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Summary 

The evolution and diversification patterns of the Neotropical biota are a matter of extensive 

scientific debate. Despite centuries of research interest in this region, the levels of biodiversity 

in the Neotropics are still largely underestimated. This is particularly true for the Cerrado, the 

largest Neotropical savannah and a formally recognized biodiversity hotspot. The Cerrado 

landscape is dominated by ancient plateaus and younger valleys that were excavated by river 

catchments. Throughout the Quaternary climatic fluctuations, during moister periods, the 

savannah vegetation was restricted to refugia in the plateaus, while the valleys were invaded 

by forest-like vegetation. Both the landscape compartmentalisation caused by the uplift of the 

Central Brazilian Plateau and the Quaternary climatic fluctuations have been proposed as 

drivers of diversification of the Cerrado biota. However, these hypotheses have not been 

properly tested in a phylogeographic perspective, and the understanding of processes that 

shaped the distribution of biological diversity within the Cerrado is still incipient. Lizards 

have for long been used as model organisms in evolutionary studies. They are generally poor 

dispersers and thus can be used as indicators of fine-scale biogeographic history. The study of 

endemic Cerrado lizards has the potential to elucidate the influence of historical changes in 

the landscape on the ecological characteristics of lineages, and to clarify the resulting patterns 

of biodiversity. In this thesis, I employed a comparative phylogeography approach and used 

species delimitation methods to address knowledge gaps of Cerrado endemic lizards, and to 

clarify diversification patterns in the Cerrado. Three codistributed endemic lizard species 

were targeted: Gymnodactylus amarali (Phyllodactylidae), Micrablepharus atticolus 

(Gymnophtalmidae) and Tropidurus itambere (Tropiduridae). For each species, I used a 

combination of phylogenetic analyses, Bayesian species delimitation analyses, coalescent 

statistical phylogeography and population genetic estimates based on sequences of one 

mitochondrial DNA gene and of ~400 nuclear loci obtained using an anchored phylogenomics 
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protocol. Morphological data for one of the three taxa were also integrated into the analyses. 

The results suggested the existence of several cryptic species within each taxon. Statistical 

phylogeographic analyses coupled with species distribution modeling indicated that endemic 

lizards exhibit a degree of concordant phylogeographic history but also taxon-specific 

evolutionary patterns within the Cerrado. The two species groups that use similar habitats, G. 

amarali and T. itambere, displayed similar geographic distribution of basal clades, and similar 

estimated ancestral distributions. On the other hand, results also indicated that landscape 

compartmentalisation probably played different roles in the evolution of each taxon. The 

ecologically distinct M. atticolus and T. itambere had very similar palaeodistributional shifts 

throughout the Quaternary, while G. amarali presented a different refugia pattern. Overall 

patterns of diversification are associated with geologic processes during the Neogene and with 

a complex history of colonisation of plateaus and valleys during the Quaternary. This thesis 

pioneered the investigation of several competing diversification hypotheses about the Cerrado 

in a comparative context, and is the first example of species delimitations methods using next-

generation sequencing for Cerrado organisms. The results will guide the description of several 

new species for the biome and directly contribute to conservation planning. Future research 

on the evolution of Cerrado biota should focus on linking patterns of genetic diversity and 

speciation with climatic and geomorphological processes of the biome. 
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1. Background  

1.1 Evolutionary context and Cerrado biogeography 

The distribution and geographic variation of organisms in nature may be influenced by 

several variables, such as spatial and environmental differences (Borcard et al., 1992; Borcard 

& Legendre, 2002), biophysical processes (Austin, 2007), aggregation patterns (Condit et al., 

2000), and biotic interactions (Guisan & Thuiller, 2005). Different approaches have been used 

to unravel the relative importance of these variables on the biogeography of species, 

populations and communities (Cracraft, 2002; Guisan & Thuiller, 2005; Jablonski et al., 

2006). Although species distribution and assemblage composition depend on aspects of 

ecology (MacArthur & Wilson, 1963; Lomolino, 2000; Thorpe et al., 2008) and on 

evolutionary and phylogenetic history (Thorpe et al., 1991; Posadas et al., 2006), the bridge 

between ecological and historical biogeography is still hardly explored (Wiens & Donoghue, 

2004). The integration of historical and ecological approaches can elucidate complex 

evolutionary patterns related to species richness and diversification (Smith et al., 2005; 

Werneck et al., 2009). Moreover, some studies linked ecological and historical information to 

further investigate the evolution of phylogenetically related organisms in different taxonomic 

levels: within the same genus (Hickerson & Cunningham, 2005; Parra et al., 2010), family 

(Lima et al., 2012), and even within the same order (Parra et al., 2010). Similar approaches 

have been used to propose conservation strategies (Carnaval et al., 2009), which can be 

important when dealing with the conservation of biomes under great human pressure 

(Carnaval et al., 2014). 

The Brazilian savannah, locally known as Cerrado, only recently became the focus of 

conservation efforts (Klink & Machado, 2005). Indeed, more than 50% of its ~2 million km2 

have been transformed for cattle raising and agriculture in the last 45 years (Klink & 

Machado, 2005). The Cerrado is the second largest biome in South America, has the richest 

flora among all savannahs in the world (Mendonça et al., 1998; Castro et al., 1999; Furley, 
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1999), and each year many new animals and plants are described, indicating that a significant 

part of its biodiversity is still unknown (Mendonça et al., 1998; Colli et al., 2002; Marinho-

Filho et al., 2002; Oliveira-Filho & Ratter, 2002). The combination of these characteristics 

with the current high rates of deforestation, and the fact that only 2.2% of its area is under 

legal protection (Klink & Machado, 2005) makes the Cerrado one of the formally identified 

global biodiversity hotspots for conservation (Myers et al., 2000; Mittermeier et al., 2005). 

The Cerrado is characterized by a savannah-like landscape with a complex and diverse 

vegetation structure (Goodland, 1971; Oliveira Filho & Ratter, 2000). The diversity of habitats 

probably had an important role in determining the local diversity of the Cerrado herpetofauna 

(Colli et al., 2002; Nogueira et al., 2005), as already suggested for birds (Silva, 1997; Silva & 

Bates, 2002) and mammals (Redford & da Fonseca, 1986; Mares & Ernest, 1995; Johnson et al., 

1999). This diversity is likely a reflection of geomorphological, geographical and historical 

factors that influenced the evolution of the biome (Nogueira et al., 2011). The landscape is 

dominated by ancient plateaus, which underwent an epeirogenic uplift in the Miocene-Pliocene 

transition (King, 1956) and have their surfaces covered by a layer of soils dating from the 

Neogene (Radambrasil, 1982-83). An erosion cycle through the Neogene exposed a second 

surface covered by clay soils (King, 1956; Gomes et al., 2004), and a third surface, considerably 

variable across the Cerrado, was formed when this erosion cut through the first two surfaces 

exposing Precambrian rocks in some areas (Geraldes et al., 2001). Several soil types are found 

over the biome distribution, but most are young tropical soils (cambisols), red and red-yellow 

oxidated soils with high organic content (oxisols), and some basically unaltered soils (entisols) 

(Gomes et al., 2004). This geomorphological mosaic combined with the great geographical 

variation of soil types, results in a complex landscape (Oliveira Filho & Ratter, 2000; 

Bridgewater et al., 2004) and leads to the formation of isolated habitats and ecotones that could 

partially explain the high biodiversity of the biome (Beheregaray et al., 2015). 
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The spatial heterogeneity hypothesis holds that an increase in the number of habitats 

leads to a growth in species number due to a greater number of niche dimensions (MacArthur 

& MacArthur, 1961; Pianka, 1966). Habitat heterogeneity appears to play a key role in the 

generation and maintenance of high species richness in ‘open areas’ (e.g., deserts and 

savannahs) around the world, and has provided a fertile ground for testing hypotheses about 

speciation and evolution of biodiversity (Schall & Pianka, 1978; Pianka, 1989). However, the 

high diversity found in heterogeneous areas can occur for distinct reasons. On one hand, these 

areas may act as biodiversity museums, which have lower extinction rates, and may 

accumulate species that have arrived there through dispersal over evolutionary time (Haffer, 

1997; Moritz et al., 2000; Sanmartín et al., 2008). On the other hand, these areas can provide 

lineage diversification serving as evolutionary factories (Fjeldsaå et al., 1997). Finally, a 

recent study showed that habitat heterogeneity due to geological history, the ability to 

disperse over the landscape, and the amount of time a lineage has persisted in the area are 

strong predictors of speciation in Amazonian birds (Smith et al., 2014b). 

The isolation provided by the mosaic of different habitats was appointed as a key 

element for the speciation of the central Brazilian herpetofauna (Vanzolini, 1997). In the 

Cerrado region, this mosaic is usually represented by open formations dominated by grasses 

and shrubs, with few trees (grasslands and cerrado sensu stricto), and forested formations 

with closed canopy and sparse grasses and shrubs (‘cerradão’ and gallery forests) (Oliveira-

Filho & Ratter, 2002). Nogueira and collaborators (2009) showed that there is little overlap 

between species of lizards in forests and open formations, apparently because these habitats 

act as natural barriers to the distribution and dispersal of lizards. These small-scale boundaries 

between different habitats in the Cerrado may lead to the formation of new species by acting 

as barriers and leading to isolation (Ogden & Thorpe, 2002), while the high habitat 

heterogeneity may also allow for the coexistence of many species in local scales (Colli et al., 

2002). 
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There are very few vertebrate fossil localities in central Brazil (Báez & de Gasparini, 

1979; Estes & Báez, 1985), and most well preserved squamate fossils date from the 

Quaternary (Camolez & Zaher, 2010). Only eight squamate fossils are known from the 

Brazilian Cretaceous, four of them being lizards, but only one represents a modern family 

(Candeiro, 2007; Candeiro et al., 2009). Thus, there is an evident gap of fossil information 

from the Palaeogene and Neogene, when most modern families and species very likely 

originated (Townsend et al., 2011; Mulcahy et al., 2012), hindering phylogenetic studies of 

lower taxonomic levels (i.e., among genera and species). Studies on the herpetofauna of the 

open landscapes of South America are based almost entirely in the much better quality fossil 

record of the southern portion of the continent (Webb, 1978; Duellman, 1979). Phylogenetic 

and phylogeographic analyses of extant Cerrado reptiles are still scarce (Gamble et al., 2012; 

Werneck et al., 2012a; Giugliano et al., 2013; Santos et al., 2014), and significant 

interpretations of historical events that shaped the distribution and evolutionary patterns of 

organisms can only be obtained in light of their phylogenetic relationships (Brown & 

Lomolino, 1998). 

In a preliminary analysis, Colli (2005) suggested that the main events contributing to 

the origins and speciation of the Cerrado herpetofauna consisted of: (1) a climatic gradient 

associated with the formation of three floristic provinces at the beginning of the Palaeogene, 

(2) the Miocene marine introgressions, (3) the epeirogenic uplift of the Central Brazilian 

Plateau uplift, (4) the arrival of immigrants from North and Central America at the end of the 

Neogene, and (5) the Quaternary climatic fluctuations. After this first publication on 

biogeography of the Cerrado herpetofauna, new insights about the evolution of squamate 

diversity in the Cerrado were brought by Nogueira and collaborators (2011). These authors 

described ten putative areas of endemism that prevailed in open and elevated plateaus 

whereas, in peripheral depressions, faunal interchange associated with forested habitats was 

more common. Moreover, they argued that vicariant speciation was probably the major 
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process shaping Cerrado squamate diversity, and that such pattern is strongly correlated with 

the Central Brazilian Plateau uplift (Nogueira et al., 2011). 

Since many endemic reptile species from the Cerrado are found in elevated plateaus, 

they may have evolved in isolation after the uplift of the Central Brazilian Plateau (Colli, 

2005; Werneck et al., 2009; Nogueira et al., 2011). The abundance of these endemic species 

in isolated plateaus indicates an older origin for the Central Brazilian savannahs, confronting 

the initially proposed interpretations that the Cerrado has an anthropogenic origin due to 

human generated fire regime (Salgado-Laboriau, 2005). There are suggestions that the 

Cerrado is a Cretaceous formation, present before the final separation of South America and 

Africa (Ratter et al., 1997), but more conservative estimates place its origin in the Eocene 

(Werneck, 2011). Nonetheless, the Cerrado vegetation has not been static in its distribution. 

Palynological data indicates the expansion of the Cerrado vegetation during dry periods and 

retraction in wet periods, specially of the savannah woodlands currently found in the valleys 

(Ledru, 1993; Sifeddine et al., 2003). Although the origin of the Cerrado vegetation is still 

controversial (Salgado-Laboriau, 2005), palaeopalynological data indicate that typical 

Cerrado vegetation existed at least 32,000 years ago (Ledru et al., 2006). Therefore, it should 

be expected that the herpetofauna is older than some of the extant vegetation patterns, and the 

explanations for its distribution patterns is probably deeply embedded in the geological and 

geomorphological history of the Cerrado. 

 The separation of the Cerrado in high altitude (plateaus) and low altitude areas 

(valleys) also determines dominant soil composition (Motta et al., 2002) and vegetation 

mosaics (Oliveira-Filho & Ratter, 2002). Indeed, evidence based on distribution models from 

the Pleistocene Last Interglacial (~120 thousand years ago) until the present suggest that the 

Cerrado vegetation was probably restricted to refugia in plateaus during the Quaternary 

climatic fluctuations (Werneck et al., 2012b). The valleys were, then, probably occupied by 

forests (Ab'Sáber, 1998; Werneck et al., 2012b), which could have extinguished Cerrado-
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adapted organisms from the valleys (Werneck, 2011). Thus, expected effects of Quaternary 

climatic fluctuations would broadly depend on these elevation and topographical conditions 

(Bush, 1994). Based on these assertions, it is expected that populations on plateaus should 

have higher genealogical structure and genetic diversity, correlated with their older origin, 

whereas populations in the valleys should show the opposite pattern, consistent with their 

younger age (Werneck, 2011). Moreover, if the species were present in the landscape before 

the uplift of the Central Brazilian Plateau, this process could have promoted vicariance 

between plateau versus valley populations, resulting in reciprocally monophyletic groups of 

populations between these two areas (Werneck, 2011). However, most of these hypotheses 

were not properly tested in a phylogeographic perspective, and the understanding of processes 

that shaped the distribution of herpetofauna diversity within the Cerrado is still incipient. 

Phylogenetic and phylogeographic analyses of lineages predominantly distributed in the 

biome, especially of endemic taxa, are further required to evaluate such proposals. 

The Cerrado herpetofauna was initially described as being impoverished and lacking a 

substantial endemic lizard fauna when compared to other Brazilian biomes (Vanzolini, 1948, 

1976; Vitt, 1991). However, recent studies have shown that the Cerrado bears a very rich and 

locally diverse herpetofauna, with high levels of endemism (Colli et al., 2002; Nogueira et al., 

2005; Mesquita et al., 2006; Nogueira et al., 2009; Nogueira et al., 2011). Several new lizard 

species are still being described for the region (e.g., Colli et al., 2003c; Colli et al., 2003b; 

Nogueira & Rodrigues, 2006; Rodrigues et al., 2007; Rodrigues et al., 2008; Colli et al., 

2009; Ribeiro et al., 2009; Strüssmann & Mott, 2009; Pinna et al., 2010; de Freitas et al., 

2011; Giugliano et al., 2013; Recoder et al., 2014) stressing the fact that the biome is still 

poorly sampled. The most recently published account of the Cerrado squamate fauna recorded 

267 squamate species, of which 103 (39%) are endemics, including 20 amphisbaenians (61% 

endemism), 32 lizards (42%) and 52 snakes (32%) (Nogueira et al., 2011). Nevertheless, data 

obtained for Squamata species in major collections and museums in Brazil indicates extensive 
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regions, mainly in the northern portion of the Cerrado, where there is a lack of basic 

information on diversity (Costa et al., 2007). 

Despite the fact that the glamour of taxonomy diminished a lot in the last century, the 

description of new species is a central activity in biology (Wagele et al., 2011; Tancoigne & 

Dubois, 2013). The task of knowing all species in the world is maybe unachievable, and a 

recent review points that we are far from solving this problem, with around 86% of species on 

Earth still awaiting description (Mora et al., 2011). Nonetheless, the first task on describing 

species is actually finding those species, an activity that is commonly hindered in high diverse 

regions such as the Neotropics (Brito, 2010). Not only we lack information about the presence 

or absence (distribution) of the species (Costa et al., 2010), but the available information from 

biological collections might be insufficient to enable proper comparisons across specimens 

and the recognition of discrete entities. Moreover, new species might arise with no clear 

morphological differentiation (Pfenninger & Schwenk, 2007) and, in this case, recognising 

discrete species might be impossible based solely on morphological data (Beheregaray & 

Caccone, 2007). The discovery of new species has been greatly influenced by the 

development of molecular tools, the use of new molecular markers, and because of the 

development of molecular species delimitation (Carstens et al., 2013) and species-tree 

methods (Degnan & Rosenberg, 2009) in recent years. 

Considering the fast rate with which the Cerrado is being destroyed, and the lack of 

financial and human resources, it becomes impractical to conduct a detailed sampling of the 

biome to cover gaps of distribution within a short timeframe. The use of species distribution 

modelling (SDM) can be an alternative to minimize this problem (Guisan & Zimmermann, 

2000; Rodríguez et al., 2007). The tool of SDM is also powerful in disentangling the potential 

roles of ecology and historical factors influencing species distributions (Costa et al., 2008), 

helping in conservation planning (Rodríguez et al., 2007; Costa et al., 2010), understanding 

species richness and their changes over time (Blach-Overgaard et al., 2013), and even 
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modelling the distribution of whole biomes (Carnaval & Moritz, 2008; Werneck et al., 2011; 

Werneck et al., 2012b). There are limitations to the use of SDM, especially when the 

environmental space is poorly sampled (Elith et al., 2006), and this problem could bias the 

models built for large and hyper-diverse regions such as the Cerrado. Nonetheless, detailed 

insights on the evolution of organisms can be drawn using models of recent distribution and 

palaeodistribution in conjunction with phylogeographic analyses (Carstens & Richards, 2007; 

Knowles et al., 2007; Richards et al., 2007). 

Despite recent advances in the field, phylogeographic studies have traditionally 

separated the ‘phylo-‘ from the ‘-geographic’ component (Kidd & Ritchie, 2006). This is a 

particularly critical limitation considering that conservation efforts are primarily based on 

geographic information to assess the conservation status of taxa and to select areas to be 

preserved. In this context, using SDMs together with molecular phylogeography brings a 

strong reconciliation of the two components (Richards et al., 2007; Swenson, 2008). 

Moreover, the hypothesis testing accuracy and power of comparative phylogeography studies 

can be considerably improved when combining the use of SDM data (Carstens & Richards, 

2007; Richards et al., 2007; Smith et al., 2011), as well as specifically helping in asserting 

conservation strategies (Carnaval et al., 2009; Provan & Maggs, 2012). 

Comparative phylogeograpy is a powerful framework to investigate patterns of shared 

evolutionary history (Bermingham & Moritz, 1998; Bernatchez & Wilson, 1998). The 

incorporation of historical and ecological information about the species, allied to coalescent 

analyses of genetic data, can help identifying important evolutionary patterns for a particular 

geographic region (Carstens & Richards, 2007; Fouquet et al., 2012; Bagley & Johnson, 

2014b). In the context of the Cerrado, this framework provides the means to test the above-

mentioned diversification hypotheses, and to investigate patterns of genetic diversity within 

the Cerrado landscape. If the tectonic uplift of the Central Brazilian Plateau acted as a strong 

vicariant mechanism (Nogueira et al., 2011), geographic discontinuities and similar 
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phylogenetic patterns would potentially be found among codistributed endemic species. In the 

same line of thought, the influence of the Quaternary climatic fluctuations on population 

structure and genetic diversity would potentially be replicated among different species 

(Werneck, 2011). 

Lizards have for long been used as model organisms in evolutionary studies (Vitt & 

Pianka, 2005; Losos, 2009), probably because they are easily collected and manipulated 

(Camargo et al., 2010). Also, they are generally poor dispersers and thus can be used as 

indicators of fine-scale biogeographic history. As such, phylogeographic studies using lizards 

have exponentially increased since 1997, but less then 6% of them used South American 

species (Camargo et al., 2010). The Cerrado region still lacks consistent research assessments 

of genetic diversity, especially concerning biogeographic patterns aimed at reconstructing the 

evolutionary history of the biome. Using a comparative phylogeographic framework can help 

explore intrinsic evolutionary patterns within the biome, and potentially inform on 

conservation strategies (Carnaval et al., 2009). 

 

1.2 PhD justification and aims 

Since the evolution of the Cerrado endemic fauna is still substantially unknown, it is of 

paramount importance that new efforts are focused on broadening the range of available 

information about biogeographic patterns and generating knowledge about the processes that 

influenced the diversification, genetic structure and speciation of these organisms. In my PhD 

project I investigated the biogeographic history in the Brazilian Cerrado using endemic 

codistributed lizards as a research subject. My initial and primary aim was to conduct a 

comparative phylogeographic study of three Cerrado endemic lizards, namely Gymnodactylus 

amarali Barbour, 1925, Tropidurus itambere Rodrigues, 1987, and Micrablepharus atticolus 

Rodrigues, 1996. However, at the start of data collection, preliminary analyses of mtDNA for 

all species disclosed deep intraspecific divergences, with genetic distances among populations 
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indicative of the presence of cryptic species. Therefore, the need for clarifying the status of 

those putative cryptic species became evident before a more in-depth phylogeographic 

investigation could be conducted. 

Cryptic species are discrete lineages that, because of morphological similarity, have 

been incorrectly assigned to a single formal taxon (Beheregaray & Caccone, 2007; Pfenninger 

& Schwenk, 2007). Many methodological approaches using genetic data for the delimitation 

of species have been developed in recent years (Carstens et al., 2013), with the potential to 

bridge the gap between evolutionary studies and formal taxonomy (Fujita et al., 2012). 

Therefore, I initially used coalescent species delimitation analyses and morphological data 

(the latter for G. amarali) to investigate species limits in all three taxa. In all cases, I adopted 

the Generalized Lineage Concept (GLC; de Queiroz, 2007) as the species concept, under 

which species are viewed as evolving entities over time, and molecular or morphological 

differences can be understood as properties of the evolutionary divergence of such entities. 

Subsequently, I used coalescent phylogeographic analyses and SDMs (recent and past 

climate) to investigate the evolutionary history and genetic diversity of these three widespread 

and codistributed Cerrado lizards. 

 

1.3 Sampling strategy 

I initially Sanger-sequenced one mtDNA locus (cytochrome-b, cytb), and also started 

collecting three nuclear loci (KIF24, β-fibrinogen, and MYH2) for a large subset of 

individuals. The strategy laid out back in 2010 was to Sanger-sequence ~10 loci for each 

species. In late 2013, my primary supervisor contemplated the opportunity to collaborate with 

Alan and Emily Lemmon from Florida State University, who had recently developed an 

anchored hybrid enrichment protocol for the collection of nuclear data (Lemmon et al., 2012). 

With the field of molecular ecology actively moving towards the use of next-generation 

sequencing (NGS) technologies (Carstens et al., 2012; McCormack et al., 2013), and the fact 
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that our laboratory (the Molecular Ecology Lab at Flinders) had practically shifted entirely to 

using NGS, we decided this was an important opportunity to increase our nuclear loci 

sampling. In addition, this would allow the development of my PhD project in line with recent 

advances in the field. In mid 2014 we obtained a ~400 loci anchored phylogenomics (AP) 

dataset using the above-mentioned protocol (Lemmon et al., 2012). Due to financial and 

computational limitations, the AP datasets were generated for a subset of our total sample 

sequenced for cytb. Although it is common practice to sub-sample individuals when Sanger-

sequencing nuclear loci for phylogeographic studies (e.g., Morando et al., 2003; Camargo et 

al., 2012; Werneck et al., 2012a), most studies would still aim for a reasonable number of 

sequenced individuals per population. Given the high costs of acquiring our dataset, in many 

cases it was not possible to sequence more than one individual per population. Nevertheless, 

recent work has shown that even sampling only one individual per population can be enough 

for strong phylogeographic estimation, as long as enough loci are sequenced (Lohse et al., 

2012; Leaché et al., 2013a; Smith et al., 2014a). 

The individual lizard samples used in my project were previously available at the 

‘Coleção Herpetológica da Universidade de Brasília’ (CHUNB), obtained through a 

collaboration with Miguel Rodrigues and José Cassimiro from ‘Universidade de São Paulo’ 

(for G. amarali), and donated by other institutions (‘Museu de Zoologia da Universidade de 

São Paulo’ – MZUSP, and ‘Universidade Federal do Mato Grosso’ – UFMT). In addition, a 

large number of specimens were obtained as a result of an eight months intensive fieldwork in 

Brazil. For that field expedition we travelled ~45.000 Km by car, sampling areas that were not 

previously visited and filling key gaps in the sampling design of this PhD project. 
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1.4 Focal species 

All three of our focal species are Cerrado endemic lizards widely distributed in the biome. 

Below, I present a short introduction of each species in terms of its taxonomy, systematics 

and ecology. More detailed information is given in the subsequent chapters when applicable. 

 

1.4.1 Gymnodactylus amarali (Phyllodactylidae) 

The Neotropical gecko Gymnodactylus amarali Barbour, 1925 has a wide distribution in the 

central and northern portions of the Cerrado biome (Vanzolini, 2005). It was synonymized 

with Gymnodactylus geckoides Spix, 1825 by Vanzolini (1953a) who, at that point, believed 

that no ecological barriers existed between the Caatinga and the Cerrado. Vanzolini himself 

later recognized morphological and ecological dissimilarities between the two species, but 

restricted G. amarali to the ‘Alto Parnaíba’ region (close to the type locality of Barbour) 

based only on one specimen, and described a new species, Gymnodactylus carvalhoi 

Vanzolini, 2005, as the widespread form in the Cerrado (Vanzolini, 2005). However, 

Cassimiro and Rodrigues (2009) synonymised G. carvalhoi with G. amarali after rechecking 

the type specimen described by Vanzolini, arguing that his diagnostic characters were highly 

variable within Gymnodactylus specimens sampled in the Cerrado. Currently, there are five 

described species in the genus Gymnodactylus, all within the Brazilian territory: G. amarali, 

endemic to the Cerrado; G. darwinii (Gray, 1845), endemic to the Atlantic Rainforest; G. 

geckoides, endemic to the Caatinga; and two other species restricted to the ‘Espinhaço’ 

mountain range, known only from the surroundings of their type localities: G. guttulatus 

Vanzolini, 1982, from ‘Diamantina’, ‘Minas Gerais’, in the southernmost segment of the 

‘Espinhaço’, and G. vanzolinii Cassimiro and Rodrigues, 2009, from ‘Mucugê’, ‘Bahia’, in 

the northern portion of the Espinhaço. 

As many other Neotropical geckos, G. amarali has crepuscular habits (Colli et al., 

2003a), and lives primarily in the rock crevices of rocky outcrops found in the Cerrado 
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landscape (‘Cerrado rupestre’) (Colli et al., 2003a). This species feeds on termites and, 

indeed, when not in the rock crevices it can be found living inside the termite nests (Vitt et 

al., 2007). Its reproduction cycle takes place during the dry season and, unlike most other 

geckos, clutch size is correlated with female body size (Colli et al., 2003a). 

 

1.4.2 Micrablepharus atticolus (Gymnophtalmidae) 

The genus Micrablepharus Boettger, 1885 (Gymnophtalmidae) comprises only two species of 

eyelid-less lizards: Micrablepharus atticolus Rodrigues, 1996 and Micrablepharus 

maximiliani (Reinhardt and Lütken, 1861). While both species are distributed in the Cerrado 

(M. maximiliani is also found in the Caatinga and Pantanal), they are rarely found in sympatry 

(Santos et al., 2014). Our focal species, M. atticolus, has a very wide distribution in the 

Cerrado, and is also found on a few isolated Cerrado enclaves inside the Amazon forest 

(Gainsbury & Colli, 2003; Santos et al., 2014). Out of our three focal species, M. atticolus is 

the only that has been subject of previous genetic studies, with high levels of mtDNA genetic 

diversity found among its populations (Santos et al., 2014). Micrablepharus atticolus is a 

cryptozoic species, usually found in the leaf-litter or inside ant nests (Vitt, 1991; Rodrigues, 

1996), inhabits open physiognomies in the Cerrado (Cerrado sensu stricto) (Vitt, 1991; Vieira 

et al., 2000), and reproduces mainly during the dry season (Vieira et al., 2000). 

 

1.4.3 Tropidurus itambere (Tropiduridae) 

The species of Tropidurus Wied-Neuwied, 1825 are usually locally abundant (Wiederhecker 

et al., 2003; Faria & Araujo, 2004), and generally found in many urban areas (Rodrigues, 

1987; Martins et al., 1999). Tropidurus lizards have been the subject of investigations in 

many fields, such as population and community ecology (Van-Sluys, 1993; Van-Sluys, 1997; 

Vitt & Zani, 1998; Van-Sluys et al., 2004), physiology and performance (Kohlsdorf et al., 

2004; Kiefer et al., 2005; Kohlsdorf & Navas, 2007), morphological evolution (Vitt et al., 
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1997; Kohlsdorf et al., 2001), and island biogeography (Schluter, 1984). Despite the great 

amount of published studies on Tropidurus, there are no temporal diversification studies that 

can inform on speciation patterns of the genus in South America (Carvalho et al., 2013). Of 

all three study genera, Tropidurus is the one with more taxonomic problems, and a phylogeny 

and taxonomic review of the genus is currently in progress (Carvalho, pers. comm.). Our focal 

species, Tropidurus itambere Rodrigues, 1987 is found on rocky outcrops (similarly to G. 

amarali) (Van-Sluys, 1997), using the vertical surfaces of the rocks to forage and 

thermoregulate (Faria & Araujo, 2004), and reproduces mainly during the wet season (Van-

Sluys, 1993; Ferreira et al., 2009). 

 

2. Thesis outline 

This thesis is divided in five chapters: the present general introduction, three data chapters, 

and a general and intentionally brief discussion. In the first data chapter (Chapter 2) I used the 

genetic data available at that time (cytb and one nuclear locus, KIF24), together with 

morphological data, to investigate species limits in G. amarali. This chapter was published in 

the journal Molecular Phylogenetics and Evolution (Appendix 1) in 2014. From Chapter 3 

onwards I already had access to the AP dataset and it became clear that a reassessment of 

phylogenetic relationships and species limits in G. amarali using a larger number of loci was 

warranted. As such, Chapter 3 was conceived in a more atypical way that we believe will 

bring benefits for the reading and understanding of the thesis: instead of dividing it in 

‘publication chapters’ where ideally we would have one chapter per species, Chapter 3 deals 

with species delimitation using the AP dataset for all three species. Because the methods used 

for each species were identical, Chapter 3 provides a much concise way of presenting findings 

of this PhD thesis. Finally, Chapter 4 is a comparative phylogeographic analysis of the three 

species groups. Below, I summarize the main findings of each data chapter. 
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Chapter 2: Out of the deep: Cryptic speciation in a Neotropical gecko (Squamata, 

Phyllodactylidae) revealed by species delimitation methods. 

In this chapter we employed mitochondrial and nuclear DNA, as well as morphological data, 

to assess the monophyly and cryptic speciation in Gymnodactylus amarali, an endemic lizard 

of the Brazilian savannah (Cerrado) biodiversity hotspot. Our study is the first to use samples 

that cover the entire distribution of this species and assess cryptic speciation of a widespread 

Cerrado endemic lizard using phylogenetic and species-trees methods, as well as a coalescent-

based Bayesian species delimitation method. We recovered eight deeply divergent molecular 

clades within G. amarali, and two additional ones from seasonally dry tropical forest enclaves 

between the Cerrado and the Caatinga biome. Because of the low morphological sample size 

for each recovered species, applying the usual multivariate analyses to our morphological data 

was not feasible. Thus, we developed a new strategy to discriminate species based on a 

computer-learning algorithm (support vector machines), which does not require large sample 

sizes. To the best of my knowledge, this was the first example of such techniques being 

applied to morphological discrimination. 

For the publication of this chapter, we used letters (A to H) to refer to delimited G. 

amarali species. To avoid confusion, and to allow for comparisons with the results from the 

species delimitation analyses employed in Chapter 3, the G. amarali putative species analysed 

in Chapter 3 were then referred to as numbers (1 to 12). 

 

Chapter 3: Cryptic species in the Neotropics: Coalescent species delimitation of Cerrado 

endemic lizards using anchored phylogenomics. 

In Chapter 3, I used mtDNA and the AP dataset to investigate phylogenetic relationships and 

cryptic speciation within three Neotropical lizards endemic to the Brazilian Cerrado. I applied 

a series of phylogenetic methods, and a coalescent species delimitation method (BPP) to 

investigate species limits within the three species. Our main results suggest that the existence 
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of cryptic lineages in the biome is more common than previously thought, highlighting the 

value of using NGS data and coalescent techniques to investigate patterns of diversity in this 

understudied Neotropical region. For G. amarali the number of cryptic species increased from 

8 to 9 (compared to Chapter 2), with an overall high consistency between previous results and 

those obtained by analyses of AP data. The BPP results suggest that the widespread nominal 

taxon M. atticolus actually forms a complex of eight different cryptic species, with a very 

complicated biogeographic pattern and possible sympatry between some species. Finally, for 

T. itambere, there were five inferred cryptic lineages with high support values in every BPP 

run, and these lineages were also clearly geographically structured, which should facilitate 

their upcoming taxonomic descriptions. 

 

Chapter 4: Inner conflict: the roles of ecology and history on the evolution of a Neotropical 

biodiversity hotspot 

In Chapter 4, I tested several diversification hypotheses about the evolution of Cerrado 

organisms using a comparative phylogeography framework. Briefly, I tested two groups of 

hypotheses, those related to tectonic events that happened in the Neogene, and those related to 

Quaternary climatic fluctuations. Moreover, I also included more detailed diversification 

hypotheses to assess how endemic species with different ecologies evolved within the biome. 

Our statistical phylogeographic analyses and hypothesis-testing framework indicates that 

codistributed endemic lizard species exhibit taxon-specific evolutionary histories within the 

Cerrado biome, but some concordant phylogeographic patterns could be identified. The two 

species that use similar habitats, G. amarali and T. itambere, have similar geographic 

distribution of basal clades, and similar estimated ancestral distributions. On the other hand, 

results suggest that landscape compartmentalisation probably played different roles in the 

evolution of each taxon. Divergence times and ancestral effective population sizes were also 

more similar between G. amarali and T. itambere. However, there was no congruence in 
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temporal evolutionary patterns related to Neogene diversification among the three species 

complexes. Population genetic estimates suggest no differences in effective population size 

and population expansion between populations in valleys versus plateaus for any of the three 

taxa. Unexpectedly, the ecologically distinct M. atticolus and T. itambere had very similar 

palaeodistributional shifts throughout the Quaternary while G. amarali presented a different 

pattern. 
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Chapter 2 

Out of the deep: Cryptic speciation in a Neotropical gecko 

(Squamata, Phyllodactylidae) revealed by species delimitation 

methods. 
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1. Introduction 

Biodiversity in the Neotropical region has been a matter of great interest of biologists for 

centuries (Spix & Martius, 1824; Humboldt, 1849; Rull, 2011). The levels of biodiversity in 

this region remain relatively unknown (Fouquet et al., 2007; Scheffers et al., 2012; Fouquet et 

al., 2013) and a large amount of species is still waiting to be discovered (Mora et al., 2011; 

Wheeler et al., 2012; Costello et al., 2013). The Brazilian Cerrado is the largest Neotropical 

savannah (Eiten, 1972; Oliveira & Marquis, 2002) and one of the world’s formally recognized 

biodiversity hotspots (Myers et al., 2000). However, most of its area lacks adequate sampling 

efforts (Costa et al., 2007; Costa et al., 2010), which makes the discovery of new taxa not 

uncommon. Considering that only 2.2% of the Cerrado is under legal protection (Klink & 

Machado, 2005), one of the first steps towards the conservation of this biome is to investigate 

the taxonomic diversity and phylogenetic relationships of its endemic biota. 

In early studies, the Cerrado herpetofauna was considered impoverished compared to 

surrounding biomes, such as the Caatinga (seasonally dry tropical forests - SDTF) and the 

Amazon (Vanzolini, 1948, 1976; Vitt, 1991). This paradigm has changed substantially with 

improved sampling efforts (Colli et al., 2002), and currently 267 squamate species (39% 

endemics) are recognized to occur in the Cerrado (Nogueira et al., 2011). Moreover, the 

number of species descriptions is still increasing (e.g. Nogueira & Rodrigues, 2006; 

Rodrigues et al., 2007; Rodrigues et al., 2008; Colli et al., 2009; Giugliano et al., 2013; 

Teixeira et al., 2013), as well as the recognition of previously unknown cryptic lineages 

(Gamble et al., 2012; Prado et al., 2012; Giugliano et al., 2013), mostly in the light of new 

data from populations previously assigned to the same species. 

Cryptic lineage recognition can be severely impacted by morphological stasis 

(Pfenninger & Schwenk, 2007) and as such it is not surprising that the majority of recent 

cryptic species studies rely largely on genetic data (Beheregaray & Caccone, 2007; Bickford 

et al., 2007). Coalescent-based methods have recently become popular to assist in species 
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delimitation (Knowles & Carstens, 2007; Yang & Rannala, 2010; Fujita et al., 2012; Carstens 

et al., 2013), especially regarding cryptic speciation in biodiversity hotspots (Nair et al., 

2012). Despite the unquestionable value of those methods in assessing cryptic diversity 

(Leaché & Fujita, 2010), it is advisable to use independent morphological or ecological data 

to corroborate molecular-based hypotheses of cryptic diversification (Bauer et al., 2011; 

Burbrink et al., 2011; Sistrom et al., 2012). In this context, morphological data can be used to 

test the placement of individuals within the reconstructed molecular clades and evaluate the 

validity of such lineages (Hebert et al., 2004; Tan et al., 2010; Sistrom et al., 2013). This 

integrative approach can provide valuable support when delimiting ‘candidate species’ for 

conservation management strategies (Morando et al., 2003; Padial et al., 2010). 

The gecko Gymnodactylus amarali Barbour, 1925 is a Cerrado endemic with a wide 

distribution in the central and northern portions of the biome (Vanzolini, 2005). It was 

synonymized with Gymnodactylus geckoides Spix, 1825 by Vanzolini (1953a), but later 

resurrected and restricted to the ‘Alto Parnaíba’ region (close to the type locality of Barbour, 

Vanzolini, 2005). A new species, Gymnodactylus carvalhoi Vanzolini 2005, was described as 

the widespread form in the Cerrado (Vanzolini, 2005), but soon synonymized with G. amarali 

after Cassimiro and Rodrigues (2009) rechecked the type specimen and found that the 

diagnostic characters were highly variable within all Gymnodactylus sampled in the Cerrado. 

Thus, five species of Gymnodactylus are currently recognized, all within the Brazilian 

territory: G. amarali, endemic to the Cerrado; Gymnodactylus darwinii (Gray, 1845), endemic 

to the Atlantic Rainforest; G. geckoides, endemic to the Caatinga; and two other species 

restricted to the Espinhaço mountain range, known only from the surroundings of their type 

localities: Gymnodactylus guttulatus Vanzolini, 1982, in the southernmost segment of the 

Espinhaço, and Gymnodactylus vanzolinii Cassimiro and Rodrigues, 2009, in the northern 

portion. Nevertheless, only one study evaluated phylogenetic relationships within 

Gymnodactylus, addressing the phylogeography and cryptic speciation of G. darwinii 
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(Pellegrino et al., 2005). The G. darwinii species group is monophyletic in relation to at least 

G. geckoides from Caatinga (Pellegrino et al., 2005), and G. vanzolinii appears to be more 

closely related to G. guttulatus (Cassimiro & Rodrigues, 2009). Apart from these two 

assertions, no other evolutionary relationships among Gymnodactylus species are known. 

The evolution of groups sharing a Caatinga-Cerrado distribution remains a poorly 

understood subject in South American biogeography (Werneck, 2011) and few studies have 

implemented molecular techniques to investigate the relationship between those biomes 

(Almeida et al., 2007; Moraes et al., 2009; Werneck et al., 2012a; Faria et al., 2013; Recoder 

et al., 2014). Dissimilarities noted between G. amarali and G. geckoides include ecological 

differences such as clutch and egg sizes (Colli et al., 2003a), karyological differences in 

chromosome number and type (Pellegrino et al., 2009), and morphological differences in 

pholidosis and coloration patterns (Vanzolini, 1953a, 2005; Cassimiro & Rodrigues, 2009). 

