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ABSTRACT

Phylogenetic studies have uncovered biogeographic patterns and the associated diversification processes
of Neotropical wet forest taxa, yet the extensive open and drier biomes have received much less
attention. In the Stenocercus lizard radiation, restricted sampling and phylogenetic information have
limited inferences about the timing, spatial context, and environmental drivers of diversification in the
open and dry lowland settings of eastern and southern South America. Based on new DNA sequence
data of previously unsampled species, we provide an updated historical biogeographic hypothesis of
Stenocercus. We infer phylogenetic relationships, estimate divergence times, and track ancestral distribu-
tions, asking whether cladogenetic events within the genus correlate to reported shifts in South American
landscapes during the past 30 million years, focusing in the open and drier areas. To examine correlations
between genetic and ecological divergence, we extracted environmental data from occurrence records
and estimated climatic envelopes occupied by lowland taxa. Our results suggest that Stenocercus began
to diversify around the South American Midwest by the late Oligocene. We recovered two main lowland
and two main Andean clades within the genus; within both Andean clades, most cladogenetic events date
back to the Miocene, synchronously with the most intense phase of Andean uplift. In the western clade of
lowland Stenocercus, species ranges and divergence times are consistent with major landscape shifts at
the upper Guaporé and Paraguay River basins as a result of Andean orogeny, suggesting vicariant speci-
ation. By contrast, in the ‘horned’ lowland clade, we find evidence that dispersal and ecological differen-
tiation have shaped species divergences and current ranges in the Brazilian Cerrado, Caatinga, Pampas
and Atlantic Forest, possibly under a vanishing refuge scenario. Lastly, our phylogenetic results indicate
two divergent clades within the formerly recognized taxon S. sinesaccus, and further evaluation of mor-
phological data corroborates the existence of a distinct, new species of Stenocercus, here described. The
new taxon occurs in the Chapada dos Parecis massif in the Brazilian states of Mato Grosso and Rondénia.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

2005, 2007). Unfortunately, this focus on wet environments has
often resulted in exclusion of species occurring in open and drier

Phylogenetic approaches aiming to uncover historical biogeog-
raphy patterns and the associated drivers of diversification in
Neotropical taxa have focused primarily on species from wet
forested environments (Carnaval et al., 2009; Costa, 2003;
Cracraft and Prum, 1988; Hall and Harvey, 2002; Ribas et al.,
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biomes from major discussions about the origin of Neotropical bio-
diversity (Redford et al., 1990; Sanchez-Azofeifa et al., 2005). As a
result, early views of a poor and homogeneous biotic composition
across the great dry South American diagonal composed of Chaco,
Cerrado, Caatinga and Dry Forest biomes have prevailed (Marris,
2005; Vanzolini, 1988, 1994).

More recently, biotic surveys across previously unsampled
areas have provided new material for biodiversity studies in open
and dry Neotropical settings, supporting biogeographic and
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phylogenetic approaches (Pennington et al., 2004; Nogueira et al.,
2011; Werneck et al., 2012; Guedes et al., 2014). This renewed
interest has led to unexpected discovery of biodiversity. A notice-
able case is that of Stenocercus lizards, for which a number of spe-
cies occurring in open settings has only recently been described
and recorded (Nogueira and Rodrigues, 2006; Ribeiro et al., 2009;
Torres-Carvajal, 2005). Currently, Stenocercus is one of the most
speciose South American lizard genera, with 66 valid taxa
(Torres-Carvajal, 2007a; Torres-Carvajal and Mafla-Endara, 2013;
Venegas et al., 2013, 2014; Kohler and Lehr, 2015). The genus is
particularly diverse along the Andes, from Venezuela in the north
to central Argentina in the south, reaching up to 4000 m in eleva-
tion (Torres-Carvajal, 2007a). Yet, a number of species are also
found in the wet Amazonian lowlands, and in the drier, open set-
tings of southern, central and northeastern Brazil (Nogueira and
Rodrigues, 2006; Torres-Carvajal, 2007a).

Stenocercus has been addressed by a number of comprehensive
systematic revisions (Cadle, 1991; Fritts, 1974; Torres-Carvajal,
2007a). Recently, the implementation of molecular tools and
detailed morphological analyses have shed light onto phylogenetic
relationships and geographic patterns of diversification within the
genus (Torres-Carvajal, 2000, 2007a, 2009; Torres-Carvajal et al.,
2006). Importantly, these studies revealed that Andean species
compose two main clades, which likely originated in the Central
Andes and subsequently dispersed and diversified throughout the
Andes. However, because some non-Andean species were
described only recently, the full diversity of lowland Stenocercus
has not yet been addressed in biogeographic studies (e.g., Torres-
Carvajal, 2007b; Torres-Carvajal et al., 2006). These gaps have lim-
ited our understanding of the temporal and spatial diversification
of Stenocercus in the open and drier South American lowlands east
to the Andes. These species occur in a range of contrasting environ-
ments, such as S. azureus (Miiller, 1880) in the southern Atlantic
Forest and Pampas grasslands, S. quinarius Nogueira and
Rodrigues, 2006 and S. squarrosus Nogueira and Rodrigues, 2006
in Atlantic dry forests, eastern Cerrado savannas and western
Caatinga scrublands, S. caducus (Cope, 1862) and S. sinesaccus
Torres-Carvajal, 2005 in western Cerrado savannahs, S. tricristatus
(Duméril, 1851) in southeastern Cerrado savannahs (Torres-Carvajal,
2007a), S. dumerilii (Steindachner, 1867) in eastern Amazonian
forest, and S. fimbriatus Avila-Pires, 1995 and S. roseiventris
(Duméril and Bibron, 1837) in western Amazonian forest.

To improve our understanding about diversification processes
in open and dry Neotropical biomes, we provide an updated
historical biogeographic scenario of Stenocercus, focusing on the
genus’ diversification to the east of the Andes. We generated new
DNA sequence data of previously unsampled Stenocercus species,
including S. dumerilii, S. quinarius, S. sinesaccus, S. squarrosus, and
S. cf. tricristatus recently collected in Brazil. By combining these
data with existing molecular datasets, we inferred phylogenetic
relationships, estimated divergence times, and tracked ancestral
distributions, to examine whether cladogenetic events within
Stenocercus correlate with reported shifts in South American
landscapes during the past 30 million years. We also used environ-
mental data to estimate the climatic envelopes currently occupied
by lowland Stenocercus. We integrated niche and phylogenetic data
to test for correlations between genetic and ecological divergence
(Graham et al.,, 2004) and to examine the role of past climatic
fluctuations, habitat change and local adaptation in shaping
current distribution patterns. Instead of focusing on the better
known Andean Stenocercus, we emphasize those species from the
dry and open lowland settings of South America.

Our new molecular information reveals a highly divergent clade
within previously recognized S. sinesaccus. As morphological data
support that this is a distinct species from the closely related
S. caducus and S. sinesaccus, we formally describe the new taxon herein.

2. Materials and methods
2.1. Molecular analyses

2.1.1. Sampling of molecular data

We generated DNA sequences for 15 specimens: two Stenocer-
cus caducus, one S. doellojuradoi, four S. quinarius, five specimens
assigned to S. sinesaccus, two S. squarrosus, and one S. cf. tricristatus.
We combined our new sequences with GenBank data of several
Tropiduridae taxa, including species of Stenocercus, Microlophus,
Plica, Tropidurus, Uracentron, and Uranoscodon. Our final dataset
comprised 73 samples representing 62 species (Supplementary
Table S1).

