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A b s t r a c t  o f  D i s s e r t a t i o n  

DIVERSIFICATION IN A BIODIVERSITY 
HOTSPOT: EXAMPLES FROM THE WESTERN 

GHATS’ HERPETOFAUNA 

The Western Ghats is a high diversity region and is listed as one of the 34 global 

biodiversity hotspots for its species-richness and highly threatened nature of its biota. The 

Western Ghats is situated along the southwestern margin of India for about 1600 km with 

a width of <200 km or less throughout its length. Diversification in the Western Ghats’s 

amphibians and reptiles, the vertrebrate taxa with highest degree of endemism, is 

investigated. Three broad patterns of distributions were studied across eight taxonomic 

groups. For each group phylogenetic relationship of representative taxa and their dates of 

divergence times were inferred to arrive at an overview of diversification in the Western 

Ghats.  

             The first chapter lays down the scope, relevance and goals of this study, introduces 

the Western Ghats, herpetofaunal diversity, geology, climatic conditions, paleovegetation, 

some of the existing hypotheses of diversification in the region and the study taxa included 

in this study.  

             The second chapter investigates two species-poor genera with endemic species in 

the region, an agamid lizard Draco and a bufonid frog Ansonia, which are disjunctly 

distributed in the Western Ghats and Southeast Asia and could indicate the nature of 

relationships of taxa between these two regions. Results suggest that Draco dussumieri is 

sister to remaining of its congeners and the resultant phylogenetic pattern is consistent 

with the “Out of India” hypothesis. Ansonia does not appear monophyletic because the 

Western Ghats species, Ansonia ornata is distantly related to other Ansonia. This non-

monophyly, however, is equivocal and is not well supported either and for this analysis the 
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genus is considered for to be monophyletic in accordance with the existing taxonomy 

based on a combination of morphology traits. Ansonia and Draco possibly reveal two 

different histories of herpetofaunal exchange between India and Southeast Asia with that 

of Draco being a much older event, when India made its initial contact with western 

Sumatra around 57 Ma. In contrast diversification of Ansonia seems to have been a more 

recent event, probably in the Eocene (around 37 Ma).  

             The third chapter investigates a species-rich genus Cnemaspis and two other taxa - 

a rhacophorid frog genus Philautus and the shieldtail snake family Uropeltidae. Results 

suggest that south Indian Cnemaspis are strongly supported to be monophyletic, but with 

a deep basal dichotomy. Southeast Asian members of the genus are, however, not sister to 

the south Indian Cnemaspis and hence render the genus polyphyletic. Date of divergence 

estimation suggests that all three taxa (Cnemaspis, Philautus and Uropeltidae) are old and 

diverged before the K-T boundary. These taxa have been steadily accumulating lineages 

since their origin with most of the diversification occurring between the Eocene and 

Miocene.  

             The fourth chapter investigates five genera: three agamid genus Calotes, 

Psammophilus, and Salea, a gekkonid lizard genus Hemidactylus and a bufonid genus 

Duttaphrynus. The agamids except Salea, the gekkonid and the bufonid are all distributed 

in the Western Ghats and adjoining relatively drier peninsular India. This allows 

understanding the understanding of the hitherto ignored relationship of taxa from the 

drier peninsular India with the Western Ghats. Phylogenetic relationships suggest that in 

all groups examined species of drier peninsular India tend not to be monophyletic and 

have evolved independently on several occasions. For the agamid genus Calotes and the 

gekkonid genus Hemidactylus, the basal species are from the Western Ghats and 

peninsular India, respectively. Date of divergence estimation suggests that basal lineages 
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of Calotes and Hemidactylus diverged within their respective genera in the Late 

Cretaceous well before the K-T boundary. Compared to them, basal divergence within 

Duttaphrynus was much later, in the Eocene. 

The fifth chapter summarizes the overall patterns from the individual chapters. 

Together these three chapters illustrate the complexity of diversification in the Western 

Ghats and stress the need for an integrative and explicit phylogenetic approach to study of 

its patterns in the future. Subsequently, I propose a general scenario of diversification in 

the Western Ghats hinged upon different taxa responding to biogeographic events 

depending on their location and extent of distribution, ecological tolerance, dispersal 

ability and response to barriers. These responses accumulated across time producing 

patterns that are partly similar and partly unique across clades studied in this analysis and 

what is known from other studies.   
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Chapter 1 

 

A general introduction to the Western Ghats and its herpetofauna 

 

The Western Ghats epitomizes the biodiversity of south Asia (Roelants et al., 2004). The 

unique diversity of the Western Ghats has been well known (Smith 1935), but since then 

many more taxa have been described that tremendously boosted the Western Ghats’s 

share of unique taxa as well as its extant diversity. This, however, has also contributed to 

growing concern on the conservation status of this high diversity region. The Western 

Ghats is now listed among the 34 currently recognized global biodiversity hotspots 

(Mittermeier et al., 2004). Global biodiversity hotpots harbor more than 60% of earth’s 

terrestrial vertebrates and vascular plants in 1.44% of its land area and thus consequently 

capture a disproportionate amount of the evolutionary history of extant global biota 

(Mittermeier et al., 2004). These hotspots have received conservation attention, but being 

large regions the choice of their ideal conservation strategy is not always obvious (Das et 

al., 2006). The Western Ghats specifically has a long evolutionary history and requires a 

conservation strategy that is sensitive to its history of diversification (Linder 2005; 

Graham et al., 2006), yet data for conceptualizing this history are largely unavailable (but 

see Storz 2002; Roelants et al., 2004). Recent phylogenetic studies with dating estimates 

have confirmed the idea that the Western Ghats still harbors taxa with deep Gondwanan 

affinity (Morley 2000; Biju & Bossuyt 2003; Roelants et al., 2004; Ali & Aitchison 2008). 

These studies, however, have primarily focused at higher level relationships of the 

respective groups (e.g., ranoid frogs; Roelants et al., 2004; Roelants et al., 2007) with few 

exemplar taxa and do not indicate the patterns of diversification within the Western Ghats, 

beyond inferring that they are old lineages. The focus of these studies has also been on an 
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“Out of India” hypothesis - a somewhat dramatic scenario of diversification that has 

diverted attention from several other possible patterns of diversification in which the 

Western Ghats taxa may be related to nearby regions of Sri Lanka (but see Bossuyt et al., 

2004), drier peninsular India and Northeast India. Most importantly there are no 

phylogenetic analysis with dating estimate of diversification within the Western Ghats. 

Most of these studies have until now focused on frogs and caecilians and not reptiles, 

making it unclear how widespread is the contribution of Gondwanan or older lineages to 

extant herpetofaunal diversity of the Western Ghats. Because primarily only a few 

exemplars were used in recent studies, the relative importance of older and more recent 

diversification events in forming the regional herpetofauna remains unclear. Give this 

background this study had the following objectives: 

1) Infer phylogenetic relationships of species and populations for six taxa (four of lizards, 

two of frogs) representative of the herpetofauna of the Western Ghats. 

2) Infer dates of divergence for all the six taxa mentioned above and two additional 

datasets (a frog taxon and a family of snakes) 

3) Use the results from the above objectives to provide a broad understanding of 

diversification in the Western Ghats, while focussing on diversification within the 

region, timing of diversification (older versus newer lineages), relationship of the 

Western Ghats with other regions, and to explicate the complexity of regional 

diversification by untangling various parallel histories of diversification in species-poor 

and species-rich taxa. 

 

Scope and relevance of this study 
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This will be the first phylogeny-based multi-taxon study (i.e., including both amphibians 

and reptiles) of diversification in the WG for any vertebrate taxa. Results will generate 

hypotheses of speciation in the WG herpetofauna to be investigated using phylogenetic 

methods in the future. The study will provide and update molecular phylogenies and 

dating estimates for six amphibian and reptile taxa as well as two additional datasets from 

the literature (one frog taxon and one snake family). Phylogenetic analyses may reveal 

potential taxonomic issues, indicate presence of undescribed species and provide direction 

for future studies. Phylogenies will also allow studying evolution of any novel behavioral 

and adaptive traits in the study taxa. Finally, this study would contribute to a step toward 

understanding diversification in the Western Ghats that would ultimately allow an 

evolutionarily informed conservation strategy to be conceived for this region (Bossuyt et 

al., 2004; Graham et al., 2006).   

 

The Western Ghats: a brief introduction 

 

A brief introduction of the Western Ghats is presented in the following paragraphs as well 

as those of the taxa included in this study. 

 

Location: The Western Ghats is a range of mountains ca.1600 km long (between 23ON and 

8ON latitudes and 74OE to 78OE) running almost continuously in a north south direction, 

along the southwestern coast of peninsular India, except a discontinuity at Palghat Gap 

(see Figure 1; Pascal 1988; Giramet-Carpentier et al., 2003). The approximate area of the 

Western Ghats is 160,000 sq km. This north to south configuration of the Western Ghats 

on the Indian peninsula allows it to impede the Indian monsoon creating a gradient of 

climatic conditions that has considerable influence on its biota, at least as documented for 
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its plant species (Giramet-Carpentier et al., 2003). These mountains by spanning the 

tropical and subtropical latitudes provided route for potential dispersal of biota from a 

wide variety of biogeographic realms that are proximal to the India plate (e.g., Indo-

Malayan Ethiopian, and Paleartic). All these locational attributes of the Western Ghats are 

likely to have influenced diversification in the region whose relevance is only poorly 

understood.  

 

Climate: The Western Ghats experiences a wide range of climatic regimes with its annual 

variability of temperature, rainfall and dry months forming a complex pattern across the 

region. Annual rainfall ranges between 2350 mm and 7450 mm (Biju 2001), most of which 

is received from the southwest monsoon during the months of June to September. The 

climatic conditions in the Western Ghats have been described by Pascal (1988) based on a 

combination of temperature regimes (9 regimes), rainfall regimes (10 regimes) and the 

number of dry months (ranges between 0 to 9 months) and vegetation associated with 

these conditions. This categorization illustrates the environmental complexity of the region 

with various combinations of temperature, rainfall and dry months changing along the 

length and breadth of these mountains sometimes at short distance and at other times not 

(see Pascal 1988 for details). Though temperature and rainfall regimes do not vary in a 

monotonic way along the length of the region, dry months do to some extent. This creates 

a south to north and west to east gradient of aseasonality to increasing seasonality. The 

rest of peninsular India falls on the drier end of this spectrum and receives less than 1500 

mm rainfall per year (Pascal 1988). Though almost never investigated in the context of 

speciation, the complexity of climatic conditions of the Western Ghats probably played a 

critical role in the determining the distribution of taxa and influencing diversification in 

the region. Only a single study of bats along the north south dry season gradient (Storz 
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2002) suggests that bat populations exhibit organismic divergence strongly linked to local 

conditions. This climatic complexity also has relevance in understanding the relative role 

of climatic versus physical barriers in diversification within the region. Current 

distributions of species of amphibians and reptiles in the region do not indicate presence 

of physical barriers limiting distribution of species and populations. 

 

Vegetation: The interaction of climate and topography has given rise to a complex 

vegetation pattern in the region. The low to mid elevation areas are primarily evergreen 

forest with the higher elevation (>1400 m) forests giving way to stunted high elevation 

grassland dominated forest called the sholas. Deciduous forest occurs mostly in the 

pockets along the Western Ghats and on the drier eastern side of the Western Ghats and 

rest of the peninsular India. The vegetation seems to have provided both habitats for 

dispersal (e.g., deciduous forest bridging disjunct rainforest patches) as well as unique 

habitat for local adaptation for biota of the Western Ghats (e.g., high altitude grassland 

dominated forest). 

 

Geological evolution: The Western Ghats is poorly studied in terms of the 

geochronological dates of its tectonic history, which are therefore of limited usefulness to 

biogeographic studies such as this. Within the current understanding, however, two broad 

aspects of the geological evolution of the region remain relevant for this study. First is the 

relative tectonic location of the Indian plate (which includes the Western Ghats) during 

last ~160 Ma. Second are the different histories of the northern and southern Western 

Ghats. Starting around 166 Ma Indian plate separated as a part of Eastern Gondwana, 

followed by further disintegration from Eastern Gondwana (~120 Ma), drifting past 

southern Africa, and separating from Madagascar by ~88 Ma. The Indian plate continued 
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moving north-north east ward further separating from the Seychelles and associated 

islands around the time of the K-T boundary (~65 Ma) and brushed along the western 

flank of Sumatra (~55 Ma) before colliding with the Eurasian plate and later stabilizing at 

its current position by ~35 Ma (Ali & Aitchison 2008). It is unknown how and when the 

Western Ghats took its current geomorphological configuration while the Indian plate, 

drifted and collided, but due to the location of the Western Ghats along western flank of 

the Indian plate the Western Ghats and southern India as a whole were closer to other 

Gondwanan elements longer than the northen part of the Indian plate, which could have 

served as routes for dispersal of biota at that time. Though peninsular India, including the 

Western Ghats, is a part of a very old craton of Archean origin, the Western Ghats is an 

amalgamation of three major mountainous regions and is continuous along most of its 

length with only one major discontinuity; about 30 km wide around 12oN latitude termed 

the Palghat gap (see Figure 1). The different portions (i.e., northern, central and southern) 

of the mountainous region, however, had different geological histories as reflected in their 

rock formations (Gunnell & Radhakrishnan 2001). The passive margin uplift that is a 

feature of the Western Ghats is considered to have occurred around the K-T boundary 

(~65 Ma; Widdowson 1997), while the Deccan lava flow affected the northern Western 

Ghats. The consequence of this lava flow, estimated to be over 1500 sq km and several 

miles deep, and subsequent cooling and erosion have left a much-eroded landscape that is 

markedly different in characteristic than the southern region. The northern region is 

currently known to harbor less tropical rainforest and fewer species while exhibiting a 

lower degree of endemism than the geologically less perturbed southern Western Ghats. 

This history of disturbance might have resulted in higher extinction or lower speciation or 

both in the northern compared to southern Western Ghats, but this impoverishment 

remain to be investigated phylogenetically. Though this aspect of diversification within the 
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Western Ghats is not explicitly studied in this work, the results from this study may cast 

some light on how the northern and southern Western Ghats taxa are related. Though the 

timing of upliftment of geomorphological features of the Western Ghats remains 

unknown, the mountain range has an average height 1500 m or less with almost all of its 

high elevation regions (Nilgiris, Anamalais, and Palni and Cardamom Hills) in the south. 

The rest of peninsular India had less tectonic uplift, is far more eroded with an average 

elevation of 900 m or less and thus provides much less topographical and environmental 

complexity for diversification than the Western Ghats.  

 

Paleovegetation: The paleovegetational history of the Indian plate, as inferred from 

palynology, is complex reflecting the geological history of the plate. Two important 

components of that history are the drift of the Indian plate after its separation from 

eastern Gondwana to its eventual collision with the Eurasia plate and the expansion of 

megathermal forests since the Jurassic (Ali & Aitchison 2008; Morley 2000). With the 

fragmentation of Pangaea in the Jurassic (~166 Ma), the Indian plate began moving 

northward from its initial location at about 30OS latitude to its present location in the 

northern hemisphere. The western part of Gondwana, including South America and Africa, 

moved northward before the Indian plate did and became the seat of angiosperm 

diversification. As the Indian plate moved north along with Madagascar into the tropical 

belt, significant migration of the early angiosperms took place. From this time onward, the 

Indian plate experienced a maximum amount of rainforest expansion throughout the 

entire plate as it moved northward towards the Eurasian plate. Extensive forest covered 

most of the Indian plate until the early Eocene (54–49 Ma). This continued into the late 

Eocene and Oligocene (39–25 Ma), but with increasing regionalization that seems to have 

precluded dispersal of rainforest species. Increasing seasonality leading to shrinkage of 
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rainforests continued during most of the Neogene, except during a short phase of 

rainforest expansion around the early mid Miocene (16–10 Ma) that allowed Southeast 

Asian plant elements (e.g. dipterocarps such as Hopea and Shorea) to disperse into the 

Indian plate. This reduction of rainforest was paralleled by establishment of the Indian 

monsoon due to the uplifting of the Himalaya and the Tibetan plateau, which facilitated 

expansion of seasonal forests (Morley 2000). This availability of extensive tropical 

rainforest earlier in the history of the Indian plate followed by its subsequent 

fragmentation and reduction might have influenced the survival, diversification and 

containtment of rainforest dependent taxa in the Western Ghats, while preceeding the 

dispersal and diversification of drier-habitat tolerant taxa later in time. 

 

 Herpetofaunal diversity 

 

The herpetofauna of the Western Ghats and drier peninsular India is a complex mix that 

reflects the history of the region. The region harbors approximately 107 genera and 399 

species. The alpha taxonomy is poorly worked out and recent descriptions suggest that the 

diversity is likely to be much higher for several groups (Biju 2001). This diversity could be 

parsed in several ways, each reflecting different aspects of the diversity. The region has 

biogeographical affinity with four regions due to the location of the Indian plate and its 

tectonic history. The major biogeographic elements are IndoMalayan (with higher 

diversity in Southeast Asia) = 163 species in 42 genera; south Asia (endemic to south Asia) 

= 144 species in 42 genera, Old World (with comparable diversity in Asia and Africa) = 68 

species in 11 genera; Paleartic (higher diversity in temperate Asia and Europe) = 12 species 

in 6 genera; and Ethiopian (higher diversity in Africa) = 12 species in 7 genera. When 

parsed according to major taxonomic groups the region includes 156 species of amphibians 
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across 27 genera and 243 species of reptiles across 80 genera. At the order and suborder 

levels (anurans, lizards and snakes), the diversity is of 134 species in 23 genera of anurans, 

109 species in 28 genera of lizards, and 122 species in 44 genera of snakes. The remaining 

two orders, caecilians and turtles contribute a smaller component with 22 species in 4 

genera and 12 species in 8 genera respectively.  

 

Hypotheses of diversification  

 

Due to lack of biogeographic studies in the region in the past, there are very few explicit 

hypotheses of diversification available for the region. Only three could be gleaned from the 

literature.  

 

1. “Out of India” and “Into India” hypotheses: These two hypotheses essentially propose 

two scenarios of dispersal, “Out of India” and “Into India”, when the Indian plate collided 

with the Eurasian plate at the end of its northward drift in the Eocene (~35 Ma; Ali & 

Aitchison 2008). The “Out of India” hypotheses suggest that species then present on the 

India plate dispersed out of the India plate and colonized parts of Southeast Asia and 

subsequently diversified. Though the idea is not new (see Mani 1974; Karanth 2003 for 

reviews of the older literature), this hypothesis has only been recently tested 

phylogenetically by Bossuyt & Milankovitch (2001) for several taxa of amphibians. They 

showed the pattern to be consistent with basal taxa of amphibians endemic to the Western 

Ghats and more nested taxa distributed in Southeast Asia, with their dates of divergence 

aligning with collision of the Indian plate with Eurasia. Subsequent phylogenetic studies 

on other amphibians and plants have also found this pattern to hold (anurans: Roelants et 

al., 2004; Van Bocxlaer et al., 2006; caecilians; Gower et al., 2002; plants Rutschmann et 
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al., 2004). The converse of this scenario is the “Into India” hypothesis, which suggests that 

taxa primarily moved onto the Indian plate from Eurasia and Southeast Asia once the 

Indian plate collided with the Eurasian plate. As with the “Out of India” hypothesis, 

though this hypothesis can be found in the older literature (see Mani 1974 for a review), 

phylogenetic evidence supporting it has only been presented in case of land snails (Köhler 

& Glaubrecht 2007), though that study did not include any dating analysis. Given that 

these two hypotheses are only mutually exclusive for a given taxon and not for the 

herpetofauna of the region, what is required is inferring the relative importance of these 

hypotheses for the fauna and identifying more specific patterns within these two very 

general scenarios of diversification. For two of the taxa included in this study (Draco and 

Ansonia) these two constrasting hypotheses were explicitly tested. Several other taxa 

included in this study (Calotes, Hemidactylus, and Duttaphrynus), which have species or 

populations distributed in the Western Ghats and Southeast Asia, also have bearing on 

these hypotheses.  

 

2. Regions of endemicity: Currently there are three to four proposed regions of endemicity 

based on butterflies (Gaonkar 1996), freshwater fishes (Bhimachar 1945) and vascular 

plants (Subramanyam & Nayar 1974). These three classifications of the presumed regions 

of endemicity within the Western Ghats are very similar to each other and only differ in 

terms of regions hypothesized depending on the taxa used. Bhimachar (1945) and Gaonkar 

(1996) suggested three regions of endemicity 1) R. Tapti to Amboli; 2) Goa to Palghat gap 

(this includes the Nilgiris) and 3) Anamalai, Palni and Cardamom hills to the southern tip 

of the Western Ghats. In contrast Subramanyam and Nayar (1974) proposed a slightly 

different divisons: 1) R. Tapti to Goa; 2) R. Kalinadi to Coorg; 3) Nilgiris and 4) Anamalai, 

Palni, Cardamom Hills to the southern tip of the Western Ghats (see Figure 1). These 



 

 11 

regions of endemicity are based on distribution patterns of taxa, but the underlying 

scenarios of diversification as to why these regions of endemicity are observed have not 

been proposed. Testing this hypothesis is far more complicated than testing the “Out of 

India” or “Into India” hypotheses. The reason is that even if phylogenetic analysis of taxa 

suggested clades largely endemic to any of these regions of endemicity this may not be due 

of the presence of any potential barriers separating the regions of endemicity (a vicariance 

based hypothesis), but due to the environmental factors within each region of endemcity 

unrelated to any barriers (a local adaptation based hypothesis). The current distribution of 

amphibians and reptiles in the Western Ghats suggests that a local adaption may have 

been more important than vicariance in diversification. Thus, species within the Western 

Ghats are often distributed across multiple regions of endemicity or in areas that are more 

restricted than the expanse of any particular regions of endemicty (Biswas, unpublished 

data). The species distributed across regions of endemicity, however, are not widespread 

species, which are also distributed in the Western Ghats and neighboring regions and their 

distributions are far more extensive than the former. These patterns of species 

distribution, both restricted within and distributed across regions of endemicity, indicate a 

minimal effect of any barriers between proposed regions of endemicity at least in the 

recent geological times.  

 

Study taxa 

 

In the following chapters, I analyze phylogenetic relationships and divergence times for the 

following taxa, which are represented by one or more species in the Western Ghats. The 

list includes Draco, Ansonia, Cnemaspis, Calotes, Psammophilus, Salea, Hemidactylus, 

Duttaphrynus, Philautus, and Uropeltidae. For all of these taxa, DNA sequence data were 
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collected for one or more species or populations, except Philautus and uropeltid snakes for 

which the analyses were based entirely on published data sets. Detailed studies on these 

taxa from the region are often very few and limited to widespread species within particular 

genera (e.g., Calotes versicolor for Calotes) with majority of the information available 

through natural history notes opportunistically encountered. Below is a brief biological 

introduction of these taxa and their relevance to this study. Together these taxa provide the 

most comprehensive investigation of patterns of diversification in the Western Ghats in a 

single study to date. More detailed taxonomic backgrounds for these taxa are provided in 

the respective chapters. 

 

Draco dussumieri: A member of the charismatic genus of diurnal, arboreal, gliding 

agamid lizards. Adults reach up to 230 mm in length with males slightly smaller than 

females possessing three times larger yellow dewlaps in surface area. D. dussumieri, the 

only species in the Western Ghats, though restricted to evergreen forest up to 1500 m 

elevation, also occurs in deciduous forest, and disturbed habitats with tall trees and 

plantations. Mostly active during morning and early evening hours, individuals move 

through forest by gliding from one tree trunk to another for distances in excess of 20m. 

Individuals primarily feed on ants. Males exhibit territoriality during mating season, which 

occurs in spring, with females laying eggs in the ground that hatch in about 50 days 

(Daniels 2002). The suitability of Draco for testing the “Out of India” hypothesis is 

manifold. Draco is one of the representative genera exhibiting a disjunct distribution in 

the Western Ghats and Southeast Asia. First, they are relatively abundant and are 

primarily distributed in Southeast Asia with only a single species recognized from the 

Western Ghats and adjoining areas. There are two different patterns of taxa showing 

disjunct distributions. One category, exemplified by Draco, is distributed in the Western 
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Ghats then reappears in Northeast India and continues to Southeast Asia. The second 

category, exemplified by Ansonia, does not occur in the intervening Northeast India and 

reappears in Southeast Asia around Isthmus of Kra in peninsular Malaysia. This 

distinction has not been acknowledged in earlier studies of “Out of India” hypothesis 

(Bossuyt & Milankovitch 2001; Roelants et al., 2004). Though both of these patterns could 

be explained by “Out of India” or “Into India” hypotheses, it is unknown if there are 

different underlying biogeographic histories behind these two apparently similar patterns. 

 

Ansonia: A genus of small toads primarily distributed in Southeast Asia with only two 

recognized species from mid elevations (600-1000 m) of the Western Ghats. These toads 

are associated with streams and their tadpoles possess mouthparts modified for clinging to 

wet rocks in the streams (Ranjit Daniels 2005). Adults are dark-colored and granular-

skinned with bright yellow or orange patches on the thigh. They do not possess parotoid 

glands typical of many toads and have toes that are fully webbed. The toads are active 

during the daytime in the monsoon when individuals have been observed sitting on wet 

rocks and are hesitant to move when approached. The females lay a small clutch of eggs. 

Members of these species are elusive, as they have been recorded only a handful number of 

times in the Western Ghats since their original descriptions (Ranjit Daniels 2005). 

Inclusion of Ansonia as study taxa provided a contrast to the Draco pattern of disjunct 

distribution as well as rendered a multi-taxon framework to the analysis. Compared to 

highly vagile Draco lizards, Ansonia toads exhibit very low dispersal ability.      

 

Cnemaspis: A very diverse group of geckos distributed in Africa and south and Southeast 

Asia. Twenty plus species are distributed in the Western Ghats and fall into one or the 

other of two forms: a smaller more slender form of 40 mm snout to vent length and a size 
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variable more robust form. Individuals inhabit rocks (both forms) and trees (only the 

smaller form) with suitable rough surfaces. The smaller form is primarily diurnal, while 

the size variable form is active in the dark during the day and comes out into open spaces 

at night. Suitability of microhabitats seems to be the most important factor influencing the 

distribution and abundance of these lizards in any given area (pers. obs.). Individuals 

occur from low to medium elevations (both forms) and up to as high as 2000 m (only the 

smaller form). Very little is known about biology of these species (Daniels 2002). The 

smaller form of Cnemaspis, which represents bulk of the Western Ghats species and those 

included in this study, is primarily restricted to the Western Ghats and Sri Lanka with a 

handful of species in Southeast Asia. Along with rhacophorid genus Philautus and 

uropeltid snake genus Uropeltis, these geckos represent the most diverse genera among 

the Western Ghats’s herpetofauna and are thus the most suitable groups to investigate 

diversification within the region. 

 

Philautus: These are small, nocturnal tree frogs of the family Rhacophoridae, which is 

undergoing a tremendous number of new species descriptions from the Western Ghats 

and Sri Lanka in recent years (Biju 2001). Most species are arboreal, often bright colored, 

and elusive with high frequency mating calls. Species tend to breed outside water with no 

tadpole stage (Ranjit Daniels 2005). The biology of most species remains unknown. The 

Philautus dataset included in this study is the most comprehensive published phylogeny of 

any species-rich genera of amphibians and reptiles in the Western Ghats (Biju & Bossuyt 

2009). Its inclusion provided the ideal comparison with Cnemaspis and Uropeltidae and 

allows for a comparative analysis of diversification of species-rich taxa within the Western 

Ghats.  
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Uropeltidae: Uropeltid or shieldtailed snakes are remarkably adapted to their fossorial 

life and represent the only family of amphibian or reptile endemic to South Asia. These are 

shy, nocturnal, slow moving, burrowing snakes with minute eyes, blunt tails and iridescent 

scales often with yellow or red undersides. They are often encountered under logs and 

rocks, and feed primarily on earthworms and insect larvae. Most are live bearers, though 

some lay eggs. Females are larger than males (Whitaker & Captain 2004). Following 

Philautus and Cnemaspis, shieldtailed snakes, with 50 species in eight genera, represent 

the third most of species-rich taxon in the Western Ghats. Though genus Uropeltis would 

have been the ideal comparison because it is the most species-rich genus of uropeltid 

snakes distributed in the Western Ghats, enough sequence data were not available to infer 

a phylogeny of the genus Uropeltis alone. Inclusion of all available uropeltid snakes 

sequences still allowed a preliminary phylogeny of the group to be inferred. This would not 

provide definitive phylogenetic relationships of the genus Uropeltis, but would still 

indicate the timing of its diversification. Additionally, inclusion of Brachyophidium and 

Melanophidium two species-poor genera of uropeltis snakes, could further contribute to 

our understanding of diversification of species-poor reptile taxa within the Western Ghats.  

 

Hemidactylus: Hemidactylus is a pantropical genus of nocturnal geckos with about 100 

species in total and 25 species in India. The Western Ghats species exhibit a wide range of 

body forms and habit from terrestrial (e.g., H. reticulatus) to arboreal (e.g., H. frenatus). 

Agile and behaviorally dominant to other geckos, Hemidactylus species in south India are 

variable in size with H. maculatus and H. giganteus reaching over 270 m in total length. 

Most of the species in the genus breed during spring with juveniles reaching the adult size 

in a matter of months in some species. Individuals feed on insects, ants, and termites and 

sometimes feed on other geckos including individuals of their own species. Some species 
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are commensal with humans (H. frenatus and H. brookii) and have dispersed to regions 

outside their native distribution (Daniels 2002). Hemidactylus is the most suitable genus 

for a comparative study of diversification across the wet-dry gradient of the Western Ghats 

and drier peninsular India because it is species-rich within the Western Ghats as well as 

has several endemic species in drier peninsular India. Together with Calotes and 

Duttaphrynus, Hemidactylus provides an ideal multi-taxon inference for the Western 

Ghats – drier peninsular India relationship within a phylogenetic framework.     

 

Calotes: Calotes is a genus of diurnal agamid with 11 species known to occur in India, 

seven of which are distributed in the Western Ghats and drier peninsular India. The 

species occur from the plains to an elevation of 2000 m in the Western Ghats as well as in 

evergreen and deciduous forests. Adults vary in snout to vent length from medium (~250 

mm in C. rouxi) to large (~490 mm in C. versicolor). Species are primarily arboreal with 

some species coming down to the ground often (e.g., C. versicolor). Calotes lizards are 

territorial during the breeding seasons and breed from spring to fall with females laying 

several clutches of eggs during a single breeding season. Lizards of the most widespread 

species, C. versicolor, are capable of changing color to blood red and have earned the name 

of “bloodsucker” from the misconception that they are capable of sucking the blood of the 

observer from a distance (Daniels 2002). Calotes is one of the most ubiquitous reptiles 

South Asia. Calotes is distributed in the Western Ghats and drier peninsular India and 

thus is one of the most ideal taxa for inferring relationships between the wetter Western 

Ghats and drier peninsular India. Additionally it is distributed all through the Western 

Ghats as well as Northeast India into Southeast Asia. Lastly moderate species richness of 

Calotes allows it to complement our understanding of diversification of species-poor and 

species-rich taxa. 
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Duttaphrynus: Refers to the Bufo melanostictus group (sensu Dubois & Ohler 1999) of 

the widespread non-monophyletic genus Bufo (see Frost et al., 2006 for recently proposed 

taxonomic changes). In India 16 species occur of which 10 are distributed in the Western 

Ghats with six endemic forms (Biju 2001). Species occur in a wide range of habitats from 

evergreen to deciduous forests and a range of elevations (from sea level to over 1800 m). 

Members of the widespread species D. melanostictus are explosive breeders breeding in 

ephemeral water bodies and laying thousands of eggs. Breeding habits of other species in 

the region are unknown (Ranjit Daniels 2005). Duttaphrynus and incertae sedis Bufo 

species (sensu Frost et al., 2006) are the amphibian equivalents of the reptiles Calotes and 

Hemidactylus in being species-rich taxa that span the wet-dry spectrum of the Western 

Ghats and drier peninsular India. There are no other amphibians comparable in species 

richness and distribution to Duttaphrynus as most other amphibians with similar 

distribution patterns are relatively species-poor (e.g., Uperodon, Ramanella).  

 

Psammophilus: Psammophilus is a saxicolous diurnal agamid lizard endemic to 

southern India known from only two species. Adults reach up to 136 mm in snout to vent 

length (tail reaching 290 mm) and possess a depressed habitus. Both the species occur 

patchily in the Western Ghats up to an elevation of 2000 m and more extensively in drier 

peninsular India. Psammophilus are very agile and wary lizards with males maintaining 

territories and attaining bright orange-red coloration during the breeding season, while 

females and non-breeding males are cryptically colored (Daniels 2002). Psammophilus 

represents a species-poor genus that occurs in both the Western Ghats and drier 

peninsular India. In this regard it is a contrast to the species-poor genus endemic to the 

Western Ghats (e.g., the uropeltid snake genus Melanophidium).   
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Salea: Diurnal agamid lizards restricted and endemic to high altitudes (1800 m and 

above) in the Western Ghats and known from only two species. Adults range from 95 to 

110 m in snout to vent length (tail length 200 to 250m) and have markedly enlarged and 

unequal scales and a strong nuchal crest (Daniels 2002). Salea represents those genera 

that are adapted to mountain-top grassland with stunted forest known as sholas and 

represents diversification primarily along an elevational gradient in the Western Ghats.    
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Figure 1. Map of the Western Ghats with the elevational extent of the mountains and 

associated plateaus, regions of endemicity (after Subramanyan and Nayar 1974) and some 

of the important protected areas in the region (modified from Pascal 1988) 
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C h a p t e r  2  

India-Eurasia collision, faunal exchange and diversification in the Western 

Ghats: examples from a bufonid anuran and an agamid squamate clade 

 

Abstract 

The Western Ghats in southwestern India harbors unique lineages that are relevant to 

understanding diversification on the Indian plate from its separation from Gondwana to 

its eventual collision with the Eurasian plate. Extant genera in the Western Ghats exhibit 

several biogeographic patterns. One of these, studied in the context of the “Out of India” 

hypothesis, involves genera that are disjunctly distributed in the Western Ghats and in 

Southeast Asia (at times also in Northeast India). The hypothesis postulates that the 

Indian plate acted as a “biotic ferry” during its drift in the Cretaceous and Palaeogene and 

introduced Gondwanan taxa into Eurasia. Here, I extend this comparative data set with 

results from clades of toads (Ansonia) and agamid lizards (Draco). I inferred the position 

of representative endemic species from the Western Ghats (Ansonia ornata and Draco 

dussumieiri) with respect to their congeners and estimated their dates of divergence. 