Nonetheless, it remains unclear whether the widespread Cerrado populations of G. amarali 

form a monophyletic group in relation to its Caatinga counterpart. In fact, it was proposed that 

relict populations of G. geckoides might be present in the core of the Cerrado region 

(Pellegrino et al., 2009), because the karyotype of one specimen was identical to the 

karyotype observed in G. geckoides populations. In addition, extensive chromosomal 

polymorphism has been observed within and between G. amarali populations (Pellegrino et 

al., 2009), as well as great morphological variation among populations (Vanzolini, 1953a, 

2005; Cassimiro & Rodrigues, 2009). As such, it is possible that populations treated under the 

name G. amarali are paraphyletic in relation to G. geckoides and, moreover, that differences 

among G. amarali populations reflect the existence of cryptic species. Thus, in order to 

investigate the evolution of G. amarali in the Cerrado it is also important to assess its contact 

zone with G. geckoides, accounting for the shared evolutionary history of the two biomes.  

Here we investigate the potential cryptic diversity within Gymnodactylus amarali by 

implementing a framework that comprehends molecular and morphological data, 
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phylogenetic and ‘species tree’ methods, and coalescent-based Bayesian species delimitation 

approaches. Our hypotheses are that 1) G. amarali in the Cerrado is a monophyletic group; 2) 

there are relict Gymnodactylus geckoides populations inside the Cerrado biome, and 3) 

several cryptic species exist within G. amarali. Evolutionary relationships are reconstructed 

using samples spanning the entire distribution of G. amarali in the Cerrado, Gymnodactylus 

populations from SDTF enclaves in the contact zone between Cerrado and Caatinga, and 

populations of G. geckoides as outgroups. This framework enabled testing for an important 

contact zone between two understudied biomes and allowed us to conduct the first assessment 

of how molecular diagnosis predicts morphology-based cryptic divergence in a vertebrate 

endemic to the Cerrado. 

 

2. Material and Methods 

2.1 Taxon sampling 

We obtained samples of Gymnodactylus amarali from 24 sites in the Cerrado, as well as two 

populations inhabiting SDTF enclaves (Fig. 1). Three New World gecko species 

(Phyllodactylidae) were used as outgroups: Gymnodactylus darwinii, Gymnodactylus 

geckoides and Phyllopezus pollicaris (Spix, 1825). Specimens were curated at the ‘Coleção 

Herpetológica da Universidade de Brasília’ (CHUNB) and ‘Museu de Zoologia da 

Universidade de São Paulo’ (MZUSP). Our final dataset consisted of 83 G. amarali, 4 G. 

geckoides, 4 G. darwinii and 3 P. pollicaris. Voucher numbers, localities, and GenBank 

accession numbers are in Appendix 2. 
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Fig. 1: Partial map of Brazil with Gymnodactylus and outgroup samples, in the context of the distribution of the 

Cerrado and Caatinga biomes. Symbols indicate clades selected by the GMYC analysis. Inset map detail show 

the populations of ‘Manga’ and ‘Matias Cardoso’ separated by the São Francisco River. 
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2.2 Molecular methods and analyses 

We extracted genomic DNA using a modified salting-out technique (Sunnucks & Hales, 

1996) and used PCR to amplify fragments of the mitochondrial DNA (mtDNA) cytochrome b 

(cytb) and the exonic locus Kinesin Family Member 24 (KIF24). Primers and PCR cycle 

protocols are in Appendix 3. The PCR products were visualized on a 1.5% agarose gel and 

sequenced using Big Dye v3.1 on an ABI 3130xl at the Flinders Sequencing Facility, SA 

Pathology. We assembled and visually inspected chromatograms using SEQUENCHER 4.9 

(Gene Codes Corporation, Ann Arbor, MI USA). Sequences were codon aligned using 

MUSCLE (Edgar, 2004) as implemented in MEGA 5.2.2 (Tamura et al., 2011) applying a 

gap open penalty of 3 and a gap extension penalty of 1. Prior to analyses, we tested for third 

codon saturation using Xia et al. (2003) index of substitution saturation as implemented in 

DAMBE5 (Xia, 2013). The index suggested that saturation was negligible (cytb: Iss 0.165 < 

Issc 0.810, p<0.001; KIF24: Iss 0.36 < Issc 0.792, p<0.001) and we proceeded with analyses 

using the complete alignments. 

Our molecular hypothesis-testing framework aimed to concomitantly test the 

monophyly of G. amarali and identify possible cryptic lineages within the species, based on 

the following approach: 1) reconstructing phylogenetic trees with the concatenated dataset 

using two methods; 2) building a ‘species tree’ that incorporates individual gene genealogies 

using a coalescent method; and 3) test the fit of the data from both genes to different 

evolutionary hypotheses generated by the previous analyses via a Bayesian coalescent species 

delimitation method. 

 

2.2.1 Phylogenetic reconstructions 

All downstream phylogenetic analyses used the partition strategies and models of sequence 

evolution selected based on the Bayesian Information Criterion (BIC) in PartitionFinder 

(Lanfear et al., 2012; Lanfear et al., 2014). Partition strategies and evolution models were 
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separately estimated for the concatenated and individual locus alignments, and for each 

phylogenetic software used (MrBayes, RAxML or Beast). Selected evolution models and 

partitions are in Appendix 4. 

We used Bayesian inference implemented in MrBayes v3.2.2 (Ronquist et al., 2012), 

to investigate phylogenetic relationships with the concatenated dataset and separately for each 

gene fragment. We conducted two independent runs using four parallel Markov Chain Monte 

Carlo (MCMC) chains for 5 million generations, sampling every 500th generation. 

Substitution rates, character state frequencies, gamma shape parameters and proportion of 

invariable sites were all unlinked. We used a minimum acceptable effective sample size (ESS) 

of 200 for each parameter, and assessed stationarity and convergence of Bayesian analysis 

respectively by plotting MCMC generations versus the log-likelihood values of the data and 

checking the potential scale reduction factor in MrBayes. Stationarity and convergence were 

also visually inspected by plotting likelihood values in Tracer v1.5 (Rambaut & Drummond, 

2009). Phyllopezus pollicaris was used as outgroup. 

We also implemented a maximum likelihood (ML) phylogenetic analysis on the 

concatenated dataset using RAxML (Stamatakis, 2014), with unlinked partitions as selected 

by PartitionFinder. We used 1000 bootstrap replicates in a rapid bootstrap analysis, and a 

thorough search for the best-scoring ML tree. 

 

2.2.2 Species discovery methods and species tree 

We explored the performance of two coalescent species discovery methods (sensu Carstens et 

al., 2013). First, we used spedeSTEM discovery (Satler et al., 2013), a method that uses 

information theory to compare models of lineage composition through Akaike Information 

Criteria (AIC) and returns the ranked ‘species tree’ models. The spedeSTEM software takes 

as input gene trees that we separately estimated for both genes using RAxML (as above), and 

converted to ultrametric trees using package APE (Paradis et al., 2004) in R v3.0.1 (R Core 
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Team, 2013). It also requires a θ=4Neµ value that we estimated with Migrate-n v3.6.1 (Beerli 

& Felsenstein, 2001). We ran Migrate-n using a random starting tree and four multiple 

Markov chains for 1 x 107 generations sampled every 20th generation, discarding 10% as 

burn-in. Second, we used the Generalized Mixed Yule Coalescent (GMYC), a method 

especially developed for only one mitochondrial locus (Pons et al., 2006). Using unique 

haplotypes of cytb (Appendix 2) we built an ultrametric phylogenetic tree in BEAST v1.7.5 

(Drummond et al., 2012) required to run the GMYC algorithm. This algorithm estimates the 

number of “species” by classifying the branching rates of a phylogram as being the result of 

interspecific or intraspecific lineage branching patterns (Pons et al., 2006). 

We implemented two versions of the GMYC algorithm: the originally proposed ML-

based calculation in package splits (Pons et al., 2006; Fujisawa & Barraclough, 2013), and a 

Bayesian implementation that accounts for uncertainty in phylogenetic estimation in package 

bGMYC (Reid & Carstens, 2012), using R v3.0.1 (R Core Team, 2013). In BEAST, we ran 

phylogenetic analysis under a strict molecular clock set to an evolutionary rate of 1.0 (i.e., no 

attempt to estimate divergence time) considering a coalescent tree with constant population 

size, using an UPGMA starting tree, and with 1 x 107 Markov Chain Monte Carlo (MCMC) 

generations sampled every 1,000th generation. We implemented three independent runs and 

combined results using LogCombiner v1.7.5 (Drummond et al., 2012), burning the first 10% 

of the samples and subsequently used Tracer v1.5 (Rambaut & Drummond, 2009) to check 

for minimum adequate ESS (200) and visually inspect stationarity and convergence by 

plotting likelihood values. We summarized the resulting trees into a target maximum clade 

credibility tree to use in the ML implementation, and alternatively kept 100 random trees for 

the Bayesian implementation, using TreeAnnotator v1.7.5 (Drummond et al., 2012). For the 

ML-GMYC we also performed a log-likelihood ratio test of the fitted model against a null 

model of no distinct species clusters, and calculated AIC-based support values for the species 

clusters with a p < 0.05 (Fujisawa & Barraclough, 2013). 
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To investigate the phylogenetic relationship between the species retrieved by the 

GMYC analyses in a multilocus perspective, and also estimate divergence times between the 

putative species, we ran a *Beast analysis (Heled & Drummond, 2010) as implemented in 

BEAST v.1.7.5. The lack of Gymnodactylus fossils prevented a more robust calibration, and 

we estimated divergence times based in the putative substitution rate of 2% changes 

million/year (Johns & Avise, 1998). We used the evolutionary models selected for each locus 

under a relaxed lognormal molecular clock set for cytb, and the KIF24 evolution rate 

dependent on cytb. We selected a Yule process prior for the tree using an UPGMA starting 

tree and performed the analysis with 5 x 107 MCMC generations sampled every 1,000th 

generation. We implemented three independent runs and combined results using 

LogCombiner v1.7.5 (Drummond et al., 2012), burning the first 10% of the samples. We 

summarized resulting trees into a target tree using TreeAnnotator v1.7.5 (Drummond et al., 

2012), and used Tracer v1.5 (Rambaut & Drummond, 2009) to check for minimum adequate 

ESS (200) and visually inspect stationarity and convergence. 

We also calculated cytb and KIF24 net between-group distances using lineages 

selected by the GMYC analysis with MEGA 5.2.2 (Tamura et al., 2011). We computed both 

uncorrected p-distances and ML corrected distances with standard error estimates calculated 

using 1,000 bootstrap replicates. 

 

2.2.3 Bayesian coalescent species delimitation 

We used a coalescent approach implemented in the software Bayesian Phylogenetics and 

Phylogeography (BPP) (Yang & Rannala, 2010) to test the performance of different ‘species 

trees’ by assessing their posterior probabilities considering both loci. This method 

accommodates the species phylogeny, as well as lineage sorting due to ancestral 

polymorphism, by comparing the posterior probability of an a priori user-specified 

phylogenetic (‘species’) tree with the posterior probability of all possible variations of the 
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same tree when branches of a particular node are collapsed (Yang & Rannala, 2010). After 

initial trials testing different parameters (Appendix 5), we used a gamma prior of G(2,1000) 

for population size (θs) and the age of the root in the species tree (τ0), and the Dirichlet prior 

(Yang and Rannala, 2010: equation 2) for other divergence time parameters. We ran analyses 

for 5 x 105 MCMC generations, taking samples every five and using 1 x 104 burn-in 

generations. To check for consistency of results, we conducted three independent runs, 

starting at two random tree models, and the fully resolved tree model, using both available 

reversible-jump MCMC species delimitation algorithms (Yang & Rannala, 2010). We 

repeated this process for three different ‘species trees’: 1) the one generated by spedeSTEM, 

and two considering the GMYC groups – 2) with the *Beast topology and, 3) the tree 

topology generated by the concatenated dataset (ML and Bayesian analysis). 

 

2.3 Morphological analyses 

We performed analyses to evaluate whether divergence patterns based on morphology were 

concordant with the retrieved molecular lineages. From the 94 samples used in the molecular 

analyses we had access to 81 preserved museum specimens. Because we did not have access 

to the same Gymnodactylus darwinii specimens, we generated data from other three available 

specimens (Appendix 2). Thus, our total morphological dataset comprised 84 specimens from 

all the cryptic and described species. With the aid of a stereomicroscope, a single person 

(FMCBD) processed all specimens and generated the data to avoid bias. Morphological 

characters were selected in order to maximise variation among G. amarali morphotypes. The 

data consisted of 21 pholidosis variables and 8 categorical variables (see Appendix 6 for a 

detailed description of characters). From a total of 2,436 observations (29 characters of 84 

specimens), 255 (10.5%) were missing values because of damaged specimens. In multivariate 

approaches, missing value usually means that the whole case should be omitted, resulting in 

loss of information (Rubin, 2003) and biased evolutionary estimations (Nakagawa & 
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Freckleton, 2008). To avoid such problems, we imputed missing values through chained 

equations using a predictive mean matching algorithm implemented in R package mice 

(Buuren & Groothuis-Oudshoorn, 2011). All morphological analyses were carried out in R 

v3.0.1 (R Core Team, 2013). 

Because specimen-lineage affiliation retrieved by the GMYC and all phylogenetic 

analyses were exactly the same (see Results 3.2), we could assign each individual to a unique 

‘species’ in the following analyses. In a multivariate space, to statistically classify and predict 

cases belonging to different groups, one would generally employ a Discriminant Function 

Analysis (DFA) (Quinn & Keough, 2002). However, the DFA linear analytical process 

assumes normality, no collinearity, and homoscedasticity; in addition, it cannot be applied 

when the number of cases is smaller than the number of variables (Quinn & Keough, 2002). 

Meristic characters are known not to be normally distributed (Houle, 1992), and for some 

clades we had a maximum number of three individuals. To overcome those limitations, we 

employed a Support Vector Machine (SVM), which is a sophisticated model-training 

approach for classifying and predicting sample-affiliation based on learning theory 

(Schölkopf et al., 2000). The SVM builds a kernel function that maps cases into a high-

dimensional space, subsequently finding a “margin” in the hyperspace that maximizes the 

separation between the groups (Cortes & Vapnik, 1995). Although successfully used in 

computational biology (Ben-Hur et al., 2008), some areas of molecular biology (Park & 

Kanehisa, 2003; Xue et al., 2005), and ecological distribution modeling (Kelly et al., 2007; 

Giovanelli et al., 2010), to the best of our knowledge, this is the first time that SVM is used to 

investigate morphological segregation in animals. 

We performed the SVM analysis using R package e1071 (Meyer et al., 2014). 

Initially, we implemented a manual search for the best fine tune parameters for the model, i.e. 

the ones that minimized the error-rate estimated via cross-validation (Chang & Lin, 2011). 

We then trained the model using the fine tuned C-classification SVM algorithm on the whole 
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morphological dataset, setting ‘species’ to be explained by the 29 morphological characters. 

Lastly, we tested the predictive power of the generated model using the default predict.svm 

function of the package, which predicts case affiliation to groups (individual to ‘species’) 

based in the model trained by the SVM. More details about the SVM analysis and 

implementation are in Appendix 7. 

 

3. Results 

3.1 Taxon sampling and molecular data 

We sequenced both fragments for all Gymnodactylus amarali (n=83) and G. geckoides (4) 

specimens, and downloaded GenBank sequences for Phyllopezus pollicaris (3). We did not 

have access to G. darwinii tissue samples and available cytb sequences were obtained from 

GenBank (n = 4). The aligned cytb fragment was 749 bp long from which 369 were variable 

sites, and KIF24 was 486 bp with 123 variable sites (i.e. 1,235 aligned base pairs in the 

concatenated dataset). A few contiguous deletions comprising different numbers of codons 

were found in KIF24: P. pollicaris presented two gaps, one with two codons and another with 

three codons; the two Gymnodactylus populations from SDTF enclaves (‘Manga’ and ‘Matias 

Cardoso’) presented different non-shared patterns of deletions, where ‘Matias Cardoso’ had 

two gaps of two codons each, and ‘Manga’ had only one gap of four codons in another 

position, the latter shared by G. geckoides. All specimens of G. amarali presented no 

deletions. 

 

3.2 Monophyly of Gymnodactylus amarali and cryptic species recognition in the G. amarali 

species group 

All phylogenetic analyses (using both the concatenated dataset and the two genes separately) 

supported the monophyly of Gymnodactylus amarali from the Cerrado region, excluding the 

two populations from SDTF enclaves (‘Manga’ and ‘Matias Cardoso’) (Fig. 2, Appendix 8). 
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Bayesian and ML phylogenetic analyses of the concatenated dataset returned the same 

topology (Fig. 2). 

 

 

 
Fig. 2: Maximum likelihood tree of the concatenated dataset for all samples. Bayesian analysis returned the 

same topology. Numbers in nodes are ML bootstrapping scores/ Bayesian posterior probabilities. Clades A to H 

refer to Gymnodactylus amarali clades identified by GMYC analysis. 
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The ML-GMYC analysis returned 14 ML entities (‘species’), including outgroups, 

with a confidence interval from three to 36. The log-likelihood ratio test was significant (p = 

0.037), i.e. the null hypothesis of a single species was rejected. Most ‘species’ nodes had p < 

0.05 in the AIC based support value of the ML-GMYC analysis, and high posterior 

probability in the bGMYC (Fig. 3). The 14 entities were: Phyllopezus pollicaris, two 

Gymnodactylus darwinii clusters, ‘Matias Cardoso’, G. geckoides, ‘Manga’, and eight clusters 

for G. amarali, which were named A to H (Fig. 3). 

‘Matias Cardoso’ and ‘Manga’ were very divergent from the Gymnodactylus amarali 

clusters: cytb uncorrected distances ranged from 19.1% to 21.4% and ML corrected distances 

from 27.4% to 32.1% for the former and 18.3% to 21.5% and from 25.7% to 32.8%, 

respectively, for the latter. Cytb levels of uncorrected sequence divergence were lower among 

G. amarali clusters, ranging from 1.8% to 17.5% and ML corrected distances from 2.1% to 

23.7% (Table 1). Levels of divergence were lower for KIF24: uncorrected and ML corrected 

distances respectively ranged from 5.8% to 8.0% and from 6.7% to 9.1% for ‘Matias 

Cardoso’, from 5.9% to 8.0% and from 6.7% to 9.1% for ‘Manga’, and from 0.2% to 4.2% 

and from 0.2% to 4.7% among G. amarali clusters. Interestingly, ‘Manga’ is more related to 

G. geckoides of the Caatinga, and ‘Matias Cardoso’ to G. darwinii of the Atlantic Rainforest 

(Fig. 2-4 and Appendix 9). 
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Fig. 3: Ultrametric tree of unique cytb haplotypes. Vertical line represents the limit value for ML species clusters 

identified by ML-GMYC analysis, and the large grey box represents the confidence interval of species level 

clusters (3 -16). Numbers below nodes are p values of the AIC based support of the ML-GMYC analysis. 

Posterior probability for each species from bGMYC analysis is shown above branches, or indicated by arrows. 

Species-level clusters are enclosed by boxes, and Gymnodactylus amarali ‘candidate species’ are named clusters 

A to H. Photos of G. darwinii and G. geckoides by Miguel Rodrigues, and G. amarali by Daniel Velho. 

  

1
Phyllopezus pollicaris 

G. ‘Matias Cardoso’ 
Gymnodactylus darwinii 

G. ‘Manga’ 
Gymnodactylus geckoides

Clade A

Clade B

Clade C

Clade D

Clade E

Clade F

Clade G

Clade H

0.02

0.1
0.3

0.16

0.02

0.02

0.03

0.12

0.1

0.16

0.04

0.08

1

1

0.99

0.99

0.99

0.91

0.86

0.83

0.73

0.73
0.72

0.35
0.48

 Gymnodactylus darwinii

 Gymnodactylus geckoides

 Gymnodactylus amarali

0.05 substitutions p/ site

37090 Paranã
15781 Paranã
37125 Paranã
15869 Paranã

63203 Nova Xavantina 
63204 Nova Xavantina 
63195 Nova Xavantina 
55889 Nova Xavantina 
55880 Nova Xavantina 
55890 Nova Xavantina

MRT3949 Peixe 
MRT6428 São Salvador 
MRT6435 São Salvador 
MRT14578 Almas
10440 Palmas 
LAJ215 Lajeado 
MRT4459 Peixe 
45321 Caseara 
45283 Caseara 
28219 Mateiros 
ESTR1759 Goiatins 
ESTR1038 Carolina 
ESTR196 Carolina 
MRT7552 Guaraí 
ESTR642 Estreito 
ESTR1808 Goiatins

58323 
LG991
MD1742
MD1740 
58336
56643 
56537
15568 São Domingos 
LG0889 Barra do Garças

67394 Pirenopolis
38645 Cocalzinho de Goiás 
38646 Cocalzinho de Goiás 
67441 Pirenopolis
2204 Minaçu
2152 Minaçu
2211 Minaçu
44704 Colinas do Sul
LG1072 Niquelândia
832 Minaçu
63198 Barra do Garças 
63196 Barra do Garças 
55881 Barra do Garças 
55883 Barra do Garças

CHUNB57403
CHUNB57388
CHUNB57389

14555 Palmas
10771 Palmas
53290 Cavalcante 
15566 São Domingos 
37161 São Domingos 
53058 Monte Alegre
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Fig. 4: Phylogenetic relationships and divergence times between Gymnodactylus clades estimated using a 

Bayesian ‘species tree’ coalescent analysis with *Beast. Numbers inside nodes indicates Bayesian posterior 

probabilities/ posterior probabilities of the species splits estimated by BPP. Clades A to H refer to 

Gymnodactylus amarali clades identified by GMYC analysis. Photo of G. amarali by Daniel Velho. 
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The *Beast ‘species tree’ also supports the monophyly of Gymnodactylus amarali 

with ‘Matias Cardoso’ and ‘Manga’ nested outside the G. amarali clade (Fig. 4). The position 

of some G. amarali clades differed between the *Beast and the concatenated dataset 

phylogenetic tree (Table 2) because clades that shared specimens from geographically close 

localities were recovered as sister species (B and E, F and H; Fig.1). Divergence time between 

the most basal clade of G. amarali and remaining clades was ~5 million years (MY) ago, 

while most other clades diverged within the last 2 MY (Fig. 4). Support was high (>0.95) for 

most nodes in the *Beast consensus tree. Considering that our main interest was in the 

relationships among Gymnodactylus amarali clades, although we could have used a G. 

darwinii KIF 24 alignment with nothing but missing data, because we only had two loci and 

the position of G. darwinii as the sister group of ‘Gymnodactylus Matias Cardoso’ was 

unlikely to change, we adopted a conservative approach and omitted G. darwini from this 

analysis. 
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The spedeSTEM analysis returned 14 groups as the most likely model, but lineage 

composition was different from previous analyses. Only three of the eight G. amarali groups 

identified by the GMYC were also retrieved (Appendix 10). The posterior probability of the 

full model calculated by BPP was very low, and no other model showed higher probability 

(Appendix 11). As such, we considered the GMYC results as the best lineage diversification 

hypothesis (Fig. 3) and proceeded with morphological analyses and discussion without 

considering the spedeSTEM results. 

The other two lineage relationship hypotheses tested using BPP returned slightly 

different results considering the posterior probabilities of the fully resolved tree model (Table 

2). These results support the placement of individuals within the defined GMYC lineages, 

considering that models with collapsed versions of the tree had very small posterior 

probabilities. Thus, combining those lineages in the same species would not reflect the best 

evolutionary hypothesis from a coalescent perspective. 

In summary, the results support the monophyly of Gymnodactylus amarali distributed 

within the Cerrado, and point to the existence of eight well-defined clades that could represent 

different cryptic species. Furthermore, the two populations in the contact zone between 

Cerrado and Caatinga (SDTF enclaves), ‘Matias Cardoso’ and ‘Manga’, belong respectively 

to G. darwinii and G. geckoides species groups, and likely represent cryptic lineages of those 

two groups. 

 

3.3 Morphological support of lineages 

The analysis of morphological data corroborated the retrieved evolutionary lineages, with a 

very low rate of specimens misidentification (3%) returned by the model prediction. 

Assignment errors were observed only between G. amarali clades B, D and H, where one 

specimen was incorrectly assigned in each group. All other G. amarali clades (A, C, E, F and 

G), ‘Matias Cardoso’, ‘Manga’, and the outgroup species were correctly assigned. From all G. 
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amarali specimens sequenced for cytb and KIF24, only nine (9) were not available for 

pholidosis and could not be included in the morphological analysis (Appendix 2). The 

morphological characters can therefore reliably discriminate the seven G. amarali lineages, as 

well as ‘Manga’ and ‘Matias Cardoso’, and can be used to diagnose those clades (Appendix 

12). 

 

4. Discussion 

Biologists have used morphological data for centuries to describe and infer relationships 

among species. The advent of molecular tools has drastically changed this activity (Wiens, 

2007) and molecular data overcame the use of traditional characters to reconstruct lineage 

relationships. Not surprisingly, the use of molecular tools also became the major approach to 

recognize cryptic species (Bickford et al., 2007). On the other hand, morphological data are 

still essential for species description and play an important role to make uncovered cryptic 

lineages identifiable and available for scientific and conservation purposes (Beheregaray & 

Caccone, 2007). 

Under the Generalized Lineage Concept (de Queiroz, 2007) we presented species 

hypotheses using two lines of evidence, genetic and morphological, and provided the first 

example of cryptic species identified by coalescent lineage delimitation analyses in a Cerrado 

endemic vertebrate. Moreover, no ‘species’ are shared between the Cerrado and the Caatinga, 

reinforcing a still understudied evolutionary pattern between these two biomes (Werneck & 

Colli, 2006; Werneck, 2011). 

 

4.1 Monophyly of Gymnodactylus amarali in the Cerrado 

Molecular and morphological results corroborate the monophyly of Gymnodactylus amarali 

within the Cerrado region and the existence of multiple cryptic lineages within this taxon. The 

two populations sampled in the contact zone between Cerrado and Caatinga, SDTF enclaves, 



Chapter 2 – Gymnodactylus cryptic species 

 

 62 

do not belong to the G. amarali species group but are recovered as sister groups to G. 

geckoides (‘Manga’) and G. darwinii (‘Matias Cardoso’) respectively. 

Our samples cover the whole distribution of the species, which suggests that the herein 

recognized G. amarali species complex is the only Gymnodactylus lineage to inhabit the 

Cerrado biome. We found no evidence for the existence of G. geckoides populations in the 

Cerrado as previously suggested by Pellegrino and collaborators (2009). These authors found 

one specimen in ‘Barra do Garças’ (one of our sampled locations in central Cerrado) to have 

an identical karyotype to G. geckoides, and suggested it was a potential relict population of G. 

geckoides. Considering the heterogeneous landscape that characterises the region of ‘Barra do 

Garças’ and that two different clades of G. amarali (B and E) inhabit the area, the presence of 

an additional species remains to be tested. Additional sampling and chromosome data from 

‘Barra do Garças’ as well as a complete phylogeny of the genus are critical to understand 

geographical patterns of karyotypic evolution in Gymnodactylus. Testing phylogenetic 

hypotheses for the genus would require a multilocus dataset for all five currently described 

taxa, as well as for different cryptic species recognized for G. darwinii (Pellegrino et al., 

2005) and G. amarali (this study). Nonetheless, our results suggest a (G. darwinii, (G. 

geckoides, G. amarali)) topology. 

 

4.2 Cryptic species in the Gymnodactylus amarali species complex 

We uncovered eight cryptic lineages within Gymnodactylus amarali. Levels of mtDNA 

divergence between recovered clades (2.1% to 23.7%, Table 1) were higher than usually 

observed between species of lizards or other vertebrate groups (Avise et al., 1998; Fouquet et 

al., 2007; Oliver et al., 2009) and consistent with those recently reported for cryptic lineages 

of New World geckos (Gamble et al., 2012; Werneck et al., 2012a). 

Regarding lineage relationships, the phylogenetic and ‘species tree’ methods resulted 

in different placements of some clades (Table 2). This is a common issue comparing ‘gene 
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trees’ and ‘species trees’ (Pamilo & Nei, 1988; Degnan & Rosenberg, 2009) and can probably 

be suppressed by the use of more loci (but see Degnan & Rosenberg, 2006). 

Despite this topological disagreement between the results of the two methods, the 

Bayesian species delimitation analysis performed by BPP resulted in similar posterior 

probabilities for both hypotheses (Table 2). From a coalescent perspective, these results imply 

that every option where different clades are collapsed into one would be a worse 

diversification scenario. A similar result was found for geckos of the Hemidactylus fasciatus 

complex, where BPP also returned very limited differences between different phylogenetic 

hypotheses (Leaché & Fujita, 2010). Based on a series of simulations and different a priori 

phylogenetic trees, the authors concluded that when divergent populations are placed as sister 

taxa, large divergences among the species are artificially created, and the algorithm interprets 

those divergences as speciation events. This suggestion likely reflects the trend of our results, 

and reinforces the placement of the eight different clades as ‘candidate species’ in the G. 

amarali complex (Fig. 4, Appendix 13). Another simulation study showed that even when 

only one individual is sampled, the accuracy of BPP using two loci is almost as good as using 

10 loci (Camargo et al., 2012). Divergence times and migration rates also did not 

substantially influence the performance of the algorithm (Camargo et al., 2012), and we 

believe our results depict a real trend in the evolution of G. amarali, in spite of our limited 

number of loci and the fact that we had as few as 2 individuals for at least one ‘species’. 

Incomplete lineage sorting (Degnan & Rosenberg, 2009) and gene flow among 

lineages (Leaché et al., 2014) are also known to affect ‘species tree’ reconstruction. These 

two processes would have an effect on the input phylogenetic tree to be used in BPP, 

interfering with the species delimitation algorithm (Leaché & Fujita, 2010; Yang & Rannala, 

2010). On the other hand, concordant reciprocal monophyly between lineages in different 

gene trees is not essential when delimiting species (Knowles & Carstens, 2007) and the 

morphological analyses supported the placement of individuals in the clades using a different 
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dataset. This suggests that our hypotheses testing framework was strong enough to support the 

recovered clades as distinct evolutionary lineages. Finally, given that the multi-species 

coalescent is more likely to recover a pattern of diversification than gene genealogies (McVay 

& Carstens, 2013), we suggest that the *Beast topology is a better provisionary arrangement 

for the G. amarali ‘candidate species’, and discuss the evolution of the group considering this 

phylogenetic hypothesis below. 

 

4.3 Evolution of Gymnodactylus amarali in the Cerrado 

This study was not aimed at reconstructing the biogeographic history of Gymnodactylus 

amarali but it has enabled a number of inferences about the evolution of the species in the 

Cerrado. The fact that G. amarali inhabiting the Cerrado form a monophyletic group suggests 

that they diversified within this biome, likely influenced by landscape evolution of the 

Cerrado (Prado et al., 2012; Werneck et al., 2012a). Moreover, the two populations from 

SDTF enclaves in the border of Cerrado are clearly distinct lineages, supporting the view that 

G. amarali does not occur in SDTF physiognomies. The transition between the Caatinga and 

Cerrado is not marked by topographical barriers (Ab'Sáber, 1974, 1998), indicating that 

environmental filters are probably responsible for the absence of G. geckoides from the 

Cerrado and the absence of G. amarali from the Caatinga (Colli et al., 2003a). 

Traditional hypotheses for the origins of the high Neotropical biodiversity include 

vegetation refugia created by Pleistocene climatic fluctuations (Williams & Vanzolini, 1966; 

Vanzolini, 1968a), a scenario suggested to account for the diversification of forest animals 

(Haffer, 1969; Moraes-Barros et al., 2006; Fouquet et al., 2012) and SDTF endemic 

Drosophila species (Moraes et al., 2009; Franco & Manfrin, 2013). However, recent studies 

point towards ancient events of lineage diversification for Cerrado vertebrates, dating back to 

the Neogene (Prado et al., 2012; Werneck et al., 2012a; Giugliano et al., 2013). Three main 

Neogene vicariant events were proposed to influence the diversification of endemic 
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herpetofauna in the Cerrado: the formation of a latitudinal temperature gradient in the early 

Palaeogene, the Miocene marine transgression, and the final uplift of the Central Brazilian 

Plateau in the Miocene-Pliocene transition (Colli, 2005). The latter event is responsible for 

the major compartmentalization currently observed in the Cerrado landscape: a mosaic of 

plateaus separated by valleys excavated by river drainages (King, 1956; Ab'Sáber, 1998). It is 

possible that an ancestral G. amarali lineage was distributed over the landscape before the 

compartmentalization, which is consistent with our estimated divergence times starting at 

approximately five MY ago (Fig. 4). This assumption is also corroborated by estimated 

divergence times for other Cerrado vertebrates (Prado et al., 2012; Giugliano et al., 2013) and 

Neotropical geckos (Werneck et al., 2012a). 

Clades A, D and C are distributed in different plateaus and show deep divergences 

(Fig. 1 and 4). Clade E lizards were collected in a plateau ~630 m above sea level that is only 

~50 km apart from the ~300 m valley inhabited by lizards from a sister clade (clade B). These 

two groups showed a cytb genetic distance of 20% and only 0.02% for the nuclear gene 

KIF24. Similarly, sister clades F and H, (5% divergent at cytb and 0.08% at KIF24), were 

also distributed across different elevations (650 m and mostly 150-350 m, respectively). The 

above results might reflect ancient events of gene flow during early stages of landscape 

compartmentalization, a pattern still apparent in the slower evolving nuclear gene (Appendix 

8). Gene flow estimation using statistical phylogeography are beyond the aims of this study 

and would be an ideal tool to evaluate such a pattern (Knowles & Maddison, 2002). 

 

4.4 Status of Gymnodactylus amarali species group and conservation in the Brazilian 

Cerrado 

Using ‘species tree’ reconstructions based on molecular data and a Bayesian species 

delimitation method we identified ten novel clades in the genus Gymnodactylus in a pattern 

concordant with morphology. In addition, the low assignment error (3%) of the SVM analysis 
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shows that these lineages are morphologically distinguishable. We acknowledge that prompt 

descriptions of identified cryptic species are needed to avoid delays of taxonomic availability 

(Schlick-Steiner et al., 2007), but assessing morphological diagnostic characters is essential 

when proposing taxonomic revisions (Bauer et al., 2011). Because species’ descriptions can 

be time consuming and laborious, we argue that the uncovered clades should be referred to as 

‘candidate species’ for conservation delineation and management purposes (Whittaker et al., 

2005; Bickford et al., 2007). Moreover, knowledge on the evolutionary relationship between 

newly discovered lineages can efficiently improve potential conservation initiatives (Diniz-

Filho et al., 2013). To our knowledge, only two other studies (Giugliano et al., 2013; Recoder 

et al., 2014) focused on squamate cryptic species recognition in the Cerrado using both 

molecular and morphological datasets. We suggest that using both types of data should be a 

priority in studies on squamate diversity in the Cerrado. 

The rate of species description in the Brazilian Cerrado is biased by unequal 

distribution of sampling efforts across the biome (Diniz-Filho et al., 2005; Diniz-Filho et al., 

2008). Even large-bodied cryptic squamate species were recently described following 

expeditions to previously unsampled regions (Nogueira & Rodrigues, 2006; Giugliano et al., 

2013). Sampling in remote areas is an expensive activity (Costa et al., 2010) and we suggest 

that funding should be direct towards research projects that combine faunal inventories with 

collection of data useful for assessing putative cryptic diversification. This is especially 

important if we seek to understand the evolution of the endemic biota and to inform 

conservation management strategies. 
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Cryptic species in the Neotropics: Coalescent species delimitation 

of Cerrado endemic lizards using anchored phylogenomics 
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1. Introduction 

The so-called Linnean shortfall was initially envisioned to describe the lack of taxonomic 

knowledge and the associated impediments it brings to biological studies (Brown & 

Lomolino, 1998), but it soon developed to acknowledge the problem in terms of conservation 

practices (Possingham et al., 2007). Similarly, there is a lack of knowledge concerning the 

distribution of species and its associated issues, the Wallacean shortfall (Whittaker et al., 

2005). Both shortfalls are certainly correlated and can strongly restrict conservation actions, 

especially in biodiversity hotspots (Bini et al., 2006). Nonetheless, even if both issues can be 

overcomed, information concerning phylogenetic relationships would still be lacking for 

many species in the world, and conservation actions hindered by this Darwinian shortfall 

(Diniz-Filho et al., 2013). Not surprisingly, the three shortfalls are highly accentuated in the 

Neotropics, where high biodiversity and remoteness of several areas make it hard to surpass 

these knowledge gaps (Kier et al., 2005; Balian et al., 2007; Schipper et al., 2008; Silva et al., 

2014). 

 

1.1 Recent molecular approaches to uncover cryptic species 

Overcoming the above-mentioned shortfalls is not a trivial task. Recent attention has been 

devoted to the discovery and description of cryptic species which, given the correct technical 

and analytical tools, has the potential to confront the three shortfalls at once (Beheregaray & 

Caccone, 2007; Bickford et al., 2007; Pfenninger & Schwenk, 2007). Species descriptions 

have traditionally relied on morphological information and on data about the geographical 

distribution of closely related species. This practice changed substantially with the advent of 

automated DNA sequencing technology (Scheffers et al., 2012). For metazoans, it initiated 

with basic assumptions of discrimination based on mtDNA phylogenies and associated 

barcoding data (Pereira et al., 2008). The field has largely advanced in the last few years due 

to increases in computational power to run more demanding analyses (O'Meara, 2010; Ence & 
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Carstens, 2011; Rittmeyer & Austin, 2012). This technological advance allowed the 

development of new analyses based on different parametric and non-parametric approaches. 

In a recent review, Carstens et al. (2013) listed most of these procedures and associated 

software, as well as their use and advantages. Above all, coalescent species delimitation 

seems to be the most suitable approach to provide clear information for taxonomy and assist 

conservation practices (Fujita et al., 2012). 

Despite those methodological improvements, delimitating and describing new cryptic 

species is a laborious and slow process (Winston, 1999), demanding not only the use of 

genetic data but also access to several populations and closely related species to allow reliable 

comparisons. While traditional taxonomy can be subjective and highly dependent on 

traditions of certain groups of scientists (Isaac et al., 2004; Mace, 2004), the use of genetic 

data associated with modern coalescent-based species delimitation methods provides 

objectivity to the practice of taxonomy. These methods can provide insights about the 

underlying evolutionary patterns associated with the speciation process, since they take into 

consideration the species phylogeny itself, uncertainties in gene tree topology and branch 

lengths, and random fluctuations in the coalescent process (Zhang et al., 2011). Nonetheless, 

the use of coalescent species delimitation is still in its infancy compared to many other 

phylogenetic methods, with only a few examples of its application in Neotropical studies 

(e.g., Crawford et al., 2010; Pinzon-Navarro et al., 2010; Camargo et al., 2012; Ceccarelli et 

al., 2012; Gamble et al., 2012; Domingos et al., 2014; Gehara et al., 2014; Smith et al., 

2014a). Moreover, to the best of my knowledge, there is only one study of Neotropical 

organisms (on rainforest birds; Smith et al., 2014a) that combined Next-Generation 

Sequencing (NGS) data with coalescent species delimitation methods. 
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1.2 Cerrado cryptic squamate species 

The Cerrado, arguably the richest savannah in the world (Castro et al., 1999; Furley, 1999; 

Oliveira & Marquis, 2002), has been the focus of an increasing number of squamate species 

descriptions in recent years (e.g., Colli et al., 2003c; Colli et al., 2003b; Rodrigues et al., 

2007; Rodrigues et al., 2008; Colli et al., 2009; Ribeiro et al., 2009; Strüssmann & Mott, 

2009; Pinna et al., 2010; de Freitas et al., 2011; Teixeira et al., 2013). Similarly, several 

studies have recently recognised cryptic lineages among previously described Cerrado 

endemics (Gamble et al., 2012; Giugliano et al., 2013; Domingos et al., 2014; Recoder et al., 

2014). In fact, the simple activity of visiting and collecting biological specimens in previously 

unexplored regions of the Cerrado might result in the discovery of new species (Diniz-Filho et 

al., 2006; Diniz-Filho et al., 2008), with even large-bodied lizard species recently found and 

described (Nogueira & Rodrigues, 2006; Giugliano et al., 2013). The above mentioned 

advances in DNA sequencing technology and analytical methods can substantially help to 

overcome this hidden diversity problem, as they might enable the recognition of new entities 

even if a single individual per population (putative species) is available, provided that enough 

loci from this individual are sequenced (Yang & Rannala, 2010). 

