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ABSTRACT
Diversification and Conservation in the South American Dry Biomes:
Distribution Modeling and Multilocus
Lizard Phylogeography
Fernanda P. Werneck
Department of Biology, BYU
Doctor of Philosophy
The understanding of diversification of intraspecific lineages can shed light on speciation
processes and ultimately biogeographic patterns across multiple spatial and temporal scales. In
this dissertation I investigated the geographical and ecological factors promoting diversification
across the South American ‘dry diagonal’ biomes (i.e. Cerrado, Chaco, and Seasonally Dry
Tropical Forests - SDTFs), through a coupled approach between multilocus phylogeographic and
geospatial methods, in the larger context of interpreting the consequences of the resulting
patterns for the conservation of biodiversity and evolutionary processes. In Chapter 1 I evaluate
biogeographic hypotheses previously proposed and emphasize that the ‘dry diagonal’ biomes are
particularly biodiverse and biogeographically complex, but poorly studied and under protected. I
also propose testable predictions for the subsequent chapters and future diversification studies. In
the subsequent chapters I adopt a biodiversity prediction approach based on estimating
palaeodistributions and habitat stability surfaces to formulate and test spatially explicit
diversification hypotheses based on squamate richness and phylogeography. In Chapter 2 I
identify historically stable areas of SDTFs and in Chapter 3 I found that the historical climatic
stability is a good predictor of Cerrado squamate richness. In Chapter 4 I use a multilocus dataset
to estimate the phylogenetic relationships among described species of the lizard genus
Phyllopezus (Phyllodactylidae), distributed across the ‘dry diagonal’ biomes. In Chapter 5 I used
a dense sampling design focused in the species complex P. pollicaris (more individuals,
localities, and markers), and coalescent phylogeographic methods to test the relative influences
of Tertiary geomorphological vs. Quaternary climatic events on diversification in this lizard. I
found unprecedented levels of cryptic genetic diversity, deep phylogeographic structure, and
diversification dating back to at least the Neogene with persistence across Quaternary
fluctuations. My dissertation emphasizes that patterns of diversification across the ‘dry diagonal’
biomes are much more complex than previously proposed and reflect the primary influence of
geologically old processes. Evidence of allopatric and ecological speciation between lineages
that coincide with genetic clusters associated with each of the biomes, contradicts early views
that the biomes would have a shared diversification history. These patterns illustrate that lowvagility complexes, characterized by strong structure and pre-Pleistocene divergences, represent
ideal radiations to investigate broad biogeography of associated biomes. Future studies should
investigate patterns of temporal and spatial congruence across co-distributed taxa, and integrate
morphological and further ecological data to refine species limits, taxonomy, and patterns of trait
evolution across these radiations.
Keywords: speciation, coalescent model, species tree, lizards, phylogeography, modeling,
Phyllopezus, South America, dry biomes
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GENERAL INTRODUCTION

NOVEL PHYLOGEOGRAPHIC APPROACHES AND BIOGEOGRAPHY
Identification of underlying mechanisms shaping the diversification of intraspecific
lineages is essential to understand speciation processes and ultimately biogeographic patterns
across multiple spatial and temporal scales. Phylogeography has been under continuous
development since first proposed as a discipline to bridge between population genetics and
systematics (Avise et al., 1987). Very rapid advances marked the last decade though, and many
novel approaches were proposed to investigate the processes underlying the geographic
distribution of genetic diversity within and among species (Avise, 2009; Garrick et al., 2010;
Chan et al., 2011; Hickerson et al., 2011).
Historical biogeography is currently undergoing a “Renaissance” due to the molecular
and methodological revolutions in systematics, phylogeography, and population genetics (Riddle
et al., 2008; Riddle, 2009). Emergent methods based on coalescent theory represent great
advances in investigating historical biogeographic patterns (Hickerson et al., 2011), including:
the use of model-based inference (i.e. any method in which a fully specified probabilistic model
describes how observed data are generated) to test alternative divergence/speciation hypotheses
(Beaumont et al., 2010; Bertorelle et al., 2010; Bloomquist et al., 2010; Garrick et al., 2010), the
estimation of species tree based on multiple loci in opposition to single gene trees (Leaché &
Rannala, 2011; Camargo et al., 2012) and simultaneous estimation of divergence times
(McCormack et al., 2011), likelihood-based reconstructions of ancestral areas (Lemmon &
Lemmon, 2008), statistical phylogeography (Knowles, 2009; Nielsen & Beaumont, 2009),
multilocus comparative phylogeography (Hickerson et al., 2006; Hickerson & Meyer, 2008),
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migration rate estimations (Kuhner, 2006; Beerli & Palczewski, 2010; Hey, 2010), past
population dynamics (Drummond et al., 2005), species delimitation based on information theory
(Carstens et al., 2009; Carstens & Dewey, 2010; Ence & Carstens, 2011), and phylogeography
coupled with GIS-based predictive models, such as distribution modeling (Hugall et al., 2002;
Carstens & Richards, 2007; Richards et al., 2007; Carnaval et al., 2009).
When adopting geospatial methods within a statistically rigorous framework, these
emergent methods represent exciting advances in testing for alternative models of population
divergence at the species level, and historical biogeography at the landscape level (Riddle et al.,
2008; Knowles & Alvarado-Serrano, 2010; Chan et al., 2011). These approaches have a further
advantage in allowing tests of a priori defined biogeographic hypotheses that can be compared to
and/or cross-validated by subsequent studies, in opposition to earlier ad hoc studies.

