
Vol:.(1234567890)

Evolutionary Biology (2023) 50:224–238
https://doi.org/10.1007/s11692-023-09601-8

1 3

RESEARCH ARTICLE

Effects of Environmental Variation in Structuring Population Genetic 
Variation in the False‑Water Cobras (Xenodontinae: Hydrodynastes)

Priscila S. Carvalho1,2  · Diego J. Santana1  · Hussam Zaher3  · Edward A. Myers4,5 

Received: 13 June 2022 / Accepted: 13 March 2023 / Published online: 1 April 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Although rivers are known to promote diversification and shape phylogeographic patterns, they can also be permeable and 
facilitate the dispersal of species. Using multiple molecular methodological approaches, we conducted a phylogeographic 
investigation of two semiaquatic snake species with continental distributions across South America, testing how environ-
mental and historical factors (e.g., potential allopatric divergence across rivers) have affected their evolutionary history. Our 
results show that Hydrodynastes gigas and H. bicinctus have a recent divergence time (~1.5 mya) and that both species have 
low genetic diversity with no geographic structure. Population genetic divergence in H. gigas is explained by geographic 
distance (isolation-by-distance), climate (isolation-by-environment), and hydrographic basin. Paleo-niche models suggest 
that historically stable regions of habitat suitability for both taxa are largely restricted to the La Plata basin. We suggest that 
life history traits of these species, for example high dispersal capabilities and generalist ecologies, have allowed for their 
extensive geographic distributions and population connectivity resulting in no geographic structure and low genetic variation.
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Introduction

The topographic complexity and environmental heterogene-
ity of South America has played an important role in driving 
species diversification and structuring patterns of biodiver-
sity (Hoorn et al., 2010; Rull, 2008, 2011; Turchetto-Zolet 
et al., 2013). Much of this diversity is structured by major 
biomes, large hydrographic basins, and across climatic 
gradients. Intricate fluvial and river drainage systems are 
a reflection of the complex geoclimatic history of South 
America (e.g., Arzamendia & Giraudo, 2009; Hoorn et al., 
2010) and these large rivers can act as barriers that limit 
gene flow (Pirani et al., 2019). Furthermore, these rivers can 
differentially affect the process of diversification of species 
both promoting vicariant speciation and acting as second-
ary barriers, reinforcing species divergence (Aleixo, 2004; 
Bittencourt et al., 2019; Dal Vechio et al., 2019; Naka & 
Brumfield, 2018; Pirani et al., 2019; Vargas-Ramírez et al., 
2020; Werneck et al., 2012). By contrast, phylogeographic 
analyses of many groups of both terrestrial and aquatic 
organisms have demonstrated the permeability of rivers as 
biogeographic barriers and therefore may have little effect 
in influencing patterns of lineage divergence (e.g., Carvalho 
et al., 2020; Colston et al., 2013; Magalhães et al., 2020; 
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Pinto et al., 2019; Pirani et al., 2019). Furthermore, large 
river systems of South America may be facilitating gene 
flow by acting as corridors for dispersal among aquatic and 
semiaquatic species (Arzamendia & Giraudo, 2009; Fonseca 
et al., 2021; McCartney-Melstad et al., 2012).

Importantly, phylogeographic patterns across South 
America cannot be explained by a single process or dur-
ing one time period (Rull, 2008, 2011; Turchetto-Zolet 
et al., 2013). Instead, spatial patterns of genetic variation 
within a taxon may be simultaneously influenced by several 
factors, such as geographic distance between populations 
(e.g., isolation-by-distance; Oliveira et al., 2018), climatic 
variation (isolation-by-environment; Camurugi et al., 2021), 
landscape attributes acting as vicariant barriers (isolation-
by-resistance; Rivera et al., 2020), or vicariance caused by 
historical climate change (e.g., isolation-by-instability; Vas-
concellos et al., 2019). All of these may contribute to the 
population genetic differentiation between lineages and drive 
species diversification (Anderson et al., 2010). Additionally, 
phenotypic traits may influence patterns of species distribu-
tions and impact genetic differentiation (Fouquet et al., 2015; 
Papadopoulou & Knowles, 2016; Paz et al., 2015; Zamudio 
et al., 2016). For example, aspects of life history, behav-
ior, diet, or phenotype may be better predictors of spatial 
genetic structure than geographic distance, climate, or bio-
geographic barriers (Fouquet et al., 2015; Henderson et al., 
2013; Papadopoulou & Knowles, 2016; Paz et al., 2015).

The false-water cobras (genus Hydrodynastes), consists of 
two, large (> 1.5 m in snout-vent length) semiaquatic snakes 
broadly distributed across South America occurring in many 
biomes and hydrographic basins (Carvalho et al., 2020; 
Murta-Fonseca et al., 2015). These two species, Hydrodyn-
astes bicinctus (Hermann, 1804) and Hydrodynastes gigas 
(Duméril, Bibron and Duméril, 1854), are broadly sympat-
ric within the Amazonas, Araguaia-Tocantins, La Plata, and 
Northeast South American hydrographic basins, and occur 
in syntopy in many locations in these basins (Carvalho et al., 
2020; Murta-Fonseca et al., 2015). Several studies have 
revealed that widespread vertebrate species that co-occur 
with these snakes, across multiple environmental conditions 
and ecoregions, have high geographic structure, genetic 
diversity, and may be composed of multiple cryptic species 
(e.g., Dendropsophus minutus and the Mabuya dorsivittata 
complex; Gehara et al., 2014; Rivera et al., 2020). Although 
it has been shown that H. gigas is a single, widely distributed 
species with low genetic diversity (Carvalho et al., 2020), the 
phylogeographic patterns in aquatic snakes varies between 
regions, species and geographic distributions (e.g., Brandley 
et al., 2010; Guiher & Burbrink, 2008; Lukoschek et al., 
2011), and these patterns have yet to be explored in Hydro-
dynastes. Despite the low genetic diversity (Carvalho et al., 
2020), we expect lineages to be structured by watershed and 
that rivers exert a greater force than climate or biomes on 

genetic diversity. There are several aquatic and semiaquatic 
snake species throughout South America, however, there is 
no evaluation of how rivers and different environments have 
promoted their speciation and shaped their genetic diversity. 
The wide-distribution of these species provides an excel-
lent model for investigating phylogeographic patterns across 
many potential biogeographic barriers and in relation to past 
changes in climate. Based on a multi-locus dataset and eco-
logical niche models we infer the phylogenetic relationships 
and spatial and temporal population genetic structure within 
the false-water cobras.