Although there has been a recent increase in the number of studies describing 

biogeographic (Nogueira et al., 2011), community ecology (Nogueira et al., 2009) and 

distribution patterns of Cerrado squamates (Costa et al., 2007), there is still a noticeable 

knowledge gap in terms of evolutionary patterns of Cerrado endemic squamates (Werneck, 

2011). In a previous effort, we described the existence of eight cryptic lineages within 

Gymnodactylus amarali using two loci together with morphological data (Chapter 2), but 

relationships between a few lineages were not clear in terms of their geographic distribution 

(Chapter 2, Table 2). Increasing the number of loci used for species delimitation can assist in 

the detection of different lineages in non-model organisms (Pante et al., 2015), avoid 

problems associated with not sampling the possibly different demographic histories retrieved 
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by different loci (Garrick et al., 2015), and reduce the probability of errors when using 

coalescent species delimitation methods (Zhang et al., 2011; Zhang et al., 2014). This 

improved efficacy of using larger sets of nuclear loci has been shown applying both simulated 

and empirical data to coalescent species delimitation (Camargo et al., 2012; Rannala & Yang, 

2013). 

As such, sampling a larger number of nuclear loci could notably improve the power of 

species delimitation analyses when investigating highly diverse lineages, such as is the case of 

G. amarali, and potentially of other Cerrado endemic lizards. Below I describe patterns and 

lines of evidence that suggest the presence of cryptic species on each of our focal species. 

 

1.3.1 Cryptic species in the Gymnodactylus amarali complex 

The genus Gymnodactylus Spix, 1825 (Phyllodactylidae) is restricted to the Caatinga, Cerrado 

and Atlantic Forest domains in Brazil (Vanzolini, 1953a, b, 2004, 2005; Cassimiro & 

Rodrigues, 2009). As the generic name suggests, species on this genus are characterised by 

gymnodactily, i.e. free fingers without dilatations, and wide undivided subdigital lamellae 

(Vanzolini, 1968b, 1982). Currently, there are five described species in the genus, but this 

number is certainly underestimated because of the presence of cryptic species, already 

reported for G. darwinii (Pellegrino et al., 2005) and G. amarali (Chapter 2) groups. Cryptic 

species are likely present in the type-species of the genus as well, G. geckoides Spix 1825 

(Vanzolini, 2004), and at least one new species was already reported (Chapter 2). 

Gymnodactylus amarali Barbour, 1925 is mainly distributed in the northern portion of the 

Cerrado (Vanzolini, 2005; Chapter 2), and high morphological variation (Vanzolini, 1953a, 

2005; Cassimiro & Rodrigues, 2009) as well as extensive karyotypical variation has been 

reported among its populations (Pellegrino et al., 2009). 
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1.3.2 Potential cryptic species in Micrablepharus atticolus 

The genus Micrablepharus Boettger, 1885 (Gymnophtalmidae) comprises two species of 

eyelid-less lizards: M. atticolus Rodrigues, 1996 and M. maximiliani (Reinhardt and Lütken, 

1861). While M. maximiliani ranges in the Caatinga, Pantanal and Cerrado, M. atticolus is a 

Cerrado endemic but the two are rarely found in sympatry (Santos et al., 2014). The study 

species M. atticolus is also found on peripheral Cerrado enclaves within the Amazon forest 

(Gainsbury & Colli, 2003) and whether these are relict populations isolated during 

Pleistocene climatic fluctuations or represent recent colonisations is still controversial (Santos 

et al., 2014). High levels of mtDNA genetic diversity have been found within this taxon, 

including divergence times of ~3 My estimated between the most basal population and others 

(Santos et al., 2014). This suggests the possibility of cryptic species, although the authors did 

not explore this idea. In addition, variation on chromosome diploid number was found among 

five populations of M. atticolus (2n = 50-53) and these different karyotypes appear to be 

geographically structured (Yonenaga-Yassuda & Rodrigues, 1999). 

 

1.3.3 Potential cryptic species in Tropidurus itambere 

Of all three genera in this study, Tropidurus Wied-Neuwied, 1825 (Tropiduridae) is the one 

with more taxonomic problems. Probably because of its relatively high abundance 

(Wiederhecker et al., 2003; Faria & Araujo, 2004), and for being conspicuously found in 

many urban areas (Rodrigues, 1987; Martins et al., 1999), Tropidurus lizards have been the 

subject of investigations in many fields, such as population and community ecology (Van-

Sluys, 1993; Van-Sluys, 1997; Vitt & Zani, 1998; Van-Sluys et al., 2004), physiology and 

performance (Kohlsdorf et al., 2004; Kiefer et al., 2005; Kohlsdorf & Navas, 2007), 

morphological evolution (Vitt et al., 1997; Kohlsdorf et al., 2001), and island biogeography 

(Schluter, 1984). Many species of Tropidurus are well-studied in terms of ecology (see 

Carvalho, 2013 for a comprehensive literature review) and have also been the subject of 



Chapter 3 – Lizard species delimitation using phylogenomics 

 

 74 

systematics (Harvey & Gutberlet, 2000; Frost et al., 2001), biogeography and conservation 

studies (Carvalho, 2013), making them a broadly studied group of organisms in South 

America. 

Nonetheless, an updated taxonomic review of the genus Tropidurus is urgently 

warranted. There are presently 23 described species of Tropidurus distributed across different 

South American biomes (Carvalho, 2013). The last and still the most comprehensive 

taxonomic review of the genus was made by Rodrigues (1987), and accounted only for the 

species in the T. torquatus group south of the Amazon (11 species). In this study, Rodrigues 

used “mite pockets” as one of the most important character for diagnosing species. This 

character has been since extensively used in the taxonomy of the genus and is probably one of 

the main sources of taxonomic confusion. Studies regarding the evolution of mite pockets in 

Tropidurus have not been carried out and such structures might represent plesiomorphic 

characters not suitable for discrimination of species-level taxa. Given the high species 

diversity of the genus, the taxonomy of Tropidurus is still meagre considering the amount of 

other published studies for this iconic group of South American lizards. 

The taxon targeted in this thesis, Tropidurus itambere Rodrigues, 1987, is usually found 

on rock outcrops (cerrado rupestre) (Van-Sluys, 1997), and is diagnosed by the presence of a 

deep mite pocket in the inguinal region, and another on the side of the neck (Rodrigues, 

1987). However, there is great variation in the depth and format of mite pockets between 

populations, as well as on anterior and posterior limb lengths that might be associated with 

different degrees of specialization for the use of rock crevices. Although there is clear 

variation among localities, the underlying pattern of variation does not seem to be 

geographically clustered (Domingos and Colli, pers. obs.). Therefore, it is currently unknown 

if all populations that can be morphologically assigned to T. itambere actually belong to the 

same species. 
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1.4 Aims and hypotheses of Chapter 3 

We previously reported the existence of cryptic species for G. amarali (Chapter 2), and 

highlighted that some degree of morphological differentiation exists among the different 

lineages. Additionally, considering the above-mentioned patterns of genetic and karyological 

variation observed for M. atticolus, and the differences in morphology observed for T. 

itambere, a few general expectations about patterns of diversification of Cerrado lizards can 

be drawn: (1) the observed variation in different biological attributes between populations 

should reflect species-level divergences; (2) assuming that lizards are, generally, organisms 

with restricted dispersal capacities, and given the complex geomorphological history of the 

Cerrado (discussed in Chapter 1), these divergences might be associated with different 

allopatric speciation events caused by Neotectonic processes (Werneck, 2011; Werneck et al., 

2012a); (3) morphological variation might be associated with local adaptation to 

environmental variables, and the genetic divergence among populations might reflect this 

pattern (Glor et al., 2003; Nosil et al., 2005; Thorpe et al., 2008); and (4) patterns of genetic 

divergence might simply be more influenced by geographical distance among populations. 

Based on these expectations, I applied a coalescent species delimitation method and a 

series of phylogenetic analyses to test whether the morphological and geographical variation 

observed among Cerrado lizards populations reflect genome-wide divergences and, as such, 

indicate the existence of species-level cryptic diversity. I clarify phylogenetic relationships 

among lineages, tested and discussed the possible advantages and shortcomings of applying 

coalescent species delimitation methods to a robust dataset of ~400 loci obtained by an 

anchored hybrid enrichment phylogenomic approach (Lemmon et al., 2012). I used 

concatenated Maximum Likelihood and Bayesian phylogenetic analyses to infer relationships 

among lineages within each species. While species trees based on the multispecies coalescent 

may yield better accuracy than traditional concatenated approaches (Heled & Drummond, 

2010; Xi et al., 2014), they are computationally demanding and most methods can not be 
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applied to phylogenomic datasets (O'Neill et al., 2013). Thus, I used two multispecies 

coalescent approaches that incorporate information from previously estimated gene trees in a 

coalescent framework (Song et al., 2012) and compared their results to the concatenated 

estimations. To the best of my knowledge, this is the first evolutionary study applying next-

generation sequencing data to investigate such questions in Cerrado vertebrates. 

 

2. Material and Methods 

2.1 Sampling and genetic protocols 

We obtained mtDNA (cytb) data for 170 Gymnodactylus amarali and outgroup individuals 

from 34 localities, 139 Micrablepharus atticolus and outgroups from 35 localities, and 103 

Tropidurus itambere and outgroups from 29 localities, using the methods and primers 

described in Chapter 2. Our choice of outgroup taxa was based on Chapter 2 for G. amarali, 

Castoe and colleagues (2004) for M. atticolus, and Frost and colleagues (2001) for T. 

itambere. As such, we used G. darwinii ‘Matias Cardoso’ as outgroup for G. amarali, M. 

maximiliani for M. atticolus, and Uranoscodon superciliosus for T. itambere. Additionally, 

we included specimens of other three Tropidurus species (T. hispidus, T. oreadicus and T. 

torquatus) in the Tropidurus analyses, in an attempt to identify T. itambere-like individuals 

that could actually be more closely related to other Tropidurus species. 

A subset of individuals from different clades (putative cryptic species) was selected 

based on geographic criteria and Neighbour-Joining phylogenetic trees (Appendices 14, 15 

and 16), in an attempt to maximise the sampling of divergent clades and to cover as much of 

the known range of nominal species (Fig. 1). 

 

Fig. 1: Partial map of Brazil with Gymnodactylus amarali (upper), Micrablepharus atticolus (middle) and 

Tropidurus itambere (bottom) sample sites in the context of the distribution of the Cerrado (orange outline). 

Different colours indicate clades (species hypotheses) used in BPP analyses.  



Chapter 3 –Lizard species delimitation using phylogenomics 

 

 77 

 



Chapter 3 – Lizard species delimitation using phylogenomics 

 

 78 

These individuals (n = 94) were used for the phylogenomic section and paired-end 

sequenced after being used in an anchored hybrid enrichment protocol (Lemmon et al., 2012) 

on an Illumina HiSeq platform. Briefly, the probe kit implemented in the anchored 

phylogenomics (AP) consists of 512 loci and was designed to capture 1500 bp; 240 bp relate 

to the probe itself, and 25 tiles of 120 bp overlapping every 5 bp covers ~700 bp in the flanks 

of either side of the probe. This translates into 56,664 probes targeting 122,800 bp of the 

genome to capture ~800,000 bp per individual. Not all these data will be captured, enriched 

and sequenced in the same way for every individual, and the final dataset will be as such 

smaller than the theoretical one. The kit was developed from the genomes of five model 

species from different classes of vertebrates (Danio, Xenopus, Homo, Gallus, and Anolis). 

Information about individuals sampled for cytb and AP, and their collection sites is provided 

in Appendices 17, 18 and 19. 

The bioinformatics of the protocol started with a quasi-de novo approach to assemble 

the sequences, by matching the reads to probe region sequences. Loci with assemblies 

containing fewer than 100 reads per loci (minimum coverage) were excluded (Appendix 20). 

Afterwards, sites with <10 called bases were marked as N in the consensus. For each 

unambiguous site the probability of sequencing error was calculated, and sites with more than 

1% probability were converted to the consensus base. True polymorphism was expressed 

using IUPAC notation. Additional information about the genetic protocol, assembling, data 

filtering, base calling and alignment can be found in Lemmon et al. (2012). 

 

2.2 Phylogenetic relationships 

One of the difficulties when using the AP approach for diploid organisms is that the 

complementary versions of the nuclear genomes are sequenced at the same time. 

Heterozygous positions can be easily identified during bioinformatics workflow (Lemmon et 

al., 2012), but assembling two genomes from one diploid sample (phasing) can be challenging 
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(Sousa & Hey, 2013). Although branch length estimation can be influenced if heterozygous 

sites are ignored during analysis (Lischer et al., 2014), it is unlikely that the estimated 

topology of the trees will be influenced (Wiens & Morrill, 2011; Lischer et al., 2014; Pyron et 

al., 2014). Thus, we inferred relationships within each species using IUPAC notation of 

ambiguous codes for the heterozygous sites. All analyses were run using the high 

performance computer facilities (HPCF) Colossus, a centralised supercomputer at Flinders 

University, or using Phoenix, a HPCF based at the Molecular Ecology Lab at Flinders 

University. Colossus HPC has 1,160 cores and 4.25TB of RAM, whereas Phoenix has 40 

cores and 512GB of RAM. 

While software that estimate models of sequence evolution have been around for quite 

some time (Nylander, 2004; Posada, 2008), estimating partitions of the data has been 

substantially based on researchers decision and not on statistical approaches. In the genomics 

era, partitioning the data is not a trivial task, and PartitionFinder (Lanfear et al., 2012; 

Lanfear et al., 2014) probably provides the best available option to overcome this issue. 

PartitionFinder selects the best-fit substitution model for each possible combination of user-

defined partitions (each locus in our case), calculates the log-likelihood sum of each possible 

combination of these partitions, and ranks them using information-theoretic metrics (i.e. 

Bayesian Information Criterion or Akaike Information Criterion). Users have the option to 

choose PhyML (Guindon et al., 2010) or RAxML for the likelihood calculations, using 

exhaustive or greedy heuristic searches (PhyML, Lanfear et al., 2012) or two types of 

hierarchical clustering (RAxML, Lanfear et al., 2014). Using the first two can be 

computationally unfeasible for large data sets, and the authors suggest using the latter when 

the dataset comprises hundreds of loci (Lanfear et al., 2014). As such, for each species the 

partition strategy was selected by PartitionFinder v1.1.1 (Lanfear et al., 2012) using the 

RAxML relaxed clustering algorithm under the 10% search default condition (Lanfear et al., 

2014), and all downstream phylogenetic analyses used the estimated partition schemes. 
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We implemented Maximum Likelihood (ML) phylogenetic analyses in RAxML v8.1.1 

(Stamatakis, 2014) using rapid hill-climbing searches, and estimated bootstrap support values 

using 1000 replicates with the RELL bootstrap option (Minh et al., 2013). We also ran 

phylogenetic analyses using Bayesian inference implemented in Exabayes v1.2.1 (Aberer et 

al., 2014). Starting from a parsimony tree, we conducted two independent runs with four 

parallel Markov Chain Monte Carlo (MCMC) chains for at least 1 million generations 

(sampled every 500th), and set to automatically stop when the average standard deviation of 

split frequencies was below 0.05 (indicating good convergence). We used a minimum 

acceptable effective sample size (ESS) of 200 for each parameter and checked the potential 

scale reduction factor (PSRF, ~1.0 ) using the “postProcParam” and “extractBips” programs 

distributed with Exabayes v1.2.1. Branch lengths were linked across partitions, while 

substitution rates, character state frequencies, gamma shape parameters and proportion of 

invariable sites were all unlinked. An extended majority-rule consensus tree was obtained 

using the “consense” program distributed with Exabayes v1.2.1, discarding 25% of the initial 

samples as burn-in. 

The GTR model with gamma shape distribution and invariant sites (GTRGAMMAI) 

was used on all partitions for the Bayesian analyses. This was carried out because over 

parameterising (over-fitting) the evolution model on Bayesian analyses has little influence in 

the resulting topology (Huelsenbeck & Rannala, 2004), especially when numerous and long 

loci are used (Lemmon & Moriarty, 2004), and to avoid highly intense computations. As 

RAxML can only implement the GTR model, the same strategy was adopted for the ML 

analyses. 

Species tree reconstructions based on the coalescent are very computationally intensive, 

and such methods are apparently unable to deal with phylogenomic datasets (Leache & 

Rannala, 2011; O'Neill et al., 2013; Pyron et al., 2014). These species-tree approaches may 

have difficulties to identify the correct topology over competing hypotheses (Lischer et al., 
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2014), and even show decreasing resolution and lineage support as more loci are included 

(O'Neill et al., 2013). Nonetheless, a few methods may overcome this limitation (Kubatko et 

al., 2009; Liu et al., 2009), mainly because they incorporate already estimated gene trees and 

treat them under coalescent models. Indeed, the coalescent species-tree methods STAR (Liu 

et al., 2009) and NJst (Liu & Yu, 2011) have performed well using phylogenomic datasets 

(Pyron et al., 2014). We used the web-server STRAW (Shaw et al., 2013) to estimate both 

STAR and NJst species-trees for the three study taxa. Individual gene trees were generated 

using RAxML v8.1.1 (Stamatakis, 2014) performing 100 rapid bootstrap inferences and a 

thorough ML search, under a GTR evolution model with gamma shape distribution. 

For the sake of comparability we used exactly the same data for all phylogenetic 

analyses. Accordingly, all loci for which the selected outgroup was not captured (sequenced) 

by AP were excluded from analyses, so that individual gene trees used for STAR and NJst 

could be generated (even thought they could have been used as missing data for the ML and 

Bayesian concatenated analyses). Thus, the final dataset for the phylogenetic analyses differed 

slightly from that used for the coalescent species delimitation described below, for which all 

loci were used (Appendices 21, 22 and 23). 

Finally, it was not the aim of this Chapter to estimate divergence times between 

lineages, but rather to delimit them, so we could use this information in Chapter 4 and for 

future taxonomic purposes. Divergence times are estimated and discussed in Chapter 4. 

 

2.3 Coalescent species delimitation 

BPP (Yang & Rannala, 2010) rapidly became one of the most used species delimitation 

software (Carstens et al., 2013), especially because of its powerful coalescent approach to 

delimit species when a phylogenetic hypothesis is presented. In brief, it collapses the branches 

of the phylogenetic hypothesis inputted by the user and compares the posterior probability of 

the full (tree) hypothesis with all other versions of the tree with collapsed branches. 
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Moreover, the most recent version of the software, BPP v3 (Yang & Rannala, 2014), 

implements a new species tree estimation algorithm: a MCMC proposal based on the nearest-

neighbor interchange (NNI) algorithm to change the species tree topology. Although the 

program still requires a priori phylogenetic hypothesis, BPP v3 can simultaneously change 

the topology, estimating a species tree, and run the reversible-jump MCMC species 

delimitation algorithm. Consequently, the full analyses would deliver the posterior 

probabilities of the species tree hypothesis, and of the delimited coalescent species 

hypotheses. 

Carstens et al. (2013) defined BPP as a species “validation” method because it could not 

assign individuals to unknown a priori groups, and was restricted to the user-inputted tree. 

Because of this new feature that allows BPP to change the topology of the user-inputted 

species tree, the a priori phylogenetic hypothesis would have no influence in the species 

delimitation, since different species trees are being tested during the run (Yang & Rannala, 

2014). In these terms, it is reasonable to assume that BPP now presents a “mixed” approach in 

terms of species “discovery” and “validation”. While it will not specifically separate 

individuals into different species, these individuals can be assigned to many exclusive species 

hypotheses (clades), making the use of a species discovery method redundant. Being so, we 

believe BPP provides a strong coalescent species delimitation approach, which can handle the 

amount of data used in this study. We separated individuals into monophyletic groups 

(species hypotheses) based on the estimated phylogenetic trees and on the geographic 

distribution of clades (Fig. 1). Specimen affiliation to these clades was the same among all 

four estimated phylogenies for all species, i.e. specimen assignment to a species hypothesis 

agreed among all phylogenetic analyses. 

After initial trials testing different parameters (as in Chapter 2), we used a gamma prior 

of ~G (2,1000) for population size (θs) and the age of the root in the species tree (τ0), and the 

Dirichlet prior (Yang & Rannala, 2010: Equation 2) for other divergence time parameters. We 
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ran analyses for 5 x 105 MCMC generations, taking samples every five and using 1 x 104 

burn-in generations. Because we had a considerable amount of gaps and ambiguous sites, and 

to make sure we were getting consistent results, we ran analyses using a few different options: 

1) using both available reversible-jump MCMC species delimitation algorithms (Algorithms 0 

and 1, Yang & Rannala, 2010), and 2) using or not the “cleandata” option. In BPP cleandata = 

1 means the program will remove all columns in the alignment which have gaps or ambiguity 

characters, and cleandata = 0 means that those will be used in the likelihood calculation. To 

check for consistency of results, for each analyses type we conducted at lest two independent 

runs starting at random tree models. 

BPP can handle any number of missing individuals per loci; thus, we excluded all 

individuals with more than 30% missing data for a given locus from this locus alignment. We 

empirically decided on this threshold after visually inspecting the data and running initial BPP 

trials: most individuals with more than 30% missing data also had a very high number of 

ambiguous and undetermined sites, i.e. they were mainly low quality captures. Excluding 

them from the loci alignments was then necessary to avoid an undue influence of these 

individuals on the likelihood calculations. 

BPP and spedeSTEM are the only two coalescent-based species “validation” methods 

(sensu Carstens et al., 2013) where the user inputs their species hypothesis and the software 

tests them. While there is a “spedeSTEM discovery” option as well, it is not possible to use it 

with our data because it requires at least two individuals assigned per species (which is not 

our case), otherwise spedeSTEM will return positive log-likelihood values and the analysis 

will simply not work. Following similar procedures to Chapter 2, we tried using spedeSTEM 

in the same trees used to generate the STAR and NJst species trees, by transforming them in 

ultrametric trees using the package ape (Paradis et al., 2004) in R v3.0.1 (R Core Team, 

2013). For unknown reasons spedeSTEM was not able to read those trees, even if different 

smaller subsets were used. The only other option to try and test spedeSTEM with our data 
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would be using Beast or Exabayes to estimate time-calibrated ultrametric trees of every single 

loci, which would take an immense amount of time. 

 

2.4 Summary statistics 

We calculated population genetics summary statistics for each AP locus (Appendices 21, 22 

and 23) using Arlequin v3.5 (Excoffier & Lischer, 2010) and, for comparative reasons, 

obtained the same statistics for cytb from individuals used in the AP protocol (Table 1). 

Watterson’s θ provides an unbiased way of estimating the population mutation rate (θ = 4Neµ) 

from the infinite-site equilibrium relationship between the number of segregating sites and the 

sample size for non-recombining DNA (Watterson, 1975), while the population pairwise 

nucleotide diversity (θπ) is estimated from the infinite-site equilibrium relationship between 

the mean number of pairwise differences (Tajima, 1983). Tajima’s D is a statistical test 

calculated as the difference between the mean number of pairwise differences and the number 

of segregating sites (Tajima, 1989), which are expected to be the same when scaled and in a 

neutrally evolving population, hence large deviations from zero may be caused by changes in 

population size or natural selection (Tajima, 1989). 

We also calculated cytb net between-group distances using the delimited species with 

MEGA 5.2.2 (Tamura et al., 2011). We used all individuals for which cytb was available 

(Appendices 17, 18 and 19) and computed both uncorrected p-distances and ML corrected 

distances with standard error estimates calculated using 1,000 bootstrap replicates. 

 

3. Results 

3.1 Sampling and population genetic summary statistics 

Out of 170 Gymnodactylus amarali and outgroup specimens sequenced for cytb, we chose 

and performed AP sequencing for 32, but only 26 were actually captured (Appendix 17). For 

Micrablepharus atticolus and outgroups those numbers were 139 cytb samples, 28 used for 
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AP, and 27 captured (Appendix 18); whereas Tropidurus itambere and outgroups had 103 

cytb samples, 34 used for AP, and 30 captured (Appendix 19). The final AP alignment after 

cleaning and pruning contained 415 loci and it was 590,398 bp long for G. amarali, 394 loci 

with 575,495 bp for M. atticolus, and 383 loci with 538,171 bp for T. itambere. The amounts 

of gaps or undetermined (missing) sites in the final alignments were 1.8% for G. amarali, 

3.1% for M. atticolus, and 4.5% for T. itambere. With the exception of a few individuals, the 

number of reads per loci (coverage) and the number of loci above the coverage threshold did 

not vary substantially (Appendix 20). Among species, M. atticolus had the highest average 

coverage compared to the more similar coverage obtained for G. amarali and T. itambere 

(Table 1). Cytb alignments were 749 bp long for G. amarali, 692 bp for M. atticolus, and 801 

bp for T. itambere. 

All loci were polymorphic, although number of polymorphic sites per locus varied 

extensively (Appendices 21, 22 and 23). Population genetics summary estimates did not vary 

substantially among species, but M. atticolus Watterson’s θ and θπ estimates were slightly 

lower compared to the other two species. As expected, estimates were generally much lower 

for the AP dataset compared to the faster-evolving mitochondrial cytb (Table 1). Tajima’s D 

estimates were not significantly different from zero (see Table 2 in Tajima, 1989). 
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3.2 Phylogenetic relationships 

The major inferred clades were all strongly supported (Bayesian posterior probability = 1, 

Bootstrap values > 70) by all approaches for all three taxa. Nonetheless, differences between 

the concatenated approaches (Bayesian and ML) and the coalescent approaches are expected, 

especially for short internodes (Pyron et al., 2014), and a few topological differences were 

observed among the four estimated trees for the three species. For G. amarali, a main 

topological difference was observed among the concatenated and the coalescent trees between 

clades 5 and 6, which are recovered as sister species in the coalescent trees but not in the 

concatenated trees (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Phylogenetic relationships among Gymnodactylus amarali lineages estimated by Bayesian, Maximum 

Likelihood, and coalescent methods NJst and STAR. Numbers in nodes denote posterior probabilities for the 

Bayesian analyses, and bootstrap scores for all others. Grouping numbers refer to clades used on BPP coalescent 

species delimitation analyses. 
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Another main topological difference between the two approaches is seen for M. 

atticolus regarding the position of clade B, which is sister to clade A in the concatenated trees, 

and sister to clades C-D in the coalescent trees (Fig. 3). Similarly, for T. itambere, clade A is 

sister to all other species in the concatenated trees, whereas clades B-C are sister to A-E in the 

coalescent trees (Fig. 4). 

All Bayesian analyses converged before 1 million generations, usually around 2 x 105 

iterations for Gymnodactylus and Micrablepharus, but as high as 5 x 105 for Tropidurus, a 

result probably attributed to the larger number of outgroup species used in the latter analysis. 

 

 

 

 

 

 

 

Fig. 3: Phylogenetic relationships among Micrablepharus atticolus lineages estimated by Bayesian, Maximum 

Likelihood, and coalescent methods NJst and STAR. Numbers in nodes denote posterior probabilities for the 

Bayesian analyses, and bootstrap scores for all others. Grouping letters refer to clades used on BPP coalescent 

species delimitation analyses. 

 

 

 

Fig. 4: Phylogenetic relationships among Tropidurus itambere lineages estimated by Bayesian, Maximum 

Likelihood, and coalescent methods NJst and STAR. Numbers in nodes denote posterior probabilities for the 

Bayesian analyses, and bootstrap scores for all others. Grouping letters refer to clades used on BPP coalescent 

species delimitation analyses. 
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3.3 Coalescent species delimitation 

All BPP runs included outgroup taxa, which could also be recovered as different species or 

not. Accordingly, the number of species in the (user inputted) full model (Table 2) includes 

the outgroup species, and thus is higher than the number of ingroup clades shown in the 

phylogenetic trees (Figs. 2, 3 and 4). BPP results indicated the existence of several cryptic 

lineages within all three taxa, using both the complete alignment (no cleandata) and the one 

excluding sites with missing and ambiguous characters (cleandata) (Table 2). 

 
Table 2: Delimited number of species and the posterior probability of the best species delimitation model as 

estimated by BPP v3.0 on different runs for Gymnodactylus amarali, Micrablepharus atticolus, and Tropidurus 

itambere including outgroup sequences. No cleandata is when ambiguous and missing sites were included in the 

likelihood calculations, whereas for cleandata they were removed. 

 

 Number of species and posterior probability of the best model 
Species (number 
of species in full 
model) 

Algorithm 0  
No cleandata 

Algorithm 1 
No cleandata 

Algorithm 0 
Cleandata 

Algorithm 1 
Cleandata 

Gymnodactylus 
amarali (15) 

14 – 0.95 - 0.990 14 – 0.82 - 0.989 13 – 0.52-0.70 14 – 0.42 
13 – 0.96  

Micrablepharus 
atticolus (10) 

10 – 1.00 10 – 1.00 10 – 0.85-0.92 9 – 0.70 
10 – 0.99 

Tropidurus 
itambere (12) 

7 – 1.00 
10 – 0.947 

7 – 1.00 
10 – 0.909 

9 – 0.60 
10 – 0.84  

9 – 0.62-0.67 

 

Because BPP outputs posterior probabilities for the delimited species, the threshold of 

whether a species should be considered a different entity or not depends on the empirical 

system (Satler et al., 2013), and will therefore rely on the authors interpretation of this 

system. Considering that over-splitting can be worse than not separating true species 

(Carstens et al., 2013), a feasible conservative approach would be assuming the lineages to be 

“true species” when a posterior probability of 1 was consistently found across different runs. 

On the other hand, if being conservative means not splitting species that might be the same, a 
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similar idea must apply in the opposite case, i.e., separating species that have a very small 

probability of being the same should also be viewed as a conservative approach. 

Not all clades (Figs. 2, 3 and 4) were fully supported by the BPP species delimitation 

algorithm (Fig. 5). Hence, following the above-mentioned conservative approach, the 

minimum number of cryptic species (excluding outgroups) that would be recognised are: nine 

within G. amarali, including clades 1 to 7 as separate species, 8–9 and 10–11–12 as the 

remaining (Fig. 5, Fig. 2); eight within M. atticolus, being clades A to E, F–G, H and I (even 

though F–G had a high probability of being a single species on only one run) (Fig. 5, Fig. 3); 

and five for T. itambere since all clades were consistently recovered as distinct species with a 

posterior probability of 1 (Fig. 5, Fig. 4). 

.  
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The main problem with this approach would be recognising the paraphyletic species 8–

9 for G. amarali, and F–G for M. atticolus. In no phylogeny or species tree were these clades 

recognised as monophyletic groups (Figs. 2 and 3), except for the BPP species tree estimation 

itself (Fig. 6). The BPP species tree NNI algorithm is the only fully multi-coalescent species 

tree estimation we used that is based directly on the genetic data (i.e., STAR and NJst are 

based on gene trees). Unexpectedly, species trees estimated by BPP for G. amarali and M. 

atticolus were different from the topologies estimated by other species tree approaches. BPP 

ranks the different species trees by their posterior probabilities and, hence, only the results of 

the best tree per run is presented for each species (Fig. 6). For G. amarali, while NJst and 

STAR retrieved the same topology, with clades 5 and 6 as sister clades (Fig. 2), BPP retrieved 

four different best models in different runs (Fig. 6A-D), and one of them did not have clades 5 

and 6 as sisters (Fig. 6B). For M. atticolus, clades B and G were consistently found in 

different positions in BPP trees (Fig. 6E-I), and never with the same relationships retrieved by 

NJst and STAR where clade B is sister to C and D, and clade G sister to H and I (Fig. 3). For 

T. itambere all three species tree approaches retrieved exactly the same topology (Fig. 4, Fig. 

6J). 

 

 

 

 

Fig. 6: Best estimated species trees by all 8 BPP runs for each taxon. Outgroups were excluded for clarity. 

Posterior probabilities of model are shown below each tree. ga= G. amarali, ma= M. atticolus, ti= T. itambere. 

(A) No cleandata - Algorithms 0 and 1; (B) Cleandata - Algorithm 0; (C) Cleandata - Algorithms 0 and 1; (D) 

Cleandata - Algorithm 1; (E) No cleandata - Algorithms 0 and 1; (F) Cleandata - Algorithm 0; (G) Cleandata - 

Algorithm 0; (H) Cleandata - Algorithm 1; (I) Cleandata - Algorithm 1; (J) All runs. 
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3.4 Cytb net between-group distances 

Cytb levels of uncorrected sequence divergence among G. amarali cryptic species retrieved 

by BPP ranged from 1% to 15.2% and ML corrected distances from 1.1% to 20% (Table 3). 

These estimates were smaller for both other taxa: uncorrected divergence among M. atticolus 

cryptic species ranged from 1% to 5% and ML corrected distances from 1% to 5.5% (Table 

4); while uncorrected divergence among T. itambere cryptic species ranged from 3.1% to 

8.3% and ML corrected distances from 3.3% to 9.7% (Table 5) 
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4. Discussion 

The Darwinian shortfall represents a problem not only for conservation biology (Diniz-Filho 

et al., 2013; Redding et al., 2014; Forest et al., 2015), but it also prevents adequate 

assessments of evolutionary and biogeographic hypotheses (Monnet et al., 2014; Rangel et 

al., 2015). Information about geological and ecological history and associated biogeographic 

patterns is relatively abundant for northern-hemisphere biomes, which provides support for 

the implementation of detailed phylogeographic analyses, particularly in vertebrates 

(Bernatchez & Wilson, 1998; Burbrink et al., 2011; Leaché et al., 2013b; Pelletier & 

Carstens, 2014). On the other hand, deficient geomorphological and ecological information in 

the Neotropics has hindered the understanding of its biogeographic and evolutionary history 

(Beheregaray, 2008). Exceptions to this trend are sometimes found in regions within 

Amazonia and other rainforest habitats, such as Brazil’s Atlantic forest (Carnaval et al., 2009; 

Fernandes et al., 2012; Lougheed et al., 2013; Cooke et al., 2014; Leite et al., 2014; 

Beheregaray et al., 2015). However, investigations about the Neotropical dry biomes have to 

rely on much coarser geomorphological information (Prado et al., 2012; Werneck et al., 

2012a; Novaes et al., 2013; de Lima et al., 2014b; Santos et al., 2014). A better understanding 

of the phylogenetic relationships of Neotropical organisms and the disclosure of cryptic 

species are critically important initial steps towards in-depth investigations of biogeography 

and evolution in the region. 

Here, we used a powerful anchored phylogenomics dataset to investigate phylogenetic 

relationships and cryptic speciation within three Neotropical lizards endemic to the Brazilian 

Cerrado. Our main results suggest that the existence of cryptic lineages in the biome is more 

common than previously thought, highlighting the value of using NGS data and coalescent 

techniques to investigate patterns of diversity in the understudied Neotropical region. While it 

is not possible, at this stage, to weight the relative influence of ecology and geography as 

drivers of speciation in our study system (Losos & Glor, 2003), it seems clear that 
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interpopulation morphological and genetic (cytb) variation can be an indicator of species-level 

divergence within our species. However, the degrees of cytb sequence divergence between a 

few BPP delimited species is not substantially high (G. amarali clades 8-9 and 10–11–12 

(Table 3), and M. atticollus clades D and F–G (Table 4)), and higher mtDNA divergence 

thresholds have been used for delimiting vertebrate species (e.g., Fujita et al., 2010; Fouquet 

et al., 2013). For G. amarali, not treating these clades as distinct species might be a more 

conservative approach (Johns & Avise, 1998, but see discussion on G. amarali species 

below), but for M. atticollus it seems like a case of mtDNA and nuclear DNA discordance 

(Fig. 3, Appendix 15), which will require further attention when dealing with species 

descriptions in the future (Toews & Brelsford, 2012). The applications of the general species 

delimitation results for clarifying biogeographic history are explored in Chapter 4, and 

proposals for future in-depth investigations of the drivers of speciation are discussed in 

Chapter 5. 

 

4.1 BPP species tree hypotheses 

The topologies of the two concatenated phylogenetic approaches and those estimated by NJst 

and STAR were reasonably similar for all three taxa, but the species trees estimated by BPP 

were actually very different for G. amarali and M. atticolus (Fig. 6). There is but a single 

published study using the BPP v.3 NNI algorithm for species tree reconstruction (Leaché et 

al., 2015). The authors used a 471 loci (358,363 bp) dataset to estimate species trees using six 

different phylogenetic or species tree methods, and the same topology was supported by all 

methods. However, Leaché et al. (2015) investigated relationships at the family level (i.e. 

among 9 genera), which probably explains the high support for a single topology. While BPP 

has been demonstrably useful as a powerful species delimitation tool (Leaché & Fujita, 2010; 

Carstens et al., 2013; Satler et al., 2013; Sistrom et al., 2013), the usefulness of the newly 

implemented NNI algorithm for species tree estimation among closely related species has yet 
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to be assessed by empirical tests. During Bayesian phylogenetic estimation, it is well known 

that over-parameterization (i.e., using a more complex model than necessary) is less 

problematic than the opposite situation (i.e., using a more simplistic model than necessary) 

(Huelsenbeck & Rannala, 2004; Lemmon & Moriarty, 2004). BPP only implements the very 

simple JC69 evolution model that, although being a fair assumption for closely related 

species, would still not be the best evolution model for all our loci. Therefore, we regard the 

concatenated trees more accurate; at least until a full multispecies coalescent species tree 

analysis that can handle such data becomes available. 

 

4.2.1 Cryptic species in the Gymnodactylus amarali complex 

Most cryptic species previously reported for G. amarali based on cytb, a nuclear gene 

(KIF24) and morphological data (Chapter 2) correspond to the same species retrieved by BPP 

using the AP data. The differences are that clades B and E in Chapter 2 are now recovered as 

a single species (clade 4), and clade H was here divided into three species (clades 6, 8–9 and 

10–11–12). These were not completely unexpected outcomes: clades B and E were recovered 

as sister clades before (Chapter 2, Fig. 4), and were mainly retrieved as different species in 

Chapter 2 because of differences between cytb and KIF24 trees in the placement of clade E 

(Appendix 8, Chapter 2). In relation to clade H in Chapter 2, individuals from Peixe and São 

Salvador (clade 6 here) were in the threshold of being considered a different species by the 

GMYC analysis (Chapter 2, Fig.3), which would separate them from clades 10–11–12 (as we 

found here). Taken together, and also considering the separation of clade 8–9 (differently 

from Chapter 2), these new outcomes are due to the better resolution provided by the AP 

dataset. Nonetheless, it is interesting to note that these clades were exactly the same where the 

few morphological misidentifications by the SVM model took place (Chapter 2). Otherwise, 

clade A in Chapter 2 corresponds to clade 1 here; clade C to clade 3; clade D to clade 2; clade 

F to clade 5; and clade G to clade 7. In summary, we increased from 8 to 9 the number of 



Chapter 3 – Lizard species delimitation using phylogenomics 

 

 104 

cryptic species in the G. amarali complex with an overall high consistency between previous 

results and those obtained by analyses of AP data. 

 

4.2.2 Cryptic species in the Micrablepharus atticolus complex 

The BPP results suggest that the widespread nominal taxon M. atticolus actually forms a 

complex of eight different cryptic species: clades A to E, F–G, H and I (Fig. 5), most of them 

with cytb genetic distances that are above 2% (Table 4). The first distinguishing pattern 

within the M. atticolus cryptic lineages is the high diversity in eastern Mato Grosso (Fig. 1). 

Samples from the geographically close municipalities of Barra do Garças, Nova Xavantina, 

Ribeirão Cascalheira and Cocalinho were retrieved in six different cryptic lineages (A, B, C, 

E, F–G and H; Fig. 5). The fact that clades from Nova Xavantina (A and E), Barra do Garças 

(B and C), Cocalinho (F) and Ribeirão Cascalheira (H) are not even retrieved as sister clades 

in the concatenated phylogenies (Fig. 3) apparently reflects the very intricate geological 

history of the region (Ab' Sáber, 1954; Ab'Sáber, 1998). The reduced number of specimens in 

our analysis from a region with high levels of genetic diversity (Table 4) and geological 

distinctiveness calls for additional work in eastern Mato Grosso state. Fine-scale sampling for 

genetic analyses aimed at increasing the number of individuals sampled per locality and the 

number of localities covering the region, along with the inclusion of morphological data, is 

needed to shed light into the origins of the observed pattern. Elsewhere, there is a distinct 

cryptic lineage in the more central region of the Cerrado (clade D, Fig. 1), another in a 

Cerrado peripheral area (clade F–G, Fig. 1), and the last one is found in Cerrado enclaves 

within the Amazon Forest (clade I, Fig. 1). 