We extracted total genomic DNA from liver or tail fragments
preserved in ethanol using standard protocols. Matching available
datasets (Torres-Carvajal, 2007b; Torres-Carvajal et al., 2006), we
generated sequences of a long mitochondrial fragment containing
the NADH dehydrogenase subunit 1 (ND1) and 2 (ND2) and eight
transfer RNAs (tRNA-Ile, tRNA-GIn, tRNA-Met, tRNA-trp, tRNA-
Ala, tRNA-Asx, tRNA-Cys, tRNA-Tyr), following Torres-Carvajal
et al. (2006). Sequences were edited and aligned using Geneious
Pro 6 (Biomatters, Auckland). Models of nucleotide evolution and
best-fit partition schemes were determined with Partition Finder
v.1.1.1 (Lanfear et al., 2012), implementing PhyML for likelihood
estimation (Guindon and Gascuel, 2003) and the Akaike informa-
tion criterion for model selection (Akaike, 1974).

2.1.2. Inferring phylogenetic relationships

We performed phylogenetic inference under a Bayesian frame-
work using MrBayes 3.2.1 (Ronquist et al., 2012), implementing
three independent runs of four Markov chains of 20 million gener-
ations each, and sampling every 1000 steps. We partitioned
protein-coding genes by codon position as indicated by Partition
Finder. Due to the short length of each of the eight tRNAs
(~70 base pairs), we treated them as a single partition (631 base
pairs total). We assessed convergence and stationarity of model
parameters using Tracer 1.5, combined runs in LogCombiner 1.8
(with 25% discarded as burn-in), and summarized a maximum
clade credibility tree in TreeAnnotator 1.8 (Drummond et al.,
2012). We unlinked parameters of substitution rates and nucleo-
tide frequencies between partitions. The resulting topologies were
visualized in FigTree 1.4 (available from http://tree.bio.ed.ac.
uk/software/figtree/).

For descriptive purposes, we also estimated Tamura-Nei
corrected pairwise genetic distances (Tamura and Nei, 1993) for
the mitochondrial DNA fragment of all populations assigned to
Stenocercus sinesaccus and S. caducus, using the APE 3.1 package
(Paradis et al., 2004) of the R 3.0.2 platform (R Core Team, 2015).

2.1.3. Divergence time estimation

To estimate divergence times between Stenocercus species, as
well as between the genus and related Tropiduridae taxa, we per-
formed simultaneous phylogenetic reconstruction and divergence
time estimation using BEAST v.1.8 (Drummond et al., 2012). To cal-
ibrate the root of Tropiduridae, we set a normally-distributed prior
on the node corresponding to the most recent common ancestor of
Stenocercus, Uranoscodon and Plica (mean = 49 Mya, standard devi-
ation = 5.1 Mya) following Prates et al. (2015). We rooted our tro-
pidurid tree by implementing a molecular clock strategy, which
yields rooted trees in the absence of outgroups through the simul-
taneous estimation of tree topology and branch lengths
(Felsenstein, 2004; Drummond and Rambaut, 2007). Molecular
clock-based rooting has been found to be a robust and effective
method (Huelsenbeck et al., 2002), especially useful in cases where
an outgroup is not available or where deep divergence between the
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group of interest and its sister leads to extensive substitution sat-
uration (e.g., Ribas et al., 2012; Cohen, 2013). We implemented an
uncorrelated lognormal relaxed clock strategy (Drummond et al.,
2006) with a uniform prior distribution (interval =0-1) to the
mean rate of the molecular clock (ucld.mean parameter), while
implementing default settings for the parameters relative to sub-
stitution rates, nucleotide frequencies, and the Yule tree prior.
We ran three independent chains of 100 million steps, sampling
every 10,000 steps. After assessing stationarity and convergence
of model parameters in Tracer, we discarded 25% as burn-in, com-
bined the runs, and summarized results into a maximum clade
credibility tree as described in Section 2.1.2.

2.2. Biogeographical analyses

2.2.1. Ancestral area reconstruction

To perform ancestral area reconstructions, we combined the
South American ecoregions of Olson et al. (2001) (proposed based
on fauna and flora distributions) into 13 geographic units. Due to
computational limits on the maximum number of areas
implemented in the analyses (see below), we also merged ecore-
gions sharing the same Stenocercus fauna when defining these geo-
graphic units. This strategy resulted in the following areas
(Supplementary Fig. S1): (1) the semi-arid Caatinga in northeast-
ern Brazil (Caa), (2) Chaco shrublands and the Bolivian savannahs
of Beni (Cha), (3) the eastern Cerrado in Brazil (ECe), (4) the west-
ern Cerrado in Brazil (WCe), (5) the Atlantic Forest and Pampas
grasslands (SAF), (6) northern (NAn), (7) central (CAn), (8) and
southern Andes (SAn), (9) western Amazonia, adjacent to the
Andean foothills (WAm), (10) eastern Amazonia and the Brazilian
Babacu forests of Maranhdo (EAm), and (11) the southern
Amazonia (SAm). In analyses including outgroup taxa, we also
included (12) a broad northern Amazonian area which included
Tepui mountains, Llanos, and Guiana grasslands (NAm), and lastly
(13) the Galapagos islands (Gal). To define the distributions of
Stenocercus taxa, we obtained geographical data from our own
collection records and from published references; a complete list
is provided in the online Supplementary References S1.

We performed ancestral area reconstruction under a
maximum likelihood framework using the BioGeoBEARS package
(Biogeography with Bayesian and Likelihood Evolutionary Analysis in
R Scripts; (Matzke, 2013) in R (R Core Team, 2015). BioGeoBEARS
estimates the geographic distribution of ancestral nodes on a
time-calibrated phylogeny. It iteratively optimizes a likelihood
function incorporating a range of free parameters that describe the
rate or the relative weights of several biogeographic events, includ-
ing range expansion, local extinction, and cladogenesis through
vicariance and sympatric speciation. Importantly, BioGeoBEARS
allows for comparisons of model fitting across different parameter
combinations, using the Akaike information criterion (AIC) and
AIC weights (Burnham and Anderson, 2002; Wagenmakers and
Farrell, 2004).

We compared six biogeographic models using BioGeoBEARS:
(1) the dispersal-extinction-cladogenesis (DEC), originally imple-
mented in Lagrange (Ree et al., 2005); (2) DEC with founder events
(DECj); (3) DIVALIKE, a maximum likelihood implementation of
the parsimony-based dispersal-vicariance analyses (DIVA)
(Ronquist, 1997); (4) DIVALIKE with founder events (DIVALIKEj);
(5) BayArealIKE, a maximum likelihood implementation of the
BayArea model, which incorporates no cladogenetic events
(Landis et al., 2013); and (6), BayAreaLIKE with founder events
(BayAreaLIKEj). We allowed for a maximum of six areas per node,
which corresponds to the highest observed number of areas
occupied by a sampled taxon (Stenocercus caducus).