Materials and Methods

Sampling and Molecular Data

We sampled 32 individuals of Hydrodynastes gigas and 12 
of H. bicinctus from 37 localities in South America (Fig. 1). 
We used Oxyrhopus trigeminus (only for the NT3 gene), 
O. guibei, and Helicops angulatus as outgroup taxa (Zaher 
et al., 2019) (Table S1). We extracted genomic DNA from 
muscle, liver, or scale clips using a phenol–chloroform 
extraction protocol (Sambrook et al., 1989). We amplified 
the partial sequences of the mitochondrial DNA (mtDNA) 
16S ribosomal gene (16S rRNA; Palumbi et al., 2002) and 
cytochrome b (Cytb; Pook et al., 2000) and the nuclear DNA 
(nuDNA) loci Oocyte maturation factor Mos (Cmos; Lawson 
et al., 2005) and Neurotrophin-3 (NT3; Noonan & Chip-
pindale, 2006) using PCR. We aligned each locus using the 
Muscle algorithm (Edgar, 2004) in Geneious v9.1.8 (https:// 
www. genei ous. com). To determine the most probable pair of 
alleles for each nuDNA gene, we used the PHASE algorithm 
(Stephens et al., 2001) implemented in DNASP 5.10 soft-
ware (Librado & Rozas, 2009), where we only considered 
alleles with posterior probabilities > 0.90.

Phylogenetic Analysis

To estimate gene-trees independently for mtDNA and 
nuDNA we used Bayesian inference implemented in 
MrBayes v3.2.2 (Ronquist & Huelsenbeck, 2003) using the 
substitution models selected by jModelTest (Darriba et al., 
2012). We ran two independent runs of four Markov chains 
for 20 million generations sampling every 5000 generations 
and discarding the first 25% of generations as burn-in. We 
evaluated the stability of the analysis in Tracer v1.6, ensur-
ing that all effective sample size (ESS) values were > 200 
(Rambaut et al., 2018).

We estimated a dated phylogeny with a concatenated 
alignment of both mtDNA loci. We used PartitionFinder2 
to identify partitioning schemes and the most appropriate 
nucleotide replacement models (Lanfear et al., 2017) for 

https://www.geneious.com
https://www.geneious.com
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the alignment. According to our concatenated alignment, 
we found two partitions evaluated by BIC. We performed 
a Bayesian phylogenetic analysis using BEAST v.2.6.3 
(Bouckaert et al., 2019) with a Yule process tree prior, a 
strict clock model, and we calibrated the tree using a rate 
of 1.3% substitutions per million years that has been previ-
ously used in closely related snakes (Daza et al., 2009). We 
ran this analysis for 50 million generations, sampling every 
2000 steps. We checked for stationarity by visually inspect-
ing trace plots and ensuring that all ESS values were above 
200 in Tracer v1.7.1 (Rambaut et al., 2018). The first 10% 
of sampled genealogies were discarded as burn-in, and the 
maximum clade credibility tree with median node ages was 
summarized TreeAnnotator v.2.6.3.

Population Assignment and Demographic History

We used the two nuDNA genes to investigate population 
structure within H. gigas using Structure v2.3.4 (Pritchard 
et al., 2000). We performed 10 replicate analyses over a 
range of number of populations (K) from 1 to 10, using a 
linkage model and uncorrelated allele frequencies for 50,000 
generations as burn-in, followed by 50,000 generations. We 

chose the best value of K based on the rate of changes in 
the log-probability between successive K values (ΔK statis-
tic; Evanno et al., 2005), using Structure Harvester (Earl & 
vonHoldt, 2012). Due to the sample size and lack of genetic 
variation, we did not perform this analysis for H. bicinctus.

To estimate changes in the effective population size in H. 
gigas and H. bicinctus, we conducted demographic analysis 
using Bayesian skyline plots in *BEAST v1.8.0 (Drummond 
et al., 2012). We used a concatenated mtDNA alignment in 
both species and a 1.3% substitution rate per million years 
to calibrate the molecular clock (Daza et al., 2009). We ran 
two independent chains of 100 million generations; param-
eter convergence, stationarity, and ESS values (≥ 200) were 
viewed using TRACER. The graphs of population dynamics 
through time were generated in the same program.

Species Delimitation Analyses

We applied both distance- and tree-based species delimita-
tion analyses to assess lineage boundaries in Hydrodynastes 
(single locus delimitation), multi-rate Poisson tree processes 
(mPTP) and Assemble Species by Automatic Partitioning 
(ASAP). We ran a Maximum Likelihood tree inferred in 

Fig. 1  The known geographic distributions of the Hydrodynastes spe-
cies in South America are shown with open symbols, specimens sam-
pled for molecular data are shown with inserts. A H. bicinctus; B H. 

gigas. The geographic extent of the major hydrobasins across South 
America and discussed in the test are highlighted in different colors 
(Color figure online)
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RAxML (Stamatakis, 2014) via raxmlGUI 2.0 (Edler et al., 
2021) with rapid bootstrap method and 1000 bootstrap itera-
tions. We performed the mPTP (Kapli et al., 2017) on a 
webserver (https:// mptp.h- its. org/) using the ML tree of con-
catenated mitochondrial DNA. This method distinguishes 
coalescent versus speciation processes and incorporates dif-
ferent levels of intraspecific genetic diversity derived from 
differences in either the evolutionary history or sampling of 
each species. The ASAP was also performed on a webserver 
(https:// bioin fo. mnhn. fr/ abi/ public/ asap/ asapw eb. html). 
We used the 16S and Cytb datasets, a Jukes-Cantor (JC69) 
model of nucleotide substitution, and Kimura 2-parameter 
(K2p) genetic distances. This method uses a hierarchical 
clustering algorithm to identify a barcode gap (i.e., differ-
ence between intra and interspecific genetic distances) (Puil-
landre et al., 2021).

Spatiotemporal Phylogeographic Reconstruction

We employed the concatenated mtDNA data set to recon-
struct the spatiotemporal history of Hydrodynastes gigas 
using a Bayesian approach implemented in *BEAST v1.8.2 
and we applied a lognormal relaxed random walk model. 
This method is a time heterogeneous approach and allows 
for variation in diffusion rates across the branches of the 
phylogeny, reconstructs geographic coordinates at ancestral 
nodes, and therefore reconstructs the dispersal of lineages 
continuously in space and time, taking into account gene-
tree uncertainty. We implemented a coalescent prior with 
constant population size and an HKY+ G model of substitu-
tion. Because some sample coordinates were duplicated, we 
used a jitter option of 0.05 to add random noise to identical 
coordinates. We ran two independent chains of 50 million 
generations, assessed stability of the analysis in Tracer v1.6 
ensuring that all ESS values were > 200 (Rambaut et al., 
2018). In order to time calibrate the tree, we used a 1.3% 
substitution rate per million years. The resulting tree was 
summarized with TreeAnnotator v1.8.2, the first 10% of 
samples discarded as burn-in. We used SPREAD v1.0.4 to 
generate a kml file (Bielejec et al., 2011) which was plotted 
in Google Earth (http:// earth. google. com).