 

4.2.3 Cryptic species in the Tropidurus itambere complex 

The results of species delimitation approaches for T. itambere returned simpler results 

compared to the other two species groups. The five inferred cryptic lineages had high support 
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values in every BPP run. Importantly, the cryptic lineages were also clearly geographically 

structured, which will facilitate their future taxonomic descriptions. Based on its geographical 

distribution (Rodrigues, 1987), clade E probably corresponds to the described nominal 

species, and has the larger distribution across the southeast part of the Cerrado. The 

topological pattern recovered within clade E (our best sampled lineage) suggests the influence 

of isolation by distance, with populations structured in a NW-SE direction, similarly to what 

was observed for the Cerrado frog Hypsiboas punctatus (Prado et al., 2012). Clade A is at the 

northernmost distribution of the species, and the remaining ones are located in the western 

portion of the Cerrado. In addition, clades B and C were always retrieved as sister species, 

even though clade D is distributed between them (Fig. 1, Fig. 4). 

Individuals from two populations (Moeda and Natividade), morphologically 

diagnosable as T. itambere, actually belong to different species (Fig. 3). This reinforces the 

limitations of current morphological diagnoses for species of Tropidurus, often based on just 

a few characters (e.g., mite pockets). Because of the highly variable number of species 

identified by different BPP runs for outgroup species (Appendix 24), and the paraphyly found 

for T. torquatus and the two “itambere-like” populations, we refrain from making additional 

remarks on the status of the outgroup species until more samples are available. A detailed 

multi-locus phylogenetic analysis that includes described and cryptic lineages (this Chapter) 

of the genus Tropidurus is highly warranted, since it could potentially clarify such issues. 

 

4.3 Delimitation of paraphyletic species by BPP v.3 

The BPP algorithm has assumptions that might not be completely fulfilled by our data, 

namely no recombination within loci, free recombination between loci, and no gene flow 

between species (Rannala & Yang, 2003; Yang & Rannala, 2010). The samples from G. 

amarali clade 8 (Natividade) and clade 9 (Almas), recovered as a single species by BPP (Fig. 

5), are geographically close (ca. 100 km), and there is some (little) gene flow between them 
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(Chapter 4). This might be the reason why they were estimated as one species, despite being 

paraphyletic in regards to the phylogenetic reconstructions (Yang, 2015). The same issue is 

present between M. atticolus clades F and G (Fig. 5), which are also relatively close 

geographically, and also show signs of gene flow (Chapter 4). There were no similar 

problems in T. itambere, since all species had a posterior probability of 1 for all BPP runs. 

Although it has been shown, under simulated scenarios, that BPP is sensitive to migration 

(Zhang et al., 2011), the method also performed well under empirical systems with gene flow 

(Camargo et al., 2012). Therefore, the main issue here seems to be the ability of BPP to 

estimate its own species trees, and the differences between this estimation and those based on 

other phylogenetic hypotheses. 

The recognition that speciation under scenarios of gene flow happens more often than 

previously thought has gained much attention in recent years (Hey, 2010; Sousa & Hey, 

2013). With the increase in our ability to sequence more loci, it was just a matter of time until 

paraphyletic species started appearing in non-model species delimitation studies, i.e. that 

discordance between methods would become apparent. Unfortunately, our ability to generate 

huge amounts of sequence data has not been matched by our ability to analyse them (Gronau 

et al., 2011; Jarvis et al., 2014), which is hindered by the computational resources required to 

estimate parameters under very complex models (Lemmon & Lemmon, 2013). For example, 

it was recently recognised that the widespread use of *Beast for the generation of species-

trees might not be a feasible method for the genomic era (O'Neill et al., 2013; Pyron et al., 

2014). A recent avian phylogeny study that used a very high number of loci had to rely on 

custom-developed analytical strategies and software to estimate phylogenies and species trees 

(Jarvis et al., 2014). Until those shortfalls can be surpassed, we predict that the appearance of 

paraphyletic species will probably not be uncommon in species delimitation studies. 

Considering the short period of time since BPP v.3 was released, this is perhaps the first 

example of species delimitation applying a large number of loci to its NNI algorithm. To date, 
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there are only two published studies that used BPP v.3 (curiously enough, both on lizards): 

the first one used four loci to investigate species limits on Mexican geckos of the genus 

Phyllodactylus, and also retrieved paraphyletic species compared to the *Beast tree, but the 

authors did not discuss this finding (Blair et al., 2015). The second study used the NNI 

algorithm for species tree estimation only, and not species delimitation (Leaché et al., 2015). 

Nevertheless, our paraphyletic species “problem” could be surpassed using the “fixed 

tree” option of BPP (equivalent to using BPP v.2), which only enables estimation of 

monophyletic species. To investigate this possibility, we repeated the same analyses using the 

“fixed-tree” option on Algorithm 0 (results not shown). Indeed we found lower posterior 

probabilities for the same clades for G. amarali, but not for M. atticolus and T. itambere. 

Within G. amarali, all species had a posterior probability of 1 with “no cleandata”, but clades 

9 to 12 became collapsed into one species using “cleandata”. We attribute this result to the 

low posterior probability found for clade 9, which cannot be estimated together with clade 8 

in this case. Clade 8 had posterior probabilities between 0.6 and 1 in the same analyses. We 

once again highlight the very low posterior probability of joining clades 9 to 12 estimated by 

the runs where the species tree was free to vary (Fig. 5). All clades were recovered with a 

posterior probability of 1 for M. atticolus and T. itambere using the “fixed-tree” option. 

Although we would be reluctant to recognize such paraphyletic clades as one species, 

this would only be a concern under the phylogenetic species concept, but not under the 

Generalized Lineage Concept (GLC; de Queiroz, 2007). Under the GLC species are viewed as 

evolving entities over time. Here, monophyly would be only one of the aspects to be taken in 

consideration when delimiting species because it could still be gained over the course of time 

(de Queiroz, 1998). Finally, the cryptic species are paraphyletic when we compare results of 

the concatenated and coalescent species trees (NJst and STAR) with BPP species delimitation 

results, but they are certainly monophyletic when the species tree is estimated by the BPP 

multispecies coalescent model. This apparent dilemma might be solved when BPP 
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implements additional evolutionary models to its algorithms (Yang, 2015), but at this stage 

more empirical studies are needed to better evaluate the BPP v.3 NNI algorithm when dealing 

with closely related species. 

 

4.4 Cryptic speciation in the Neotropics 

It would be feasible to consider, given the high number of cryptic lineages revealed by our 

analyses, that BPP is over-splitting species. However, there is also an increasing number of 

cases where Neotropical cryptic lineages are recognised using different approaches (and not 

BPP) (Fouquet et al., 2007; Gamble et al., 2012; Prado et al., 2012; Werneck et al., 2012a; 

Fouquet et al., 2014; Gehara et al., 2014). The Brazilian lizard fauna is one of the most 

diverse in the world (Costa & Bérnils, 2014) but, with few exceptions (Giugliano et al., 2013; 

Recoder et al., 2014), recent species descriptions rely mostly on morphological information 

(e.g. Teixeira et al., 2013; Arias et al., 2014a; Arias et al., 2014b; Teixeira et al., 2014). In 

hyperdiverse regions such as the Neotropics, the sole use of morphological data on the 

recognition of new species can be problematic, since taxonomists might be confounded by 

morphological stasis when trying to separate those different entities (Bickford et al., 2007). 

In other lizard study systems where detailed phylogenies are available, it is not 

uncommon to recognise an enormous diversity of closely related species with relatively 

restricted, and even overlapping distributions. Examples exist for Australian groups such as 

Gehyra (Sistrom et al., 2013; Hutchinson et al., 2014), Heteronotia binoei (Fujita et al., 

2010), H. spelea (Pepper et al., 2013), and Diplodactylus (Pepper et al., 2006); for 

Melanesian lizards Cyrtodactylus (Oliver et al., 2012); Brazilian Coleodactylus (Geurgas et 

al., 2008); and for west African Hemidactylus (Leaché & Fujita, 2010), among others. 

Expanding on Brazilian studies, it was reported that the lizard Gymnodactylus darwinii from 

the Atlantic Forest shows a strong clinal morphological variation (Freire, 1998), and indeed 

several cryptic species were later reported to occur within that species group (Pellegrino et al., 



Chapter 3 –Lizard species delimitation using phylogenomics 

 

 109 

2005). The same is true for the Phyllopezus pollicaris complex (Gamble et al., 2012; 

Werneck et al., 2012a), although no morphological study was done for this species so far. In 

addition, cryptic lineages with strong morphological support were described for G. amarali 

(Chapter 2). The Cerrado comprises a massive area of ~2 million km2, and evidences suggest 

that much of its diversity is still to be uncovered (Diniz-Filho et al., 2006). That taxonomists 

have not recognised different lineages among our study species in the past, strengthens the 

importance of applying modern analytical tools for the recognition of cryptic biodiversity. 

Hence, an increasing number of cryptic species in the Neotropics should be revealed through 

the use of modern NGS data and coalescent species delimitation analyses. Wether all of them 

should be considered “true” species is likely to generate great debate in the literature in the 

near future. Likewise, although much more difficult to implement, studies and new techniques 

that deal with the speciation process itself will probably prove to be a very strong approach to 

help and clarify those patterns (Andrew et al., 2013; Arnegard et al., 2014; Faria et al., 2014; 

Smouse et al., 2015). 

 

5. Conclusion 

The problem of how many species are there in the world is substantially augmented by the 

eminent biodiversity loss we currently face (Costello et al., 2013), and by accompanying 

losses of ecosystem functions (May, 2011). In this study we applied new coalescent methods 

of species delimitation using a powerful anchored phylogenomics dataset, compared 

phylogenetic reconstruction methods, and provide indications of the usefulness of such data 

and analytical approaches for species delimitation hypothesis testing. Whether or not the 

patterns of morphological and/or karyological variation observed within the three taxa 

corresponds to the here proposed species boundaries, and what is the relative role of 

geography and ecology in the generation of diversity in our system is yet to be investigated 

(see Chapter 5). 
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Our results indicate that the amount of lizard cryptic species for the Cerrado is 

unexpectedly high, and the results from other recent studies with amphibians (Funk et al., 

2012a; Fouquet et al., 2014) and birds (Smith et al., 2014b) suggest that this elevated hidden 

vertebrate diversity might turn out to be a pattern for Neotropical biomes. Furthermore, the 

uncovering of these lizard cryptic species is essential for future species descriptions, which is 

a source of invaluable information for the concise formulation of conservation strategies in 

the Cerrado (Silva et al., 2014). At this stage, even though cryptic species are yet to be 

described, the evolutionary lineages are available for management purposes, and can already 

be used for direct conservation planning (Niemiller et al., 2013). 
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Inner conflict: the roles of ecology and history on the evolution of 

a Neotropical biodiversity hotspot 
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1. Introduction 

1.1 History and ecology in comparative evolutionary studies 

Understanding the relative influence of historical versus ecological processes on the 

distribution and diversity of organisms has been a central theme of evolutionary biology for 

centuries (Buffon, 1761; Candolle, 1855; Nelson, 1978; Wiens & Donoghue, 2004). This 

causal dichotomy was long debated in biogeographic terms, probably dating back to the 

arguments between dispersalists and extensionists in the nineteenth century (Brown & 

Lomolino, 1998), which were later replaced by twentieth century debates between dispersalist 

and vicariant biogeographers (Stace, 1989). Modern discussions on the importance of 

historical and ecological processes in population divergence and speciation can be viewed as 

another branch of a similar controversy (Gavrilets, 2003; Schluter, 2009). These are focused 

on the relative influence of historical (usually geological) processes versus the various 

biological processes related to the cessation of gene flow (Schluter, 2001; Rundle & Nosil, 

2005). Spatial-genetic patterns of population structure in multiple codistributed species 

provide a way of illuminating this problem. This is because congruent spatial subdivisions 

may indicate a shared history of population isolation owing to historical contingencies 

(Bernatchez & Wilson, 1998; Carnaval et al., 2009), or to selective pressures (Cooke et al., 

2014; Beheregaray et al., 2015). Another way of looking into this apparent dichotomy is 

through comparing temporal diversification patterns, where ecology and history are viewed as 

acting at different time scales (‘shallow’ versus ‘deep’) to shape evolutionary processes 

(Wiens, 2004; Heads, 2015). Comparative phylogeography studies can shed light on our 

understanding of the relative roles of historical and ecological processes by allowing 

evolutionary studies to test processes operating at different spatial scales and timeframes, 

while allowing for comparisons between organisms with contrasting ecologies (Avise, 1998; 

Bermingham & Moritz, 1998; Lapointe & Rissler, 2005). 
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A central question in comparative phylogeography is whether codistributed species 

have experienced congruent spatial and temporal diversification, or not (Arbogast & Kenagy, 

2001). Incongruent patterns appear to be about as common as tightly coupled diversification 

histories across species (Soltis et al., 2006; Leache et al., 2007; Moritz et al., 2009; Fouquet 

et al., 2012; Bagley & Johnson, 2014a), although an updated literature review compiling 

information from a large number of comparative phylogeographies is lacking (Beheregaray, 

2008). In comparative phylogeography, ecological differences among species are usually 

invoked as post-hoc explanations for incongruent patterns (Taberlet et al., 1998; Feldman & 

Spicer, 2006). In fact, comparative phylogeographic studies rarely test hypotheses that 

incorporate temporal assessments of the relative influence of ecological and historical factors. 

There are, however, few studies where explicit a priori hypotheses have been used to test for 

congruent evolutionary responses of ecologically similar taxa (e.g., Jezkova et al., 2009; 

Morgan et al., 2011; Topp et al., 2013) or incongruent diversification patterns among 

ecologically divergent taxa (e.g., Carstens & Richards, 2007; Papadopoulou et al., 2009; 

Smith et al., 2014a). 

 

1.2 Evolution and diversification of the Cerrado biota 

The Brazilian Cerrado biome has only recently become the focus of conservation efforts 

(Myers et al., 2000). Biodiversity loss in the Cerrado region is mainly attributed to habitat 

destruction due to rapid and uncontrolled agricultural development (Oliveira & Marquis, 

2002). These characteristics, combined with the current high rates of deforestation, as well as 

with the small representation of the biome in protected areas (2.2%) (Klink & Machado, 

2005), makes the Cerrado one of the 34 global biodiversity hotspots for conservation (Myers 

et al., 2000; Mittermeier et al., 2005). 
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The Cerrado is the biologically richest savannah in the world (Castro et al., 1999; 

Oliveira & Marquis, 2002). The high biodiversity in the region may have been promoted by 

its complex and diverse vegetation structure (Furley, 1999; Oliveira Filho & Ratter, 2000), 

with plant physiognomies differing in the predominance and size of woody elements 

(Goodland, 1971). The biome contains a complex mosaic of landscapes, including high 

plateaus dating back to the epeirogenic uplift of the Central Brazilian Plateau during the 

Miocene–Pliocene transition (King, 1956), and low valleys excavated by major river 

drainages (Ab'Sáber, 1998). This geomorphological compartmentalisation, combined with the 

high geographical variation of regional soil types (Gomes et al., 2004), yields a heterogeneous 

vegetation landscape (Oliveira Filho & Ratter, 2000) with many isolated habitats and small-

scale ecotones that could potentially promote ecological isolation or speciation (reviewed in 

Beheregaray et al., 2015). Indeed, community data show that habitat diversity and landscape 

compartmentalisation have probably played an important role in influencing local diversity of 

Cerrado amphibians and reptiles (Colli et al., 2002; Nogueira et al., 2005; Nogueira et al., 

2011), birds (Silva, 1997; Silva & Bates, 2002) and mammals (Redford & da Fonseca, 1986; 

Mares & Ernest, 1995; Johnson et al., 1999). Nonetheless, specific tests of how these 

characteristics may have influenced biological diversification within the biome are still scarce 

(Werneck et al., 2012a; Santos et al., 2014), and no studies have investigated this topic in the 

Cerrado using comparative phylogeography (Werneck, 2011; Collevatti et al., 2015). 

At a deeper temporal scale, the diversification of Cerrado biotas might have been 

influenced by population processes associated with climatic fluctuations during the 

Quaternary glacial cycles (Haffer, 1969; Vanzolini & Williams, 1981). Palaeoclimatic 

vegetation distribution models supported by palaeopalynological evidence indicate that 

Cerrado valleys were climatically unstable compared to plateaus during Quaternary climatic 

fluctuations (Werneck et al., 2012b). Hence, populations inhabiting valleys might have gone 
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extinct during periods of low habitat suitability during glaciations. In this context, species 

distribution modelling (SDM) has been used as a surrogate to investigate ecological 

divergence between species (Rissler & Apodaca, 2007). By adding information about past 

climate into SDMs, one can also propose and test spatially explicit biogeographic hypotheses 

about species responses to Quaternary climatic fluctuations (Richards et al., 2007), e.g. 

concerning Pleistocene refugia (Knowles & Carstens, 2007), range contractions during the 

last glacial maximum (Bagley et al., 2013), and even assess patterns of common vicariant 

history among different species (Hugall et al., 2002). 

Although Neotropical diversification patterns cannot be simply attributed to a few 

mechanisms acting over particular time intervals (Rull, 2011; Beheregaray et al., 2015), the 

general hypotheses potentially accounting for the evolution of extant Neotropical biotas have 

been divided in two broad geological timeframes: the climatic fluctuations during Quaternary 

glaciation cycles, and periods of major tectonic events of the Neogene (Rull, 2008, 2011). The 

sets of events that probably influenced diversification of endemic Cerrado species and 

coincided with the above timeframes are: (1) the Quaternary climatic fluctuations and their 

impacts on the distribution of Cerrado vegetation (Werneck et al., 2012b), and (2) the uplift of 

the Central Brazilian Plateau in the Neogene (Colli, 2005; Werneck, 2011 and references 

therein). Testing specific hypotheses related to these sets of events using comparative 

phylogeographic analyses and SDMs would provide a powerful framework to investigate 

diversification of the Cerrado endemic biota (Collevatti et al., 2015) while accounting for 

ecological dissimilarities among species that might have influenced their spatial patterns of 

genetic diversity (Carstens & Richards, 2007). 
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1.3 Lizards comparative evolutionary studies 

Lizards serve as key model organisms for addressing questions in evolutionary investigations. 

They display a range of evolutionary and ecological patterns, making them ideal candidates 

for comparative studies (Vitt & Pianka, 2005; Camargo et al., 2010). For instance, 

comparative studies using lizard species have been used to test the theory of density 

dependent natural selection based on their different reproductive strategies (Tinkle et al., 

1970), and to investigate how physiological and morphological parameters are linked to 

differences in ecology and habitat use (Kohlsdorf et al., 2001; Kohlsdorf et al., 2004; 

Kohlsdorf & Navas, 2007). Lizards have also been study subjects to comparatively test 

models of morphological evolution (Skinner & Lee, 2010), and investigate hypotheses on the 

evolutionary reversibility of morphological characters (Kohlsdorf & Wagner, 2006). The 

availability of detailed physiological data has also allowed for the development of thermal 

requirement models and their influence on extinction risks (Sinervo et al., 2010), and also to 

understand how ecophysiological parameters can be used to predict general patterns of 

geographic distribution (Navas, 2002). 

Ecological evidence based on SDM coupled with phylogeographic analyses 

(Moussalli et al., 2009), and niche similarity coupled with phylogenetic information (Schulte 

et al., 2012) suggests that lizards maintain their ecological and climatic preferences through 

evolutionary time. The latter is an important attribute when testing diversification hypotheses 

based on possible range expansions and contractions through time (Wiens & Graham, 2005). 

The three species complexes used as model organisms in this study (Gymnodactylus amarali, 

Micrablepharus atticolus and Tropidurus itambere) are endemic to the Cerrado, and hence 

ideal candidates to assess diversification hypotheses in this biome. The sister species of both 

the Gymnodactylus amarali complex (Phyllodactylidae) and the Tropidurus itambere 

complex (Tropiduridae) are distributed in the adjacent Caatinga biome (Rodrigues et al., 
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1988; Frost et al., 2001, Chapter 2), while the sister species of the Micrablepharus atticolus 

species complex (Gymnophtalmidae) is widely distributed in the open South American 

biomes (Rodrigues, 1996; Santos et al., 2014). If niche conservatism holds as the ‘true’ 

pattern for our focal taxa (Losos, 2008), then the restricted distributions of our study species 

within the Cerrado, compared to their sister species distribution, suggest that their ecology is 

intrinsically related to unique features of this biome. Indeed, the three species complexes 

reproductive cycles are intimately associated with the seasonality of the biome: G. amarali 

reproduces exclusively during the dry season (Colli et al., 2003a), as does M. atticollus 

(Vieira et al., 2000), whereas T. itambere reproduces only during the wet season (Van-Sluys, 

1993; Ferreira et al., 2009). As a result, our theoretical expectation is that evolutionary 

patterns inferred among the three focal species complexes are associated with regional 

landscape evolution and climatic fluctuations that occurred in the Cerrado. In particular, we 

predict that patterns of genetic divergence within the three species complexes will track past 

vegetation shifts inferred from SDMs, as described for endemic vertebrates in other species-

rich biomes (Carnaval & Moritz, 2008; Carnaval et al., 2009; Moritz et al., 2009). 

 

1.4 Comparative phylogeography and diversification hypotheses in the Cerrado 

The field of phylogeography was developed based on using mtDNA to investigate 

intraspecific diversification patterns (Avise et al., 1987). Reliance on the single mtDNA locus 

as a genetic marker has remained widespread for a long time, particularly for animals (Soltis 

et al., 2006). This scenario has recently started to change with the development of cheaper 

and more efficient sequencing technologies, notably the advent of next-generation sequencing 

(NGS) technologies and genomic datasets (Garrick et al., 2015). Sampling a larger number of 

nuclear loci may improve the accuracy of coalescent estimates of phylogeographic divergence 

(Huang et al., 2011; Robinson et al., 2014), alleviate gene tree discordances (Leache, 2009; 
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Sistrom et al., 2014), and avoid evolutionary misinterpretations due to incomplete lineage 

sorting (Maddison & Knowles, 2006; Heled & Drummond, 2010). Statistical phylogeographic 

methods can also be used to disentangle complex biogeographic and temporal scenarios 

(Knowles & Maddison, 2002; Hickerson et al., 2006) which, in conjunction with the use of 

many genetic markers (Rannala & Yang, 2003), provides an ideal framework to investigate 

evolutionary patterns in the Cerrado biome. 

The development of novel NGS methods is promoting new opportunities for 

phylogeographic studies (Carstens et al., 2012; McCormack et al., 2013). Although 

coalescent models have been applied to NGS data in recent comparative studies (e.g., Leaché 

et al., 2013a; Brandley et al., 2015), to the best of my knowledge there is only one published 

comparative phylogeography of non-model organisms using NGS (Smith et al., 2014a). In 

that study, the authors classified clades of five widespread Neotropical bird species a priori 

into distinct geographic units used to group genetic samples when estimating coalescent 

population parameters, species trees, and hypotheses tests for cryptic species using BPP 

(Yang & Rannala, 2010). Their results indicate that the bird population-lineages are 

monophyletic and geographically isolated in proposed geographic units based on geology and 

other factors (Smith et al., 2014a, Fig. 3). For this thesis, grouping lineages of the three lizard 

species complexes into distinct a priori geographic units within the Cerrado is not appropriate 

because we would be creating paraphyletic groups for analysis (Chapter 3). On the other 

hand, the cryptic species previously identified in this thesis could be used as a proxy for 

delineating clades from which we could draw hypotheses and estimate population parameters 

based on the coalescent. 

Lizards from open areas of the Cerrado are predominantly found in two structurally 

and functionally different habitats: those associated with rocky outcrops (Cerrado ‘rupestre’), 

and those associated with the typical savannah vegetation (Cerrado ‘sensu stricto’). Both G. 
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amarali and T. itambere species complexes are strongly associated with rocky outcrops (Van-

Sluys, 1997; Colli et al., 2003a), whereas the M. atticollus complex is found in the leaf litter 

(Vieira et al., 2000) and occasionally within ant nests (Rodrigues, 1996). Thus, the differing 

ecologies of our focal species complexes allow for identifying ecological contrasts to be 

incorporated into explicit tests of historical hypotheses. This framework can help elucidating 

the influence of ecological attributes on diversification of Cerrado lizards (Marske et al., 

2013). 

To understand mechanisms that influenced diversification in species-rich biomes, 

diversification hypotheses should be tested within and among different codistributed species 

(Lexer et al., 2013). For this endeavor, I used two datasets (AP and cytb) and SDM methods 

to test the hypothesis that species complexes living on rocky outcrops (G. amarali and T. 

itambere) have experienced similar spatial and temporal histories of divergence. This 

framework was also used to formulate a suite of specific hypotheses to investigate how 

Neogene geological events and Quaternary climatic fluctuations influenced the evolution of 

Cerrado lizards (summarised in Table 1). 

Given the lack of detailed geological information for the Cerrado, and considering that 

historical evolutionary patterns of its endemic biota have not been investigated in a 

comparative fashion, it was decided that a series of specific hypotheses of diversification 

should be tested. This strategy was adopted to understand the responses of species to 

historical events, and to elucidate the relative influence of demographic processes in shaping 

current biogeographic patterns. Below, I introduce these hypotheses and link them to 

background information about Cerrado biogeography. 

Assuming that endemic lizards were distributed in the Cerrado before the uplift of the 

Central Brazilian Plateau, the landscape compartmentalisation that followed its origin created 

a scenario for vicariant events in which gene flow is restricted among populations inhabiting 
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different plateaus (hypothesis 1), but gene flow should be higher among valley populations 

(2). Considering that rivers excavated the landscape during and especially after the uplift 

process, I expect that older (basal) lineages should be located in plateaus (3), and that the 

ancestral distribution of each species was located in a plateau area (4). In addition, 

reciprocally monophyletic clades should be found between plateaus and adjacent valleys (5) 

(Werneck, 2011). Likewise, if these Neogene tectonic events influenced the evolution of 

endemic groups in a similar way, it is also expected that the deepest population divergence 

within each species complexes occurred synchronically among the three taxa (6), and that 

divergence in clades that share similar plateau-valley distribution occurred as clusters of 

divergences around the same time (7). 

Given that stable areas of the Cerrado were mainly located in plateaus during the 

Quaternary climatic fluctuations (Werneck et al., 2012b), I expect that endemic lizards have 

tracked the biome distribution and that their stable areas (i.e. refugia) have also been located 

in plateaus throughout glaciation-interglaciation cycles (8). Besides, if populations in valleys 

have more recent colonisation histories they should show signs of population expansion (9), 

have lower genetic diversity (10) and smaller effective population size compared to plateau 

populations (11). Furthermore, if there are coincident Quaternary refugia among species, I 

expect that divergence between separated refugia occurred synchronically among different 

species (12) (Carnaval et al., 2009).  

Finally, I also expect that species with similar habitat ecologies (G. amarali and T. 

itambere) experienced similar palaeodistributional shifts in response to climatic changes (13), 

and that clades within these two species complexes will present similar divergence times and 

effective population sizes (14). 

To address the above suite of a priori hypotheses, I used the AP data to infer 

evolutionary relationships among clades/populations using phylogenetic analyses, and used 
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coalescent approaches to estimate demographic population parameters within each species 

complex. Because of the limited number of individuals and sites sequenced for AP data (n = 

72 and 53 sites across the three groups), I took advantage of the better sampling available for 

the mtDNA cytb data (n = 356 and 67 sites across the three groups). The latter enabled more 

robust inferences of ancestral geographic locations and calculation of several population 

genetic statistics for the three study taxa. Finally, I also used mtDNA to investigate whether 

the three species complexes showed patterns of simultaneous diversification (vicariance) 

consistent with those predicted by two hypotheses (6 and 12). The latter was achieved with a 

hierarchical approximate Bayesian computation (ABC) model recently developed for 

comparative multi-locus phylogeography (Huang et al., 2011). 

In general, the results indicate congruent phylogeographic patterns related to Neogene 

diversification hypotheses among the ecologically similar G. amarali and T. itambere 

complexes. However, it appears that landscape compartmentalisation played different roles in 

the evolution of each taxon. Population genetic estimates suggest no genetic diversity or 

effective population size differences between populations in valleys and plateaus for any of 

the three taxa. Unexpectedly, the M. atticollus and T. itambere species complexes had very 

similar palaeodistributional shifts throughout the Quaternary, while G. amarali presented a 

different pattern. Accordingly, species complexes with more similar geographic ranges (M. 

atticolus and T. itambere) had concordant demographic responses to Quaternary climatic 

fluctuations. Overall, our results suggest that unveiling biogeographic patterns of endemic 

lizards in the Cerrado requires accounting for historical and climatic events of the biome in 

light of the ecological characteristics of each particular taxon. 
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Table 1: Diversification hypotheses for endemic lizards in the Cerrado biome. Expectations were draw based on 

Neogene and Quaternary events and differences in ecology among species. The metrics used for hypothesis 

testing and respective software used for estimations are listed (see Material and Methods for details). 

 

 Hypothesis Metric Software 

1 Restricted gene flow among populations found in 
different plateaus 

Migration estimates G-PhoCS 

2 Higher gene flow among populations in valleys Migration estimates G-PhoCS 
3 Older (basal) lineages are located in plateaus Phylogenetic relationships RAxML 
4 Ancestral distribution of each species located in a 

plateau 
Ancestor geographic 
location estimates 

Phyllomaper 

5 Reciprocally monophyletic clades between plateaus 
and adjacent valleys 

Phylogenetic relationships RAxML 

6 Deepest population divergence within each species 
complex (i.e. population structure) formed 
synchronously among the three taxa 

Test for simultaneous 
diversification 

MTML-
msBayes 

7 Divergence in clades that share similar plateau-
valley distribution occurred as clusters of 
divergences around the same time 

Divergence time estimates G-PhoCS 

8 Stable areas (refugia) located in plateaus 
throughout Quaternary 

Palaeoclimatic SDM-
inferred refugia 

Maxent 

9 Populations in valleys show signs of population 
expansion 

Fs and R2 statistics DNASP 

10 Populations in valleys have lower genetic diversity Number of haplotypes, 
haplotype and nucleotide 
diversity 

DNASP 

11 Populations in valleys have smaller effective 
population size compared to plateau populations 

Effective population size 
(Ne) estimates 

G-PhoCS 

12 Divergence between refugia (identified using 
SDMs) occurred synchronously among different 
species complexes 

Test for simultaneous 
diversification 

MTML-
msBayes 

13 Ecologically similar species experienced similar 
palaeodistributional shifts in response to 
Quaternary climatic changes 

Palaeoclimatic SDM Maxent 

14 Ecologically similar species present similar 
divergence times and effective population sizes 

Divergence times and 
effective population size 
(Ne) estimates 

G-PhoCS 
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2. Material and Methods 

2.1 Sampling and genetic protocols 

Sampling of species and individuals, as well as genetic data collection, followed the methods 

described in Chapter 3 for cytb and AP. The final ingroup dataset for the G. amarali complex 

consisted of 155 individuals from 27 localities sequenced for cytb and 23 individuals from 22 

localities sequenced using AP (Appendix 17). The dataset for the M. atticolus complex 

consisted of 126 individuals from 28 localities sequenced for cytb and 26 individuals from 20 

localities assessed using AP (Appendix 18). Finally, the dataset for the T. itambere complex 

dataset consisted of 75 individuals from 18 localities sequenced for cytb and 23 individuals 

from 17 localities sequenced using AP (Appendix 19). 

 

2.2 Phylogenetic relationships (Hypotheses 3 and 5) 

One of the difficulties when using the AP approach for diploid organisms is that the 

complementary versions of the nuclear genome are sequenced at the same time. Heterozygous 

positions can easily be identified during bioinformatics workflows used to assess AP data 

(Lemmon et al., 2012), but assembling two haplotypes from one diploid sample of sequences 

(i.e. phasing heterozygous sites) can be challenging (Sousa & Hey, 2013). Ambiguous 

heterozygous sites are not expected to have a strong impact on tree topology (Lemmon et al., 

2009; Wiens & Morrill, 2011), but absolute and relative branch length estimations can be 

substantially influenced if heterozygous sites are ignored during phylogenetic analyses (Sota 

& Vogler, 2003; Lischer et al., 2014). To deal with phase uncertainty and obtain more 

realistic branch length estimates when reconstructing phylogenetic relationships within G. 

amarali, M. atticolus, and T. itambere complexes (Chapter 3), we used a Repeated Random 

Haplotype Sampling (RRHS) approach (Lischer et al., 2014) that integrates information from 

all alleles into tree reconstructions. In short, the method involves generating thousands of 
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alignments in which the phases of heterozygous sites have been randomly resolved, running 

phylogenetic analyses on each one of those alignments, and then combining results into a 

single phylogenetic tree by calculating a majority rule consensus (MRC) tree with mean 

branch lengths (Lischer et al., 2014). 

For each species complex, 3000 simulated phase alignments of the AP dataset were 

generated using the software RRHS v1.0.0.2 (Lischer et al., 2014). Maximum Likelihood 

(ML) phylogenetic analyses were run on each alignment using RAxML v8.1.1 (Stamatakis, 

2014). All runs specified a GTRGAMMAI model using rapid hill-climbing searches and 

estimated bootstrap support values using 1000 pseudoreplicates of the data with the RELL 

bootstrap option (Minh et al., 2013). We applied the same data partition strategy used in 

Chapter 3, which involved selecting independently evolving partitions using PartitionFinder 

v1.1.1 (Lanfear et al., 2012), with the RAxML relaxed clustering algorithm under the 10% 

search default condition (Lanfear et al., 2014). The 3000 trees resulting from the runs were 

summarised by calculating a MRC tree using the ‘consense’ tool of Exabayes v1.2.1 (Aberer 

et al., 2014). Bootstrap values for all 3000 runs were combined into a single file, and 

visualized over the MRC tree using RAxML v8.1.1. We used G. darwinii ‘Matias Cardoso’ as 

the outgroup for the G. amarali complex analyses; M. maximiliani was the outgroup for the 

M. atticolus complex; and Uranoscodon superciliosus was used as the outgroup for the 

analyses of the T. itambere complex (Chapter 3). 

We opted for an ML approach because of computational time constraints, which would 

be much higher if we had used Bayesian phylogenetic analyses: it took ~12 minutes for each 

ML phylogenetic analysis to finish using 8 cores (Intel Xeon CPU E5-2680) with the RAxML 

PTHREADS-AVX flag on our HPCF Phoenix. Under similar conditions (8 cores using the 

AVX capable Exabayes version on Phoenix), it took over 24 hours to compute a Bayesian 

analysis and achieve acceptable convergence (Chapter 3). Nonetheless, it is very unlikely that 
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the final topologies change when using ML versus Bayesian approaches (Chapter 3), and 

branch length estimates would probably not be significantly different (Lischer et al., 2014). 

Related to that, ML branch length estimates have been shown to be more accurate than 

Bayesian estimates in empirical datasets (Schwartz & Mueller, 2010). All analyses were run 

using the HPCF Colossus, a centralised supercomputer at Flinders University, or using 

Phoenix, a HPCF based at the Molecular Ecology Lab at Flinders University. 

Given the discordance observed between results of STAR and NJst species trees 

compared to the BPP species tree (Chapter 3), and the lack of a method that can accurately 

infer a species tree directly from AP data (Leache & Rannala, 2011; O'Neill et al., 2013; 

Pyron et al., 2014), we used the RRHS ML result for each species as our ‘preferred’ topology 

for guiding subsequent analyses. Despite possible errors associated with incomplete lineage 

sorting (ILS) when estimating trees from concatenated datasets (Heled & Drummond, 2010; 

Mirarab et al., 2014), a recent simulation study suggested that concatenation has similar 

accuracy to that of species tree methods even when loci differ in coalescence rates (Tonini et 

al., 2015). 

Finally, branch lengths of final trees estimated by the RRHS ML approach were 

compared with branch lengths of the ML trees estimated with ambiguous IUPAC notation in 

Chapter 3, using the R package ape (Paradis et al., 2004). Outgroups were removed from 

rooted trees and relative branch length differences calculated between the two trees. 

Additionally, to allow for a proportional comparison between the trees, branch lengths were 

scaled to 1 before calculating overall absolute branch lengths differences. 

 

2.3 Demographic history inference (Hypotheses 1, 2, 7, 11, 14) 

We used the software G-PhoCS (Gronau et al., 2011) to estimate population demographic 

parameters for our study taxa: divergence times (τ , tau; coalescent units in generations), 
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population size (θ, theta) and migration. The G-PhoCS computational code was developed by 

upgrading the code of MCMCcoal (Rannala & Yang, 2003) to calculate the parameters tau 

and theta, while also introducing a migration parameter into the model allowing gene flow 

between population lineages. The improvements in relation to MCMCcoal (apart from the 

obvious improvement wrought by addition of migration estimation) are that G-PhoCS was 

designed to work on genomic datasets in a way that is computationally reasonably fast and 

efficient, and it also implements an algorithm to account for phase uncertainty when 

calculating each locus likelihood (Gronau et al., 2011). Estimating the phases of unknown 

haplotypes is hindered by relatively large error rates (Scheet & Stephens, 2006), and by the 

fact that those errors scale up when large genomic datasets are being analysed (Browning & 

Browning, 2011). The G-PhoCS phasing algorithm integrates all possible phases during the 

run. Previous analyses of simulated datasets suggest that its estimations are as accurate as 

using the true haplotype phases (Gronau et al., 2011). G-PhoCS also has a clear advantage 

over other available software that can estimate similar parameters, such as the programs 3s 

(Zhu & Yang, 2012) and dadi (Gutenkunst et al., 2009), because it does not suffer from the 

limitation of using a population triplet. Although still not a widely used software by 

phylogeographers, G-PhoCS has been used to successfully model phylogeographies of non-

model organisms (Leaché et al., 2013b; Smith et al., 2014a), and it has produced realistic 

estimates of population demographic parameters. While the raw estimates will probably vary 

because of code implementation, G-PhoCS thus represents a novel permutation of the 

MCMCcoal model aimed at facilitating applications of the model to scaled up genomic data. 

To estimate the demographic parameters, we separated G. amarali, T. itambere and M. 

atticolus clades based on strongly supported monophyletic groups (bootstrap values > 75) 

inferred in the RRHS ML analyses, which were the same ones used for species delimitation 

tests in Chapter 3. Similar to MCMCcoal (and, for that matter, also BPP (Yang & Rannala, 
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2010)), G-PhoCS uses a gamma (α, β) distribution prior for the population standardized 

mutation rate parameter (θ = 4Neµ for a diploid locus, where µ is the per nucleotide site per 

generation mutation rate) and for the divergence time parameter  (τ =Tµ; T is absolute 

divergence time in millions of years), as well as for migration bands (msx× θ x/4 = Msx, or 

migration rate per generation). Migration is, thus, the proportion of individuals in population 

x that arrived by migration from population s per generation. Using the same approach of 

Chapter 2 (Appendix 5), we performed several preliminary analyses using different priors. 

Because the results were very similar, we used a gamma prior of ~G (2,1000) for the 

population size and divergence time parameters, and ~G (1,10) for the migration bands. Due 

to code limitations, G-PhoCS migration estimates may be affected if one tries to estimate 

several migration bands at the same time (see Gronau et al., 2011 supplementary material). 

Thus, bidirectional migration was inferred separately for each population pair in different 

runs. Because the migration estimates take much longer to converge than the other two 

parameters, we did not estimate migration between every population pair, but only between 

the ones that were important for our hypotheses testing framework (see Results 3.2). 

G-PhoCS analyses were set to automatically find the best fine tuning parameters for 

MCMC updates, and to run for 1 x 106 iterations taking samples every 100 iterations. Tracer 

v1.5 (Rambaut & Drummond, 2009) was used to check for minimum adequate ESS, and to 

extract raw demographic estimates using a 10% burn-in. At least one run without migration 

bands was performed to check for possible differences in parameter estimation. As suggested 

by the G-PhoCS manual, we used our initial run trials to get an idea of MCMC convergence 

and only start sampling migration after convergence. Migration estimates were then set to 

start sampling after 1 x 104 MCMC iterations. Similar to BPP, G-PhoCS can handle any 

number of missing individuals per locus; thus, we used exactly the same datasets used for 

BPP analyses in Chapter 3, where individuals with more than 30% missing data for a given 
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locus were excluded from the locus alignment. Because G-PhoCS cannot handle indels (-), 

all indels were coded as missing data (N) prior to analyses.  

Unfortunately, no fossils are available for our focal species or outgroups that would 

allow calibrating a molecular clock and calculating divergence times among clades using the 

RRHS ML tree. Also, there are no clear geologic events in the Cerrado that could be 

associated to split events and then used as calibration points to estimate rates of molecular 

evolution (Werneck, 2011). As previously discussed (Chapter 3), using a species tree allied to 

a relaxed molecular clock (e.g., with *BEAST) is also not feasible. To overcome the above 

problems, we estimated rates of DNA substitution using the strategy of Smith and 

collaborators (2014a) whereby G-PhoCS raw divergence time estimates (τ) are converted 

using relative substitution rates (µ, Appendix 25) to obtain absolute divergence times in 

millions of years (T) (see MCMCcoal manual). Within each species, we calculated the 

average pairwise genetic distance (π) for each AP locus and for cytb (using sequences from 

the same individuals for which we had AP sequences). We then averaged π across AP loci 

and calculated a relative substitution ratio (AP π / cytb π) that was scaled to a cytb rate of 

0.0065 substitutions/site/million years (Macey et al., 1998). The latter is a per-lineage 

mutation rate that is widely used for dating squamate phylogenies (Hugall & Lee, 2004; 

Torres-Carvajal & de Queiroz, 2009; Werneck et al., 2012a; Morando et al., 2014). 

