer limbs.  

Our ANCOVA results also reveal a significant positive relationship between absolute body 

size and stride length and duty factor (Fig. 4C, 4D) but not for stride duration. Instead, our 

ANCOVA for stride duration across species and body size indicates that there is a significant 

interaction between species and AGD (Fig. 4B). However, this analysis does not take velocity 

into account, and so whether this result is due to a velocity-body size relationship, behavioral 

differences, or a species-body size-stride mechanics relationship is unknown. To our knowledge, 

there have been no studies comparing limb velocities in relation to forward body velocities 

across species. Both Reilly & Delancy (1997) and Fieler & Jayne (1998) found that timing 

variables associated with hind limb stride mechanics increased as individuals’ velocities 

increased, but these studies investigated intraspecific changes in limb velocities across velocities, 

not interspecific changes. Given the biomechanical relationship between stride length, stride 

frequency, and velocity, we note that individuals with longer hind limbs traveling at a fixed 

forward velocity will need to move their limbs faster than individuals with relatively smaller 

hind limbs that are traveling at the same velocity, indicating that the larger individuals will have 

shorter stride durations. However, different species may use their morphologies differently when 

locomoting (e.g. by compensating for shorter limbs via lateral undulation), and so the 

relationship between stride duration and body size may differ across species. However, we were 

not able to detect significant differences in morphology and biomechanics across species in this 

study (see below), and so additional interspecific studies controlling for velocity and acceleration 

should be conducted to better understand the relationship between body size and stride duration 

across species. 
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MORPHOLOGY AND BIOMECHANICS 

The species in this study, E. macularia, Sph. maculatus, and Sub. bowringii-frontoparietale 

exhibit different degrees of body elongation and relative limb lengths (Fig. 2). Therefore, we 

hypothesized that these species would exhibit differences in their biomechanics when 

locomoting. Previous studies comparing locomotion in non-elongate- and elongate-bodied 

lizards have indicated that the morphological trade-off between body elongation and relative 

limb lengths has led to changes in the amount and degree of axial bending during locomotion, 

with elongate-bodied species bending their trunks more when locomoting (Sukhanov, 1974; 

Ritter, 1992; Bergmann & Irschick, 2010; Morinaga & Bergmann, 2019). In squamate reptiles, 

elongation of the trunk occurs through addition of the number of presacral vertebrae (Greer & 

Wadsworth, 2003; Bergmann & Irschick, 2012). This increase in the number of vertebrae leads 

to greater flexibility of the vertebral column in snakes (Jayne, 1982) and in both elongate-bodied, 

limbed and limbless lizards (Morinaga & Bergmann, 2019), and therefore facilitates increased 

amplitudes of axial bending (Morinaga & Bergmann, 2019). The results of our biomechanics 

PCA indicate that Sub. bowringii-frontoparietale has a more negative distribution along PC1 

than E. macularia and Sph. maculatus (Fig. 3D), which suggests that Sub. bowringii-

frontoparietale is able to attain smaller axial angles (i.e. more axial bending) than the other two 

species in our study. However, our combined-species and species-specific CCAs do not reveal a 

significant correlation between morphology and the degree of axial bending (Table 4). Similarly, 

the results from our ANCOVA do not indicate that species differ significantly in the amount of 

axial bending (Fig. 4F). However, the ANCOVA does suggest that there is a significant 
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relationship between AGD and axial bending, but in the opposite expected direction: larger 

individuals have larger axial angles, indicating that they bend their bodies less (Fig. 4F). 

We hypothesize that this lack of significant correlation between morphology and axial 

bending is an artifact of the way this character was measured in our analyses. Measurements of 

axial angles were taken at three discreet points only during the hind limb cycle (at the point of 

maximum velocity, at the point of maximum acceleration, and at the point of minimum axial 

angle), and calculated bending data using three points spaced widely along the dorsum (Fig. 1). 

However, studies of undulatory locomotion have suggested that undulation occurs continuously 

along the body in elongate species (Ritter, 1992; Morinaga & Bergmann, 2019). Furthermore, 

these studies have used more than three points to quantify axial bending. Therefore, our 

measurements may not actually capture the totality of axial bending during locomotion but 

instead capture it at specific points, for which we found no significant differences between 

species, despite an observed trend for increased bending in Sub. bowringii-frontoparietale. 

Interestingly, there was a significant correlation between stride mechanics and axial bending 

in Sph. maculatus (Table 4), which shows that duty factor is correlated with the axial angle at 

maximum acceleration (Table 9). Across all species, maximum acceleration most often occurred 

at the first frame in the hind limb cycle immediately after the foot has pushed off of the substrate, 

although this varied across trials depending on the behavior of the individual (ESF pers. obs.). 