DNA MARKERS FOR ECOLOGY, EVOLUTION, AND CONSERVATION
Progress in molecular ecology and evolutionary biology have always been driven by
advances in DNA technologies (Holsinger, 2010; Tautz et al., 2010). Selection of appropriate
molecular markers for evolutionary studies involves a balance between marker properties (e.g.
variability, number, phylogenetic coverage, type, success rate) and the resources (genetic
resources, time, technical difficulty, funding) available for their development (Brito & Edwards,
2009; Thomson et al., 2010). In general, new advances in marker development and the recent
increased availability of large DNA sequence datasets through the next generation sequencing
(NGS) revolution allow for more detailed analyses of complex biological scenarios in non-model
organisms (Tautz et al., 2010; Thomson et al., 2010). It is likely that soon the speed of DNA data
generation will surpass data analytical capacity (i.e. computational power and efficiency of
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algorithms) (Tautz et al., 2010). Compiling the tools and analyzing these data is complex and
time-consuming, however a lot of effort has been employed in developing novel analytical
methods to handle the amount of data generated by the next-generation high-throughput DNA
sequencing technologies (e.g.Hird et al., 2011).
The degree to which phylogeographic approaches can resolve broader biogeographic
processes is directly dependent on the coverage of geographical sampling, the biology of the
study taxa, and the nature of markers used. Single locus (mtDNA) phylogeography has been
heavily criticized (Brito & Edwards, 2009), because it ignores coalescent stochasticity and tends
to provide biased and overly-simplistic inferences (Knowles & Maddison, 2002). Regarding
sampling design, robust inferences require a tradeoff between number of loci and individuals, but
generally an increased number of individuals within species/populations improve species tree
accuracy (Maddison & Knowles, 2006). However, most phylogeographic studies of Neotropical
taxa are still based mainly on mtDNA and limited population and individual sampling, so their
broader biogeographic implications are limited. In my dissertation and in its forthcoming
extensions I explore different marker development strategies, including the use of multiple rapid
evolving nuclear protein coding loci (NPCL), exon-primed intron-crossing (EPIC) markers, and
anonymous nuclear loci (ANL).

NEOTROPICAL DIVERSIFICATION
Neotropical communities are a product of historical and ecological factors, which have
resulted in high biodiversity levels and complex biogeographic patterns (Burnham & Graham,
1999). The role of relatively recent Quaternary climatic changes vs. ancient geomorphological
Neogene events in the origin and diversification of the high Neotropical biodiversity has been a
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topic of passionate debate (Moritz et al., 2000; Rull, 2008; Hoorn et al., 2010; Rull, 2011). Each
of a number of alternative hypotheses predicts very different causal mechanisms (climatic vs.
tectonic and palaeogeographic) and patterns of genetic diversification.
Overall, under the ‘historical climatic stability’ hypothesis it is expected that stability
over Quaternary time scales will be reflected in higher genetic diversity and strong
phylogeographic structure between refugia in opposition to unstable regions, where populations
should reflect genetic signatures of repeated distributional shifts (Hewitt, 2004). The alternative
hypothesis (‘ancient divergence in geologically isolated regions’) predicts that species have been
little affected by Pleistocene fluctuations when compared to previous geomorphological events,
which remained largely unchanged since the Neogene (Bush & Hooghiemstra, 2005). These
older events are then predicted to leave stronger genetic signatures characterized by deep
phylogeographic structure with multiple well-supported haploclades, divergence dates predating
the Pleistocene, and the presence of cryptic species and multiple evolutionary significant units
(Moritz et al., 2000; Rull, 2008; Hoorn et al., 2010). A third hypothesis remains largely
unexplored; that of Tertiary and Quaternary causal mechanisms leaving mutually detectable
genetic signatures (e.g. Miocene-Pliocene episodes of diversification coupled with Pleistocene
range shifts) across different levels of sampled coalescent trees (Fujita et al., 2010; Rull, 2011).
In this case, most crown clades ages would date back to the Neogene, while most extant species
(or terminals) would have diverged during the Quaternary (Rull, 2011).
Distinguishing among these alternative hypotheses requires the reconstruction of stability
areas and the use of multiple molecular markers spanning a wide range of coalescent times and
mutation rates, coupled with dense population sampling, to estimate species trees and divergence
times (Brito & Edwards, 2009; Edwards, 2009). Also, new model-based phylogeographic
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methods provide rigorous statistical frameworks to distinguish between these alternative
hypotheses (Bloomquist et al., 2010), but the Neotropical region has generally not yet benefited
from the ‘molecular revolution’, especially the poorly investigated dry vegetation formations
(Beheregaray, 2008).

THE SOUTH AMERICAN ‘DRY DIAGONAL’
Eastern South American dry vegetation biomes occur under a variety of environmental
conditions, including large climatic, latitudinal and altitudinal ranges (Pennington et al., 2006).
They are organized diagonally and include three contiguous tropical/sub-tropical biomes: the
Seasonally Dry Tropical Forests (hereafter: SDTFs, with the largest area in northeastern Brazil,
known as Caatinga), the Cerrado savanna (central Brazil), and the Chaco (northeastern
Argentina, western Paraguay, and south-eastern Bolivia; see Figure 1, Chapter 1). In many
instances, SDTFs and Cerrado savannas can occur under the same climatic conditions (Mooney
et al., 1995; Mayle, 2004) while Chaco is often subject of more severe summers and winter
frosts (Pennington et al., 2000). These biomes respond differently to climatic and environmental
changes and should be considered separately in biogeographical analyses (Pennington et al.,
2000), but all are seasonally stressed by drought, have unique biotas characterized by significant
diversity and endemism, and complex mosaic distributions of plant communities.
In a recent global survey of phylogeographic studies, Beheregaray (2008) identified large
knowledge gaps in most South American biomes. In the last decade or so, however,
phylogeographic research has accelerated throughout much of this continent, including
Amazonia (Geurgas & Rodrigues, 2010; Ribas et al., 2012), Atlantic Forest (Thomé et al., 2010;
Cabanne et al., 2011), Andean regions (Cadena et al., 2011; Chaves & Smith, 2011), and
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Patagonia (Ruzzante et al., 2011; Sérsic et al., 2011), to cite some examples. Conspicuous gaps
in the emerging South American coverage are still the central-eastern open/dry vegetation
biomes. Despite being highly threatened, the dry biomes have received less research effort than
the tropical rainforests and are under-represented in conservation reserve networks in South
America (Klink & Machado, 2005; Prance, 2006).