We used the relative substitution rates calculated above to convert G-PhoCS raw theta 

estimates (θ = 4Neµ) to effective population sizes (Ne) (Yang, 2002), assuming a generation 

time of one year, which is realistic for all of our focal species (Van-Sluys, 1993; Vieira et al., 

2000; Colli et al., 2003a). 

While the method to obtain our AP dataset has only recently been develop (Lemmon et 

al., 2012), and thus few studies have explored its performance to estimate population-level 

parameters (Lemmon & Lemmon, 2013; Brandley et al., 2015), there is an immense literature 
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on mtDNA inter- and intra-specific divergence estimates (Johns & Avise, 1998; Weir & 

Schluter, 2008; Freeland et al., 2011).  To allow for comparisons between AP divergence 

times and Ne to those estimated from mtDNA, coalescent demographic parameters were also 

estimated using cytb. We attempted running G-PhoCS for this purpose, but runs would not 

converge (or even start) with only one locus, perhaps because G-PhoCS was designed to draw 

estimates from genomic datasets. For this reason, both parameters (τ and θ) were estimated 

using MCMCcoal (Rannala & Yang, 2003), a program whose algorithm is very similar to that 

of G-PhoCS, as discussed above. We ran MCMCcoal for 1 x 106 MCMC generations, 

sampling every 5 generations, with a burn-in of 1 x 104. To ensure that the runs converged, 

each run was repeated three times for all species complexes. 

 

2.4 Species distribution modelling (Hypotheses 8 and 13) 

We compiled geographic distribution records of G. amarali, M. atticollus and T. itambere 

from Nogueira (2006), a review of the published literature on each species, and from data 

from major Brazilian collections containing extensive representations of Cerrado species 

(Coleção Herpetológica da Universidade de Brasília – CHUNB, Museu de Zoologia da 

Universidade de São Paulo – MZUSP, and Universidade Federal do Mato Grosso – UFMT, 

Appendices 26, 27 and 28). We built SDMs with Maxent v3.3.3 (Phillips et al., 2006; Phillips 

& Dudík, 2008) using the same environmental variables used by Werneck and collaborators 

(2012b) to allow for comparison with the modelled distribution of the Cerrado biome 

vegetation. These variables include elevation (Alt) and nine bioclimatic variables: 

precipitation of wettest quarter (BIO16), temperature seasonality (BIO4), mean temperature 

of coldest quarter (BIO11), precipitation seasonality (BIO15), temperature annual range 

(BIO7), isothermality (BIO3), mean temperature of warmest quarter (BIO10), precipitation of 

driest quarter (BIO17), and precipitation of driest month (BIO14). We used four time 
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projections to build SDMs: present (obtained from WorldClim (Hijmans et al., 2005)), mid-

Holocene (6 thousand years ago (ka), ECHAM3 atmospheric General Circulation Model 

(DKRZ, 1992)), Last Glacial Maximum (LGM, 21 ka, ECHAM3) and Last Interglacial (LIG, 

120 ka, obtained from Otto-Bliesner and collaborators (2006)). 

To reconstruct stable areas of suitable habitat through the Quaternary (refugia) for each 

species, the four SDMs were transformed into presence-absence rasters by using threshold 

values where sensitivity equals specificity in the model. This process maximizes the 

agreement between modeled and observed distributions, alleviating problems associated with 

incorrect predictions while also incorporating the benefits of correct predictions (Pearson et 

al., 2006). During model building, M. atticolus records from outside the Cerrado area 

(Cerrado enclaves in Amazonia) that would behave as outliers were excluded. There were no 

such cases for G. amarali or T. itambere. 

 

2.5 Ancestor geographic location estimation (Hypothesis 4) 

To estimate the geographic location of ancestral populations for each species complex, we 

used a likelihood method implemented in the program PhyloMapper v1 (Lemmon & 

Lemmon, 2008). This method reconstructs phylogeographic history by estimating the 

geographic locations of ancestors based on an ultrametric gene tree topology and the 

geographic locations of the corresponding tip individuals. The statistical framework employed 

by PhyloMapper was developed to estimate the history of a single locus and hence benefits 

from large sample sizes and well-resolved trees (Lemmon & Lemmon, 2008). Thus, for each 

species, all unique cytb haplotypes were used to run an ML phylogenetic analysis in RAxML 

v8.1.1 (Stamatakis, 2014), and the resulting ML trees used as inputs for PhyloMapper. For all 

the RAxML runs, a GTRGAMMAI model was assigned, and nodal support assessed using 

1000 rapid bootstraps followed by a thorough ML search. In PhyloMapper, exact geographic 
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locations georeferenced in decimal degrees were assigned to each tip (Appendices 17, 18 and 

19). The trees were rate-smoothed using 1000 replicates to ensure a global optimum was 

found, applying the default (1.0) age for the root of the trees (i.e., obtained an ultrametric 

genealogy). Finally, the ancestor (ingroup root) geographic locations were estimated by 

optimising the parameters using 1000 ML search replicates. The altitude of the estimated 

ancestral location was extracted for each taxa from the elevation raster used to model their 

current distribution (section 2.4) using the R package raster (Hijmans, 2014). 

 

2.6 Population genetics summary statistics (Hypotheses 9 and 10) 

Population genetics summary statistics were calculated for each species from the cytb data 

using DnaSP v5.0 (Librado & Rozas, 2009). These descriptive statistics were calculated to 

specifically test hypotheses 9 and 10 (Table 1), thus we grouped cytb samples into two groups 

based on their location in either plateau or valley areas. 

The number of haplotypes (h), haplotype diversity (Hd) and nucleotide diversity (π) 

were estimated for each group within the three species complexes. To detect signs of 

population expansion into plateaus or valleys, we calculated Fs (Fu, 1997) and R2 statistics 

(Ramos-Onsins & Rozas, 2002) and tested their departures from neutrality (statistical 

significance) using 1 x 104 coalescent simulations. We used cytb data only for these 

estimations because of the higher number of available samples and geographic locations in 

both plateaus and valleys. 

Samples were tentatively separated between plateaus and valleys based on the elevation 

at their collection site (Appendices 17, 18 and 19): samples where elevation was >500 m 

above sea level (asl) were considered to belong to plateaus, and samples <500 m asl to belong 

to valleys. This threshold has been successfully used to investigate broad community 

biogeographic patterns in the Cerrado before (Silva, 1996; Silva & Bates, 2002; Nogueira et 
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al., 2011), and areas found below 500 m asl appear to be correlated with regions eroded by 

major river drainages (Silva et al., 2006). 

 

2.7 Temporal diversification congruence tests (Hypotheses 6 and 12) 

2.7.1 Selection of clades 

The selection of clades to test for synchronous diversification of taxa among putative refugial 

populations (hypothesis 12) was straightforward: M. atticollus and T. itambere had similar 

stable areas with a clear gap separating populations in the east from those in the west (Fig. 1). 

Thus, monophyletic sister clades were selected on each side, and the tests conducted using T. 

itambere clades A versus B+C and D versus E. Because we wanted to test for the role of 

Quaternary environmental-climatic fluctuations as drivers of vicariant events, we included the 

separation between M. atticolus populations in stable (refugia within Cerrado) and non-stable 

areas outside Cerrado (putative refugia within Amazonia), so that divergence between M. 

atticolus clades H versus I was included in this analysis. Unfortunately, we could not include 

M. atticolus clades C versus D, because clade C had a sample size of only one individual. 

Samples of G. amarali were not included in tests of this hypothesis because its refugia was 

inferred to be located in the centre of the Cerrado biome, making it difficult to identify any 

genetic breaks that might be associated with Quaternary climatic dynamics (Fig. 1). 

 

 

Fig. 1: Partial map of Brazil with the Gymnodactylus amarali species complex (upper), the Micrablepharus 

atticolus complex (middle) and the Tropidurus itambere complex (bottom) sample sites in the context of the 

distribution of the Cerrado (black outline). Different colours indicate clades used as extant populations in G-

PhoCS analyses. Brown area depicts Quaternary refugia, i.e. overlap between four SDMs inferred from current, 

mid-Holocene (6 ka), LGM (21 ka) and LIG (120 ka) climatic data. Ancestral geographic location for each 

species complex as inferred by PhyloMapper is also shown (black squares).   
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Selecting clades for testing the hypothesis that the deepest population divergence within 

each species occurred simultaneously was not so straightforward. This test was envisioned to 

investigate congruent patterns of diversification related to Neogene geological events, which 

potentially played a similar role in initiating population divergence for all three of our 

codistributed focal species. In other words, if early geological evolution in the Cerrado 

influenced these species in a similar fashion, we would expect a synchronous pattern of 

divergence. We devised two approaches for sampling design: 1) selecting the earliest clade 

(as estimated by ML RRHS) in comparison to all the rest; and 2) selecting populations based 

on the oldest estimated divergence time (as estimated by G-PhoCS, section 3.2) and high 

genetically divergent populations (based on cytb genetic distances among them, Chapter 3, 

Tables 3, 4 and 5). Results from both approaches were very similar, and our runs suggested 

that the second approach provides better confidence intervals on the hyper-parameters of the 

model (see below). While both experimental designs appear to result in models with similar 

amounts of evolutionary information, we believe the second approach to be statistically more 

robust and report only the results from this approach. Thus, the clade pairs selected for this 

test were: G. amarali clade 1 versus 2, M. atticolus clade B versus G, and T. itambere clade C 

versus D. 

 

2.7.2 Testing for simultaneous diversification/vicariance 

The use of multiple loci can improve statistical phylogeographic inferences of synchronous 

divergence among species (e.g. by using the program MTML-msbayes; Huang et al., 2011). 

On the other hand, MTML-msbayes requires phased data to run, which is not the case of our 

present AP dataset. As discussed above (section 2.3), phasing a large number of loci can 

result in substantially high error estimates (Browning & Browning, 2011), unless the 

procedure is done for a large number of closely related individuals (O'Connell et al., 2014). 
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Considering the fact that we have multiple cryptic species within our focal taxa (Chapter 3), 

we refrained from using statistical phasing algorithms, but expect to be able to use new 

implementations for empirically phasing the AP data in the future (Brandley et al., 2015). At 

this moment, all the analyses presented below were run using mtDNA data only, which has 

been successfully used for such types of investigation (Leache et al., 2007; Carnaval et al., 

2009). 

We tested the hypotheses of simultaneous diversification within the three taxa 

consistent with Cerrado diversification predictions (Table 1) using MTML-msBayes 

(Hickerson et al., 2006; Huang et al., 2011). The MTML-msBayes pipeline implements a 

hierarchical approximate Bayesian computation (ABC) model in which population-pairs from 

multiple species/lineages diverge from their ancestral populations, while allowing inter-

population variation at demographic parameters as well as varying coalescence times and 

mutation rates among multiple unlinked loci (Huang et al., 2011). We ran MTML-msBayes 

using a three-step procedure similar to that employed in recently published studies using the 

method (e.g., Bell et al., 2012; Bagley & Johnson, 2014b; Hickerson et al., 2014). 

Specifically, for each modelling analysis, we 1) compared candidate priors (i.e., model 

classes) with and without migration using ABC model choice; 2) estimated the number and 

temporal congruence of discrete co-divergence events (Ψ) from the best-fit model and using 

model averaging; and 3) estimated the timing of community divergences at each break where 

simultaneous diversification was supported. 

In order to compare different models using ABC model choice, we first developed two 

model classes for the analysis for each shared genetic break that we identified from our 

hypotheses (section 2.7.1). The first model (M1; ‘isolation model’) specified vicariance 

followed by complete population isolation and placed several uniform prior bounds on 

parameters (see below). The second model (M2; ‘low-migration model’) had the same prior 
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values as the first, except it allowed a limited degree of migration between daughter lineages 

by setting the upper bound of the migration rate (m) parameter to 1 individual per generation. 

Following the authors’ instructions (see MTML-msbayes manual) and previously published 

msBayes analyses (e.g., Barber & Klicka, 2010), we set priors for the upper bounds of current 

population sizes (θD) and the ancestral population size (θA) based on empirical estimates of 

nucleotide diversity (π) returned by msbayes. We used twice the within-population π (πw) 

estimate for current populations as our standard maximum population size (θmax) prior. To set 

priors on the ancestral theta multiplier representing the ratio of ancestral population size (θanc-

max) to θmax, we used the ratio of empirical estimate of the ancestral population size (θanc) for 

each of the three species divided by the sum of the empirical θ estimates for all tip clades 

from our G-PhoCS analyses. Finally, we identified upper bounds for the population-pair 

divergence time parameters (τ, in units of 4Nave, where Nave is average population size) in the 

model from empirical estimates of mean population divergence times (T) output by G-PhoCS. 

Preliminary analyses suggested that adjusting G-PhoCS τ estimates to units appropriate for 

msBayes priors gave prior bounds that were too narrow; so we set the upper limit of τ priors 

to the largest estimated T value across population-pairs. 

In the first step of our analysis, we approximated the posterior probabilities of M1 and 

M2 by randomly simulating 5 million samples from each model class with equal probability. 

Next, we obtained the ABC joint posterior distribution using the default summary statistic 

vector (D) from MTML-msBayes and rejection sampling to identify the 1000 closest 

Euclidean distances between the observed summary statistics (D*) for the data and Di 

calculated from 10 million random draws across both priors. This procedure outputs the 

approximate posterior probabilities [P(MK/D)1000] of the prior model classes, allowing ABC 

model choice (Hickerson et al., 2014). We compared the approximate posterior probabilities 

of the model classes to identify the best-supported model with the highest posterior support. 
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In the second step of the analysis, we estimated the number and temporal congruence 

of discrete co-divergence events (Ψ) by examining the hyper-posterior probability 

distributions of Ψ (number of possible assignments of Y taxon-pairs [population-pairs] across 

Ψ events) and the dispersion index of population divergence times (Ω = Var[τ]/E[τ]; the ratio 

of variance to the mean of the divergence times, where E[τ] is mean divergence time) from 

independent runs of the ‘best-fit’ models. We also used the results from the above procedures 

to estimate Ψ and Ω that were weighted, by ABC model averaging, on the posterior 

probability of the two prior model classes (Huang et al., 2011; Hickerson et al., 2014). 

Following previous studies (e.g., Leache et al., 2007; Bagley & Johnson, 2014b), we 

conducted hypotheses testing by comparing the posterior probabilities for the expected values 

of the hyper-parameters under a ‘null’ scenario of asynchronous diversification (H0: Ψ > 1, 

and Ω > 0.05) against the alternative of simultaneous diversification (HA: Ψ = 1, and Ω < 

0.05). We also evaluated support for these hypotheses by comparing B10 Bayes factors 

calculated under the parameter thresholds above while accounting for prior support for the 

hypotheses, using established criteria for B10 “weight of evidence” (Kass & Raftery 1995). 

During interpretation, we placed our confidence in Ω because it has been shown to outperform 

Ψ in correctly rejecting simultaneous divergence, even over very recent coalescent timescales 

(Hickerson et al., 2014). Ω also correctly rejects simultaneous divergences over a range of 

conditions, including with large or small sample sizes (Hickerson et al., 2007). 

In the third step of our analysis, we estimated the timing of community divergences at 

each break where simultaneous diversification was supported by our modelling results (i.e. 

the synchronous diversification among taxa). We converted best-fit-model and model-

averaged E[τ] estimates (which are in coalescent units of 4Nave generations, where N is mean 

Ne) to absolute time (Tdiv) using the equation Tdiv = E[τ] × (θave/µ) × g, where µ is the mutation 

rate per gene per generation, θave is the midpoint of the θ prior, and g is generation time 
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(assumed to be 1). In these conversions, θave/µ is an estimate of 4Nave, and we used µ values 

calculated as mean per-gene mutation rates averaged across the species/lineages included in 

the analysis. 

 

3. Results 

3.1 Phylogenetic relationships (Hypotheses 3 and 5) 

The topologies of the RRHS ML trees were very similar to ML and Bayesian trees topologies 

estimated with IUPAC notations of ambiguous characters in Chapter 3, a result found for the 

three species complexes (Fig. 2, 3 and 4). The topologies were identical among all samples 

for the G. amarali complex (Fig. 2, Chapter 3 – Fig.2) and, for the other two taxa, the few 

differences in topology took place among samples within clades. For instance, in the ML tree 

of M. atticolus (Chapter 3 – Fig. 3) the clade D individual from Arinos is sister to all other 

samples, while in the RRHS ML tree an individual from Paracatu is sister to all other samples 

(Fig. 3). For T. itambere, RRHS ML clade E individuals from Brasília were sister to 

individuals from Cristalina and Pirenópolis (Fig. 4), while they were found in an increasing 

order in Chapter 3 (Chapter 3 – Fig. 4). These are not unexpected results, since relationships 

among shorter branches are more difficult to resolve (Wiens et al., 2008). 
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Branch length estimates based on RRHS ML were relatively different compared to 

the ML tree estimation in Chapter 3. Mean absolute (scaled) branch length differences 

between the RRHS ML and ML trees were: 0.003 for the G. amarali complex, 0.009 for the 

M. atticolus complex, and 0.002 for the T. itambere complex. Mean relative (non-scaled) 

differences were: 0.722 for G. amarali, 0.687 for M. atticolus, and 0.727 for T. itambere. 

Notably, RRHS ML branches between M. atticolus clades A-B and the other clades were 

much longer than those estimated with ambiguous codes (Fig. 3, Chapter 3 – Fig. 3). 

However, the independently estimated divergence times (section 3.2) do not seem to reflect 

such a deep divergence between these clades (Fig. 4). 

To investigate predictions of hypotheses 3 and 5, the phylogenetic trees depict the 

elevation at the site were each sample was collected (Fig. 2, 3 and 4). Our results do not 

corroborate hypothesis 3 for all species using the 500 m asl threshold to separate plateaus and 

valleys (section 2.6), i.e. the basal lineages are not necessarily located in plateaus. For the M. 

atticolus complex a separation between plateaus and valleys can be seen since clades C-D are 

found in different plateaus and their sister group, formed by clades E to I, are mostly found in 

valleys, corroborating hypothesis 5. In addition, clades A and B are almost exclusively found 

in valleys. Although not exactly as predicted by hypothesis 5, there is a geographic pattern 

related to plateaus and valleys for the G. amarali and T. itambere complexes: most clades are 

restrict to either a valley or a plateau, and a few have samples distributed both in valleys and 

plateaus (G. amarali clades 4 and 7, and T. itambere clades A, B and C). 

 

3.2 Inferences of demographic history (Hypotheses 1, 2, 7, 11, 14) 

The complete G-PhoCS runs with 1 x 106 iterations took ~2,400 hours for the G. amarali 

complex, ~450 hours for the M. atticolus complex, and ~740 hours for the T. itambere 

complex. Because final parameter estimates were very similar among runs (within a species 
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complex), most runs were aborted after ESS reached values >200 for migration bands, and 

>1000 for all other parameters. As migration sampling started after 1 x 104 MCMC iterations, 

the migration parameter for all runs had smaller ESS compared to other parameters. In a 

complete 1 x 106 iterations run, migration ESS values were between ~300 and ~450. 

Accordingly, all G-PhoCS runs converged and had ESS values >1000 for all parameters, and 

migration ESS values >200. MCMCcoal runs took 40 hours for the G. amarali complex, 12 

hours for the M. atticolus complex and 4 hours for the T. itambere complex, and had ESS 

values >1000 for all parameters. 

G-PhoCS runs with and without migration bands returned highly congruent results. The 

divergence times (T, Fig. 5a) and effective population size (Ne, Fig. 5b and 5c) results are 

reported for runs without migration. Cytb divergence time estimates were always older and 

had larger confidence intervals compared to AP estimates (Fig. 5a; standard errors for AP 

estimates were between 2 and 4 orders of magnitude smaller than mean values and do not 

appear at the presented scale). Species complexes that use rocky outcrops (G. amarali and T. 

itambere) had older AP estimated basal divergences (>2 Ma) compared to the leaf litter 

species (M. atticolus, <2 Ma) (Fig. 5a), corroborating hypothesis 14 that predicted similar 

divergence times for ecologically similar species. 

The G. amarali AP effective population size estimates for extant populations where 

generally smaller (<1 x 106) than Ne estimates for the other two complexes (Fig. 5b). 

Estimates of ancestral Ne were generally larger (between 1 x 106 and 2 x 106) than extant 

populations estimates for all species, with some M. atticollus populations returning the larger 

estimates (Fig. 5c). Thus, concerning extant Ne among the three taxa, M. atticollus and T. 

itambere have more similar estimates, while G. amarali and T. itambere have more similar 

ancestral Ne estimates, results that are consistent with predictions from hypothesis 14. 
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Fig. 5: Results from G-PhoCS (AP) and MCMCcoal (cytb) demographic estimates. a) Divergence times (T) for 

each modelled divergence event for the three species complexes. b) Extant effective population size (Ne), and c) 

ancestral Ne. Results are from runs without migration. Standard Errors for AP estimates were always between 2 

and 4 orders of magnitude smaller than mean values and therefore do not appear at the presented scale. Clades 

divergence times and ancestral population sizes are identified as the common ancestor between the clades 

represented in the tick labels.  
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Results suggest that no general vicariant effects associated with the uplift of the Central 

Brazilian plateau influenced the three different taxa in a similar fashion (section 3.1). That 

prevented an adequate test of hypothesis 7 (divergence in clades that share similar plateau-

valley distribution occurred as clusters of divergences around the same time).  

We did not find support for hypothesis 11, which predicts that populations in valleys 

have smaller Ne. For the G. amarali complex, most clades had very similar estimates, and 

clades that clearly belong to plateaus (e.g., clades 3, 8, 9 and 10) did not have larger estimates. 

Differences in Ne estimates were larger among M. atticolus clades, but clades belonging to 

plateaus (C and D) had two of the smallest estimates, whereas clades distributed in valleys (E, 

F, G and H) had some of the largest estimates. Finally, there was no different pattern between 

plateaus and valleys in T. itambere: clades D and E are both located in plateaus and had, 

respectively, the smallest and largest Ne estimates. 

Estimates of migration (proportion of individuals that arrived by migration per 

generation) among clades were as low as 0.8%, with zero as the lowest credible interval 

(lower 95% highest posterior density (HPD)) (Fig. 6). The highest migration rates were found 

among G. amarali clades, ranging from 1% to 10% (Fig. 6). Migration estimates among M. 

atticolus clades ranged from 0.8% to 1.7%, and among T. itambere clades from 0.9% to 1.8% 

(Fig. 6). We found no support for hypotheses 1, which suggests restricted gene flow among 

populations in different plateaus, or hypothesis 2 suggesting higher gene flow among 

populations in valleys. For M. atticolus and T. itambere, migration estimates were very 

similar between all tested population pairs. For G. amarali, contrary to hypothesis 1, 

migration between populations in plateaus were as high as 10% (e.g., between clades 3 and 2), 

and ~7% between clades 7 and 8. Furthermore, migration rates between populations in valleys 

ranged from 1% to 10%, contrary to hypothesis 2 expectations. Although we did not have 

specific predictions about migration rates between populations in plateaus and valleys, the 
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results indicate no difference in relation to other estimates. Migration between geographically 

close clades C and E of M. atticolus ranged from 0.8% to 1%, and between clades C and H 

from 1.4% to 1.3%. For G. amarali, migration between the geographically close clades 6 and 

7 was ~5%, and between clades 1 and 7 was ~6%, similar to other migration estimates 

obtained within plateaus or within valleys. All T. itambere populations in valleys were within 

clades already found in plateaus (Fig. 4, section 3.1). 

Interestingly, we found an effect of the ‘Tocantins’ river on gene flow: samples from 

Palmas (clades 5 and 11) are only ~20 Km apart but separated by the Tocantins river, and the 

estimated migration between them was 3% (from clade 5 to 11) and 1% (11 to 5). On the 

other hand, migration between clades 11 and 12, both at the east side of the river but ~450 

Km apart, were between 5% and 10%. 
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Fig. 6: Migration rates (proportion of migrants per generation (and 95% HPD) between selected clades for each 

species complex. Arrows in tick labels represent the direction of migration estimate.  
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3.3 Species distribution modelling (Hypotheses 8 and 13) 

In agreement with hypothesis 8, Quaternary stable areas during the four modelled times 

(refugia) were predominantly located in plateaus for the three taxa (Fig. 1). However, contrary 

to hypothesis 13 suggesting that G. amarali and T. itambere palaeodistributional shifts would 

be similar because of their similar habitat, M. atticolus and T. itambere recovered refugia 

were more similar (Fig. 1). For the latter two complexes, a clear separation exists between an 

eastern and a western Cerrado plateaus (Silva et al., 2006), whereas G. amarali refugia 

includes part of these two plateaus and the valley between them. The G. amarali complex 

distribution over the four modelled moments in the Quaternary (present, mid-Holocene, LGM 

and LGI) were relatively similar (Appendix 29), whereas for M. atticolus and T. itambere 

complexes the LGM model recovered a more restrict distribution (Appendices 30 and 31). 

 

3.4 Ancestor geographic location estimation (Hypothesis 4) 

Ancestral location estimated using PhyloMapper for all three taxa appear to be in a central 

position in relation to the current geographic location of clades, and does not correspond to 

any sampled site (Fig. 1). Elevation at the estimated ancestral location of the G. amarali and 

M. atticolus complexes suggest they were located in valleys rather than in plateaus (Table 2). 

Hence, hypothesis 4 was only corroborated for the T. itambere complex, for which the 

ancestral location was estimated to be in a plateau (Table 2). 

 

Table 2: PhyloMapper estimated ancestral location and correspondent elevation for the Gymnodactylus amarali, 

Micrablepharus atticolus and Tropidurus itambere species complexes. 

 

Species complex Latitude Longitude Altitude 
G. amarali -13.59 -49.17 353 
M. atticolus -15.73 -52.37 466 
T. itambere -18.07 -50.71 836 
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3.5 Population genetics summary statistics (Hypotheses 9 and 10) 

We could not reject the null hypothesis of constant population size for any plateau or valley 

groups using Fs and R2 statistics for the three taxa (Table 3). Hence, the prediction of 

hypothesis 9 that signs of population expansion would be found in valleys was not 

corroborated. Although the number of haplotypes (h) is variable between plateaus and valleys, 

this measure is probably more related to sample size (n), and no expressive difference 

between haplotype (Hd) or nucleotide diversity (π) was found between population in plateaus 

and valleys (Table 3). As such, the idea that populations in valleys would have lower genetic 

diversity (hypothesis 10) was not corroborated. 

 

Table 3: Genetic diversity estimates and population size neutrality tests for the Gymnodactylus amarali, 

Micrablepharus atticolus and Tropidurus itambere species complexes. Shown are number of populations (n 

Pop.), cytb sequences sample size (n), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity 

(π), Fu’s (1997) Fs statistic, and Ramos-Onsins & Rozas’ (2002) R2 statistic. 

 

Species complex n Pop. n h Hd π Fs (P-value) R2 (P-value) 
G. amarali        
     Plateaus 10 60 22 0.931 0.080 −0.459 (0.99) 0.101 (0.95) 
     Valleys 17 91 51 0.977 0.093 −0.751 (0.83) 0.093 (0.92) 
M. atticolus        
     Plateaus 11 47 29 0.961 0.0362 −0.359 (0.42) 0.106 (0.63) 
     Valleys 17 79 43 0.963 0.043 −0.526 (0.38) 0.096 (0.64) 
T. itambere        
     Plateaus 13 48 26 0.976 0.068 −0.218 (0.87) 0.110 (0.97) 
     Valleys 4 27 17 0.957 0.067   0.023 (0.97) 0.120 (0.84) 

 

3.6 Temporal diversification congruence tests (Hypotheses 6 and 12) 

Our ABC model choice results provided substantial support for the low-migration models 

(M2) as the best-supported models over the isolation models (M1) in both analyses (Table 4). 

Indeed, posterior support was approximately two to three times greater for the low-migration 

than for the isolation models.  
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In our tests of hypothesis 6 (synchronous deepest population divergence among taxa), 

the mtDNA data were consistent with the null hypothesis of asynchronous diversification, 

supporting multiple origins of the deepest population divergences within the three species 

complexes in our analysis (Fig. 7; Table 4). In the best-fit model, the modal posterior number 

of co-divergences, Ψ, was 2 (with a similar mean value), and the posterior distribution and 

Bayes factors of Ω derived from local linear regression (Beaumont et al., 2002) also did not 

support simultaneous diversification (modal Ω = 1.7; M2 P(Ω < 0.05|D) = 0.14, and B10 = 0.16 

for Ω < 0.05 versus Ω > 0.05). Likewise, posterior Ψ derived from multinomial logistical 

regression (e.g., Fagundes et al., 2007) lent little support for simultaneous diversification (M2 

P(Ψ = 1|D) = 0.35, and B10 = 1.09 for Ψ = 1 versus Ψ > 1). We also calculated Bayes factors 

for parameter ranges opposite to those above, and these lent definitive support to a scenario of 

asynchronous diversification (M2 P(Ψ > 1|D) = 0.70, and B10 = 3.67 for Ψ > 1 versus Ψ = 1; 

M2 P(Ω > 0.05|D) = 0.86, and B10 = 6.41 for Ω > 0.05 versus Ω < 0.05). The model-averaged 

hyper-parameter estimates were also indicative of asynchronous diversification (P(Ω < 

0.05|D) = 0.02, and B10 = 0.02 for Ω < 0.05 versus Ω > 0.05; P(Ψ = 1|D) = 0.041, and B10 = 

0.09 for Ψ = 1 versus Ψ > 1), but were more consistent with 3 divergence events, with 

population structure forming in each species/lineage at different times (modal Ψ = 3; Table 4).  

In contrast to our findings above for hypothesis 6, the mtDNA results from our tests of 

hypothesis 12 (divergence between refugia occurred synchronously among different species 

complexes) were mostly consistent with an inference of simultaneous diversification of the 

focal clades in Quaternary refugia (Fig. 7; Table 4). However, support for simultaneous 

diversification here was weaker than that for asynchronous diversification in our tests of 

hypothesis 6. This was due to conflicts among results, particularly because point estimates of 

the hyper-parameters from the best-fit model in our test of hypothesis 12 conflicted with one 
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another (Table 4). Therefore, we based our interpretations of the Quaternary refugia model 

choice results on Ω. Despite posterior modal Ψ = 2, the posterior of Ω of the best-supported 

model was very close to zero, being much smaller than the 0.05 threshold value accepted as 

indicating simultaneous divergence in our tests (Fig. 7). Still, Ω posterior values lent only 

slightly greater support to simultaneous diversification (M2 P(Ω < 0.05|D) = 0.52, and B10 = 

1.07 for Ω < 0.05 versus Ω > 0.05) than asynchronous diversification (M2 P(Ω > 0.05|D) = 

0.48, and B10 = 0.93 for Ω > 0.05 versus Ω < 0.05). An inference that population-pairs 

diverged simultaneously in refugia was more strongly supported by the model-averaged 

estimates of both hyper-parameters, which agreed in supporting a single divergence event. 

Specifically, posterior modal Ψ from multinomial logistical regression was 1, and posterior Ω 

peaked at values less than the 0.05 threshold value, with a modal value of 0.011 (Table 4). 

However, model-averaged posterior distributions and Bayes factor hypotheses tests again 

gave relatively weak support for simultaneous diversification (P(Ψ = 1|D) = 0.40, and B10 = 

1.76 for Ψ = 1 versus Ψ < 1; P(Ω < 0.05|D) = 0.57, and B10 = 1.35 for Ω < 0.05 versus Ω > 

0.05). 

The best-fit model in the deepest population divergence analysis revealed wide variance 

in divergence times across species/lineages, with populations diverging over τ values of 

around 4–8, or the equivalent of approximately 1.3–2.5 Ma (using the θA prior to estimate 

θAVE). The best model in the Quaternary refugia analysis indicated even wider variance in 

divergence times, with τ values ranging from around 0–6, which is equivalent to 

approximately 0–1.69 Ma. We used the modal E[τ] value from the best-fit model and its 95% 

HPDs to estimate the timing of community divergences at the only level of our analysis where 

simultaneous diversification was supported, the Quaternary refugia model. Here, the timing of 

synchronous divergence in refugia is placed at around 299 ka, with 95% HPDs of 75.2 ka to 

1.23 Ma.   
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Fig. 7: Results of tests for simultaneous diversification in MTML-msBayes. Left panels show comparisons of 

the prior versus posterior densities of hyper-parameter Ψ (number of co-divergence events), while surface plots 

at right show the joint posterior probability densities of Ω and E[τ]. Results are presented only for the best-fit 

models in each analysis, (A) the deepest population divergence analysis, and (B) the Quaternary refugia model 

analysis. 
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4. Discussion 

Unravelling the geographical and temporal patterns of diversification of biological entities is 

an essential step towards understanding how ecology and history affected their demographic 

processes. The field of comparative phylogeography emerged as an approach to describe 

concordant historical patterns that could be used to explain evolutionary patterns of a whole 

biotic region (Avise, 1992). Nonetheless, more recent developments suggest that discordant 

historical patterns bear invaluable information about complex evolutionary processes 

(Bernatchez & Wilson, 1998; Leache et al., 2007). Comparing codistributed organisms with 

different ecological characteristics in a statistical phylogeography framework provides a 

powerful approach to investigate evolutionary patterns in highly diverse Neotropical biomes 

(Smith et al., 2014b).  

Our statistical phylogeographic analyses and hypothesis-testing framework indicate that 

codistributed species of Cerrado lizards exhibit some concordant evolutionary patterns. 

Moreover, the discordant patterns appear to be related to the biology of each species, since 

ecologically similar species had different Quaternary refugia patterns, but more similar 

ancient divergences probably related to Neogene geological events. Because the relative 

impacts of Neogene and Quaternary events in the evolution of the Cerrado endemic biota is 

yet unclear (Colli, 2005; Werneck, 2011), and to facilitate the interpretation of the many 

specific hypotheses assessed, we divided our discussion in these two timeframes. 

 

4.1 Neogene tectonic events and their influence on the diversification of Cerrado endemic 

lizards (hypotheses 1 to 7) 

The main geological event proposed to account for diversification in the Cerrado is the 

epeirogenic uplift of the Central Brazilian Plateau (Colli, 2005; Werneck, 2011). This event 

was used to explain general patterns of squamate species diversity in the Cerrado (Nogueira et 
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al., 2011), and to assess patterns of bird community biogeography (Silva, 1995; Silva, 1996; 

Silva & Bates, 2002). In addition, studies have used it as post-hoc interpretations to account 

for the diversification of lizards (Giugliano et al., 2013; Chapter 2). Due to the very broad 

spatial scale of the Cerrado, we used several specific hypotheses to explore diversification 

patterns in a clearer but more in-depth investigation. This framework provided us with the 

opportunity to replicate tests within and across species complexes using two scales of 

investigation: a full comparative test of synchronous divergence among the three species 

complexes (hypothesis 6), and several tests of predicted patterns of divergence considering 

the plateaus and valleys generated by the uplift, which were replicated across the three taxa 

(hypothesis 1-5). 

For the comparative test we used the deepest divergence between two clades within 

each species in an attempt to attain information on wether their onset of diversification 

occurred simultaneously in the Cerrado. The main assumption behind this test is that the 

tectonic uplift would be the first vicariant event to account for the diversification of endemic 

species, regardless of their past distribution within the biome. The latter was based on the fact 

that the uplift created a landscape compartmentalisation that can be observed throughout the 

whole distribution of the biome (Ab'Sáber, 1998; Silva et al., 2006). We found no support for 

this hypothesis, as we recovered multiple temporal origins of the deepest population 

divergences within the three species complexes (Fig. 7). 

Examining the phylogenetic relationships recovered for the three species complexes 

(Fig. 2, 3 and 4), it seems unlikely that the tectonic uplift played a central role as a vicariant 

process in the speciation patterns within these widespread Cerrado endemics, at least as 

described by Werneck (2011). Werneck (2011) proposed a biogeographic vicariant process 

where the uplift would have separated populations between valleys and plateaus, generating 

reciprocally monophyletic clades in these two areas. We found no clear support for this 
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hypothesis for the G. amarali (Fig. 2) or T. itambere complexes (Fig. 4). For the M. atticolus 

complex this picture is clearer, and clades C-D are each found in a different plateau, and their 

sister group (clades E to I) are mostly found in valleys (Fig. 3). 

Furthermore, considering that plateaus are geologically older, and were subsequently 

excavated by the river courses (Ab'Sáber, 1998), we also expected that older lineages would 

be found in plateaus, and that the ancestral distribution of endemic species should be located 

in plateaus. Again, we found no support for neither hypotheses (Fig. 2, 3 and 4; Table 2), 

except for the T. itambere complex in which the ancestral location was estimated to be in a 

plateau. With few exceptions, most of the T. itambere complex distribution is within plateaus 

(Appendix 19), and the few populations located in valleys are part of cryptic species that also 

have populations in plateaus (Chapter 3, Clades A, B and C), which suggests that the uplift 

did not drove most of the speciation in the T. itambere complex. 

Expanding on the compartmentalisation scenario, we proposed that populations 

inhabiting the more interconnected valleys (Silva et al., 2006) would show higher levels of 

gene flow, while populations in isolated plateaus would have restricted gene flow among 

them. None of these hypotheses were supported by our results. Migration estimates within the 

M. atticolus and T. itambere complexes had very little variation (Fig. 6), while migration 

between the G. amarali complex clades in valleys varied from 1% to 10%, and between 

clades in plateaus from 7% to 10% (Fig. 6). 

Because clades inhabiting valleys and plateaus were generally not reciprocally 

monophyletic (Fig. 2, 3 and 4), the distribution of our clades prevented a test for simultaneous 

diversification between plateaus and valleys using MTML-msbayes, or even an interpretation 

of this scenario using the estimated divergence times (hypothesis 7, Table 1). The final stage 

of the uplift in the late Pliocene (Werneck, 2011) pre-dates all M. atticolus divergence time 

estimates (Fig. 5a), and no shared splits can be found in the G. amarali and T. itambere 
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phylogenies when they are found in the same plateaus and valleys (e.g., ‘Alto Paraíso’ and 

‘Minaçu’, and ‘Barra do Garças’ and ‘Nova Xavantina’, Fig. 2 and 4). Hence, testing such 

prediction would require a within clade test using the T. itambere complex samples of ‘Alto 

Paraíso’ and ‘Minaçu’ compared to the G. amarali complex samples from the same localities. 

Nonetheless, given the highly different evolutionary distances between these localities for T. 

itambere compared to G. amarali (Fig. 2 and 4), it is unlikely that a synchronous 

diversification pattern would be found. Other option would require using samples from 

eastern ‘Mato Grosso’ (‘Barra do Garças, ‘Nova Xavantina’ and ‘Ribeirão Cascalheira’) for 

the three species but, once more, the samples from the G. amarali and T. itambere complexes 

are all within a clade (Fig. 2 and 4), highly contrasting with the pattern observed for the M. 

atticolus complex (Fig. 4). Thus, considering the distribution of cryptic species of the three 

taxa (Chapter 3), the uplift of the Central Brazilian Plateau does not seem to have created one 

or a few major vicariant events that could have influenced speciation within the three species 

complexes. 

Notwithstanding, our results indicate an intricate history of several colonisations of 

plateaus and valleys, especially within the G. amarali complex (Fig. 2) for which the highest 

migration rates were estimated (Fig. 6). Interestingly, a history of several colonisations of 

plateaus and valleys was previously proposed for M. atticolus using a mtDNA phylogeny 

(Santos et al., 2014). However, from our three focal taxa, M. atticolus is the only which 

appears to have a relatively concordant distribution of monophyletic groups in either plateaus 

or valleys (Fig. 3): clades C-D are found in different plateaus, whereas their sister group 

clades E to I are mostly found in valleys, and clades A and B are almost exclusively found in 

valleys. Additionally, all the M. atticolus complex divergence time estimates (Fig. 5) are 

placed after the final stages of the tectonic uplift in the late Pliocene (Werneck, 2011), 

suggesting that its dispersal in the landscape happened after the compartmentalisation. Given 
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the high diversity of cryptic M. atticolus species found in eastern ‘Mato Grosso’ (Chapter 3), 

a deeper investigation of its dispersal patterns in the landscape is warranted. 