Therefore, there may be a correlation between axial bending and propulsive force during 

locomotion, although whether this is only specific to Sph. maculatus or is also seen in E. 

macularia and Sub. bowringii-frontoparietale requires additional analyses that includes a factor 

describing when maximum acceleration occurred during the trial. Alternatively, the correlation 

between axial bending and duty factor may exist only in species with certain morphologies: Sph. 
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maculatus has a narrower body than E. macularia and larger relative hind limb length than both 

E. macularia and Sub. bowringii-frontoparietale (Fig. 2), and therefore, the morphological 

combination of a gracile body with relatively large hind limbs may facilitate both hind limb 

propulsion and axial bending during locomotion.  

Unlike axial bending, which has been shown to increase with increases in body elongation 

(e.g. Bergmann & Irschick, 2010), there is not a clear understanding on how morphology 

correlates with limb biomechanics. Our biomechanics PCA suggests that greater axial angles (i.e. 

less axial bending) is associated with greater hind limb protraction angles (planting the foot 

closer to the body when stepping forward with the hind limb), greater fore-limb protraction 

angles (planting the hand farther from the body when stepping forward with the fore-limb), and 

greater fore-limb retraction angles (fore-limb is closer to the body when it is lifted off the 

ground; Fig. 3D). This result suggests that limb use increases as axial bending decreases and may 

point to a trade-off between elongation and limb use during locomotion. Although this trade-off 

makes sense intuitively, our CCA of limb biomechanics against axial biomechanics was not 

significant (Table 4), indicating that the apparent trade-off between axial bending and limb 

bending is not strong. Bergmann & Irschick (2010) also observed a trade-off between hind limb 

protraction and axial bending but the correlation between these characters was found along their 

kinematics PC4 indicating that it is only recovered after accounting for other correlations 

between locomotor variables. 

However, we do find a significant correlation between relative morphology and limb 

biomechanics in the combined-species CCA analyses (Table 4). This analysis indicates that 

increases in relative body size are associated with higher hind limb protraction angles (Table 5), 

which suggests that species with relative longer hind limbs are able to have greater forward 
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extension of the hind limbs when stepping forward. Absolute hind limb length is also important 

in increasing fore-limb retraction, as shown by the significant increase in hind limb protraction 

angle with increases in body size in our ANCOVA analysis (Fig. 4G) and may be the mechanism 

behind the increase stride length (distance traveled) with increases in body size. The correlation 

between body size and hind limb protraction angle is also seen in our species-specific CCA 

analysis of morphology against limb biomechanics in E. macularia in which increases in body 

size result in increases in all limb protraction and retraction angles (Table 7). However, this 

result is not completely intuitive because, whereas greater hind limb protraction and fore limb 

retraction angles indicate that the limb is closer to the body, greater hind limb retraction and 

greater fore-limb retraction angles indicate that the limb is farther from the body (Fig. 1). 

Therefore, to have increases across all limb angles, there would need to be significant axial 

bending, which was not found in E. macularia. CCAs of morphology against limb biomechanics 

for Sph. maculatus and Sub. bowringii-frontoparietale were not significant. 

Previous studies have revealed conflicting results about the relationship between 

performance, stride mechanics and limb biomechanics during locomotor performance. At 

different walking and trotting speeds, Reilly and Delancy (1997) found that the phrynosomatid 

species Sceloporus clarkii increased its velocity by retracting the femur more quickly, but 

maintained the same hind limb protraction angle across speeds, whereas Fieler & Jayne (1998) 

found that at higher trotting and sprinting speeds, the iguanid species Dipsosaurus dorsalis 

increased femur retraction speeds and changed the hind limb protraction angle. Results of our 

species-specific CCA analysis of stride mechanics against limb biomechanics for E. macularia 

suggest that higher stride duration and duty factor is correlated with greater hind limb protraction 

angle but not with other limb angles. Because increases in stride duration and duty factor are 
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associated with slower velocities, the result of a correlation between the increase in hind limb 

protraction angles with step duration and duty factor may reflect “choosiness” on the part of the 

individual, in which slower individuals take more time in planting their foot as they locomote 

and therefore are able to extend their limb farther than they might at higher velocities. However, 

CCAs for stride mechanics and limb biomechanics were not significant for Sph. maculatus and 

Sub bowringii-frontoparietale, suggesting that this result may be species-specific. Furthermore, 

CCAs of performance against limb biomechanics was not significant for any species, suggesting 

that velocity and acceleration are not tightly linked to limb biomechanics. However, species 

exhibit different gaits at different speeds (Farley & Ko, 1997; Reilly & Delancy, 1997; Fieler & 

Jayne, 1998; Russell & Bauer, 2008), so to get a more robust comparison of the biomechanics 

across species, performance variables including velocity and acceleration need to be held 

constant across trials. 