To conduct ancestral range inferences, we pruned our resulting
dated phylogeny to include only one terminal per species. We

initially performed analyses including 20 tropidurid outgroup taxa
available in GenBank. However, presumably because outgroup
genera (e.g., Microlophus, Plica, Tropidurus) often contain species
having broad ranges in South America, and because most species
within those genera have not yet been sampled genetically, their
inclusion provided little or no information about ancestral ranges
within Stenocercus. As a result, we also performed ancestral area
reconstructions including no outgroups (see Section 3.4.1).

2.2.2. Environmental analyses

To explore climatic space occupancy that underlies the distribu-
tion of analyzed Stenocercus species, we extracted environmental
data from 19 bioclimatic variables (Hijmans et al., 2005) at each
geographical record of the lowland Stenocercus species sampled
in this study, using ArcGIS v. 10.0 (ESRI, 2011) at a 30-s resolution.
We included S. prionotus and S. pectinatus, which are not included
in our molecular analyses but are likely closely related to
S. caducus/S. sinesaccus and to S. doellojuradoi/S. azureus, respec-
tively, as suggested by morphological data (Torres-Carvajal,
2007b). We implemented a principal component analysis (PCA)
(Field, 2009) on the environmental variables upon a correlation
matrix, using SPSS v.20 (SPSS, 2011). Following best practices for
PCA (Field, 2009), we avoided both redundant (e.g. correla-
tion > 0.9) and non-correlated variables (p > 0.05) by checking the
correlation matrix and their significance levels prior to analyses.

2.3. Morphological analyses

Because we found high genetic divergence between two clades
originally assigned to Stenocercus sinesaccus (see results in Sec-
tion 3.1), we evaluate the species’ current taxonomic status by car-
rying out an examination of morphological variation in this and in
closely related S. caducus. We refer to the lineage that comprises
specimens from the vicinities of S. sinesaccus’ type locality, and
which exhibit the species’ typical morphology, simply as S. sinesaccus;
we refer to the second, highly divergent lineage as an “unconfirmed
candidate species” (UCS), following Padial et al. (2010).

A list of specimens examined for morphological comparisons is
presented in the Supplementary data 4. A detailed description of
the statistical procedures performed in our morphological
analyses, including tests of data normality and homoscedasticity,
is presented in the Supplementary data 5 (Morphological
methodology S1).

3. Results
3.1. Molecular analyses

3.1.1. Phylogenetic relationships of Stenocercus

Phylogenetic analyses recovered two main clades within
Stenocercus: one composed solely of Andean species (A) and
another harboring both Andean and lowland taxa (B; Fig. 1). Clade
A includes 16 sampled taxa (Fig. 1). Most occur in the central
Andes, except for S. humeralis, S. imitator, and S. varius, which are
restricted to the northern portion of the cordillera, and for
S. marmoratus, which is distributed throughout the central and
southern Andes and in the adjacent Chaco.

The second main Stenocercus clade (B) is composed of lowland
(clades 1, 2) and Andean species. Clade 1 was maximally supported
(PP =1) and includes six lowland species exhibiting largely allopa-
tric distributions across a diversity of habitats, from the Andean
foothills in Argentina to the northern Atlantic coast in Brazil. This
clade was recovered as the sister of Stenocercus roseiventris from
western Amazonia and northwestern Argentina, although with
low support. Within the clade 1, we recovered the ‘horned’ species
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Stenocercus orientalis
Stenocercus latebrosus

’—[{‘7 Stenocercus ornatissimus
Stenocercus chrysopygus
L: Stenocercus stigmosus
Stenocercus melanopygus
ﬂnocereus boettgeri
Stenocercus cupreus
Stenocercus imitator
Stenocercus eunetopsis
Stenocercus empetrus
Stenocercus varius
Stenocercus humeralis
Stenocercus marmoratus
Stenocercus crassicaudatus
Stenocercus torquatus
Stenocercus quinarius PHV22!
Stenocercus quinarius MZUSP
Stenocercus quinarius MZUSP
Stenocercus quinarius MZUSP !
Stenocercus squarrosus LG 2033 Serra das Confusées
Stenocercus squarrosus LG 2032 Serra das Confusées
Stenocercus dumerilii MZUSP 94471 Palmeirante
Stenocercus dumerilii MZUSP 94470 Estreito
Stenocercus cf. tricristatus MZUSP
Stenocercus azureus ZN/C
— Stenocercus doellojuradoi FML 9298 Finca Los Colorados
Stenocercus doellojuradoi MTR 00325 Fuerte Esperanza
Stenocercus roseiventris
Stenocercus caducus MHNHP 6383 Par
Stenocercus caducus FSFL 1019 Coru
Stenocercus caducus LG 1297 Caceres
Stenocercus sinesaccus LG 15
Stenocercus sinesaccus MZU
Stenocercus UFMT 3110 Gua
Stenocercus UFMT 3076 Gu
Stenocercus UFMT 3111 Gua
Stenocercus apurimacus
Stenocercus scapularis
Stenocercus ochoai
Stenocercus formosus
Stenocercus limitaris
Stenocercus ornatus
Stenocercus percultus

Stenocercus iridescens
Stenocercus puyango
Stenocercus rhodomelas

Stenocercus angulifer
——— Stenocercus chota
o > 95% posterior probability

Stenocercus angel
Stenocercus guentheri
- Stenocercus festae
01 Stenocercus cadlei

Fig. 1. Phylogram showing the phylogenetic relationship of Stenocercus species addressed in the study, recovered through a Bayesian analysis (MrBayes) on the concatenated
dataset of mitochondrial genes. Scale bar represents estimated substitution per site. Black circles on nodes represent clades with posterior probability values higher than 95%.
Posterior probability values for all nodes are presented in the complete tree provided in the Supplementary Material (Fig. S2).

Stenocercus quinarius

To outgroups
« 2

Stenocercus sinesaccus

(clade 1a) Stenocercus quinarius and S. squarrosus from Atlantic dry
forests as sister taxa, closely related to the eastern Amazonian S.
dumerilii. The most recent common ancestor of these three taxa
is sister to S. cf. tricristatus (Fig. 1), which is restricted to the eastern
Cerrado. Altogether, these four species share a common ancestor
with the more southern S. doellojuradoi and S. azureus (clade 1b),
a pair of sister species whose distributions span the Chaco and
the southern Atlantic Forest including Pampas grasslands,
respectively.

Stenocercus clade 2 (the western lowland clade, Fig. 1) is
composed of S. caducus and of two highly divergent clades
assigned to S. sinesaccus. We refer to such clades as S. sinesac-
cus, in the western Cerrado, and as an ‘unconfirmed candidate
species’, whose distribution includes both Cerrado and southern
Amazonia. We recovered Stenocercus Clade 2 as sister to
another major Andean clade composed of 16 species, yet this
relationship was poorly supported (PP=0.54). Most species
within this clade occur in the northern Andes, although
S. apurimacus, S. formosus, S. ochoai, and S. scapularis comprise
a maximally supported clade restricted to the central portion
of the cordillera (Fig. 1).

Corrected pairwise genetic distances between the candidate
species and the closely related S. sinesaccus ranged between
9.6% and 10.3%. Similarly, the candidate species and S. caducus
exhibited pairwise genetic distances ranging from 9.6% to 11%
(Table 1).

Table 1
Corrected pairwise genetic distances (%) for mtDNA, among species in the clade 2, S.
sinesaccus, S. caducus and the unconfirmed candidate species (UCS).