Results suggest that Draco dussumieri is sister to the remaining Draco species and the 

resultant phylogenetic pattern is consistent with the “Out of India” hypothesis. Ansonia 

does not appear monophyletic because the Western Ghats species, Ansonia ornata is 

distantly related to other Ansonia. However, this non-monophyly is equivocal, because 

when the genus is constrained to be monophyletic the tree cannot be rejected. Because of 

this inherent weakness of the Ansonia data set and pending a strongly supported 

phylogeny, I provisionally treat the genus here as monophyletic in accordance with the 

existing taxonomy based on a combination of morphological traits. Ansonia and Draco 
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possibly reveal two different histories of herpetofaunal exchange between India and 

Southeast Asia with that of Draco being a much older event, when India made its initial 

contact with Western Sumatra around 57 Ma. Initial diversification of Ansonia seems to be 

a more recent event probably in the Eocene (around 37 Ma). The two taxa differ in their 

relative distribution in the Western Ghats (Ansonia: narrow; Draco: wide) as well as in 

Southeast Asia, though Draco is more species-rich and widely distributed than Ansonia. 

This is probably due to greater time for diversification in Draco, its higher dispersal 

abilities and the fact that Draco diversified when rainforest was still extensive in south and 

Southeast Asia, while diversification of Ansonia happened mostly in the Oligocene-

Miocene when global drying and fragmentation of rainforest had already begun. Hence, 

this may have limited the distribution of ancestral Ansonia populations compared to 

Draco and thus their potential to disperse and diversify.  

 

Keywords: Ansonia, biogeography, continental drift, Draco, molecular dating, 

phylogeny, south Asia 

 

Introduction  

 

The collision of the Indian plate with the Eurasian plate and its tectonic consequences 

(e.g., uplifting of the Himalayas and the Tibetan Plateau) is widely acknowledged to be one 

of the most dramatic events of the Cenozoic (Yin & Harrison 2000). The impacts of this 

collision on the contemporaneous biota of the Indian and the Eurasian plates are poorly 

understood. There is a wider consensus about the geological events during the drift of the 

Indian plate, though much debate remains on how isolated it was from the time it split 

from Gondwana until its ultimate collision with the Eurasian plate, which lasted well over 



 

 23 

100 Ma and consequently its impact on diversification on the Indian plate (Chatterjee & 

Scotese 1999; Briggs 2003; Ali & Aitchison 2008; Sahni & Prasad 2008). 

Most of the extant diversity on the Indian plate, relevant to India-Eurasia 

exchange, is restricted to peninsular India, especially in the mountainous region of the 

Western Ghats of southwestern India (Mani 1974; Das 1996; Mittermeier et al., 2004). The 

nature of this endemic diversity and its distributions are, however, complex with various 

amounts of concordance among them. This includes clades and lineages with tremendous 

difference in age of origination (Biju & Bossuyt 2003; Bossuyt et al., 2004; Roelants et al., 

2007), species-richness (Biju 2001; Bossuyt & Dubois 2001; Biju et al., 2008; Biju & 

Bossuyt 2009) and extent of distribution (Biju 2001; Schulte et al., 2004; Gower et al., 

2007). With regard to dispersal of taxa underlying current distribution, two hypotheses are 

associated with the accretion of the Indian plate with Eurasia. One of these dubbed the 

“Out of India” hypothesis posits that certain Gondwanan taxa were ferried by the Indian 

plate and subsequently dispersed into mainland Eurasia (Karanth 2003, 2006 and 

references therein). The other is a converse situation, dubbed the “Into India” hypothesis, 

where taxa from the Eurasian plate dispersed onto the Indian plate when it collided with 

the former (Köhler & Glaubrecht 2007). Duellman and Trueb (1986) invoked the “Out of 

India” hypothesis for several herpetofaunal groups (caecilians and anurans). Recent 

phylogenetic studies on amphibians (anurans: Bossuyt & Milankovitch 2000; Roelants et 

al., 2004; Van Bocxlaer et al., 2006; caecilians; Gower et al., 2002) and plants 

(Rutschmann et al., 2004; also see Meimberg et al., 2001; Nyffeler & Baum 2001; Yuan et 

al., 2005) tested the “Out of India” vs. “Into India” scenarios with molecular phylogenetic 

data and estimates of divergence times. Their results corroborated Duellman & Trueb’s 

(1986) hypothesis for the taxa they tested in terms of their pre-collision age of divergence 

and the phylogenetic pattern of having several basal members restricted to the Indian 



 

 24 

plate and more recent species distributed in Southeast Asia. This suggested that even the 

massive volcanic eruptions forming the Deccan plateau (at K-T boundary, ~65 Ma) and 

drift-associated climatic and vegetational changes (Morley 2000; 2003) did not 

exterminate these clades on the Indian plate, particularly in peninsular India and Sri 

Lanka, as these clades later managed to disperse to Southeast Asia and diversify thereafter 

(Bossuyt & Milinkovitch 2001; Roelants et al., 2004; Bossuyt et al., 2006; Van Bocxlaer et 

al., 2006). The resultant pattern is that of extant clades distributed in Southern India 

and/or Sri Lanka and Southeast Asia, either continuously or disjunctly with one or more 

endemic species in each of those regions (Mani 1974; Das 1996). 

To understand diversification in the region, patterns depicting historical exchanges 

along with those of within region diversification need to be disentangled and investigated 

using a common framework that steers our discussions beyond simple dichotomies (e.g., 

“Into” vs. “Out of India” hypotheses). This is because tectonic events and climatic changes 

in the region during the past 160 Ma have been continuous and contemporaneous (Morley 

2000; Gunnell & Radhakrisha 2001; Morley 2003; Ali & Aitchison 2008). As a 

consequence, opportunities for dispersal and speciation have fluctuated over time leading 

to differential diversification of lineages. This has resulted in groups differing greatly in age 

being co-distributed within the same region, which unless teased apart could lead to 

pseudo-congruence and pseudo-incongruence (sensu Donoghue & Moore 2003). 

Phylogenies with accurate estimation of divergence dates would disentangle pseudo-

congruence and pseudo-incongruence and reveal the appropriate spatio-temporal settings 

within which particular historical events leading to diversification (or lack there of) 

occured. This would test the relative importance of the dichotomized hypotheses such as 

“Into” vs. “Out of India”, while providing more specific causal geological and/or 

climatilogical events underlying those patterns.  
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With this perspective, I expand the comparative data set of representative taxa 

suitable for testing “Into” and “Out of India” hypotheses by examining relationships within 

a genus of toads, Ansonia (Bufonidae) and a genus of lizards, Draco (Agamidae), both of 

which are disjunctly distributed in Southern India and Southeast Asia (also in Northeast 

India for Draco). Specifically, I have the following objectives: 1) Infer the phylogenetic 

placement of the species of Ansonia and Draco from the Western Ghats with respect to 

their congeners in Southeast Asia and test monophyly of the two genera; and 2) Estimate 

dates of divergence of the genera from their sister groups and the Western Ghats’ species 

from their congeners. I discuss the results in light of biotic exchange between India and 

Southeast Asia within the context of known paleovegetational, geological and climatic 

history of the regions with a focus on diversification in the Western Ghats.  

 

Materials and Methods 

 

Taxon Sampling and character sampling 

 

Ansonia Stoliczka 1870 is a genus of stream living bufonids with 27 currently recognized 

species of which two are distributed in the Western Ghats (A. ornata and A. rubigina) and 

the remaining twenty five species in Southeast Asia (Wood et al., 2008; Frost 2009). The 

monophyly of the genus has not been questioned due to their possession of unique 

morphological traits in tadpoles (Inger 1960, 1992; Graybeal & Cannatella 1995), and 

recent phylogenetic analyses of higher level relationships among bufonids that included 

multiple Ansonia species are consistent with monophyly of the genus (Frost et al., 2006; 

Matsui et al., 2007). However, all phylogenetic studies sampled species from Southeast 

Asia and had no representatives from India. I sequenced Ansonia ornata for 
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mitochondrial (16S rRNA) and nuclear regions (CXCR4, RAG1, Rhodopsin exon 1 

fragments). I combined these sequences with those from seven Ansonia species as well as 

35 species across 21 bufonid genera from published analyses (Graybeal 1997; Biju & 

Bossuyt 2003; Garcia-Paris et al., 2003; Darst & Cannatella 2004; Roelants et al., 2004; 

Frost et al., 2006; Pramuk 2006; Matsui et al., 2007; Pramuk et al., 2007) and 

unpublished sequences (Gluesenkamp, unpublished) deposited in GenBank to assess 

Ansonia monophyly and placement of Ansonia ornata. Though this analysis includes only 

eight of the twenty-seven currently recognized Ansonia species (A. ornata, A. 

longidigitata, A. leptopus, A. fuliginea, A. sp, A. muelleri, A. hanitschi and A. malayana), 

it represents the geographical distribution of the genus, includes a larger number of 

species than any of the previous analyses and is sufficient to test the biogeographic 

scenario relating to exchange between south and Southeast Asian species. For a few 

bufonid genera, other than Ansonia, sequence data obtained from Genbank for different 

individuals or congeneric species were concatenated to reduce the percentage of missing 

data. Taxa included in the analysis (along with composite genera) and their GenBank 

numbers are given in Appendix 1. 

Draco Linnaeus 1758 is one of the most charismatic genera of extant lizards due 

to their gliding ability. The genus is primarily Southeast Asian in distribution with ca. 40 

currently recognized species (McGuire & Kiew 2001; Uetz & Hallermann 2009). The only 

exception to this pattern is D. dussumieri, which is disjunctly distributed in the Western 

Ghats of southern India and separated from its nearest congeners by ca. 1500 km (Smith 

1935; Pawar & Birand 2001; Schleich & Kästle 2002). Several morphological revisions 

(Hennig 1936; Inger 1983; Musters 1983) and phylogenetic analyses (Honda et al., 1999a, 

b; McGuire & Kiew 2001) have been undertaken in the past. None disputed the monophyly 

of the genus, but the only explicit phylogenetic analysis that included D. dussumieri 
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(Honda et al., 1999a) found the species to be either basal (allozyme data) or more deeply 

nested (mitochondrial DNA data), both with weak (less than 50%) non-parametric 

bootstrap support. Here, I sequence Draco dussumieri and combine the sequences with 

the largest data set available for the genus published by McGuire & Kiew (2001) to assess 

monophyly of the genus and placement of Draco dussumieri within it. I analyzed a subset 

of the Draco species examined by McGuire & Kiew (2001) representing only the major 

subregions within Southeast Asia and selecting exemplars from type localities whenever 

available in their data set. The taxa retained in the pruned phylogeny represented all the 

subregions of Southeast Asia in the original data set of McGuire & Kiew (2001), so that if 

D. dussumieri from the Western Ghats is related to any of those subregional taxa it could 

be discovered in this analysis. Those taxa omitted were redundant with respect to the 

biogeographical hypotheses tested. This is because those omitted taxa were endemic to 

different subregions and representative Draco species from each of those subregions were 

included in the analyses and thus this reduced sample did not compromise the 

geographical coverage of the original data set. I also included several other reptile species 

(Macey et al., 2000; Townsend et al., 2004; Amer & Kumazawa 2005; Zug et al., 2006) to 

test monophyly of Draco and to provide calibration points for divergence dating. See 

Appendix 1 for a list of taxa included in the analysis (along with composite genera) and 

their GenBank numbers. Outgroups in both the cases (Ansonia and Draco) were chosen to 

facilitate appropriate fossil calibrations and also reduce the possibility of long branches 

(among outgroups), while keeping the size of data sets manageable for computational 

purposes. 

 

DNA extraction and sequencing  
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Genomic DNA was extracted from liver tissue of Ansonia ornata and Draco dussumieri 

preserved in absolute alcohol using Qiagen DNeasy kits. Genomic DNA was amplified with 

(PTC-200TM) Peltier Thermal Cycler (MJResearch) and Eppendorf machines under the 

following PCR conditions: denaturation at 94OC for 35s, annealing at 45O-55OC for 35s, 

and extension at 72OC for 150s for 30-35 cycles. Negative controls were run on all 

amplifications to check for contamination. The resultant PCR products were cleaned with 

DNA QIAquick and sequenced by commercial biotechnology companies. For Ansonia 

ornata I sequenced four separate gene regions: mitochondrial 16S rRNA and the nuclear 

CXCR4, RAG1 and Rhodopsin (exon 1) genes. For Draco dussumieri I obtained nucleotide 

sequences from a single contiguous region consisting of two protein coding genes 

(complete ND2 and partial COI) and six transfer RNAs (partial tRNAMet and complete 

tRNATrp, tRNAAla, tRNAAsn, tRNACys and tRNATyr). This is a longer sequence than the 

McGuire & Kiew (2001) data set (complete ND2, tRNATrp and partial tRNAMet, RNAAla), but 

is comparable in length to sequences of outgroups in this analysis (Macey et al., 2000; 

Townsend et al., 2004; Amer & Kumazawa 2005; Zug et al., 2006). Primers used for DNA 

amplification and sequencing are listed in Table 1. 

 

Table 1. Primers used for amplification and sequencing of DNA in this study 

 

Genus Markers Primers Reference 

Ansonia 12S-16S 12SM 5’-GGCAAGTCGTAACATGGTAAG-3’ 

12SC(L) 5’-AAGGCGGATTTAGHAGTAAA-3’  

16H13 5’-CCGGTCTGAACTCAGATCACGTA-3’ 

Pauly et al. 

(2004); 

Pramuk et al. 

(2007) 
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 CXCR4 CXCR-4c  

5’-GTC ATG GGC TAY CAR AAG AA-3’  

CXCR-4f  

5’-TGA ATT TGG CCC RAG GAA RGC-3’ 

Pramuk et al. 

(2007) 

 RAG1 RAG1MARTF1  

5’-AGCTGCAGYCARTAYCAYAARATGTA-3’ 

RAG1AMPR1  

5’-AACTCAGCTGCATTKCCAATRTCA-3’ 

Pramuk et al. 

(2007) 

 Rhodopsin 

(exon 1) 

Rhod1A  

5’-ACCATGAACGGAACAGAAGGYCC-3’ 

Rhod1C  

5’-CCAAGGGTAGCGAAGAARCCTTC-3’  

Rhod1D  

5’-GTAGCGAAGAARCCTTCAAMGTA-3’ 

Bossuyt & 

Milankovitch 

(2000) 

Draco ND2, 

tRNAs 

ND1b 5’-CGATTCCGATATGACCARCT-3’ 

ND2r6 5’-ATTTTTCGTAGTTGGGTTTGRTT-3’ 

Kumazawa & 

Nishida 

(1993); Macey 

et al. (1997) 

  ND2f69  

5’-CCT CAA TTT TCC TAG CTC TGC CAC-3’ 

COIr9 5’-TAYAATGTTCCRATATCTTTRTG-3’ 

This study 

Macey et al. 

(1997) 

  ND2f17 5’-TGACAAAAAATTGCNCC-3’ 

Alar2 5’-AAAATRTCTGRGTTGCATTCAG-3’ 

Macey et al. 

(2000) 

  Metf1 5’-AAGCAGTTGGGCCCATRCC-3’ Macey et al. 
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ND2f5 5’-AACCAAACCCAACTACGAAAAAT-3’ (1997) 

 

Sequence Alignment 

 

Preliminary alignment was obtained using ClustalX (v2.0; Larkin et al., 2007) with default 

parameters (gap insertion cost = 15; gap extension cost = 6). For rRNAs and tRNAs this 

resulted in an approximate alignment as multiple alignments tend to provide inaccurate 

homology statements for these regions with secondary structures. Hence, compared to 

protein-coding sequences that are easily aligned by multiple alignment software due to the 

constraints of a functional reading frame, rRNA and tRNA were subsequently adjusted in 

accordance with models of their secondary structures. For Ansonia rRNA this adjustment 

was was done following secondary structure models of 12S and 16S (De Rijk et al., 1998; 

Van de Peer et al., 1998). Protein coding regions for Ansonia were translated to amino 

acids using MacClade v4.08 (Maddison and Maddison 2003) to verify reading frame and 

functionality. For Draco, mitochondrial tRNAs were also aligned as per the secondary 

structure models (Kumazawa and Nishida 1993; Macey & Verma 1997). Because the stem 

regions of tRNA are conserved through functional constraints of pairing with 

complementary stems, this meant that the resultant alignment reflected the conserved 

pattern of tRNA secondary structure where 7, 4, 5, and 5 base pairs comprised the AA 

stem, the D stem, the AC stem, and the T stem, respectively. The length variation across 

taxa when present were due to 2, 1, and 3-5 bases, and no nucleotide spacer at the 

junctions of the AA-D stems, the D-AC stems, the AC-T stems, and the T-AA stems, 

respectively (Kumazawa & Nishida 1993; Macey & Verma 1997). Additionally, acrodont 

lizards have a tRNA rearrangement in which the typical vertebrate order IQM is changed 

to QIM (Q=Glutamine; I=Isoleucine; M=Methionine; Macey et al., 1997; Macey et al., 
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2000). Hence for the three species of reptiles (Sphenodon, Basiliscus, and Oplurus) 

included, the order of their tRNAs was changed accordingly for the phylogenetic analysis. 

Sites that could not be aligned unambiguously were excluded from the analysis. The 

sequence for Ansonia ornata and Draco dussumieiri, newly sequenced for this study, will 

be submitted to GenBank before publication.  

 

Phylogenetic analysis 

 

Phylogenetic analyses were performed under the parsimony optimality criterion and 

Bayesian statistical inference. In all instances the mitochondrial and nuclear sequences 

were analyzed together.  

Parsimony analyses for the combined data set were conducted using PAUP* 

(v4.0b10; Swofford 2002) with all characters and all state-transformations equally 

weighted using heuristic searches with 10,000 replicates of random stepwise addition and 

tree bisection and reconnection (TBR) branch swapping. Non-parametric bootstraping 

(Felsenstein 1985) was used to assess the support for individual nodes with 1000 bootsrap 

replicates and full heuristic searches using 100 replicates of random stepwise addition and 

TBR branch swapping.  

Bayesian analyses were performed using MrBayes (v3.1.2; Ronquist and 

Huelsenbeck 2003) after estimating an appropriate model of sequence evolution for the 

combined data as per the AICc and hLRT comparisons of alternative models in ModelTest 

(v3.7; Posada & Crandall 1998; 2001). Preliminary shorter runs (of 1x106 generations) 

indicated steady decrease in the average split frequency of standard deviation between the 

two parallel runs executed by default in MrBayes, but mixing of the cold and hot chains at 

default settings were found to be poor (McGuire et al., 2007; Ronquist et al., 2005). Since 
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the relative difference between the temperatures of the cold and hot chains determine the 

mixing behavior, several shorter runs (of 1x106 generations) were executed at varying 

temperature values [t=0.2 (default option), 0.15, 0.10, 0.07, 0.05, 0.02]. The mixing 

behavior of the data sets under different temperatures was compared. At t=0.02 the 

percentage of successful swaps between the chains tended to be 70% or more for most 

pairs of chains, and at t >0.10 it tended to be lower than 10% for several pairs of chains. 

Because the most efficient running of chains occur when the swap values are between 10% 

and 70% (Ronquist et al., 2005), the interval between t=0.10 and t=0.02 was chosen to be 

a suitable window for deciding the final temperature for longer analyses. The temperature 

of the final analysis was chosen within the window t=0.02-t=0.10 that would yield 

adequate mixing within the bounds mentioned above for all or most pairs of chains. Final 

analyses were run for 3x106 generations for both Ansonia and Draco with t=0.08 and rest 

of the parameters at their default values. The lengths of the longer analyses were based on 

ESS (Effective Sample Size) values for shorter runs, as estimated in Tracer (v1.4.1; 

Rambaut & Drummond 2007), by approximately multiplying the generation times of 

shorter runs so that the ESS is ≥200. Parameter values were estimated from the data with 

default parameters distributions, that is, uniform for all parameters except branch lengths, 

which were unconstrained (no molecular clock) with exponential priors. Trees and 

parameter values were sampled every 100 generations and stationarity was assessed using 

a combination of factors in MrBayes and Tracer outputs. Runs were considered adequate 

when the following criteria were satisfied: average standard deviation of split frequency 

<0.01; PSRF (Potential Scale Reduction Factor) ~1.00 for all parameters in the output, -ln 

L values reaching asymptote when visualized in Tracer and >200 ESS (Ronquist et al., 

2005). The same data set was run twice to assess convergence on similar topologies. These 

runs were assessed for convergence after discarding the first 25% of the samples as burn-in 
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with remaining topologies combined using LogCombiner (v1.4.8; Drummond & Rambaut 

2007). Bayesian posterior probability values for each branch were then summarized with a 

50% majority-rule consensus tree. 

  

Divergence time estimation 

 

Methods for estimating divergence times have made considerable progress towards 

incorporating more realistic assumptions. Unlike the use of a strict molecular clock in the 

1960s through 1980s (Zuckerkandl & Pauling 1965; Felsenstein 2003), current methods 

allow different rates of character change on individual branches (Sanderson 1997; Thorne 

& Kishino 1998, Sanderson 2002; Rutschmann 2006; Drummond & Rambaut 2007). 

Divergence times for Ansonia and Draco were estimated using BEAST (v1.4.8; Drummond 

& Rambaut 2007; Drummond et al., 2006), which provides several additional advantages 

over other methods currently in use. Most importantly, it allows more flexibility in 

incorporating the knowledge of uncertainty associated with calibration points (e.g., fossil, 

tectonic events) through use of various parametric distributions (e.g., log-normal) as 

priors.  

Shorter runs (of 1x106 generations) were executed initially to assess the behavior of 

the data set and decide on the length of the final run required to meet robust estimates as 

indicated by ESS (should be >200; Drummond et al., 2007). Accordingly Ansonia and 

Draco were run for 5x107 and 6x107 generations respectively in BEAST with a 

GTR+Gamma+Invariant sites model with empirical estimation of base frequencies and 

four Gamma categories. 

For Ansonia and Draco, inclusive clades not relevant for estimation of divergence 

time of focal taxa, but well supported from this and earlier analyses were constrained. For 
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Ansonia these were Xenoanura, Bufonidae, Ranidae and Pelobatidae (Frost et al., 2006; 

Marjanovic & Laurin 2007; Pramuk et al., 2007) and for Draco they included Acrodonta, 

Agamidae, Agaminae and Uromastyx (Macey et al., 2000; Townsend et al., 2004). This is 

because the starting tree in BEAST is a random tree that may or may not satisfy all the 

constraints that have been employed in the form of priors on tree topology and divergence 

times (Drummond et al., 2006). If the starting tree does not meet the constraints BEAST 

does not initiate the divergence analysis. This could be ensured by constrainting the nodes 

to which calibration points are applied or by specifying a starting tree (e.g., from 

phylogenetic analysis) and the former was adopted in this analysis (vide Pramuk et al., 

2007). 

Five fossil calibrations for internal nodes and one for the root height were used as 

minimum age estimates in the analyses for each genus (Table 2). Fossil calibrations were 

either ones in which the fossil used is nested within the crown of the recent species (e.g., 

Bufonidae, Uromastyx). In other cases they were members of the stem group (e.g., 

Eodiscoglossus, Brachyrhinodon) and the minimum age of calibrations were employed at 

the divergence of the next most inclusive clade that included the stem and the crown 

members. 

The model for calibration point priors was chosen to be log-normal and Yule 

process was the tree prior. For the log-normal distribution of calibration priors, three 

parameters (zero offset, log-normal mean, log-normal standard deviations) are required. 

The minimum age of the fossil constraints (using the timetable of Gradstein et al., 2004) 

are logical zero offsets and were so specified because fossils within a clade provide 

minimum estimates of its age. The mean and standard deviations were chosen to 

characterize log-normal distributions of the calibration priors so that the 95% highest 

posterior density (HPD) interval (which contains 95% of the sampled values) did not 
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exceed the age of fossils at a more inclusive level of phylogenetic relationship (Ho 2007; 

see Table 2). For example, the 95% HPD for the node representing the last common 

ancestor of agamids was delimited so as not to include or predate the last common 

ancestor of all acrodonts (i.e., agamids and chamaeleonids), the next deeper node in the 

phylogeny, as inferred from fossil evidence (see Table 2). 

On completion of the analysis the results were examined using Tracer (v1.4.1; 

Rambaut & Drummond 2007) to assess adequate sampling of the posterior probability 

distribution in terms of ESS. Samples of trees with mean ages of all nodes and their HPD 

ranges were summarized using TreeAnnotator (v1.4.8; Drummond & Rambaut 2007). For 

each data set, two independent runs were executed to assess convergence on similar 

estimates of divergence dates. The ESS for individual runs were high enough that 

removing 25% burin still fulfilled the requirement of an ESS of ≥200. After choosing a 

burn-in as 25% of the trees, these individual runs were combined in LogCombiner (v1.4.8; 

Drummond & Rambaut 2007) and the resultant summary tree was visualized and 

produced in FigTree (v1.2.2).   

 

Table 2. List of fossils used as calibration points and associated information employed in 

the molecular divergence analysis of Ansonia and Draco. 

 

Genus Fossil taxon and 

calibrated node 

Minimum age and BEAST 

implementation 

Reference 

 

Ansonia Taxon: Eodiscoglossus 

oxoniensis 

Node: Root height 

At least 164.7 Ma (Bathonian, 

Middle Jurassic) but not 

before the split between 

Evans et al. 

(1990); Rocek 

(1994) 



 

 36 

depicting 

the split between 

Discoglossoidea and 

Pipanura 

Prosalirus bitis-Anura 

(Pleinsbachian, Early 

Jurassic); Log-normal, 

Mean=2.0; SD=0.55; 

 Taxon: Rhadinosteus 

parvus 

Node: Last common 

ancestor of Pipoidea 

and remaining 

Xenoanura  

At least 150.8 Ma 

(Kimmeridgian, Late 

Jurassic), but not before the 

split between Prosalirus bitis - 

Anura (Middle Jurassic); Log-

normal, Mean=1.5; SD=1.0; 

Rocek (1994); 

Henrici (1998); 

Marjanovic & 

Laurin (2007) 

 Taxon: Eopelobates sp. 

Node: Last common 

ancestor of Pelobates 

and Pelodytes 

At least 70.6 Ma 

(Maastrictian-Campanian, 

Late Cretaceous), but not 

before the split between 

Discoglossoidea and Pipanura 

(Bathonian, Middle Jurassic); 

Log-normal, Mean=2.85; 

SD=0.9; 

Rocek (1994) 

 Taxon: 

Baurubatrachus pricei 

Node: Late common 

ancestor of 

Ceratophrys and 

Leptodactylus 

At least 85.8 Ma (Coniacian, 

Late Cretaceous), but not 

before the split between 

Neobatrachia-Pelobatoidea 

(Early Cretaceous); Log-

normal, Mean=1.65; SD=1.0; 

Báez & Perí 

(1989); Rocek 

(1994); 

Marjanovic & 

Laurin (2007)  
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 Taxon: Bufonidae 

Node: Last common 

ancestor of all extant 

bufonid genera 

At least 55.8 Ma (Thanetian, 

Paleocene), but not before the 

split between Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=3.21; SD=0.5 

Estes & Reig 

(1973); Báez & 

Gasparini 

(1979); Rage & 

Rocek (1994) 

 Taxon: Ranidae 

Node: Last common 

ancestor of 

Arthroleptis and 

Meristogenys 

At least 37.2 Ma (Bartonian, 

Eocene), but not before the 

split between Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=2.67; SD=1.0 

Rage (1984); 

Rage & Rocek 

(1994); 

Marjanovic & 

Laurin (2007)  

Draco Taxon: 

Brachyrhinodon 

taylori 

Node: the last common 

ancestor Squamata 

and Sphenodontia 

At least 216.5 Ma (Carnian, 

Late Triassic), but not before 

the split between 

Lepidosauria-Archosauria 

(Induan, Early Triassic); Log-

normal, Mean=1.9; SD=1.0; 

Estes (1983); 

Benton (1993); 

Evans (2003) 

 

 Taxon: Bharatagama 

rebbanensis 

Node: Last common 

ancestor of all extant 

acrodont iguanians 

At least 161.2 Ma (Middle 

Jurassic), but not before the 

split between Squamata and 

Sphenodontia (Carnian, 

Triassic); 

Log-normal, Mean=3.25; 

Evans et al. 

(2002); Evans 

(2003) 
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SD=0.5; 

 Taxon: Xianglong 

zhaoi 

Node: Last common 

ancestor of all agamids 

At least Early Cretaceous 99.6 

Ma, but not before the split 

between Iguania and 

remaining Lacertilia (Middle 

Jurassic); 

Log-normal, Mean=3.0; 

SD=0.7  

Li et al. (2007) 

 Taxon: Agama gallie 

Node: Last common 

ancestor of all extant 

agaminae agamids 

At least 28.4 Ma (mid-

Oligocene), but not before the 

split between agamid-

chamaeleonid Log-normal, 

Mean=3.45; SD=0.5 

Moody (1980); 

Estes (1983)  

 Taxon: Uromastyx 

europaeus 

Node: Last common 

ancestor of extant 

Uromastyx species 

At least 28.4 Ma (mid- 

Oligocene), but not before the 

split between agamid-

chamaeleonid; Log-normal, 

Mean=3.45; SD=0.5 

Moody (1980); 

Estes (1983)  

 

Results 

 

Sequence variation and Sequence Alignment 

 

Ansonia ornata had 1478 bp (16S), 688 bp (CXCR4), 649 bp (Rag1), 315 bp (Rhodopsin) 

of unaligned sequences. For Ansonia the combined data set incorporating mitochondrial 
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and nuclear regions had an aligned length of 4544 bp. Of these the 16S rRNA 

(mitochondrial), CXCR4, RAG1, and Rhodopsin (nuclear regions) had lengths of 2645 bp, 

735 bp, 849 bp and 315 bp respectively. A total of 230 bp of ambiguously aligned sites were 

excluded during the analysis (all from the mitochondrial portion) resulting in 4314 bp. Of 

these, 2044 sites were constant, 2270 sites were variable and 1716 sites were parsimony 

informative. None of the protein coding nuclear regions had any ambiguously aligned 

sites. Because the data set was primarily compiled across various published studies and a 

few unpublished GenBank sequences a considerable amount of missing data was present. 

This amounted to 17.2% in mitochondrial and 4.19 %, 21.58 %, and 0 % in three nuclear 

regions (CXCR4, RAG1 and Rhodopsin respectively) of missing data and gaps (before 

exclusion of ambiguously aligned sites). Gaps other than those in ambiguously aligned 

(excluded) sites were treated as missing data.  

              For Draco the combined mitochondrial data set (ND1, ND2, COI and associated 

tRNAs) had a total length of 1842 bp. Of these, 196 bp were excluded from the analysis 

because of ambiguous alignment resulting in a final data set of 1646 bp. Of these 298 sites 

were constant, 1194 sites were variable and 1040 sites were parsimony informative. The 

excluded characters were primarily located in the tRNA regions and ND1 with no sites 

excluded from the ND2 and COI regions. Apart from the length variation causing 

unambiguous alignment mentioned above, I discovered a length difference in the sequence 

Draco dussumieiri. Compared to other Draco species and outgroups D. dussumieri has 

two separate insertions at the end of ND2. This length difference is constituted by three 

tandem occurrences of a 64 bp insert followed by a separate insertion of 142 bp, resulting 

in a total of 334 bp of insertions. In addition to the 196 bp of ambiguous alignment, these 

insertions were also excluded during the analysis. I suspect this insertion is related to the 

problem in sequencing this species mentioned by McGuire & Kiew (2001) because of 
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which they did not include D. dussumieiri in their analysis. Given that data for other 

Draco species came from the analysis by McGuire & Kiew (2001), who collected a slightly 

shorter length of DNA sequence compared to that available for the outgroups and what 

was collected for Draco dussumieri, the total percentage of missing data in the final 

aligned data set was 25.26 % (before exclusion of ambiguously aligned sites). Gaps other 

than those in ambiguously aligned (excluded) sites were treated as missing data. 

 

Phylogenetic inference 

 

Ansonia: Parsimony searches yielded two equally optimal trees of 10286 steps. These 

trees have identical ingroup topologies only differing in the relative positions of Pipa and 

pelobatid outgroups, which have no consequence to the hypotheses addressed in this study 

(see Figure 1). The genus Ansonia is polyphyletic in this tree with Ansonia ornata, the 

representative included from the Western Ghats, sister to Duttaphrynus melanostictus 

rather than remaining Ansonia species, but with less then 50% bootstrap support (BS). 

Furthermore, none of the nodes separating the A. ornata–D. melanostictus clade from 

Ansonia sensu stricto has a bootstrap value greater than 50%. The remaining Ansonia 

species from Southeast Asia emerged as a monophyletic group (BS 91%) with two 

prominent clades within it. These clades are composed of Ansonia malayana and A. 

hanitschi on one hand and A. longidigitata, A. leptopus, A. fuliginea, A. sp, and A. 

muelleri on the other. 

In the Bayesian Analysis for the combined Ansonia data set, GTR+I+G was chosen 

by both hLRT and AICc criteria as the best model (Posada & Crandall 1998). The final 

Bayesian tree was arrived at after combining post-burnin samples from four independent 

runs and is presented in Figure 2 (arithmetic mean -lnL = 47669.61; harmonic mean -lnL 
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= 47718.99). The genus Ansonia is again not supported as monophyletic because the 

position of A. ornata is inferred as unresolved within Afro-Asian bufonids along with 

many other higher level relationships within this group. Southeast Asian Ansonia species 

are inferred as a monophyletic group (Bayesian posterior probability 1.0). With respect to 

the possible polyphyly of the genus Ansonia, the results from parsimony and Bayesian 

analysis were essentially comparable – an unresolved or very weak association of Ansonia 

ornata among non-Ansonia bufonids. There was no strong support for a specific taxon as 

the sister group to Southeast Asian Ansonia. Some intergeneric relationships among 

bufonids differed among the two trees (e.g., placement of the genus Ingerophrynus; cf. 

Figure 1 & 2). 

  

Draco:  Parsimony analysis yielded a single optimal tree (8319 steps; Figure 3). Draco 

dussumieri, the representative species from the Western Ghats, is strongly supported as 

the sister taxon to all remaining Draco species from Southeast Asia (bootstrap 100% for 

Draco monophyly, bootstrap 94% for monophyly of other Draco spp.). A Japalura–

Oriotiaris clade is sister to Draco (bootstrap 50%). In the 50% majority consensus from 

bootstrap analysis (not shown) a Japalura–Oriotiaris–Ptyctolaemus clade is sister to 

Draco (bootstrap 50%). 

In Bayesian Analysis for the combined Draco data set, GTR+I+G was chosen by 

both hLRT and AICc criteria as the best model (Posada & Crandall 1998). The 50% 

majority consensus tree from combining post-burnin samples of four independent runs 

yielded Draco dussumieiri strongly supported (BPP 1.0) as the sister taxon to all 

remaining Draco species (Figure 4; arithmetic mean -lnL = 33890.94; harmonic mean -

lnL = 33938.62). The Japalura–Oriotiaris clade is sister to Draco (BPP 0.91). Overall the 
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results from both analyses were very similar with poorly supported nodes in the parsimony 

analysis inferred as unresolved in Bayesian analyses. 