In summary, if the compartmentalisation created by the uplift of the Central Brazilian 

plateau generated vicariant events between plateaus and valleys (Werneck, 2011), or between 

different plateaus (Nogueira et al., 2011), these events clearly influenced our species in 

different ways. An appropriate strategy to better investigate such predictions will be using a 

large suite of distinct and more complex diversification models (Pelletier & Carstens, 2014; 

Robinson et al., 2014), associated with further sampling of individuals and localities, and test 

them for each species complex individually. 

 

4.2 Quaternary climatic fluctuations and their influence on the diversification of Cerrado 

endemic lizards (hypotheses 8 to 13) 

Traditional diversification hypothesis concerning the Quaternary climatic fluctuations in the 

Neotropics suggests that during extremely dry periods the forests (i.e., wet-adapted 

vegetation) would retract and be restricted to refugia of suitable climatic conditions. This 

would create vicariance among these presumably geographically discrete areas (Vanzolini & 

Williams, 1981). A similar process would happen with dry-adapted vegetation, like the 

Cerrado and Caatinga, during extremely wet periods (Vanzolini & Williams, 1981). In its 

early form, this hypothesis was used to explain speciation and distribution patterns of lizards 

(Williams & Vanzolini, 1966; Vanzolini, 1968a) and birds (Haffer, 1969) in Amazonia. 

Likewise, many recent studies in the Cerrado and Caatinga used this refugia hypothesis as 

post-hoc explanations for phylogeographic patterns found among species of trees (Collevatti 

et al., 2003; Ramos et al., 2007; Collevatti et al., 2012a), herbaceous plants (Collevatti et al., 

2009; Barbosa et al., 2012) and Drosophila (Moraes et al., 2009; Franco & Manfrin, 2013). 

However, studies on orchids (Pinheiro et al., 2014), cacti (Bonatelli et al., 2014), Drosophila 
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(de Ré et al., 2014) and lizards (Werneck et al., 2012a; Santos et al., 2014) have benefited 

from the use of SDMs that, allied with genetic information, provide a more robust framework 

to investigate the effects of Quaternary climatic fluctuations in Neotropical biomes.  

Here, we used the similar SDM patterns retrieved for the M. atticolus and T. itambere 

complexes (Fig. 1) to test the hypothesis that divergence among recovered refugia occurred 

synchronously. Results corroborated this hypothesis (#12, Table 1), and indicated that 

divergence among the tested clades-pair occurred synchronously (Fig. 7, Table 4) at around 

299 ka. While this MTML-msbayes time estimate differ from our estimated divergence times 

using G-PhoCS (Fig. 5), this result is likely due to the different models of each program, and 

the different datasets used. Furthermore, the fact that this ~299 ka estimate pre-dates the 

available climatic datasets used to infer SDMs (current to 120 ka) should not be viewed as a 

contradiction, since climatic fluctuations probably happened in the whole of the Pleistocene 

(Pennington et al., 2004; Graham, 2011). The effects of such Pleistocene fluctuations on the 

distribution of both the M. atticolus and T. itambere complexes would probably generate 

similar refugia, as indicated by the similar models recovered for all four temporal windows 

(Appendices 30 and 31). 

A single more restricted refugia was recovered for the G. amarali complex (Fig. 1). 

While the reasons for this pattern are not entirely clear, it was very similar to that found for 

Phyllopezus pollicaris (Werneck et al., 2012a), another Neotropical gecko also found in rocky 

outcrops. The distribution models of G. amarali did not change much during the Quaternary 

fluctuations (Appendix 29) and, while P. pollicaris is also distributed in the Caatinga and 

Chaco biomes, its recovered refugia within the Cerrado was also restricted to a single area 

(Werneck et al., 2012a). That area was actually geographically similar to the G. amarali 

refugia in the centre of the Cerrado. Interestingly, levels of genetic divergence between P. 

pollicaris Cerrado populations (Werneck et al., 2012a) are similar to those within G. amarali, 
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which are generally higher than those estimated for M. atticolus and T. itambere (Chapter 3). 

It is feasible that the habitat use patterns and the more cryptic and crepuscular behaviour of 

these gecko species (Colli et al., 2003a; Recoder et al., 2012), in contrast with the more active 

and diurnal T. itambere (which also uses rocky outcrops) (Faria & Araujo, 2004), influences 

their distribution and migration patterns in the Cerrado (Fig. 1, Fig. 6). Because SDMs are 

generated from data of the actual sampling sites, these different behaviours and distribution 

patterns might explain why our two species complexes that use the same habitat (rocky 

outcrops), T. itambere and G. amarali, had such different Quaternary refugia, contrary to our 

initial expectations (hypothesis 13, Table 1). 

The two main refugia areas recovered for the M. atticollus and T. itambere complexes 

are highly coincident with the two eastern and western plateaus recognised as landscape units 

in the Cerrado (Silva et al., 2006), whereas the G. amarali complex refugia mainly include 

the eastern plateau, a small part of the western plateau and part of the valley between them 

(Fig. 1). Although the modelled refugia for our three focal taxa appear to be restricted to 

plateaus, corroborating our initial prediction (hypothesis 8, Table 1), they do not match the 

refugia distribution recovered for the Cerrado biome using the same environmental variables, 

which were also mainly restricted to plateaus (Werneck et al., 2012b). Criticism have been 

raised about the biogeographical significance of building whole biomes distribution models 

because there might not be a match between species and biome distribution (Collevatti et al., 

2013). Nonetheless, our SDMs indicate that the most suitable Cerrado habitats during 

Quaternary climatic fluctuations were probably located in plateaus, at least for endemic lizard 

species. 

Considering that valleys were mostly unstable during Quaternary fluctuations, 

populations inhabiting valleys could potentially be subject to different extinction or 

bottleneck events, and extant populations should therefore show signs of population 
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expansion, less genetic diversity and smaller Ne (hypotheses 9 -11, Table 1). Nevertheless, 

population genetic summary statistics (Table 3) and coalescent demographic estimates (Fig. 

5) indicated no such differences between populations in valleys and plateaus. Altogether, 

these results suggest that populations in valleys were not recently colonised. Climatic 

unsuitability as predicted by SDMs probably does not represent an ideal surrogate for 

population dynamics in tropical habitats, as opposed to patterns observed for temperate 

organisms (Soltis et al., 2006; Knowles et al., 2007; Rodriguez-Sanchez et al., 2010). Instead, 

it is possible that micro-habitat characteristics in the Cerrado might have sustained 

populations and genetic diversity through adverse climatic periods (Scheffers et al., 2014). 

 

4.3 Do ecologically similar endemic lizards present similar evolutionary patterns in the 

Cerrado? (hypothesis 13 and 14) 

Because G. amarali and the T. itambere complexes use the same habitat (rocky outcrops), and 

are found in full sympatry in some sampled sites, we expected that they would have 

experienced similar palaeodistributional shifts during the Quaternary climatic fluctuations 

(hypothesis 13, Table 1). As discussed above (section 4.2), that was not the case. The T. 

itambere complex presented very similar responses to Quaternary fluctuations to the M. 

atticolus complex (Fig. 1), which has cryptozoic habits (Vieira et al., 2000) that are very 

different from both T. itambere and G. amarali. On the other hand, both the M. atticollus and 

T. itambere complexes have wider distributions compared to the G. amarali complex, which 

is mostly found in a central position in the Cerrado (Fig. 1). This distribution pattern is 

probably the reason why G. amarali recovered refugia differed from the other two species 

complexes. 

We also predicted that ecologically similar species would present similar divergence 

times and Ne (hypothesis 14, Table 1). This hypothesis was corroborated, since basal splits 
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among G. amarali clades and T. itambere clades were similarly older (between 2 and 8 Ma, 

Fig. 5a) than divergence time estimates among M. atticolus clades (<2 Ma, Fig. 5a). Also, 

ancestral Ne estimates were similar between the G. amarali and T. itambere complexes (Fig. 

5c), whereas the M. atticolus complex had much higher ancestral Ne (Fig. 5). However, the M. 

atticolus and T. itambere complexes presented similarly higher extant Ne estimates (Fig. 5), 

compared to the smaller estimates for the G. amarali complex (Fig. 5b). Perhaps, these 

similar extant Ne estimates between the M. atticolus and T. itambere complexes reflect similar 

demographic responses to Quaternary climatic fluctuations, as suggested by their comparable 

recovered refugia (Fig. 1). 

Similar patterns of phylogenetic relationships were found between clades of the G. 

amarali and T. itambere complexes: clades in a central plateau in the Cerrado (‘Alto Paraíso’ 

and ‘Minaçu’) were found to be basal lineages, and western clades (in ‘Mato Grosso’) have a 

more recent common ancestor with the remaining clades of central Cerrado (Fig. 2 and 4). 

Although the ancestral geographic distribution of G. amarali and T. itambere complexes, as 

inferred by PhyloMapper, were not particularly similar (Fig. 1), they were both located in this 

central region in the Cerrado biome. These concordant phylogenetic and phylogeographic 

patterns might partially explain the more similar divergence times and ancestral Ne estimates 

of G. amarali and T. itambere. Both G. amarali and T. itambere sister species are found in the 

neighbouring biome of Caatinga (Frost et al., 2001; Chapter 2), whereas M. atticolus sister 

species is widespread in the Caatinga, Cerrado and Chaco (Santos et al., 2014). Wether 

group-specific phylogenetic relationships and biogeography can help understanding and 

predicting the possible centre of origin of endemic lizard species in the Cerrado deserves 

further attention. 

In summary, species with similar habitats (the G. amarali and T. itambere complexes) 

showed concordant phylogeographic patterns in terms of divergence times (Fig. 5a), ancestral 
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Ne estimates (Fig. 5c) and geographic ancestral distribution (Fig. 1). In addition, they showed 

more similar diversification histories within the Cerrado biome (Fig. 2 and 4). On the other 

hand, the similar SDMs (Fig. 1) and extant Ne estimates (Fig. 5b) for the M. atticolus and T. 

itambere complexes suggest that the current geographic range, and not the habitat of the 

species, might better explain their demographic responses to Quaternary climatic fluctuations. 

The latter is also supported by the synchronous diversification inferred among clades of M. 

atticolus and T. itambere in response to Quaternary cycles (section 4.3). 

 

4.4 Evolution and speciation of endemic lizards in the Cerrado 

In general, concordant evolutionary patterns were observed for endemic Cerrado lizard 

species sharing similar habitats (the G. amarali and T. itambere complexes) when patterns 

were temporally related to Neogene events (Fig. 1, 5a and 5c). Additionally, species that share 

similarly wide distributions in the Cerrado (the M. atticolus and T. itambere complexes) 

presented more concordant evolutionary patterns related to Quaternary climatic fluctuations 

(Fig. 1, 5b and 7). Despite these similarities, many predictions on how Neogene tectonic 

events (section 4.1) and Quaternary climatic fluctuations (section 4.2) influenced the 

evolution of endemic species were not corroborated. The patterns observed for our three focal 

taxa indicate that some broad Neogene and Quaternary diversification hypotheses proposed 

for the Cerrado (Werneck, 2011; and see Table 1) are generalisations that do not necessarily 

uphold when simultaneously tested for different species. 

Taking into account the hypotheses tested for the Neogene, and the distribution of the 

cryptic species identified for each taxon (Chapter 3, Fig. 1), the uplift of the Central Brazilian 

Plateau did not have a shared vicariant speciation effect on our focal taxa. Nonetheless, this 

tectonic uplift clearly generated a compartmentalisation of the Cerrado landscape (Ab'Sáber, 

1998; Silva & Bates, 2002), which might have influenced the diversification of our species in 
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some way that we could not predict and test. The lack of detailed geological information on 

Cerrado neotectonics makes it difficult to even propose diversification mechanisms in some 

cases. In the eastern region of the ‘Mato Grosso’ state, for example, M. atticolus lineages 

from three very divergent groups are found almost in sympatry (Fig. 1 and 3), whereas the 

same is not true for the G. amarali and T. itambere complexes (Fig. 2 and 4). The ancestral 

geographic distribution of M. atticolus was also recovered in this region (Fig. 1). Two basic 

alternative explanations for this pattern are presented: M. atticolus may have experienced 

several speciation events within the area, followed by dispersal to other regions, or lineages 

that diversified elsewhere have recently colonized the region. Similarly deep divergence times 

(~2 Ma) and strong population structure were found for a Cerrado frog, Hypsiboas 

albopunctatus, in the same eastern ‘Mato Grosso’ region (Prado et al., 2012). A 

phylogeographic study with a detailed sampling of the region for M. atticolus, together with 

morphological data, would probably shed light in the origins of observed patterns. Such 

investigation would nonetheless be severely hindered by the lack of detailed regional geologic 

information. 

Related to the possible role played by plateaus and valleys in the diversification of 

Cerrado organisms (Table1, and see section 4.1), the patterns found here for endemic lizards 

lend little support for a vicariant process generated by the excavation of valleys (Werneck, 

2011). Taking the G. amarali complex as an example, almost no sister lineages show a 

plateau-valley relationship. A few cryptic species are specific to valleys (e.g., 5 and 6), and 

others to plateaus (3), but the majority show a mixed pattern (4, 7, 8-9, 10-11-12). 

Considering this scenario, the distribution (Fig. 1) and phylogenetic relationships among the 

clades (Fig. 2), it is difficult to precise if species restricted to plateaus or valleys simply 

present restrict distributions, or if the tectonic uplift had an actual influence on speciation in 

the G. amarali complex. The M. atticolus complex has an apparent pattern or altitudinal 
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segregation (section 4.1) and, surprisingly, the sister species located in plateaus (C and D) are 

distributed geographically distant (Fig. 1), whereas other cryptic M. atticolus species are 

mostly located in valleys. Nevertheless, considering the divergence time estimates in the M. 

atticolus complex (Fig. 5a), the final stages of the tectonic uplift in the late Pliocene cannot be 

attributed as the main event driving speciation in this group. 

A possible speciation scenario that is usually not investigated in the Cerrado is the 

effect of rivers as vicariant events for terrestrial organisms. Rivers are thought to be 

responsible for speciation and population structure in terrestrial animals in Amazonia 

(Fouquet et al., 2012; Upham & Patterson, 2012), and there is evidence for an effect of rivers 

in the cryptic speciation of Gymnodactylus darwinii in the Atlantic Forest (Pellegrino et al., 

2005). Here, we found an apparent effect of the Tocantins River on gene flow among G. 

amarali clades: samples from ‘Palmas’, which are only ~20 Km apart but separated by the 

Tocantins River, showed lower migration rates than those within the same river bank but 

~450 Km apart. Although the Cerrado is not characterized by the presence of large rivers 

compared to the scenario in Amazonia, the effect of rivers in population structure and 

speciation in the Cerrado clearly deserves further attention. 

In agreement with our earlier findings (Chapter 2, Fig. 4), several species-level 

divergences in the G. amarali complex happened in the last 2 Ma (Fig. 5a), which suggests an 

influence of Quaternary events in the diversification of this group. Similarly, divergence times 

among the M. atticolus complex were all within the last 2 Ma (Fig. 5a). Only for the T. 

itambere complex were all divergences >2 Ma (Fig. 5a), suggesting a stronger influence of 

Neogene events in the speciation within this group. At this stage, however, the relationship 

between the identified cryptic species for each complex (Chapter 3) and the inferred 

demographic and phylogeographic patterns is still unclear. This relationship can be better 

explored by investigating speciation patterns using alternative hypotheses of demographic 
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model evolution (Sousa & Hey, 2013; Robinson et al., 2014). Furthermore, detailed species-

specific phylogeographies should shed light about biogeographic events that influenced 

speciation within each species complex (Pelletier & Carstens, 2014; Rittmeyer & Austin, 

2015). 

 

5. Conclusion 

Although geographical variation in nature has been intuitively correlated with historical 

processes (Noble, 1927; Nelson, 1978), ecological aspects of the species seem to 

extraordinarily contribute to the observed biogeographic patterns. Recent studies assessing 

representatives of the entire animal tree of life showed that life-history reproductive strategies 

(and not geography) are the main determinants of animal genetic diversity (Romiguier et al., 

2014). Accordingly, the ability to move through the landscape seems as the major factor 

driving speciation in Amazonian birds (Smith et al., 2014b). Phylogeographic studies can 

serve as a bridge between ecological and historical biogeography (Riddle, 1996; Marske et 

al., 2013), and comparative approaches can help elucidating the relative roles of ecology and 

history on the intrinsic evolutionary patterns of a biogeographic region (Bermingham & 

Moritz, 1998; Moritz & Faith, 1998). 

Using comparative phylogeographic approaches, coalescent demographic estimates, and 

SDMs, we tested several hypotheses accounting for both historical and ecological patterns in 

the Cerrado biodiversity hotspot. While ecologically similar species showed similar estimates 

of divergence times and ancestral Ne, species with similar extant distributions had both 

concordant SDMs and current Ne estimates. Our overall results suggest that the evolution of 

endemic Cerrado lizards is better understood when taking into consideration historical events 

recognised for the biome allied with the ecological characteristics of each particular taxon. 
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Future research should be focused towards the understanding of more fine-scale 

diversification patterns, such as in the eastern part of the ‘Mato Grosso’ state, and in testing 

alternative demographic hypotheses that could link historical events or taxon-specific 

ecological characteristics to speciation in the Cerrado. 
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General Discussion 

Since the early days of biogeography, organisms have been grouped and documented in order 

to understand spatial patterns of biodiversity and to delineate biogeographic units or regions 

(Sclater, 1858; Wallace, 1869). Wallace himself called the division of the Malay Archipelago 

“two parts of the primary divisions of the earth” (Wallace, 1869). Biomes, as the modern 

definition stands, could hardly be considered “primary divisions of the earth”. Rather, biome 

divisions are based on the architecture and community composition of plants, which are 

correlated with soil and climatic variables (Prentice et al., 1992) and, hence, reflect the 

adaptation of these plants to such variables. Thus, biomes are natural sub-divisions of 

terrestrial habitats, and bear characteristic life forms subjected to similar historical and 

climatic processes for long periods of time (Crisp et al., 2009). This combination of 

ecological (climatic) and historical (phylogenetic) factors certainly influences the distribution 

of different organisms on Earth (Holt et al., 2013). Therefore, the study of a biome’s endemic 

biota has the potential to elucidate the action of historical changes in the landscape on the 

ecological characteristics of lineages, and clarify the resulting patterns of biodiversity 

(Donoghue, 2008). 

 Understanding the processes that generated replicated evolutionary patterns among 

different groups is a topic of great interest to the evolutionary community (Arbogast & 

Kenagy, 2001). This can provide key insights into central themes in evolutionary biology 

such as the origin of species (Wiens, 2004; Emerson & Gillespie, 2008), and the demographic 

processes behind it (Schluter, 2009; van Doorn et al., 2009). In the Neotropics, biomes such 

as Amazonia and Cerrado have large continental distributions which, allied to their high 

biological diversity, hinders comprehensive studies that can link historical and ecological 

factors to diversification patterns (Antonelli & Sanmartín, 2011). Comparative 

phylogeography presents, thus, an ideal framework for the investigation of such evolutionary 

patterns (Hugall et al., 2002; Lapointe & Rissler, 2005). 
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Prior to this thesis, much of our understanding about the origins and evolution of the 

Cerrado endemic biota was centred in the delineation of mechanisms that generated 

biodiversity (Colli, 2005; Werneck, 2011). In fact, only a handful of tests about how those 

mechanisms influenced the evolution of the endemic biota have been published (Collevatti et 

al., 2009; Collevatti et al., 2012b; Santos et al., 2014). Many hypotheses remained untested 

and, to date, they have not been tested in a comparative approach aimed at identifying 

concordant patterns among species. In this thesis I employed a comparative phylogeographic 

approach and used species delimitation methods to address knowledge gaps about the 

evolution and diversification of Cerrado endemic lizards. 

In this chapter I summarise and integrate key results from the three data chapters and 

discuss their major implications. Specifically, I discuss the biogeography and evolution of the 

Cerrado in light of the comparative phylogeography results of this PhD (1), the conservation 

of Cerrado reptiles (2), and perspectives on cryptic biodiversity of Cerrado lizards (3). I finish 

the chapter by presenting suggestions for future research directions (4). 

 

1. Biogeography and evolution in the Neotropics: the case of the Cerrado biodiversity 

hotspot 

Despite recent reviews (Rull, 2008, 2011), the discussion about Neotropical diversification 

timing is still in its infancy because the papers assessing this subject mainly deal with 

Amazonian diversification patterns (e.g., Moritz et al., 2000; Hoorn et al., 2010; Smith et al., 

2014b). In the Cerrado, an apparent dichotomy can be observed: while species-level 

diversification seems to be very recent for plants (Simon et al., 2009), the opposite pattern is 

observed for many animal groups, particularly frogs and lizards (Geurgas et al., 2008; Maciel 

et al., 2010; Prado et al., 2012; Werneck et al., 2012a; Giugliano et al., 2013; Chapter 4). 

Plant phylogeographies also indicate very recent population divergences compared to animals 

(de Lima et al., 2014a), even among disjunct and geographically distant populations 
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(Collevatti et al., 2009; Collevatti et al., 2012b). There are exceptions to this trend, with 

divergence times of ~3.3 Ma estimated for an endemic Cerrado tree, Caryocar brasiliense 

(Collevatti et al., 2012b). Importantly, the study of Simon and collaborators (2009) was 

primarily focused on small species of Leguminosae, a group known for showing high 

diversification rates (Lavin et al., 2005; Delgado-Salinas et al., 2006). 

In Chapter 4, most of our divergence time estimates lie within the last ~2 Ma, but 

some are older than ~4 Ma. The oldest palaeopalynological evidence for the existence of a 

typical Cerrado vegetation dates from 32,000 years ago (Ledru et al., 2006), which is very 

recent in evolutionary terms. If strong vegetation shifts were indeed recently observed, as 

proposed by Simon and collaborators (2009), the deep diversification found for the 

Gymnodactylus amarali and Tropidurus itambere complexes mean they were present in the 

region before the current vegetation appeared (Crisp et al., 2009). This temporal dichotomy 

among different groups might be an artefact of the reduced number of study organisms, and 

additional dated phylogenies are needed before a more general temporal pattern can be 

attributed to the Cerrado. 

Using papers published until 2006, Rull (2008) found that ~43% out of 42 Neotropical 

reptile evolutionarily significant units (ESUs) originated in the Neogene, while ~57% 

originated in the Quaternary. A detailed examination of his list of papers reveals that only one 

study, on Crotalus durissus (Wuster et al., 2005), included samples from the Cerrado region – 

these are clustered with all other samples south of the Amazon. This trend, apart from 

indicating an impressive lack of molecular studies on Cerrado reptiles, suggests that Rull’s 

temporal patterns of diversification are generally based on organisms from forested habitats 

(the exception, C. durissus, uses open-habitats, but invaded South America recently). Using 

Web of Science searches carried out in June 2015, I conducted a compilation of papers on 

Cerrado reptiles (endemic or not) that included divergence time estimates, and found that all 

papers were published from 2008 onwards. My compilation retrieved 21 ESUs, with 81% of 
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them originated in the Neogene. If we add to this list the results from Chapter 4, the trend 

changes to 58% of the ESUs originating in the Neogene, substantially approximating it to 

Rull’s general inferred pattern for the Neotropics. 

Another recent review, using papers published until 2011, suggests that herpetofauna 

intraspecific divergence splits are usually much older than estimations made for other taxa in 

South America (Turchetto-Zolet et al., 2013). However, it also indicates that only 15% of 

them used a combination of nuclear and mtDNA markers (Turchetto-Zolet et al., 2013). As 

our divergence time estimates suggest, mtDNA alone retrieves much older splits (Chapter 4, 

Fig. 5). The advances on DNA sequencing technology (Carstens et al., 2012), and the fact that 

sequencing large amounts of nuclear DNA is becoming increasingly cheaper (Lemmon & 

Lemmon, 2013), will probably have an impact on the trends of divergence time estimates for 

South American reptiles in future publications. 

Comparative phylogeographic approaches seek to reconstruct the history of ecological 

associations between codistributed species, and to compare individual genealogies to 

understand how the evolution of the landscape can influence the natural history of populations 

and community structure (Avise, 1998; Bermingham & Moritz, 1998; Arbogast & Kenagy, 

2001). The three species complexes studied here constitute appropriate models to investigate 

Cerrado evolution since they belong to distantly related reptile groups (Gekkota, Lacertoidea 

and Iguania; Reeder et al., 2015). As such, the probability of obtaining concordant results due 

to inherent lineage evolutionary responses (i.e., concordant historical patterns because related 

taxa similarly respond to environmental changes) is practically negligible. Our results indicate 

no congruent evolutionary patterns related to Neogene tectonic events among the three 

species complexes, and the landscape compartmentalisation caused by the uplift of the Central 

Brazilian Plateau probably played different roles in the evolution of each taxon. To the best of 

my knowledge, the only study to test a priori hypotheses about the influence of the uplift in a 

Cerrado endemic vertebrate was the phylogeography of Micrablepharus atticolus (Santos et 
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al., 2014). Our results are in line with their findings: population genetic estimates suggest no 

genetic diversity or effective population size differences between populations in valleys 

versus populations in plateaus for any of the three taxa. 

The vicariant events created by the uplift of the Central Brazilian Plateau in the 

Neogene (Nogueira et al., 2011) appear to have had an effect in the distribution of the cryptic 

species, but only M. atticolus showed monophyletic clades distributed either in plateaus or 

valleys, as hypothesized by Werneck (2011). In the case of G. amarali, landscape 

compartmentalisation seems to have created isolated species in different plateaus, following 

the patterns suggested by Nogueira and collaborators (2011), where endemism is attributed to 

restrict distribution in plateaus. The distribution of G. amarali cryptic species suggests 

independent colonisations of plateaus and valleys, with cryptic species mostly distributed in 

both the plateaus and valleys. Similarly, landscape compartmentalisation appears to have 

affected the distribution of the T. itambere cryptic species since different species are found in 

different plateaus. On the other hand, this complex is mainly distributed on plateaus, and the 

few populations in valleys are part of cryptic species also found in plateaus. It was not 

possible to infer wether populations of T. itambere went extinct in valleys during Quaternary 

climatic fluctuations since detecting lineage extinction is not a trivial task (Rabosky & 

Lovette, 2008; Bokma, 2009; Rabosky & Lovette, 2009; Stadler & Bokma, 2013). 

The Quaternary climatic fluctuations also had different effects on palaeodistributional 

shifts observed for the three species: while the ecologically distinct M. atticollus and T. 

itambere had similar palaeodistributional shifts throughout the Quaternary, G. amarali refugia 

were concentrated in a single region in the centre of the biome. Indeed, our comparative test 

for synchronous divergence caused by Quaternary climatic fluctuations among M. atticolus 

and T. itambere clades was corroborated. For Cerrado plants, multiple refugia were inferred 

for a palm species (de Lima et al., 2014a), while a single central refugia was inferred for an 

endemic tree (Collevatti et al., 2012b). Moreover, different population genetic patterns owing 
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to Quaternary climatic fluctuations were recovered for different plant species of the Cerrado 

(Ramos et al., 2007; Collevatti et al., 2009; Collevatti et al., 2012a; Collevatti et al., 2012c; 

de Lima et al., 2014a). It appears that vicariant effects and patterns of population expansion 

and retraction due to Quaternary climatic fluctuations in the Cerrado must be interpreted in 

light of biological and ecological aspects of each species (Collevatti et al., 2015), since even 

closely related species with similar ecology can depict strikingly different phylogeographical 

patterns (Michaux et al., 2005). 

 

2. Conservation of reptiles in the Cerrado 

Linking evolutionary knowledge with conservation practices is a major challenge for both 

scientists and decision makers (Mace & Purvis, 2008). Nonetheless, the field of conservation 

biology can benefit from detailed genetic assessments (Moritz, 1994; Pearse & Crandall, 

2004), from knowledge about biogeography and phylogenetic relationships (Whittaker et al., 

2005; Diniz-Filho et al., 2013) and, of course, from detailed taxonomic information (Hey et 

al., 2003; Mace, 2004). Phylogeographic analysis can establish a relationship between species 

diversity and intraspecific variation (Avise, 2001), which are fundamental indexes to surpass 

the Darwinian and Wallacean shortfalls (Diniz-Filho et al., 2013). Moreover, the first crucial 

step in conservation planning is to have good taxonomy so that the identity and distribution of 

the organisms to be managed are known (Margules & Pressey, 2000). Species delimitation 

methods therefore have the potential to play a central role in facing the modern biodiversity 

crisis (Fujita et al., 2012). 

Only one endemic lizard species from the Brazilian Cerrado (Bachia bresslaui) has so 

far been included in the IUCN Red List (IUCN, 2014). A recent species gap analysis to 

identify conservation targets in Cerrado lizards indicated that out of the 30 endemic lizards, 

our three focal species are within the three (T. itambere), eight (M. atticolus), and thirteen (G. 

amarali) most vulnerable species (Silva et al., 2014). Furthermore, 94% of the endemic 
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lizards have either total or major conservation gaps, lacking adequate protection within legally 

protected areas (Silva et al., 2014). This disturbing scenario can deteriorate even more in light 

of the cryptic species identified in Chapter 3. After proper taxonomic description most 

inferred species will display restrict distributions, probably not covered by legally protected 

areas. 

Our results also suggest very high cryptic diversity in the eastern region of the ‘Mato 

Grosso’ state (Chapter 3). This is a highly threatened region due to the expansion of soy 

crops, being part of the Cerrado-Amazonia ecotone known as the ‘arc of deforestation’ 

(Fearnside, 2005; Aldrich et al., 2012). In the more degraded areas of Cerrado, between 50% 

and 92% of the landscape has already been modified (Cavalcanti & Joly, 2002). The uptake of 

research outcomes and translation into management policies and conservation actions in 

Brazil can be a lengthy process (Cavalcanti & Joly, 2002; Klink & Machado, 2005). As such, 

the rapid description of cryptic species identified in this thesis so they become available for 

conservation actions (Mace, 2004) should be an essential component of conservation 

programs of reptiles from the Brazilian Cerrado. 

Finally, the use of genomic datasets to clarify patterns of neutral and putatively 

adaptive (i.e. functional) genetic diversity and intraspecific gene flow will allow for better 

informed conservation practices in the genomic era (Funk et al., 2012b). 

 

3. Cryptic biodiversity in Cerrado lizards 

The field of species delimitation is flourishing, and empirical tests of the available methods 

are being constantly conducted (e.g., Camargo et al., 2012; Esselstyn et al., 2012; Reid & 

Carstens, 2012; Rittmeyer & Austin, 2012; Satler et al., 2013; Olave et al., 2014; Zhang et al., 

2014). During the final stages of writing this thesis, two assignment-free Bayesian species 

delimitation methods were described, namely DISSECT (Jones et al., 2015) and STACEY 

(Jones, 2015), which are implemented within modified *BEAST and BEAST 2 (Bouckaert et 



Chapter5 – General Discussion  

 

180 

al., 2014) packages, respectively. A Bayesian species delimitation method that integrates 

morphological data into the analysis was also recently published (Solis-Lemus et al., 2015). 

The latter is a parallel version of the algorithm implemented by BPP v2 (named iBPP for 

integrated-BPP). How well this myriad of new analyses will perform in relation to one 

another, and wether they will be able to incorporate genomic datasets, will be crucial 

characteristics towards the development of the field. 

The size of datasets used in species delimitation studies was once described as a 

limitation because some methods could only correctly identify species boundaries when using 

a large number of loci (Rittmeyer & Austin, 2012). There is currently no assessment of how 

an increasing number of loci, possibly presenting very different coalescences, might influence 

the results of Bayesian species delimitation. A possible shortfall of the species delimitation 

analyses used in Chapter 3 relies on the possibility that BPP might be over-splitting the 

lineages (Satler et al., 2013), calling for a more conservative approach when formally 

describing cryptic species (Carstens et al., 2013). We acknowledge this problem and intend to 

use other lines of evidence before taking taxonomic decisions (see section 4.2). Nevertheless, 

our large nuclear dataset will allow for empirical tests and comparisons between different 

species delimitation methods, such as the new above-mentioned approaches. It will also allow 

testing for the influence of the number and characteristics of loci used in the analyses. 

The identification of cryptic species in the Neotropics has increased substantially with 

the advent of molecular techniques (Fouquet et al., 2007; Condon et al., 2008; Ceccarelli et 

al., 2012; Funk et al., 2012a; Fouquet et al., 2014), and this trend will probably continue with 

intensified research of Neotropical organisms (Scheffers et al., 2012). Results from Chapter 3 

suggest that the number of species in three Cerrado endemic lizards is highly underestimated, 

with morphological data supporting this conclusion for at least one of the groups (Chapter 2). 

As discussed in Chapter 3 (section 4.4), high diversity levels within previously widespread 

nominal taxa is not uncommon for other lizard groups in the Neotropics (Pellegrino et al., 
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2005; Geurgas et al., 2008; Gamble et al., 2011; Gamble et al., 2012) and elsewhere (Fujita et 

al., 2010; Pepper et al., 2013; Sistrom et al., 2013). Additional research in the Cerrado is 

expected to reveal many more cryptic species that could not be identified using morphological 

data alone. 

 

4. Future research directions 

Two main topics were investigated in my PhD thesis: Cerrado biogeography and species 

delimitation. Evidently, as discussed above, there are still many open questions regarding the 

evolution of the Cerrado biota that deserve further attention. Some of these questions will be 

investigated using data from my PhD as part of a large ongoing research program on Cerrado 

herpetofauna, under the projects ‘Herpetofauna do Cerrado: Origens, Evolução e 

Conservação’ (FAP-DF/ CNPq grant 193.000.292), ‘Filogeografia Comparada da 

Herpetofauna do Cerrado (CNPq grant 479026), and  ‘Conservação e análise dos padrões e 

processos associados à diversidade genética da herpetofauna do Cerrado (GENPAC 15)’ 

(CNPq/ FAP-DF/ Capes grant 031/2010) coordinated by my co-supervisor, Guarino Colli. 

Nonetheless, they should also constitute key research directions for other evolutionary 

investigations performed on the Cerrado biota. 

 

4.1 Cerrado biogeography 

Certainly, the most important aspect on investigating Cerrado biogeography will be linking 

patterns of genetic diversity to geological and climatic processes (He et al., 2013). This 

activity should be focused not only on understanding the effects of landscape evolution and 

Quaternary climatic fluctuations on evolutionary diversification in the biome, but also on 

intrinsic demographic patterns related to the evolution of each taxon. For this enterprise, 

phylogeographic studies will benefit from explicitly comparing many demographic models 

(Pelletier & Carstens, 2014), and modelling different demographic scenarios using 
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phylogenomics datasets (Robinson et al., 2014). Additionally, approaches in landscape 

genomics (Cushman & Landguth, 2010), preferably implemented using comparative 

evolutionary simulations (Beheregaray et al., 2015), may shed light on fine-scale processes 

that influence genetic divergence. 

Furthermore, a closer dialogue between evolutionary biologists and geologists is 

urgently warranted. As exposed in Chapter 4, the lack of information about Cerrado 

Neotectonics hinders more in-depth investigations regarding the influences of the uplift of the 

Central Brazilian Plateau on the evolution of endemic biota. It is not uncommon for valuable 

geological data to be found in the so-called grey literature (Bichteler, 1991), but evolutionary 

research would, nonetheless, benefit from more detailed geological surveys of the Cerrado 

landscape. Specifically, precise information on the chronology of different 

compartmentalisation events through the uplift process, and on the possible relationship 

among different plateaus and valleys would be crucial to develop detailed diversification 

hypotheses. These are not unreal expectations since similar detailed geological evolution 

research has been done, for example, for extensive parts of the Andes (Baby et al., 1997; Lara 

et al., 2004). 

Finally, future research should also seek to identify the causes for genetic structure and 

their relationships with cryptic speciation (Wang & Summers, 2010), and possible 

morphological differentiation (Robertson & Vega, 2011). For example, whether or not 

patterns of morphological and/or karyological variation observed within our three taxa 

(Chapter 3) correspond to proposed species boundaries, and what is the relative role of 

geography and ecology in the generation of this diversity in our system is yet to be properly 

investigated. 
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4.2 Species delimitation methods and cryptic Cerrado lizard species 

One of the shortfalls of species delimitation methods is that most cannot incorporate 

morphological data in the analyses process, which are essential for future taxonomic 

identification. A few approaches have been proposed before (Guillot et al., 2012), but the 

recently described iBPP appears to be the best available option for integrated molecular-

morphological species delimitation (Solis-Lemus et al., 2015). Although more empirical tests 

are necessary to assess the performance of iBPP, one important factor is the selection of 

morphological characters: having more characters contributes to the power of the analyses, 

but might also add noise to the results. Building on the analyses developed in Chapter 2, 

which used support-vector machines to investigate morphological discrimination, we are 

already developing a more complex framework. Additional developments include training the 

data using several machine learning approaches (e.g., SVM, Random Forest, Neural 

Networks, etc), ranking the training performance of these different algorithms using Akaike 

Information Criteria and, finally, selecting the morphological variables that had greater 

influence in the discrimination model. One possible application of this framework is running 

iBPP with only the informative morphological data selected by our machine learning 

algorithms, hence avoiding the use of ‘noisy’ morphological characters. 

Although species delimitation methods are increasingly contributing to the discovery 

of cryptic biodiversity across the globe (Fujita et al., 2012), many species delimitation studies 

unfortunately fail in effectively describing the species. This takes place either due to the lack 

of clear morphological distinction (which can potentially be surpassed by the methods 

exposed above), or by the lack of other informative biological properties that can account for 

speciation in the study system (de Queiroz, 2007). Having in mind that species description is 

one of the main goals behind delimiting species, I believe that incorporating ecological and 

demographic information on species delimitation studies in very species-rich biomes, such as 

the Cerrado, might be the next step to obtain more holistic views about speciation patterns in 
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the Neotropics. One unexplored option is to estimate the niche overlap between the delimited 

species (Schulte et al., 2012) using the software ENMTools (Warren et al., 2010). Another 

possibility is to evaluate how climatic and other ecological variables (e.g., body temperature, 

use of substrate, etc) are correlated with the genetic variation among cryptic species using 

multivariate analyses. Genomic data can shed light on how natural selection might be acting 

on the different cryptic species (Vincent et al., 2013), and wether those different lineages are 

subject to distinct selective pressures.  

 

4.3 Near-future expected publication outcomes 

Considering the two main topics above, we expect another seven publications to arise from 

the data presented here: (1) an updated publication on species delimitation and species 

descriptions of the Gymnodactylus amarali complex, (2) species delimitation in the 

Micrablepharus atticolus complex, (3) species delimitation in the Tropidurus itambere 

complex, (4) a phylogeography of the G, amarali complex, (5) a phylogeography of the M. 

atticolus complex, (6) a phylogeography of the T. itambere complex, (7) a comparative 

phylogeography of the three species complexes (Chapter 4). At this stage, G. amarali is the 

only complex that appears appropriate for species to be described within a species 

delimitation manuscript. This is due to a number of reasons: the familiarity that I acquired 

with the species complex when collecting morphological data (i.e., the complete 

morphological dataset includes 1,200 individuals from 47 sampling localities), and because 

we have collaborators already working on a taxonomic review of the genus (José Cassimiro 

and Miguel Rodrigues). For the other two species complexes, taxonomic descriptions will 

appear in future publications in herpetological/taxonomic oriented journals. 
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a b s t r a c t

Levels of biodiversity in the Neotropics are largely underestimated despite centuries of research interest in
this region. This is particularly true for the Cerrado, the largest Neotropical savanna and a formally recog-
nized biodiversity hotspot. Molecular species delimitation methods have become essential tools to
uncover cryptic species and can be notably robust when coupled with morphological information. We
present the first evaluation of the monophyly and cryptic speciation of a widespread Cerrado endemic
lizard, Gymnodactylus amarali, using phylogenetic and species-trees methods, as well as a coalescent-
based Bayesian species delimitation method. We tested whether lineages resulting from the analyses of
molecular data are morphologically diagnosed by traditional meristic scale characters. We recovered eight
deeply divergent molecular clades within G. amarali, and two additional ones from seasonally dry tropical
forest enclaves between the Cerrado and the Caatinga biomes. Analysis of morphological data statistically
corroborated the molecular delimitation for all groups, in a pioneering example of the use of support
vector machines to investigate morphological differences in animals. The eight G. amarali clades appear
monophyletic and endemic to the Cerrado. They display several different properties used by biologists
to delineate species and are therefore considered here as candidates for formal taxonomic description.
We also present a preliminary account of the biogeographic history of these lineages in the Cerrado,
evidence for speciation of sister lineages in the Cerrado–Caatinga contact, and highlight the need for
further morphological and genetic studies to assess cryptic diversity in this biodiversity hotspot.

! 2014 Elsevier Inc. All rights reserved.