1 2 3 4 5 6 7

1 Stenocercus UCS -

UFMT3076
2 Stenocercus UCS 0.6 -
UFMT3110
3 Stenocercus UCS 0.1 0.4 -
UFMT3111
4 S sinesaccus MZUSP89549 9.6 10.0 9.8 -
5 S sinesaccus LG1578 10.1 9.8 103 2.6 -
6 S. caducus FSFL1019 100 96 98 123 109 -
7 S. caducus LG1297 11.0 107 108 128 111 16 -
8 S. caducus MHNHP6383 102 9.8 100 123 113 06 1.6
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3.1.2. Divergence times within Stenocercus

Dating analyses suggest that the most recent common ancestor
(MRCA) of sampled Stenocercus dates back to 27.1 Mya (median
value; 95% of the highest posterior density [HPD] = 20-34.4 Mya)
(Supplementary Fig. S2). Diversification within Stenocercus clade
A, which occurs mostly in the central Andes, dates back to approx-
imately the early Miocene, at 18 Mya (95% HPD = 13-23 Mya)
(Supplementary Fig. S2). On the other hand, the MRCA of the north-
ern Andean species within clade B dates back to 22 Mya (95%
HPD = 16-28 Mya). Nearly all diversification events within these
clades date back to the Miocene, between 6.7 and 22 Mya (median
values). Exceptions are the younger divergence between S. festae
and S. cadlei, which dates back to the Pliocene (5.2 Mya, 95%
HPD = 3.3-7.4 Mya), and that between S. angel and S. guentheri,
dating back to the Pleistocene (2.4 Mya, 95% HPD = 1.4-3.6 Mya).
(Supplementary Fig. S2).

The MRCA of Stenocercus species in clade 1a dates back the late
Miocene at 8.4 Mya (95% HPD = 5.5-11.7 Mya), while the MRCA of
S. dumerilii, S. quinarius and S. squarrosus was found to be more
recent, dating back to the transition between the Pliocene and
Pleistocene, approximately 2.7 Mya (95% HPD = 1.8-3.9 Mya). The
latter two taxa diverged during the Pleistocene, around 1.5 Mya
(95% HPD =0.9-2.2 Mya). The MRCA of species in the clade 1b,
S. azureus and S. doellojuradoi, dates back to the late Miocene,
around 8.4 Mya (95% HPD=4.4-10.13 Mya). Both clade 1a
and 1b shared a MRCA approximately 12.4 Mya (95% HPD =
8.7-16.7 Mya). In the second lowland clade of Stenocercus (clade
2), S. caducus and S. sinesaccus and our candidate species share
a MRCA approximately 11 millionyears old (95% HPD=
7.6-15 Mya). The MRCA of S. sinesaccus and of the candidate
species dates back to the late Miocene (7.9 Mya, 95% HPD =5.2-
11 Mya), which is older than the divergences between several
recognized Stenocercus species (Supplementary Fig. S2).

3.2. Morphological analyses

We examined 87 individuals of Stenocercus caducus, 53 of
S. sinesaccus, and 160 of our candidate species in morphological
analyses (Supplementary Examined Specimens S1). Comparisons

between species revealed significant differences in several
3.0
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morphological and morphometric variables, as described in detail
in the Supplementary data 6 (Morphological Results S1).

3.3. Taxonomic results

3.3.1. A new species of Stenocercus

In the face of deep, old divergences (see Section 3.1.2), and of a
large number of significant differences between Stenocercus sine-
saccus and the proposed candidate species in both quantitative
(see Section 3.2) and qualitative variables (see Section 3.3.1.1),
and between them and S. caducus (Fig. 2), we recognize our candi-
date species of Stenocercus as a ‘confirmed candidate species’
(Padial et al., 2010). We describe the new taxon in the following
sections.

3.3.1.1. Taxon description. Stenocercus albolineatus sp. nov.
Fig. 3, Figs. S3, S4, S5A and S6

Stenocercus caducus - Silva et al., 2010

Stenocercus sinesaccus - Nogueira and Rodrigues, 2006 - part;
Torres-Carvajal, 2007a - part

Stenocercus sp. - Silva, 2007 - part

Holotype: MZUSP 97964, adult male; Brazil: Mato Grosso:
municipality of Vale de Sio Domingos, UHE Guaporé hydroelectric
dam (approximate coordinates 15°07'S, 58°57'W). Collected by the
rescue team during lake filling in 2002.

Paratypes: Brazil: Mato Grosso: UHE Guaporé: MZUSP 97956-
97963, MZUSP 97965, UFMT 3076-3114, UFMT 3510-3511, UFMT
6277-6280, UFMT 7268; same data as the holotype.

Referred specimens: Brazil: Mato Grosso: Araputanga: INPA
15963-15964, INPA 15968-15969; Cotriguacu: UFMT 8964; Indi-
avai: INPA 1562, INPA 15967; PCH Ombreiras: UFMT 2871-2879,
UFMT 9537; Juina: PCH Juina: UFMT 5745; Lambari d’Oeste:
MZUSP 102986-102987; Quatro Marcos: INPA 15065; Rio Branco:
INPA 1966; Sapezal: UFMT 7365-7366, UFMT 7450, UFMT 7462,
UFMT 7494-7495; Vale de Sdo Domingos: UFMT 7401, UFMT
7404, UFMT 7406, Vila Bela da Santissima Trindade: Serra da
Borda: UFMT 2290. Rondoénia: Espigdo d’Oeste: MPEG 21937,
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Fig. 2. Ordination diagram of principal component analysis, upon meristic (A) and size-corrected morphometric (B) data of Stenocercus caducus, S. sinesaccus and the

unconfirmed candidate species (UCS).
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Fig. 3. Live individual of Stenocercus albolineatus sp. nov. from Cotriguagu, Mato Grosso, Brazil (A); lateral views of the heads of S. albolineatus sp. nov. (B), S. sinesaccus (C) and

S. caducus (D).

MPEG 21487; Pimenta Bueno: CHUNB 18042-18049; Vilhena:
CHUNB 11473-11474.

Etymology: The specific epithet albolineatus is derived from the
Latin words albus (=white) and linea (=line) and atus (=that bears),
as all members of the new species present a whitish line on the
anterior surface of the forelimbs, characteristic of this species.

Diagnosis: Data from species in comparison are given in paren-
theses. The new species differs from all other species of Stenocercus
except S. caducus, S. dumerilii, S. prionotus, S. quinarius, S. sinesaccus,
S. squarrosus and S. tricristatus by having strongly keeled and
mucronate body scales, laterally oriented nostrils, and lacking a
postfemoral mite pocket.

It differs from Stenocercus caducus and S. prionotus by lacking a
posthumeral mite pocket (present). It can be distinguished from
S. dumerilii, S. tricristatus, S. quinarius and S. squarrosus by lacking
triangularly enlarged horn-like post-supraciliaries (present). From
S. caducus it can be further distinguished by the presence of com-
plete dorsolateral crests (incomplete) and higher number of scales
along the white line on forelimb, 4-10 (1-5) (Supplementary
Fig. S5). From S. sinesaccus, the new species differs by having a
higher number of vertebral scales, 32-45 (26-34), paravertebrals,
36-53 (32-41), scales around body, 31-41 (27-36), transverse
dorsals between dorsolateral crests, 11 in 75% of the individuals (9
in 88% of the individuals), scales along the white line on forelimb,
4-10 (1-5) (Supplementary Fig. S5) and ventrals, 19-27 (16-21).
Furthermore, S. albolineatus sp. nov. lacks a complex pattern of
markings over the shoulder (present in S. caducus) and a whitish
scale on the anterior border of the ear (present in S. sinesaccus).