 

Divergence time estimates 

 

Ansonia: For divergence time estimation of Ansonia, the genus Ansonia was constrained 

to be monophyletic based on putative larval morphological characters, as the relationships 

of Ansonia ornata either with remaining Ansonia or with any other bufonid taxa were not 

strongly supported. The combined results from two BEAST runs based on 119972 sampled 

trees suggest an estimated age of 36.69 Ma for crown Ansonia. The age of the clade 

composed of the remaining Ansonia species from Southeast Asia was estimated to be 

29.67 Ma. Ansonia ornata was inferred as sister to the remaining Ansonia species in the 

tree when the genus was constrained to be monophyletic, and the genus appeared sister to 

the Pedostibes-Phrynoides clade (Figure 5). The two major clades within Southeast Asian 

species diversified at 29.67 Ma and 21.57 Ma. The age of crown Bufonidae was estimated to 

be 78.36 Ma (stem 91.44 Ma) and Afro-Asian bufonids inferred as monophyletic using 

time-calibrated analysis (i.e., BEAST), also inferred in the primary phylogenetic analysis 

(i.e., MrBayes) with an estimated age of 43.01 Ma (stem 47.68 Ma). The Afro-Asian 

bufonids include all genera in the analysis except for those from the New World genera 

(i.e., Melanophryniscus, Atelopus, Dendrophryniscus, Nannophryne, and Rhaebo), which 

diverged early within the family (Frost et al., 2006; Frost 2009).  

Draco: The divergence time analysis of the Draco data set from two independent 

runs in BEAST summarized over 99975 trees is presented in Figure 6. The age estimate for 

crown Draco was 61.33 Ma (stem = 88.09 Ma). The estimated age of the crown clade of all 

the Southeast Asian Draco species (excluding D. dussumieri) is 57 Ma. The two major 
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clades within the Southeast Asian species diversified contemporaneously at 49.8 Ma and 

48.54 Ma. The draconines have an estimated divergence date of 139.33 Ma (crown 121.14 

Ma) from its sister taxon agamine agamids (Macey et al., 2000). Agamidae was estimated 

to have diverged from other acrodont squamates (i.e., chamaeleonids) at an age of 185.15 

Ma. 

 

Discussion 

 

Phylogenetic Analysis  

 

Ansonia: Monophyly: Monophyly of the genus Ansonia was not supported by either 

parsimony analysis or Bayesian analysis (see Figure 1 and 2). However, this lack of 

monophyly in itself was not well supported. Southeast Asian Ansonia species, however, 

consistently appeared monophyletic in all the analyses. Given the poor support for the 

polyphyletic position of Ansonia ornata with respect to the remaining Ansonia, their sister 

taxa relationship could not be inferred nor their monophyly supported or rejected with any 

degree of confidence. Thus Ansonia could be monophyletic, paraphyletic or polyphyletic. 

Though a thorough morphological study comparing peninsular Indian Ansonia with 

Southeast Asian Ansonia has not been attempted previously (but see Inger 1960; Wood et 

al., 2008), I tentatively treat Ansonia as monophyletic based on information from the 

available literature (Günther 1876; Tihen 1960; Inger 1954, 1960, 1966, 1992; Graybeal & 

Cannatella 1995; Matsui et al. 2005; Wood et al., 2008) and base all of the present 

discussion on this hypothesis. This decision to consider Ansonia monophyletic was based 

on a compilation of diagnostic characters from the literature to distinguish it from other 

Asian bufonid genera. These characters highlight the distinctness of Ansonia compared to 
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other Asian bufonids, but most of these characters except those related to the larval forms 

cannot be conclusively inferred to be apomorphic outside a phylogenetic framework, 

because of the lability of those traits within bufonids in general. Thus, Ansonia is only 

tentatively considered mononphyletic here. Furthermore, a well-supported phylogeny 

including all of the genera discussed here is currently unavailable (Graybeal & Cannatella 

1995). In the absence of a robust phylogeny, identification of plesiomorphic and 

apomorphic characters states is particularly difficult given the general conservative 

morphology of bufonids, but the repeated evolution of a suite of traits associated with Bufo 

and non-Bufo like forms has evolved on almost all the continents where the family occurs 

(Graybeal 1997). Only detailed morphological data across comprehensively sampled 

genera and species for the family could resolve this problem, but collection of those data is 

beyond the scope of the present study. 

                 Many of these traits especially detailed larval and anatomical ones have not been 

examined in peninsular Indian Ansonia (Ansonia ornata and A. rubigina). One of the 

reasons for this is the apparent rarity of the peninsular Indian Ansonia species in the wild 

and museum collections. My discovery and analysis of Ansonia ornata is one of the few 

published encounters of this species (Biju 2001; Ranjit Daniels 2005) since its original 

description by Günther in 1876. However, a recent compilation of external morphology for 

all twenty seven Ansonia species (Wood et al., 2008), field sighting of stream living 

tadpoles of Ansonia sp. in the Western Ghats (Ranjit Daniels 2005) and presence of 

unpigmented eggs and small clutch size (pers. obs.) suggest that derived larval traits 

associated with stream living traditionally used to diagnose this genus (Inger 1960) is 

probably present in peninsular Indian Ansonia also. All these indicate that a well 

supported monophyletic Ansonia is possible in future analyses. Nonetheless, if peninsular 

Indian Ansonia (ornata and rubigina) turn out to be distinct from Southeast Asian 
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species, the peninsular Indian species would require a new generic name. Such a pattern of 

convergence would not be surprising as it has been documented in other amphibians and 

reptiles from the Western Ghats (Ghatixalus; Biju et al., 2008; Lankanectes; Delorme et 

al., 2004; Dubois & Ohler 2001; Cophotis; Moody 1980; Manthey & Denzer 2000; as well 

as in mammals (Karanth 2003; Karanth et al., 2008); freshwater fishes (Ranjit Daniels 

2001). 

Taxonomically, I tentatively retain Ansonia as monophyletic given the weak signal 

for intergeneric relationships of Afro-Asian bufonids in this data set in general that not 

only fails to support a monophyletic Ansonia, but is also unable to provide a strongly 

supported alternative hypothesis of relationships. This is probably due to the 16S data, 

which provided most of the informative characters at the level of interspecific relationships 

(e.g., between Southeast Asian Ansonia species and other recently diverged genera), but 

seem to provide poor signal at the moderately deeper nodes (between Ansonia ornata and 

rest of the Ansonia species or intergeneric relationships of bufonids) not adequately 

supported by nuclear genes. Future studies should resolve this by collecting data from 

additional molecular markers and increased species level sampling within each of these 

genera. 

 

Ansonia: Phylogeny: Beside the inconclusive relationships of A. ornata to the 

remaning of Ansonia species, the results of phylogenetic analyses indicate that the 

Southeast Asian species form two clades: Group 1, composed of A. hanitschi, and A. 

malayana, extends from mainland Southeast Asia to the Greater Sunda Islands, and 

Group 2, composed of A. longidigitata, A. leptopus, A. fuliginea, A. sp., and A. muelleri, 

occurs from peninsular Malaysia to the Philippines. The two clades overlap across 

peninsular Malaysia, Sumatra and Borneo. There are no previously published hypotheses 
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of phylogenetic relationships within the genus, and this could serve as a preliminary 

hypothesis in future phylogenetic studies that include remaining Ansonia species. The very 

weak association of Ansonia ornata with Duttaphrynus melanostictus in the parsimony 

tree needs to be explored in the future. 

 

Ansonia: Times of divergence and biogeography: Ansonia ornata is estimated to 

have diverged from other Ansonia spp. around 37 Ma, with the remaining Southeast Asian 

Ansonia diversifying around 29.5 Ma onwards. Overall, the dates for comparable nodes 

are slightly younger than those estimated by Pramuk et al. (2007). For example Pramuk et 

al. (2007) estimated the age of the family Bufonidae to be around 88 Ma compared to the 

age estimate of 78 Ma in the present study. Both data sets share a large number of bufonid 

taxa (see Appendix 1) and use similar fossil calibrations. However, Pramuk et al. (2007) 

used an alternative parametric distribution for their calibration priors (normal rather than 

log-normal) and included three much older calibration points of non-anuran vertebrate 

fossils aged between 310 Ma and 420 Ma, which might have contributed to their older 

estimates. 

With respect to the biogeography of Ansonia, an estimated crown of 37 Ma 

suggests divergence occurred when the Indian plate was already very close to the Eurasian 

plate, after making its initial contact with western Sumatra around 55 Ma (Ali & Aitchison, 

2008). The main collision between the Indian and the Eurasian plates occurred around 

~35 Ma (Ali & Aitchison 2008). Thus though an “Out of India” scenario is consistent with 

the age estimate, the direction of exchange cannot be conclusively ascertained. Given the 

poor support of intergeneric relationships in this data set (Figure 1 and 2), I refrain from 

making definitive conclusions about the sister taxon relationship and biogeographic origin 

of Ansonia and the direction of dispersal between south India and Southeast Asia. A 
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rigorous biogeographical test of the ancestral area of distribution for Ansonia would 

include ancestral state reconstructions (e.g., DIVA; Ronquist 1997), but necessitates a well 

supported fully dichotomous phylogeny. Nevertheless, certain patterns are obvious, which 

would set the stage for future inference. For example, Ansonia is nested well within the 

Afro-Asian bufonids, a phylogenetic position unlikely to be refuted with more data (Frost 

et al., 2006; Pramuk et al., 2007). Pramuk et al. (2007) suggested a Late Cretaceous (88.2 

Ma) South America origin of bufonids followed by dispersal and diversification into the 

Old World with subsequent colonization back into the New World (~43 Ma) that 

ultimately reached South America one more time (their Rhinella clade; not included in this 

analysis). The family originated in South America after the latter had separated from 

Africa (~105 Ma) and Pramuk et al. (2007), suggested that  ancestral bufonids reached the 

Old World (i.e., Eurasia) via middle and North America (probably through Beringia, see 

their Figure 3). With more Asian and African bufonids sampled in the current analysis, 

this pattern is persistent (see Figure 5; early diverging bufonids are from South American 

and the Afro-Asian clade is deeply nested). Future studies need to concentrate on the 

origin of the Afro-Asian clade and narrowing the details of the dispersal of its ancestors, 

whether it was through North America, Europe, Africa or India or a combination of those 

areas. It remains to be seen what a robust phylogeny and thorough summary of existing 

tectonic, climatic and vegetational data (Morley 2000, 2003) would reveal.  

 

Monophyly and Phylogeny of Draco: Both parsimony and Bayesian analyses along 

with the Bayesian divergence time analysis inferred Draco dussumieri to be sister taxon of 

the remaining Draco species, all of which are from Southeast Asia with high support 

(bootstrap=100%; BPP=1.0; Figure 3 & 4). Between parsimony and Bayesian analysis 

there were only minor differences, which were poorly supported or unresolved respectively 
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(e.g., cf. Figure 3 & 4 for D. mindanensis-maximus and D. bimaculatus). Other than the 

addition of Draco dussumieri from the Western Ghats, this analysis also included two 

exemplars of D. blanfordii (one each from Macey et al. 2000 and McGuire & Kiew 2001). 

The sample of D. blanfordii from Vietnam obtained from Macey et al. (2000) is more 

closely related to D. indochinesis than to D. blanfordii (from McGuire & Kiew 2001) from 

the Thai-Malay border, probably suggestive of a new species or an error in specimen 

identification or sequencing and needs attention. Overall the results from all the current 

analyses are largely consistent with each other as well as with those of McGuire & Kiew 

(2001). 

 

Draco: Times of divergence and biogeography: The oldest acrodont used as a 

minimum age constraint is actually from the Indian plate from the Middle Jurassic 

suggesting that some of the early lineages were distributed in India prior to its collision 

with Eurasia. This fossil Bharatagama rebbanensis has been doubted as a true acrodont 

iguanian (K. de Queiroz pers. com; J. M. Clark pers. com.), but exclusion of this calibration 

point reduced the (crown) age of Agamidae by only 8 Ma (from 185.15 to 177.61 Ma) with 

reduced effect at the level of the Draco stem (88.1 Ma reduced to 86.29 Ma) and the 

divergence of the D. dussumieiri lineage (increased from 61.33 to 62.15 Ma). This suggests 

a relatively robust estimate of divergence time, particularly for the more recent nodes, and 

obviates any circularity (de Queiroz 2000) of using this fossil to infer presence of early 

acrodonts on the Indian plate.  

Draco dussumieiri was estimated to have diverged from other Draco spp. at 61.33 

Ma (Figure 6) and the basal divergence within the remaining Southeast Asian Draco 

species was estimated at 57 Ma. This possible exchange between India and Southeast Asia 

is consistent with the current understanding of the plate tectonic data, as the Indian plate 
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made its first contact with western Sumatra around 57 Ma before colliding with the 

Eurasian plate at 35 Ma (Ali & Aitchison 2008). The estimated age of the stem leading to 

all Draco species is 88 Ma old. This makes it plausible that the ancestral Draco was 

distributed on the Indian plate. Draco dussumieiri is the only known species of Draco 

distributed in the Western Ghats in India and this does not automatically render the 

Indian plate as the ancestral area for the origin of the genus. If successive branches basal 

to Draco were distributed in India a stronger case could have been made for the Indian 

origin of Draco given the history of the Indian plate and age of the group. Hence, evidence 

from the age and history of the Indian plate and the inferred phylogeny is consistent with, 

but equivocal concerning, an “Out of India” scenario for Draco. For insights one needs to 

look outward from Draco within the remaining draconines and agamids. A DIVA analysis 

was attempted for an ancestral area reconstruction with a condensed tree topology of the 

basal draconines, but it did not yield any unequivocal region (results not presented). 

The sister taxon of Draco is composed of Japalura–Oriotiaris–Ptyctolaemus and 

Mantheyus is the next most closely related taxon (Schulte et al., 2004; Zug et al., 2006). 

The distributions and estimated dates for divergence for these genera are as follows 

Mantheyus: Thailand; stem 121.14 Ma; Ptyctolaemus: Myanmar and Northeast India; 

crown 50.94 Ma; Japalura: Himalayas, Tibet, Myanmar, Indochina; Mainland China-

Japan; and Oriotiaris: Himalayas, Tibet; 49.7 Ma (crown for both genera). Except 

Mantheyus all the genera have a south Asian, i.e., Indian plate component (e.g., 

Himalayas) along with distributions elsewhere in Asia (e.g., Myanmar). The stem ages of 

the genera are older than Indian plate’s collision (75.92 Ma) with Eurasia (35 Ma; Ali & 

Aitchison 2008). Thus it seems that there is a possibility that early draconines are of 

Eurasian origin. But this probably could be best described as equivocal as the majority of 

the Himalayan distributions are on the south Asian side rather than the northern side of 
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the Himalayas as would be expected if the ancestral taxa where already present in Eurasia 

before collision of the Indian plate. The unsuitable habitat north of Himalayas is probably 

a reason for relatively moist habitat members of draconine agamids to not have colonized 

those regions subsequent to uplift of the Himalayas. This distribution is more consistent 

with an “Out of India” scenario. Japalura is polyphyletic, being composed of at least three 

clades, of which the Japalura sensu stricto (type: variegata) and Oriotiaris (type: 

tricarinata) group, sister taxa of Draco, are primarily Himalayan in distribution with only 

a few species making it to Southeast Asia or Tibet (Macey et al., 2000; Schleich & Kastle 

2002; Zug et al., 2006; Uetz & Hallerman 2009). The third clade represented by Japalura 

spendida and J. flaviceps (Macey et al., 2000; Zug et al., 2006) occurs primarily in 

mainland China and is deeply nested within draconines. This corroborates the pattern that 

early draconines have a strong Himalayan and south Asian component, derivatives of the 

Indian plate, and weighs against Eurasian origin of the group (Macey et al., 2000).  

 

India-Eurasia collision, faunal exchange and diversification in the Western 

Ghats: Beyond the “Out of India” and “Into India” hypotheses 

 

Before undertaking this analysis, low species-richness in Ansonia (two) and Draco (one) in 

the Western Ghats contrasting high richness (Ansonia, 26 spp., Draco, 40 spp.) in 

Southeast Asia suggested similar biogeographical histories. Phylogenetic, including 

divergence time, analyses indicated that there are differences in the history of these two 

genera in ages and possible biogeographic origins. The two genera also vary in their 

relative vagility with Draco a gliding lizard and Ansonia a stream living toad, traits that 

might partly explain their comparative distribution within the Western Ghats and 

Southeast Asia (Ansonia more restricted than Draco). Thus the apparent similarity in the 
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distributions of these two genera is likely underpinned by different histories. It is 

conceivable that the consequences of the India-Eurasia collision on the herpetofauna of 

the Indian plate as a whole were complex, and given the likely difference in biogeographic 

histories of Ansonia and Draco, future studies of other co-distributed clades are may again 

reveal different histories underlying apparently similar distribution patterns. 

Phylogenetic studies in the region are increasing and I stress that because the 

complexity of the region’s history it is necessary to identify multiple patterns across time 

and geography. In addition, factors associated with regional diversification (relative 

species-richness and extent of distribution) when incorporated would allow a fuller 

understanding of the history rather than restricting considerations to oversimplified 

dichotomous scenarios of “Into” and “Out of India” hypotheses.”  
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Figure 1. Single most parsimonious tree from parsimony analysis for Ansonia and other 

bufonid genera and outgroups [TL = 10286 steps; Consistency index (CI) = 0.3638/0.3207 

(without uninformative characters); Homoplasy index (HI) = 0.6362/0.6793 (without 

uninformative characters); Retention index (RI) = 0.3782]. Numbers above nodes are 

non-parametric bootstrap values, only values greater than 50% are shown. 
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Figure 2. Majority consensus tree for the Bayesian analysis of Ansonia and other bufonid 

genera. Numbers above the nodes are Bayesian posterior probabilities. 
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Figure 3. Single most parsimonious tree for Draco and other agamid genera [TL = 8319 

steps; Consistency index (CI) = 0.3187/0.3028 (excluding uninformative characters); 

Homoplasy index (HI) = 0.6813/ 0.6972 excluding uninformative characters; Retention 

index (RI) = 0.4711]. Numbers above nodes are non-parametric bootstrap values, only 

values greater than 50% are shown. 
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Figure 4. Majority consensus tree for the Bayesian analysis for Draco and other agamid 

genera and outgroups. Numbers above the nodes are Bayesian posterior probabilities. 
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Figure  5. Chronogram for Ansonia and other bufonid genera and outgroups from dating 

analysis using BEAST. Numbers above and bars at each node represent the mean ages and 

95% HPD (Highest Posterior Density) intervals. Broad tectonic, climatic and vegetational 

events associated with the Indian plate are as follows: Indian plate split with Madagascar 

and Seychelles at 88 Ma and 65 Ma, touched Western Sumatra at 57 Ma and continued to 

move north scraping Myanmar; collided with Eurasia at 35 Ma; Tropical climate from Late 

Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 Ma; fragmentation ensues 

and continues till present, except a Mid-Miocene expansion between 16-10 Ma; Indian 

monsoon with seasonal climate and deciduous vegetation establishes in the Miocene 

(Morley 2000, 2003). 
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Figure 6. Chronogram for Draco and other draconine agamid genera and outgroups from 

dating analysis using BEAST. Numbers above and bars at each node represent the mean 

ages and 95% HPD (Highest Posterior Density) intervals. Broad tectonic, climatic and 

vegetational events associated with the Indian plate are as follows: Indian plate split with 

Madagascar and Seychelles at 88 Ma and 65 Ma, touched Western Sumatra at 57 Ma and 

continued to move north scraping Myanmar; collided with Eurasia at 35 Ma; Tropical 

climate from Late Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 Ma; 

fragmentation ensues and continues till present, except a Mid-Miocene expansion between 

16-10 Ma; Indian monsoon with seasonal climate and deciduous vegetation establishes in 

the Miocene (Morley 2000, 2003). 
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C h a p t e r  3   

 Phylogeny of South Indian Cnemaspis geckos (Reptilia, Gekkonidae) with 

comments on diversification of species-rich genera in the Western Ghats  

 

Abstract 

The Western Ghats in southwestern India epitomizes biodiversity in south Asia. Though 

the uniqueness of the region is well known, several new species of amphibians and reptiles 

have been described in recent years. This suggests the region harbors both species-poor as 

well as species-rich genera. I infer a phylogeny and dates of divergences for one species-

rich genus of gekkonid gecko, Cnemaspis from peninsular India. Peninsular Indian 

Cnemaspis are strongly supported to be monophyletic, with a deep basal dichotomy. 

Southeast Asian members of the genus are, however, not sister to the south Indian 

Cnemaspis and hence render the genus polyphyletic – a pattern that needs further 

investigation, as only two species from Southeast Asia were available for inclusion in this 

analysis. I also estimate dates of divergence for a near-comprehensive published 

phylogeny of Philautus (rhacophorid frogs) and a collated phylogeny of Uropeltidae 

(shieldtail snakes), two other species-rich taxa from the region, and compare them with 

the dating analysis of Cnemaspis. Estimated dates of divergence suggest that all three taxa 

(Cnemaspis, Philautus and Uropeltidae) are old and diverged before the K-T boundary. 

These taxa have been steadily accumulating lineages since their origin with most of the 

diversification occurring between the Eocene and Miocene. Sampling differences between 

the data sets and poor knowledge of species distributions make it difficult to identify 

patterns of diversification with great confidence, but I summarize both temporal and 

spatial patterns that deserve attention in future studies.    
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Keywords – biogeography, Brachyophidium, continental drift, Melanophidium, 

molecular dating, Philautus, South Asia, Uropeltis 

 

Introduction 

 

The Western Ghats, located on the south-western margin of peninsular India (~1600 km 

in length and <200 km in width) boasts some of the most distinctive species of plants and 

animals in South Asia (Mittermeier et al., 2004). The region is particularly high in 

diversity and endemicity, especially with respect to its amphibian and reptile species. Due 

to its precarious conservation status (only 6.8% of the original forest remaining; Menon & 

Bawa 1997), the Western Ghats is considered one of 34 global biodiversity hotspots (a 

categorization based on both high diversity and conservation urgency; Mittermeier et al., 

2004). Although the uniqueness of its fauna has been previously documented, the overall 

fauna has been largely considered a relict biota in the biogeographic literature (e.g., Mani 

1974). When the herpetofaunal diversity in the Western Ghats (along with the rest of 

peninsular India) is categorized in terms of number of species per genus, a wide range is 

observed. Thus, there are 45 genera with one species, 38 genera with two to four species, 

15 genera with five to nine species, six genera with 10-15 species, and four genera with 17, 

22, 24, and 29 species respectively. This apparently fits the “relict” description with many 

genera having one or two species; it also suggests that several genera have too many 

species to be considered species-poor relict genera. This non-“relict” aspect of the Western 

Ghats is becoming more apparent in recent years with an increasing number of 

descriptions of new taxa (Biju & Bossuyt 2009; Frost 2009; Uetz & Hallermann 2009), 

including the discovery of a large assemblage of tree frogs (Biju 2001; Bossuyt & Dubois 
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2001). Hence, though the region continues to have a large share of species-poor genera, 

with description of new species the relative contribution to the region’s diversity by 

moderately-to-highly species-rich genera is dramatically changing. 

From the viewpoint of understanding how diversification has occurred such a 

gradient of species-poor to species-rich genera within a single region could be very 

instructive. Different co-distributed genera or well supported clades can be compared to 

understand what historical, abiotic and organismal factors may have been associated with 

diversification in some clades, yet not in others. For such a comparative understanding to 

emerge, phylogenies with estimates of divergence dates are required. It is critical to collate 

genera or well supported clades with contemporaneous histories (Donoghue & Moore 

2003) that could reveal associated events leading to diversification (or lack there-of). 

Increasingly more species from the Western Ghats’ herpetofauna are being included in 

phylogenetic analyses (Bossuyt & Milankovitch 2000, 2001; Gower et al., 2002; Biju & 

Bossuyt 2003; Bossuyt et al., 2004; Bossuyt et al., 2006; Biju et al., 2008; Biju & Bossuyt 

2009), some of which also include molecular dating estimates (Van Bocxlaer et al., 2006; 

Roelants et al., 2007). However, phylogenies for genera with many endemic species within 

the region are still uncommon (Kurabayashi et al., 2005; Biju & Bossuyt 2009). Four 

genera, Philautus (29 species), Cnemaspis (24 species), Uropeltis (22 species), and 

Fejervarya (17 species) (Smith 1935; Rajendran 1985; Whitaker & Captain 2004; 

Manamendra-Arachchi et al., 2007; Frost 2009; Uetz & Hallermann 2009) occupy the 

diverse end of the species/genus spectrum in the region. All of these genera likely include 

unrecognized species, which would only become apparent through future new species 

descriptions (Biju 2001; Bossuyt et al., 2004; Kuramoto et al., 2007; pers. obs.). Of these, 

the only phylogeny that has been published is for the currently recognized species of 

Philautus from the Western Ghats (Biju & Bossuyt 2009). Smaller samples of species from 
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the Western Ghats are available for uropeltid snakes (Cadle et al., 1991; Bossuyt et al., 

2004) and Fejervarya (Kurabayashi et al., 2005; Wiens et al., 2009). A phylogenetic 

analysis of Cnemaspis species from the neighboring region of Sri Lanka has been 

published (Bauer et al., 2007) and the genus has been used as an outgroup for phylogeny 

of other geckos (Kluge 1995; Kluge & Nussbaum 1995; Gamble et al., 2007; 2008a). No 

phylogenetic studies have, however, included any of the Cnemaspis species from 

peninsular India. Thus availability of even a preliminary phylogeny for Cnemaspis could 

highlight broad patterns of diversification when compared with other species-rich taxa 

from the region. This could yield specific hypotheses amenable for future testing and 

ultimately contribute to understanding diversification within the Western Ghats. 

To this end, I address the following objectives: 1) to provide a preliminary 

phylogeny of Cnemaspis species from the Western Ghats and peninsular India. 2) to 

estimate dates of divergence for this taxon, and 3) to estimate dates of divergence for the 

recently published phylogeny of the frog genus Philautus (Biju & Bossuyt 2009) and a 

collated supermatrix of uropeltid snakes (Bossuyt et al., 2004; Gower et al., 2005). Lastly, 

I provide a preliminary discussion of the diversification in the genus Cnemaspis and 

compare it with calibrated phylogenies of Philautus and uropeltid snakes for plausible 

common and unique patterns. 

 

Materials and methods 

 

Taxon and character sampling: 

 

Cnemaspis Strauch 1887, as currently recognized, is disjunctly distributed in Africa, south 

Asia, and Southeast Asia (Kluge 2001; Das & Leong 2004; Das 2005; Mukherjee et al., 



 

 68 

2005; Bauer et al., 2007; Biswas 2007; Manamendra-Arachchi et al., 2007; Grismer et al., 

2009; Uetz & Hallermann 2009). Asian members occur in South and Southeast Asian with 

two disjunctions – one between peninsular India and northeast India, and the other 

between northeast India and peninsular Myanmar and Thailand (Smith 1935; Taylor 1963; 

Bauer & Das 1998; Das & Sengupta 2000; Manamendra-Arachchi et al., 2007). New 

species of Cnemaspis are being described at a very high rate: ~85 species were recognized 

by the end of 2008, of which 43 were described in the last 10 years! Though the validity of 

the genus has remained unquestioned, following its resurrection from synonymy under 

Gonatodes Fitzinger 1843 by Smith (1933), the monophyly of the genus (including Asian 

and African forms) remains untested. No hypotheses of intrageneric relationships exist for 

Cnemaspis, except for a recent phylogeny for a small subset of Sri Lankan species (Bauer 

et al., 2007). Personal observation suggests two possible groups of species within south 

Asian Cnemaspis, the reality of which will also be tested though this analysis. Though a 

comprehensive phylogeny for the genus must await a thorough sampling and description 

of many currently undescribed species, even a preliminary phylogeny is a step forward.  

I sequenced mitochondrial DNA sequence (ND2 and associated tRNAs) and 

nuclear (RAG2, cmos, Phosducin) regions for 13 of the 22 recognized species of Cnemaspis 

and four undescribed species from the Western Ghats and peninsular India. I combined 

these sequences with those from three non-Indian species of Cnemaspis (C. kendalii and 

C. limi from Southeast Asia and C. tropidogaster from Sri Lanka), 12 other species of 

gekkotans, Dibamus and Sphenodon based on published literature (Townsend et al., 

2004; Feng et al., 2007; Gamble et al., 2007; 2008a) and from GenBank. The Cnemaspis 

species available from outside India had no sequences from the mitochondrial region and 

only a few from nuclear regions (only cmos for C. tropidogaster and C. kendalii and RAG2, 

cmos, and Phosducin for C. limi). Based on earlier studies of higher level relationships 
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among gekkotans (Han et al., 2004; Gamble et al., 2007; 2008a), three other gekkonids 

(Gekko gecko, Hemidactylus frenatus, Phelsuma madagascariensis) were included to 

assess if certain Cnemaspis species phylogenetically group closer to these genera than to 

their congeners. For a few of the included gekkotan taxa, different species from the same 

genus were combined to reduce the amount of missing data. For taxa included in the 

analysis (including composite taxa) and their GenBank numbers refer to Appendix 2.  

 

Molecular dating of published data sets: The Philautus data set was published 

recently by Biju & Bossuyt (2009), which sampled nearly all the recognized species in the 

genus from the Western Ghats (see their study for further details). For Uropeltidae I 

assembled the data set from Bossuyt et al. (2004) and Gower et al. (2005). For both of 

these groups, I added increasingly distant outgroups (10 species for Philautus and 12 

species for uropeltids). Outgroups in all the cases (Cnemaspis, Philautus and Uropeltidae) 

were chosen to facilitate appropriate fossil calibrations and also reduce the possibility of 

long branches, while keeping the size of data sets manageable for computational purposes. 

For details of the taxa and their GenBank numbers, refer to Appendix 2. 

 

DNA extraction and sequencing  

 

Genomic DNA was extracted from liver tissue of Cnemaspis individuals preserved in 99% 

absolute alcohol using Qiagen DNeasy kits. Genomic DNA was amplified with (PTC-

200TM) Peltier Thermal Cycler (MJResearch) and Eppendorf machines under the 

following PCR conditions: denaturation at 94OC for 35s, annealing at 45O-55OC for 35s, 

and extension at 72OC for 150s for 30-35 cycles. Negative controls were run on all 

amplifications to check for contamination. The resultant PCR product was cleaned with 



 

 70 

DNA QIAquick and sequenced by commercial biotechnology companies. I obtained 

mtochondrial nucleotide sequences from two protein coding genes (complete ND2 and 

partial COI), six transfer RNAs (partial tRNAMet and complete tRNATrp, tRNAAla, tRNAAsn, 

tRNACys and tRNATyr). I also sequenced three nuclear genes (RAG2, cmos, Phosducin). 

Primers used for DNA amplification and sequencing are listed in Table 1. 

 

Table 1. Primers used for amplification and sequencing of Cnemaspis DNA sequence in 

this study 

 

Genus Markers Primers Reference 

Cnemaspis ND2, 

tRNAs 

ND1b 5’-CGATTCCGATATGACCARCT-

3’ 

Kumazawa 

& Nishida 

(1993) 

  ND1f7  

5’-GCCCCATTTGACCTCACAGAAGG-3’ 

Macey et al. 

(1998) 

  Metf1 5’-AAGCAGTTGGGCCCATRCC-3’ Macey et al. 

(1997) 

  Metf6 5’-AAGCTTTCGGGCCCATACC-3’ Macey et al. 

(1997) 

  L4437b 5’-AAGCAGTTGGGCCCATACC-

3’ 

Macey et al. 

(1997) 

  ND2f5  

5’-AACCAAACCCAACTACGAAAAAT-3’ 

Macey et al. 

(1997) 

  ND2f17 5’-TGACAAAAAATTGCNCC-3’ Macey et al. 
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(2000) 

  ND2f101  

5’-CAAACACAAACCCGRAAAAT-3’ 

Greenbaum 

et al. 

(2007) 

  ND2r103  

5’-GATTAGTCATCCCATGTCKGC-3’ 

This study 

  ND2r6  

5’-ATTTTTCGTAGTTGGGTTTGRTT-3’ 

Macey et al. 

(1997) 

  ND2r102b  

5’-CAGCCTAGGTGGGCGATTG-3’ 

Greenbaum 

et al. 

(2007) 

  Trpr3a 5’-TTTAGGGCTTTGAAGGC-3’ Greenbaum 

et al. 

(2007) 

  Asnr2 5’-TTGGGTGTTTAGCTGTTAA-3’ Macey et al. 

(1997) 

  Alar2  

5’-AAAATRTCTGRGTTGCATTCAG-3’ 

Macey et al. 

(2000) 

  COIr1  

5’-AGRGTGCCAATGTCTTTGTGRTT-3’ 

Macey et al. 

(1997) 

  COIr8  

5’-GCTATGTCTGGGGCTCCAATTAT-3’ 

Weisrock et 

al. (2001) 

 Cmos G73a  

5’-GCGGTAAAGCAGGTGAAGAAA-3’ 

Saint et al. 

(1998) 



 

 72 

  G74  

5’-TGAGCATCCAAAGTCTCCAATC-3’ 

Saint et al. 

(1998) 

  FUf  

5’-TTTGGTTCKGTCTACAAGGCTAC-3’ 

Gamble et 

al. (2007) 

  FUr  

5’-AGGGAACATCCAAAGTCTCCAAT-3’ 

Gamble et 

al. (2007) 

 RAG2 PYIF  

5’-CCCTGAGTTTGGATGCTGTACTT-3’ 

Gamble et 

al. (2007) 

  PYIR  

5’-AACTGCCTRTTGTCCCCTGGTAT-3’ 

Gamble et 

al. (2007) 

  EMI-F  

5’-TGGAACAGAGTGATYGACTGCAT-3’ 

Gamble et 

al. (2007) 

  EMI-R  

5’-ATTTCCCATATCAYTCCCAAACC-3’ 

Gamble et 

al. (2007) 

 Phosducin Phof2  

5’-AGATGAGCATGCAGGAGTATGA-3’ 

Bauer et al. 

(2007) 

  Phor1  

5’-TCCACATCCACAGCAAAAAACTCCT-

3’ 

Bauer et al. 

(2007) 

  

Sequence Alignment 

 

Preliminary alignments were obtained using ClustalX (v2.0; Larkin et al., 2007; default 

parameters: gap insertion cost = 15; gap extension cost = 6) for nuclear and MUSCLE 

(v3.7; Edgar 2004) for mitochondrial sequences. MUSCLE was used instead of ClustalX 
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for mitochondrial sequences because the former provided more accurate alignment as 

assessed by the secondary structures of the tRNA sequences. Protein coding regions were 

translated to amino acids using MacClade v4.08 (Maddison and Maddison 2003) to verify 

reading frame and functionality in terms of premature presence of stop codons, indicating 

insertion of nuclear DNA into mitochondrial DNA. For tRNAs this resulted in only 

approximate alignment as multiple alignments were not very accurate. Hence, compared 

to protein-coding sequences, which are easily aligned by multiple alignment software due 

to the constraints of a functional reading frame, tRNAs were subsequently adjusted in 

accordance with models of their secondary structures. Following automated alignment, 

mitochondrial tRNAs were aligned manually according to secondary structure models 

(Kumazawa and Nishida 1993; Macey & Verma 1997). Because the stems regions of tRNA 

are conserved through functional constraints of pairing with complemenary strands, this 

meant that the resultant alignment reflected the conserved pattern of tRNA secondary 

structure where 7, 4, 5, and 5 base pairs comprised the AA stem, the D stem, the AC stem, 

and the T stem, respectively. The length variations across taxa when present were due to 2, 

1, and 3-5 bases, and no nucleotide spacer at the junctions of the AA-D stems, the D-AC 

stems, the AC-T stems, and the T-AA stems, respectively (Kumazawa & Nishida 1993; 

Macey & Verma 1997). Sites that could not be aligned unambiguously were excluded from 

the phylogenetic analyses. The sequences for Cnemaspis species newly obtained for this 

study will be submitted to GenBank on publication.  