 

CONCLUSIONS 

Understanding how an organism’s morphology correlates with its locomotor performance is 

important to recognizing broader patterns of organismal diversity and ecomorphology. 

Biomechanical models of locomotion suggest that longer limbs increase stride length and that 

stride length and stride frequency together determine maximum velocity (Sukhanov, 1974). 

However, given the diversity of body forms within squamate reptiles, we hypothesize that 

species with different morphologies will exhibit differences in their locomotor performance and 

kinematics. Our results indicate that Sph. maculatus, the species with the relatively longest hind 

limbs, reached significantly higher velocities than Sub. bowringii-frontoparietale, which has the 

relatively shortest hind limbs. However, in intraspecific comparisons, we do not find that smaller 
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individuals are significantly slower than larger individuals. Across all three species, larger stride 

lengths were correlated with higher velocities while stride duration and duty factor decreased at 

higher velocities; however, the relationship between stride length, strider duration, and duty 

factor is complex and appears to be velocity dependent. Finally, Sub bowringii-frontopareietale 

tended to have increased axial bending than E. macularia and Sph. maculatus although this was 

not significantly correlated with morphology or performance.  
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SUPPLEMENTARY MATERIAL 

 

 

Species 
Field 
No. Museum No. 

Age 
Class 

Tail 
Status Locality Province Country 

Decimal 
Lat 

Decimal 
Long 

Eutropis macularia ESF 428 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50409 101.92232 

Eutropis macularia ESF 429 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50449 101.92206 

Eutropis macularia ESF 433 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50536 101.92033 

Eutropis macularia ESF 437 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50153 101.92085 

Eutropis macularia ESF 456 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50400 101.93051 

Eutropis macularia ESF 457 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50250 101.92396 

Eutropis macularia ESF 461 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50398 101.92606 

Eutropis macularia ESF 462 NV J R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50430 101.92946 

Eutropis macularia ESF 472 --- A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Eutropis macularia ESF 480 ZMKU R 00741 A W Boyscout Camp Saraburi Thailand   
Eutropis macularia ESF 492 OMNH 46515 A R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Eutropis macularia ESF 494 OMNH 46516 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50247 101.92410 

Eutropis macularia ESF 507 NV A T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Eutropis macularia ESF 510 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Eutropis macularia ESF 511 NV A R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Eutropis macularia ESF 512 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50862 101.92943 

Eutropis macularia ESF 514 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50561 101.92759 

Eutropis macularia ESF 529 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50400 101.93051 

Eutropis macularia ESF 530 NV H R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.92759 

Eutropis macularia ESF 548 NV J T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Eutropis macularia ESF 549 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Eutropis macularia ESF 550 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50557 101.92746 

Eutropis macularia ESF 551 NV J R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50557 101.92746 

Eutropis macularia ESF 552 OMNH 46517 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50285 101.92519 

Table S1. Voucher, age class, tail status, and locality information for each individual used in the study. NV = Not vouchered, --- = Vouchered but not 
accessioned, A = Adult, H = Hatchling, J = Juvenile, R = Regenerated tail, T = Autotomized tail, W = Whole tail. 
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Eutropis macularia ESF 555 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50826 101.92916 

Eutropis macularia ESF 562 NV J W Suranaree University Nakhon Ratchasima Thailand   
Eutropis macularia ESF 563 NV J R Suranaree University Nakhon Ratchasima Thailand   
Eutropis macularia ESF 566 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Eutropis macularia ESF 571 NV H R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Eutropis macularia ESF 581 OMNH 46518 J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50285 101.92519 

Eutropis macularia ESF 582 OMNH 46519 J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50285 101.92337 

Eutropis macularia ESF 584 OMNH 46520 J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Sphenomorphus maculata ESF 426 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 430 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50549 101.91934 

Sphenomorphus maculata ESF 431 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50549 101.91934 

Sphenomorphus maculata ESF 432 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50549 101.91934 

Sphenomorphus maculata ESF 449 OMNH 46526 A R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 458 NV J T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50576 101.91958 

Sphenomorphus maculata ESF 459 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50521 101.91899 

Sphenomorphus maculata ESF 460 NV A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50556 101.91935 

Sphenomorphus maculata ESF 463 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 15.51009 101.93106 

Sphenomorphus maculata ESF 464 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 15.51009 101.93106 

Sphenomorphus maculata ESF 470 NV J T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 15.51009 101.93106 

Sphenomorphus maculata ESF 471 OMNH 46527 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 15.51009 101.93106 

Sphenomorphus maculata ESF 493 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 495 OMNH 46528 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 521 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 522 NV A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 527 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50556 101.91935 

Sphenomorphus maculata ESF 533 --- A W Tambon Hat Yai Chumphon  Thailand 9.95649 98.97788 