The new species is currently known to be sympatric with
Stenocercus roseiventris. Besides overall body color and enlarged
scales on tail, which produce a spiny shape in S. roseiventris, the
new species can be distinguished by lower number of vertebral
scales 32-45 (50-59), paravertebrals, 36-53 (64-75), scales
around body, 31-41 (59-64), gulars, 11-20 (30-35), and
transverse dorsals between dorsolateral crests, 9-13 (15-19), as
well as higher number of lamellae under the fourth toe, 21-30
(17-20) and caudal scales, 111-136 (49-52).

Characterization: (1) SVL in males 70.2-85.5 mm (n=26); (2)
SVL in females 73.3-92.2 mm (n = 49); (3) vertebrals 32-45; (4)
paravertebrals 35-53; (5) scales around midbody 31-41; (6) gular
scales 11-20; (7) transversal dorsals between crests 9-13; (8)
ventral scales 19-27; (9) caudal scales 111-134; (10) supraoculars
3-6; (11) internasals 4-7; (12) subdigitals on Finger IV 13-19; (13)
subdigitals on Toe IV 21-30; (14) posthumeral mite pocket absent;
(15) postfemoral mite pocket absent; (16) parietal eye visible
through interparietal cornea; (17) scales on occipitoparietal region
large, keeled, juxtaposed; (18) row of enlarged supraoculars occu-
pying most of supraocular region absent; (19) preauricular fringe
present; (20) neck folds absent; (21) lateral and dorsal nuchals
similar in size; (22) posterior gulars rhomboidal, projected posteri-
orly, strongly keeled and imbricate, not notched; (23) dorsal body
scales larger than laterals; (24) vertebrals larger than adjacent par-
avertebrals; (25) dorsolateral crest present; (26) ventrals keeled,
imbricate; (27) scales on posterior surfaces of thighs keeled, imbri-
cate; (28) inguinal granular pocket absent; (29) inguinal groove
absent; (30) tail not compressed laterally in adult males; (31) tail
length 68-71% of total length; (32) caudal autotomic segments
absent; (33) caudals not spinose; (34) dark patch extensively cov-
ering gular region of females absent; (35) dark patch extensively
covering gular region of adult males absent; (36) black patch on
ventral surface of neck in adult males absent; (37) dark midventral
longitudinal mark such as faint line, conspicuous stripe, or
extensive patch in adult males absent; (38) dark patches on ventral
surface of thighs in adult males absent; (39) white line over fore-
limb; (40) scales along anterior border of ear homogeneously
dark-colored.

Coloration in preservative: In males, background coloration
ranges from dark to pale brown; dorsal color, limited at each side
by the dorsolateral keel, is always paler than flanks and limbs. Dor-
sum and flanks with blurred inconspicuous bars, those on dorsum
oblique at each side forming a chevron pointing posteriorly. Post-
pelvic chevrons darker and with sharper edges than pre-pelvic
ones. Tail banded with darker and pale brown; sharp-edged marks
along tail are often observed. Forelimbs mostly homogeneous
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brown, bearing a long whitish longitudinal line on arm; hindlimbs
usually with transverse bar on tight and shank (Supplementary
Fig. S6A). Venter pale brown, with irregular scattered faded blurred
markings.

In females, background coloration ranges from dark to pale and
grayish brown; dorsal color, limited at each side by the dorsolat-
eral keel, is sometimes paler than flanks and limbs. Dorsum and
flanks mostly with blurred conspicuous bars, sometimes inconspic-
uous; those on dorsum oblique at each side forming a chevron
pointing posteriorly, often with sharp edges. The series of sharp
edged chevrons start at the level of forelimbs and extends to the
tail. Tail banded with darker and pale brown; sharp-edged marks
along tail are often observed. Forelimbs mostly homogeneous
brown, bearing a long whitish longitudinal line on arm; hindlimbs
usually with transverse bar on tight and shank (Supplementary
Fig. S6B). Venter ranging from cream to pale brown, usually with
irregular scattered faded blurred dark markings, throat and chin
with oblique series of blurred dark bars on each side.

Description of the holotype: (Supplementary Figs. S3 and S4)
Adult male, 78.6 mm SVL, 184 mm TL. Head length 0.23 times
SVL, 1.4 times as long as wide, 1.7 times as wide as high. Snout
bluntly pointed in dorsal view, pointed in profile. Canthal ridge
well defined, continuous with supraciliaries. Neck slightly nar-
rower than head and body. Body roughly cylindrical. Limbs slen-
der, forelimbs 0.4 times SVL, hindlimbs 0.7 times. Tibia 0.2 times
SVL, and 0.3 times length of hindlimb. Tail roughly rounded in
cross-section from base to tip, 2.3 times SVL.

Rostral semicircular, largest width about three times median
height, barely visible from above. Three postrostrals, wider than
long. Occipitals, parietals, interparietal, and postparietals large,
strongly keeled, juxtaposed. Supraorbital semicircle anteriorly dis-
tinct and supraocular scales differentiated from surrounding
scales. Canthal single, not reaching the postrostrals, bordered ante-
riorly by an elongate, keeled internasal. Supraciliaries seven, first
four overlapping posteriorly, with similar size. The two last smal-
ler, sixth acuminate. Canthals and supraciliaries form a distinct
crest that ends in a strongly keeled post-supraciliary. Interparietal
moderately enlarged, in the shape of an asymmetric pentagon,
parietal eye distinct. Posterior region of head bearing irregular,
keeled shields; interparietal and parietals not differentiated.

Nasal lateral, large, undivided; nostril in posterior part of nasal,
directed laterally. Loreal region with three vertical rows of slightly
keeled scales, first and third double, second triple. One horizontal
row of mostly elongate lorilabials. One subocular, about four times
as long as high, with a longitudinal keel close to its upper margin.
Subocular separated from supralabials by lorilabials. Supralabials
four, narrow, anterior one smallest, fourth largest, below center
of eye. Temporal region with irregularly polygonal, strongly keeled
scales; seven scales in an oblique row from lower posterior border
of orbit to above ear opening. Ear opening relatively large, verti-
cally oval, anteriormost part covered by a fringe. Tympanum
slightly recessed.

Mental small, not distinctively larger than adjacent infralabials;
bordered posteriorly by two bulky, keeled scales and by two (one
on each side) elongate and keeled infralabials. Infralabials five,
elongate, strongly keeled; first smallest, third one largest, below
anterior half of eye. One row of elongated sublabials, with a right
median keel. Scales on chin anteriorly relatively small, elongate,
subimbricate, posteriorly grading into gulars. Gulars larger than
scales on chin and smaller than adjacent ventrals, strongly keeled
and mucronate, in irregular longitudinal rows; no gular or lateral
folds.

Scales on nape similar to dorsals, anteriormost ones smaller. A
vertebral crest of enlarged, prominent and sharply keeled scales
extends from nape to first third of tail. A dorsolateral crest of scales
extends from above ear opening to anteriormost part of tail.