 

Phylogenetic analysis 
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Phylogenetic analyses were performed under parsimony and Bayesian approaches. In all 

instances the molecular evidence from mitochondrial and nuclear makers was 

concatenated and analyzed together.  

Parsimony analyses for the combined data set were conducted using PAUP* 

(v4.0b10; Swofford 2002) with all characters and all state transformations equally 

weighted using heuristic searches with 10,000 replicates of random stepwise addition and 

tree bisection and reconnection (TBR) branch swapping. Non-parametric bootstraping 

(Felsenstein 1985) was used to assess the support for individual nodes with 1000 bootstrap 

replicates and full heuristic searches using 100 replicates of random stepwise addition and 

TBR branch swapping.  

Bayesian analyses were performed using MrBayes (v3.1.2; Ronquist and 

Huelsenbeck 2003) after estimating an appropriate model of sequence evolution for the 

unpartitioned data using the AICc and hLRT comparisons of alternative models in 

ModelTest (v3.7; Posada & Crandall 1998; 2001). Preliminary shorter runs (of 1x106 

generations) indicated steady decrease in the average split frequency of standard deviation 

between the two parallel runs executed by default in MrBayes, but mixing of the cold and 

hot chains at the default settings was found to be poor. Since the relative difference 

between the temperatures of the cold and hot chains determines the mixing behavior, 

several shorter runs (of 1X106 generations) were executed at varying temperature values 

[t=0.2 (default option), 0.15, 0.10, 0.07, 0.05, 0.02]. The mixing behavior of the data set 

under different temperatures was compared. At t=0.02 the percentage of successful swaps 

between the chains tended to be 70% or more for most pairs of chains and at t- >0.10 it 

tended to be lower than 10% for several pairs of chains. Because the most efficient running 

of chains occurs when the swap values are between 10% and 70% (Ronquist et al., 2005), 

the interval between t=0.10 and t=0.02 was chosen to be a suitable window for deciding 
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the final temperature for longer analyses. The temperature of the final analysis was chosen 

to yield adequate mixing within the bounds mentioned above for all or most pairs of 

chains. Final analyses were run for 5x106 generations for Cnemaspis with t=0.05 and rest 

of the parameters at their default values. The lengths of the longer analyses were based on 

ESS (Effective Sample Size) values for shorter runs, as estimated in Tracer (v1.4.1; 

Rambaut & Drummond 2007), by approximately multiplying the generation times of 

shorter runs so that the ESS is ≥200. Parameter values were estimated from the data with 

default uniform parameter distributions for all parameters except branch lengths, which 

were unconstrained (no molecular clock) with exponential priors. Trees and parameter 

values were sampled every 100 generations and stationarity was assessed using a 

combination of factors in MrBayes and Tracer outputs. Runs were considered adequate 

when the following criteria were satisfied: average standard deviation of split frequency 

<0.01; PSRF (Potential Scale Reduction Factor) ~1.00 for all parameters in the output, -

lnL values reached asymptote when visualized in Tracer and >200 ESS (Ronquist et al., 

2005). The same data set was analyzed twice to assess convergence on similar topologies. 

These runs were assessed for convergence after discarding the first 25% of the samples as 

burn-in with the remaining topologies combined using LogCombiner (v1.4.8; Drummond 

& Rambaut 2007). Bayesian posterior probability values for each branch were then 

summarized on a 50% majority-rule consensus tree.  

 

Divergence time estimation  

 

Methods for estimating divergence time have made considerable progress in the recent 

years by incorporating realistic assumptions. Starting from the use of a strict molecular 

clock in the 1960s (Zuckerkandl & Pauling 1965; Felsenstein 2003), current methods allow 
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different rates of character change on individual branches (Sanderson 1997; Thorne & 

Kishino 1998; Sanderson 2002; Rutschmann 2006; Drummond & Rambaut 2007). I 

estimated divergence time for Cnemaspis, Philautus and Uropeltidae using BEAST (v1.4.8; 

Drummond et al., 2006; Drummond & Rambaut 2007), which provides several 

advantages over other methods currently in use. Most importantly, it allows more 

flexibility in incorporating the knowledge of uncertainty associated with calibration points 

(e.g., fossil, tectonic events) through use of various parametric distributions (e.g., log-

normal, exponential etc.) as priors.  

Shorter runs (of 1x106 generations) were executed initially to assess the behavior of 

the data set and decide on the length of the final run to meet robust estimates reflected by 

ESS (≥200; Drummond et al., 2007). Accordingly, unpartitioned Cnemaspis, Philautus 

and Uropeltidae data sets were run for 5x107, 2x107, and 3x107 generations in BEAST with 

a GTR+Gamma+Invariant sites model with empirical estimation of base frequencies and 

four Gamma categories.  

For Cnemaspis, Philautus and Uropeltidae inclusive clades not relevant for 

estimation of divergence time of focal taxa, but well supported from this and earlier 

analyses were constrained. For Cnemaspis these were Gekkota, Gekkonidae, 

Sphaerodactylus (Gamble et al., 2007; 2008a, 2008b). For Philautus these were 

Xenoanura, Bufonidae, Ranidae and Pelobatidae (Frost et al., 2006; Marjanovic & Laurin 

2007). Lastly for Uropeltidae those constrained clades were Acrodonta, Agamidae, and 

Serpentes (Macey et al., 2000; Townsend et al., 2004). Constraints were employed 

because the starting tree in BEAST is a random tree that may or may not satisfy all the 

constraints that have placed in the form of priors on tree topology and divergence times 

(Drummond et al., 2006). If the starting tree does not meet the constraints BEAST does 

not initiate the divergence analysis. This could be ensured by constrainting the nodes to 
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which calibration points are applied or by specifying a starting tree (e.g., from phylogenetic 

analysis) and the former approach was adopted in this analysis (see Pramuk et al., 2007). 

Four, six and four calibrations for internal nodes, respectively, for Cnemaspis, 

Philautus and Uropeltidae and one for the root height in each of those cases were used as 

minimum age estimates in the analyses for each taxon (Table 2). Fossil calibrations were 

either ones in which the fossil used is nested within the crown of the recent species as 

minimum age (e.g., Bufonidae, Sphaerodactylus). In other cases they were members of 

stem groups (e.g., Eodiscoglossus, Brachyrhinodon) and the minimum age of calibrations 

were employed at the divergence of the next most inclusive clade that included the stem 

and the crown members. The rate model chosen was log-normal to allow uncorrelated 

lineage-specific rate heterogeneity, and Yule process was the tree prior. For the log-normal 

distributions used for the calibration priors, three parameters (zero offset, log-normal 

mean, log-normal standard deviations) are required. The minimum age of the fossil 

constraints (sensu Gradstein et al., 2004) are logical zero offsets and and were so specified 

because fossils within a clade provide minimum estimate of its age. Means and standard 

deviations were chosen to characterize log-normal distributions of the calibration priors, 

so that the 95% highest posterior density (HPD) interval (the interval that contains 95% of 

the sampled values) did not exceed the occurrence of fossils at a more inclusive level of 

phylogenetic relationship (Ho 2007; see Table 2). For example, the 95% confidence 

intervals for the node representing the last common ancestor of all snakes are placed so 

not to include or predate the split between sphenodontids and squamates, the next deeper 

node in the phylogeny supported by fossil evidence (see Table 2).   

On completion of the analysis the results were examined using Tracer (v1.4.1; 

Rambaut & Drummond 2007) to assess adequate sampling of the posterior probability 

distribution in terms of ESS. Samples of trees with mean ages of all nodes and their HPD 
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ranges were summarized using TreeAnnotator (v1.4.8; Drummond & Rambaut 2007). For 

each data set, two independent runs were executed to assess convergence on similar 

estimates of divergence dates. After choosing a burn-in as the first 25% of the trees, these 

individual runs were combined in LogCombiner (v1.4.8; Drummond & Rambaut 2007) 

and the resultant summary tree was visualized and produced in FigTree (v1.2.2). 

 

Table 2. List of fossils used as calibration points and associated information employed in 

the molecular divergence analysis of Cnemaspis, Philautus and Uropeltidae. 

 

Study 

Taxon 

Fossil taxon and 

calibrated node 

Minimum age and 

BEAST 

implementation 

Reference 

 

Cnemaspis Taxon: Brachyrhinodon 

taylori 

Node: Root height 

depicting split between 

Sphenodontia and 

Squamata 

At least 216.5 Ma 

(Carnian, Late Triassic), 

but not before the earliest 

appearance of 

Lepidosauromorpha 

(Induan, Early Triassic) 

Log-normal Mean=1.9; 

SD=1.0 

Estes 

(1983); 

Benton 

(1993); 

Evans 

(2003) 

 

 Taxon: Hoburogecko 

Node: Earliest divergence 

within crown Gekkota 

At least 112 Ma (Aptian-

Albian of Lower 

Cretaceous), but not 

before the split between 

Alifanov 

(1989); 

Evans 

(2003) 



 

 79 

Squamata and 

Sphenodontia (Carnian, 

Late Triassic); 

Log-normal, Mean=3.0; 

SD=1.0 

 

 Taxon: Yantarogekko 

balticus 

Node: Earliest divergence 

within crown gekkonids 

At least 48.6 Ma (Lower 

Eocene) but not before the 

appearance of crown 

gekkotans (97-110 Ma 

Cenomanian-Albian, Mid-

Cretaceous) 

Log-normal, Mean=2.23; 

SD=1.0  

Bauer et al. 

(2005); 

Arnold & 

Poinar 

(2008)  

 Taxon: Sphaerodactylus 

dommeli Locality: 

Node: Last common 

ancestor of all 

Sphaerodactylus species 

included 

At least 23 Ma ( Lower 

Oligocene); but not before 

appearance of crown 

Gekkonidae  

Log-normal, Mean=2.3; 

SD=1.0 

Bohme 

(1984); 

Kluge 

(1995); 

Gamble et 

al. (2008b)  

Philautus Taxon: Eodiscoglossus 

oxoniensis 

Node: Root height 

depicting 

the split between 

At least 164.7 Ma 

(Bathonian, Middle 

Jurassic) but not before 

the split between 

Prosalirus bitis-Anura 

Evans et al. 

(1990); 

Rocek 

(1994) 
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Discoglossoidea and 

Pipanura 

(Pleinsbachian, Early 

Jurassic); Log-normal, 

Mean=2.0; SD=0.55; 

 Taxon: Rhadinosteus 

parvus 

Node: Last common 

ancestor of Pipoidea and 

remaining Xenoanura  

At least 150.8 Ma 

(Kimmeridgian, Late 

Jurassic), but not before 

the split between 

Prosalirus bitis-Anura 

(Middle Jurassic); Log-

normal, Mean=1.5; 

SD=1.0; 

Henrici 

(1998); 

Rocek 

(1994); 

Marjanovic 

& Laurin 

2007)  

 Taxon: Eopelobates 

Node: Last common 

ancetor of Pelobates and 

Pelodytes 

At least 70.6 Ma 

(Maastrictian-Campanian, 

Late Cretaceous), but not 

before the split between 

Discoglossoidea and 

Pipanura (Bathonian, 

Middle Jurassic); Log-

normal, Mean=2.85; 

SD=0.9; 

Rocek 

(1994) 

 Taxon: Baurubatrachus 

pricei 

Node: Last common 

ancestor of Ceratophrys 

At least 85.8 Ma 

(Coniacian, Late 

Cretaceous), but not 

before the split between 

Báez & Perí 

(1989); 

Rocek 

(1994); 
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and Leptodactylus Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=1.65; SD=1.0 

Marjanovic 

& Laurin 

(2007)  

 Taxon: Bufonidae 

Node: Last common 

ancestor of all extant 

bufonid genera 

At least 55.8 Ma 

(Thanetian, Paleocene), 

but not before the split 

between Neobatrachia-

Pelobatpoidea (Lower 

Cretaceous); Log-normal, 

Mean=3.21; SD=0.5 

Estes & 

Reig 

(1973); 

Báez & 

Gasparini 

(1979); 

Rage & 

Rocek 

(1994) 

 Taxon: Ranidae 

Node: Last common 

ancestor of Arthroleptis 

and Meristogenys 

At least 37.2 Ma 

(Bartonian, Eocene), but 

not before the split 

between Neobatrachia-

Pelobatoidea (Lower 

Cretaceous); 

Log-normal, Mean=2.67; 

SD=1.0 

Rage 

(1984); 

Rage & 

Rocek 

(1994); 

Marjanovic 

& Laurin 

(2007)  

Uropeltidae Taxon: Brachyrhinodon 

taylori 

Node: Root height 

At least 216.5 Ma 

(Carnian, Late Triassic), 

but not before earliest 

Estes 

(1983); 

Benton 
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depicting split between 

Squamata and 

Sphenodontia 

appearance of 

Lepidosauromorpha 

(Induan, Early Triassic)  

Log-normal, Mean=1.9; 

SD=1.0 

(1993); 

Evans 

(2003) 

 

 Taxon: Bharatagama 

rebbanensis 

Node: Last common 

ancestor of all extant 

acrodonts  

At least 161.2 Ma (Middle 

Jurassic), but not before 

the split between 

Squamata and 

Sphenodontia (Carnian, 

Triassic); 

Log-normal, Mean=3.25; 

SD=0.5 

Evans et al. 

(2002); 

Evans 

(2003) 

 Taxon: Xianglong zhaoi 

Node: Last common 

ancestor of all extant 

agamids 

At least Early Cretaceous 

99.6 Ma, but not before 

the split between Iguania 

and the rest of Lacertilia 

(Middle Jurassic); 

Log-normal, Mean=3.0; 

SD=0.7  

Li et al. 

(2007) 

 Taxon: Coniophis sp. 

Node: Last common 

ancestor of extant snakes  

At least 99.6 Ma, (Albian-

Cenomanian, Mid-

Cretaceous) but not before 

the split between 

Gardner & 

Cifelli 

(1999); 

Evans 
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Sphenodontida-Squamata 

at 216.5 Ma (Carnian, Late 

Triassic); Log-normal, 

Mean=3.2; SD=0.95 

(2003)  

 

 

Results 

 

Sequence variation and Sequence Alignment 

 

The combined Cnemaspis data set incorporating mitochondrial and nuclear regions after 

alignment had a length of 2948 bp. Of these ND2 and tRNAs (mitochondrial), cmos, 

RAG2, and Phosducin (nuclear regions) had alignment lengths of 1814 bp, 378 bp, 363 bp 

and 393 bp respectively. A total of 197 bp of ambiguously aligned sites were excluded 

during the analysis (all from the mitochondrial portion, both protein and tRNAs) resulting 

in the final combined data set of 2751 bp. Of these, 1058 sites were constant, 1693 sites 

were variable and 1300 sites were parsimony-informative. Because several taxa included 

as outgroups lacked mitochondrial regions a considerable amount of missing data was 

present. This amounted to 25.19% in the mitochondrial and 0.017 %, 0.005 %, and 0.005 

% in the three nuclear regions (cmos, RAG2, Phosducin) of missing data and gaps (before 

exclusion of ambiguously aligned sites). Gaps other than excluded ambiguously aligned 

sites were considered as missing data. 

 

Phylogenetic inference 
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The parsimony search yielded nine equally optimal trees of 6914 steps. The differences 

among the equally optimal trees involved a group of six taxa (C. sp.1; C. tropidogaster, C. 

cf. gracilis3-1, C. cf. gracilis3-2; C. lakhidi, and C. attapadi) whose inter-relationships 

were unresolved in the strict consensus (see Figure 1). The remainder of the tree was fully 

resolved (Figure 1). South Asian species of Cnemaspis formed a monophyletic group 

(bootstrap 100%), with a basal dichotomy resulting in two reciprocally monophyletic 

subgroups (bootstrap support 99% and 100%). Two of the Southeast Asian species of 

Cnemaspis included in the analysis did not emerge phylogenetically closer to their 

congeners from south Asia, but rather grouped with the gekkonids Hemidactylus frenatus 

suggesting polyphyly of Asian members of Cnemaspis. However, bootstrap support was 

low both for the grouping of these two Cnemaspis with H. frenatus (55%) and for the 

closer position of Gekko gekko and Phelsuma madagascariensis to south Asian 

Cnemaspis (less than 50%). 

                   For the unpartitioned Cnemaspis data set Modeltest (Posada & Crandall 1998) 

selected GTR+I+G and TIM+I+G as the best models according to hierarchical Likelihod 

Ratio Tests (hLRTs) and corrected Akaike Information Criterion (AICc) respectively. 

However, in the case of AICc, GTR+I+G was chosen as the third most suitable model after 

K81uf+I+G as the second, yet the difference in likelihood values between the most suitable 

(TIM+I+G) and GTR+I+G (third most suitable) was only three –lnL units (63693.3516 vs. 

63696.7383). I used GTR+I+R for analysis in MrBayes, because MrBayes does not 

implement the first two models chosen by AICc, the difference between the best model 

chosen by AICc and GTR+I+R was minimal and the software is not overly affected by more 

complex models in such cases (Ronquist et al., 2005). The final Bayesian tree after 

combining four independent runs (two independent parallel chains running in each of two 

separate analyses) is presented in Figure 2 (arithmetic mean -lnL = 31560.97; harmonic 
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mean -lnL = 31600.26). Cnemaspis is inferred to be polyphyletic in the Bayesian analysis 

with a primarily south Asia clade (Bayesian Posterior Probability 1.0) and one from 

Southeast Asia (BPP 0.99). The south Asian and Southeast Asian clades have Phelsuma 

madagascariensis and Hemidactylus frenatus as their sister taxa respectively. As with the 

parsimony results, the Bayesian result lacked resolution concerning the position of C. 

tropidogaster, with the majority consensus having it unresolved with (C. cf. gracilis3-1, C. 

cf. gracilis3-2) and (C. lakhidi, C. attapadi), while C. sp.1 is the sister to those two pairs. 

Most of the other nodes had high Bayesian posterior probability values (typically 1.00). 

With respect to polyphyly of Asian members of Cnemaspis, the results from parsimony 

and Bayesian analysis were identical. Other than this larger pattern the trees inferred 

under these two approaches were identical except the position of C. cf. yercaudensis, 

which grouped with C. cf. otai, C. mysoriensis, C. cf. jerdonii in the parsimony analysis 

(BS<50%) and with C. cf. gracilis and C. cf. beddomei in the Bayesian analysis (BPP 0.93). 

 

Divergence time estimates 

 

Cnemaspis: The divergence time analysis combined from two independent runs based on 

99996 trees (after discarding the first 25% as burnin) is presented in Figure 3. The 

estimated age of south Asian Cnemaspis is 73.44 Ma (stem = 89.89 Ma) with its 

reciprocally monophyletic subgroups having estimated ages of 59.25 Ma and 33.09 Ma. 

The Southeast Asian Cnemaspis has an inferred age estimate of 18.81 Ma (stem = 73.89 

Ma). Gekkonidae, Sphaerodactylidae and Gekkota were estimated to have ages (stem) of 

97.7 Ma, 86.21 Ma and 166.07 Ma. 

Philautus: Philautus is inferred to have an age of 66.62 Ma (stem = 84.26 Ma) 

based on 39998 trees (after discarding the first 25% as burn-in) (Figure 4). 
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Uropeltidae: Uropeltidae is estimated to have an age of 58.55 Ma (stem = 71.46 

Ma) based on 59888 trees (after discarding the 25% as burn-in) (Figure 5). The age of the 

Cylindrophis-Anomochilus clade, the sister to Uropeltidae, is estimated to be 54.92 Ma 

(stem = 71.46 Ma). Within Uropeltidae, Melanophidium and Brachyophidium, both 

endemic to the Western Ghats, are 58.55 Ma and 44.33 Ma. Uropeltis (excluding those 

species nested within Rhinophis) has an estimated age of 36.59 Ma (stem 50.06 Ma). 

Rhinophis (primarily a Sri Lankan taxon) has an estimated age of 30.35 Ma (stem = 44.33 

Ma). 

 

Discussion 

 

Phylogenetic Analysis  

 

Cnemaspis: Monophyly: Monophyly of Asian Cnemaspis remains unsupported in 

both analyses. Within peninsular Indian species, there are two deeply divergent groups. All 

species-level reference here are made to Cnemaspis, but the two reciprocally monophyletic 

south Asian Cnemaspis clades are referred to as dwarf-Cnemaspis and large-Cnemaspis 

containing 14 and three species respectively and the remaining two species (C. limi and C. 

kendalli) as members of Southeast Asian Cnemaspis. If the seemingly polyphyletic 

Cnemaspis were to be split into two or more genera, the Southeast Asian species would 

retain the genus name Cnemaspis as the type species C. boulengerii is from that region 

and is morphologically very similar to the two species included from Southeast Asia. Only 

a few species from Southeast Asia belong to the south Asian dwarf-Cnemaspis clade, with 

large-Cnemaspis being unknown outside the Western Ghats and Sri Lanka (Das & Leong 

2004; Das 2005; Bauer et al., 2007; Manamendra-Arachchi et al., 2007; pers. obs.). 
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Phylogenetic relationships and intrageneric grouping: Within dwarf-Cnemaspis, 

I used seven somewhat arbitrary groups with respect current sampling for the purpose of 

discussion. Each of these groups (abbreviated as Gr. in the figure) represents and is 

restricted to certain regions within the Western Ghats.  

In terms of their order of divergence from the common ancestor of dwarf-

Cnemaspis these are Gr 1: C. cf. littoralis1, C. cf. littoralis2 and C. cf. littoralis2 (southern 

Western Ghats south of Palghat gap); Gr. 2: C. indica (high altitude Nilgiris of south 

Western Ghats); Gr. 3: C. cf. gracilis2 (northern Western Ghats of Goa); group 4: C. 

amboli, C. cotigaon and C. sharavathi (south Maharastra to north central Karnataka of 

the central Western Ghats); group 5: C. cf. yercaudensis, C. cf. gracilis and C. cf. beddomei 

(northern Karnataka to northern Kerala, drier side of the Western Ghats); group 6: C. cf. 

otai, C. mysoriensis and C. cf. jerdonii (central Western Ghats of Karnataka on the drier 

rain shadow side of the Western Ghats); group 7: C. sp.1; C. tropidogaster, C. cf. gracilis3-

1, C. cf. gracilis3-2, C. lakhidi, and C. attapadi (southern Western Ghats of Nilgiris). Given 

that several dwarf-Cnemaspis and large-Cnemaspis species have yet to be included in any 

phylogenetic analysis and remain to be described, it is difficult to make conclusive 

statements about the phylogenetic relationships from a preliminary phylogeny such as 

this. However, this is the first phylogeny of peninsular Indian Cnemaspis species and 

certain patterns are immediately evident whose generality could be tested with more 

comprehensive future analyses. The first is a regionally restricted pattern in all species 

groups, where sister species within species groups are located in the same region (within a 

few hundred km and also tend to correspond loosely with areas of similar of ecoclimatic 

conditions). Second, species groups (Gr. 1-7) have often speciated within similar ecological 

conditions (e.g., Gr. 1 & 4: lowland tropical rainforest; Gr. 5: dry evergreen to deciduous 
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areas on the rain shadow regions of the Western Ghats; Gr. 7; midelevation rainforest). 

These two patterns together suggest that older inter-species group divergences may have 

occurred across different habitats while younger inter-species divergences occurred within 

habitats.  

 

Time of divergence and biogeography 

 

The divergence time analysis placed C. cf. yercaudensis with C. cf. beddomei and C. cf. 

gracilis (as inferred by Bayesian analysis [using MrBayes]), instead of C. mysoriensis, C. 

cf. jerdonii and C. cf. otai (as inferred by parsimony analysis). Also divergence time 

analysis suggested a sister taxon relationship between C. indica and C. cf. gracilis2, which 

were inferred as two sequential divergences from the ancestral lineage leading to other 

dwarf-Cnemaspis in both parsimony and Bayesian analysis (from MrBayes). When 

estimated ages of divergence are compared, the dwarf-Cnemaspis clade appears to have 

diversified earlier (59.25 Ma) than large-Cnemaspis clade (33.09 Ma). However, this could 

be an artifact of the poor sampling of large-Cnemaspis in this phylogenetic analysis. 

Nevertheless, dwarf-Cnemaspis far exceeds large-Cnemaspis in terms of its species-

richness. 

The broad patterns of time of divergence and biogeography of dwarf-Cnemaspis 

are as follows. The estimated age of species-level divergences suggest late Eocene to 

Miocene divergences for most of the species groups (Gr. 1-7). Group 1 has the earliest 

crown divergence (59.25 Ma) and was followed by group 2 (C. indica) and group 3 (C. cf. 

gracilis2) (38.97 Ma). This suggests a biogeographic pattern of disjunction, whether these 

two species (C. indica and C. cf. gracilis2) are considered sister to each other (BEAST 

results) or as two sequential divergences from the common ancestor of dwarf-Cnemaspis 
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(in results from PAUP and MrBayes), because these two species are very distantly 

distributed (~500 km separation) within the Western Ghats. C. cf. gracilis2 occurs in low 

elevation rainforest species, whereas C. indica is a high elevation species of Nilgiris (>1500 

m), one of the highest elevations the genus occurs within the Western Ghats. These three 

divergences (Gr. 1-3) represent early isolation of members of the dwarf Cnemaspis clade in 

three disparate areas within the Western Ghats. If this pattern is further corroborated, it 

might suggest that dwarf-Cnemaspis in the Western Ghats diversified in two phases (first 

Gr. 1-3, followed by Gr. 4-7). Large-Cnemaspis species are available only from the two 

adjacent regions of Coorg and Nilgiris, yet the general pattern of deep separation within 

species groups is apparent in this clade also. 

 

Patterns of diversification in species-rich groups within the Western Ghats: 

insights from Cnemaspis, Philautus and Uropeltidae 

 

All the species groups from the Western Ghats in the taxa Cnemaspis, Philautus 

and Uropeltidae are relatively old, diverging around or before the K-T boundary (i.e., 65 

Ma: Philautus stem=84.26 Ma (crown=66.62 Ma), Cnemaspis stem=73.44 Ma 

(crown=59.25 Ma), and Uropeltidae stem=71.45 Ma (crown=58.55 Ma). Though in the 

introduction I mentioned that Philautus, Cnemaspis and Uropeltis represent the three 

most species-rich clades in the Western Ghats with 29, 24 and 22 species, dates of 

divergences were inferred for Uropeltidae rather than Uropeltis because only few 

Uropeltis species were available and could have contributed to the younger estimated age 

of Uropeltis (S= 50.06 Ma C= 36.59 Ma) compared to Philautus and Cnemaspis. 

All three groups (Cnemaspis, Philautus and Uropeltidae) seems to have undergone 

speciation steadily since their divergence from their sister taxa with the bulk of it occurring 
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between the Eocene to Miocene, but a quantitative analysis is required to test this 

hypothesis. Thus, much of the current diversity sampled in these phylogenies is the result 

of speciation subsequent to the Paleocene/Early Eocene thermal maximum, when global 

fragmentation of rainforests began (Morley 2000).  

Spatial patterns: The value of comparing co-distributed taxa in understanding 

diversification in the Western Ghats is two-fold. Divergence events within similar spatio-

temporal settings could potentially indicate biogeographic events associated with 

diversification. Secondly, comparing multiple groups is likely to capture unique events of 

divergence that represent regional history not reflected in common patterns and thus 

provide a more sequential and comprehensive understanding of evolution in the region. In 

consideration of spatial patterns, the examples from the family Uropeltidae have to be 

largely excluded. This is because most of the specimens included in the analysis are from 

Sri Lanka (Bossuyt et al., 2004; Gower et al., 2005; only nine were from the Western 

Ghats). The uropeltid genera Melanophidium and Brachyophidium are, however, endemic 

to the Western Ghats and so are a few of the exemplars of Uropeltis that nested outside 

Rhinophis (a primarily Sri Lankan uropeltid genus; Uetz & Hallermann 2009).  

Table 3 sequentially lists the age estimates for divergences across the three dated 

phylogenies for the taxa distributed in the Western Ghats. This compilation reveals several 

instances in which mutiple divergence events occurred within a relatively narrow time 

window (less than 1 Ma of each other). Though spatial correlates of those events mostly 

suggest that they involved different combinations of regions within the Western Ghats 

(north, central, southern), they could still be affected by the same event (e.g., 

fragmentation of rainforests after Palaeocene / Early Eocene thermal maximum). Without 

detailed distributions within the region and comprehensive taxon sampling it is difficult to 

make more specific inferences. Additionally, most of the inter-group divergences for 
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Philautus as well as Cnemaspis occurred early in their phylogenetic history coinciding with 

the extensive rainforest distribution along the Western Ghats. In constrast the species-

level divergences occurred in these groups during the Miocene or later. The spatial 

correlates of diversification suggest that several areas along the length of the Western 

Ghats had ancestral species that subsequently diverged rather than speciation occurring in 

one or two areas and then becoming widely dispersed. Such a pattern is well supported by 

extensive studies and palaeoclimatic modelling in the wet tropics of Australia (Graham et 

al., 2006). This most recent study suggests that historical habitat stability and area 

connectivity are more important than current environmental factors in explaining 

endemism, distribution and turnover of low-dispersal extant endemic taxa. Distribution 

data suggest that divergence occurred between populations both in the north-south 

(Philautus and most of Cnemaspis groups) and west-east directions (few Cnemaspis 

groups like 6 & 7) (Storz 2002; Karanth 2003). This pattern is seen across both altitudinal 

(particularly Philautus; see Biju & Bossuyt 2009; Group 2 vs. 3; 4 vs. rest and 6 vs. 7 in 

Cnemaspis) and wet-to-dry gradients in the Western Ghats (e.g., Cnemaspis groups like 6 

& 7; Pascal 1988).  

In conclusion, the apparent similarity in species-richness of the three taxa included 

in comparative dating estimates suggests certain broad similarities in their histories. All 

the three taxa diverged early and continued to speciate through time (rather than 

experiencing bouts of very recent diversification, e.g., in the Pleistocene). Future studies 

should focus on testing the initial patterns of diversification from this study as well as 

explore finer patterns, especially with respect to comparative vagility of these taxa.  

 

Table 3. Sequential list of estimates of divergence ages of the three taxa (Cnemaspis, 

Philautus and uropeltid snakes) for which dating analyses were undertaken. For group 
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designations and reference to the broad regions within the Western Ghats refer to Figures 

3, 4, 5, and 6. Spatial correlates are broad qualitative assessments of relative distributions 

of the groups based on Biju & Bossuyt (2009) for Philautus and from compiled data from 

various sources and unpublished data for Cnemaspis and uropeltid snakes. For uropeltid 

only the Western Ghats taxa and splits where sister taxa are distributed in the Western 

Ghats and Sri Lanka were considered. Taxa only distributed in Sri Lanka were not 

considered. For the remaining two taxa, Philautus has the most extensive sampling, but 

Cnemaspis samples were available for a section of the Western Ghats (South Maharashtra 

to North Kerala) and region further south of the Palghat Ghat were under represented. The 

apparent segregation in the distribution of Cnemaspis is likely because of the lack of 

detailed distributional data and problems with alpha-taxonomy. No spatial correlates are 

provided for intra-specific divergences. 

 

Estimated 

age (in 

Ma) 

Cnemaspis; 

Figure 3, 6 

Philautus; 

Figure 4, 6 

Uropeltidae

; Figure 5, 6 

Spatial 

correlates 

84.26  Stem  Distribution most 

likely included the 

Indian plate 

73.44 Stem   Most likely 

included the 

Indian plate 

71.46   Stem Most likely 

included the 
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Indian plate 

66.62  Gr. 1 vs. rest  No spatial 

separation as both 

Gr. 1 and the rest 

are distributed 

throughout the 

Western Ghats 

59.25 Gr. 1 vs. 2-7   Apparently 

spatially 

segregated with C. 

cf. littoralis1-3 

distributed south 

of Palghat and the 

rest in the north; 

sampling artefact 

(pers. obs.) 

58.55   Melanophidiu

m vs. rest of 

the uropeltids 

No spatial 

separation as 

Melanophidium 

broadly overlaps 

within the overall 

distribution of the 

remaining 

uropeltids  
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53.87  Gr. 2-7 vs. 8-

10 

 No spatial 

separation as both 

Gr. 2-7 and 8-10 

are primarily 

distributed in 

southern Western 

Ghats, from 

Nilgiris and further 

south 

50.06   Brachyophidi

um and 

remaining 

uropeltids vs. 

Uropeltis 

species from 

the Western 

Ghats 

No spatial 

separation as 

Brachyophidium 

fully overlaps in 

distribution with 

other Western 

Ghats Uropeltis 

species 

49.13  Gr. 2-3 vs. 4-

6 

 No spatial 

separation as both 

Gr. 2-3 and 4-6 are 

primarily 

distributed in 

southern Western 

Ghats, from 
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Nilgiris and further 

south 

48.50  Gr. 8-9 vs. 10  No spatial 

separation, but Gr. 

9 is mostly around 

Nilgiris and Gr. 10 

is more widely 

distributed 

46.38 Gr. 2-3 vs. 4-7   No spatial 

separation as C. 

indica and C. cf. 

gracilis2 and the 

rest have 

overlapping 

distribution 

44.74  Gr. 3 vs. 4-7  No spatial 

separation, but Gr. 

3 (P. chotta) is 

distributed south 

of Shencottah gap 

and Gr. 4-7 is 

distributed south 

and north of 

Shencottah gap 
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44.33   Brachyophidi

um vs. 

paraphyletic 

Rhinophis 

with respect to 

Sri Lankan 

Uropeltis 

Spatially separated 

as 

Brachyophidium is 

from the Western 

Ghats and 

Rhinophis and 

nested Uropeltis 

are from Sri Lanka 

44.16  Gr. 8 vs. 9  No spatial 

separation, but Gr. 

8 is more northern 

and Gr. 9 is more 

southern in 

distribution with 

overlap in the 

Nilgiris 

40.02 Gr. 4 vs. 5-7   Probably spatially 

segregated with Gr. 

4 occurring in 

northern 

Karnataka and 

south Maharashtra 

and Gr. 5-7 

distributed east 
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and south of Gr. 4 

39.84  Gr. 4 vs. 5-7  No spatial 

separation, as Gr. 4 

(P. nerostagona) 

distribution in the 

Nilgiris is included 

within the wider 

distribution of Gr. 

5-7 

38.97 C. indica and 

C. cf. gracilis2 

(Gr. 2 and 3) 

  Spatially 

segregated with Gr. 