MAIN GOALS AND CHAPTERS
My dissertation research investigates the geographical and ecological factors promoting
diversification across the South American ‘dry diagonal’ biomes, through the use of biomes and
species distribution modeling (SDMs), and an approach coupling between traditional and
coalescent phylogeographic and geospatial methods, in the larger context of interpreting the
consequences of the resulting patterns for the conservation of biodiversity and evolutionary
processes in these biomes.
In Chapter 1 (published manuscript at the Quaternary Science Reviews) I sent the stage
for the following chapters. In this paper I compile and evaluate biogeographic hypotheses
previously proposed for the diversification of the three major South American ‘dry diagonal’
biomes (SDTFs, Cerrado, and Chaco), with special focus on their distributions east and south of
the Andes. The biogeographic hypotheses evaluated were based on a variety of methods and
taxonomic groups, but my main focus was on faunal patterns. My goal was to generate
predictions and provide the subsequent chapters and future studies with a background for testable
hypotheses. I begin by investigating both continental (inter-biome) and regional (within-biome)
levels, and I then provide a biogeographic summary for these regions. I also suggest how novel
molecular-based historical biogeographic/phylogeographic approaches could contribute to the
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resolution of long-standing questions and add strength and robustness in the re-assessment of
many previously proposed hypotheses, identify potential target fauna groups for development of
these lines of study, and describe fertile future research agendas. Among the main findings on
this chapter, I highlight that the study of South American open biomes biogeography is generally
marked by a lack of integrated appraisals, especially using phylogeographic approaches. There
are few hypotheses about open biome biogeography at either continental (inter-biome) and
regional (within-biome) levels (Werneck, 2011), and available studies are mainly based on
methods with no direct historic implications, such as individual tracks, Parsimony Analysis of
Endemicity, and Cladistic Analysis of Distributions and Endemism. Historical and ecological
biogeographic knowledge of South American open biomes will benefit from the integration of
multi-species phylogeographic perspectives, with more traditional ‘deep’ phylogenetic
perspectives, palynological studies, syntheses of geological data to generate a priori predictions,
and further integration of niche modeling and GIS technologies. Fertile areas of research for the
‘dry diagonal’ biomes highlighted in this manuscript include: (1) a better comprehension of the
role of enclaves for the evolution of dry biota diversity; (2) investigation of the importance of the
highly dynamic ecotonal nature of open biomes for speciation processes; (3) estimating
divergence times for monophyletic phylogenetic and phylogeographic groups that can be
associated with major geological events shaping the evolution of the open biota; and (4)
understanding the genetic diversity and diversification of distinct biomes.
In the subsequent Chapters (2 and 3) I focus in estimating palaeodistribution models for
the ‘dry diagonal’ biomes to formulate spatially explicit diversification hypotheses. I adopted a
palaeomodeling approach to reconstruct potential refugial areas of SDTFs, Cerrado, and Chaco,
and the target lizard taxa across the Quaternary climatic fluctuations. Based on the stability
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surface, I generated explicit genetic predictions for expected phylogeographic histories of
associated taxonomic groups that require sampling across stable and unstable regions to be
tested. In Chapter 2 (published manuscript in the Global Ecology and Biogeography) I
investigate the potential distribution of Seasonally Dry Tropical Forests (SDTFs) across the
Quaternary climatic fluctuations using palaeodistribution modeling to reassess the formerly
proposed ‘Pleistocenic Arc Hypothesis’ (PAH), and to identify historically stable and unstable
areas of SDTF distributions. Based on the results I propose that the SDTFs experienced an early
expansion (either at the Lower Pleistocene or the Tertiary), followed by fragmentation in the
LGM (in contrast with the PAH, as it was originally conceived), and secondary expansion in the
Holocene (Werneck et al., 2011). The stability maps were used to generate specific genetic
predictions at both continental and regional scales (stable areas are expected to have higher
genetic diversity and endemism levels than adjacent unstable areas).
In Chapter 3 (manuscript in press in the Journal of Biogeography) I investigate the
historical distribution of the Cerrado across Quaternary climatic fluctuations and generate
historical stability maps to test: (1) whether the ‘historical climate’ stability hypothesis explains
squamate reptile richness in the Cerrado; and (2) the hypothesis of Pleistocene connections
between savannas located north and south of Amazonia. Some of the main findings of this study
include: the LGM and LIG were recovered as the periods of narrowest and widest Cerrado
distributions, respectively; evidence for two savanna corridors (eastern coastal during the LIG
and Andean during the LGM), and predicted a large refugial area in the north-eastern Cerrado
(the Serra Geral de Goiás Refugium). Variables related to climatic stability predicted squamate
richness better than present climatic variables. Climatic stability is then a good predictor of
Cerrado squamate richness and the stability maps can be used in future studies to test diversity
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patterns and genetic signatures of different taxonomic groups, and as a higher-order landscape
biodiversity surrogate for conservation planning (Werneck et al., In press-b).
In Chapter 4 (manuscript I co-authored in Molecular Phylogenetics and Evolution) we
generated a multi-gene dataset and estimated phylogenetic relationships among the described
species of the gecko genus Phyllopezus (Phyllodactylidae), which are distributed across the
South America’s open biomes. We included exemplars from all described species and from both
P. pollicaris subspecies, P. p. pollicaris and P. p. przewalskii. Phylogenies from the
concatenated data as well as species trees constructed from individual gene trees were largely
congruent. All phylogeny reconstruction methods showed Bogertia lutzae as the sister species of
Phyllopezus maranjonensis, rendering Phyllopezus paraphyletic. We synonymized the
monotypic genus Bogertia with Phyllopezus to maintain a taxonomy that is isomorphic with
phylogenetic history. We recovered multiple, deeply divergent, cryptic lineages within P.
pollicaris. These cryptic lineages possessed mtDNA distances equivalent to distances among
other gekkotan sister taxa. As currently recognized, the two P. pollicaris subspecies are not
reciprocally monophyletic and current taxonomy does not accurately reflect evolutionary
relationships among cryptic lineages (Gamble et al., 2012). We highlight the conservation
significance of these results in light of the ongoing habitat loss in South America’s open biomes.
In Chapter 5 (manuscript in press in Evolution) I present results from one of the most
densely-sampled case studies (in terms of geographical coverage, number of markers, and
individuals) for a Neotropical species complex broadly distributed across the ‘dry diagonal’
biomes. In this paper I expanded the sampling of the Phyllopezus pollicaris species complex to
explicitly test the genetic predictions derived from palaeomodeling using coalescent
phylogeographic methods, and test the relative contributions of Tertiary geomorphological vs.
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Quaternary climatic events on P. pollicaris diversification. More specifically, I tested whether
Quaternary climatic fluctuations left detectable genetic signatures, and also estimated species
trees, divergence times, ancestral distributions, and population structure. I ultimately used ABC
to test alternative divergence scenarios that correlate with major biogeographic events across the
‘dry diagonal’. Findings revealed unprecedented levels of cryptic genetic diversity, a very deep
phylogeographic structure, and a diversification history dating back to at least the Neogene with
persistence across Quaternary fluctuations (Werneck et al., In press-a). The alternative
divergence scenarios tested were useful to infer major biogeographic patterns across the poorlyknown South American ‘dry diagonal’ biomes.