Population Genetic Divergence

For both H. gigas and H. bicinctus we calculated the number 
of polymorphic sites (S), haplotype number (h), haplotype 
diversity (Hd), nucleotide diversity (π), Tajima’s D and its 
p-value for each locus using DNASP (Librado & Rozas, 
2009). Molecular analysis of variance (AMOVAs) was 
used to investigate population genetic structure between and 
within different hydrographic basins and biomes in South 
American using the mtDNA and nuDNA loci in Arlequin 
v3.5.2.2 with 10,000 permutations (Excoffier & Lischer, 

2010). The 16S and Cmos loci were not used in this analysis 
for H. bicinctus due to a lack of variation. We constructed 
mtDNA and nuDNA haplotype networks for H. gigas and 
H. bicinctus in PopART (Population Analysis with Reticu-
late Trees) v1.7 using the median-joining network method in 
order to check haplotype sharing among hydrographic basins 
and species (Leigh & Bryant, 2015).

We also used redundancy analysis (RDA) to test whether 
genetic divergence is associated with geographic distance, 
climate, or the hydrographic basin for which samples were 
collected. We ran RDA following the approach outlined 
in Myers et al., (2017). Briefly, we generated normalized 
genetic distance matrices for each of the two species based 
on the mtDNA separately and for H. gigas for nuDNA 
sequences for a total of three matrices. These genetic dis-
tance matrices were then subjected to principal coordinate 
analysis. Climate variables were extracted for each col-
lecting locality based on the 2.5 arc-min resolution layers 
from the CHELSA bioclimatic dataset (Karger et al., 2017). 
Hydrographic basins were used to group localities in order to 
determine if these basins have been responsible for promot-
ing population genetic differentiation. Lastly, the latitude 
and longitude of each sample was used to test if geographic 
distance can predict genetic distances. We conducted a 
total of seven RDA analyses where predictions of popula-
tion genetic structure, as measured by the PCoA matrices 
of genetic distances, were tested using climate, divergence 
between hydrographic basins, and geographic distance as 
explanatory variables, and all combinations of these vari-
ables including a full model with all three variables. RDA 
returns an  r2 value and significance is assessed using an 
ANOVA. These analyses were run in R using the packages 
‘raster’,‘rworldmap’, ‘rgdal’, ‘ape’ and ‘vegan’ (Bivand 
et al., 2021; Hijmans, 2020; Oksanen et al., 2020; Paradis 
et al., 2019; South, 2011). The R scripts and input files to 
conduct these analyses are available at https:// github. com/ 
Rhine lla85/ Hydro dynas tes_ phylo geogr aphy.

Ecological Niche Modeling

We used ecological niche models (ENMs) to estimate the 
potential geographic distributions of our focal species under 
current climate conditions and projected these on to past 
climate models to explore potential habitat fragmentation. 
Because both Hydrodynastes species are widespread across 
South America we assumed that the entire continent rep-
resents the potential area that these species can access and 
therefore specified South America to by our study region. 
The collection of localities of all snake species found within 
Brazil has recently been aggregated and published (Nogueira 
et al., 2019), and it is clear that sampling effort for many 
species is biased to certain regions and does not represent 
a random sample across the continent. This is also the case 

https://mptp.h-its.org/
https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html
http://earth.google.com
https://github.com/Rhinella85/Hydrodynastes_phylogeography
https://github.com/Rhinella85/Hydrodynastes_phylogeography
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for both of our focal species and sampling bias is known to 
influence the results of ENMs (Costa et al., 2010). There-
fore, we applied a similar sampling bias to select back-
ground points for our ENMs (Elith et al., 2011), following 
the approaches of Bell et al., (2017) and Jaynes et al., (2021) 
(see https:// github. com/ eddie myers/ Lepto pelis/ tree/ master/ 
ENMs_ and_ BG_ points). To do this we selected pseudoab-
sence background points using a sampling effort surface 
based on all georeferenced snake specimen records from 
South America (~ 75,681 records; Nogueira et al., 2019). 
We used the number of specimens collected at a site with a 
resolution of 0.0083 degrees (~ 1 km at the equator) as an 
indicator of sampling effort. These data were then aggre-
gated as a raster with a factor of 10 to produce 10 × 10 km 
blocks, summing all sampling points within these blocks and 
then disaggregating them back to 1 km resolution, preserv-
ing the sampling effort from the aggregated blocks. Sites 
that had no snake samples were assigned a value of 0.01. 
Using this raster, we selected 10,000 background points with 
a probability proportional to total sampling effort.

The CHELSA bioclimatic layers at 2.5 arc-min resolu-
tion (Karger et al., 2017) were used for our ENMs. Using 
ENMTools in R (Warren & Dinnage, 2020) we tested for 
correlations among these bioclim variables and removed all 
but one of all variables that had a Pearson’s correlation > 0.7, 
resulting in seven variables (Annual Mean Temperature, 
Mean Diurnal Range, Isothermality, Temperature Seasonal-
ity, Annual Precipitation, Precipitation Seasonality, Precipi-
tation of the Warmest Quarter). We combined the locality 
data from our genetic samples with those of several recent 
studies (Carvalho et al., 2020; Murta-Fonseca et al., 2015; 
Nogueira et al., 2019) for a total of 191 H. bicinctus and 993 
H. gigas with the taxonomic updates of Murta-Fosenca et al. 
(2015) and Carvalho et al. (2020) and thinned these data 
so that no neighboring samples were within 20 km of one 
another using the R package spThin (Aiello‐Lammens et al., 
2015). To generate ENMs we implemented the maximum 
entropy approach implemented in MaxEnt v3.4.1 (Phillips 
et al., 2006). This requires that model parameters be opti-
mized (e.g., Morales et al., 2017) which we did using the R 
package ENMeval (Muscarella et al., 2014) testing all com-
binations of six feature classes (Linear; Linear Quadratic; 
Hinge; Linear Quadratic Hinge; Linear Quadratic Hinge 
Product; and Linear Quadratic Hinge Product Threshold) 
and eight regularization multipliers ranging from 0.5 to 4.0 
at 0.5 intervals. The best fit model parameters were chosen 
using AIC values and implemented in our models. ENMs 
were then constructed with MaxEnt using Biomod2 (Thu-
iller et al., 2020) in R with 25 evaluation runs, replicated for 
5000 iterations, and using 20% of specimen localities as a 
training dataset for model evaluation. Variable importance 
for each species was measured using a jackknifing approach 
and model performance was assessed using response curves. 

Current ENMs were hindcast on to climate projects of the 
mid-Holocene (~6 kya; Fordham et al., 2017), the Last Gla-
cial Maximum (~21 kya; Karger et al., 2017), and the Last 
Interglacial (~130 kya; Otto-Bliesner et al., 2006) at 2.5 
arc-min resolution which were obtained from the PaleoClim 
database (Brown et al., 2018). These four binary model pro-
jections were stacked to identify regions of potential habitat 
stability through time (i.e. potential refugia).