2 (C. indica) 

distributed in high 

altitudes of Nilgiris 

and Gr. 3 occurring 

far north in Goa (C. 

cf. gracilis2) 

36.60   Uropeltis 

mw2502 vs. 

rest of 

Uropeltis 

from the 

Western 

Ghats 

No spatial 

separation as 

Uropeltis mw2502 

is included within 

the remaining 

Uropeltis from the 

Western Ghats 
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36.58 Gr. 5 vs. 6, 7   No spatial 

segregation, but 

Gr. 5 is distributed 

more on the 

eastern drier side 

of the Western 

Ghats compared to 

Gr. 7, with Gr. 6 

occupying an 

intermediate 

overlapping 

location 

35.90  P. 

graminirupe

s vs. rest of 

Gr.2 

 No spatial 

separation, as the 

distribution P. 

graminirupes in 

the Nilgiris is 

included within the 

wider distribution 

of rest of Gr. 2 

species 

35.25  P. ponmudi 

vs. P. 

bombayensis

 Almost spatially 

separated with P. 

ponmudi 
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-P. 

tuberohumer

us (Gr. 8) 

distributed in 

Nilgiris and south 

and P. 

bombayensis-P. 

tuberohumerus 

distributed in the 

Nilgiris and further 

north 

33.99 C. cf. 

yercaudensis 

vs. C. cf. 

gracilis & C. 

cf. beddomei 

  Apparently 

spatially 

segregated with C. 

cf. yercaudensis 

distributed in 

northeast 

Karnataka away 

from the Western 

Ghats, while C. cf. 

gracilis & C. cf. 

beddomei further 

south on the 

eastern aspect and 

primarily within 

the Western Ghats 

33.09 C. cf.   No spatial 
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sisparensis2 

vs. remaining 

large-

Cnemaspis 

species 

separation, as C. cf. 

sisparensis2 and 

rest are distributed 

in the same 

mountain range in 

the Western Ghats 

(Nilgiris) 

32.69 Gr. 6 vs. 7   Apparently 

spatially 

segregated with Gr. 

6 occurring north 

of the Nilgiris and 

Gr. 7 in the 

Nilgiris; also Gr. 6 

includes dry-

adapted species 

and Gr. 7 wet-

adapted forms 

32.20  P. 

chromasync

hysi vs. rest 

of Gr. 9 

 Spatially separated 

with P. 

chromasynchysi 

distributed as a 

northwestern 

isolate of the 
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remaning Gr. 9 

members 

31.67  Gr. 5 vs. 6  No spatial 

separation, but Gr. 

5 is distributed 

further north than 

Gr. 6 

29.79  P. 

coonoorensis 

vs. P. 

charius-P. 

griet (Gr. 10) 

 Spatially separated 

with P. 

coonoorensis an 

eastern higher 

altitude isolate 

compared to the 

remaining Gr. 10 

members 

28.22  Gr. 6 -7  No spatial 

separation with Gr. 

6 distribution 

included within Gr. 

7 distribution 

26.81 C. amboli vs. 

C. sharavathi-

C. cotigaon 

(Gr. 4) 

  Apparently 

spatially 

segregated, with C. 

amboli occurring 
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in south 

Maharashtra and 

C. sharavathi-C. 

cotigaon in the 

neighboring Goa 

and north 

Karnataka 

26.67  P. 

chlorosomm

a vs. rest of 

Gr. 6 

 No spatial 

separation, as the 

distribution of P. 

chlorosomma is 

inluded within the 

distribution of the 

rest of the Gr. 6 

species 

26.30  P. 

akroparallag

i vs. Gr. 2 

 No spatial 

separation, as the 

distribution of P. 

akroparallagi 

broadly overlaps 

that of the rest of 

the Gr. 2 species. 

24.59 C. cf. 

sisparensis1 

  No spatial 

separation, as C. cf. 
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vs. C. 

wynadensis 

and C. cf. 

wynadensis  

sisparensis1 and 

rest are distributed 

different parts of 

the same mountain 

range just north of 

the Nilgiris 

22.77 C. cf. otai vs. 

remaining Gr. 

2 results 

  Seemingly spatially 

separated, but 

mostly likely 

contiguous and 

overlapping with 

C. cf. otai 

occupying the 

eastern limits of 

the combined 

distribution of the 

three species 

21.27  P. dubois vs. 

P. beddomii-

P. 

munnarensis 

(Gr. 6) 

 No spatial 

separation, but P. 

dubois has a more 

eastern 

distribution than 

does P. beddomii-

P. munnarensis 
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21.16 C. cf. gracilis 

vs. C. cf. 

beddomei 

  Apparently 

spatially separated, 

with C. cf. gracilis 

occurring 

northeast of C. cf. 

beddomei 

20.76  P. anilli vs. P. 

kaikatti-

P.sushilli 

(Gr. 7) 

 No spatial 

separation as P. 

anilli is distributed 

on either side of P. 

kaikatti-P.sushilli 

20.71  P. signatus 

vs. P. 

tinniens (Gr. 

9) 

 No spatial 

separation, both 

distributed across 

overlapping sites in 

the Nilgiris 

20.10  P. kanni vs. 

P. amboli-P. 

wynaadensis 

(Gr. 1) 

 Spatially 

segregated with P. 

kanni distributed 

south of 

Shencottah gap 

and P. amboli-P. 

wynaadensis 

distributed further 
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north 

18.95   Rhinophis 

travancoricus 

vs. Uropeltis 

phillipsi & U. 

melanogaster 

Spatially separated 

as Rhinophis 

travancoricus is 

from the Western 

Ghats and 

Uropeltis phillipsi 

& U. melanogaster 

are from Sri Lanka 

18.73  P. bobingeri 

vs. P. 

jayarami-P. 

glandulosus 

(Gr. 2) 

 Spatially 

segregated, with P. 

bobingeri 

distributed south 

of Shencottah gap 

and P. jayarami-P. 

glandulosus 

distributed further 

north 

18.22  P. charius vs. 

P. griet (Gr. 

10) 

 Spatially well 

segregated; P. 

charius 

distribution north 

of Nilgiris and P. 

griet in the 
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Anamalais and 

further south 

18.02 C. sp.1 vs. 

remaining of 

Gr. 7 species 

  No spatial 

separation, as C. 

sp.1 and the rest 

are distributed on 

the same 

mountain, the 

Nilgiris 

16.26   Uropeltis 

mw2173 vs. 

Uropeltis 

liura and 

Uropeltis 

mw2469 

No spatial 

segregation as the 

distribution of 

Uropeltis mw2173 

is included within 

that of Uropeltis 

mw2469 and 

Uropeltis liura 

15.89 C. attapadi, C. 

lakhidi vs. C. 

tropidogaster, 

C. cf. 

gracilis3-1, C. 

cf. gracilis3-2 

  No spatial 

separation, as all 

the species are 

distributed on the 

same mountain 

range 

15.56  P. beddomii  No spatial 
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vs. P. 

munnarensis 

(Gr. 6) 

separation with P. 

munnarensis 

occupying the 

northern part of 

the distribution of 

P. beddomii 

14.19  P. 

glandulosus 

vs. P. 

jayarami 

(Gr. 2) 

 Spatially 

segregated with P. 

glandulosus 

distributed in the 

Nilgiris and P. 

jayarami in the 

Anamalais 

13.11  P. 

bombayensis 

vs. P. 

tuberohumer

us (Gr. 8) 

 Spatially 

segregated with P. 

bombaynensis 

distributed in 

northern 

Karnataka and 

south Maharashtra 

and P. 

tuberohumerus 

occurring in 

central Karnataka 
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to the Nilgiris 

12.32  P. kaikatti 

vs. P. sushili 

(Gr. 7) 

 Spatially 

segregated with P. 

kaikatti and P. 

sushili distributed 

north and south of 

the Palghat gap 

11.34   Uropeltis 

mw2469 vs. 

Uropeltis 

liura 

No spatial 

segregation as the 

distribution of 

Uropeltis mw2469 

is nested within 

that of Uropeltis 

liura 

9.10 C. attapadi, 

vs. C. Lakhidi 

  No spatial 

separation, both 

are distributed on 

the same  

mountain range, 

the Nilgiris 

7.97  P. luteolus 

vs. P. 

travancoricu

s (Gr. 5) 

 Spatially 

segregated with P. 

luteolus 

distributed further 
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north of Nilgiris 

and P. 

travancoricus is 

distributed in 

Anamalais and 

south 

7.94  P. 

wynaadensis 

vs. P. amboli 

(Gr. 1) 

 Spatially 

segregated with P. 

wynaadensis 

occurring in the 

Nilgiris and south 

and P. amboli 

distributed further 

north in central 

Karnataka and 

further up 

6.62 C. wynadensis 

vs. C. cf. 

wynadensis 

  No spatial 

separation; both 

are distributed on 

the same mountain 

range, just north of 

the Nilgiris 

6.55 C. sharavathi 

vs. C. cotigaon 

  No spatial 

separation; both 
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are distributed in 

regions of north 

Karnataka and Goa 

4.75  P. ponmudi 

– intra  

specific (Gr. 

8) 

  

4.37 C. 

tropidogaster 

vs. C. cf. 

gracilis3-1, C. 

cf. gracilis3-2 

  Spatially separated 

as C. tropidogaster 

is from Sri Lanka 

and C. cf. 

gracilis3-1, C. cf. 

gracilis3-2 are 

from the Western 

Ghats 
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Figure 1. Strict consensus of nine equally parsimonious trees for the genus Cnemaspis and 

other gekkonids {TL = 6914 steps; Consistency index (CI) = 0.4207/0.3785 (without 

uninformative characters); Homoplasy index (HI) = 0.5793/0.6215 (without 

uninformative characters); Retention index (RI) = 0.5108}. Numbers above nodes are 

non-parametric bootstrap proportions, only values greater than 50% are shown. 
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Figure 2. Majority rule consensus tree for the Bayesian analysis of Cnemaspis and other 

gekkonids. Numbers above the nodes represent Bayesian posterior probabilities. 
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Figure 3. Chronogram for Cnemaspis (Reptilia, Gekkonidae) from the relaxed clock dating 

analysis. Numbers above and bars at each node represent the mean age and 95% HPD 

interval. Different regional groups are represented as Gr. 1-7 for discussion. Broad 

tectonic, climatic and vegetational events associated with the Indian plate are as follows: 

Indian plate split with Madagascar and Seychelles at 88 Ma and 65 Ma, touched Western 

Sumatra at 57 Ma and continued to move north scraping Myanmar; collided with Eurasia 

at 35 Ma; Tropical climate from Late Cretaceous ~90 Ma to Oligocene-Eocene thermal 

maxima at 49 Ma; fragmentation ensues and continues till present, except a Mid-Miocene 

expansion between 16-10 Ma; Indian monsoon with seasonal climate and deciduous 

vegetation establishes in the Miocene (Morley 2000, 2003). 
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Figure 4. Chronogram for Philautus (Anura, Rhacophoridae) from relaxed clock dating 

analysis. Numbers above and bars at each node represent the mean age and 95% HPD 

interval. Different regional groups are represented as Gr. 1-10 for discussion. Broad 

tectonic, climatic and vegetational events associated with the Indian plate are as follows: 

Indian plate split with Madagascar and Seychelles at 88 Ma and 65 Ma, touched Western 

Sumatra at 57 Ma and continued to move north scraping Myanmar; collided with Eurasia 

at 35 Ma; Tropical climate from Late Cretaceous ~90 Ma to Oligocene-Eocene thermal 

maxima at 49 Ma; fragmentation ensues and continues till present, except a Mid-Miocene 

expansion between 16-10 Ma; Indian monsoon with seasonal climate and deciduous 

vegetation establishes in the Miocene. Morley (2000, 2003) 
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Figure 5. Chronogram for the shieldtail snakes (Reptilia, Uropeltidae) from relaxed clock 

dating analysis. Numbers above and bars at each node represent the mean age and 95% 

HPD interval. Distant outgroups used as calibration points have been removed to simplify 

the diagram. Clades composed entirely of Sri Lankan taxa, not relevant for the study, are 

shown as triangles to simplify the figure. Broad tectonic, climatic and vegetational events 

associated with the Indian plate are as follows: Indian plate split with Madagascar and 

Seychelles at 88 Ma and 65 Ma, touched Western Sumatra at 57 Ma and continued to 

move north scraping Myanmar; collided with Eurasia at 35 Ma; Tropical climate from Late 

Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 Ma; fragmentation ensues 

and continues till present, except a Mid-Miocene expansion between 16-10 Ma; Indian 

monsoon with seasonal climate and deciduous vegetation establishes in the Miocene 

(Morley 2000, 2003). 
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C h a p t e r  4  

Diversification of the herpetofauna common to the Western Ghats and and 

drier Peninsular India and its relevance to regional diversification 

 

Abstract 

The Western Ghats, one of the world’s regions of highest endemicity, is situated along 

southwestern India. Its high diversity and endemism contrasts with neighboring, relatively 

drier, peninsular India, which harbors lower levels of diversity and endemism. As a result 

of this disparity, the fauna of the Western Ghats continues to receive much more attention 

than that of drier peninsular India. This, however, ignores the connection between the 

Western Ghats and drier peninsular India and their shared history of diversification. 

Current herpetofaunal diversity and distribution suggest a strong connection because half 

of the 107 genera that occur in the Western Ghats and drier peninsular India together have 

species distributed in both regions. To explore the nature of this connection, I update 

existing data sets of south Asian agamids, Hemidactylus geckos and Duttaphrynus toads 

with additional genera, species and populations from the Western Ghats and peninsular 

India. Based on the faunal relationships of the wetter Western Ghats and drier peninsular 

India obtained, I estimate dates of divergence for the above three taxa to hypothesize a 

temporal framework for their diversification. Results suggest that species from drier 

peninsular India, in all taxa examined, do not form monophyletic groups and that species 

colonized that area from the Western Ghats more than once. For the agamid genus Calotes 

and the gekkonid genus Hemidactylus, the basal species are from the Western Ghats and 

drier peninsular India, respectively. The supposed widespread species Hemidactylus 

frenatus, H. brookii and Duttaphrynus melanostictus have deep phylogenetic structures 
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in the Western Ghats and drier peninsular India and some of these populations probably 

deserve recognition as distinct species. Date of divergence estimation suggests that crown 

Calotes and Hemidactylus radiated in the Late Cretaceous well before the end of Mesozoic. 

Compared to them, crown Duttaphrynus originated much later, in the Eocene. Although 

reconstructing the details of diversification requires more comprehensive taxon sampling, 

it is clear that low species richness and endemism of drier peninsular India mask deep 

divergences and a complex history of exchange and diversification with the neighboring 

Western Ghats.   

 

Keywords Bufo, Calotes, dispersal, dry zone, extinction, Hemidactylus, molecular dating, 

Psammophilus, phylogeny, South Asia 

 

Introduction 

 

The Western Ghats, one of the 34 recognized global biodiversity hotspots (Mittermeier et 

al., 2004), is located along the southwestern margin of peninsular India. The fauna of the 

Western Ghats is diverse across all vertebrates, with its herpetofauna exhibiting the 

highest degree of endemism (Mittermeier et al., 2004). As a consequence of this high 

diversity and endemism, the Western Ghats receives far more attention in the literature on 

biodiversity than does the drier part of peninsular India stituated east of the Western 

Ghats (Mani 1974; Biju 2001; Biju & Bossuyt 2003; Biju & Bossuyt 2009). This is to be 

expected as the Western Ghats, with its tropical rainforest, is far more diverse than the rest 

of the peninsular India, which is much drier and only supports decicuous forest. For 

example, 23 amphibian and reptile genera are endemic to the Western Ghats compared to 

eight in the remaining peninsular India. This dichotomous view of the two contiguous 
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regions in terms of their relative endemism, however, belies their connection and a shared 

history of diversification. Of the 107 genera of amphibians and reptiles distributed in 

peninsular India including the Western Ghats, 26 genera have species distributed in both 

the Western Ghats and remaining drier peninsular India, often with one or more endemic 

species in one or both regions. Additionally 28 genera have one or two species widely 

distributed in both the Western Ghats and drier peninsular India.  

This pattern of shared and unique diversification in the contiguous Western Ghats 

and drier peninsular India is understandable in the light of the known history of the 

region. For example, palynological data suggest that rainforest covered most of the Indian 

plate until early in the Eocene (49 mybp), and continued into the Oligocene (39-25 mybp), 

but rainforests became increasingly regionalized, precluding dispersal of rainforest species 

into and out of the region (Morley 2000). Increased seasonality further shrank rainforests 

through most of the Neogene, except during a short phase of expansion in the Miocene 

(16-10 mybp). Rainforest reduction was paralleled by establishment of the Indian 

monsoon in the Miocene, which facilitated expansion of deciduous forests in the region 

(Morley 2000). However, alternate expansion in the wet and dry regions on the Indian 

plate and the passing of considerable evolutionary time allowed diversification and 

endemism to develop in both the Western Ghats and drier peninsular India. Hence a 

comprehensive understanding of diversification in the region would require knowledge of 

evolutionary relationships of species in the Western Ghats and those in drier peninsular 

India.  

The present study moves toward this goal with the following objectives: 1) to 

update a phylogeny of south Asian agamids with hitherto unsampled species of the 

peninsular endemic genus Psammophilus, additional species of Calotes and Western 

Ghats endemic genus Salea; 2) to update a phylogeny of south Asian Hemidactylus geckos 
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with additional species; 3) to infer a preliminary phylogeny of the bufonid genus 

Duttaphrynus from published studies and newly sampled species 4) to infer divergence 

dates for the above genera and their included species to understand times of divergence of 

species from the Western Ghats relative to those of drier peninsular India. 

 

Materials and Methods 

 

Taxon and character sampling 

 

Calotes: Calotes Cuvier 1817 is among the most conspicuous diurnal agamids in south 

Asia. The genus currently includes 24 recognized species (Vindum et al., 2003; Zug et al., 

2006; Krishnan 2008) primarily restricted to south Asia and Myanmar with one species 

from Tibet (C. medogensis Zhao & Li 1984) and one from Indonesia (C. nigriplicatus 

Hallermann 2000). Subsequent to a long history of instability, the circumscription Calotes 

has stabilized recently and its hypothesized monophyly has withstood phylogenetic 

analyses involving several Calotes species and a majority of agamid genera (Hallemann 

2000; Manthey & Denzer 2000; Schulte et al., 2004; Zug et al., 2006). Seven species of 

Calotes occur in peninsular India with five species (C. ellioti, C. rouxii, C. nemericola, C. 

grandisquamis and C. aurantolabium) endemic to the Western Ghats and two species (C. 

calotes, type species and C. versicolor) distributed in both drier peninsular India and some 

parts of the Western Ghats. None of the southern Indian species have been included in 

previous phylogenetic analyses (Macey et al., 2000; Schulte et al., 2004; Zug et al., 2006), 

except C. calotes and C. versicolor populations from Sri Lanka and Southeast Asia, 

respectively (Macey et al., 2000; Schulte et al., 2004; Zug et al., 2006). In this analysis, I 

include C. rouxi, C. ellioti, C. versicolor and C. calotes all from the Western Ghats and 
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neighboring peninsular India. Additionally, I include several species of Calotes (Calotes 

maria, C. jerdoni, C. emma, C. mystaceas and C. versicolor) from northeast India.    

 

Psammophilus and peninsular Indian agamids: Psammophilus Fitzinger 1843 is a 

genus endemic to peninsular India with two recognized species (P. dorsalis and P. 

blanfordianus). Though earlier phylogenies (Macey et al., 2000; Schulte et al., 2004; Zug 

et al., 2006) have included at least one representative of the several agamid genera 

distributed in southern India and neighboring Sri Lanka (i.e., Ceratophora, Cophotis, 

Lyriocephalus, Otocryptis, Salea, and Sitana), Psammophilus was never previously 

included in a phylogeny. Draco dussumieri, the sole member of the genus in the Western 

Ghats, was also not included, but I have addressed its relationships and time of divergence 

in Chapter 1. Here, in addition to Calotes and Psammophilus, I also include Salea 

anamallayana from the Western Ghats. Sequence for only Salea horsfieldi was previously 

available (Macey et al., 2000; Zug et al., 2006). Including Salea anamallayana allows 

determining when Salea, a montane rainforest genus, evolved compared to a drier 

peninsular forms such as Psammophilus. Further I provide a time-calibrated phylogeny 

for the whole of peninsular south Asian agamids (i.e., from the Western Ghats, drier 

peninsular India and neighboring Sri Lanka) representing all nine genera occurring in this 

region. 

I obtained DNA sequence data from mitochondrial ND2 and associated tRNAs for 

all the sampled agamids mentioned above. I combined these with sequence data for all the 

recognized Calotes species included in Zug et al. (2006) and representative draconine 

agamids in their analysis. I also included several other squamates (Macey et al., 2000; 

Townsend et al., 2004; Amer & Kumazawa 2005; Zug et al., 2006) to provide calibration 
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points for divergence dating. See Appendix 1 for a list of taxa included in the analysis and 

their GenBank numbers. 

 

Hemidactylus: Hemidactylus Oken 1817 is one the most species-rich genera of 

gekkonid geckos, with ca. 100 recognized species and is distributed pan-tropically (Bauer 

& Russell 1995; Kluge 2001; Uetz & Hallermann 2009). Sixteen species of Hemidactylus 

are recognized from the Western Ghats and drier peninsular India, of which seven species 

are distributed in or endemic to each of the regions (drier peninsular India: H. triedrus, H. 

flavivirdis, H. leschenaultii, H. subtriedus, H. reticulatus, H. giganteus, H. scabriceps; 

Western Ghats: H. gracilis, H. maculatus, H. anamallensis, H. prashadi, H. aaronbaueri, 

H. albofasciatus, H. sataraensis), and two species occurring in both the regions (H. 

brookii and H. frenatus) are distributed widely in tropical south and Southeast Asia 

(Smith 1935; Das 1996; Zug et al., 2007; Giri 2008; Giri & Bauer 2008). However, 

populations of the latter two species from south India are likely to represent new species 

(Carranza & Arnold 2006) as they are phylogenetically distinct from those of the type 

localities in Southeast Asia (Smith 1935). Until recently (i.e., before Carranza & Arnold 

2006), relationships within the genus were poorly understood as no explicit phylogeny was 

available. Following the publication of Carranza & Arnold (2006), Bauer et al., (2008) 

published another phylogeny of Hemidactylus that included several species endemic to the 

Western Ghats and peninsular India. Although the molecular genetic markers used in the 

above Hemidactylus phylogenies hardly overlapped (Carranza & Arnold 2006: 12S, 16S & 

cytb; Bauer et al., 2008: cyt b, ND2, ND4; nuclear: RAG-1, Phosdusin), these two studies 

had largely similar results and together they included six species from the Western Ghats 

and drier peninsular India (H. albofasciatus, H. flavivirdis, H. reticulatus, H. frenatus, H. 

brookii, and H. gracilis). In this study, I augmented the Bauer et al. (2008) data set with 
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the species H. prasadi and H. leuschenaultii and 12 populations from the species H. 

brookii, H. frenatus and H. reticulatus. For these species and populations, I obtained DNA 

sequence data from mitochondrial (ND2 and associated tRNAs, ND4) and nuclear (RAG1, 

Phosducin, RAG2, and cmos) regions. I included six other species of gekkotans, Dibamus 

and Sphenodon as outgroups based on published literature (Townsend et al., 2004; Feng 

et al., 2007; Gamble et al., 2007; 2008a) from GenBank. A few of the included gekkotan 

outgroups involved concatenated sequences from different congeneric species, when 

markers for the same species were unavailable, to reduce the percentage of missing data. 

For taxa included in the analysis (including multi-species composite genera) and their 

GenBank numbers refer to Appendix 2.  

 

Duttaphrynus: Duttaphrynus Frost et al. (2006) is equivalent to the Bufo 

melanostictus group (Dubois & Ohler 1999) of the cosmopolitian non-monophyletic genus 

Bufo Laurenti 1768 sensu lato (Graybeal & Cannatella 1995). Duttaphrynus is distributed 

in south and Southeast Asia with six recognized species (Frost 2009). Bufo was the largest 

genus in the family Bufonidae (over 250 species; Frost et al., 2006) before Frost et al. 

(2006) proposed to split the genus based on their analysis as well as earlier studies (see 

references in Frost et al., 2006). The Bufo species in the Western Ghats and peninsular 

India were placed either under Duttaphrynus or were one of the 25 incertae sedis ‘Bufo’ 

species that Frost et al. (2006) could not place in any of the currently recognized genera as 

they had never been included in any phylogenetic studies. Two Duttaphrynus species (D. 

melanostictus and microtympanum) and eight incertae sedis ‘Bufo’ species (B. beddomii, 

B. brevirostris, B. hololius, B. koynayensis, B. parietalis, B. scaber, B. silentvalleyensis, 

and B. stomaticus) occur in the Western Ghats and drier peninsular India. In a revision of 

the south Asian Bufo species, Dubois & Ohler (1999) reviewed 31 species in the region and 
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allocated them into three species groups (B. scaber, B. melanostictus and B. stejnegeri 

groups). However, they were unable to assign B. koynayensis to any of their three species 

groups and proposed a species group for this species alone. 

I obtained DNA sequence data from mitochondrial (16S rRNA) and nuclear regions 

(CXCR4, RAG1, Rhodopsin exon 1) for Duttaphrynus microtympanum and two 

populations of D. melanostictus, one each from the Western Ghats and drier peninsular 

India. I combined these sequences with all the Duttaphrynus and any other incertae sedis 

‘Bufo’ species from India available in GenBank. This resulted in the inclusion of 16 

populations of Duttaphrynus melanostictus across its range in south and Southeast Asia 

(four from Western Ghats and peninsular India), Duttaphrynus himalayanus and three 

other species of ‘Bufo’ from the Western Ghats and peninsular India (B. scaber, B. 

koynayensis, and Bufo stomaticus). The resulting data set is the most comprehensive for 

Duttaphrynus and ‘Bufo’ species from India to date. In addition, I included 19 species 

across 12 bufonid genera and nine other anurans as outgroups from published analyses 

(Graybeal 1997; Biju & Bossuyt 2003; Garcia-Paris et al., 2003; Darst & Cannatella 2004; 

Roelants et al., 2004; Frost et al., 2006; Pramuk 2006; Matsui et al., 2007; Pramuk et al., 

2007) and unpublished sequences (Gluesenkamp, unpublished; Shouche & Ghate, 

unpublished) deposited in GenBank. For a few bufonid genera, other than Duttaphrynus 

and ‘Bufo’species, sequences obtained from Genbank were concatenated from different 

individuals or congeneric species to form composite taxa to reduce the percentage of 

missing data. Taxa included in the analysis (including multi-species composite genera) and 

their GenBank numbers refer to Appendix.  

None of the above augmented data sets comprehensively samples all the 

recognized species from the Western Ghats and drier peninsular India, but they include 

representative species and/or populations from the two regions to be able infer 
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relationships and times of divergence of drier peninsular Indian forms from their Western 

Ghats congeners.  

 

DNA extraction and sequencing  

 

Genomic DNA was extracted from liver tissue of Calotes, Psammophilus, Salea, 

Hemidactylus, and Duttaphrynus species preserved in 99% absolute ethanol using Qiagen 

DNeasy kits. Genomic DNA was amplified with (PTC-200TM) Peltier Thermal Cycler 

(MJResearch) and Eppendorf machines under the following PCR conditions: denaturation 

at 94OC for 35s, annealing at 45O-55OC for 35s, and extension at 72OC for 150s for 30-35 

cycles. Negative controls were run on all amplifications to check for contamination. The 

resultant PCR products were cleaned with DNA QIAquick and sequenced by commercial 

biotechnology companies. For Calotes, Psammophilus and Salea I obtained nucleotide 

sequences from two protein-coding genes (complete ND2 and partial COI) and six transfer 

RNAs (partial tRNAMet and complete tRNATrp, tRNAAla, tRNAAsn, tRNACys and tRNATyr). For 

Hemidactylus I obtained nucleotide sequences from three protein-coding genes (complete 

ND2 and partial COI, ND4) and six transfer RNAs (partial tRNAMet and complete tRNATrp, 

tRNAAla, tRNAAsn, tRNACys and tRNATyr) as well as four nuclear regions (RAG1, RAG2, 

cmos, Phosducin). For Duttaphrynus I obtained sequence for mitochondrial 16S rRNA 

and the nuclear CXCR4, RAG1 and Rhodopsin (exon 1) genes. Primers used for DNA 

amplification and sequencing are listed in Table 1. 

 

Table 1. Primers used for amplification and sequencing of DNA in this study 
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Genus Markers Primers Reference 

Duttaphrynus 12S-16S 12SM 5’-

GGCAAGTCGTAACATGGTAAG-3’ 

 

Pauly et al., 

(2004); 

  12SC(L) 5’-

AAGGCGGATTTAGHAGTAAA-3’  

 

Pramuk et 

al., (2007) 

  16H13 5’-

CCGGTCTGAACTCAGATCACGTA-3’ 

Pramuk et 

al., (2007) 

 CXCR4 CXCR-4c  

5’-GTC ATG GGC TAY CAR AAG AA-3’  

 

Pramuk et 

al., (2007) 

  CXCR-4f 5’-TGA ATT TGG CCC RAG 

GAA RGC-3’ 

Pramuk et 

al., (2007) 

 RAG1 RAG1MARTF1     

5’-

AGCTGCAGYCARTAYCAYAARATGTA-

3’ 

 

Pramuk et 

al., (2007) 

  RAG1AMPR1  

5’-AACTCAGCTGCATTKCCAATRTCA-

3’ 

Pramuk et 

al., (2007) 

 Rhodopsin 

(exon 1) 

Rhod1A  

5’-ACCATGAACGGAACAGAAGGYCC-3’ 

Bossuyt & 

Milankovitch 
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 (2000) 

  Rhod1C  

5’-CCAAGGGTAGCGAAGAARCCTTC-3’  

 

Bossuyt & 

Milankovitch 

(2000) 

  Rhod1D  

5’-GTAGCGAAGAARCCTTCAAMGTA-

3’ 

Bossuyt & 

Milankovitch 

(2000) 

Calotes ND2, 

tRNAs 

ND1b  

5’-CGATTCCGATATGACCARCT-3’ 

Kumazawa & 

Nishida 

(1993) 

  ND1f3 5’-

CAACTAATACACCTACTATGAAA-3’ 

Macey et al. 

(1997) 

  Metf1 5’-AAGCAGTTGGGCCCATRCC-3’ Macey et al. 

(1997) 

  Metf6 5’-AAGCTTTCGGGCCCATACC-3’ Macey et al. 

(1997) 

  ND2f17 5’-TGACAAAAAATTGCNCC-3’ Macey et al. 

(2000) 

  ND2r6 5’-

ATTTTTCGTAGTTGGGTTTGRTT-3’ 

Macey et al. 

(1997) 

  COIr1 5’-

AGRGTGCCAATGTCTTTGTGRTT-3’ 

Macey et al. 

(1997) 

  COIr9 5’-

TAYAATGTTCCRATATCTTTRTG-3’ 

Macey et al. 

(1997) 
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Psammophilus ND2, 

tRNAs 

ND1b  

5’-CGATTCCGATATGACCARCT-3’ 

Kumazawa & 

Nishida 

(1993) 

  ND1f7  

5’-GCCCCATTTGACCTCACAGAAGG-3’ 

Macey et al. 

(1998) 

  ND2r6  

5’-ATTTTTCGTAGTTGGGTTTGRTT-3’ 

Macey et al. 

(1997) 

  ND2f17 5’-TGACAAAAAATTGCNCC-3’ Macey et al. 

(2000) 

  Metf1 5’-AAGCAGTTGGGCCCATRCC-3’ Macey et al. 

(1997) 

  Asnr2 5’-TTGGGTGTTTAGCTGTTAA-3’ Macey et al. 

(1997) 

  COIr8  

5’-GCTATGTCTGGGGCTCCAATTAT-3’ 

Weisrock et 

al., (2001) 

Salea ND2, 

tRNAs 

ND1b  

5’-CGATTCCGATATGACCARCT-3’ 

Kumazawa & 

Nishida 

(1993) 

  ND1f7  

5’-GCCCCATTTGACCTCACAGAAGG-3’ 

Macey et al. 

(1998) 

  ND2f17 5’-TGACAAAAAATTGCNCC-3’ Macey et al. 

(2000) 

  ND2r6  

5’-ATTTTTCGTAGTTGGGTTTGRTT-3’ 

Macey et al. 

(1997) 
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  Metf1 5’-AAGCAGTTGGGCCCATRCC-3’ Macey et al. 

(1997) 

  Metf6 5’-AAGCTTTCGGGCCCATACC-3’ Macey et al. 

(1997) 

  COIr1  

5’-AGRGTGCCAATGTCTTTGTGRTT-3’ 

Macey et al. 

(1997) 

  COIr8  

5’-GCTATGTCTGGGGCTCCAATTAT-3’ 

Weisrock et 

al. (2001) 

Hemidactylus ND4 ND4f11  

5’-GCAAATACAAACTAYGAACG-3’ 

Jackman et 

al. (2008) 

  Leur1  

5’-

CATTACTTTTTACTTGGATTTGCACCA-

3’ 

Arevalo et al. 

(1994) 

 ND2, 

tRNAs 

L4437b  

5’-AAGCAGTTGGGCCCATACC-3’ 

Macey et al. 

(1997) 

  ND2f101  

5’-CAAACACAAACCCGRAAAAT-3’ 

Greenbaum 

et al. (2007) 

  ND2r102a  

5’-CTAGTAGTCAGCCTATGTGKGC-3’ 

This study 

  ND2r102b  

5’-CAGCCTAGGTGGGCGATTG-3’ 

Greenbaum 

et al. (2007) 

  Trpr3a 5’-TTTAGGGCTTTGAAGGC-3’ Greenbaum 

et al. (2007) 
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  COIr1  

5’-AGRGTGCCAATGTCTTTGTGRTT-3’ 

Macey et al. 

(1997) 

 Cmos G73a  

5’-GCGGTAAAGCAGGTGAAGAAA-3’ 

Saint et al. 

(1998) 

  G74  

5’-TGAGCATCCAAAGTCTCCAATC-3’ 

Saint et al. 

(1998) 

  FUf  

5’-TTTGGTTCKGTCTACAAGGCTAC-3’ 

Gamble et al. 

(2007) 

  FUr  

5’-AGGGAACATCCAAAGTCTCCAAT-3’ 

Gamble et al. 

(2007) 

 RAG1 RAG1 F700  

5’-

GGAGACATGGACACAATCCATCCTAC-

3’ 

Bauer et al. 

(2007) 

  RAG1R700  

5’-

TTTGTACTGAGATGGATCTTTTTGCA-

3’ 

Bauer et al. 

(2007) 

 RAG2 PYIF  

5’-CCCTGAGTTTGGATGCTGTACTT-3’ 

Gamble et al. 

(2007) 

  PYIR  

5’-AACTGCCTRTTGTCCCCTGGTAT-3’ 

Gamble et al. 

(2007) 

  EMI-F  

5’-TGGAACAGAGTGATYGACTGCAT-3’ 

Gamble et al. 

(2007) 
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  EMI-R  

5’-ATTTCCCATATCAYTCCCAAACC-3’ 

Gamble et al. 

(2007) 

 Phosducin Phof2  

5’-AGATGAGCATGCAGGAGTATGA-3’ 

Bauer et al. 

(2007) 

  Phor1  

5’-TCCACATCCACAGCAAAAAACTCCT-

3’ 

Bauer et al. 