Dorsals phylloid, imbricate. Eleven transverse rows of dorsal scales
at midbody, between dorsolateral crests (included). Thirty-nine
vertebral scales from occiput to base of tail. Flanks with similar
but distinctively smaller scales. Twenty-three rows of ventral
scales between anterior level of forelimbs and anterior level of
hind limbs. Thirty-three scales around midbody.

Scales on preanal plate in irregular transverse rows, mite
pockets absent. Scales on both dorsal and ventral part of tail similar
to dorsals, phylloid, flat, keeled, anteriormost ones bearing a short
mucron, distal ones smaller. No distinct caudal verticils.

Limbs with phylloid, imbricate, strongly keeled and mucronate
scales, smaller than dorsals. The keels form distinct ridges on dor-
sal, anterior and posterior aspect of limbs. Subdigital lamellae sin-
gle, tricarinate, 17 under fourth finger and 26 under fourth toe.

Variation: all variables presented some variation (see Supplementary
Tables S8 and S9). The transverse dorsal scales (TD), although
ranging from 9 to 13, 121 specimens out of the 160 examined
presented 11 TD (75%). The number of scales along the whitish line
over the forearm (LIN) ranged from 6 to 9 on 131, out of the 160
(81%). Comparatively in Stenocercus sinesaccus, also although TD
ranges from 8 to 11, 47 out of 53 specimens had 9 TD (88%), and
only two individuals presented 11 TD, and in LI, 46 out of
the 53 specimens presented 2-4 scales along the white line on
arm (86%). In the morphometric variables, there was a strong
variation regarding the sexes (Supplementary Table S9).

Distribution: Currently known from localities at the top and sur-
rounding Chapada dos Parecis, from the western portion of Mato
Grosso to eastern Rondonia states, Brazil (Fig. 4). This area encom-
passes a large Mesozoic sandstone plateau, limited by the Guaporé
River at its western side and by the Paraguay River at its eastern
side (Supplementary Fig. S7).

Natural history: Stenocercus albolineatus sp. nov. seems to be
more abundant during the rainy season, when adults are com-
monly found; during the dry season only juveniles were observed,
suggesting a seasonal reproduction by the end of the wet and
beginning of the dry season (Silva et al., 2010). It is a generalist
species in habitat occupancy, occurring over pasturelands, forest
edge, and pristine forest; feeds on terrestrial arthropods, with
Coleoptera, Hymenoptera (Formicidae) and Isoptera as the most
frequent (Silva et al., 2010).

3.4. Biogeography

3.4.1. Historical biogeography of Stenocercus

Of the six historical biogeographic models compared using Bio-
GeoBEARS, the Dispersal-extinction-cladogenesis model with
founder events (DECj) demonstrated the best fit for the data as
supported by AIC weights (>0.94). Results suggest that the most
probable (p=0.28) distribution of the MRCA of all Stenocercus
was a broad are encompassing the Chaco, central and southern
Andes, and western and southern Amazonia simultaneously
(Fig. 5).

The resulting model recovered broad ancestral ranges for both
lowland clades of Stenocercus. The most likely distribution of the
MRCA of S. caducus, S. sinesaccus and S. albolineatus sp. nov.
included the Chaco, central and southern Andes, and western Cer-
rado (p = 0.83). The MRCA of the S. sinesaccus and S. albolineatus sp.
nov. was likely distributed in the western Cerrado (p = 0.54) or in
both western Cerrado and southern Amazonia (p = 0.44). In turn,
we inferred a broad ancestral distribution for the horned lowland
clade of Stenocercus, including at least part of the Chaco, central
and southern Andes, and western and southern Amazonia
(p=0.75). The MRCA of S. quinarius, S. squarrosus, S. dumerilii and
S. tricristatus likely occurred in the eastern Cerrado (p = 0.92); col-
onization of eastern Amazonia and Caatinga seem to have favored
the divergences of S. dumerilii and S. squarrosus, respectively, from
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Fig. 4. Map showing the known distribution of Stenocercus albolineatus sp. nov., S. caducus, S. prionotus and S. sinesaccus (A), and S. azureus, S. doellojuradoi, S. dumerilii,
S. pectinatus, S. quinarius, S. squarrosus and S. cf. tricristatus (B). Markers with a black central dot represent examined specimens; white central circles indicate molecular

samples. Bold-outlined markers represent type localities, when available.

their eastern Cerrado sister lineages. The common ancestor of
S. doellojuradoi and S. azureus probably occurred in the Chaco
(p =0.61); subsequent expansion into the southern Atlantic Forest
and Pampas seems to correlate to the divergence between these
two species. Our analyses suggest that the most likely ancestral
distribution of the six aforementioned Brazilian Stenocercus species
corresponds to the Chaco area. Lastly, we found that the most
likely ancestral range for both Andean clades was the central Andes
(p > 0.84), from which different lineages dispersed into the north-
ern and southern Andes, Chaco, and western Amazonia.

3.4.2. Environmental envelopes
After evaluating communalities, multicolinearity and uncorre-
lated variables, we retained seven bioclimatic variables for a PCA

of environmental data (Supplementary Table S10). The resulting
correlation matrix included variables having correlation coeffi-
cients ranging from 0.3 to 0.9, most of which significant; commu-
nalities were above 0.7.

For clade 1, three components were extracted in a PCA of
environmental data (eigenvalues > 1), with 40.6% of the observed
variance explained by PC1 and 35.5% by PC2 (Supplementary
Table S10; Fig. 6A). PC1 was positively correlated with precipita-
tion on the warmest and driest quarter, annual mean temperature
and temperature of the wettest quarter, and negatively correlated
with minimum temperature of the coldest month. PC2 was posi-
tively correlated with annual precipitation and precipitation of
the driest month and negatively correlated with precipitation of
the wettest month and mean diurnal temperature range
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Fig. 5. Biogeographical history of Stenocercus; top panel: landscape changes (adapted from Cook et al., 2012; Hoorn et al., 2010; Lundberg et al., 1998); middle panel:
ancestral area reconstruction (Caa = Caatinga; CAn = Central Andes; Cha = Chaco; EAm = Eastern Amazonia; ECe = Eastern Cerrado; NAn = Northern Andes; SAF = South
Atlantic Forest; SAm = Southern Amazonia; SAn = Southern Andes; WAm = Western Amazonia; WCe = Western Cerrado); lower panel: temperature changes (adapted from
Zachos et al., 2001) and Andean uplift (adapted from Garzione et al., 2008; Gregory-Wodzicki, 2000; Hoorn et al., 2010; Insel et al., 2012).