Results

Phylogenetic Analysis

The best-fit models were HKY+I for 16S, HKY+G for Cytb, 
HKY for Cmos and K80 for NT3. Partitioning schemes and 
the appropriate nucleotide replacement models identified in 
the concatenated data were TRN+G+X for the first partition 
(Cytb Position 2+16S+Cytb Position 1), and HKY+G+X 
for the second partition (Cytb Position 3). No geographic 
structure for either Hydrodynastes gigas and H. bicinctus 
was found given the topologies of the individual gene-trees 
(Fig. S1). In the dated mtDNA concatenated tree, we found 
two genetic lineages corresponding to H. gigas and H. 
bicinctus that diverged during the Pleistocene (~1.5 mya) 
and are well-supported (Fig. 2). The phylogenetic relation-
ships estimated were consistent among the different meth-
odologies used.

Population and Demographic Analyzes

The ΔK statistic based on Structure runs suggested support 
for two populations within H. gigas but with no geographic 
component to these populations. Both populations have 
individuals from all sampled basins and different biomes 
(Fig. S2). This is likely the result of the inability of the ΔK 
statistic to evaluate K = 1 resulting in an overestimation of 
population genetic structure (Cullingham et al., 2020). The 
Bayesian skyline plot analysis of the concatenated mtDNA 
loci showed different demographic histories for the two spe-
cies, with different timing of mtDNA coalescence (Fig. 3). 
Hydrodynastes bicinctus has a small effective population 
size  (Ne), with a recent coalescent time of all alleles at 
approximately 130 Kya, while H. gigas present similar  Ne, 
but coalesced approximately 330 Kya. Both species had rela-
tively stable population sizes through time, however there 
is a trend for a population decline over the last ~20 Kya in 
H. gigas.

Species Delimitation

Both mPTP and ASAP delimitation analyses supported 
the existence of only two species within Hydrodynastes: 

https://github.com/eddiemyers/Leptopelis/tree/master/ENMs_and_BG_points
https://github.com/eddiemyers/Leptopelis/tree/master/ENMs_and_BG_points
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H. bicinctus and H. gigas (Fig. 2). The 16S and Cytb loci 
delimited only two species within Hydrodynastes regardless 
of which distance parameter was implemented. The best 16S 
partition had an ASAP score of 1.00 (p ≤ 0.05) at a thresh-
old distance of 0.022. The best Cytb partition had an ASAP 
score of 3.50 (p ≤ 0.001) at a threshold distance of 0.068.

Spatiotemporal Phylogeographic Reconstruction

Spatiotemporal reconstruction based on the relaxed random 
walk model suggested that H. gigas originated in the Ara-
guaia-Tocantins basin region (Fig. 4). From there, it spread 

to the La Plata, East Brazil and northeastern Amazon basins 
around 56 Kya. The ancestral population from the northeast-
ern Amazon basin dispersed to a more southern region of 
the Amazon basin around 20 Kya. Furthermore, this model 
suggests that during the LGM H. gigas was widespread 
throughout all of the hydrographic basins where the species 
is currently distributed.

Population Genetic Divergence

Both Hydrodynastes species have low levels of genetic 
divergence (Table  S2). For Hydrodynastes gigas, the 

Fig. 2  Phylogenetic relation-
ships and divergence times 
based on the concatenated 
mtDNA loci and inferred in 
BEAST. Hydrodynastes gigas 
is highlighted in blue and H. 
bicinctus in red. Nodal posterior 
probabilities are not provided 
for support values < 0.90. Black 
bars represent each evolutionary 
entities delimited by the follow-
ing methods: ASAP (Assemble 
Species by Automatic Partition-
ing), mPTP (multi-rate Poisson 
tree processes) and Structure 
(Color figure online)
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number of variable sites was highest in Cytb (25 sites), 
followed by NT3 (10 sites), 16S (four sites) and lowest in 
Cmos (one site). For H. bicinctus both 16S and Cmos have 
no variable sites, while Cytb and NT3 have 14 and five 
variable sites, respectively. A summary of all population 

genetic statistics for the Hydrodynastes species is pre-
sented in Table S2.

Haplotypic diversity was highest in Cytb and NT3 for 
both species. For the 16S and Cytb loci, there was no hap-
lotype sharing between the two Hydrodynastes species. For 
H. gigas, the Amazon, Araguaia-Tocantins, La Plata and 
East Brazil watersheds have one, six, eight, and two exclu-
sive haplotypes, respectively (Fig. 5). While H. bicinctus 
has only one haplotype of 16S that is present in all three 
watersheds where it occurs.

The AMOVA demonstrated that most genetic variation 
in H. gigas is partitioned between basins for three loci (16S, 
Cytb and Cmos), and the greatest genetic variation was 
within biomes for all genes (Table S3). While in H. bicinc-
tus the partitioning of genetic variation amongst basins and 
biomes differs across loci, for example, within Cytb the 
genetic variation was greatest between basins and within 
biomes, whereas for NT3 the greatest variation was within 
basins and between biomes (Table S3).

The RDA analysis demonstrated that mtDNA population 
genetic divergence in H. gigas is best explained by the full 
model that includes climate, geographic distance, and sam-
pled hydrographic basin  (r2 = 0.91, p-value < 0.05; Table S4). 
When analyzing the nuDNA for H. gigas, no models signifi-
cantly explained genetic distances, however the full model 
 (r2 = 0.88, p-value = 0.06) and climate + sampling locality 
approach significance  (r2 = 0.77, p-value = 0.056). Within H. 
bicinctus, none of the chosen explanatory variables signifi-
cantly explained genetic distances within either the mtDNA 
dataset and a lack of variation in the nucDNA dataset pre-
cluded this analysis.

Ecological Niche Model Projections

After thinning locality data, we retained 287 H. gigas and 
98 H. bicinctus for ENMs. The best fit model parameters 
for H. gigas were ‘H’ with a regularization multiplier of 
1.5, and for H. bicinctus the best fit combination of fea-
ture classes were ‘LQH’ with a regularization multiplier of 
4.0. The models for both species performed satisfactorily 
(AUC = 0.85 for H. gigas; AUC = 0.89 for H. bicinctus) 
and predicted the known geographic distributions of these 
species (Fig. 6). The current model for H. gigas presents 
over-prediction in regions of northern South America (e.g., 
within the Orinoco basin) where this taxon has not been doc-
umented. Our current model for H. bicinctus suggests that 
this species is widely distributed within the Amazon basin, 
but is likely over-predicting suitable habitat within north-
eastern Brazil. The climate variables of most importance for 
modeling the geographic distributions of these species also 
differed, seasonal precipitation had a percent contribution of 
29.5 for H. gigas and annual mean temperature had a percent 
contribution of 30.9 for the H. bicinctus model.