(2007) 

 

Sequence Alignment 

 

Preliminary alignment was obtained using ClustalX (v2.0; Larkin et al., 2007) with default 

parameters (gap insertion cost = 15; gap extension cost = 6). For rRNAs and tRNAs 

alignments based on multiple alignment software were less than accurate when compared 

with secondary structure data. Hence, in contrast to protein-coding sequences, which were 

easily aligned by multiple alignment software due to the constraints of a functional reading 

frame, rRNA and tRNA were subsequently adjusted in accordance with models of their 

secondary structures. For Calotes, Psammophilus, Salea, and Hemidactylus 

mitochondrial tRNAs were aligned according to secondary structure models (Kumazawa 

and Nishida 1993; Macey & Verma 1997). Because the stem regions of tRNA are conserved 

through functional constraints of pairing with complementary stems, this meant that the 

resultant alignment reflected the conserved pattern of tRNA secondary structure where 7, 

4, 5, and 5 base pairs comprised the AA stem, the D stem, the AC stem, and the T stem, 

respectively. The length variation across taxa when present was due to 2, 1, and 3-5 bases, 

and no nucleotide spacer at the junctions of the AA-D stems, the D-AC stems, the AC-T 

stems, and the T-AA stems, respectively (Kumazawa & Nishida 1993; Macey & Verma 



 

 136 

1997). Additionally, acrodont lizards (i.e., Calotes, Psammophilus, and Salea in this case) 

have a tRNA rearrangement in which the typical vertebrate order IQM is changed to QIM 

(Q=Glutamine; I=Isoleucine; M=Methionine; Macey et al., 1997; 2000). Hence for the 

three species of non-acrodont reptiles (Sphenodon, Basiliscus, and Oplurus) included, the 

order of their tRNAs in the sequence alignment was changed accordingly. For 

Duttaphrynus rRNA final alignment was arrived at by following secondary structure 

models of 12S and 16S (De Rijk et al., 1998; Van de Peer et al., 1998).  

Protein coding regions for Calotes, Psammophilus, Salea, Hemidactylus and 

Duttaphrynus were translated to amino acids using MacClade v4.08 (Maddison and 

Maddison 2003) to verify reading frame and functionality. Sites that could not be aligned 

unambiguously were excluded from the analysis. For Calotes, Psammophilus, Salea, 

Hemidactylus and Duttaphrynus newly obtained DNA sequence during this study will be 

submitted to GenBank on publication.  

 

Phylogenetic analysis 

 

Phylogenetic analyses were performed under the Parsimony optimality criterion and 

Bayesian statistical inference. In all instances the mitochondrial and nuclear makers were 

concatenated and analyzed together.  

Parsimony analyses for the combined data set were conducted using PAUP* 

(v4.0b10; Swofford 2002) with all characters and all state-transformations equally 

weighted using heuristic searches with 10000 replicates of random stepwise addition and 

tree bisection and reconnection (TBR) branch swapping. Non-parametric bootstraping 

(Felsenstein 1985) was used to assess the support for individual nodes with 1000 bootsrap 
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replicates and heuristic searches using 100 replicates of random stepwise addition and 

TBR branch swapping.  

Bayesian analyses were performed using MrBayes (v3.1.2; Ronquist and 

Huelsenbeck 2003) after estimating an appropriate model of sequence evolution for the 

unpartitioned data as per the AICc and hLRT comparisons of alternative models in 

ModelTest (v3.7; Posada & Crandall 1998; 2001). Preliminary shorter runs (of 1x106 

generations) indicated a steady decrease in the average standard deviation of split 

frequencies between the two parallel runs executed by default in MrBayes, but mixing of 

the cold and hot chains at default settings was found to be poor (McGuire et al., 2007; 

Ronquist et al., 2005). Since the relative difference between the temperatures of the cold 

and hot chains determines the mixing behavior, several shorter runs (of 1x106 generations) 

were executed at varying temperature values [t=0.2 (default option), 0.15, 0.10, 0.07, 0.05, 

0.02]. The mixing behavior of the data sets under different temperatures was compared. 

At t=0.02 the percentage of successful swaps between the chains tended to be 70% or more 

for most pairs of chains, and at t >0.10 it tended to be lower than 10% for several pairs of 

chains. Because the most efficient running of chains occurs when the swap values are 

between 10% and 70% (Ronquist et al., 2005), the interval between t=0.10 and t=0.02 was 

chosen to be a suitable window for deciding the final temperature for longer analyses. The 

temperature of the final analysis was chosen within the window t=0.02-t=0.10 that would 

yield adequate mixing within the bounds mentioned above for all or most pairs of chains. 

Final analyses were run for 5x106 generations for Calotes and Hemidactylus and 3x106 

generations for Duttaphrynus with t=0.08 and rest of the parameters at their default 

values. The lengths of the longer analyses were based on ESS (Effective Sample Size) 

values for shorter runs, as estimated in Tracer (v1.4.1; Rambaut & Drummond 2007), by 

approximately multiplying the generation times of shorter runs so that the ESS is ≥200. 
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Parameter values were estimated from the data with default uniform prior parameter 

distributions for all parameters except branch lengths, which were unconstrained (no 

molecular clock) with exponential priors. Trees and parameter values were sampled every 

100 generations and stationarity was assessed using a combination of factors in MrBayes 

and Tracer outputs. Runs were considered adequate when the following criteria were 

satisfied: average standard deviation of split frequency <0.01; PSRF (Potential Scale 

Reduction Factor) ~1.00 for all parameters in the output, -ln L values reaching asymptote 

when visualized in Tracer and >200 ESS. The same data set was run twice to assess 

convergence on similar topologies. These runs were assessed for convergence after 

discarding the first 25% of the samples as burn-in with remaining topologies combined 

using LogCombiner (v1.4.8; Drummond & Rambaut 2007). Bayesian posterior probability 

values for each branch were then summarized with a 50% majority-rule consensus tree. 

 

Divergence time estimation  

 

Methods estimating divergence time have made considerable progress towards 

incorporating more realistic assumptions. Unlike the use of a strict molecular clock in the 

1960s through 1980s (Felsenstein 2003; Zuckerkandl & Pauling 1965), current methods 

allow different rates of change on individual branches (Thorne & Kishino 1998; Sanderson 

1997, 2002; Drummond & Rambaut 2007; Rutschmann 2006). Divergence times for 

agamids (Calotes, Psammophilus, Salea), Hemidactylus and Duttaphrynus were 

estimated using BEAST (v1.4.8; Drummond & Rambaut 2007; Drummond et al., 2006), 

which provides several advantages over other methods currently in use. Most importantly, 

it allows more flexibility in incorporating uncertainity associated with calibration points 
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(e.g., fossil, tectonic events) through use of various parametric distributions (e.g., log-

normal) as priors.  

Shorter runs (of 1x106 generations) were executed initially to assess the behavior of 

the data set and decide on the length of the final run required to meet robust estimates as 

indicated by ESS (should be at least >200; Drummond et al., 2007). Accordingly agamid 

(Calotes, Psammophilus, and Salea), Hemidactylus and Duttaphrynus data sets were run 

for 1x108, 7x107, and 1x108 generations respectively in BEAST with a 

GTR+Gamma+Invariant sites model with empirical estimation of base frequencies and 

four Gamma categories.  

Inclusive clades not relevant for estimation of divergence times of focal taxa, but 

well supported from this and earlier analyses were constrained. For agamids (Calotes, 

Psammophilus, Salea) these were Acrodonta, Agamidae, Agaminae and Uromastyx 

(Macey et al., 2000; Townsend et al., 2004). For Hemidactylus these were Gekkota, 

Gekkonidae, and Sphaerodactylus (Gamble et al., 2007; 2008a, 2008b). For 

Duttaphrynus these were Xenoanura, Bufonidae, Ranidae and Pelobatidae (Frost et al., 

2006; Marjanovic & Laurin 2007; Pramuk et al., 2007). These constraints were necessary 

because the starting tree in BEAST is a random tree that may or may not satisfy all the 

constraints that are placed in the form of priors on tree topology and divergence times 

(Drummond et al., 2006). If the starting tree does not meet the constraints BEAST does 

not initiate the divergence analysis. This problem can be avoided either by constraining the 

nodes to which calibrations are applied or by specifying a starting tree (e.g., from 

phylogenetic analysis); the former approach was adopted in this analysis (see Pramuk et 

al., 2007). 

Four, three and five fossil calibrations for internal nodes and one for the root 

height were used as minimum age estimates in the analyses respectively for agamids 



 

 140 

(Calotes, Psammophilus, and Salea), Hemidactylus, and Duttaphrynus (Table 2). When 

fossil calibration points were available from stem lineages, they were employed at the 

divergence of the next most inclusive clade that included the stem and the crown 

members. 

The model for calibration point priors was chosen to be log-normal and Yule 

process was the tree prior. For the log-normal distribution of calibration priors, three 

parameters (zero offset, log-normal mean, log-normal standard deviations) are required. 

The minimum age of the fossil constraints (using the timetable of Gradstein et al., 2004) 

are logical zero offsets and were so specified because fossils within a clade provide 

minimum estimates of its age. The mean and the standard deviations of the log-normal 

distribution for a calibration point were chosen so that the 95% highest posterior density 

(HPD) interval (which contains 95% of the sampled values) did not exceed the age of 

fossils at a more inclusive level of phylogenetic relationship (Ho 2007; see Table 2). For 

example, the 95% HPD for the calibrated node representing the last common ancestor of 

agamids is delimited so as not to include or predate the calibrated node representing the 

last common ancestor of all acrodonts (i.e., agamids and chamaeleonids), the next deeper 

node in the phylogeny (see Table 2).  

On completion of the analysis the results were examined using Tracer (v1.4.1; 

Rambaut & Drummond 2007) to assess adequate sampling of the posterior probability 

distribution using ESS. Samples of trees with mean ages of all nodes and their 95% HPD 

ranges were summarized using TreeAnnotator (v1.4.8; Drummond & Rambaut 2007). For 

each data set, two independent runs were executed to assess convergence on similar 

estimates of divergence dates. After choosing a burn-in as 25% of the trees, these 

individual runs were combined in LogCombiner (v1.4.8; Drummond & Rambaut 2007) 

and the resultant summary tree was visualized and produced in FigTree (v1.2.2). 
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Table 2. List of fossils used as calibration points and associated information employed in 

the molecular divergence analysis of agamids (Calotes, Psammophilus, Salea), 

Hemidactylus and Duttaphrynus. 

 

Taxon Fossil taxon and 

calibrated node 

Minimum age and 

BEAST 

implementation 

Reference 

 

Agamids Taxon: 

Brachyrhinodon 

taylori 

Node: Root height 

depicting split 

between Squamata 

and Sphenodontia 

At least 216.5 Ma 

(Carnian, Late Triassic), 

but not before the split 

between Archosauria and 

Lepidosauria (Induan, 

Early Triassic); Log-

normal, Mean=1.9; 

SD=1.0; 

Estes (1983); 

Benton (1993); 

Evans (2003) 

 

 Taxon: Bharatagama 

rebbanensis 

Node: Last common 

ancestor of all extant 

acrodont iguanians 

At least 161.2 Ma (Middle 

Jurassic), but not before 

the split between 

Squamata and 

Sphenodontia (Carnian, 

Triassic); 

Log-normal, Mean=3.25; 

SD=0.5; 

Evans et al. 

(2002); Evans 

(2003)  
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 Taxon: Xianglong 

zhaoi 

Node: Last common 

ancestor of all extant 

agamids 

At least Early Cretaceous 

99.6 Ma, but not before 

the split between Iguania 

and rest of the Lacertilia 

(Middle Jurassic); 

Log-normal, Mean=3.0; 

SD=0.7  

Li et al. (2007) 

 Taxon: Agama gallie 

Node: Last common 

ancestor of all extant 

agaminae agamids 

At least 28.4 Ma (mid-

Oligocene), but not before 

the split between 

Agamidae-

Chamaeleonidae Log-

normal, Mean=3.45; 

SD=0.5 

Moody (1980); 

Estes (1983)  

 Taxon: Uromastyx 

europaeus 

Node: Last common 

ancestor of extant 

Uromastyx species 

At least 28.4 Ma (mid- 

Oligocene), but not before 

the split between 

Agamidae-

Chamaeleonidae; Log-

normal, Mean=3.45; 

SD=0.5 

Moody (1980); 

Estes (1983)  

Gekkonids Taxon: 

Brachyrhinodon 

taylori 

At least 216.5 Ma 

(Carnian, Late Triassic), 

but not before the split 

Estes (1983); 

Benton (1993); 

Evans (2003) 
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Node: Root height 

depicting split 

between 

Sphenodontia and 

Squamata 

between Archosauria and 

Lepidosauria (Induan, 

Early Triassic) Log-

normal, Mean=1.9; 

SD=1.0 

 

 Taxon: Hoburogecko 

Node: Last common 

ancestor of extant 

gekkotans 

At least 112 Ma (Aptian-

Albian of Lower 

Cretaceous), but not 

before the split between 

Squamata and 

Sphenodontia (Carnian, 

Late Triassic); 

Log-normal, Mean=3.0; 

SD=1.0 

Alifanov 

(1989); Evans 

(2003) 

 

 Taxon: Yantarogekko 

balticus 

Node: Last common 

ancestor of all extant 

gekkonids 

At least 48.6 Ma (Lower 

Eocene) but not before the 

basal split within crown 

gekkotans (97-110 Ma 

Cenomanian-Albian, Mid-

Cretaceous) 

Log-normal, Mean=2.23; 

SD=1.0  

Bauer et al. 

(2005); Arnold 

& Poinar 

(2008)  

 Taxon: 

Sphaerodactylus 

At least 23 Ma ( Lower 

Oligocene); but not before 

Bohme (1984); 

Kluge (1995); 
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dommeli 

Node: Last common 

ancestor of all extant 

Sphaerodactylus 

species included 

the basal split within 

crown Gekkonidae  

Log-normal, Mean=2.3; 

SD=1.0 

Gamble et al. 

(2008b)  

Bufonids Taxon: 

Eodiscoglossus 

oxoniensis 

Node: Root height 

depicting 

the split between 

Discoglossoidea and 

Pipanura 

At least 164.7 Ma 

(Bathonian, Middle 

Jurassic) but not before 

the split between 

Prosalirus bitis-Anura 

(Pleinsbachian, Early 

Jurassic); Log-normal, 

Mean=2.0; SD=0.55; 

Evans et al. 

(1990); Rocek 

(1994) 

 Taxon: Rhadinosteus 

parvus 

Node: Last common 

ancestor of Pipoidea 

and remaining 

Xenoanura  

At least 150.8 Ma 

(Kimmeridgian, Late 

Jurassic), but not before 

the split between 

Prosalirus bitis-Anura 

(Middle Jurassic); Log-

normal, Mean=1.5; 

SD=1.0; 

Rocek (1994); 

Henrici (1998); 

Marjanovic & 

Laurin (2007) 

 Taxon: Eopelobates 

sp. 

Node: Last common 

At least 70.6 Ma 

(Maastrictian-Campanian, 

Late Cretaceous), but not 

Rocek (1994) 
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ancestor of Pelobates 

and Pelodytes 

before the split between 

Discoglossoidea and 

Pipanura (Bathonian, 

Middle Jurassic); Log-

normal, Mean=2.85; 

SD=0.9; 

 Taxon: 

Baurubatrachus 

pricei 

Node: Last common 

ancestor of 

Ceratophrys and 

Leptodactylus 

At least 85.8 Ma 

(Coniacian, Late 

Cretaceous), but not 

before the split between 

Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=1.65; SD=1.0; 

Báez & Perí 

(1989); Rocek 

(1994); 

Marjanovic & 

Laurin (2007)  

 Taxon: Bufonidae 

Node: Last common 

ancestor of all extant 

bufonid genera 

At least 55.8 Ma 

(Thanetian, Paleocene), 

but not before the split 

between Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=3.2; SD=0.5 

Estes & Reig 

(1973); Báez & 

Gasparini 

(1979); Rage & 

Rocek (1994) 

 Taxon: Ranidae 

Node: Last common 

ancestor of 

At least 37.2 Ma 

(Bartonian, Eocene), but 

not before the split 

Rage (1984); 

Rage & Rocek 

(1994); 
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Arthroleptis and 

Meristogenys 

between Neobatrachia-

Pelobatoidea (Early 

Cretaceous); Log-normal, 

Mean=2.65; SD=1.0 

Marjanovic & 

Laurin (2007) 

 

Results 

 

Sequence variation and alignment 

 

For Agamids (Calotes, Psammophilus, and Salea) the mitochondrial data set (ND1, ND2, 

COI and associated tRNAs) had a total aligned length of 1952 bp. Of these, 303 bp were 

excluded from the analysis because of ambiguous alignment resulting in a final data set of 

1649 bp. Of these 204 sites were constant, 1445 sites were variable and 1312 sites were 

parsimony informative characters. The total proportion of missing data in the final aligned 

data set was 19.71%. Gaps other than those in ambiguously aligned (excluded) sites were 

treated as missing data. 

For Hemidactylus the combined mitochondrial and nuclear data had a total 

aligned length of 5023 bp. The relative contributions of various markers in the combined 

data set were ND2 and associated tRNAs: 1810 bp; ND4: 578 bp; cytb: 308 bp; RAG1: 

1099 bp; RAG2: 365 bp; cmos: 467 bp; and Phosducin: 396 bp. After removal of 

ambiguously aligned sites the final data set had a length of 4642 bp with relative length of 

the markers as follows: ND2 and associated tRNAs: 1641 bp; ND4: 514 bp; cytb: 306 bp; 

RAG1: 1050 bp; RAG2: 363 bp; cmos: 375 bp; and Phosducin: 393 bp. Of these 1780 sites 

were constant, 2862 sites were variable and 2154 sites were parsimony-informative. The 
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total proportion of missing data in the final aligned data set was 34.47%. Gaps other than 

those in ambiguously aligned (excluded) sites were treated as missing data. 

For Duttaphrynus the combined mitochondrial and nuclear data had a total 

aligned length of 4543 bp. The relative contributions of various markers in this combined 

data were: 12S-16S: 2644 bp; CXCR4: 735 bp; 848 bp; and Rhodopsin: 316 bp. After 

removal of ambiguously aligned sites the final data set had a length of 4515 bp with relative 

length of the markers as follows: 12S-16S: 2619 bp; CXCR4: 735 bp; 846 bp; and 

Rhodopsin: 315 bp. Of these, 2157 sites were constant, 2358 sites were variable and 1695 

sites parsimony-informative. Because most of the data for Duttaphrynus species compiled 

from the literature had only small fragments of 12S and 16S DNA sequences, a 

considerable amount of missing data was present, amounting to 46.45%. Gaps other than 

those in ambiguously aligned (excluded) sites were considered as missing data. 

 

Phylogenetic inference 

 

Calotes-Psammophilus-Salea (south Asian Agamids): Parsimony analysis yielded two 

equally optimal trees (11614 steps; Figure 1) for the south Asian agamids. These trees only 

differed in terms of relationships within the Laudakia-Agama clade (among the 

outgroups), while relationships within the ingroup draconine species were identical in 

both the trees. The genus Calotes was inferred to be paraphyletic with respect to the genus 

Psammophilus in that a clade of Calotes rouxi and Calotes ellioti is more closely related to 

Psammophilus species than to the remaning Calotes species. This relationship, however, 

was very weakly supported (<50% bootstrap support). The more inclusive clade including 

all Calotes-Psammophilus species was also weakly supported with a bootstrap of 64%. The 

genus Psammophilus itself was inferred monophyletic with 100% bootstrap support. The 
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genus Salea was also inferred monophyletic with high boostrap support (98%) and 

together with the genus Acanthosaura was sister to the Calotes-Psammophilus clade. Both 

of these sister relationships (i.e., Salea with Acanthosaura and Calotes-Psammophilus 

with Salea-Acanthosaura) had <50% bootstrap support.  

For the Bayesian analysis of the agamid data set, GTR+I+G was used as the model 

of evolution as both hLRT and AICc criteria choose it to be the best (Posada & Crandall 

1998). The 50% majority consensus tree combining post-burnin samples of four 

independent runs is represented in Figure 2 (arithmetic mean -lnL = 46668.982; 

harmonic mean -lnL = 46683.502). Calotes species are inferred as a monophyletic group 

with a Psammophilus-Salea clade as its sister. Within the genus Calotes, a Calotes rouxi–

C. ellioti clade was inferred as basal. The Bayesian posterior probability for the genus 

Calotes, the Calotes and Psammophilus-Salea sister relationship and the Psammophilus 

clade were 0.81, 1.0 and 1.0 respectively. The relationships of various Calotes species were 

essentially identical in the parsimomy and Bayesian trees (Figures 1 & 2). 

Hemidactylus: For Hemidactylus geckos the parsimony search yielded 18 equally 

parsimonous trees, a strict consensus of which is presented in Figure 3 (12833 steps). The 

genus Hemidactylus was inferred monophyletic (bootstrap 89%) and sister to the genus 

Cyrtodactylus (bootstrap 100%). Within the Hemidactylus clade, H. reticulatus was 

inferred sister to be the rest of the Hemidactylus species with low support (<50% 

bootstrap). The relationships between the major clades within Hemidactylus were 

unresolved, with most of the resolution inferred within those major clades. Hemidactylus 

species from south Asia occurred in three different places: H. reticulatus-sister to the 

remaning Hemidactylus; H. prashadi-unresolved within the clade composed of remaining 

species; and the south and Southeast Asian clade containing the remaining south Asian 
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species scattered throughout (H. bowringii, H. brookii, H. frenatus, and H. flaviviridis 

clades).  

For the Bayesian Analysis of Hemidactylus data set, GTR+I+G was used as the 

model of evolution as both hLRT and AICc criteria choose it to be the best (Posada & 

Crandall 1998). The 50% majority consensus tree of the combined post-burnin samples of 

four independent runs is represented in Figure 4 (arithmetic mean -lnL = 59575.479; 

harmonic mean -lnL = 59591.312). A sister relationship between Hemidactylus and 

Cyrtodactylus, monophyly of the genus Hemidactylus and a sister relationship between H. 

reticulatus and rest of the Hemidactylus clades were all inferred with Bayesian posterior 

probability values of 1.00. Although more resolution was obtained in this topology 

compared to the parsimony results, south and Southeast Asian species were inferred in 

disparate parts of the tree, four in this case: H. reticulatus-sister to the remaning 

Hemidactylus; H. prashadi-unresolved with H. bowringii and other African, west Asian 

and America species. The primarily south and Southeast Asian clade contained the 

remaining species (H. brookii, H. frenatus, and H. flaviviridis clades). The relationship of 

among the subclades from west Asia, Africa, America, south and Southeast Asia within the 

genus Hemidactylus have weak support in both parsimony and Bayesian analyses, but the 

compostion of those subclades are essentially identical between two analyses. 

 

Duttaphrynus: Parsimony analysis yielded 300 equally optimal trees (8635 steps) for 

which the strict consensus topology is presented in Figure 5. Duttaphrynus appears 

paraphyletic with respect to Bufo scaber, and Duttaphrynus melanostictus is paraphyletic 

with respect to D. microtympanum. The Duttaphrynus melanostictus samples, along with 

D. microtympanum, form a clade with considerable phylogenetic structure though with 

only moderator bootstrap support. Although several nodes are not well supported by 
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bootstrap values, the general pattern of multiple independent Western Ghats and drier 

peninsular Indian lineages is still apparent. Bufo scaber and B. stomaticus are peninsular 

Indian species, while Bufo koynayensis is a Western Ghats endemic. Within Duttaphrynus 

melanostictus, samples from Agra and Pondicherry are representative of peninsular India, 

while those from Mangalore, Attapadi, and Pune are from the Western Ghats. D. 

microtympanum is a mountain top endemic from Kodaikanal in the Western Ghats. 

In the Bayesian analysis of the Duttaphrynus/bufonid data set GTR+I+G was used 

as the model of evolution as it was selected under both hLRT and AICc criteria choose it to 

be the best (Posada & Crandall 1998). The 50% majority consensus tree from the 

combined post-burnin samples of four independent runs is represented in Figure 6 

(arithmetic mean -lnL = 41986.57; harmonic mean -lnL = 42047.60). The Bayesian 

topology had more resolution and differed in certain aspects of the topology from the 

parsimony analysis yet both supported multiple independent origins of drier peninsular 

and Western Ghats’s taxa.  

 

Divergence time estimates 

 

Calotes-Psammophilus-Salea (south Asian Agamids): The divergence time analysis 

(Figure 7) suggested that the basal divergence within crown Calotes is pre-Cenozoic (>65 

Ma) and that the stem of Calotes separated in the Late Cretaceous from other south Asian 

agamids (Psammophilus-Salea clade). The lineage leading to the Western Ghats species 

Calotes rouxi and C. elliotii represents an early divergence within the crown (73.18 Ma), 

with most of the remaining divergences between extant species occurring through most of 

the Cenozoic. The earliest divergences among various populations currently assigned to 

Calotes versicolor lineages are pre-Miocene (29.52 Ma) with most of the diversification 
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occurring during the Miocene. The drier peninsular endemic Psammophilus and the 

Western Ghats endemic Salea separated from other agamids very early (73.18 Ma) with 

intra-generic divergence occurring only after 41.06 Ma (Psammophilus) and 37.1 Ma 

(Salea), both during the Eocene.  

 

Hemidactylus: The stem of Hemidactylus separated from its sister genus Cyrtodactylus 

before the Cenozoic (>65 Ma; Figure 8). The drier peninsular H. reticulatus represents a 

very old lineage within the genus (83.56 Ma). The Western Ghats endemic H. prasadi’s 

phylogenetic position is tentative and so is its divergence time. The drier peninsular and 

Western Ghats species of Hemidactylus (H. brookii, H. frenatus and H. leschenaultii and 

others) diverged from 55.1 Ma through most of Eocene and Miocene. 

 

Duttaphrynus: The stem of the bufonid Duttaphrynus diverged relatively recently from its 

nearest relatives, probably in the Eocene (31.98 Ma; Figure 9). The basal divergence within 

extant populations of D. melanostictus occurred during the Miocene (19.54 Ma) with D. 

microtympanum appearing to be a recent mountain isolate (1.56 Ma divergence from 

nearest relative among D. melanostictus populations) in the Western Ghats. The drier 

peninsular species diverged onwards from 31.12 Ma (Bufo stomaticus), through 28.77 Ma 

(Bufo scaber) to D. melanostictus from Pondicherry (15.73 Ma).   

 

Discussion 

 

Calotes-Psammophilus-Salea (south Asian Agamids): The results of the present analysis 

are essentially identical to the last comprehensive phylogenetic analysis of Calotes species 

(Zug et al., 2006), for the overlapping taxa. This is not unexpected because both of these 
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analyses are based on the same set of mitochondrial markers. In the current analysis, 

species of Calotes from the Western Ghats (Calotes rouxi, C. elliotii) and drier peninsular 

India (C. calotes and C. versicolor) that were added to the data set emerged as early 

divergent lineages within the genus. Additionally species from northeast India (Calotes 

maria and Calotes jerdoni) were also added. A new generic addition was the peninsular 

Indian genus Psammophilus and additional species of the Western Ghats mountaintop 

endemic genus Salea. Smith (1935) could not assign C. rouxi and C. ellioti in any of the 

species groups he erected with the genus Calotes. Results from this study suggest that 

there is possibly a clade of small bodied Calotes unique to the Western Ghats that could be 

assigned its own species group. The order of divergence of Calotes species (Figure 2) 

clearly indicates not just an Out of Western Ghats pattern (i.e., basal species endemic to 

the Western Ghats with later divergences distributed elsewhere), but more complicated 

relationships between wetter Western Ghats species and species inhabiting deciduous 

forests from drier peninsular India, Northeast India and Myanmar. Both parsimony and 

Bayesian results suggest that Calotes species from drier peninsular India (C. calotes, C. 

versicolor) and the Western Ghats (C. rouxi and C. elliotii) are not each others nearest 

relatives. The basal species are from the Western Ghats (C. rouxi, C. elliotii) followed by a 

clade of species from Myanmar (C. chincollium, C. emma, and C. mystaceus), followed by 

C. jerdoni from Northeast India, with subsequent diversification of an endemic clade in Sri 

Lanka (C. ceylonensis, C. liocephalus, C. nigrilabris, and C. liolepis). This was followed by 

species of another lineage in Myanmar (C. htunwini) and another clade that has the 

species (C. calotes) and populations (C. versicolor) in drier peninsular India and the 

Western Ghats. This was followed by a subsequent wave of diversification in Northeast 

India and Myanmar. Though a comprehensive sampling of populations and undescribed 

species of Calotes from drier peninsular India and regions in between the Western Ghats 
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and Myanmar could be undertaken and is very likely to result in the description of new 

species, the current diversity in the genus is primarily restricted to the Western Ghats, Sri 

Lanka, Northeast India and Myanmar regions. The only species of Calotes that occurs 

continuously across all disjunctly located wet regions is C. versicolor. It, however, is a 

species that is nested well within the phylogenetic tree suggesting a relatively recent origin, 

well after the divergence of major regional clades of Calotes now restricted to the Western 

Ghats, Sri Lanka, Northeast India and Myanmar. This suggests that ancestral Calotes must 

have had tolerance to various habitats on an evergreen to a deciduous continuum and was 

able disperse between the Western Ghats, Sri Lanka, Northeast India and Myanmar at 

different points in the history of the genus. The remaining species include all of the Calotes 

versicolor samples, which emerge as non-monophyletic because of the nesting of C. maria 

and C. irawadi deep within that clade. In a broad sense, the pattern within the C. 

versicolor species resembles that of the genus as a whole with basal lineages distributed in 

the Western Ghats and subsequent ones in Northeast India and Southeast Asia (Myanmar) 

in the following order: first from the Western Ghats (Pushpagiri, Cotigaon), followed by 

Myanmar (Rakhine)-Northeast India (Barail), C. irawadi, C. maria-Northeast India 

(Guwahati), and lastly Myanmar (Bago and Ayeyarwady). In addition, the Calotes 

versicolor species probably represents several species given the high degree of divergence 

among its populations and paraphyly relative to Calotes maria (see Zug et al., 2006 for a 

discussion). Though the details of the relationships would be refined with sampling of 

hitherto unsampled Western Ghats Calotes (Calotes grandisquamis, Calotes nemericola 

and C. aurantolabium) and additional populations of C. calotes and C. versicolor from 

drier peninsular India, the general pattern of a complex relationship between the wetter 

habitat Western Ghats species and drier adapted species of peninsular Indian species is 

well supported. 
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            The genera Salea and Psammophilus represent two clades endemic respectively to 

the Western Ghats and peninsular India as a whole (i.e., including the Western Ghats). 

Salea is a mountain top endemic restricted to the Nilgiris and Anamalai regions of the 

southern Western Ghats. Dating analysis suggests that the split within the genus Salea 

into S. anamallayana and S. horsfieldii occurred in the Eocene (37.1 Ma), during a 

relatively early phase in the fragmentation of the rainforest on the Indian plate (Morley 

2000). Psammophilus on the other hand is primarily a drier penisular Indian form with 

some populations of P. dorsalis encroaching into the Western Ghats. Psammophilus 

diverged into two of its extant species P. blanfordanus and P. dorsalis also in Eocene 

(41.06 Ma). In contrast to Salea, Psammophilus species are primarily adapted dry 

habitats. Given this early split within Psammophilus relative to fragmentation of rainforest 

on the Indian plate, it is likely that the ancestral Psammophilus was a rainforest tolerant 

species and later adapted to drier habitat, as rainforest on peninsular India became 

increasingly fragmented. Given the distribution of south agamids in the region, it is 

apparent that the divergence of species was occurring concurrently in different parts of the 

Western Ghats, drier peninsular India, Northeast India and Myanmar. 

 

Hemidactylus: The results of the present study confirmed and added new hypotheses of 

relationships with respect to recently published phylogenies (Bauer et al., 2008; Carraza & 

Arnold 2006). The various previously recognized subclades (tropical Asian bowringii and 

frenatus groups) were consistently inferred and the uncertainty of relationships within 

major regional subclades of Hemidactylus species remained. Hemidactylus reticulatus 

emerges as to the earliest diverging species within the crown compared to a very nested 

position of the species, related to Teratolepis fasciata, found by Bauer et al. (2008). This 

difference is due to the separate analysis of H. reticulatus by Bauer et al. (2008) based on 
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cytb and phosducin markers only. Additional species and populations of Hemidactylus (H. 

prasadi, H. brookii and H. frenatus) fleshed out the pattern of relationships between the 

Western Ghats and peninsular Indian forms. Relationships of the major subclades of 

Hemidactylus remain uncertain so only the H. flaviviridis, H. frenatus and H. brookii 

clade can be discussed with some degree of certainity. The apparent pattern is that of 

multiple origins of drier peninsular Indian clades. There is the early divergence of H. 

flaviviridis, which along with H. leschenaultii is adapted to drier habitats of peninsular 

India and the northern Indian plains. The second divergence was that of the H. gracilis 

clade, which is distributed in the seasonal habitats of the northern Western Ghats. Within 

the H. frenatus clade there are again several populations from drier peninsular India and 

the northern Indian plains (frenatus4_Bangalore, frenatus2_Howrah, and 

frenatus1_Vellore), all suggesting a suite of independent origins of drier habitat species. 

There are also populations from Sri Lanka and Southeast Asia sandwiched between the 

Western Ghats and drier peninsular Indian populations suggesting several events of 

dispersal between the Western Ghats and drier peninsular India and in turn between these 

regions and Southeast Asia and Sri Lanka. Though existence of deeper divergences within 

the Western Ghats and drier peninsular Indian Hemidactylus is apparent from H. 

reticulatus and H. prasadi and much thorough sampling of unincluded species (H. 

anamallensis, H. scabriceps, H. triedrus and H. subtriedrus and several newly described 

Hemidactylus from northern Western Ghats; Giri (2008); Giri & Bauer (2008); Giri et al. 

(2009); Mahoney (2009) is required, a pattern of shared relationships between species 

inhabiting the Western Ghats and drier peninsular India, nonetheless, is clear and needs 

further detailed study. 
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Duttaphrynus: This is the most comprehensive phylogenetic analysis of Duttaphrynus 

populations and related Bufo species todate. The present study gathered most of the 

available Duttaphrynus melanostictus populations for which molecular data were 

available in the GenBank, while adding new populations from the Western Ghats and 

peninsular India. The deep structure within D. melanostictus suggests the need for a 

thorough analysis of this so-called widespread species. Among the rest, Bufo scaber from 

drier peninsular India and B. koynayensis from the northern Western Ghats represent 

early divergences (28.77 Ma). Divergence of D. himalayanus distributed in the Himalayas 

around 25.63 Ma, subsequent to that of the B. scaber-koynayensis clade, suggests a 

plausible exchange between drier peninsular India and the Himalayas. Within the 

populations of Duttaphrynus melanostictus a similar pattern of early divergence of drier 

peninsular Indian lineages (Pondicherry, 15.73 Ma) as well as multiple juxtaposition of 

Southeast Asian lineages with peninsular Indian lineages as a whole (i.e., including the 

Western Ghats populations) is apparent. Although more comprehensive sampling of 

populations and species within this group is required, an intricate pattern of shared 

relationships between the Western Ghats and drier peninsular Indian forms clearly 

emerges from this analysis and needs further detailed analysis. 