1. Introduction

Biodiversity in the Neotropical region has been a matter of great
interest of biologists for centuries (Humboldt, 1849; Rull, 2011;
Spix and Martius, 1824). The levels of biodiversity in this region
remain relatively unknown (Fouquet et al., 2007, 2014; Scheffers
et al., 2012) and a large amount of species is still waiting to be dis-
covered (Costello et al., 2013; Mora et al., 2011; Wheeler et al.,
2012). The Brazilian Cerrado is the largest Neotropical savanna
(Eiten, 1972; Oliveira and Marquis, 2002) and one of the world’s
formally recognized biodiversity hotspots (Myers et al., 2000).
However, most of its area lacks adequate sampling efforts (Costa
et al., 2007, 2010), which makes the discovery of new taxa not
uncommon. Considering that only 2.2% of the Cerrado is under

legal protection (Klink and Machado, 2005), one of the first steps
towards the conservation of this biome is to investigate the taxo-
nomic diversity and phylogenetic relationships of its endemic
biota.

In early studies, the Cerrado herpetofauna was considered
impoverished compared to surrounding biomes, such as the
Caatinga (seasonally dry tropical forests – SDTF) and the Amazon
(Vanzolini, 1948, 1976; Vitt, 1991). This paradigm has changed
substantially with improved sampling efforts (Colli et al., 2002),
and currently 267 squamate species (39% endemics) are recog-
nized to occur in the Cerrado (Nogueira et al., 2011). Moreover,
the number of species descriptions is still increasing (e.g. Colli
et al., 2009; Giugliano et al., 2013; Nogueira and Rodrigues,
2006; Rodrigues et al., 2007, 2008; Teixeira et al., 2013), as well
as the recognition of previously unknown cryptic lineages
(Gamble et al., 2012; Giugliano et al., 2013; Prado et al., 2012),
mostly in the light of new data from populations previously
assigned to the same species.

http://dx.doi.org/10.1016/j.ympev.2014.07.022
1055-7903/! 2014 Elsevier Inc. All rights reserved.
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Appendix 2: Sampled lizard specimens used in Chapter 2. Cytb haplotypes refer to duplicates used in the 

GMYC analyses (Fig. 3). Asterisk indicates specimens with no morphology available. Brazilian states: TO = 

Tocantins, MT = Mato Grosso, MA= Maranhão, GO = Goiás, MG = Minas Gerais, CE = Ceará, PB = Paraíba. 

CHUNB: Coleção Herpetológica da Universidade de Brasília; ESTR: collection code Estreito; GRC:collection 

code Guarino Rinaldi Colli; LAJ: collection code Lajeado; LG: experiment code "lagartos do Laboratório de 

Citogenética de Vertebrados do Departamento de Genética do Instituto de Biociências da USP"; MD: colection 

code Mariana Dixo; MTR or MRT: collection code Miguel Trefaut Rodrigues; MZUSP: Museu de Zoologia da 

Universidade de São Paulo; OMNH: Oklahoma Museum of Natural History. Phyllopezus pollicaris sequences 

originally from Werneck and colleagues (2012), and Gymnodactylus darwinii sequences from Pellegrino and 

colleagues (2005). 

 

Cytb 
Haplotype

Species ID Locality Brazilian 
State

Genbank accession number 
(cytb/ KIF24)

1 G. amarali Clade H MTR14578* Almas TO KM283297/ KM283408
1 G. amarali Clade H MTR14609* Almas TO KM283298/ KM283415
1 G. amarali Clade H MTR14808* Almas TO KM283299/ KM283416
2 G. amarali Clade E CHUNB55881 Barra do Garças MT KM283243/ KM283367
3 G. amarali Clade E CHUNB55883 Barra do Garças MT KM283244/ KM283368
4 G. amarali Clade E CHUNB63196 Barra do Garças MT KM283245/ KM283383
5 G. amarali Clade E CHUNB63198 Barra do Garças MT KM283246/ KM283384
6 G. amarali Clade B LG0889 Barra do Garças TO KM283291/ KM283407
7 G. amarali Clade H ESTR1038 Carolina MA KM283247/ KM283393
8 G. amarali Clade H ESTR00196* Carolina MA KM283248/ KM283397
8 G. amarali Clade H ESTR00197* Carolina MA KM283249/ KM283398
9 G. amarali Clade H CHUNB45283* Caseara TO KM283250/ KM283355
9 G. amarali Clade H CHUNB45318 Caseara TO KM283251/ KM283356
10 G. amarali Clade H CHUNB45321 Caseara TO KM283252/ KM283357
9 G. amarali Clade H CHUNB45336 Caseara TO KM283253/ KM283358
11 G. amarali Clade G CHUNB53290 Cavalcante GO KM283255/ KM283363
11 G. amarali Clade G CHUNB53292 Cavalcante GO KM283256/ KM283364
11 G. amarali Clade G CHUNB53293 Cavalcante GO KM283257/ KM283365
12 G. amarali Clade C CHUNB38645 Cocalzinho de Goiás GO KM283305/ KM283352
13 G. amarali Clade C CHUNB38646 Cocalzinho de Goiás GO KM283306/ KM283353
14 G. amarali Clade D CHUNB44704 Colinas do Sul GO KM283280/ KM283354
15 G. amarali Clade H ESTR1293 Estreito MA KM283258/ KM283394
15 G. amarali Clade H ESTR0642 Estreito MA KM283261/ KM283399
16 G. amarali Clade H ESTR1759 Goiatins TO KM283259/ KM283395
17 G. amarali Clade H ESTR1808 Goiatins TO KM283260/ KM283396
18 G. amarali Clade H MRT7552* Guarai TO KM283262/ KM283413
18 G. amarali Clade H MRT7598* Guarai TO KM283263/ KM283414
19 G. amarali Clade H LAJ215 Lajeado TO KM283296/ KM283404
20 Manga CHUNB58336 Manga MG KM283267/ KM283377
20 Manga CHUNB58337 Manga MG KM283268/ KM283378
20 Manga CHUNB58338 Manga MG KM283269/ KM283379
20 Manga CHUNB58341 Manga MG KM283270/ KM283380
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Cytb 
Haplotype

Species ID Locality Brazilian 
State

Genbank accession number 
(cytb/ KIF24)

21 G. amarali Clade H CHUNB28219 Mateiros TO KM283271/ KM283345
21 G. amarali Clade H CHUNB28220 Mateiros TO KM283272/ KM283346
21 G. amarali Clade H CHUNB28222 Mateiros TO KM283273/ KM283347
22 Matias Cardoso CHUNB58323 Matias Cardoso MG KM283274/ KM283375
22 Matias Cardoso CHUNB58335 Matias Cardoso MG KM283275/ KM283376
22 Matias Cardoso CHUNB58348 Matias Cardoso MG KM283276/ KM283381
23 G. amarali Clade D GRC2152 Minaçu GO KM283277/ KM283342
24 G. amarali Clade D GRC2204 Minaçu GO KM283278/ KM283343
25 G. amarali Clade D GRC2211 Minaçu GO KM283279/ KM283344
26 G. amarali Clade D CHUNB832 Minaçu GO KM283281/ KM283392
27 G. amarali Clade G CHUNB53054 Monte Alegre de Goiás GO KM283319/ KM283359
28 G. amarali Clade G CHUNB53058 Monte Alegre de Goiás GO KM283320/ KM283360
28 G. amarali Clade G CHUNB53059 Monte Alegre de Goiás GO KM283321/ KM283361
28 G. amarali Clade G CHUNB53061 Monte Alegre de Goiás GO KM283322/ KM283362
29 G. amarali Clade D LG1072 Niquelândia TO KM283282/ KM283405
29 G. amarali Clade D LG1075 Niquelândia GO KM283283/ KM283406
30 G. amarali Clade B CHUNB55880 Nova Xavantina MT KM283284/ KM283366
30 G. amarali Clade B CHUNB55884 Nova Xavantina MT KM283285/ KM283369
30 G. amarali Clade B CHUNB55885 Nova Xavantina MT KM283286/ KM283370
30 G. amarali Clade B CHUNB55887 Nova Xavantina MT KM283287/ KM283371
30 G. amarali Clade B CHUNB55888 Nova Xavantina MT KM283288/ KM283372
31 G. amarali Clade B CHUNB55889 Nova Xavantina MT KM283289/ KM283373
32 G. amarali Clade B CHUNB55890 Nova Xavantina MT KM283290/ KM283374
33 G. amarali Clade B CHUNB63195 Nova Xavantina MT KM283327/ KM283382
34 G. amarali Clade B CHUNB63203 Nova Xavantina MT KM283328/ KM283385
35 G. amarali Clade B CHUNB63204 Nova Xavantina MT KM283329/ KM283386
36 G. amarali Clade H GRC10440 Palmas TO KM283294/ KM283330
36 G. amarali Clade H GRC10442 Palmas TO KM283295/ KM283331
37 G. amarali Clade F GRC10771 Palmas TO KM283292/ KM283332
38 G. amarali Clade F CHUNB14555 Palmas TO KM283293/ KM283333
39 G. amarali Clade G GRC15781 Paranã TO KM283300/ KM283340
40 G. amarali Clade G GRC15869 Paranã TO KM283301/ KM283341
41 G. amarali Clade G CHUNB37090 Paranã TO KM283302/ KM283348
42 G. amarali Clade G CHUNB37125 Paranã TO KM283303/ KM283349
41 G. amarali Clade G CHUNB37128 Paranã TO KM283304/ KM283350
43 G. amarali Clade H MRT3949 Peixe TO KM283323/ KM283409
44 G. amarali Clade H MRT4459 Peixe TO KM283254/ KM283410
45 G. amarali Clade C CHUNB67394 Pirenópolis GO KM283307/ KM283387
45 G. amarali Clade C CHUNB67395 Pirenópolis GO KM283308/ KM283388
45 G. amarali Clade C CHUNB67396 Pirenópolis GO KM283309/ KM283389
46 G. amarali Clade C CHUNB67441 Pirenópolis GO KM283310/ KM283390
45 G. amarali Clade C CHUNB67443* Pirenópolis GO KM283311/ KM283391
47 G. amarali Clade A GRC15533 São Domingos GO KM283312/ KM283334
47 G. amarali Clade A GRC15558 São Domingos GO KM283313/ KM283335
47 G. amarali Clade A GRC15560 São Domingos GO KM283314/ KM283336
27 G. amarali Clade G GRC15566 São Domingos GO KM283317/ KM283337
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Cytb 
Haplotype

Species ID Locality Brazilian 
State

Genbank accession number 
(cytb/ KIF24)

47 G. amarali Clade A GRC15568 São Domingos GO KM283315/ KM283338
47 G. amarali Clade A GRC15569 São Domingos GO KM283316/ KM283339
48 G. amarali Clade G GRC37161 São Domingos GO KM283318/ KM283351
49 G. amarali Clade H MRT6428 São Salvador TO KM283324/ KM283411
50 G. amarali Clade H MRT6435 São Salvador TO KM283325/ KM283412
51 G. darwinii A LG958* Porto Seguro BA AY630388.1/ NA
51 G. darwinii A LG991* Porto Seguro BA AY630392.1/ NA

NA G. darwinii CHUNB09443 Presidente Kennedy ES NA/ NA
NA G. darwinii CHUNB09453 Presidente Kennedy ES NA/ NA
NA G. darwinii CHUNB13546 Presidente Kennedy ES NA/ NA
52 G. darwinii B MD1740* Una BA AY630367.1/ NA
53 G. darwinii B MD1742* Una BA AY630368.1/ NA
54 G. geckoides CHUNB56643 Mamanguape PB KM283264/ KM283400
54 G. geckoides CHUNB56644 Mamanguape PB KM283265/ KM283401
54 G. geckoides CHUNB56645 Mamanguape PB KM283266/ KM283402
55 G. geckoides CHUNB56537 Milagres CE KM283326/ KM283403
56 P. pollicaris CHUNB57388 Tianguá CE JQ827177.1/ JQ827663.1
57 P. pollicaris CHUNB57389 Tianguá CE JQ827190.1/ JQ827664.1
58 P. pollicaris CHUNB57403 Tianguá CE JQ827186.1/ JQ827667.1
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Appendix 5: BPP trials. 

We tried different numbers of gamma priors on the population size parameters (θs), and in the 

age of the root in the species tree (τ0) in the BPP runs, to represent different speciation 

histories: 1) large population size and deep divergence – we ran G(2, 2000) and also G(2, 

1000) for both priors; 2) small population size and shallow divergence – G(1,10) for both 

priors; and 3) large population size and shallow divergence – G(2,2000) for θ prior, G(1,10) 

for τ prior. All different trials returned extremely similar results. 
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Appendix 6: Morphological characters of Gymnodactylus. 

For every specimen used in the morphological analyses the following meristic (1 - 21) and 

qualitative (22 -29) variables were recorded: 

1. Number of scales in canthus rostralis, counted from post nasal to the eye. 
2. Number of scales above and in contact with the supralabials, counted from frontonasal to 
last supralabial. 
3. Number of scales below and in contact with the infralabials, counted from mental to last 
infralabial.  
4. Number of supralabials (sum of both sides). 
5. Number of infralabials (sum of both sides). 
6. Number of enlarged supraciliary scales. 
7. Number of dorsal scales, counted from rostral scale to posterior margin of thigh (before 
tail). 
8. Number of keeled scale rows in tail. 
9. Number of keeled scales in one row in tail, counted in the third keeled scales row. 
10. Number of paramedian tubercles, counted from tympanum to posterior margin of thigh 
(before tail). 
11. Number of paramedian ocelli, counted in one row from rostral to posterior margin of thigh 
(before tail). 
12. Number of longitudinal ocelli at midbody.  
13. Number of longitudinal tubercles rows at midbody. 
14. Number of longitudinal rows of ventral scales at midbody. 
15. Number of scales between enlarged post mentals, in contact with mental. 
16. Number of subdigital lamellae on fourth finger.  
17. Number of transverse rows of ventral scales, counted from mental to cloaca. 
18. Number of femoral and tibial ventral scale rows, counted from cloaca (start of thigh) to 
foot at mid part of the limb. 
19. Number of subdigital lamellae on fourth toe.  
20. Number of granule like scales from cloaca to first enlarged subcaudal.  
21. Number of white bands in tail. 
22. Relative size of post nasals in relation to supranasal – (0): both post nasals smaller than 
supranasal; (1): second post nasal as large as supranasal. 
23. Contact between supranasals – (0): in full contact; (1): in partial contact, with distal 
indentation; (2): no contact, with scales in the space between them. 
24. Alignment between frontonasals division and the incomplete suture of rostral – (0): 
aligned; (1) not aligned. 
25. Ear opening shape – (0) circular; (1) sagitally elliptic; (2) dorsally elliptic. 
26. Ear opening position– (0) aligned with supralabials; (1) aligned with eye. 
27. Dorsal ocelli – (0): present; (1) absent. 
28. Ocelli in limbs – (0): present; (1) band pattern (non-round ocelli); (2) absent. 
29. Bands in tail – (0): present; (1) absent. 
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Appendix 7: Support Vector Machine (SVM) analysis. 

When employing multivariate analyses to statistically classify and predict cases belonging to 

different groups, the usual choices are linear Discriminant Function Analysis (DFA) and its 

variants (Quinn & Keough, 2002). However, despite the great statistical power of such 

approaches, there are several assumptions that must be satisfied; namely normality, no 

collinearity, and homoscedasticity (Tabachnick & Fidell, 1996). The classification part of a 

DFA is quite sensitive to heterogeneous variance–covariance matrices between groups, and 

the aforementioned assumptions are violated when the number of cases is smaller than the 

number of variables (Quinn & Keough, 2002). In our case, we had a maximum number of two 

individuals for some clades (and 29 variables). Also, meristic characters are hardly normally 

distributed, and transforming the data to normalise them can be virtually impossible when 

group sample sizes are small. 

The use of a Support Vector Machine (SVM) overcomes the limitations of linear 

multivariate approaches, especially because the above-mentioned assumptions are not 

required to create a SVM model (Cortes & Vapnik, 1995). The SVM builds a kernel function 

that maps the cases into a high-dimensional space, subsequently finding a “margin” in the 

hyperspace that maximizes the separation between the groups (Cortes & Vapnik, 1995; 

Schölkopf et al., 2000). Instead of simple points in a statistical space, the data points represent 

the objects (cases) using a set of features derived from measurements performed in each 

object, and the relative position between these objects is more important for the model than 

the exact position of the objects (Ben-Hur et al., 2008). Being so, SVM models are 

particularly appropriate in cases where the sample size of the groups are small, and can also 

be applied to datasets that do not conform to assumptions of traditional classification methods 

(Schölkopf et al., 2000). 

We performed a Radial SVM analysis using R package e1071 (Meyer et al., 2014). 

We implemented a manual search for the best fine tune parameters for the model (cost and 
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gamma) estimated via cross-validation as suggested by Chang and Lin (2011). This manual 

search was done using the function tune.svm of the package e1071. We then trained the model 

using the fine tuned C-classification SVM algorithm on the whole morphological dataset, 

setting ‘species’ to be explained by the 29 morphological characters. We tested the predictive 

power of the generated model using the predict.svm function of the package, which predicts 

case affiliation to groups (individual to ‘species’) based in the model trained by the SVM. 

Error rate of the model was calculated as the percentage of individuals that were incorrectly 

assigned to the species (GMYC group) it belongs. The full dataset used for this analysis is 

available upon request to the first author. 

For comparison purposes we tested the performance of a DFA analysis with the 

performance of the employed SVM using R package caret (Kuhn, 2008). Even thought the 

results are extremely similar, it is important to recall that the DFA assumptions are violated 

and there would be little confirmatory value in the results if used in practice (Byron, 1983), so 

the following methods should be considered with caution. We investigated the performance of 

each model (DFA and SVM) using a 10 fold resampling cross-validation to calculate the 

‘Accuracy’ (overall agreement rate averaged over cross-validation iterations) and ‘Kappa’ 

(Cohen's Kappa statistic averaged across the resampling results) using the train function in 

caret. This 10 fold resampling means the data was randomly divided into training and testing 

datasets in 10 different ways, and the statistics calculated based on the average results of all 

10 iterations. The best SVM model has Accuracy= 0.686 and Kappa= 0.617, while the DFA 

model has Accuracy= 0.683 and Kappa= 0.628. If a penalised discriminant analysis model is 

used (that controls for collinearity but not for the other assumptions’ violations), then 

Accuracy= 0.631 and Kappa= 0.573. The DFA and its penalised version had, respectively, 

classification errors of 2% and 7%, against our reported 3%. All these results suggest that our 

SVM model has similar predictive power when compared to traditional DFA analysis, 
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therefore supporting the use of a SVM when the available data violates the assumptions of a 

DFA. 

Lastly, one could have concerns about the supposedly circular nature of the SVM 

model, considering that the same data is used to generate the model and then to test it. 

However, it is important to notice that using the data to build the model and, in our case, 

predict species affiliation, is philosophically identical to how a normal DFA works, where the 

classification function is calculated and then used to classify the same observations. In this 

sense, every classification method is circular unless a dataset is used to generate the model (or 

function) and a different dataset is used during the classification (Quinn & Keough, 2002). 

Here, when using one third of the data to train the model and then using the created model to 

classify the other two thirds, the classification error increases to 9%. This is an expected 

pattern is any classification statistical method (Quinn & Keough, 2002), and classification 

errors may substantially vary depending on the study scenario. As SVM was never used for 

classification using morphological characters before, misidentification errors cannot be 

directly compared with other published studies. Nonetheless, a non-exhaustive list of 

examples where error rates were reported include: 1) between 6.7% and 11% for microRNA 

precursors classification (Xue et al., 2005); 2) between 20.9% and 46.6% for prediction of 

protein subcellular location (Park & Kanehisa, 2003); 3) respectively 3% and 5% when 

evaluating the distribution model of a Neotropical frog under two different calibration areas 

(Giovanelli et al., 2010); and 4) 1.2% when modeling the distribution of a forest disease in 

North America (Kelly et al., 2007). Note that the aforementioned errors might have been 

calculated using specific accuracy estimates (and not simple misclassification rates) and one 

should refer to the original publications for more details. 
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Appendix 8: Single locus Bayesian phylogenetic trees of cytb (A) and KIF24 (B) for G. amarali samples used in 

Chapter 2. Numbers in nodes are Bayesian posterior probabilities. Clades A to H refer to Gymnodactylus 

amarali clades identified by GMYC analysis. 
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Appendix 9: Placement of Matias Cardoso and Manga populations within Gymnodactylus 

species. 

Despite being less than 15 km apart, the populations of ‘Manga’ and ‘Matias Cardoso’ are 

separated by the São Francisco River. The degrees of sequence divergence between those two 

populations (Table 1, Chapter 1), as well as topology of the phylogenetic analyses (Fig. 2-4, 

Appendix 8, Chapter 1), showed that they belong to different groups, as similarly found for 

Phyllopezus pollicaris populations collected in the same two locations (Werneck et al., 

2012a). Also, ‘Matias Cardoso’ was more closely related to G. darwinii populations, whereas 

‘Manga’ was more related to G. geckoides. Furthermore, based in the fact that deletions in 

KIF24 in ‘Matias Cardoso’ specimens are different from the ones in ‘Manga’ and G. 

geckoides specimens, and no deletions are found in G. amarali specimens, we believe that is 

little doubt that those two populations are not part of the G. amarali species complex. 

Moreover, there are clear morphological differences between those two populations and 

populations of G. amarali (Results section 3.3, Chapter 1). Only considering the main 

morphological character traditionally used to separate the species G. geckoides, G. darwinii 

and G. amarali, “number of tubercle rows” (Vanzolini, 1953a, 1982, 2005; Cassimiro & 

Rodrigues, 2009), ‘Matias Cardoso’ has coincident counts with G. darwini (14) while 

‘Manga’ is clearly similar to G. geckoides (12), both considering the published data 

(Vanzolini, 1953a, 1982, 2005; Cassimiro & Rodrigues, 2009) and the data presented here 

(Appendix 12). Therefore, in a biogeographic perspective, ‘Manga’, located at the western 

side of the São Francisco River (Fig. 1, Chapter 1), is related to Gymnodactylus geckoides of 

the Caatinga, and ‘Matias Cardoso’, in the eastern side of the river, is related to G. darwini 

from the Atlantic Rainforest. In order to evaluate the possibility that ‘Matias Cardoso’ and 

‘Manga’ are also undescribed species, future studies would need to sample more populations 

of G. darwinii and G. geckoides. Nevertheless, cytb sequence divergence between ‘Matias 

Cardoso’ and G. darwinii is higher than those reported for any G. darwinii cryptic species by 
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Pellegrino et al. (2005) (Table 1, Chapter 1). In addition, the divergence between ‘Manga” 

and G. geckoides is higher than the ones reported here among G. amarali cryptic species 

(Table1, Chapter 1). 
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Appendix 10: SpedeSTEM results from Chapter 2. 

The most likely group retrieved by spedeSTEM shared only three of the eight clades 

identified by the GMYC analysis. The groups were not geographically structured, and the 

BPP species delimitation algorithm failed to retrieve any informative result in terms of better 

grouping the clades into tentative species (Appendix 11). SpedeSTEM performance 

substantially decreases when only a few loci are included (Ence & Carstens, 2011), and we 

believe our result was heavily influenced by the discordances between the two gene trees 

(Knowles & Carstens, 2007). A study that compared several species delimitation and 

validation methods by Satler and collaborators (2013) found that GMYC was more prone to 

oversplitting compared to spedeSTEM. We found the opposite trend in our data, and the 

number of loci is most likely the reason behind it. Being so, in terms of the geographical 

location of the species, and in the actual number of delimited species, we believe that GMYC 

results are not only more conservative (Carstens et al., 2013), but also a better hypothesis on 

the evolution of Gymnodactylus amarali. 

The following topology was the best model selected by spedeSTEM, with numbers 

grouping the localities described in Appendix 2: 

(Phy,(MaC,((Gec,Man),(A,(1,((2,((3,(4,5)),(6,7))),(C,D))))))) 

Phy: Phyllopezus pollicaris; Mac: Matias Cardoso; Gec: Gymodactylus geckoides; Man: 

Manga; A: GMYC G. amarali clade A; 1: Cavalcante; 2: Nova Xavantina, Barra do Garças, 

Peixe, Caseara, Palmas, Monte Alegre, São Salvador, Paranã, Almas; 3: Estreito; 4: Mateiros; 

5: Goiatins; 6: Guaraí; 7: Carolina; C: GMYC G. amarali clade C; D: GMYC G. amarali 

clade D. 
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Appendix 11: Results of BPP trials using the spedeSTEM recovered tree as input. In the tree model “1” means a 

branch that was kept as the original input and “0” a branch that was collapsed (please refer to BPP 

documentation for more details). 

 

Tree Model Posterior probability range 

1111111100001 0.00779 - 0.02946 

1111111110001 0.17529 - 0.31249 

1111111110011 0.27461 - 0.28828 

1111111111001 0.10485 - 0.12101 

1111111111011 0.10031 - 0.13078 

1111111111101 0.13626 - 0.08235 

1111111111111 0.0661 - 0.16373 
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Appendix 13: Cladrogram depicting the ‘species tree’ hypothesis based on the concatenated phylogenies 

(Bayesian and ML – Fig.1, Table 1, Chapter 1) used as input in BPP. Numbers in nodes are posterior 

probabilities of the species splits estimated by BPP. Clades A to H refer to Gymnodactylus amarali clades 

identified by GMYC analysis. 
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 Appendix 14: Gymnodactylus amarali Neighbour-Joining phylogenetic tree based on p-distance estimated 

using MEGA5.2.2 (Tamura et al., 2011). 
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Appendix 15: Micrablepharus atticolus Neighbour-Joining phylogenetic tree based on p-distance estimated 

using MEGA5.2.2 (Tamura et al., 2011). 
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Appendix 16: Tropidurus itambere Neighbour-Joining phylogenetic tree based on p-distance estimated using 

MEGA5.2.2 (Tamura et al., 2011). 
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Appendix 17: Gymnodactylus amarali and outgroup specimens sequenced for cytochrome b. Individuals in bold 

are those chosen for AP sequencing. The ones marked with asterisks (***) denote samples sent for AP 

sequencing, but failed to be captured. 

Species ID Locality Brazilian 
State Latitude Longitude Altitude 

G. amarali GRC24211 Alto Paraíso GO -14.16 -47.62 1166 
G. amarali GRC24210 Alto Paraíso GO -14.16 -47.62 1166 
G. amarali 53290 Cavalcante GO -13.64 -47.72 961 
G. amarali 53292 Cavalcante GO -13.64 -47.72 961 
G. amarali 53294 Cavalcante GO -13.64 -47.72 961 
G. amarali 53293 Cavalcante GO -13.64 -47.72 961 
G. amarali 53291 Cavalcante GO -13.64 -47.72 961 
G. amarali 38645 Cocalzinho de Goiás GO -15.64 -48.55 738 
G. amarali 38646 Cocalzinho de Goiás GO -15.64 -48.55 738 
G. amarali 44704 Colinas do Sul GO -13.99 -48.09 511 
G. amarali 44698 Colinas do Sul GO -13.99 -48.09 511 
G. amarali 2202 Minaçu GO -13.50 -48.40 427 
G. amarali 2211 Minaçu GO -13.50 -48.40 427 
G. amarali 2153 Minaçu GO -13.50 -48.40 427 
G. amarali 2154 Minaçu GO -13.50 -48.40 427 
G. amarali 2207 Minaçu GO -13.50 -48.40 427 
G. amarali 2199 Minaçu GO -13.50 -48.40 427 
G. amarali 831 Minaçu GO -13.50 -48.40 427 
G. amarali 832 Minaçu GO -13.50 -48.40 427 
G. amarali 2204 Minaçu GO -13.50 -48.40 427 
G. amarali 2173 Minaçu GO -13.50 -48.40 427 
G. amarali 2152 Minaçu GO -13.50 -48.40 427 
G. amarali 53059 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53062 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53061 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53052 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53054 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53058 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53056 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53060 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53055 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali 53051 Monte Alegre de Goiás GO -13.25 -46.90 564 
G. amarali LG1075 Niquelândia GO -14.45 -48.45 594 
G. amarali LG1083 Niquelândia GO -14.45 -48.45 594 
G. amarali LG1072*** Niquelândia GO -14.45 -48.45 594 
G. amarali 67395 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67440 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67396 Pirenópolis GO -15.81 -48.87 1324 
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Species ID Locality Brazilian 
State Latitude Longitude Altitude 

G. amarali 67399 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67392 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67394 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67397 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67437 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67441 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67438 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67393 Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67398*** Pirenópolis GO -15.81 -48.87 1324 
G. amarali 67443*** Pirenópolis GO -15.81 -48.87 1324 
G. amarali 15564 São Domingos GO -13.45 -46.45 456 
G. amarali 15560 São Domingos GO -13.45 -46.45 456 
G. amarali 15558 São Domingos GO -13.45 -46.45 456 
G. amarali 15568 São Domingos GO -13.45 -46.45 456 
G. amarali 37161 São Domingos GO -13.45 -46.45 456 
G. amarali 15533*** São Domingos GO -13.45 -46.45 456 
G. amarali 15566 São Domingos GO -13.45 -46.45 456 
G. amarali 15569 São Domingos GO -13.45 -46.45 456 
G. amarali 15484 São Domingos GO -13.45 -46.45 456 
G. amarali 69384 São Domingos GO -13.45 -46.45 456 
G. amarali 15534 São Domingos GO -13.45 -46.45 456 
G. amarali ESTR00197 Carolina MA -7.37 -47.43 176 
G. amarali 52006 Carolina MA -7.37 -47.43 176 
G. amarali ESTR00196 Carolina MA -7.37 -47.43 176 
G. amarali ESTR1038 Carolina MA -7.37 -47.43 176 
G. amarali 52007 Carolina MA -7.37 -47.43 176 
G. amarali ESTR1293 Estreito MA -6.56 -47.45 163 
G. amarali ESTR0642 Estreito MA -6.56 -47.45 163 
G. amarali LG0889 Barra do Garça MT -15.88 -52.25 294 
G. amarali 55883 Barra do Garça MT -15.20 -52.50 619 
G. amarali 55882 Barra do Garça MT -15.20 -52.50 619 
G. amarali 55881 Barra do Garça MT -15.20 -52.50 619 
G. amarali CHUNB63196 Barra do Garças MT -15.20 -52.50 619 
G. amarali CHUNB63198 Barra do Garças MT -15.20 -52.50 619 
G. amarali CHUNB63197 Barra do Garças MT -15.20 -52.50 619 
G. amarali 55884 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 63195 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55885 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55886 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 63204 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55880*** Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55887 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55888 Nova Xavantina MT -14.69 -52.34 283 
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Species ID Locality Brazilian 
State Latitude Longitude Altitude 

G. amarali 55890 Nova Xavantina MT -14.69 -52.34 283 
G. amarali 55889 Nova Xavantina MT -14.69 -52.34 283 
G. amarali GRC21228 Nova Xavantina MT -14.69 -52.34 283 
G. amarali MTR14517 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14808 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14609 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14237 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14552 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14578 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali MTR14510 Almas (EESGT) TO -11.24 -46.81 522 
G. amarali 45278 Caseara TO -9.37 -49.84 185 
G. amarali 45318 Caseara TO -9.37 -49.84 185 
G. amarali 45324 Caseara TO -9.37 -49.84 185 
G. amarali 45336 Caseara TO -9.37 -49.84 185 
G. amarali 45321 Caseara TO -9.37 -49.84 185 
G. amarali 45283 Caseara TO -9.37 -49.84 185 
G. amarali 62616 Combinado TO -12.81 -46.48 404 
G. amarali CHUNB62569 Figueirópolis TO -12.18 -48.96 288 
G. amarali ESTR1759 Goiatins TO -7.69 -47.35 187 
G. amarali ESTR1808 Goiatins TO -7.69 -47.35 187 
G. amarali MRT7479 Guarai TO -8.83 -48.52 265 
G. amarali MRT7542*** Guarai TO -8.83 -48.52 265 
G. amarali MRT7598 Guarai TO -8.83 -48.52 265 
G. amarali MRT7552 Guarai TO -8.83 -48.52 265 
G. amarali MRT8991 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali MRT6918 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali MRT14241 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali MRT6889 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali LAJ215 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali MRT9034 Lajeado (UHE) TO -9.85 -48.32 487 
G. amarali 8674 Mateiros TO -10.70 -46.41 632 
G. amarali 8743 Mateiros TO -10.70 -46.41 632 
G. amarali 8675 Mateiros TO -10.70 -46.41 632 
G. amarali 8841 Mateiros TO -10.70 -46.41 632 
G. amarali 8928 Mateiros TO -10.70 -46.41 632 
G. amarali 28222 Mateiros TO -10.70 -46.41 632 
G. amarali 8808 Mateiros TO -10.70 -46.41 632 
G. amarali 8980 Mateiros TO -10.70 -46.41 632 
G. amarali 28224 Mateiros TO -10.70 -46.41 632 
G. amarali 28219 Mateiros TO -10.70 -46.41 632 
G. amarali 28220 Mateiros TO -10.70 -46.41 632 
G. amarali GRC24256 Natividade TO -11.69 -47.70 719 
G. amarali 10433 Palmas_East TO -10.42 -48.36 233 
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State Latitude Longitude Altitude 

G. amarali 10440 Palmas_East TO -10.42 -48.36 233 
G. amarali 10442 Palmas_East TO -10.42 -48.36 233 
G. amarali 10488 Palmas_West TO -10.24 -48.44 226 
G. amarali 10495 Palmas_West TO -10.24 -48.44 226 
G. amarali 10527 Palmas_West TO -10.24 -48.44 226 
G. amarali 10771 Palmas_West TO -10.24 -48.44 226 
G. amarali 10773 Palmas_West TO -10.24 -48.44 226 
G. amarali 10775 Palmas_West TO -10.24 -48.44 226 
G. amarali 14555 Palmas_West TO -10.24 -48.44 226 
G. amarali 15767 Paranã TO -12.75 -47.76 284 
G. amarali 15743 Paranã TO -12.75 -47.76 284 
G. amarali 33569 Paranã TO -12.75 -47.76 284 
G. amarali 15782 Paranã TO -12.75 -47.76 284 
G. amarali 15780 Paranã TO -12.75 -47.76 284 
G. amarali 37125 Paranã TO -12.75 -47.76 284 
G. amarali 15869 Paranã TO -12.75 -47.76 284 
G. amarali 15799 Paranã TO -12.75 -47.76 284 
G. amarali 37128 Paranã TO -12.75 -47.76 284 
G. amarali 15795 Paranã TO -12.75 -47.76 284 
G. amarali 15797 Paranã TO -12.75 -47.76 284 
G. amarali 15781 Paranã TO -12.75 -47.76 284 
G. amarali 37090 Paranã TO -12.75 -47.76 284 
G. amarali GRC24311 Peixe TO -11.88 -48.77 293 
G. amarali MRT3949 Peixe TO -12.03 -48.35 326 
G. amarali 52612 Peixe TO -12.03 -48.35 326 
G. amarali 52609 Peixe TO -12.03 -48.35 326 
G. amarali MRT4459 Peixe TO -12.03 -48.35 326 
G. amarali 62666 Peixe TO -12.03 -48.35 326 
G. amarali GRC24310 Peixe TO -12.03 -48.35 326 
G. amarali MRT6435 São Salvador TO -12.73 -48.23 306 
G. amarali MRT6428 São Salvador TO -12.73 -48.23 306 

       
Outgroups       
G. darwinii 58348 Matias Cardoso MG -14.99 -43.95 464 
G. darwinii 58323 Matias Cardoso MG -14.99 -43.95 464 
G. darwinii 58335 Matias Cardoso MG -14.99 -43.95 464 
G. geckoides CHUNB56537 Milagres CE -7.29 -38.94 406 
G. geckoides CHUNB 61904 Santana do Cariri CE -7.21 -39.73 755 
G. geckoides 58341 Manga MG -14.84 -43.99 477 
G. geckoides 58337 Manga MG -14.84 -43.99 477 
G. geckoides 58336 Manga MG -14.84 -43.99 477 
G. geckoides 58338 Manga MG -14.84 -43.99 477 
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Species ID Locality Brazilian 
State Latitude Longitude Altitude 

       

G. geckoides CHUNB 61946 Junco do Seridó PA -7.00 -36.71 627 
G. geckoides CHUNB56643 Mamanguape PB -6.80 -35.20 90 
G. geckoides CHUNB56644 Mamanguape PB -6.80 -35.20 90 
G. geckoides CHUNB56645 Mamanguape PB -6.80 -35.20 90 
G. geckoides CHUNB56697 Mamanguape PB -6.80 -35.20 90 
G. geckoides CHUNB 61905 Exu PE -7.43 -39.75 631 
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Appendix 18: Micrablepharus atticolus and outgroup specimens sequenced for cytochrome b. Individuals in 

bold are those chosen for AP sequencing. The ones marked with asterisks (***) denote samples sent for AP 

sequencing, but failed to be captured. 

 

Species ID Locality Brazilian 
State Latitude Longitude Altitude 

M. atticolus CHUNB59976 Brasilia DF -15.97 -47.91 1170 
M. atticolus CHUNB59961 Brasilia DF -15.97 -47.91 1170 
M. atticolus CHUNB24055 Brasilia DF -15.78 -47.80 1101 
M. atticolus CHUNB21822 Brasilia DF -16.01 -47.94 1157 
M. atticolus CHUNB59753 Brasilia DF -15.70 -47.92 1063 
M. atticolus CHUNB59761 Brasilia DF -15.70 -47.92 1063 
M. atticolus CHUNB59738 Brasilia DF -15.70 -47.92 1063 
M. atticolus CHUNB59856 Brasilia DF -15.97 -47.91 1170 
M. atticolus CHUNB59700 Brasilia DF -15.70 -47.92 1063 
M. atticolus CHUNB60071 Brasilia DF -15.70 -47.92 1063 
M. atticolus CHUNB23827 Brasilia DF -16.01 -47.96 1186 
M. atticolus CHUNB59852 Brasilia DF -15.97 -47.91 1170 
M. atticolus CHUNB59987 Brasilia DF -15.97 -47.91 1170 
M. atticolus CHUNB38480 Brasilia DF -15.93 -47.88 1124 
M. atticolus FAL01CE06 Brasilia DF -15.97 -47.91 1170 
M. atticolus FAL05CE10 Brasilia DF -15.97 -47.91 1170 
M. atticolus LG1159 Caldas Novas GO -17.73 -48.62 669 
M. atticolus LG1160 Caldas Novas GO -17.73 -48.62 669 

M. atticolus PHV2846 Santa Rita do 
Araguaia GO -17.23 -53.16 632 

M. atticolus PHV2847 Santa Rita do 
Araguaia GO -17.23 -53.16 632 

M. atticolus CHUNB58523 Serranópolis GO -18.33 -51.97 648 
M. atticolus CHUNB37309 Arinos MG -15.45 -45.83 813 
M. atticolus CHUNB37312 Arinos MG -15.45 -45.83 813 
M. atticolus URB61 Curvelo/Pompéu MG -19.03 -44.71 652 
M. atticolus CHUNB26025 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26201 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26204 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26022 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26023 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26202 Paracatu MG -17.40 -47.30 990 
M. atticolus CHUNB26021 Paracatu MG -17.40 -47.30 990 
M. atticolus CTMZ04993 Bataguassu MS -21.81 -52.57 375 
M. atticolus ALT215 Alta Floresta MT -10.35 -56.98 329 
M. atticolus RMH11 Barra do Garça MT -15.25 -53.12 394 
M. atticolus RMH29 Barra do Garça MT -15.25 -53.12 394 
M. atticolus RMH49 Barra do Garça MT -15.25 -53.12 394 
M. atticolus RMH28 Barra do Garça MT -15.25 -53.12 394 
M. atticolus LG1019 Barra do Garça MT -15.36 -52.50 818 

M. atticolus CG422 Chapada dos 
Guimarães MT -15.33 -55.95 250 

M. atticolus LG1294 Cocalinho MT -13.87 -51.15 231 
M. atticolus CG342 Cuiaba MT -15.33 -55.95 250 
M. atticolus MZUSP89983 Gaúcha do Norte MT -13.23 -53.07 410 
M. atticolus MZUSP89982 Gaúcha do Norte MT -13.23 -53.07 410 
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State Latitude Longitude Altitude 

M. atticolus MZUSP89984 Gaúcha do Norte MT -13.23 -53.07 410 
M. atticolus SJBH212 Juará MT -10.33 -57.65 372 

M. atticolus SJBH211 Nova Monte 
Verde MT -10.33 -57.65 372 

M. atticolus LG1300 Nova Nazaré 
(Pindaíba) MT -14.37 -51.72 246 

M. atticolus GRCOLLI21072 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21068 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21018 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21039 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21038 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21017 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21070 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21035 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21023 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21071 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21069 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21036 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21074 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI21037 Nova Xavantina 
(Rancho) MT -14.80 -52.64 304 

M. atticolus GRCOLLI20684 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20883 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20654 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20682 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20691 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20936 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20937 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus GRCOLLI20687 Nova Xavantina 
(UNEMT) MT -14.70 -52.35 302 

M. atticolus CHUNB57786 Novo Santo 
Antônio MT -12.38 -50.89 206 

M. atticolus CHUNB73552 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73557 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73551 Ribeirão 
Cascalheira MT -12.94 -51.82 379 
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M. atticolus CHUNB73558 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73559 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73556 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73553 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB73550 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

M. atticolus CHUNB68416 Ribeirão 
Cascalheira MT -13.00 -51.75 334 

M. atticolus MZUSP96034 Sapezal MT -13.53 -58.80 572 
M. atticolus CHUNB18077 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18073 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18099 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18117 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18108 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18118 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18092 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18051 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18052 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18050 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18056 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18095 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18093 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18096 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB18112 Pimenta Bueno RO -11.81 -60.72 211 
M. atticolus CHUNB11979 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11982 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11999 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11996 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11990 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11983 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB11981 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12283 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12295 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12000 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12368 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12366 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12363 Vilhena RO -12.47 -60.29 512 
M. atticolus CHUNB12296 Vilhena RO -12.47 -60.29 512 

M. atticolus MZUSP94184 Águas de Santa 
Bárbara SP -22.79 -49.23 642 

M. atticolus MZUSP94183 Águas de Santa 
Bárbara SP -22.79 -49.23 642 

M. atticolus MZUSP95927 Peixe (UHE) TO -12.03 -48.55 249 

M. atticolus CHUNB10574 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10584 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10581 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10583 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 
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M. atticolus CHUNB10462 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10590 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10577 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10578 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10575 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus CHUNB10461 Pium (Ilha do 
Bananal) TO -10.45 -50.47 216 

M. atticolus LG1391 Pium (PN 
Araguaia) TO -10.39 -50.13 174 

M. atticolus LG1392 Pium (PN 
Araguaia) TO -10.39 -50.13 174 

M. atticolus LG1393 Pium (PN 
Araguaia) TO -10.39 -50.13 174 

M. atticolus LG1390 Pium (PN 
Araguaia) TO -10.39 -50.13 174 

!       
Outgroups       
M. maximiliani 13105 São Domingos GO -13.45 -46.45 456 
M. maximiliani 11382 Palmas TO -10.19 -48.11 617 
M. maximiliani 11501 Palmas TO -10.19 -48.11 617 
M. maximiliani 14560 Palmas TO -10.19 -48.11 617 
M. maximiliani 14562 Palmas TO -10.19 -48.11 617 
M. maximiliani 15742 Paranã TO -12.75 -47.76 284 
V. rubricauda 51296*** Cocos BA -14.55 -45.24 752 
V. rubricauda 58599 Serranópolis GO -18.33 -51.97 648 
V. rubricauda 58600 Serranópolis GO -18.33 -51.97 648 
V. rubricauda 58601 Serranópolis GO -18.33 -51.97 648 
V. rubricauda 58602 Serranópolis GO -18.33 -51.97 648 
V. rubricauda 58277 Aquidauana MS -20.46 -55.82 173 
V. rubricauda LJV8626 Mateiros TO -10.70 -46.41 632 
 



Appendices 

 

221 

Appendix 19: Tropidurus itambere and outgroup specimens sequenced for cytochrome b. Individuals in bold 

are those chosen for AP sequencing. The ones marked with asterisks (***) denote samples sent for AP 

sequencing, but failed to be captured. 