CONCLUSIONS AND FUTURE DIRECTIONS
The Neotropical region offers a unique context for evolutionary studies aiming to
investigate patterns of diversification, speciation, and trait evolution: extremely high biodiversity
levels, multiple taxa with undocumented cryptic diversity (and consequently a need for
revisionary taxonomy), large sampling gaps, high incidence of evolutionary radiations, and
models of diversification under continuous development. The use of integrative approaches to
explore diversification patterns and processes and species boundaries is then essential for the
understanding of Neotropical biodiversity, its biogeographic history, and ultimately its
conservation.
In my dissertation I focus on the ‘dry diagonal’ biomes, which I demonstrate in Chapter 1
to be particularly biodiverse and biogeographically complex, but poorly studied and under
protected. My dissertation has a strong hypothesis generating and molecular testing framework,
which was developed and validated mostly for temperate zones and, in minor instances, for
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rainforests (Atlantic Forest of Brazil and the ‘Wet Tropics’ of northeastern Australia). This is the
first time this biodiversity prediction approach is investigated for such distinct vegetation
formations (e.g. South American dry biomes) in depth, using extensive sampling, multi-locus
data sets, and emergent analytical methods based on coalescent theory. As a result, my study has
the potential to contribute to the general understanding of evolutionary processes operating in a
highly diverse Neotropical region. It will also contribute to generalization of the ‘historic climate
stability’ and ‘ancient divergence’ hypotheses, and to further refinement of rapidly developing
species delimitation and comparative phylogeographic methods by the application of these
methods across biodiversity-rich landscapes. My results (both stability palaeomodels estimated
in Chapters 2 and 3, and the population divergence models proposed in Chapters 1, 4 and 5) can
be broadly compared to other biomes and taxa (in contrast to earlier ad hoc studies), and the
palaeo reconstructions of the dry biomes across the Quaternary climatic fluctuations represent
explicit georeferenced models open to testing by non-molecular data (species occurrence and
endemism data, distributional patterns, etc), and molecular testing with other taxa.
Overall my dissertation indicates that the patterns of diversification across the ‘dry
diagonal’ biomes are much more complex than previously proposed and reflect the primary
influence of geologically old processes (tectonics and geomorphological events) that operated
more strongly during the Miocene. I present a densely-sampled case study for a habitat-specialist
species complex that indicates allopatric and ecological/sympatric speciation between lineages
that coincide with genetic clusters associated with Chaco, Cerrado, and Caatinga, contradicting
early views that the ‘dry diagonal’ biomes would have a shared diversification history. The
phylogeographic structure and distribution models highlight that long-term persistence across
multiple isolated regions shaped the diversification of this species complex. The extremely high
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genetic diversity I report suggests that eight well-supported clades may be valid species, with
direct implications for taxonomy and conservation assessments. These patterns exemplify how
low-vagility species complexes, characterized by strong genetic structure and pre-Pleistocene
divergence histories, represent ideal radiations to investigate broad biogeographic histories of
associated biomes.
In my dissertation I also found that climatic stability across the Late Quaternary was able
to predict squamate richness in the Cerrado better than present climatic variables, indicating a
role for the historical climate stability in explaining diversity patterns, at least for some
taxonomic groups. Although this result and the long-term persistence reported for a dry diagonal
endemic (Phyllopezus pollicaris species complex) might look contradictory at a first glance, such
distinct patterns actually reflect the multiple evolutionary levels amenable to influences from
stochastic and deterministic evolutionary forces. At one hand, Late Quaternary climate
displacement rate (climate-change velocity) can be large enough to promote exclusion of some
low tolerance species, especially those with small ranges (Sandel et al., 2011). As a
consequence, at the community level species can be differentially excluded from areas that
experience severe climate fluctuations, while persistence and speciation would be favored by
climate stability over geological time-scales (Jablonski et al., 2006). Positive correlations
between richness and diversity (species and genetic) patterns and habitat stability are expected in
these communities (Hewitt, 2004; Graham et al., 2006; Carnaval et al., 2009). However, some
species might be able to display evolutionary responses to changing climates other than range
shifts and extinctions (Davis et al., 2005). Persistence in situ can occur, as long as changing
climate remains within the species' tolerance limits (Davis et al., 2005) and the preferred habit
persists in the case of habitat-specialists, as P. pollicaris is to rock outcrops. In this case, it is not
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unexpected for phylogeographic signatures to reflect events that have not been over-written by
Pleistocene climate dynamics (Leavitt et al., 2007; Bell et al., 2010; Thomé et al., 2010; Hoskin
et al., 2011).
My results suggest that stability is not the exclusive force in generating diversity (species
and genetic) patterns. The stability-instability dynamics is crucial to generate opportunity that
promotes diversification and ultimately speciation. Unique patterns of diversity can arise even