 

Conclusion 

 

Though more comprehensive phylogenetic analysis of the three groups included in this 

study is required, a few summary conclusions can be drawn at this stage. Hemidactylus, 

Calotes-Psammophilus and Duttaphrynus represent the oldest to the youngest genera in 

terms of the timing of divergences of those species included in this analysis. As suggested 

by the results, it is extremely unlikely that drier peninsular and wetter Western Ghats 
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species and populations represent two monophyletic groups or that one group is nested 

within the other. Instead their relationships are found to be complicated, and the exact 

pattern differs among the genera. The divergence analyses suggest that drier adapted 

peninsular Indian species represent older lineages comparable in age to the wetter adapted 

Western Ghats species as well as younger divergences. This suggests that drier adapted 

species of peninsular India evolved both in response to early fragmentation of wet forest 

on the Indian plate (pre-Miocene) as well as later more extensive conversion to drier 

habitats (Miocene and later; Morley 2000). Overall, the major species groups and lineages 

within each of the three focal taxa diverged before the Miocene and also continued through 

the Miocene. Lastly, the species and populations distributed in and/or restricted to the 

Western Ghats and peninsular India are connected through the history of diversification of 

the region and need to be investigated within a single explicit comparative phylogenetic 

framework if the history of the region is to be understood. 
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Figure 1. One of two identical equally optimal trees for the genera Calotes, Psammophilus 

and Salea and south Asian agamids [TL = 11614 steps; Consistency index (CI) = 

0.268/0.2502 (without uninformative characters); Homoplasy index (HI) = 

0.7392/0.7498 (without uninformative characters); Retention index (RI) = 0.4821]. 

Numbers above nodes are non-parametric bootstrap values, only values greater than 50% 

are shown.  
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Figure 2. Majority rule consensus tree for the Bayesian analysis of Calotes, Psammophilus 

and Salea. Numbers above the nodes represent Bayesian posterior probabilities. 
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Figure 3. Strict consensus of 18 equally most parsimonious trees for the genus 

Hemidactylus. [TL = 12833 steps; Consistency index (CI) = 0.379/0.353 (without 

uninformative characters); Homoplasy index (HI) = 0.621/0.657 (without uninformative 

characters); Retention index (RI) = 0.536]. Numbers above nodes represent non-

parametric bootstrap values; only values greater than 50% are shown. 
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Figure 4. Majority rule consensus tree for the Bayesian analysis of the genus 

Hemidactylus. Numbers above the nodes represent Bayesian posterior probabilities. 
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Figure 5. Strict consensus of 300 equally optimal trees for the genus Duttaphrynus and 

other south Asian bufonids. [TL = 8635 steps; Consistency index (CI) = 0.444/0.423 

(without uninformative characters); Homoplasy index (HI) = 0.556/0.589 (without 

uninformative characters); Retention index (RI) = 0.473]. Numbers above nodes are non-

parametric bootstrap values; only values greater than 50% are shown. 
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Figure 6. Majority rule consensus tree for the Bayesian analysis of Duttaphrynus and other 

south Asian bufonids. Numbers above the nodes are Bayesian posterior probabilities. 
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Figure 7. Chronogram for Calotes, Psammophilus and Salea (Reptilia, Agamidae) from the 

relaxed clock dating analysis. Numbers above and bars at each node represent the mean 

age and 95% HPD (Highest Posterior Density) interval. Broad tectonic, climatic and 

vegetational events associated with the Indian plate are as follows: Indian plate split with 

Madagascar and Seychelles at 88 Ma and 65 Ma, touched Western Sumatra at 57 Ma and 

continued to move north scraping Myanmar; collided with Eurasia at 35 Ma; Tropical 

climate from Late Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 Ma; 

fragmentation ensues and continues till present, except a Mid-Miocene expansion between 

16-10 Ma; Indian monsoon with seasonal climate and deciduous vegetation establishes in 

the Miocene (Morley 2000, 2003). 
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Figure 8. Chronogram for Hemidactylus (Reptilia, Gekkonidae) from the relaxed clock 

dating analysis. Numbers above and bars at each node represent the mean age and 95% 

HPD (Highest Posterior Density) interval. Broad tectonic, climatic and vegetational events 

associated with the Indian plate are as follows: Indian plate split with Madagascar and 

Seychelles at 88 Ma and 65 Ma, touched Western Sumatra at 57 Ma and continued to 

move north scraping Myanmar; collided with Eurasia at 35 Ma; Tropical climate from Late 

Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 Ma; fragmentation ensues 

and continues till present, except a Mid-Miocene expansion between 16-10 Ma; Indian 

monsoon with seasonal climate and deciduous vegetation establishes in the Miocene 

(Morley 2000, 2003). 
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Figure 9.  Chronogram for Duttaphrynus and other south Asian bufonids (Anura, 

Bufonidae) from the relaxed clock dating analysis. Numbers above and bars at the node 

represent the mean age and 95% HPD (Highest Posterior Density) interval. Broad tectonic, 

climatic and vegetational events associated with the Indian plate are as follows: Indian 

plate split with Madagascar and Seychelles at 88 Ma and 65 Ma, touched Western Sumatra 

at 57 Ma and continued to move north scraping Myanmar; collided with Eurasia at 35 Ma; 

Tropical climate from Late Cretaceous ~90 Ma to Oligocene-Eocene thermal maxima at 49 

Ma; fragmentation ensues and continues till present, except a Mid-Miocene expansion 

between 16-10 Ma; Indian monsoon with seasonal climate and deciduous vegetation 

establishes in the Miocene (Morley 2000, 2003). 
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Chapter 5 

 

Conclusions: Diversification in the Western Ghats 

 

This concluding section synthesizes the patterns identified in the individual chapters in the 

context of what is known about diversification of other Western Ghats amphibians and 

reptiles. What is not possible to pinpoint in this synthesis is the congruence (or lack 

thereof) of tree topologies across various clades to speculate on plausible causes associated 

with specific events of speciation because of incomplete taxon sampling of recognized and 

undescribed species in the phylogenies, incomplete knowledge of distribution of the 

species in the region, and poor understanding of the history of geological, climatic and 

vegetational change in the Western Ghats, which would be required for such causality to be 

hypothesized. 

 

Diversification within the Western Ghats 

 

The overarching aim of this study is to infer patterns of diversification concerning the 

Western Ghats, with special focus on diversification within the Western Ghats. This is in 

contrast with the recent trend in phylogenetic studies in the region, which have primarily 

focused on investigating patterns of diversification that involve the Western Ghats and 

other regions, especially Southeast Asia (more on this below). This discussion, however, 

cannot treat all the clades distributed within the Western Ghats under a single umbrella 

because of the wide disparity in species richness among the distributed taxa. Figure 1 

suggests that 45 of the 107 genera representing species poor clades (i.e., those including 

one species). The remaining 62 genera represent moderate to high species-rich genera. 
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Since the first category includes taxa with only one species a discussion of diversification 

within Western Ghats could only involve their age of divergence and extent of distribution 

within the Western Ghats and not species divergence in different parts of the Western 

Ghats. Ansonia, however, has two species, but it is considered here in the species-poor 

category as A. rubigina, the species that was not included, is known to be distributed 

nearby the analyzed species A. ornata and has not been recorded since its original 

description.    

                Draco and Ansonia, analyzed in Chapter 2, represent the first category mentioned 

above. Draco is a gliding agamid lizard with a single species (D. dussumieri) endemic to 

the Western Ghats and Ansonia is a stream living bufonid genus with two species (Ansonia 

ornata and A. rubigina) in the Western Ghats. These two genera, however, differ in both 

age of divergence and extent of distribution. In terms of age they are markedly different: 

the lineage leading to Draco dussumieri originated early (61.33 Ma) and that leading to 

Ansonia ornata originated much later (36.7 Ma). In terms of extent of distribution, Draco 

is widespread and abundant within the Western Ghats, whereas two species of Ansonia are 

restricted to few localities in south-central Western Ghats and are very rare in the wild. So, 

from these contrasting patterns of age and extent of distribution it seems plausible to 

hypothesize that older species-poor taxa tend to be widespread and younger species-poor 

taxa tend to have a restricted distribution within the Western Ghats. Published literature, 

however, does not confirm the pattern of the first hypothesis. Older taxa such as the 

sooglosid frog genus Nasikabatrachus (stem=120 Ma), the microhylid frog genus 

Melanobatrachus (stem=67 Ma), the agamid lizard genera Otocryptis (stem=71 Ma) and 

Salea (stem= 60 Ma crown=30 Ma); the uropeltid snake genera Melanophidium (stem=58 

Ma) and Brachyophidium (stem=44 Ma), the rhacophorid genus Ghatixalus (stem=51 Ma 

crown= 19 Ma) are all restricted in their distribution to one or a few localities within the 
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Western Ghats and are generally rare or at least not abundant. Relatively younger taxa are 

largely widespread and abundant and this includes the monotypic ranid frog genus 

Clinotarsus (40 Ma); the microhylid frog genus Kaloula (stem=28 Ma), the colubrid snake 

genera Coelognathus (stem= 34 Ma crown=29 Ma) and Ptyas (stem=38 Ma), the elapid 

snake genus Ophiophagus (stem= 42 Ma; crown=27 Ma); and the pit-viper genus Hypnale 

(stem=21 Ma) (Biju & Bossuyt 2003; Roelants et al., 2004; Van Bocxlaer et al., 2006; 

Burbrink & Lawson 2007; Wuster et al., 2007, 2008; Wiens et al., 2009). This contradicts 

the pattern of the second hypothesis mentioned above.  

                Thus, the pattern suggested by Draco and Ansonia of widespread and abundant 

older species-rich taxa and restricted and rare younger species-poor taxa is not 

immediately reconcilable with results from other studies. One possible reason is that the 

widespread genera became widespread only recently (following a period of rainforest 

expansion in the Miocene or in response to establishment of Indian monsoon, which 

facilitated deciduous forest, which probably allowed dispersal across inhospitable habitats, 

Morley 2000). This could be tested with phylogeographic analysis of the above taxa. Two 

recent analyses using Ichthyophis caecilians (Gower et al., 2007) and microchiropteran 

bats (Storz & Beaumont 2002) suggest recent expansion of populations of certain species 

within the Western Ghats. What is more apparent from the above pattern of Draco, 

Ansonia and the rest of the genera from literature is that taxa that can inhabit deciduous 

habitats and have relatively higher vagility are widespread and those that do not have 

those traits are restricted in their distribution, a pattern that is consistent irrespective of 

the age of the clade. Thus all the above taxa with restricted distributions are habitat 

specialists that are restricted to rainforest or mountain top areas whether they are old 

(Nasikabatrachus Melanobatrachus, Otocryptis, Salea, Melanophidium, 

Brachyophidium, and Ghatixalus) or young (Ansonia). In contrast, all widespread and 
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abundant taxa inhabit rainforest and deciduous habitats whether old (Draco) or young 

(Clinotarsus, Kaloula, Coelognathus, Ptyas, Ophiophagus and Hypnale) in age.  

    Results for species-rich clades primarily come from this study as there are almost 

no phylogenetic studies with dating estimates available for other such clades. Whatever is 

available involve analyses of only a few representative species of otherwise species-rich 

clades. All the species-rich clades analyzed here tend to be older in age (>65 Ma in stem 

age; Cnemaspis, Philautus, Hemidactylus, Calotes, Uropeltidae) as do those available 

from the literature (Nyctibatrachus, Indirana, and Micrixalus; all of which have stem ages 

~90 Ma; Roelants et al., 2004, 2007). Species-rich clades that are younger include 

Duttaphrynus (stem = 31.98 Ma, crown = 25.63 Ma) and Fejervarya (stem= 38 Ma, 

crown= 30 Ma; Wiens et al., 2009). Though the younger age of these clades could be due 

to poor taxon sampling it is more likely that they occur in both wetter Western Ghats and 

drier peninsular India and thus had more geographical area in which to diversify despite 

being younger in age.  

In terms of pattern of speciation over time, a comparison of Cnemaspis, Philautus 

and uropeltid species in Table 3 of Chapter 3 suggests a pattern of more or less steady 

speciation in these taxa through time contributing to their current diversity, in contrast to 

recent explosive diversification (e.g., during the Pleistocene). This qualitative notion of 

steady speciation through time could hold true for Nyctibatrachus, Indirana, Micrixalus, 

Duttaphrynus and Fejervarya as well, but more complete taxon sampling and dating 

estimate is needed before such a pattern could be attributed to them.  

In terms of extent of distribution, all the species-rich clades are distributed all 

along the Western Ghats and a finer distinction in their patterns of distribution cannot be 

undertaken with currently available data on distribution in the literature.  
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In terms of patterns of speciation in different regions within the Western Ghats 

most species-rich clades have fewer species (endemic or otherwise) in the northern 

Western Ghats (approximately north of 15ON latitude) compared to central and southern 

Western Ghats (between 15ON- 8ON latitudes). Though this pattern has been 

acknowledged for long (Mani 1974), no hypotheses of diversification have been proposed 

to explain it. A possible explanation could be a much smaller area of rainforest in the 

northern Western Ghats due to low mountains (<1500 m) resulting from alteration and 

erosion by the Deccan lava flow around 65 Ma. In contrast, the southern Western Ghats 

have a much larger area of relatively unpurturbed rainforest with the presence of several 

high elevation mountains (Nilgiris, Annamalais, Palni and Cardamom hills, >2500m) 

providing more area and environmental complexity for diversification. Though this area 

hypothesis (or a hypothesis of higher diversity in the tropics) may explain the difference in 

species richness between the two regions within the Western Ghats, it does not necessarily 

predict the relationship of species between the regions. This disparity of speciation in the 

north versus the rest of the Western Ghats was not explicitly addressed in this study, but 

results suggest that northern Western Ghats species have a wide range of divergence times 

(Calotes rouxi, Bufo koynaensis, Cnemaspis spp., Philautus spp., Hemidactylus spp., and 

Melanophidium) and are separate from (non-overlapping) or nested within the central 

and southern Western Ghats taxa.  

Results also suggest that there are taxa that have diversified in all the regions of the 

Western Ghats along its length (Philautus; Duttaphrynus, Bufo, Cnemaspis, Calotes, and 

Hemidactylus), as well as in drier peninsular India (Cnemaspis, Calotes, Hemidactylus, 

Duttaphrynus, and Bufo). There is no apparent concordance in these patterns of 

diversification between clades, suggesting that diversification varied across clades that are 

broadly similar and specifically unique.  
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Relationship of Western Ghats with other regions in terms of diversification 

 

Though the Western Ghats is currently a region of isolated rainforest, this was not the case 

through its history as most of the Indian plate was covered with rainforest until about the 

Oligocene (Morley 2000). This is currently evident in the relationship of the Western 

Ghats species with those of other regions, which most prominently includes drier 

peninsular India, Sri Lanka, and Northeast India-Southeast Asia. Though only relationship 

of the Western Ghats taxa with neighboring drier peninsular India (Chapter 4) and 

Southeast Asia (Chapter 2) were explicitly addressed, almost all the clades included in this 

study have one or more species distributed in one of the regions outside the Western Ghats 

and hence are relevant to this discussion. 

               In this study one or more species of Draco, Ansonia, Cnemaspis, Calotes, 

Psammophilus, Salea, Hemidactylus, Duttaphrynus, Philautus, and Uropeltidae were 

analyzed. Of these only Salea is endemic to the Western Ghats and thus has no congeneric 

species in any of the other regions mentioned above. Draco and Ansonia have species in 

the Western Ghats and Southeast Asia, while Psammophilus has species in the Western 

Ghats and drier peninsular India. All the remaining genera (Cnemaspis, Calotes, 

Hemidactylus, Duttaphrynus, and Philautus) have species in the Western Ghats and in 

drier peninsular India, Sri Lanka, and Northeast India-Southeast Asia. Uropeltidae has 

species in the Western Ghats, drier peninsular India and Sri Lanka. 

               The most immediate relationship of the Western Ghats taxa is with those in its 

neighboring region of drier peninsular India, the subject of Chapter 4. Two basic patterns 

are apparent from the analyses in that chapter. The drier peninsular forms are either entire 
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clades or only individual species or populations. Examples of entire clades include clade 

(Cnemaspis mysoriensis + C. cf. otai), clade (Cnemaspis cf. gracilis + C. cf. yercaudensis), 

clade (Calotes versicolor + Calotes calotes), and clade (Hemidactylus flaviviridis + H. 

leschenaultia), whereas those of individual species are several examples of Psammophilus 

blanfordianus, Sitana ponticeriana, Hemidactylus cf. frenatus, Hemidactylus spp., 

Duttaphrynus melanosticstus, Bufo scaber and Bufo stomaticus. Philautus and uropeltid 

snakes each also have a few species distributed in drier peninsular India, but they were not 

available for analysis. Whether it is a clade, an individual species or populations of drier 

peninsular forms, these forms are either sister (Cnemaspis, Hemidactylus, Bufo, and 

Duttaphrynus) to the Western Ghats forms or sister (Calotes) to clades composed of the 

Western Ghats forms and species from other regions. Thus, taxa in these two regions (i.e, 

the Western Ghats and drier peninsular India) evolved contemporaneously, except in case 

of Psammophilus and Hemidactylus reticulatus, in which drier peninsular Indian form 

predated the divergence of the wetter Western Ghats forms. Thus, evolution in the 

Western Ghats taxa cannot be considered separately from that in the drier peninsular 

forms. Drier peninsular taxa for which dates are available from the literature mostly have 

poorer taxon sampling than in the present study. They, nonetheless fall with the pattern 

found in this study in terms of pattern of relationship and age of divergences, though most 

of them are primarily entirely drier peninsular forms with only some populations in the 

Western Ghats (frogs: Uperodon, Kaloula, Euphlyctis, Hoplobatrachus, Sphaerotheca, 

Polypedates, Ramanella, Fejervarya, Rhacophorus, and Sylvirana; Roelants et al., 2007; 

Wiens et al., 2009; Bossuyt et al., 2006 snakes: Echis, Coelognathus, Ptyas, Naja, Eryx, 

and Trimeresurus; Burbrink & Lawson 2007; Wüster et al., 2007; 2008). 

            The region closest to the Western Ghats after the neighboring drier peninsular India 

is that of Sri Lanka. The Western Ghats has played a critical role as the source of Sri 
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Lankan fauna, but the biodiversity of Sri Lanka is turning out to be far richer and more 

unique than previously thought (Bossuyt et al., 2004; Biswas 2008). In the present study 

only Cnemaspis, Calotes, Hemidactylus, Duttaphrynus, and uropeltid snakes include any 

taxa from Sri Lanka. Of these Cnemaspis has a single species (Cnemaspis tropidogaster), 

Calotes has a clade and a single population, Hemidactylus has two populations, 

Duttaphrynus has a related genus (Adenomus) and uropeltid snakes has several clades, 

species and populations from Sri Lanka included in this study. The divergence times 

between the Western Ghats and Sri Lankan taxa exhibit greater than a ten-fold difference 

in age from 4.37 Ma (for Cnemaspis tropidogaster) to 48.55 Ma (for the Calotes 

ceylonensis-C. nigrilabris clade) with the rest (Hemidactylus, Duttaphrynus-Adenomus, 

Calotes calotes and uropeltid snakes) falling in between. In almost all of these cases the 

relationships between the Western Ghats and Sri Lankan taxa are such that the Sri Lankan 

taxa are either nested within the Western Ghats taxa or are sister to them (i.e., no nested 

pattern). Sri Lankan uropeltid snakes conform to the patterns of other Sri Lankan taxa in 

being nested within, and thus apparently derived from, Western Ghats taxa, but there is 

also indication of a reverse exchange back to the Western Ghats from Sri Lanka (Rhinophis 

travancoricus). The Philautus dataset (Biju & Bossuyt 2009) analyzed here did not include 

any species or populations from Sri Lanka, but another phylogenetic analysis that includes 

species and populations from both regions (Bossuyt et al., 2004) suggests an intial sister 

taxa relationship between the Western Ghats and Sri Lankan species and, like uropeltid 

snakes, an exchange back into the Western Ghats from Sri Lanka of P. wynaadensis and 

its immediate relatives. The presence of agamids unique to Sri Lanka (Cophotis-

Ceratophora) in the Calotes dataset suggests that most of the sharing between the 

Western Ghats and Sri Lankan taxa (across all the taxa listed above) occurred somewhat 

later (<50 Ma) than those unique extant lineages in Sri Lanka (69.13 Ma), with no 
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corresponding counterparts in the Western Ghats. This is a novel finding in this study (see 

Biswas 2008 for a similar prediction) because results from other studies have only dealt 

with much younger exchanges between the Western Ghats and Sri Lanka (Bossuyt et al., 

2004; Gower et al., 2002; Wilkinson et al., 2002). Also, whenever the relevant information 

is available, it seems that the source areas from which Sri Lankan taxa originated are in the 

southern Western Ghats (typically south of 12ON latitude).  

                The Western Ghats taxa are somewhat more distantly related to those from 

Northeast India-Southeast Asia as compared to those in neighboring drier peninsular 

India and Sri Lanka. There are species or populations from Northeast India-Southeast Asia 

within all the taxa analyzed (i.e., Draco, Cnemaspis, Calotes, Hemidactylus, 

Duttaphrynus, Philautus) except Psammophilus, Salea and uropeltid snakes. Relevant 

species or populations were unavailable for Cnemaspis and Philautus for analysis and 

hence are not discussed here. For the rest there are two categories: Ansonia represents the 

first, with no counterpart in Northeast India, but only in Southeast Asia, whereas Draco, 

Calotes, Hemidactylus and Duttaphrynus represent the second with species or 

populations in both Northeast India and Southeast Asia. 

                The relationships between the faunas of the Western Ghats and Northeast India-

Southeast Asia may exhibit any of three possible patterns: taxa from the Western Ghats 

being basal, Western Ghats being nested within Northeast India-Southeast Asia or the 

Western Ghats and Northeast India-Southeast Asia are sister to each other (i.e., no nested 

pattern). Current literature has mostly focused on the pattern of the Western Ghats taxa 

being basal to the other two regions under the “Out of India” hypothesis; see Chapter 1 and 

2 for more details and references). In this study, Draco exhibited a case of sister 

relationship with its Southeast Asia congeners, and in consideration of sister taxa of Draco 

being distributed in south Asia it is most likely that this case represents “Out of India” 
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dispersal (see discussion in Chapter 2). Ansonia ornata from the Western Ghats could not 

be conclusively inferred to be sister to its congeners from Southeast Asia and could be a 

basal, sister or more distantly related to its Southeast Asian congeners (see discussion in 

Chapter 2). The Western Ghats species are unambiguously basal to species from Northeast 

India-Southeast Asia for Calotes and populations in case of Duttaphrynus melanostictus, 

Hemidactylus frenatus, and Calotes versicolor. According to the dating analyses, the 

divergences of the Western Ghats species from those of Northeast India-Southeast Asia 

spanned a wide range of time starting very early (~60 Ma) in the case of Draco and Calotes 

to much more recent (<20 Ma) for populations of Duttaphrynus melanostictus, 

Hemidactylus frenatus, and Calotes versicolor. The most complex of these relationships 

are those of Calotes species and populations with repeated dispersal between the Western 

Ghats and Northeast India-Southeast Asia. Cumulatively all of these taxa, however, 

suggest that whenever ancestral taxa were more northernly distributed in the Western 

Ghats and/or drier peninsular India and had the ability to negotiate deciduous habitats, 

they ended up dispersing into other regions such as Northeast India-Southeast Asia.  

            Future studies of the Western Ghats need to have more complete taxon sampling of 

recognized and undescribed species with accurate data on their distributions and more 

precise dating analyses that together would provide a more comprehensive understanding 

of diversification, both within the region and relative to other regions. The present study, 

however, provides enough preliminary patterns to indicate the complex nature of the 

region’s history. These patterns along with results from current literature need to be 

employed to come up with a pluralistic scenario of diversification in the Western Ghats. 

Such a scenario must include the antiquity of the region, the available area for 

diversification, the history of environmental change in the Western Ghats and the Indian 

plate in general, the promixity of several other regions to the Western Ghats to act as a sink 
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or source of taxa for diversification, and the distribution of ancestral taxa. The antiquity of 

the Western Ghats and the large area of the Indian plate have allowed even older clades of 

Gondwanan origin to survive (e.g., Nasikabatrachus, ~120 Ma; Biju & Bossuyt 2003). 

Survival of older clades has often provided them ecological and biogeographic opportunity 

for further diversification at a later stage (e.g., Nyctibatrachus, Indirana, Micrixalus, 

Roelants et al., 2004, Cnemaspis, Philautus, Hemidactylus, Calotes, uropeltid snakes, this 

study). Geological, climatic and vegetational changes have further influenced which taxa 

could disperse, survive extinction, and then speciate. The environmental history of the 

Indian plate (including that of the Western Ghats) suggests a rainforest cover until the 

Oligocene with subsequent fragmentation, regionalization and drying, along with the 

development of the Indian monsoon and spread of deciduous forest in the Miocene and 

later (Morley 2000). This has provided opportunity for rainforest associated taxa to 

diversify within the Western Ghats (e.g., Philautus, Cnemaspis, uropeltid snakes) and 

other taxa to disperse to neighboring regions (e.g., Northeast India or Southeast Asia) 

either early (e.g., Draco, 57 Ma) or later (e.g., Calotes, 16.7 Ma) depending on the extent 

and continuity of rainforest cover on the plate and the ability of ancestral taxa to inhabit 

and disperse through seasonal deciduous habitats. This has resulted in phylogenetic 

patterns that are somewhat similar in tree topology (e.g., between Calotes, Hemidactylus 

and Duttaphrynus or between Cnemaspis, Philautus and uropeltid snakes or between 

Draco and Ansonia), but are also unique in each case as they occurred at different times in 

response to different geological and/or climatic events. At the regional level fewer taxa 

have survived and diversified in the northern Western Ghats, ravaged by the Deccan lava 

flow (~65 Ma), than the southern Western Ghats, which experienced no such catastrophic 

disturbance and possesses a larger and more environmentally complex area for 

diversification. Northern current taxa (e.g., Calotes, Duttaphrynus) seem to have 
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dispersed out of the Indian plate more easily and reached further east in Southeast Asia, 

suggesting the potential importance of location and extent of distribution of ancestral taxa 

in the diversification process. Thus diversification in the Western Ghats seems to have 

occurred over a long period of time during which different taxa, depending on their 

location and extent of distribution, ecological tolerance, dispersal ability and response to 

barriers, have diversified repeatedly producing tree topologies and clade ages that are 

partly similar and partly unique across those clades. 

                The above pluralistic scenario for understanding diversification in the Western 

Ghats goes beyond the simplistic hypotheses of “Out of India” or “Into India” or the role of 

the Palghat gap in speciation, which presuppose several taxa to respond similarity to a 

particular biogeographic event. Such a pluralistic scenario also could invoke different 

causal climatic and geological events (e.g., regional vicariance or micro-allopatry) for each 

clade, because the response of the groups to various geological, climatic and ecological 

contingencies would differ depending on the nature of their distribution and biological 

traits that are relevant for dispersal and speciation. A shift towards pluralism in 

conceptualizing the diversification in the Western Ghats is unlikely to be trivial, but could 

incentivize a far richer and realistic investigation and understanding of the history of the 

Western Ghats than what is achievable under current auspices of simplistic hypotheses.   
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Figure 1. Plot of the frequency of genera as a function of the number of species per genus of 

amphibians and reptiles of the Western Ghats across 107 genera and 399 species. 
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A p p e n d i c e s  

Chapter 2: India-Eurasia collision, faunal exchange and diversification in the 

Western Ghats: examples from a bufonid anuran and an agamid squamate 

clade 

 

Table 1. List of taxa included in the phylogenetic and molecular dating analyses of the 

genus Draco. New DNA sequence data generated during this study will be submitted to 

GenBank before publication. 

 

Species Gen Bank 

No. 

Reference 

Outgroup taxa   

   

Sphenodon punctatus AY662533 Townsend et al., (2004) 

Oplurus cuvieri U82685 Macey et al., (2000) 

Basiliscus plumifrons U82680 Macey et al., 2000 

Chamaeleo dilepis  EF222189 Macey et al., 2000 

Chamaeleo/ Kinyongia 

fischeri 

EF222188 Macey et al., 2000 

Ingroup taxa   

Uromastyx acanthinurus U71325 Macey et al., 2000 

Uromastyx hardwickii AB113803 Amer & Kumazawa 

2005 
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Physignathus cocincinus U82690 Macey et al., 2000 

Physignathus lesueurii AF128463 Macey et al., 2000 

Agama bibroni AF128506 Macey et al., 2000 

Agama agama AF128504 Macey et al., 2000 

Laudakia stellio AF128516 Macey et al., 2000 

Laudakia erythrogastra AF028680 Macey et al., 2000 

Mantheyus phuwuanensis AY555836 Zug et al., 2006 

Ptyctolaemus 

collicristatus 

AY555837 Zug et al., 2006 

Ptyctolaemus gularis AY555838 Zug et al., 2006 

Japalura variegate AF128479 Zug et al., 2006 

Japalura tricarinata AF128478 Zug et al., 2006 

Draco biaro AF288277 McGuire & Kiew (2001) 

Draco beccarii AF288276 McGuire & Kiew (2001) 

Draco timoriensis AF288275 McGuire & Kiew (2001) 

Draco boschmai AF288273 McGuire & Kiew (2001) 

Draco volans AF288267 McGuire & Kiew (2001) 

Draco 

sumatranus_Sumatra  

AF288266 McGuire & Kiew (2001) 

Draco 

sumatranus_Selanogor  

AF288265 McGuire & Kiew (2001) 

Draco 

sumatranus_Sarawak  

AF288264 McGuire & Kiew (2001) 

Draco formosus  AF288263 McGuire & Kiew (2001) 
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Draco haematopogon  AF288259 McGuire & Kiew (2001) 

Draco melanopogon  AF288258 McGuire & Kiew (2001) 

Draco fimbriatus_Java AF288257 McGuire & Kiew (2001) 

Draco fimbriatus_Perak  AF288256 McGuire & Kiew (2001) 

Draco fimbriatus_Sabah  AF288254 McGuire & Kiew (2001) 

Draco cristatellus  AF288255 McGuire & Kiew (2001) 

Draco taeniopterus  AF288251 McGuire & Kiew (2001) 

Draco obscurus  AF288250 McGuire & Kiew (2001) 

Draco mindanensis  AF288249 McGuire & Kiew (2001) 

Draco maculatus  AF288248 McGuire & Kiew (2001) 

Draco cornutus  AF288244 McGuire & Kiew (2001) 

Draco indochinensis  AF288243 McGuire & Kiew (2001) 

Draco 

blanfordii_Malaysia 

AF288242 McGuire & Kiew (2001) 

Draco blanfordii_Vietnam AF128477 Macey et al., 2000 

Draco bimaculatus AF288241 McGuire & Kiew (2001) 

Draco spilopterus AF288238 McGuire & Kiew (2001) 

Draco quinquefasciatus AF288232 McGuire & Kiew (2001) 

Draco maximus AF288231 McGuire & Kiew (2001) 

Draco dussumieri This study This study 
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Table 2. List of taxa included in the phylogenetic and molecular dating analyses to infer the 

monophyly and affinity of the Genus Ansonia and ascertain placement of Ansonia ornata 

within the genus; Genera or species with multiple references involves composite taxa. For 

exemplars with specific name concatenation included sequence from the same species, 

while those with only generic name involve sequence from two different species. ‘-’ denotes 

markers with no sequences available in the GenBank. New DNA sequence data generated 

during this study will be submitted to GenBank before publication. 

 

Out- 

group 

taxa 

12S-16S CXCR4 RAG1 Rhodopsin, 

exon 1 

Reference 

Pipa pipa DQ2830

53 

AY364174 AY364204 DQ283781 Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Discoglos

sus pictus 

DQ2834

35 

AY364172 AY364202 DQ284034 Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Arthrolep

tis 

variabilis 

DQ2830

81 

AY364180 AY364210 DQ283803 Biju & 

Bossuyt 

(2003); 
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Roelants et 

al. (2004); 

Frost et al. 

(2006);  

Bombina 

orientalis 

DQ2834

32 

AY364177 AY364207 DQ284032 Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Pelobates DQ2831

13 

AY364171 AY364201 AY364386 Biju & 

Bossuyt 

(2003); 

Garcia-Paris 

et al. (2003); 

Frost et al. 

(2006) 

Pelodytes 

punctatu

s 

DQ2831

11 

AY364173 AY364203 DQ283824 Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Ceratoph

rys 

AY3260

14 

AY364188 AY364218 - Biju & 

Bossuyt 

(2003); 
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Darst & 

Cannatella 

(2004); 

Pramuk et 

al. (2007) 

Leptodac

tylus 

ocellatus 

DQ1584

17 

DQ306492 DQ158343 AY844681 Pramuk 

(2006); 

Pramuk et 

al. (2007) 

Meristog

enys 

kinabalu

ensis 

DQ2831

47 

AY364176 AY364206 DQ283847 Roelants et 

al. (2004); 

Frost et al. 

(2006) 

Ingroup 

taxa 

     

Melanop

hryniscus 

DQ1584

21 

DQ306494 DQ158347 DQ283765 Frost et al. 

(2006); 

Pramuk et 

al. (2007) 

Atelopus DQ1584

19 

DQ306495 DQ158345 DQ283928 Frost et al. 

(2006); 

Pramuk et 

al. (2007) 

Dendrop DQ1584 DQ306496 DQ158346 AY844555 Frost et al. 
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hryniscus 20 (2006); 

Pramuk et 

al. (2007) 

Nannoph

ryne 

cophotis 

DQ158446 DQ306540 DQ158369 - Pramuk et 

al. (2007) 

Nannoph

ryne 

variegat

us 

DQ158494 DQ306515 DQ158410 - Pramuk et 

al. (2007) 

Rhaebo DQ158477 DQ306512 DQ158396 DQ283861 Frost et al. 

(2006); 

Pramuk et 

al. (2007) 

Schismad

erma 

careens 

DQ1584

24 

DQ306519 DQ158350 DQ284027 Frost et al. 

(2006); 

Pramuk et 

al. (2007) 

Duttaphr

ynus 

melanost

ictus 

DQ158475 DQ306508 DQ158394 - Pramuk et 

al. (2007) 

Phrynoid

is asper 

DQ158431 - DQ158356 DQ283848 Frost et al. 

(2006); 
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Pramuk et 

al. (2007) 

Amietoph

rynus 

regularis 

DQ158485 DQ306523 DQ15840

4 

- Pramuk et 

al. (2007) 

Bufo bufo DQ158438 DQ306504 DQ158362 - Pramuk et 

al. (2007) 

Ingeroph

rynus 

galeatus 

DQ158452 DQ306506 DQ158374 - Pramuk et 

al. (2007) 

Ingeroph

rynus 

macrotis 

DQ158468 DQ306525 DQ15838

8 

- Pramuk et 

al. (2007) 

Woltersto

rffina 

parvipal

mata 

DQ283346 - - DQ283972 Frost et al. 

(2006) 

Werneria 

mertensi 

DQ283348 - - DQ283974 Frost et al. 

(2006) 

Nectophr

yne afra 

DQ283360 - - DQ283981 Frost et al. 