Sphenomorphus maculata ESF 534 --- A W Tambon Hat Yai Chumphon  Thailand 9.95649 98.97788 

Sphenomorphus maculata ESF 535 --- A W Tambon Hat Yai Chumphon  Thailand 9.95649 98.97788 

Sphenomorphus maculata ESF 536 --- A W Tambon Hat Yai Chumphon  Thailand 9.95649 98.97788 

Sphenomorphus maculata ESF 537 --- A R Tambon Hat Yai Chumphon  Thailand 9.95649 98.97788 

Sphenomorphus maculata ESF 539 --- H R Heo Lom Waterfall Chumphon  Thailand 9.72946 98.68298 

Sphenomorphus maculata ESF 541 --- H W Heo Lom Waterfall Chumphon  Thailand 9.72946 98.68298 
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Sphenomorphus maculata ESF 543 --- A W 
On road outside of Kapo Waterfall Forest 
Park Chumphon  Thailand 10.74769 99.20562 

Sphenomorphus maculata ESF 545 --- A W 
On road outside of Kapo Waterfall Forest 
Park Chumphon  Thailand 10.74769 99.20562 

Sphenomorphus maculata ESF 553 NV H R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50614 101.92038 

Sphenomorphus maculata ESF 567 OMNH 46530 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Sphenomorphus maculata ESF 572 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50557 101.92746 

Sphenomorphus maculata ESF 573 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50482 101.91830 

Sphenomorphus maculata ESF 577 OMNH 46531 J R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.49745 101.91607 

Sphenomorphus maculata ESF 585 OMNH 46532 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.51009 101.93106 

Subdoluseps bowringii ESF 425 NV H R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50245 101.92447 

Subdoluseps bowringii ESF 434 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50399 101.92241 

Subdoluseps bowringii ESF 435 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50270 101.92375 

Subdoluseps bowringii ESF 438 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50524 101.92782 

Subdoluseps bowringii ESF 442 OMNH 46522 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50963 101.93057 

Subdoluseps bowringii ESF 455 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50514 101.92711 

Subdoluseps bowringii ESF 465 OMNH 46523 J R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50285 101.92337 

Subdoluseps bowringii ESF 466 OMNH  J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50285 101.92337 

Subdoluseps bowringii ESF 467 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Subdoluseps bowringii ESF 468 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50601 101.92780 

Subdoluseps bowringii ESF 479 OMNH 46767 J W Boyscout Camp Saraburi Thailand   
Subdoluseps bowringii ESF 481 ZMKU R 00734 A W Boyscout Camp Saraburi Thailand   

Subdoluseps bowringii ESF 496 NV J T 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 498 NV A R 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 499 NV A R 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 500 NV A W 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 502 NV A W 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 504 NV A T 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 505 NV J W 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 506 NV A W 
Kasetsart University Forestry Training 
Station 

Prachuap Khiri 
Khan Thailand   

Subdoluseps bowringii ESF 509 NV J R Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.93106 
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Subdoluseps bowringii ESF 515 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50561 101.92759 

Subdoluseps bowringii ESF 517 NV J T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50400 101.93051 

Subdoluseps bowringii ESF 518 NV J W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50561 101.92759 

Subdoluseps bowringii ESF 519 OMNH 46524 A W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50561 101.92759 

Subdoluseps bowringii ESF 520 NV H W Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50615 101.92722 

Subdoluseps bowringii ESF 524 NV H T Sakaerat Environmental Research Station Nakhon Ratchasima Thailand 14.50270 101.92375 

Subdoluseps bowringii ESF 538 --- A R Tambon Hat Yai Chumphon  Thailand   
Subdoluseps bowringii ESF 561 NV J T Suranaree University Nakhon Ratchasima Thailand   
Subdoluseps bowringii ESF 564 NV J R Suranaree University Nakhon Ratchasima Thailand   
Subdoluseps bowringii ESF 569 NV J W Suranaree University Nakhon Ratchasima Thailand   
Subdoluseps bowringii ESF 570 NV A W Suranaree University Nakhon Ratchasima Thailand   
Subdoluseps frontoparietale ESF 476 OMNH 46768 J W Boyscout Camp Saraburi Thailand   
Subdoluseps frontoparietale ESF 477 ZMKU R 00735 A W Boyscout Camp Saraburi Thailand   
Subdoluseps frontoparietale ESF 478 OMNH 46769 A W Boyscout Camp Saraburi Thailand   
Subdoluseps frontoparietale ESF 482 ZMKU R 00736 A R Boyscout Camp Saraburi Thailand   
Subdoluseps frontoparietale ESF 483 OMNH 46770 A W Boyscout Camp Saraburi Thailand     

 