with climatic change, and this has been the case throughout the geological record (as exemplified
here by the multiple cryptic lineages reported for the P. pollicaris species complex). For this
reason, climate change should not be unconditionally associated with loss of diversity (i.e.
extinction) without a critical evaluation of each biological system idiosyncrasies. Patterns of
persistence and/or susceptibility to climatic changes provide important insights about responses
to future environmental changes and long-term population viability, a critical variable for
establishing efficient conservation strategies (Diniz-Filho et al., 2008). However, other taxa
associated with ‘dry diagonal’ features more susceptible to oscillations, may be more susceptible
than P. pollicaris complex to extinction due to climate change. Allocation of conservation
resources will then be more effective if comparative studies can provide evolutionary histories of
a diverse array of co-distributed ‘dry diagonal’ endemics.
A comparative phylogeographic approach will then provide the basis to test how
landscape evolution has influenced co-diversification at the regional level (Avise, 1998;
Bermingham & Moritz, 1998; Arbogast & Kenagy, 2001). Future directions of my dissertation
research include a test for spatial and temporal co-divergence in dry biome lizards, for which I
will use as target taxa two lizard clades in addition to Phyllopezus pollicaris complex, all with
distinct ecological requirements (desirable for comparative phylogeography, given that most
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demographic differences can be controlled at coalescent simulations) and partially overlapping
distributions along the ‘dry diagonal’. These included Vanzosaura rubricauda, which occurs
exclusively in sandy soils, and Micrablepharus maximiliani (both in the family
(Gymnophthalmidae), which prefers leaf litter rich areas. Shared histories will be evident as
significant spatial and temporal co-divergence among taxa and this signal should be considered
evidence for the influence of common historical processes on the evolution of dry biome regional
biotas (Lapointe & Rissler, 2005), while absence of significance would imply that some of this
diversification was driven by local or regional idiosyncratic processes. I have now all sequence
data collected for this future study, including some of the same NPCL and EPIC markers
sequenced for P. pollicaris plus multiple ANL I developed for the other two species. Using this
approach I will be able to investigate if the overall patterns recovered for P. pollicaris (limited
influence of Quaternary cycles, deep Miocene splits between lineages, high genetic structure,
unique divergence for each ‘dry diagonal’ biome, and the biogeographic scenario) are congruent
across the other co-distributed lizard taxa.
Integration of morphological and further ecological data (e.g. ecological niches for each
species and haploclades representing potential candidate species) into the multilocus dataset I
collected will be important to aid species delimitation studies and taxonomic revisions within
each of these taxa (Vasconcelos et al., 2012). The species boundaries that I propose P. pollicaris
in Chapter 5 is then open to further testing by taxonomy studies integrating explicit species
delimitation methods with multilocus genotypic and phenotypic data sets below the species level,
where the two often conflict (Winker, 2009). Next-generation sequencing (NGS) also has the
great potential to bring substantial new insight into the diversification studies below the species
level (Hudson, 2008; Gompert et al., 2010; Holsinger, 2010). Although still under active
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development, high-throughput new sequencing technologies will transform the way molecular
ecology and evolutionary biology are viewed as disciplines (Holsinger, 2010; Tautz et al., 2010).
The increase in the amount of data available through NGS will support increased precision of
species trees, genetic differentiation, and demographic parameters estimations, accuracy in
model choice and, consequently, in biogeographical inferences at all scales. I anticipate that, as
NGS became more accessible, diversification studies should use this technology to gain new
insight into the complex phylogeographic histories of Neotropical groups.
Finally, the high incidence of genetically diverse squamate radiations across the ‘dry
diagonal’ creates the ideal scenario for comparative studies to explore macroevolutionary
patterns of character evolution, traits diversification rates, and models of diversification (Losos,
2010; Wiens et al., 2011; Slater et al., 2012). The integration of estimated phylogenies with other
types of historical data (e.g. ecological, morphological, paleontological) for ‘dry diagonal’ taxa
at multiple taxonomic levels will provide a more robust way to fully understand the past (Losos,
2011).
Considering the interfaces of various knowledge fields (evolutionary biology,
biogeography, biodiversity, GIS based distribution modeling, molecular biology, conservation),
it is very likely that my dissertation results will engage the broader scientific and policy-maker
communities interested in a comprehensive picture of the dry biomes diversification, spotlighting
the conservation of biodiversity and evolutionary processes.
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Appendix S1 Environmental variables used in the distribution modelling.
Table S1 Environmental variables used in the distribution modelling under both Cerrado spatial
definitions. Variables are ordered according to the heuristic estimates of their relative contributions to
the MAXENT model (Phillips & Dudík, 2008), under the narrower definition. Area under the curve
(AUC) narrow definition (0.928); AUC broad definition (0.854).