(Supplementary Table S10). Each species occupied distinct regions and wetter areas, and S. pectinatus ranging from warmer and drier
of the environmental space: Stenocercus dumerilii occurs in warmer to cooler and wetter areas (Fig. 6A).

and wetter areas, S. squarrosus, S. quinarius and S. doellojuradoi in For the Stenocercus clade 2 PCA, three components were
warmer and drier areas, S. azureus and S. cf. tricristatus in cooler extracted, with 46.5% of the observed variance explained by PC1
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Fig. 6. Ordination diagram of a principal component analysis upon environmental data from each known record of species within clade 1, Stenocercus azureus, S. doellojuradoi,
S. dumerilii, S. prionotus, S. quinarius, S. squarrosus and S. cf. tricristatus (A), and clade 2, S. albolineatus sp. nov., S. caducus, S. pectinatus and S. sinesaccus (B).

and 25.3% by PC2 (Supplementary Table S10; Fig. 6B). PC1 was pos-
itively correlated with annual precipitation, minimum tempera-
ture of the coldest month, precipitation of the wettest month,
annual mean temperature and precipitation of the driest month,
negatively correlated with mean diurnal temperature range. In
turn, PC2 was positively correlated with maximum temperature
of the warmest month and annual mean temperature, and
negatively correlated with precipitation of the driest month
(Supplementary Table S10). Species in clade 2 presented a broad
overlap across the environmental space, with S. caducus and
S. prionotus occupying a broad range along both PCs, and with
S. sinesaccus and S. albolineatus sp. nov. presenting an intermediate
position along PC1 and a broad occurrence along PC2 in both
positive and negative directions (Fig. 6B).

4. Discussion

4.1. Historical biogeography and the timing of Stenocercus
diversification

Our analyses found that the most recent common ancestor
(MRCA) of Stenocercus dates back to the late Oligocene, and that
it exhibited a broad distribution simultaneously including at least
part of the Chaco, central and southern Andes, and western and
southern Amazonia (Fig. 5; Supplementary Fig. S7). These findings
are in partial agreement with a previous ancestral area analysis of
this group; Torres-Carvajal (2007b) found that the MRCA of Steno-
cercus occupied the eastern cordillera of the central Andes, an area
that is included within our resulting ancestral range. Our finding of
a broader ancestral area for Stenocercus may be related to a number
of factors. First, we defined a larger number of areas, which are not
fully equivalent to those implemented previously. This is especially
true for taxa occurring in the lowlands to the east of the Andes,
such as S. caducus, S. tricristatus, S. doellojuradoi, S. azureus and S.
pectinatus, previously assigned to a broad ‘Atlantic lowlands’ area
(Torres-Carvajal, 2007b). Moreover, we implemented an additional
set of ancestral area reconstruction algorithms, obtaining a higher
fit to the data for the dispersal-extinction-cladogenesis model
(DEC) as compared to the dispersal-vicariance analysis (DIVA) pre-

viously explored. Lastly, differences in resulting tree topologies are
expected to have affected the outcome of ancestral area analyses.
Previous works (Torres-Carvajal et al., 2006; Torres-Carvajal,
2007b), also found two major clades within Stenocercus composed
mostly of Andean species, while the species from the dry lowlands
were all grouped in a single clade. Those results presented
Stenocercus caducus as sister to S. prionotus, and both to S. sinesaccus.
This group was inferred to be sister to a group comprising S. dumerilii
and S. tricristatus. Although low supported, this clade had
S. roseiventris as sister, forming a clade sister to S. doellojuradoi,
S. azureus and S. pectinatus. Our results however present those
species in two distinct clades (clades 1 and 2; Fig. 1; see following
sections). Nonetheless, basal splits in our recovered phylogeny
are poorly supported, and thus a different history could be
recovered with the inclusion of more genetic markers and taxa.
We found that a biogeographic model incorporating founder
event speciation (DECj) had the best fit to our data. Founder event
describes a particular case of allopatric speciation in which a small
set of individuals, or a single individual, perform a long-distance
dispersal and colonization, presenting a random subsample of
the genetic pool of the source population, prompting it to subse-
quent differentiation (Mayr, 1954; MacDonald, 2003; Lomolino
et al., 2006; Cox and Moore, 2010; Matzke, 2014). The parameter
/" has been shown to be highly predictive in island systems (see
Matzke, 2014), in which species often show high dispersal capabil-
ities (e.g., birds or flight invertebrates), or are helped by wind and
ocean currents; nonetheless it has not been broadly addressed in
intracontinental terrestrial species. Such a model is thus problem-
atic as the major promoter of speciation in continental, terrestrial,
sedentary species, as no analogous mechanism to ocean currents is
known to affect such species. Dispersal capabilities in Stenocercus
is unknown for most species, but for some forms in the clade 1 they
seem to be strictly sedentary, moving only a few meters per day
(Teixeira Jr., 2010). Nevertheless, a scenario of colonization and
divergence fits some Stenocercus species pairs. For instance, we
found that the ancestor of S. quinarius (an eastern Cerrado species)
and S. squarrosus (a Caatinga species) was most likely distributed in
the eastern Cerrado, suggesting that colonization of the Caatinga
with subsequent interruption of gene flow has favored divergence
between S. quinarius and S. squarrosus (Fig. 5). Similarly, we found
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that the ancestor of S. doellojuradoi (a Chaco species) and S. azureus
(a Pampas species) was most likely distributed in the Chaco, indi-
cating that range expansion to a new area likely triggered cladoge-
nesis in this case as well. A role for founder event speciation in the
diversification of such terrestrial organisms deserves to be exam-
ined in additional continental groups.

4.1.1. The clade 1 - the “horned” Stenocercus and related taxa

Our biogeographic analyses recovered the most likely ancestral
range of Stenocercus lowland clade 1 to the Chaco biome, from
which lineages have reached the eastern Cerrado and the area
comprising the southern Atlantic Forest and Pampas grasslands
(Fig. 5). Subsequently, both the arid Caatinga and eastern Amazonia
were likely colonized from eastern Cerrado ancestors (Fig. 5).

This inferred role of dispersal in the diversification of lizards
occurring in the dry diagonal contrasts with the traditional view
that establishment of vicariant barriers has been the major
promoter of population divergence and subsequent speciation in
continental South America (Moritz et al., 2000). Allopatric
distributions of closely related Neotropical taxa have been widely
attributed, for instance, to the formation of rivers, mountain
chains, and geologic faults (Nascimento et al., 2013; Ribas et al.,
2012; Ribeiro et al., 2013; Smith et al., 2014). Even in the absence
of evident barriers, clusters of co-distributed taxa have been
interpreted as a result of vicariant speciation in the Cerrado and
Caatinga (Guedes et al., 2014; Nogueira et al., 2011). While broadly
distributed taxa across the entire dry diagonal are likely exposed to
a complex set of geographical features that could promote
differentiation (Werneck et al., 2012), it has been challenging to
identify landscape features that correlate with the deep genetic
breaks observed within the core regions of the Caatinga and
Cerrado (Domingos et al., 2014; Gamble et al., 2012; Prado et al.,
2012; Santos et al., 2014). As a result, it is still largely unclear what
are the mechanistic factors involved with species divergences
within the South American dry diagonal.

Our analyses of environmental space occupancy in the
Stenocercus clade 1 indicate that, following colonization of a
new area, ecological differentiation may have favored genetic
divergence and speciation even in the absence of pronounced
geographic discontinuities. An examination of climatic envelopes
reveals nearly complete environmental segregation among most
species in this clade (Figs. 4 and 6), suggesting that they are
subjected to contrasting regimes of temperature and water avail-
ability. In the Cerrado, environmental heterogeneity correlates to
spatial turnover of anuran assemblages, suggesting physiological
and life history constraints to species’ distributions (Valdujo
et al., 2013). Strong natural selection favoring locally-adapted
phenotypes may promote genetic divergence between populations
even in the presence of substantial gene flow, a process referred
to as ecological speciation (Nosil, 2012). Our data on the environ-
mental spaces occupied by Stenocercus clade 1 support the largely
unexplored idea that prominent environmental gradients and
ecological differentiation have shaped biodiversity patterns in
open and dry Neotropical settings.