Fig. 3  Effective population sizes (Ne) through time (in millions of 
years) estimated from Bayesian skyline plots. Hydrodynastes gigas is 
highlighted in blue and H. bicinctus in red. The bolded line represents 
the median population size estimate and the shaded region represents 
the 95% higher posterior probability (Color figure online)

Fig. 4  Bayesian spatiotemporal diffusion of Hydrodynastes gigas at 
four time slices. Reconstructions are based on the maximum clade 
credibility tree estimated with a time-heterogeneous Relaxed Random 
Walk approach. Shading represents 80%-HPD uncertainty in the loca-
tion of ancestral branches with lighter and darker shades representing 
older and younger diffusion events, respectively (Color figure online)
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Fig. 5  Haplotype networks for 
each locus within the Hydrody-
nastes species. Networks were 
generated using PopART with 
the Median Joining Model. 
Each haplotype is represented 
by a circle whose area is pro-
portional to its frequency in the 
dataset and each hydrobasin is 
represented by color (indicated 
in legend)

Fig. 6  Ecological niche models for both Hydrodynastes species based 
on current climatic conditions and projected onto climates at 6 kya 
and 21 kya. In these ENMS green colors represent higher habitat 

suitability. The last column represents regions of habitat suitability 
through time where warmer colors represent suitability in multiple 
time periods (Color figure online)
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The stacked suitability models for H. gigas suggest that 
the La Plata hydrographic basin has served as a region of 
stable habitat throughout the late Pleistocene (Fig. 6). H. 
bicinctus has a more widespread region of historical suitabil-
ity based on these models, with projected habitat throughout 
northern La Plata, North Brazil, Orinoco, and Magdalena 
basins (Fig. 6). However, H. bicinctus does not currently 
occur in the Magdalena basin and is rarely collected in the 
Orinoco basin of northern South America (e.g., Nogueira 
et al, 2019).

Discussion

The false-water cobras species, H. gigas and H. bicinctus, 
are widespread across South America and often occur in 
sympatry; we find that these two species diverged recently 
(~1.5 mya) and have maintained relatively stable effective 
population sizes through time with a shared historically 
stable region of suitable habitat within the La Plata basin. 
Both taxa have low intraspecific genetic diversity and no 
discrete population genetic structure across their large dis-
tributions. Population genetic divergence in H. gigas is best 
explained by the interaction of geographic distance (IBD), 
climatic variation (IBE), and hydrographic basin, while in H. 
bicinctus none of these variables are associated with genetic 
distances between sampled populations.

Major river systems can promote contrasting spatial pat-
terns of genetic divergence across codistributed species, by 
acting as allopatric barriers or alternatively by facilitating 
gene flow. Much of the discordance in how species respond 
to rivers may be due to species specific traits (e.g., varia-
tion in body size or range size) and biogeographic histories 
(Papadopoulou & Knowles, 2016). For example, phylo-
geographic patterns in aquatic or semiaquatic snakes vary 
between species even across shared geographic regions. In 
North American water snakes, Nerodia rhombifer exhibit 
population structure east and west across the Mississippi 
River (Brandley et al., 2010). However, other species with 
similar ecological requirements, that are codistributed with 
N. rhombifer, have very different patterns of population 
genetic divergence. For example, both Nerodia erythrogaster 
and Agkistrodon piscivorus show no genetic structure across 
the Mississippi River (Guiher & Burbrink, 2008; Makowsky 
et al., 2010).

Similar discordant patterns among ecologically similar 
species are observed across South America as well (Rull, 
2008, 2011). The yellow anaconda (Eunectes notaeus) 
exhibits significant genetic structure associated with rivers 
and associated floodplains (McCartney-Melstad et al., 2012), 
which is in contrast to our findings of phylogeographic pat-
terns in the false-water cobras. Phylogeographic patterns 
in H. gigas demonstrate low levels of genetic divergence, 

however population genetic structure is associated with a 
combination of geographic distance, climate, and hydro-
graphic basin. While low sample sizes, combined with lit-
tle observed genetic variation with H. bicinctus resulted in 
nonsignificant associations with factors potentially driving 
population genetic divergence, this taxon seemingly has sim-
ilar phylogeographic patterns to its sister species (Figs. 2, 
5). Furthermore, within this taxon, specimens sampled as 
far apart as 3170 km share the same mtDNA haplotype and 
previous studies have demonstrated extremely low levels of 
mtDNA divergence (Carvalho et al., 2020). These low lev-
els of genetic differentiation across large geographic scales 
may be a reflection of the generalist biology and large adult 
body size of the false-water cobras (e.g.,Giraudo et al., 2014; 
Strüssmann & Sazima, 1990, 1993), which likely translates 
to having greater dispersal capabilities and higher levels of 
gene flow among populations. This further highlights that 
patterns of population genetic structure are likely associated 
with intrinsic characteristics of species and the importance 
of incorporating phenotypic traits in phylogeographic stud-
ies (Papadopoulou & Knowles, 2016). Similarly, the closely 
related species, Agkistrodon piscivorus and A. contortrix, 
have discordant phylogeographic histories, although they 
co-occur in most of their distributions and are in contact 
with the same geological and/or climatic barriers (Guiher & 
Burbrink, 2008). Indicating that unique characteristics in the 
life history traits of each species may have generated these 
distinct evolutionary histories (Guiher & Burbrink, 2008).

Many studies have pointed to the Pleistocene climatic 
oscillations as being a principal factor in driving the forma-
tion of new species (e.g.,Rull, 2008; Turchetto-Zolet et al., 
2013). These climatic cycles have also been important in 
influencing the demographic histories of species globally 
(Hewitt, 2004). Lineages that have recently diverged from 
one another in the Pleistocene are expected to have low 
genetic diversity and weak genetic structure (e.g., Brandley 
et al., 2010; Gottscho et al., 2014; Grazziotin et al., 2006; 
Mângia et al., 2020). This is a pattern that we find in both 
species of Hydrodynastes, suggesting that recent divergence 
coupled with a high dispersal ability is maintaining genetic 
homogeneity within these species even between disparate 
watersheds. Because these two species of Hydrodynastes 
diverged from one another ~1.5 mya it is likely that changes 
in climatic conditions across South America during the 
mid-Pleistocene was responsible for their divergence. This 
period of time has been important for driving diversification 
in several other widespread species in South America (e.g., 
Rhinella marina and Boana albopunctata; Maciel et al., 
2010; Prado et al., 2012).

Species with continental distributions often have highly 
structured genetic diversity because of factors including 
local adaptation within ecoregions and to heterogeneous 
environments or allopatric divergence across biogeographic 
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barriers (e.g., Burbrink et al., 2008; O'Connell et al., 2017). 
In many cases, studies of these widely distributed taxa reveal 
cryptic species diversity (e.g., Gehara et al., 2014; O’Connell 
& Smith, 2018). However, to assume that all widespread 
species have strong genetic structure across their distribu-
tions may be unwarranted. Within the false-water cobras, 
while there are some unique haplotypes in several watershed 
basins, both species appear to be nearly panmictic with the 
molecular data generated here, since both species, H. gigas 
and H. bicinctus, present a certain ecological similarity in 
aspects such as habitat, feeding, reproductive mode (Giraudo 
et al., 2014; Silva et al., 2019). Future directions within these 
species should focus on generating reduced representation 
genomic data to test for fine-scale population structure or 
identify regions of the genome that are under selection for 
local adaptation to environmental factors like differences in 
temperature and climate, or even to physical–chemical ele-
ments of different rivers (Cooke et al., 2014).