Variable

Description

Percentage contribution

Percentage contribution for broad

for narrow definition

definition (order of relative
contribution)

BIO16

Precipitation of wettest

27.2

33.4 (1)

18.8

1.3 (10)

14.7

14.8 (4)

10.5

14.8 (3)

8.3

4.2 (6)

7.5

1.6 (9)

quarter

BIO7

Temperature annual
range

BIO17

Precipitation of driest
quarter

BIO15

Precipitation
seasonality

BIO11

Mean temperature of
coldest quarter

Alt

Altitude
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BIO3

Isothermality

5.7

8.4 (5)

BIO4

Temperature

4.9

16.7 (2)

1.3

2.0 (8)

1.1

3.2 (7)

seasonality

BIO14

Precipitation of driest
month

BIO10

Mean temperature of
warmest quarter

Reference
Phillips, S.J. & Dudík, M. (2008) Modeling of species distributions with Maxent: new extensions and a
comprehensive evaluation. Ecography, 31, 161–175.
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Appendix S2 Principal components analysis and spatially explicit simultaneous autoregressive (SAR)
model results.

Table S2 Principal components (PC) analysis of current climate variables and their coefficients of
variation (CV), as a measure of climatic variability, with respective auto-vectors for the first three
components.
Current climate

Stability variables (CV)

Variables

PC1

PC2

PC3

PC1

PC2

PC3

BIO3

0.381

-0.080

0.218

-0.335

-0.415

-0.257

BIO4

-0.410

0.164

0.256

-0.342

-0.143

-0.121

BIO7

-0.214

0.320

-0.371

-0.258

-0.607

-0.259

BIO10

0.281

-0.462

0.108

-0.337

0.326

-0.045

BIO11

0.387

-0.363

-0.083

-0.372

-0.198

0.369

BIO14

-0.392

-0.355

0.053

-0.417

0.242

0.178

BIO15

0.320

0.474

0.138

-0.353

0.315

-0.160

BIO16

0.122

-0.050

-0.840

-0.066

0.313

-0.763

BIO17

-0.375

-0.407

-0.062

-0.386

0.195

0.273

Cumulative variance explained

0.516

0.721

0.850

0.514

0.665

0.804
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Table S3 Standardized regression slopes (B), associated t-values, and probability of significance (P)
for the full spatially explicit simultaneous autoregressive (SAR) model including all predictors, for
Cerrado squamate richness.

Predictor

B

t

P

Refugia

66.8

7.30

< 0.001

PC1 Current

3.09

-2.59

0.01

PC2 Current

5.18

-4.68

< 0.001

PC3 Current

5.909

4.09

< 0.001

PC1 Stability

2.59

1.99

0.05

PC2 Stability

6.33

-4.88

< 0.001

PC3 Stability

1.83

1.51

0.13
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Appendix S3 Comparisons between published pollen records and model predictions for Cerrado occurrence at mid-Holocene (6 ka) and at the Last Glacial Maximum (21
ka).
Table S4 Palaeoenvironmental and sedimentology records for the Cerrado and surrounding regions. For specific results see Fig. S1, Tables S5, and S6.

Site

Latitude, longitude;

Present-day vegetation

mid-Holocene

LGM

Yes

Yes

References

elevation

1. Brasília and Águas Emendadas,
DF (BSB), Brazil

15°34′S, 47°35′W; 10401070 m a.s.l.

Typical Cerrado vegetation and
extensive palm swamps

(Barberi, 1994;
Salgado-Labouriau et
al., 1998; Barberi et al.,
2000)

2. Caçó Lake, MA (CAL), Brazil

3. Olhos Lake and Santa Lake, MG
(OSL), Brazil

4. Cromínia site, GO (CRO),
Brazil

2°58′S, 43°25′W; 120 m

From Restinga (steppe typical of

a.s.l.

coastal regions) to Cerrado, and

Sifeddine et al., 2003;

gallery forests

Ledru et al., 2006)

19o 38’ S, 43o 54’ W; 740
m a.s.l.

17o 17’ S, 49o 25’ W; 730
m a.s.l.

Mosaic of disturbed Cerrado and

Yes

Yes

semideciduous forests

Complex of Cerrado, gallery
forest and palm swamp

Yes

Yes

(Ledru et al., 2001;

No LGM (coverage:

(De Oliveira, 1992;

410 – 6,1 ka

Parizzi et al., 1998)

Yes

(Ferraz-Vicentini &
Salgado-Labouriau,

107

1996; SalgadoLabouriau et al., 1997)

5. Carajás site, PA (CAR), Brazil

6o 20’ S, 50o 25’ W; 700800 m a.s.l.

6. Pires Lake, MG (PIL), Brazil

17o 57’ S, 42o 13’ W; 390

Dense shrubby savanna

Yes

surrounded by rain forest

Dense tall SDTF

Brazil

Yes

10o 24’ S, 43o 13’ W; 480

‘Vereda’ vegetation, a palm

m a.s.l.

swamp forest bordered by a

14o 28’ S, 61o 04’ W

NKMNP, Bolivia

No LGM (coverage:

(Behling, 1995, 1998)

0 - 9,7 ka)

Yes

Ecotonal region between

No LGM data
(coverage: 4,240 -

narrow strip of SDTF

8. Laguna Chaplin (LCH) at

(Sifeddine et al., 2001)

sedimentation

m a.s.l.

7. Icatu River Valley, BA (IRV),

No, gap in

(De Oliveira et al.,
1999)

10,9 ka)

Yes

Yes

(Burbridge et al., 2004)

Yes

No, gap in

(Burbridge et al., 2004)

rainforests, SDTFs, and upland
Cerrado

9. Laguna Bella Vista (LBV) at

13o 37’ S, 61o 33’ W

Same as above

NKMNP, Bolivia

10. Salitre Lake, MG (SAL),

sedimentation

19o S, 46o 46’ W; 1050 m

A vegetation mosaic (typical

Yes

No, gap in

(Ledru, 1993; Ledru et

Cerrado formations and patches of
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Brazil

11. Nova Lake, MG (NOL), Brazil

a.s.l.