However, dispersal and colonization alone are unlikely to have
produced the observed distributional patterns in this clade.
Although typically found in forested habitats (with the exception
of Stenocercus. cf. tricristatus), species in the horned clade often
show broad habitat tolerance, being found in lower abundances
at adjacent open areas (Avila-Pires, 1995; Nogueira and
Rodrigues, 2006; Teixeira Jr., 2010). These habitats have undergone
a turbulent mixing at this portion of the dry diagonal in the last
few million years (Ab’Saber, 2000), during climatic fluctuations of
high amplitude (Zachos et al., 2001). This local fragmentation
and disappearance of habitats coupled with the exhibited
environmental tolerances may have facilitated the dispersal and

colonization between distinct habitats, as described in the vanish-
ing refugia model (VRM) (Damasceno et al., 2014; Vanzolini and
Williams, 1981). This model proposes a situation in which gradual
environmental change allows for populations to progressively
adapt locally, ultimately triggering divergence (Damasceno et al.,
2014; Vanzolini and Williams, 1981). Speciation under the VRM
predicts distinct ecologies between closely related parapatric taxa,
which contrasts sharply with the common pattern under
phylogenetic niche conservatism, in which a species pair is
ecologically similar (Crisp and Cook, 2012; Losos, 2008). In
the face of geographic and environmental segregation, and of
temporal congruence between species divergences and periods of
extensive climatic fluctuations and habitat fragmentation in
South America (Fig. 5), the VRM may be a candidate mechanistic
model for the initial divergence between some lowland Stenocercus
pairs.

4.1.2. The clade 2 - the western lowland Stenocercus

Contrasting with the horned clade, our results indicate that the
three species with available molecular data in the Stenocercus low-
land clade 2, which presumably includes also S. prionotus (see
results of Torres-Carvajal, 2007b), may have evolved allopatrically
within the western Cerrado and adjacent Amazonia. Marked mor-
phological differentiation and deep genetic divergences pose the
question of how these ecologically similar species, which show
broad overlap in environmental space occupancy (Fig. 6), have dif-
ferentiated. Niche conservatism may lead populations to diverge
when isolated by intervening unsuitable environmental condi-
tions, as in the case of populations occurring in high elevations
separated by lowlands (Wiens and Graham, 2005). It has been
shown that closely related species occurring in parapatry and shar-
ing similar ecological requirements may have diverged in allopatry
followed by secondary contact (Graham et al., 2004; Wiens and
Graham, 2005). In the Stenocercus clade 2, contact areas between
species ranges broadly coincide with the limits of the upper
Guaporé and Paraguay depressions (see definition in Ross, 1985).
The Guaporé depression currently separates the Chapada dos
Parecis plateau in western Brazil from the pre-Andean highlands
to the west, where S. caducus is found; the Paraguay depression
separates this plateau from the Brazilian shield to the east, where
S. sinesaccus and some populations of S. caducus are found; and the
area between (and north to) both depressions is occupied by
S. albolineatus sp. nov. (Supplementary Fig. S6).

Divergence times between these three species are consistent
with the timing of reported shifts in this region as a result of
Andean orogeny. Lowlands between the Andean foothills and the
Brazilian shield underwent large scale landscape transformations
between 11.8 and 8 Mya, with shifts in the course and contacts
of major rivers, marine incursions coming from both north and
south, and the establishment and vanishing of large lacustrine or
marine systems (Cook et al., 2012; Hernandez et al., 2005;
Hoorn, 2006; Lovejoy et al., 2006; Lundberg et al., 1998; Rdsdnen
et al, 1995). Formation of large water bodies seems to have
affected the composition of ecological communities at the Para-
guay and Guaporé depressions (Cook et al., 2012; Lundberg et al.,
1998), with connections between basins promoting faunal
exchange (Lundberg et al., 1998; Montoya-Burgos, 2003; Ribeiro
et al.,, 2013). Our results are consistent with the hypothesis that
the formation of these water systems may have isolated the ances-
tor of Stenocercus. caducus from its eastern sister, while the later
establishment or shifting courses of the Paraguay River could have
led to the divergence of S. sinesaccus and S. albolineatus sp. nov., in
the absence of ecological differentiation. Geomorphological change
in this region has also been associated with species divergences in
other lizard groups (Werneck et al., 2012).
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4.1.3. The Andean Stenocercus

The diversification and history of colonization in both Andean
clades of Stenocercus (clades A and B) have been comprehensively
addressed in the literature (Torres-Carvajal, 2007b), yet no infor-
mation about the timing of diversification was previously avail-
able. Our results indicate that these Andean clades are as old as
the cordillera itself; the highest areas corresponding to the
present-day Andes reached up to 2000 m above the sea level by
the onset of Andean Stenocercus diversification, at around 27 Mya
(Garzione et al., 2008; Insel et al., 2012). On the other hand, while
the MRCA of Stenocercus likely occupied part of the developing cor-
dillera in the late Oligocene, our dating analysis indicates that most
extant Andean lineages originated more recently, between the
early and the late Miocene (Fig. 5). During this time, major oroge-
netic processes took place on both the central and northern Andes,
resulting in pronounced uplift of the cordillera (Benjamin et al.,
1987; Garzione et al., 2008; Garzione et al., 2006, 2007; Ghosh
et al., 2006; Gregory-Wodzicki, 2000). In other animal groups, lin-
eage diversification is also synchronous with Andean uplift (Chaves
et al., 2011; Mendoza et al., 2015). Our results support a relation-
ship between the increase in topographic complexity and diversi-
fication of the Andean Stenocercus. Yet, we also found evidence of
cladogenesis associated to independent founder events from a cen-
tral Andean source into the northern Andes, as well as repeated
range expansions from the central to the southern cordillera,
Chaco, and western Amazonia, a pattern observed in other groups
as well (Mendoza et al., 2015).

5. Concluding remarks

Our results suggest that a complex set of biogeographic pro-
cesses acted in the diversification of Stenocercus lizards, especially
in the open and dry lowlands of the dry diagonal of South America.
We found that habitat change and fragmentation resulting from
past climatic and geographic shifts are consistent with inferred
divergence times, current species ranges, and observed ecological
differentiation in open and dry lowland settings. South American
open biomes, including the Dry Forests, Caatinga, Chaco, and
savannas of Brazilian Cerrado are of great interest to the study of
Neotropical biogeography due to their unique history of climatic
fluctuations, expected to have greatly affected the distribution of
biodiversity (Prance, 2006). Our data on Stenocercus suggest that
major landscape changes may have led to contrasting selective
regimes across space. By favoring local adaptation, such variation
may have fostered species divergence in the absence of pro-
nounced geographic discontinuities, a hypothesis that deserves
further examination in additional groups. The processes outlined
herein may have been key in shaping unique faunas within the
dry diagonal, such as that of the Chapada dos Parecis, a recognized
center of endemism within the Brazilian Cerrado (Nogueira et al.,
2011) where the new species, S. albolineatus sp. nov., is found.
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