Our results demonstrated that regions of suitable habitat 
through time occurred within the La Plata basin for both 
species (Fig. 6). Additionally, the highest amount of genetic 
diversity for H. gigas is found within this river basin. An 
association between climatically stable regions and higher 
levels of genetic diversity is a common pattern that has been 
observed in both plants and animals (e.g., Santos et al., 
2014; Vasconcellos et al., 2019). It is possible that the La 
Plata basin has acted as a refugia for both species during 
recent periods of climatic oscillations. Although this region 
has been important for harboring genetic diversity through 
time, the estimated area of origin is within the Araguaia-
Tocantins Basin of central Brazil. This region has also been 
demonstrated to be the likely area of origin and diversifica-
tion for paradoxical frogs which then dispersed to both the 
Amazon and Paraná basins (Fonseca et al., 2021; Garda & 
Cannatella, 2007). The phylogeographic histories of most 
Neotropical taxa remain poorly understood (Beheregaray, 
2008; Rull, 2008, 2011; Turchetto-Zolet et al., 2013), how-
ever, our results highlight the need for further phylogeo-
graphic studies of widespread species across South America 
in order to better understand which biogeographic regions 
have been important areas of origin for the vast biodiversity 
of this continent.

During the last glacial maximum both Hydrodynastes 
species had larger regions of suitable habitat across South 
America. However, from the Holocene to the present day 
these regions of suitability have been reduced and this 
reduction in the extent of potential geographic distribu-
tion likely affected the demographic histories of these 
species (Fig. 6). Our analyses suggest that both taxa have 
had relatively stable effective population sizes through 
time. Despite the wide distribution of H. bicinctus and 
the reduction of suitability regions, demographic analy-
ses revealed no population change over time. Although 

it is commonly found that the impacts of glacial cycles 
affect the demographic dynamics of populations over time 
(Gehara et al., 2017) other factors can also explain demo-
graphic patterns, such as habitat availability, the ability to 
adapt to changes in community composition, and meta-
bolic rate (Myers et al., 2013). Conversely, a decline in 
population size within H. gigas at approximately 20 kya is 
observed (Fig. 3). Many species have been shown to have 
decreased population sizes before the LGM, for example 
in both plants and animals (Brüniche-Olsen et al., 2021; 
Moura et al., 2014; Ony et al., 2021; Rato et al., 2021), 
however a finding of population decline from the end of 
the LGM towards present day is less often observed. Addi-
tional studies of codistributed species with aquatic affini-
ties are needed to address whether population size declines 
during interglacials are a community-wide phenomena or 
are specific to the snake species studied here.

According to our ENM, Hydrodynastes could occur 
in the Orinoco basin, but given the recent origin of this 
taxon, the establishment of the current drainages of the 
Amazon and Orinoco basins was already established, it 
was connected until the middle of the Miocene (~8–10 
Mya; Hoorn et al., 2022). Moreover, the Amazon basin 
was the last to be colonized, perhaps because these species 
did not manage to disperse throughout the northern region 
of the continent. Additionally, it is possible that the small 
and/or rare connections between the Amazon and Orinoco 
basins were not sufficient to allow for the dispersal of these 
species. It is also possible that mountain ranges have acted 
as biogeographic barriers to these taxa (e.g., the Tepuis).

Conclusion

We conclude that the genus Hydrodynastes has a recent his-
tory in South America and the interaction of river networks, 
climate and geographic distance are responsible for their 
current genetic differentiation and spatial structure. Since 
the late Pleistocene both species have had a reduction in the 
geographic extent of suitable habitat. We point to the need 
for more scientific attention, especially aquatic and semi-
aquatic snakes across South America, to elucidate the role 
of the main rivers in the evolutionary history and ecology 
of this group.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11692- 023- 09601-8.

Acknowledgements We are grateful to Antoine Fouquet, Mael Dew-
ynter, Adrian Garda, Guarino Coli, Miguel Rodrigues, Felipe Curcio, 
Fernanda Werneck, Camila Ribas, Francisco Franco, Felipe Grazzio-
tin, Rafael Benetti, Matheus Neves, Elvis Almeida and Hugo Cabral 
for providing tissues samples. We are grateful to Diego Baldo, Carla 
Bessa and Vanessa Arzamendia for provindig sequences. PSC thanks 

https://doi.org/10.1007/s11692-023-09601-8


234 Evolutionary Biology (2023) 50:224–238

1 3

Jaqueline Battilana, Sarah Mângia and Ricardo Koroiva for their help 
with the techniques in the molecular laboratory, Sarah Mângia and 
Eliana Oliveira for their help in editing the sequences.

Author contributions PSC, DS, EAM, conceived the ideas, formal 
analysis; PSC, DS and HZ, data acquisition; PSC, data curation; and 
PSC led the writing with assistance from EAM, DS and HZ.

Data availability The datasets analysed during the current study are 
referenced in the text and publicly available.

Declarations 

Conflict of interest The authors have no conflicts of interest.

References

Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B., & 
Anderson, R. P. (2015). spThin: An R package for spatial thin-
ning of species occurrence records for use in ecological niche 
models. Ecography, 38(5), 541–545. https:// doi. org/ 10. 1111/ 
ecog. 01132

Aleixo, A. (2004). Historical diversification of a terra-firme forest bird 
superspecies: A phylogeographic perspective on the role of dif-
ferent hypotheses of Amazonian diversification. Evolution, 58(6), 
1303–1317. https:// doi. org/ 10. 1111/j. 0014- 3820. 2004. tb017 09.x

Anderson, C. D., Epperson, B. K., Fortin, M. J., Holderegger, R., 
James, P. M., Rosenberg, M. S., Scribner, K. T., & Spear, S. 
(2010). Considering spatial and temporal scale in landscape-
genetic studies of gene flow. Molecular Ecology, 19(17), 3565–
3575. https:// doi. org/ 10. 1111/j. 1365- 294X. 2010. 04757.x

Arzamendia, V., & Giraudo, A. (2009). Influence of great South Ameri-
can rivers of the Plata basin on distributional patterns of tropical 
snakes: A panbiogeographic analysis. Journal of Biogeography, 
36(9), 1739–1749. https:// doi. org/ 10. 1111/j. 1365- 2699. 2009. 
02116.x

Beheregaray, L. B. (2008). Twenty years of phylogeography: the state 
of the field and the challenges for the Southern Hemisphere. 
Molecular Ecology, 17(17), 3754–3774. https:// doi. org/ 10. 
1111/j. 1365- 294X. 2008. 03857.x