17o 58’ S, 42o 12’ W; 390

SDTF)

Dense tall SDTF

Yes

m a.s.l.

sedimentation

al., 1996)

No LGM data

(Behling, 2003)

(coverage: 620 - 9,5
ka)

12. Valencia Lake (VAL),
Venezuela

10o 11’ N, 67o 43’ W; 400
m a.s.l.

A mosaic of disturbed savanna

Yes

and SDTFs

No LGM data
(coverage: 0- 12,93

(Salgado-Labouriau,
1980)

ka)

13. Serra Negra Lake, MG (SNL),
Brazil

14. Catas Altas, MG (CAA), Brazil

15. Lagoa da Confusão (LCO),
TO, Brazil

18o 55’ S, 46o 50’ W; 1170
m a.s.l.

Cerrado is dominant, with SDTFs

Yes

on the slopes

Atlantic rain forest, SDTFs, with

No Holocene

m a.s.l.

patches of Cerrado vegetation in

data (coverage:

drier areas

18,000 – 48 ka)

m a.s.l.

Cerrado and transition vegetation

(De Oliveira, 1992)

sedimentation

20o 05’ S, 43o 22’ W; 755

10o 38’ S, 49o 43’ W; 180

No, gap in

Yes

(Behling & Lichte,
1997)

Yes

Yes

(Behling, 2002)

Yes

Yes

(Behling &

types from Cerrado to Amazon
rain forest

16. Laguna El Pinal (LEP), Llanos

4o 08’ N, 70o 23’ W; 180 m

Grassland savanna and little
occurrence of forest and/or gallery
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Orientales, Colombia

17. Laguna Carimagua (LCA),
Llanos Orientales, Colombia

18. Laguna Loma Linda (LLL),
Llanos Orientales, Colombia

a.s.l.

4o 04’ N, 70o 14’ W; 180 m

forest

Same as above

Hooghiemstra, 1999)

Yes

a.s.l.

3o 18’ N, 73o 23’ W; 310 m
a.s.l.

No LGM (coverage:
0 - 8,27 ka)

Disturbed savanna-rain forest
boundary

Yes

No LGM (coverage:
0 - 8,7 ka)

(Behling &
Hooghiemstra, 1999)

(Behling &
Hooghiemstra, 2000)

LGM, Last Glacial Maximum; SDTF, Seasonally Dry Tropical Forests; m a.s.l., metres above sea level; DF, Distrito Federal, Brazil; MA, Maranhão state, Brazil; MG, Minas
Gerais state, Brazil; GO, Goiás state, Brazil; PA, Pará state, Brazil; BA, Bahia state, Brazil; TO, Tocantins state, Brazil; NKMNP, Noel Kempff Mercado National Park.

110

Figure S1 Cerrado predicted distributions under narrow definition and localities with published palynological data at the Holocene (6 ka) and at the Last Glacial Maximum
(LGM; 21 ka). Locality acronyms follow Tables 1, S4, and S5.
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Table S5 Comparison between published pollen records and model predictions for Cerrado occurrence at 6 ka. Acronyms refer to the localities as shown in Fig. S1. Asterisks
correspond to matches due to partial support (non-contradicting predictions of different vegetation types occurring at areas outside the predicted Cerrado range).

Locality

Holocene Pollen data summary

Model prediction

Match?

1. Brasília and Águas
Emendadas, DF (BSB), Brazil

Very slow pollen deposition indicating semi-arid conditions with possible desertification
of the plateau in early Holocene. A subsequent gradual increase in rainfall and deposition
of Mauritia palm typical of swamps

Within area of predicted Cerrado
occurrence at 6 ka

Yes

2. Caçó Lake (CAL), MA, Brazil

Rise in the lake level until c. 7 ka in a relatively moist early Holocene followed by a dry
period marked by expansion of open landscape. Fully developed Cerrado observed after c.
7 ka, the second half of Holocene

Outside area of predicted Cerrado
occurrence at 6 ka

No

3. Olhos Lake and Santa Lake
(OSL), MG, Brazil

Prior to 5,3 or 6,1 ka (depending on the reference) the Santa Lake didn’t exist and the
climate was very dry (possibly semi-arid). Lower Holocene still dry, but with a gradual
increase in moisture occurred after this date, with expansion of forest in the valley and
arboreal cerrado in the hills and slopes

Within area of predicted Cerrado
occurrence at 6 ka

Yes

4. Cromínia site (CRO), GO,
Brazil.

Early Holocene drier than present, and Cerrado vegetation establishment began at a dry
climate condition; high evidence of fires. Gradual increase in moisture after 7 ka

Within area of predicted Cerrado
occurrence at 6 ka

Yes

5. Carajás Serra (CAR), PA,
Brazil

Period marked by an opening up of the forest; dry climatic conditions alternating with brief
periods of humid conditions representing repeated failed attempts to re-establish forest

At the border of predicted
Cerrado occurrence at 6 ka (low
probability)

Yes

6. Lago do Pires (PIL), MG,

An increase of Cerrado elements (mainly represented by Curatella) registered at early
Holocene, with a much drier climate that at present. Reduced gallery forest and return to

Within area of predicted Cerrado

Yes
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Brazil

drier conditions with savanna vegetation, followed by establishment of SDTFs at Late
Holocene

occurrence at 6 ka

7. Icatu River Valley (IRV), at
the sand dunes at the middle São
Francisco river, BA, Brazil

Progressive decline in forest taxa, with semi-arid taxa (cerrado-caatinga vegetation)
expanding from middle Holocene (c. 6 ka) to the present

At the border of predicted
Cerrado occurrence at 6 ka

Yes

8. Laguna Chaplin (LCH) at
NKMNP, Bolivia

Seasonally flooded savannas continued to dominate low-lying areas until c. 2 ka and
SDTFs establishment bordered the lake. Anadenanthera appears in the fossil records only
during the Holocene