Species ID Locality Brazilian 
State Latitude Longitude Altitude 

T. itambere FOGO790 Brasília DF -15.97 -47.91 1170 
T. itambere 72529 Brasília DF -15.97 -47.91 1170 
T. itambere 72530 Brasília DF -15.97 -47.91 1170 
T. itambere 72533 Brasília DF -15.97 -47.91 1170 
T. itambere 72534 Brasília DF -15.97 -47.91 1170 
T. itambere 24196 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24197 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24195 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24191 Alto Paraíso GO -14.15 -47.60 1171 
T. itambere 24190 Alto Paraíso GO -14.15 -47.60 1171 
T. itambere 24202 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24194 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24200 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24201 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24199 Alto Paraíso GO -14.16 -47.62 1166 
T. itambere 24056 Cristalina GO -16.73 -47.62 1191 
T. itambere 6531 Minaçu GO -13.50 -48.40 427 
T. itambere 6550 Minaçu GO -13.50 -48.40 427 
T. itambere 6526 Minaçu GO -13.50 -48.40 427 
T. itambere 6562 Minaçu GO -13.50 -48.40 427 
T. itambere 6551 Minaçu GO -13.50 -48.40 427 
T. itambere 6542 Minaçu GO -13.50 -48.40 427 
T. itambere 6530 Minaçu GO -13.50 -48.40 427 
T. itambere 6560 Minaçu GO -13.50 -48.40 427 
T. itambere 6548 Minaçu GO -13.50 -48.40 427 
T. itambere 6545 Minaçu GO -13.50 -48.40 427 
T. itambere 6546 Minaçu GO -13.50 -48.40 427 
T. itambere 6537 Minaçu GO -13.50 -48.40 427 
T. itambere 6552 Minaçu GO -13.50 -48.40 427 
T. itambere 12490 Minaçu GO -13.50 -48.40 427 
T. itambere 24181 Pirenópolis GO -15.81 -48.85 1268 

T. itambere 38756 São Jõao 
D'Aliança GO -14.70 -47.52 1025 

T. itambere 24092 Lima Duarte MG -21.74 -43.85 1025 
T. itambere 24093 Lima Duarte MG -21.74 -43.85 1025 
T. itambere 24094 Lima Duarte MG -21.74 -43.85 1025 
T. itambere 56878 Paracatu MG -17.22 -46.87 702 
T. itambere 26848 Paracatu MG -17.22 -46.87 702 
T. itambere 56877 Paracatu MG -17.22 -46.87 702 

T. itambere 24095 São Thomé 
das Letras MG -21.66 -44.89 1181 

T. itambere 24059 Três Marias MG -18.19 -45.32 584 
T. itambere 24061 Três Marias MG -18.19 -45.32 584 
T. itambere 24132 Alcinópolis MS -18.15 -53.68 547 
T. itambere 24128 Alcinópolis MS -18.15 -53.68 547 
T. itambere 24125 Alcinópolis MS -18.15 -53.68 547 
T. itambere 24129 Alcinópolis MS -18.15 -53.68 547 
T. itambere 58558 Aquidauana MS -20.46 -55.62 451 
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T. itambere 58559 Aquidauana MS -20.46 -55.62 451 
T. itambere 58565 Bodoquena MS -20.70 -56.88 754 
T. itambere 58566 Bodoquena MS -20.70 -56.88 754 
T. itambere 58567 Bodoquena MS -20.70 -56.88 754 
T. itambere 58707*** Bodoquena MS -20.70 -56.88 754 
T. itambere 58564*** Bonito MS -21.15 -56.79 560 
T. itambere 58560 Bonito MS -21.15 -56.79 560 
T. itambere 58563 Bonito MS -21.15 -56.79 560 
T. itambere 58561 Bonito MS -21.15 -56.79 560 
T. itambere 58562 Bonito MS -21.15 -56.79 560 

T. itambere 24033 Barra do 
Garças MT -15.86 -52.25 525 

T. itambere 55914 Nova 
Xavantina MT -14.69 -52.34 283 

T. itambere 55912 Nova 
Xavantina MT -14.69 -52.34 283 

T. itambere 56890 Nova 
Xavantina MT -14.69 -52.34 283 

T. itambere 55920 Nova 
Xavantina MT -14.69 -52.34 283 

T. itambere 68403 Ribeirão 
Cascalheira MT -13.00 -51.75 334 

T. itambere 68406 Ribeirão 
Cascalheira MT -13.00 -51.75 334 

T. itambere 68404 Ribeirão 
Cascalheira MT -13.00 -51.75 334 

T. itambere 71107 Ribeirão 
Cascalheira MT -12.47 -52.37 328 

T. itambere 73594 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

T. itambere 73593 Ribeirão 
Cascalheira MT -12.94 -51.82 379 

T. itambere CHRP151 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP152 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP159 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP157 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP153 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP156 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP155 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP158 Atibaia SP -23.16 -46.53 1099 
T. itambere CHRP154 Atibaia SP -23.16 -46.53 1099 

!       
Outgroups       
"T. itambere" 24074 Moeda MG -20.29 -43.96 1310 
"T. itambere" 24075 Moeda MG -20.29 -43.96 1310 
"T. itambere" 24246 Natividade TO -11.69 -47.70 719 
"T. itambere" 24247 Natividade TO -11.69 -47.70 719 
"T. itambere" 24252 Natividade TO -11.69 -47.70 719 
"T. itambere" 24248 Natividade TO -11.69 -47.70 719 
"T. itambere" 24251 Natividade TO -11.69 -47.70 719 
"T. itambere" 24250 Natividade TO -11.69 -47.70 719 
"T. itambere" 24245 Natividade TO -11.69 -47.70 719 
"T. itambere" 24255 Natividade TO -11.69 -47.70 719 
"T. itambere" 24254 Natividade TO -11.69 -47.70 719 
"T. itambere" 24249 Natividade TO -11.69 -47.70 719 
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Plica plica 38617*** Novo 
Progresso PA -8.60 -55.50 354 

T. guarani 58553*** Bonito MS -21.45 -56.79 485 
T. hispidus 61914 Exu PE -7.43 -39.75 631 
T. hispidus 60993 Piripiri PI -4.10 -41.71 200 
T. hispidus 6615 Boa Vista RO 3.30 -60.80 85 
T. insulanus 30735 Novo Progresso PA -8.60 -55.50 354 
T. insulanus 30749 Novo Progresso PA -8.60 -55.50 354 
T. oreadicus 43833 São Domingos GO -13.45 -46.45 456 
T. psamonastes 58290 Manga MG -14.84 -43.99 477 
T. sp. GRCOLLI1551 Minaçu GO -13.50 -48.40 427 
T. torquatus 24071 Moeda MG -20.29 -43.96 1310 
T. torquatus 24072 Moeda MG -20.29 -43.96 1310 
T. torquatus 24073 Moeda MG -20.29 -43.96 1310 
T. torquatus 45207 Caseara TO -9.37 -49.84 185 
U. superciliosus 37547 Humaitá AM -7.20 -62.90 53 
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Appendix 20: Average number of reads (coverage) across loci and average number of loci above the coverage 

threshold (100 reads) of the AP dataset for Gymnodactylus amarali (Table A), Micrablepharus atticolus (Table 

B), Tropidurus itambere (Table C), and their respective outgroups.  
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Table A: 
 

ID Species 
Average coverage 

across loci 
Loci passing 

coverage threshold 
MTR14237 G. amarali 2402.90 391 
53060 G. amarali 2665.26 391 
GRC21228 G. amarali 1942.29 391 
10775 G. amarali 1978.32 391 
GRC24310 G. amarali 4633.62 391 
53293 G. amarali 2992.61 390 
44698 G. amarali 2265.45 390 
ESTR1293 G. amarali 2742.30 390 
62569 G. amarali 2125.05 390 
GRC24210 G. amarali 2187.93 390 
GRC24211 G. amarali 2741.00 390 
52007 G. amarali 3060.78 390 
69384 G. amarali 4618.60 390 
10442 G. amarali 2008.26 390 
15799 G. amarali 5219.43 390 
MRT6435 G. amarali 2034.43 390 
GRC20900 G. amarali 1790.44 389 
45336 G. amarali 2733.41 389 
24256 G. amarali 2376.59 388 
LG0889 G. amarali 1571.32 385 
2152 G. amarali 1058.54 384 
28219 G. amarali 1546.24 379 
LAJ215 G. amarali 763.63 378 
58335 G. darwini 2319.71 390 
58336 G. geckoides 2496.56 389 
56644 G. geckoides 2029.24 385 
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Table B: 
 

ID Species 
Average coverage 

across loci 
Loci passing 

coverage threshold 
21037 M. atticolus 3947.57 390 
37312 M. atticolus 2986.00 389 
26202 M. atticolus 4275.47 389 
RMH28 M. atticolus 5667.98 388 
LG1019 M. atticolus 5429.72 388 
38480 M. atticolus 3408.07 388 
89982 M. atticolus 4386.87 388 
57786 M. atticolus 3600.74 388 
26023 M. atticolus 4415.24 388 
95927 M. atticolus 2945.73 388 
LG1300 M. atticolus 4152.75 388 
LG1294 M. atticolus 3250.78 387 
SJBH211 M. atticolus 5084.85 387 
18096 M. atticolus 5058.77 387 
LG1390 M. atticolus 3247.01 387 
73550 M. atticolus 5264.00 387 
PHV2847 M. atticolus 3449.28 387 
10590 M. atticolus 3223.66 387 
12363 M. atticolus 2728.80 387 
20937 M. atticolus 5071.17 386 
73552 M. atticolus 2919.59 386 
89984 M. atticolus 1903.33 384 
68416 M. atticolus 2281.71 384 
RMH49 M. atticolus 1678.99 381 
CG342 M. atticolus 1129.63 375 
59987 M. atticolus 167.09 254 
13105 M. maximiliani 5426.50 388 
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Table C:  
 

ID Species 
Average coverage 

across loci 
Loci passing 

coverage threshold 
24129 T. itambere 3005.64 390 
58559 T. itambere 3293.81 390 
58567 T. itambere 3108.13 390 
6552 T. itambere 2501.77 390 
24071 T. itambere 4313.42 390 
24074 T. itambere 3601.15 390 
24251 T. itambere 2551.15 390 
56878 T. itambere 3140.55 390 
24061 T. itambere 3214.66 390 
24128 T. itambere 3308.00 390 
24191 T. itambere 5325.36 390 
24033 T. itambere 2823.39 390 
72533 T. itambere 3687.65 390 
24056 T. itambere 3031.99 390 
6545 T. itambere 2588.09 390 
24181 T. itambere 3601.52 390 
55912 T. itambere 2903.15 389 
24094 T. itambere 2125.03 389 
24095 T. itambere 2238.69 389 
72530 T. itambere 1851.04 388 
24190 T. itambere 2320.94 383 
58562 T. itambere 2100.75 382 
38756 T. itambere 1037.33 366 
24093 T. itambere 1730.18 363 
68404 T. itambere 658.26 273 
56890 T. itambere 283.34 183 
61914 T. hispidus 2478.93 390 
43833 T. oreadicus 3375.33 391 
45207 T. torquatus 3216.73 391 
37547 U. superciliosus 2945.09 391 
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Appendix 24: Delimited species and their posterior probability as estimated by BPP v3.0 on different runs for 

Gymnodactylus amarali (Table A), Micrablepharus atticolus (Table B), Tropidurus itambere (Table C), and 

their respective outgroups. Species with less than 0.01 posterior probabilities in every run were omitted for 

clarity. No cleandata is when ambiguous and missing sites were included in the likelihood calculations, whereas 

for cleandata they were removed. 

 

Table A:  

Delimited species Algorithm 1  
No cleandata 

Algorithm 2 
No cleandata 

Algorithm 1 
Cleandata 

Algorithm 2 
Cleandata 

G. darwinii - Matias Cardoso 1.000 1.000 1.000 1.000 

G. geckoides - Manga 1.000 1.000 1.000 1.000 

G. geckoides - Exu 1.000 1.000 1.000 1.000 

G. amarali - clade 1 1.000 1.000 1.000 1.000 

G. amarali - clade 2 1.000 1.000 1.000 1.000 

G. amarali - clade 3 1.000 1.000 1.000 1.000 

G. amarali - clade 4 1.000 1.000 1.000 1.000 

G. amarali - clade 5 1.000 1.000 1.000 1.000 

G. amarali - clade 6 1.000 1.000 1.000 1.000 

G. amarali - clade 7 1.000 1.000 1.000 1.000 

G. amarali - clade 8 0.046 - 0.010 0.076 - 0.011 0.099 - 0.044 0.391 - 0.623 

G. amarali - clades 8–9 0.953 - 0.990 0.923 - 0.989 0.900 - 0.955 0.376 - 0.608 

G. amarali - clade 9 0.046 - 0.010 0.076 - 0.011 0.032 - 0.099 0.390 - 0.623 

G. amarali - clade 9–10–11–12 – – 0.012 – 

G. amarali - clade 10 1.000 0.951 - 1.000 0.615 - 0.955 0.353 - 0.854 

G. amarali - clades 10–11 – – – 0.091 

G. amarali - clades 10–11–12 – 0.048 0.032 - 0.384 0.002 - 0.646 

G. amarali - clades 10–12 – – – 0.050 

G. amarali - clades 11 1.000 0.812 - 1.000 0.144 - 0.240  0.001 - 0.532 

G. amarali - clades 11–12 – 0.139 0.471 - 0.715 0.352 - 0.372 

G. amarali - clade 12 1.000 0.812 - 1.000 0.144 - 0.240  0.001 - 0.573 
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Table B:  

Delimited species Algorithm 1  
No cleandata 

Algorithm 2 
No cleandata 

Algorithm 1 
Cleandata 

Algorithm 2 
Cleandata 

Micrablepharus maximiliani 1.000 1.000 1.000 1.000 

M. atticolus - A 1.000 1.000 1.000 1.000 

M. atticolus - B 1.000 1.000 1.000 1.000 

M. atticolus - C 1.000 1.000 1.000 1.000 

M. atticolus - D 1.000 1.000 1.000 1.000 

M. atticolus - E 1.000 1.000 0.919 - 0.953 0.997 - 1.000 

M. atticolus - E–F – – 0.046 - 0.080 0.002 

M. atticolus - F 1.000 1.000 0.849 - 0.919 0.250 - 0.993 

M. atticolus - F–G – – – 0.705 

M. atticolus - F–G–H–I – – 0.057 0.043 - 0.003 

M. atticolus - F–H–I – – 0.046 – 

M. atticolus - G 1.000 1.000 0.939 - 1.000 0.247 - 0.995 

M. atticolus - G–H–I – – 0.002 0.001 - 0.003 

M. atticolus - H 1.000 1.000 0.893 - 1.000 0.952 - 0.995 

M. atticolus - I 1.000 1.000 0.893 - 1.000 0.952 - 0.995 
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Table C:  

Delimited species Algorithm 1  
No cleandata 

Algorithm 2 
No cleandata 

Algorithm 1 
Cleandata 

Algorithm 2 
Cleandata 

Uranoscodon superciliosus 1.000 1.000 1.000 1.000 

torqMo–hisp–itaNat–ore–itaMo–
torq 

1.000 1.000   

T. torquatus - Moeda (torqMo) 0.027 0.082 0.001 - 0.003 0.001 - 0.006 

torqMo–hisp 0.973 0.918 0.147 0.026 - 0.113 

torqMo–itaMo –  0.998  

torqMo–hisp–itaMo –  0.849 0.879 - 0.972 

T. hispidus - Exú (hisp) 0.027 0.068 0.003 - 1.000 0.001 - 0.006 

hisp–itaNat–ore  0.014   

T. itambere - Natividade (itaNat) 0.027 0.041 0.161 - 0.269 0.282 - 0.311 

itaNat–ore 0.973 0.945 0.730 - 0.838 0.688 - 0.717 

T. oreadicus - São Domingos (ore) 0.027 0.041 0.161 - 0.269 0.282 - 0.311 

T. itambere - Moeda (itaMo) 1.000 1.000 0.001 - 0.150 0.027 - 0.120 

T. torquatus - Caseara (torq) 1.000 1.000 1.000 1.000 

T. itambere - A 1.000 1.000 1.000 1.000 

T. itambere - B 1.000 1.000 1.000 1.000 

T. itambere - C 1.000 1.000 1.000 1.000 

T. itambere - D 1.000 1.000 1.000 1.000 

T. itambere - E 1.000 1.000 1.000 1.000 
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Appendix 25: Relative substitution rates for AP. Average pairwise genetic distance (π) for each AP locus and 

for cytb are shown. The latter was calculated using sequences from the same individuals for which we had AP 

sequences. The cytb substitution rate is a general per-lineage rate (sub/site/million years) calculated for lizards 

using geomorphological information (Macey et al., 1998). Relative substitution ratios (AP π/ Cytb π) and 

relative substitution rates for AP (AP π/ cytB π x 0.0065 (sub/site/million years)) are provided.  

 

Taxon AP π Cytb π Cytb substitution rate 
(sub/site/million years) 

AP relative 
substitution 

ratio 

AP relative 
substitution rate 
(sub/site/million 

years) 
Gymnodactylus amarali 5.2610 66.1818 0.0065 0.0795 0.0005 
Micrablepharus atticolus 3.5765 33.6462 0.0065 0.1063 0.0007 
Tropidurus itambere 5.1906 59.1255 0.0065 0.0878 0.0006 
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Appendix 26: Locality records of Gymnodactylus amarali from the Brazilian Cerrado. 

 

!Municipality Locality State Latitude Longitude 
Coribe  BA -13.7587 -44.4187 

São Desidério Estudos da Ferrovia Oeste-
Leste/ Roda Velha-BA BA -12.7789 -45.8933 

Alto Paraíso de Goiás  GO -14.1622 -47.5233 

Alto Paraíso de Goiás 
Cerrado rupestre próximo à 
tapera e Castelinho de pedra, 
estrada para São Jorge 

GO -14.1631 -47.6193 

Cana Brava  GO -13.5083 -48.3556 
Cavalcante Reserva Bacupari GO -13.6424 -47.7217 
Cocalzinho de Goiás  GO -15.6366 -48.5543 
Colinas do Sul LT Serra da Mesa GO -13.9903 -48.0922 
Minaçu Cana Brava GO -12.7833 -46.8833 
Minaçu   GO -13.8167 -48.3333 
Minaçu  GO -13.4958 -48.3974 
Mineiros Parque Nacional Emas GO -17.5591 -52.6749 
Monte Alegre de Goiás Rio Raiz GO -13.2500 -46.9000 

Monte Alegre de Goiás Faz. Nossa Senhora do 
Livramento GO -13.2000 -47.1000 

Niquelândia  GO -14.4500 -48.4500 
Nova Roma   GO -13.7500 -46.8833 
Pirenópolis  GO -15.8500 -48.9500 
Pirenópolis   GO -15.8260 -49.0110 

Pirenópolis Cerrado rupestre próximo ao 
portal vindo de Pirenópolis GO -15.8055 -48.8743 

Pirenópolis Cerrado rupestre, estrada para 
o Morro do Cabeludo GO -15.8047 -48.8298 

Posse  GO -14.0833 -46.3333 
Rio Verde   GO -17.8000 -50.9333 
São Domingos  GO -13.4498 -46.4481 
Serra da Mesa   GO -14.2500 -48.5833 
Serra Negra  GO -14.0167 -48.3525 
Teresina de Goiás   GO -13.6938 -47.2399 
Alto Parnaíba  MA -9.1000 -45.9500 
Carolina   MA -7.3339 -47.4147 
Carolina  MA -7.3667 -47.4333 
Estreito   MA -6.5625 -47.4525 
Buritis  MG -15.6178 -46.4233 
Januária PARNA Peruaçu MG -15.1233 -44.2401 
Unaí  MG -16.3853 -46.8318 
[divisa 
Canarana/Cocalinho] 

São Domingos, Rio das 
Mortes MT -13.5000 -51.4000 

Barra do Garças  MT -15.8833 -52.2500 
Barra do Garças Ponta da Serra do Roncador MT -15.3282 -52.2284 
Cocalinho  MT -14.3744 -51.0022 

Nova Xavantina Parque Estadual do Bacaba - 
Campus Unemat MT -14.6858 -52.3358 

Nova Xavantina Rio Noidore MT -14.2724 -52.4487 
Santa Filomena Engenheiro Dodt PI -8.8000 -45.9333 
Almas RPPN Minnehaha TO -11.4737 -47.1211 
Almas EESGT, linha 4 TO -11.2208 -46.8856 

Almas EESGT, linha mamíferos 
(rochas) TO -11.1792 -46.8396 
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!Municipality Locality State Latitude Longitude 
Almas EESGT, Ribeirão Cascavel TO -11.2442 -46.8126 
Barra do Rio São 
Domingos  TO -13.4000 -47.2000 

Bom Jesus do Tocantins   TO -9.0022 -47.8624 
Caseara Parque Estadual do Cantão TO -9.3723 -49.8430 
Combinado Ferrovia Oeste-Leste TO -12.8130 -46.4747 
Conceição do Tocantins Ferrovia Oeste-Leste TO -12.4071 -47.1860 
Dianópolis   TO -11.7976 -46.9803 
Figueirópolis Ferrovia Oeste-Leste TO -12.1839 -48.9602 
Guaraí   TO -8.8333 -48.5167 
Gurupí  TO -11.7167 -49.0667 
Ipueiras   TO -11.2333 -48.4667 

Lajeado UHE Luís Eduardo 
Magalhães TO -9.8500 -48.3167 

Mateiros Jalapão TO -10.7022 -46.4128 
Natividade Torre de Telefone TO -11.6938 -47.7016 
Palmas   TO -10.0333 -48.3333 
Palmas  TO -10.1891 -48.1085 
Palmas Taquaruçu TO -10.2680 -48.1513 
Paranã  TO -12.6167 -47.8833 
Paranã Ferrovia Oeste-Leste TO -12.4847 -47.8137 
Pedro Afonso  TO -9.2044 -48.0168 
Peixe   TO -12.0333 -48.3500 
Peixe Faz. São Francisco TO -11.9064 -48.6992 
Peixe UHE Peixe Angical TO -12.0350 -48.6006 
Pium Parque Estadual do Cantão TO -9.9789 -50.0372 
Pium Piau ou Piaus TO -10.4422 -49.1856 
Porto Alegre do Tocantins  TO -11.6767 -46.9858 
Porto Nacional   TO -10.7000 -48.4167 
Porto Nacional Criação Projeto Irrigação TO -10.5485 -48.4840 
São Salvador do Tocantins   TO -12.7333 -48.2333 
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Appendix 27: Locality records of Micrablepharus atticolus from the Brazilian Cerrado. 

 

Municipality Locality State Latitude Longitude
Brasília Faz. Água Limpa DF -15.9726 -47.9099
Brasília Airport DF -15.8820 -47.9241
Brasília Área Alfa (CIAB) - CAE a DF -16.0120 -47.9442

Brasília Área Alfa (CIAB) - Campo 
Vochysia

DF -15.9831 -47.9062

Brasília Área Alfa (CIAB) - CAW b DF -16.0160 -47.9558
Brasília Área Alfa (CIAB) - CEW d DF -16.0060 -47.9617
Brasília Floresta Nacional de Brasília DF -15.7579 -48.0599
Brasília IBGE - Mata de Galeria DF -15.9312 -47.8829
Brasília IBGE - Projeto Fogo DF -15.9505 -47.8678

Brasília Jardim Botânico de Brasília - 
Mata de Galeria

DF -15.8818 -47.8415

Brasília Parque Nacional de Brasília DF -15.6968 -47.9250
Brasília DF -16.0089 -47.9497
Brasília DF -15.7811 -47.7972
Alexânia Faz. Cafundó GO -16.1481 -48.5793
Aporé PCH Planalto GO -18.7883 -52.3753
Aporé GO -18.7680 -52.0454
Arenópolis PCH Mosquitão - Rio Caiapó GO -16.3419 -51.4375
Aruanã GO -14.8056 -50.9372
Caldas Novas UHE Corumbá GO -17.7900 -48.6000
Caldas Novas GO -17.7333 -48.6167
Campo Alegre de Goiás AHE Serra do Facão GO -17.7486 -47.7030
Campo Alegre de Goiás AHE Serra do Facão GO -17.7484 -47.7056
Catalão AHE Serra do Facão GO -17.9185 -47.7085
Catalão LT Serra da Mesa GO -18.3633 -47.9089
Catalão GO -17.9305 -47.6657

Chapadão do Céu Parque Nacional das Emas - Água 
Ruim

GO -18.1833 -52.7435

Minaçu Serra da Mesa GO -13.8306 -48.2932

Mineiros Assentamento Nascentes do 
Araguaia

GO -17.6644 -53.2172

Mineiros Faz. Babilônia GO -17.6561 -52.9097
Mineiros Parque Nacional das Emas GO -18.2543 -52.8865
Pirenópolis GO -15.8000 -48.8600
Rio Verde GO -17.3386 -50.7152
Santa Rita do Araguaia GO -17.2272 -53.1580
Santa Rita do Araguaia GO -17.2445 -53.0693
Santa Rita do Araguaia GO -17.3167 -53.2000
Santa Rita do Araguaia GO -17.3000 -53.2000
Serranópolis Casarão de Pedra GO -18.3308 -51.9664

Arinos RPPN Arara Vermelha and Vereda 
do Pacari

MG -15.4461 -45.8251

Curvelo Curvelo/Pompéu MG -19.0260 -44.7090
Formoso PARNA Grande Sertão Veredas MG -15.3070 -45.9414
Paracatu MG -17.4000 -47.3000
Uberlândia MG -19.0283 -48.3317
Alcinópolis Faz. Vista Bonita - Line 1 MS -17.9892 -53.6276
Alcinópolis Faz. Vista Bonita - Line 2 MS -17.9952 -53.6334
Alcinópolis Faz. Vista Bonita - Line 3 MS -18.0262 -53.6415
Alcinópolis Faz. Vista Bonita - Line 4 MS -18.0173 -53.6541
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Municipality Locality State Latitude Longitude
Bataguassu MS -21.8082 -52.5707
Campo Grande Estância Santa Maria MS -20.5101 -54.5258

Costa Rica PE Nascentes do Taquari - Faz. 
Mutum

MS -18.2150 -53.3121

Coxim Diamante Farm - Jauru district MS -18.6916 -54.4110
Três Lagoas Faz. Barra da Moeda MS -20.9829 -51.7892
Três Lagoas Faz. Canaã MS -20.4700 -52.0000

Alto Araguaia Faz. Bacuri, Bálsamo, and 
Córrego Fundo

MT -17.2600 -53.3000

Alto Araguaia Córrego do Sapo MT -17.5470 -53.3209
Alto Araguaia Faz. Saramandaia - Line 10 MT -17.9042 -53.4663
Barra do Garças PCH Toricoejo MT -15.2536 -53.1239
Barra do Garças MT -15.3597 -52.4971
Brasnorte MT -12.4254 -57.9955
Canabrava do Norte BR 158 MT -11.2359 -51.6867
Canarana Faz. Peixe Boi MT -13.3313 -52.3987
Chapada dos Guimarães APM Manso MT -14.9100 -55.7000
Chapada dos Guimarães MT -15.1071 -55.5396
Chapada dos Guimarães MT -14.9934 -55.8865
Chapada dos Guimarães MT -15.2700 -55.8400
Cocalinho MT -13.8687 -51.1474
Cuiabá Ribeirão do Forte MT -15.3340 -55.9470
Gaúcha do Norte MT -13.2333 -53.0667
Nova Lacerda MT -14.3005 -59.7713
Nova Nazaré Pindaíba MT -14.3667 -51.7167
Nova Xavantina Rancho Ponte de Pedra Farm MT -14.7951 -52.6417
Nova Xavantina UNEMAT MT -14.6988 -52.3509
Novo Santo Antônio Parque Estadual do Araguaia MT -12.3849 -50.8934
Novo São Joaquim AHE Agua Limpa MT -15.2930 -53.7610
Paranatinga MT -13.6768 -54.1087
Ribeirão Cascalheira BR 158 MT -12.8488 -51.7459

Ribeirão Cascalheira Serra do Roncador - Aldeia de 
Caça

MT -12.8500 -51.7500

Santa Terezinha Tapirapé River MT -10.6833 -50.6333
São Félix do Araguaia São Domingos - Rio das Mortes MT -11.7500 -50.7333
São José do Rio Claro MT -13.5962 -56.7945
Sapezal UHE Cachoeirão MT -13.5333 -58.8000
Sapezal MT -13.1522 -58.6535
Sorriso Boa Esperança MT -13.5091 -55.1425

Conceição do Araguaia São José da Fortaleza Farm - 
Mata do Buraco

PA -8.1425 -49.3391

Conceição do Araguaia PA -8.1825 -49.5126

Palestina do Pará UHE Santa Isabel - Pedral do 
Araguaia

PA -6.1236 -48.4125

Santana do Araguaia PA -9.7271 -50.1813
Santana do Araguaia PA -9.6812 -50.1581
Pimenta Bueno RO -11.8088 -60.7230
Vilhena BR-399 km 21-23/km 53-55 RO -12.4700 -60.5200
Vilhena RO -12.4733 -60.2896

Águas de Santa Bárbara Estação Ecológica Águas de 
Santa Bárbara

SP -22.7900 -49.2432

Águas de Santa Bárbara Estação Ecológica Águas de 
Santa Bárbara

SP -22.7870 -49.2346

Angatuba Faz. Três Lagoas SP -23.3831 -48.4536
Brotas EE Itirapina SP -22.2070 -47.9373
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Municipality Locality State Latitude Longitude 
Cajuru  SP -21.2757 -47.3101 
Descalvado   SP -21.8810 -47.6541 
Santa Rita do Passa Quatro ARIE Pé do Gigante SP -21.6392 -47.6436 
Santa Rita do Passa Quatro   SP -21.6833 -47.4833 
São José do Rio Preto  SP -20.8200 -49.3789 

Teodoro Sampaio Parque Estadual do Morro do 
Diabo SP -22.5833 -52.3000 

Caseara  TO -9.4004 -49.8480 
Lagoa da Confusão Ilha do Bananal TO -11.3000 -50.2800 
Peixe UHE Peixe Angical TO -12.0300 -48.5500 
Pium Ilha do Bananal TO -10.4541 -50.4723 
Pium Parque Estadual do Cantão TO -9.9789 -50.0372 
Pium Parque Estadual do Cantão TO -9.3951 -50.0015 
Pium Parque Nacional do Araguaia TO -10.3860 -50.1330 
São Salvador do Tocantins   TO -12.4858 -48.2650 
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Appendix 28: Locality records of Tropidurus itambere from the Brazilian Cerrado. 

 

Municipality Locality State Latitude Longitude

Brasília Faz. Água Limpa DF -15.7700 -47.9300

Alto Paraíso de Goiás Cerrado rupestre em frente 
ao Portal da Chapada

GO -14.1524 -47.5963

Cristalina Cerrado Rupestre próximo à 
BR 040

GO -16.7892 -47.5765

Alto Paraíso de Goiás
Cerrado rupestre próximo à 
tapera e Castelinho de pedra, 
estrada para São Jorge

GO -14.1631 -47.6193

Pirenópolis Parque Estadual dos Pirineus 
- Murinho de Pedra

GO -15.8068 -48.8488

Cristalina Pedras próximas à BR 040 GO -16.7342 -47.6208
Pirenópolis Serra dos Pireneus GO -15.8500 -48.9500
Água Limpa GO -18.0700 -48.7600
Alto Paraíso de Goiás GO -14.1622 -47.5233
Aporé GO -18.9600 -51.9200
Baliza GO -16.1900 -52.5400
Caldas Novas GO -17.7400 -48.6200
Catalão GO -18.1700 -47.9400
Cocalzinho GO -15.6366 -48.5543
Colinas do Sul GO -13.9903 -48.0922
Cristalina GO -16.7600 -47.6100
Flores de Goiás GO -14.4400 -47.0400
Jataí GO -17.8800 -51.7100
Minaçu GO -13.4958 -48.3974
Novo Gama GO -16.0500 -48.0300
Pirenópolis GO -15.8260 -49.0110
Planaltina de goias GO -15.4500 -47.6100
Santo Antonio do 
Descoberto

GO -15.9300 -48.2500

São Domingos GO -13.4498 -46.4481
São João d'Aliança GO -14.7000 -47.5200

Lima Duarte Parque Estadual do Ibitipoca MG -21.8400 -43.7900

Parque Nacional Grande 
Sertão Veredas

Parque Nacional Grande 
Sertão Veredas

MG -15.2233 -45.8122

Três Marias
Ponte de pedra - Condominio 
Morada dos Peixes MG -18.1901 -45.3249

Ingaí Reserva Biológica Unilavras 
Boqueirão

MG -21.3464 -44.9908

Arcos São Julião MG -20.2800 -45.5300
Ouro Branco Serra do Ouro Branco MG -20.5200 -43.6900
São Thomé das Letras Sobradinho MG -21.6613 -44.8870
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Municipality Locality State Latitude Longitude

Lima Duarte Vila do Mogol MG -21.7403 -43.8520

Campos Altos MG -19.6900 -46.1700

Chapada Gaúcha MG -15.3000 -45.6100

Itapeva MG -22.7600 -46.2200

Paracatu MG -17.2200 -46.8700

Três Marias MG -18.2000 -45.2400

Unai MG -16.3853 -46.8318

Alcinópolis Parque Natural Municipal 
Templo dos Pilares

MS -18.1494 -53.6778

Miranda Salobra MS -20.2400 -56.3700

Alcinópolis MS -18.3200 -53.7000

Aquidauana MS -20.4700 -55.7800

Bodoquena MS -20.5300 -56.7100

Bonito MS -21.1200 -56.4800

Cassilândia MS -19.1100 -51.7300

Três Lagoas MS -20.7500 -51.6700

Barra do Garças Parque Estadual da Serra 
Azul

MT -15.8578 -52.2545

Alto Araguaia MT -17.3100 -53.2100

Barra do Bugres MT -15.0700 -57.1800

Barra do Garças MT -15.2000 -52.5000

Chapada dos Guimarães MT -15.4600 -55.7500

Cuiabá MT -15.5900 -56.0900

Itiquira MT -17.2000 -54.1500

Nova Bandeirantes MT -10.3466 -57.6891

Nova Monte Verde MT -10.3322 -57.6505

Nova Xavantina MT -14.6858 -52.3358

Ribeirão Cascalheira MT -13.0031 -51.7533

Ribeirão Cascalheira MT -12.9400 -51.8200

Ribeirão Cascalheira MT -12.4700 -52.3700

São Geraldo do Araguaia PA -6.1691 -48.7872

Tibaji PR -24.5000 -50.4100

Campinas Faz. Manga SP -23.0000 -47.0000

Botucatu Rubião Júnior SP -22.8800 -48.4400

São Luís do Paraitinga Serra de Itambé SP -23.2200 -45.3100

Adolfo SP -21.2300 -49.6400
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Municipality Locality State Latitude Longitude

Araguaquara SP -21.7900 -48.1700
Atibaia SP -23.1582 -46.5342
Barretos SP -20.5500 -48.5600
Cabrália Paulista SP -22.4500 -49.3300
Franca SP -20.5300 -47.4000
Ituverava SP -20.3300 -47.7800
Jaboticabal SP -21.2500 -48.3200
Maracaí SP -21.6100 -50.6600
Nova Europa SP -21.7700 -48.5600
Penápolis SP -21.4200 -50.0700
Piedade SP -23.7100 -47.4200
Piraju SP -23.1900 -49.3800
Ribeirão Preto SP -21.1700 -47.8100
Rio Claro SP -22.4100 -47.5600
São Carlos SP -22.0100 -47.8900
São João da Boa Vista SP -21.9600 -46.7900
São Roque SP -23.5200 -47.1300
Socorro SP -22.5900 -46.5200
Sorocaba SP -23.5000 -47.4500
Tabatinga SP -21.7100 -48.6800
Valinhos SP -22.9333 -46.9167
Valinhos SP -22.9700 -46.9900
Valinhos SP -22.9333 -46.9166
Vinhedo SP -23.0300 -46.9700
Vista Alegre do Alto SP -21.1700 -48.6200
Votorantim SP -23.5400 -47.4300
Peixe TO -12.0333 -48.3500
São Salvador do 
Tocantins

TO -12.7333 -48.2333
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Appendix 29: Species distribution models of Gymnodactylus amarali under past and current environmental 

conditions. SDMs shown are from current (0 ka) climate, mid-Holocene (6 ka), Last Glacial Maximum (LGM, 

21 ka), and Last Interglacial (LIG, 120 ka). 
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Appendix 30: Species distribution models of Micrablepharus atticolus under past and current environmental 

conditions. SDMs shown are from current (0 ka) climate, mid-Holocene (6 ka), Last Glacial Maximum (LGM, 

21 ka), and Last Interglacial (LIG, 120 ka). 
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Appendix 31: Species distribution models of Tropidurus itambere under past and current environmental 

conditions. SDMs shown are from current (0 ka) climate, mid-Holocene (6 ka), Last Glacial Maximum (LGM, 

21 ka), and Last Interglacial (LIG, 120 ka). 
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