Bell, R. C., Parra, J. L., Badjedjea, G., Barej, M. F., Blackburn, D. 
C., Burger, M., Channing, A., Dehling, J. M., Greenbaum, E., 
Gvoždík, V., Kielgast, J., Kusamba, C., Lötters, S., McLaughlin, 
P. J., Nagy, Z. T., Rödel, M. O., Portik, D. M., Stuart, B. L., Van-
DerWal, J., … Zamudio, K. R. (2017). Idiosyncratic responses 
to climate-driven forest fragmentation and marine incursions in 
reed frogs from Central Africa and the Gulf of Guinea Islands. 
Molecular Ecology, 26(19), 5223–5244. https:// doi. org/ 10. 1111/ 
mec. 14260

Bielejec, F., Rambaut, A., Suchard, M. A., & Lemey, P. (2011). 
SPREAD: Spatial phylogenetic reconstruction of evolutionary 
dynamics. Bioinformatics, 27(20), 2910–2912. https:// doi. org/ 
10. 1093/ bioin forma tics/ btr481

Bittencourt, P. S., Campos, Z., de Lima Muniz, F., Marioni, B., 
Souza, B. C., Da Silveira, R., Thoisy, B., Hrbek, T., & Farias, 
I. P. (2019). Evidence of cryptic lineages within a small South 
American crocodilian: The Schneider’s dwarf caiman Paleosu-
chus trigonatus (Alligatoridae: Caimaninae). PeerJ, 7, e6580. 
https:// doi. org/ 10. 7717/ peerj. 6580

Bivand, R., Keitt, T., & Rowlingson, B. (2021). rgdal: Bindings for the 
‘Geospatial’ data abstraction library. R package version 1.5–23. 
https:// CRAN.R- proje ct. org/ packa ge= rgdal

Bouckaert, R., Vaughan, T. G., Barido-Sottani, J., Duchêne, S., Four-
ment, M., Gavryushkina, A., Heled, J., Jones, G., Kühnert, D., 
Maio, N., Matschiner, M., Mendes, F. K., Müller, N. F., Ogil-
vie, H. A., Plessis, L., Popinga, A., Rambaut, A., Rasmussen, 
D., Siveroni, I., … Drummond, A. J. (2019). BEAST 2.5: An 
advanced software platform for Bayesian evolutionary analysis. 
PLoS Computational Biology, 15(4), e1006650. https:// doi. org/ 
10. 1371/ journ al. pcbi. 10066 50

Brandley, M. C., Guiher, T. J., Pyron, R. A., Winne, C. T., & Burbrink, 
F. T. (2010). Does dispersal across an aquatic geographic bar-
rier obscure phylogeographic structure in the diamond-backed 
watersnake (Nerodia rhombifer)? Molecular Phylogenetics and 
Evolution, 57(2), 552–560. https:// doi. org/ 10. 1016/j. ympev. 2010. 
07. 015

Brown, J. L., Hill, D. J., Dolan, A. M., Carnaval, A. C., & Haywood, 
A. M. (2018). PaleoClim, high spatial resolution paleoclimate 
surfaces for global land areas. Scientific Data, 5(1), 1–9. https:// 
doi. org/ 10. 1038/ sdata. 2018. 254

Brüniche-Olsen, A., Bickham, J. W., Godard-Codding, C. A., Brykov, 
V. A., Kellner, K. F., Urban, J., & DeWoody, J. A. (2021). Influ-
ence of Holocene habitat availability on Pacific gray whale 
(Eschrichtius robustus) population dynamics as inferred from 
whole mitochondrial genome sequences and environmental niche 
modeling. Journal of Mammalogy, 102(4), 986–999. https:// doi. 
org/ 10. 1093/ jmamm al/ gyab0 32

Burbrink, F. T., Fontanella, F., Pyron, R. A., Guiher, T. J., & Jimenez, 
C. (2008). Phylogeography across a continent: The evolution-
ary and demographic history of the North American racer (Ser-
pentes: Colubridae: Coluber constrictor). Molecular Phyloge-
netics and Evolution, 47(1), 274–288. https:// doi. org/ 10. 1016/j. 
ympev. 2007. 10. 020

Camurugi, F., Gehara, M., Fonseca, E. M., Zamudio, K. R., Haddad, 
C. F., Colli, G. R., Thomé, M. T. C., Prado, C. P. A., Napoli, M. 
F., & Garda, A. A. (2021). Isolation by environment and recur-
rent gene flow shaped the evolutionary history of a continentally 
distributed Neotropical treefrog. Journal of Biogeography, 48(4), 
760–772. https:// doi. org/ 10. 1111/ jbi. 14035

Carvalho, P. S., Zaher, H., da Silva Jr, N. J., & Santana, D. J. (2020). A 
morphological and molecular study of Hydrodynastes gigas (Ser-
pentes, Dipsadidae), a widespread species from South America. 
PeerJ, 8, e10073. https:// doi. org/ 10. 7717/ peerj. 10073

Colston, T. J., Grazziotin, F. G., Shepard, D. B., Vitt, L. J., Colli, G. R., 
Henderson, R. W., Hedges, S. B., Bonatto, S., Zaher, H., Noo-
nan, B. P., & Burbrink, F. T. (2013). Molecular systematics and 
historical biogeography of tree boas (Corallus spp.). Molecular 
Phylogenetics and Evolution, 66(3), 953–959. https:// doi. org/ 10. 
1016/j. ympev. 2012. 11. 027

Cooke, G. M., Landguth, E. L., & Beheregaray, L. B. (2014). River-
scape genetics identifies replicated ecological divergence across 
an Amazonian ecotone. Evolution, 68(7), 1947–1960. https:// doi. 
org/ 10. 1111/ evo. 12410

Costa, G. C., Nogueira, C., Machado, R. B., & Colli, G. R. (2010). 
Sampling bias and the use of ecological niche modeling in con-
servation planning: A field evaluation in a biodiversity hotspot. 
Biodiversity and Conservation, 19(3), 883–899. https:// doi. org/ 
10. 1007/ s10531- 009- 9746-8

Cullingham, C. I., Miller, J. M., Peery, R. M., Dupuis, J. R., Malenfant, 
R. M., Gorrell, J. C., & Janes, J. K. (2020). Confidently identify-
ing the correct K value using the ΔK method: When does K= 
2? Molecular Ecology, 29(5), 862–869. https:// doi. org/ 10. 1111/ 
mec. 15374

Dal Vechio, F., Prates, I., Grazziotin, F. G., Zaher, H., Graboski, R., 
& Rodrigues, M. T. (2019). Rain forest shifts through time and 
riverine barriers shaped the diversification of South American 
terrestrial pit vipers (Bothrops jararacussu species group). 