Near boundary areas of predicted
Cerrado occurrence at 6 ka, with
low probability of occurrence

Yes*

9. Laguna Bella Vista (LBV) at
NKMNP, Bolivia

Rain forest/dry forest expansion began between c. 6 and 3 ka, with extremely slow
sedimentation rates. Modern rain forest establishment around c. 1,65 ka

Near boundary areas of predicted
Cerrado occurrence at 6 ka, with
low probability of occurrence

Yes*

10. Salitre Lake (SAL), MG,
Brazil

Forest expansion, first of Araucaria forest at a moist Early Holocene period (between 11 –
10 ka) followed by SDTF expansion (between 8,5 – 5,5 ka). Likely forest with tropical and
cool montane vegetation elements

Within area of predicted Cerrado
occurrence at 6 ka

No

11. Nova Lake (NOL), MG,
Brazil

During early Holocene the landscape was dominated by savanna (campo cerrado) with
frequent trees of Curattela americana and small areas of gallery forests along the drainage
system

Within area of predicted Cerrado
occurrence at 6 ka

Yes

12. Valencia Lake (VAL),
Venezuela

Rise in the lake level and increase of arboreal pollen and vegetation in a distribution likely
similar to the present: a mosaic of arboreal savanna and semi-deciduous dry forest

Within area of predicted Cerrado
occurrence at 6 ka

Yes

13. Serra Negra Lake, MG

Savanna elements start to increase and at c. 5 ka the savanna and semi-deciduous forest

Within area of predicted Cerrado

Yes
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(SNL), Brazil

taxa are well represented, suggesting a reduction of precipitation and higher temperatures

occurrence at 6 ka

15. Lagoa da Confusão (LCO),
TO, Brazil

Cerrado herbs were less frequent whereas Cerrado shrubs and trees were more abundant;
gallery forest had expanded and Amazon trees were more frequent; Cerrado apparently
changed from campo sujo to campo cerrado (more dense)

Within area of predicted Cerrado
occurrence at 6 ka

Yes

16/17. Laguna El Pinal (LEP)
and Laguna Carimagua (LCA),
Llanos Orientales, Colombia

Savanna vegetation, with minor changes in the vegetation of the savanna ecosystem during
the Holocene

Outside area of predicted Cerrado
occurrence at 6 ka

No

18. Laguna Loma Linda (LLL),
Llanos Orientales, Colombia

Pollen records dominated by grass savanna, woody savanna shrubs and trees were sparse;
gallery forests apparently limited. Compared with today, precipitation must have been
significantly lower and seasonality stronger, and the savannas of the Colombian Llanos
Orientales were much more extensive

Outside area of predicted Cerrado
occurrence at 6 ka

No

Footnotes: DF, Distrito Federal, Brazil; MA, Maranhão state, Brazil; MG, Minas Gerais state, Brazil; GO, Goiás state, Brazil; PA, Pará state, Brazil; BA,
Bahia state, Brazil; TO, Tocantins state, Brazil; NKMNP, Noel Kempff Mercado National Park
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Table S6 Comparison between published pollen records and the model predictions for Cerrado occurrence at 21 ka.
Acronyms refer to the localities as shown in Fig. S1.

Locality

LGM Pollen data summary

Model prediction

Match?

1. Brasília and
Águas Emendadas,
DF (BSB)

Dominance of pollen from grasses and other herbs
and absence of the currently dominant swamp taxa
Mauritia indicate that the area was covered by a very
open cerrado or grassland. Climate probably cooler
and drier than at present

Within area of predicted
Cerrado occurrence at 21
ka

Yes

2. Caçó Lake
(CAL), MA, Brazil

Low pollen concentrations, sparse and rare
vegetation with dry herbs indicative of open
landscape; typical Cerrado taxa absent from the area,
although Byrsonima (Cerrado indicator taxa)
recorded by single pollen grains during the all
sequence

Outside area of predicted
Cerrado occurrence at 21
ka

Yes

4. Cromínia site
(CRO), GO, Brazil

Decrease in swamp forest taxa and pollen diversity,
but not Cerrado fully developed at this time yet.
Climate probably cooler and drier than at present

Within area of predicted
Cerrado occurrence at 21
ka, but within a large area
of lower probability of
occurrence

Yes

8. Laguna Chaplin
(LCH) at NKMNP,
Bolivia

Area was dominated by open savannahs, with rain
forest and/or dry forest species probably restricted to
gallery forests

Outside area of predicted
Cerrado occurrence at 21
ka

No

14. Catas Altas
(CAA), MG, Brazil

Region covered by extensive areas of subtropical
grasslands and small areas of gallery forests along
rivers. Forests expanded in the region only more
recently

Near boundary areas of
predicted Cerrado
occurrence at 21 ka, with
low probability of
occurrence

Yes

15. Lagoa da
Confusão (LCO),
TO, Brazil

High presence of Cerrado herbs, shrubs and trees,
and Cerrado apparently changed from campo limpo
to campo sujo, with gallery forest along the drainage
system

Within area of predicted
Cerrado occurrence at 21
ka

Yes

16. Laguna El
Pinal (LEP) Llanos
Orientales,
Colombia

Very little gallery forest and the non permanent lake
conditions reflect the driest period, interpreted to
reflect low rainfall rates and long dry seasons during
the LGM

Near boundary areas of
predicted Cerrado
occurrence at 21 ka, with
low probability of

Yes
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occurrence

Footnotes: DF, Distrito Federal, Brazil; MA, Maranhão state, Brazil; MG, Minas Gerais state, Brazil; GO,
Goiás state, Brazil; PA, Pará state, Brazil; TO, Tocantins state, Brazil; NKMNP, Noel Kempff Mercado
National Park.
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