(2006) 

Didynam

ipus 

sjostedti 

AY325991 - - - Darst & 

Cannatella 

(2004) 
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Nectophr

ynoides 

tornieri 

DQ283413 EF107490 EF107329 DQ284018 Frost et al. 

(2006); 

Roelants et 

al. (2007) 

Pedostibe

s hosii 

DQ283164 EF107449 EF107286 DQ283859 Frost et al. 

(2006); 

Roelants et 

al. (2007) 

Pedostibe

s rugosus 

AB331719 - - - Matsui et al. 

(2007) 

Sabahph

rynus 

maculatu

s 

AB331718 - - - Matsui et al. 

(2007) 

Leptophr

yne 

borbonic

a 

AB331716 EF107450 EF107287 - Matsui et al. 

(2007); 

Roelants et 

al. (2007) 

Pelophry

ne 

brevipes 

AB331720 - - - Matsui et al. 

(2007) 

Pelophry

ne 

misera 

AB331721 - - - Matsui et al. 

(2007) 
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Mertenso

phryne 

micranot

is 

EF107207 EF107491 EF107330 - Roelants et 

al. (2007) 

Adenomu

s kelaarti 

EF107161 EF107447 EF107284 - Roelants et 

al. (2007) 

Ansonia 

fuliginea 

AB331709 - - - Matsui et al. 

(2007) 

Ansonia 

hanitschi 

AB331710 - - - Matsui et al. 

(2007) 

Ansonia 

leptopus 

AF375507 - - - A G 

Gluesenkam

p, 

unpublished 

Ansonia 

longidigit

a1 

DQ283341 - - DQ283968 Frost et al. 

(2006) 

Ansonia 

longidigit

a2 

AB331711 - - - Matsui et al. 

(2007) 

Ansonia 

malayan

a 

AB331712 - - - Matsui et al. 

(2007) 

Ansonia U52740, - - - Graybeal 
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muelleri U52784 (1997) 

Ansonia 

sp. 

(Philippi

nes) 

AY325992 - - - Darst & 

Cannatella 

(2004) 

Ansonia 

ornata 

This study This study This study This study This study 

 

Chapter 3: Phylogeny of South Indian Cnemaspis geckos (Reptilia, 

Gekkonidae) with comments on diversification of species-rich genera in 

Western Ghats 

 

Table 1. Taxa included in the phylogenetic and molecular dating analyses of south Indian 

Cnemaspis; genera or species with multiple references reflect composite taxa. When only 

species name is given, concatenation involved sequences from different individuals of the 

same species; when only the genus name is given, concatenation involved sequence from 

two different species. ‘-’ denotes markers with no sequences available in the GenBank 

(missing data). New DNA sequence data generated during this study will be submitted to 

GenBank before publication. 

 

Species Genbank No. Reference 

Outgroup taxa RAG2 Cmos Phosducin ND2 & 

tRNA 

 

Sphenodon - AF039483 - AY662533 Saint et al. 
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punctatus (1998); 

Townsend 

et al. (2004)  

Dibamus - AY662574 - AY662562 Townsend 

et al. (2004) 

Aeluroscalabotes 

felinus 

- - - AB308463 Jonniaux & 

Kumazawa 

(2008) 

Eublepharis 

macularius 

EF534942 EF534900 EF534816 AB308467 Gamble et 

al. (2008a); 

Jonniaux & 

Kumazawa 

(2008) 

Coleonyx 

variegates 

EF534943 EF534901 EF534817 AB114446 Gamble et 

al. (2008a); 

Kumazawa 

et al. (2007) 

Rhacodactylus EF534944 EF534902 EF534818 DQ533741 Gamble et 

al. (2008a); 

Jackman et 

al. 

unpublished 

Lialis EF534948 EF534906 EF534822 AY662546-

jicari 

Gamble et 

al. (2008a); 
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Townsend 

et al. (2004) 

Sphaerodactylus EF534951 EF534909 EF534825 AY662547 Gamble et 

al. (2008a); 

Townsend 

et al. (2004) 

Sphaerodactylus 

elegans 

EF534954 EF534912 EF534828  Gamble et 

al. (2008a) 

Teratoscincus 

roborowskii 

EF534967 EF534925 EF534841 AF114252 Gamble et 

al. (2008a); 

Macey et al. 

(1999) 

Euleptes 

europaea 

EF534974 EF534932 EF534848 - Gamble et 

al. (2008a) 

Ingroups      

Cnemaspis limi EF534977 EF534935 EF534851 - Gamble et 

al. (2008a) 

Cnemaspis 

kendalli 

- DQ852729 - - Han et al. 

(2004) 

Cnemaspis 

tropidogaster 

- AY172923 - - Feng et al. 

(2007) 

Gekko gecko EF534981 EF534939 EF534854 AF114249 Gamble et 

al. (2008a); 

Macey et al. 



 

 226 

(1999) 

Hemidactylus 

frenatus 

EF534982 EF534940 EF534855 EU268359 Gamble et 

al. 2008a; 

Bauer et al. 

(2008) 

Phelsuma 

madagascariensis 

EF534979 EF534937 AB081507 EU423288 Gamble et 

al. (2008a); 

Harmon et 

al. (2008) 

Cnemaspis sp.1 - This study This study This study  This study 

Cnemaspis cf. 

sisparensis2 

This study This study This study This study This study 

Cnemaspis cf. 

littoralis2 

This study This study This study This study This study 

Cnemaspis cf. 

littoralis3 

This study This study This study This study This study 

Cnemaspis cf. 

gracilis3-1 

This study This study This study This study This study 

Cnemaspis cf. 

gracilis3-2 

This study This study This study This study This study 

Cnemaspis 

lakhidi 

This study This study This study This study This study 

Cnemaspis 

attapadi 

This study This study This study This study This study 



 

 227 

Cnemaspis cf. otai This study This study This study This study This study 

Cnemaspis 

amboli 

This study This study This study This study This study 

Cnemaspis cf. 

yercaudensis 

This study This study This study This study This study 

Cnemaspis 

mysoriensis 

This study This study This study This study This study 

Cnemaspis cf. 

jerdonii 

This study This study This study This study This study 

Cnemaspis cf. 

gracilis 

This study This study This study This study This study 

Cnemaspis cf. 

beddomei 

This study This study This study This study This study 

Cnemaspis 

cotigaon 

This study This study This study This study This study 

Cnemaspis 

sharavathi 

This study This study This study This study This study 

Cnemaspis indica This study This study This study This study This study 

Cnemaspis cf. 

gracilis2 

This study This study This study This study This study 

Cnemaspis cf. 

littoralis1 

This study This study This study This study This study 

Cnemaspis cf. 

sisparensis1 

This study This study This study This study This study 
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Cnemaspis 

wynadensis 

This study This study This study This study This study 

Cnemaspis cf. 

wynadensis 

This study This study This study This study This study 

 

Table 2. Taxa included in the dating analysis of south Indian Philautus (Anura, 

Rhacophoridae). New DNA sequence data generated during this study will be submitted to 

GenBank before publication. 

 

Species Genbank No. Reference 

Outgroups 16S ND1, 

tRNA 

 

Discoglossus galganoi NC006690 NC006690 San Mauro et al. 

(2004) 

Alytes obstetricans NC006688 NC006688 San Mauro et al. 

(2004) 

Bombina variegata NC009258 NC009258 Szymura et al. (2000) 

Bombina bombina NC006402 NC006402 Zhang et al. (2005) 

Xenopus laevis NC001573 NC001573 Roe et al. (1985) 

Pelobates cultripes NC008144 NC008144 Gissi et al. (2006) 

Hyla japonica NC010232 NC010232 Igawa et al. (2008) 

Bufo melanostictus NC005794 NC005794 Zhang et al. (2005) 

Kaloula pulchra NC006405 NC006405 Zhang et al. (2005) 

Rana plancyi NC009264 NC009264 Nie et al., 
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unpublished 

Ingroups    

Polypedates 

pseudocruciger 

EU450009 EU450046 Biju & Bossuyt 

(2009) 

Polypedates cruciger AF249045 EU450044 Biju & Bossuyt 

(2009) 

Polypedates maculatus EU449995 EU450031 Biju & Bossuyt 

(2009) 

Rhacophorus variabilis EU450002 EU450038 Biju & Bossuyt 

(2009) 

Rhacophorus 

malabaricus 

AF249050 AY708130 Biju & Bossuyt 

(2009) 

Philautus 

akroparallagi0317 

EU450010 EU450062 Biju & Bossuyt 

(2009) 

Philautus 

akroparallagi0071 

EU450003 EU450039 Biju & Bossuyt 

(2009) 

Philautus amboli EU450025 EU450058 Biju & Bossuyt 

(2009) 

Philautus anili0307 EU450008 EU450045 Biju & Bossuyt 

(2009) 

Philautus anili1400 EU450024 EU450064 Biju & Bossuyt 

(2009) 

Philautus 

beddomii0030 

EU449998 EU450034 Biju & Bossuyt 

(2009) 
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Philautus beddomii1153 EU450013 EU450065 Biju & Bossuyt 

(2009) 

Philautus bobingeri EU450014 EU450049 Biju & Bossuyt 

(2009) 

Philautus bombayensis EU450019 EU450054 Biju & Bossuyt 

(2009) 

Philautus charius EU450007 EU450043 Biju & Bossuyt 

(2009) 

Philautus chlorosomma EU450017 EU450052 Biju & Bossuyt 

(2009) 

Philautus chotta EU450022 EU450056 Biju & Bossuyt 

(2009) 

Philautus 

chromasynchysi 

EU450018 EU450053 Biju & Bossuyt 

(2009) 

Philautus coonoorensis EU449999 EU450035 Biju & Bossuyt 

(2009) 

Philautus duboisi EU449996 EU450032 Biju & Bossuyt 

(2009) 

Philautus 

glandulosus1369 

EU450020 EU450063 Biju & Bossuyt 

(2009) 

Philautus 

glandulosus0077 

EU450006 EU450042 Biju & Bossuyt 

(2009) 

Philautus graminirupes EU450015 EU450050 Biju & Bossuyt 

(2009) 
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Philautus griet EU449997 EU450033 Biju & Bossuyt 

(2009) 

Philautus jayarami EU450023 EU450057 Biju & Bossuyt 

(2009) 

Philautus kaikatti EU450021 EU450055 Biju & Bossuyt 

(2009) 

Philautus kani EU449994 EU450030 Biju & Bossuyt 

(2009) 

Philautus luteolus EU450005 EU450041 Biju & Bossuyt 

(2009) 

Philautus marki EU450028 EU450060 Biju & Bossuyt 

(2009) 

Philautus munnarensis EU450016 EU450051 Biju & Bossuyt 

(2009) 

Philautus nerostagona EU450012 EU450048 Biju & Bossuyt 

(2009) 

Philautus ponmudi1121 EU450011 EU450047 Biju & Bossuyt 

(2009) 

Philautus ponmudi1451 EU450026 EU450066 Biju & Bossuyt 

(2009) 

Philautus signatus EU450000 EU450036 Biju & Bossuyt 

(2009) 

Philautus sushili EU450027 EU450059 Biju & Bossuyt 

(2009) 
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Philautus tinniens EU450001 EU450037 Biju & Bossuyt 

(2009) 

Philautus travancoricus EU450029 EU450061 Biju & Bossuyt 

(2009) 

Philautus 

tuberohumerus 

EU450004 EU450040 Biju & Bossuyt 

(2009) 

Philautus wynaadensis AF249059 EU450067 Biju & Bossuyt 

(2009) 
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Table 3. Taxa included in the dating analysis of uropeltid snakes (Serpentes: Uropeltidae). 

‘-’ denotes markers with no sequences available in the GenBank (missing data). 

 

Species Genbank No. Reference 

Outgroup taxa 12S 16S  

Sphenodon punctatus AF534390 AF534390 Rest et al. (2003) 

Iguana iguana AJ278511 AJ278511 Janke et al. (2001) 

Anolis carolinensis EU747728 EU747728 Castoe et al. 

(2008) 

Calotes versicolor NC_009683 NC_009683 Amer & Kumazawa 

(2007) 

Xenagama taylori DQ008215 DQ008215 Macey et al. 

(2006) 

Chamaeleo dilepis EF222189 EF222189 Macey et al. 

(2000) 

Chamaeleo chamaeleon EF222198 EF222198 Macey et al. 

(2008) 

Coleonyx variegatus AB114446 AB114446 Kumazawa (2007) 

Gekko gecko AY282753 AY282753 Zhou et al. (2006) 

Ingroups    

Varanus salvator EU747731 EU747731 Castoe et al. 

(2008) 

Varanus niloticus AB185327 AB185327 Kumazawa (2007) 

Trachyboa gularis AF544756 AF544829 Gower et al. 



 

 234 

(2005) 

Tropidophis wrighti Z46445 Z46476 Gower et al. 

(2005) 

Tropidophis melanurus AF544757 AF544830 Gower et al. 

(2005) 

Anilius scytale AF544753 AF544826 Gower et al. 

(2005) 

Boa constrictor Z46470 Z46495 Gower et al. 

(2005) 

Calabaria reinhardtii Z46464 Z46494 Gower et al. 

(2005) 

Acrochordus granulatus AF544738 AF544786 Gower et al. 

(2005) 

Dendroaspis angusticeps AF544764 AF544792 Gower et al. 

(2005) 

Bothriechis schlegelii AF057213 AF038888 Gower et al. 

(2005) 

Liasis savuensis AF544748 AF544820 Gower et al. 

(2005) 

Casarea dussumieri AF544754 AF544827 Gower et al. 

(2005) 

Xenopeltis unicolor AF544752 AF544825 Gower et al. 

(2005) 

Loxocemus bicolor AF544755 AF544828 Gower et al. 
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(2005) 

Ramphotyphlops 

braminus 

AF544751 AF544823 Gower et al. 

(2005) 

Anomochilus leonardi AY953430 AY953431 Gower et al. 

(2005) 

Cylindrophis maculatus AY700991 AY701022 Gower et al. 

(2005) 

Cylindrophis ruffus AF544744 AF544817 Gower et al. 

(2005) 

Brachyophidium 

rhodogaster 

AY700992 AY701023 Gower et al. 

(2005) 

Melanophidium punctatum AY700993 AY701024 Gower et al. 

(2005) 

Rhinophis 

philippinusAF512740 

AF512740 AF512740 Wilcox et al. 

(2002) 

Rhinophis philippinus5158 AY701007 AY701038 Bossuyt et al. 

(2004) 

Rhinophis philippinus5157 AY701006 AY701037 Bossuyt et al. 

(2004) 

Rhinophis philippinus1742 AY701005 AY701036 Bossuyt et al. 

(2004) 

Rhinophis philippinus1740 AY701008 AY701039 Bossuyt et al. 

(2004) 

Rhinophis philippinus6165 AY701017 AY701048 Bossuyt et al. 
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(2004) 

Rhinophis philippinus6164 AY701016 AY701047 Bossuyt et al. 

(2004) 

Rhinophis 

travancoricus220 

AY701010 AY701041 Bossuyt et al. 

(2004) 

Uropeltis phillipsi1760 AY701011 AY701042 Bossuyt et al. 

(2004) 

Uropeltis phillipsi1758 AY701012 AY701043 Bossuyt et al. 

(2004) 

Uropeltis 

melanogasterAF512739 

AF512739 AF512739 Wilcox et al. 

(2002) 

Rhinophis 

oxyrhynchus6131 

AY701013 AY701044 Bossuyt et al. 

(2004) 

Rhinophis 

oxyrhynchus6132 

AY701014 AY701045 Bossuyt et al. 

(2004) 

Rhinophis 

dorsimaculatus5780 

AY701009 AY701040 Bossuyt et al. 

(2004) 

Rhinophis blythii5227 AY701021 AY701052 Bossuyt et al. 

(2004) 

Rhinophis blythii5221 AY701019 AY701050 Bossuyt et al. 

(2004) 

Rhinophis blythii5223 AY701020 AY701051 Bossuyt et al. 

(2004) 

Rhinophis blythii5781 AY701018 AY701049 Bossuyt et al. 
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(2004) 

Rhinophis 

drummondhayi5177 

AY700998 AY701029 Bossuyt et al. 

(2004) 

Rhinophis 

drummondhayi5176 

AY700997 AY701028 Bossuyt et al. 

(2004) 

Rhinophis blythii5784 AY700995 AY701026 Bossuyt et al. 

(2004) 

Rhinophis 

drummondhayi5778 

AY700996 AY701027 Bossuyt et al. 

(2004) 

Rhinophis 

drummondhayi1721 

AY700994 AY701025 Bossuyt et al. 

(2004) 

Rhinophis 

drummondhayi46477 

Z46447 Z46477 Heise et al. (1995) 

Rhinophis homolepis1787 AY701015 AY701046 Bossuyt et al. 

(2004) 

Uropeltis sp9566 AY701001 AY701032 Bossuyt et al. 

(2004) 

Uropeltis spDQ904385  - DQ904385 Shouche 

unpublished 

Uropeltis sp2173 AY701000 AY701031 Bossuyt et al. 

(2004) 

Uropeltis sp2469 AY701002 AY701033 Bossuyt et al. 

(2004) 

Uropeltis liura5791 AY701003 AY701034 Bossuyt et al. 
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(2004) 

Uropeltis sp2502 AY700999 AY701030 Bossuyt et al. 

(2004) 

 

 

Chapter 4: Diversification of the herpetofauna common to the Western Ghats 

and and drier Peninsular India and its relevance to regional diversification 

 

Table 1. List of taxa included in the phylogenetic and molecular dating analyses of the 

genus Calotes, Psammophilus and Salea with other south Asian agamids. New DNA 

sequence data generated during this study will be submitted to GenBank before 

publication. 

 

Species Gen Bank 

No. 

Reference 

Outgroup taxa   

   

Sphenodon punctatus AY662533 Townsend et al. (2004) 

Oplurus cuvieri U82685 Macey et al. (2000) 

Basiliscus plumifrons U82680 Macey et al. (2000) 

Chamaeleo dilepis  EF222189 Macey et al. (2000) 

Chamaeleo fischeri EF222188 Macey et al. (2000) 

Uromastyx acanthinurus U71325 Macey et al. (2000) 

Uromastyx hardwickii AB113803 Amer & Kumazawa 



 

 239 

(2005) 

Physignathus cocincinus U82690 Macey et al. (2000) 

Physignathus lesueurii AF128463 Macey et al. (2000) 

Agama bibroni AF128506 Macey et al. (2000) 

Agama agama AF128504 Macey et al. (2000) 

Laudakia stellio AF128516 Macey et al. (2000) 

Laudakia erythrogastra AF028680 Macey et al. (2000) 

Mantheyus phuwuanensis AY555836 Schulte et al. (2004) 

Ptyctolaemus collicristatus AY555837 Schulte et al. (2004) 

Ptyctolaemus gularis AY555838 Schulte et al. (2004) 

Draco blanfordii AF128477 Macey et al. (2000) 

Psammophilus blanfordanus This study This study 

Psammophilus  dorsalis1 This study This study 

Psammophilus dorsalis2 This study This study 

Salea horsfieldii2 This study This study 

Salea anamallayana This study This study 

Salea horsfieldii1 AF128490 Macey et al. (2000) 

Japalura variegate AF128479 Macey et al. (2000) 

Otocryptis wiegmanni AF128480 Macey et al. (2000) 

Sitana ponticeriana AF128481 Macey et al. (2000) 

Acanthosaura capra AF128498 Macey et al. (2000) 

Pseudocalotes larutensis AF128503 Macey et al. (2000) 

Bronchocela cristatella AF128497 Macey et al. (2000) 

Aphaniotis fusca AF128495 Macey et al. (2000) 
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Cophotis ceylanica AF128493 Macey et al. (2000) 

Ceratophora stoddartii AF364054 Schulte et al. (2002) 

Calotes calotes_Sri Lanka AF128482 Macey et al. (2000) 

Calotes ceylonensis AF128483 Macey et al. (2000) 

Calotes nigrilabris AF128486 Macey et al. (2000) 

Calotes liocephalus AF128484 Macey et al. (2000) 

Calotes liolepis AF128485 Macey et al. (2000) 

Calotes chincollium_Sagaing DQ289459 Zug et al. (2006) 

Calotes chincollium_Chin DQ289458 Zug et al. (2006) 

Calotes irawadi DQ289465 Zug et al. (2006) 

Calotes htunwini DQ289461 Zug et al. (2006) 

Calotes cf. emma1 AF128487 Schulte et al. (2004) 

Calotes emma DQ289460 Schulte et al. (2004) 

Calotes mystaceus AF128488 Macey et al. (2000) 

Calotes jerdoni This study This study 

Calotes versicolor_Bago2 DQ289471 Zug et al. (2006) 

Calotes 

versicolor_Ayeyarwady 

DQ289469 Zug et al. (2006) 

Calotes versicolor_Rakhine DQ289476 Zug et al. (2006) 

Calotes rouxi This study This study 

Calotes cf. rouxi This study This study 

Calotes cf. versicolor_Barail This study This study 

Calotes cf. versicolor-

_Guwahati 

This study This study 
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Calotes calotes_India This study This study 

Calotes cf. emma2 This study This study 

Calotes cf. emma3 This study This study 

Calotes maria This study This study 

Calotes versicolor_Pushpagiri This study This study 

Calotes versicolor_Cotigaon This study This study 

Calotes elliotti1 This study This study 

Calotes elliotti2 This study This study 
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Table 2. Taxa included in the phylogenetic and molecular dating analysis of Hemidactylus 

geckos; genera or species with multiple references reflect composite taxa. When only 

species name is given, concatenation involved sequences from different individuals of the 

same species; when only the genus name is given, concatenation involved sequence from 

two different species. ‘-’ denotes markers with no sequences available in the GenBank 

(missing data). New DNA sequence data generated during this study will be submitted to 

GenBank before publication. All the references for the outgroup sequences for this analysis 

is common with that of the Cnemaspis dataset and so they are listed above. For all the 

ingroup sequences, other than those collected in this study, the reference is Bauer et al. 

(2008). 

 

Species       

Outgroup  

taxa 

ND2 & 

tRNA 

ND4 RAG1 Phos 

ducin 

RAG2 cmos 

Sphenodon  

punctatus 

AY662533 NC004815 AY662576 — — AF039483 

Dibamus AY662562 — AY662645 — — AY662574 

Eublepharis 

macularius 

AB308467  EF534776 EF534816 EF534942 EF534900 

Coleonyx  

variegatus 

AB114446 AB114446 EF534777 EF534817 EF534943 EF534901 

Rhacodactylus  

ciliatus 

DQ533741 — EF534778 EF534818 EF534944 EF534902 

Lialis  

burtonis 

AY662546-

jicari 

— EF534782 EF534822 EF534948 EF534906 
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Sphaerodactylus AY662547 EU191756 EF534785 EF534825 EF534951 EF534909 

Sphaerodactylus 

elegans 

— — EF534787 EF534828 EF534954 EF534912 

Teratoscincus AF114252 NC007008 

 

 

EF534799 EF534841 EF534967 EF534925 

Euleptes 

europaea 

— — EF534806 EF534848 EF534974 EF534932 

Ingroup taxa       

Cyrtodactylus 

Ayeyaward 

yensis 

EU268348 EU268411 EU268287 EU268317 — — 

Cyrtodactylus EU268349 EU268412 EU268288 EU268318 — DQ852732 

Cyrtodactylus  

loriae 

EU268350 EU268413 EU268289 EU268319 — — 

Hemidactylus 

cf. angulatus 

_Nigeria 

EU268367 EU268430 EU268306 EU268336 — — 

Hemidactylus 

bowringii1_ 

Myanmar 

EU268373 EU268436 EU268312 EU268342 — — 

Hemidactylus 

bowringii2_ 

Yunnan 

EU268374 EU268437 EU268313 EU268343 — — 

Hemidactylus EU268351 EU268414 EU268290 EU268320 — — 
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brasilianus_ 

Brazil 

Hemidactylus 

brookii1_ 

Malaysia 

EU268366 EU268429 EU268305 EU268335 — — 

Hemidactylus 

brookii2_ 

Malaysia 

EU268365 EU268428 EU268304 EU268334 — — 

Hemidactylus 

brookii3_ 

Myanmar 

EU268375 EU268438 EU268314 EU268344 — — 

Hemidactylus 

fasciatus1_ 

Gabon 

EU268370 EU268433 EU268309 EU268339 — — 

Hemidactylus 

fasciatus2_ 

Equatorial 

Guinea 

EU268371 EU268434 EU268310 EU268340 — — 

Hemidactylus 

flaviviridis1_ 

Pakistan 

EU268355 EU268418 EU268294 EU268324 — — 

Hemidactylus 

flaviviridis2_  

Rajasthan 

EU268356 EU268419 EU268295 EU268325 — — 

Hemidactylus 

frenatus1_ 

EU268358 EU268421 EU268297 EU268327 — — 
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Malaysia 

Hemidactylus 

frenatus2_ 

Sri Lanka 

EU268357 EU268420 EU268296 EU268326 — — 

Hemidactylus 

frenatus3_ 

Sri Lanka 

EU268359 EU268422 EU268298 EU268328 — — 

Hemidactylus 

garnotii1_ 

Rakhine 

Myanmar 

EU268363 EU268426 EU268302 EU268332 — — 

Hemidactylus 

garnotii2_ 

Mon Myanmar 

EU268364 EU268427 EU268303 EU268333 — — 

Hemidactylus 

gracilis_ 

Pune  

Maharashtra 

EU268379 — — — — — 

Hemidactylus  

greeffii_ 

Sao Tome 

EU268369 EU268432 EU268308 EU268338 — — 

Hemidactylus 

haitianus_ 

Dominican  

Republic 

EU268372 EU268435 EU268311 EU268341 — — 

Hemidactylus EU268362 EU268425 EU268301 EU268331 — — 
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karenorum_  

Myanmar 

Hemidactylus 

mabouia_  

South Africa 

EU268361 EU268424 EU268300 EU268330 — — 

Hemidactylus 

palaichthus_ 

Brazil 

EU268368 EU268431 EU268307 EU268337 — — 

Hemidactylus 

persicus_ 

Oman 

EU268377 EU268440 EU268316 EU268346 — — 

Hemidactylus 

platyurus1_ 

Philippines 

EU268352 EU268415 EU268291 EU268321 — — 

Hemidactylus 

reticulatus 

— — This study EU268347 This study This study 

Hemidactylus 

robustus_  

Pakistan 

EU268376 EU268439 EU268315 EU268345 — — 

Hemidactylus 

turcicus_  

Louisiana 

USA 

EU268360 EU268423 EU268299 EU268329 — — 

Teratolepis 

albofasciata_ 

Ratnagiri 

EU268378 — — — — — 
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Maharashtra  

Teratolepis 

fasciata1_ 

Pakistan 

EU268353 EU268416 EU268292 EU268322 — — 

Teratolepis 

fasciata2_ 

Pakistan 

EU268354 EU268417 EU268293 EU268323 — — 

Hemidactylus  

cf. frenatus4 

_Bangalore 

This study This study This study — This study This study 

Hemidactylus  

cf. frenatus1 

_Vellore 

— This study This study — This study This study 

Hemidactylus 

leschenaultia 

_Pondicherry 

This study This study This study This study This study — 

Hemidactylus 

sp.1 

_Bangalore 

This study — This study — This study — 

Hemidactylus 

sp.2_ Bangalore 

This study This study This study This study This study This study 

Hemidactylus cf. 

brookii_ 

Kozhikode 

This study This study This study This study This study This study 

Hemidactylus  

cf. frenatus5 

This study — This study — This study This study 
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_ Shenduruney 

_Kerala 

Hemidactylus 

prasadi 

_Horabi 

— — This study — This study This study 

Hemidactylus  

cf. frenatus3 

_Thekkady 

_Kerala 

This study — This study  This study — 

Hemidactylus  

cf. frenatus3 

_Angamali 

_Kerala 

This study — — — — This study 

Hemidactylus  

cf. frenatus2 

_Howrah 

— This study This study — — This study 

 

Table 3. Taxa included in the phylogenetic and molecular dating analysis of Duttaphrynus 

toads; genera or species with multiple references reflect composite taxa. When only species 

name is given, concatenation involved sequences from different individuals of the same 

species; when only the genus name is given, concatenation involved sequence from two 

different species. ‘-’ denotes markers with no sequences available in the GenBank (missing 

data). New DNA sequence data generated during this study will be submitted to GenBank 

before publication.  
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Outgroup taxa 12S-16S CXCR4 RAG1 Rhodo

psin 

exon 1 

Reference 

Pipa pipa DQ283

053 

AY364174 AY364204 DQ283

781 

Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Discoglossus 

pictus 

DQ283

435 

AY364172 AY364202 DQ284

034 

Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Arthroleptis 

variabilis 

DQ283

081 

AY364180 AY364210 DQ283

803 

Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006); 

Roelants et 

al. (2004) 

Bombina 

orientalis 

DQ283

432 

AY364177 AY364207 DQ284

032 

Biju & 

Bossuyt 

(2003); 

Frost et al. 
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(2006) 

Pelobates DQ283

113 

AY364171 AY364201 AY3643

86 

Garcia-

Paris et al. 

(2003); 

Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Pelodytes 

punctatus 

DQ283

111 

AY364173 AY364203 DQ283

824 

Biju & 

Bossuyt 

(2003); 

Frost et al. 

(2006) 

Ceratophrys AY326

014 

AY364188 AY364218  Biju & 

Bossuyt 

(2003); 

Darst & 

Cannatella 

(2004); 

Pramuk et 

al. (2007) 

Leptodactylus 

ocellatus 

DQ158

417 

DQ306492 DQ158343 AY844

681 

Pramuk 

(2006); 
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Pramuk et 

al. (2007) 

Meristogenys DQ283

147 

AY364176 AY364206 DQ283

847 

Roelants et 

al. (2004); 

Frost et al. 

(2006) 

Ingroup taxa      

Melanophryniscu

s 

DQ158

421 

DQ306494 DQ158347 DQ283

765 

Pramuk et 

al. (2007); 

Frost et al. 

(2006) 

Atelopus DQ158

419 

DQ306495 DQ158345 DQ283

928 

Pramuk et 

al. (2007); 

Frost et al. 

(2006) 

Osornophryne 

guacamayo 

AY326036 - - - Darst & 

Cannatella 

(2004) 

Peltophryne 

lemur 

DQ158465 DQ306513 DQ158386 - Pramuk 

(2006); 

Pramuk et 

al. (2007) 

Schismaderma 

carens 

DQ158

424 

DQ306519 DQ158350 DQ284

027 

Pramuk 

(2006); 
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Frost et al. 

(2006) 

Ingerophrynus 

biporcatus 

AY325987 - - - Darst & 

Cannatella 

(2004) 

Ingerophrynus 

divergens 

AB331715 - - - Matsui et 

al. (2007) 

Ingerophrynus 

galeatus 

DQ158452 DQ306506 DQ158374 - Pramuk et 

al. (2007) 

Ingerophrynus 

macrotis 

DQ158468 DQ306525 DQ158388 - Pramuk et 

al. (2007) 

Nectophrynoides 

tornieri 

DQ283413 EF107490 EF107329 DQ284

018 

Frost et al. 

(2006); 

Roelants et 

al. (2007) 

Sabahphrynus 

anotis 

AB331708 - - - Matsui et 

al. (2007) 

Sabahphrynus 

maculatus 

AB331718 - - - Matsui et 

al. (2007) 

Adenomus 

kelaarti 

EF107161 EF107447 EF107284  Roelants et 

al. (2007) 

Ansonia 

longidigita 

DQ283341 - - DQ283

968 

Frost et al. 

(2006) 

Ansonia AB331712 - - - Matsui et 
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malayana al. (2007) 

Ansonia ornata This study This study This study This 

study 

This study 

Capensibufo 

tradouwi 

AF220865 

AF220912 

- - - Cunningha

m & Cherry 

(2004) 

Capensibufo 

rosei 

AF220864 

AF220912 

- - - Cunningha

m & Cherry 

(2004) 

Duttaphrynus 

melanostictus_L

ao PDR 

DQ158475 DQ306508 DQ158394 - Pramuk et 

al. (2007) 

Duttaphrynus 

melanostictus_S

arawak 

AB331714 - - - Matsui et 

al. (2007) 

Duttaphrynus 

melanostictus_H

a Tinh Vietnam1 

DQ283333 - - DQ283

967 

Frost et al. 

(2006) 

Duttaphrynus 

melanostictus_P

une  

DQ904384 - - - Y.S. 

Shouche, 

unpublishe

d  

Duttaphrynus 

melanostictus_K

EU523738 - - - Liya et al. 

unpublishe
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erala d 

Duttaphrynus 

melanostictus_W

estern 

Ghats_Mangalor

e 

AB167899 

AB167927 

- - - Kurabayash

i et al. 

(2005) 

Duttaphrynus 

melanostictus_W

est Java 

AY680268 - - - Pauly et al. 

(2004) 

Duttaphrynus 

melanostictus_H

a Tinh_Vietnam2 

AF285198 - - - T. Ziegler & 

M. Vences, 

unpublishe

d  

Duttaphrynus 

melanostictus_ 

Hong Kong 

U52721; 

U52798 

- - - Graybeal 

(1997) 

Duttaphrynus 

melanostictus_A

gra 

EU367009 - - - R. K. Singh 

(2006) 

Duttaphrynus 

melanostictus_Gi

a Lia_Vietnam1 

AF160773 

AF160793 

- - - Liu et al. 

(2000) 

Duttaphrynus 

melanostictus_ 

AF160772 

AF160790 

- - - Liu et al. 

(2000) 
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Gia 

Lia_Vietnam2 

Duttaphrynus 

melanostictus_S

umatra 

AY180227 - EU712820 

 

- Evans et al. 

(2003); 

2008; 

RAG1, 12S 

Duttaphrynus 

melanostictus_ 

Sulawesi 

AY180226 - EU712819 - Evans et al., 

2003; 

2008; 

RAG1, 12S 

Duttaphrynus 

melanostictus_In

dia 

AY948727 AY364167 AY364197 AF249

097 

Biju & 

Bossuyt 

(2003); 

Roelants et 

al. (2007)  

Duttaphrynus 

melanostictus_J

ava 

AY180213 - EU712821 - Evans et al. 

(2003); 

(2008) 

“Bufo” 

koynayensis 

EU071717; 

EU071760 

- - - Shouche & 

Ghate, 

unpublishe

d 

“Bufo” stejnegeri AF218710 - - - J.-H. Suh, 

unpublishe
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d 

“Bufo” scaber EU071739;  

EU071741 

- - - Shouche & 

Ghate, 

unpublishe

d 

“Bufo” 

stomaticus 

AY028488, 

AY028500 

- - - Pramuk et 

al. (2007) 

Duttaphrynus cf. 

himalayanus 

EU071738 

EU071766 

- - - Shouche & 

Ghate, 

unpublishe

d 

Duttaphrynus 

himalayanus 

AF160762 

AF160780 

- - - Liu et al. 

(2000) 

Duttaphrynus 

melanostictus_K

odaikanal 

This study This study This study This 

study 

This study 

Duttaphrynus 

melanostictus 

_Attapadi 

This study This study This study This 

study 

This study 

Duttaphrynus 

melanostictus 

_Pondicherry 

This study This study This study This 

study 

This study 
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