https://doi.org/10.1111/ecog.01132
https://doi.org/10.1111/ecog.01132
https://doi.org/10.1111/j.0014-3820.2004.tb01709.x
https://doi.org/10.1111/j.1365-294X.2010.04757.x
https://doi.org/10.1111/j.1365-2699.2009.02116.x
https://doi.org/10.1111/j.1365-2699.2009.02116.x
https://doi.org/10.1111/j.1365-294X.2008.03857.x
https://doi.org/10.1111/j.1365-294X.2008.03857.x
https://doi.org/10.1111/mec.14260
https://doi.org/10.1111/mec.14260
https://doi.org/10.1093/bioinformatics/btr481
https://doi.org/10.1093/bioinformatics/btr481
https://doi.org/10.7717/peerj.6580
https://CRAN.R-project.org/package=rgdal
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1016/j.ympev.2010.07.015
https://doi.org/10.1016/j.ympev.2010.07.015
https://doi.org/10.1038/sdata.2018.254
https://doi.org/10.1038/sdata.2018.254
https://doi.org/10.1093/jmammal/gyab032
https://doi.org/10.1093/jmammal/gyab032
https://doi.org/10.1016/j.ympev.2007.10.020
https://doi.org/10.1016/j.ympev.2007.10.020
https://doi.org/10.1111/jbi.14035
https://doi.org/10.7717/peerj.10073
https://doi.org/10.1016/j.ympev.2012.11.027
https://doi.org/10.1016/j.ympev.2012.11.027
https://doi.org/10.1111/evo.12410
https://doi.org/10.1111/evo.12410
https://doi.org/10.1007/s10531-009-9746-8
https://doi.org/10.1007/s10531-009-9746-8
https://doi.org/10.1111/mec.15374
https://doi.org/10.1111/mec.15374


235Evolutionary Biology (2023) 50:224–238 

1 3

Journal of Biogeography, 47(2), 516–526. https:// doi. org/ 10. 
1111/ jbi. 13736

Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). jMod-
elTest 2: More models, new heuristics and parallel computing. 
Nature Methods, 9(8), 772–772. https:// doi. org/ 10. 1038/ nmeth. 
2109

Daza, J. M., Smith, E. N., Páez, V. P., & Parkinson, C. L. (2009). 
Complex evolution in the Neotropics: The origin and diver-
sification of the widespread genus Leptodeira (Serpentes: 
Colubridae). Molecular Phylogenetics and Evolution, 53(3), 
653–667. https:// doi. org/ 10. 1016/j. ympev. 2009. 07. 022

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). 
Bayesian phylogenetics with BEAUti and the BEAST 1.7. 
Molecular Biology and Evolution, 29(8), 1969–1973. https:// 
doi. org/ 10. 1093/ molbev/ mss075

Earl, D. A., & vonHoldt, B. M. (2012). STRU CTU RE HARVESTER: 
A website and program for visualizing STRU CTU RE out-
put and implementing the Evanno method. Conservation 
Genetics Resources, 4(2), 359–361. https:// doi. org/ 10. 1007/ 
s12686- 011- 9548-7

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with 
high accuracy and high throughput. Nucleic Acids Research, 
32(5), 1792–1797. https:// doi. org/ 10. 1093/ nar/ gkh340

Edler, D., Klein, J., Antonelli, A., & Silvestro, D. (2021). raxmlGUI 
2.0: A graphical interface and toolkit for phylogenetic analy-
ses using RAxML. Methods in Ecology and Evolution, 12(2), 
373–377. https:// doi. org/ 10. 1111/ 2041- 210X. 13512

Elith, J., Phillips, S. J., Hastie, T., Dudík, M., Chee, Y. E., & Yates, 
C. J. (2011). A statistical explanation of MaxEnt for ecologists. 
Diversity and Distributions, 17(1), 43–57. https:// doi. org/ 10. 
1111/j. 1472- 4642. 2010. 00725.x

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number 
of clusters of individuals using the software STRU CTU RE: 
A simulation study. Molecular Ecology, 14(8), 2611–2620. 
https:// doi. org/ 10. 1111/j. 1365- 294X. 2005. 02553.x

Excoffier, L., & Lischer, H. E. (2010). Arlequin suite ver 3.5: a new 
series of programs to perform population genetics analyses 
under Linux and Windows. Molecular Ecology Resources, 
10(3), 564–567. https:// doi. org/ 10. 1111/j. 1755- 0998. 2010. 
02847.x

Fonseca, E. M., Garda, A. A., Oliveira, E. F., Camurugi, F., Magalhães, 
F. D. M., Lanna, F. M., Zurano, J. P., Marques, R., Vences, M., 
& Gehara, M. (2021). The riverine thruway hypothesis: Rivers 
as a key mediator of gene flow for the aquatic paradoxical frog 
Pseudis tocantins (Anura, Hylidae). Landscape Ecology, 36(10), 
3049–3060. https:// doi. org/ 10. 1007/ s10980- 021- 01257-z

Fordham, D. A., Saltré, F., Haythorne, S., Wigley, T. M., Otto-Bliesner, 
B. L., Chan, K. C., & Brook, B. W. (2017). PaleoView: A tool 
for generating continuous climate projections spanning the last 
21 000 years at regional and global scales. Ecography, 40(11), 
1348–1358. https:// doi. org/ 10. 1111/ ecog. 03031

Fouquet, A., Courtois, E. A., Baudain, D., Lima, J. D., Souza, S. M., 
Noonan, B. P., & Rodrigues, M. T. (2015). The trans-riverine 
genetic structure of 28 Amazonian frog species is dependent on 
life history. Journal of Tropical Ecology, 31(4), 361–373. https:// 
doi. org/ 10. 1017/ S0266 46741 50002 06

Garda, A. A., & Cannatella, D. C. (2007). Phylogeny and biogeog-
raphy of paradoxical frogs (Anura, Hylidae, Pseudae) inferred 
from 12S and 16S mitochondrial DNA. Molecular Phylogenetics 
and Evolution, 44(1), 104–114. https:// doi. org/ 10. 1016/j. ympev. 
2006. 11. 028

Gehara, M., Crawford, A. J., Orrico, V. G. D., Rodríguez, A., Lötters, 
S., Fouquet, A., Baldo, D., Barrientos, L. S., Brusquetti, F., De 
La Riva, I., Ernst, R., Faivovich, J., Urrutia, G. G., Glaw, F., 
Guayasamin, J. M., Hölting, M., Jansen, M., Kok, P. J. R., Kwet, 
A., … Köhler, J. (2014). High levels of diversity uncovered in a 

widespread nominal taxon: Continental phylogeography of the 
Neotropical tree frog Dendropsophus minutus. PLoS ONE, 9(9), 
e103958. https:// doi. org/ 10. 1371/ journ al. pone. 01039 58

Gehara, M., Garda, A. A., Werneck, F. P., Oliveira, E. F., da Fonseca, 
E. M., Camurugi, F., Magalhães, F. M., Lanna, F. M., Sites, J. W., 
Marques, R., Silveira-Filho, R., São Pedro, V. A., Colli, G. R., 
Costa, G. C., & Burbrink, F. T. (2017). Estimating synchronous 
demographic changes across populations using hABC and its 
application for a herpetological community from northeastern 
Brazil. Molecular Ecology, 26(18), 4756–4771. https:// doi. org/ 
10. 1111/ mec. 14239

Giraudo, A. R., Arzamendia, V., Bellini, G. P., Bessa, C. A., & Cos-
tanzo, M. B. (2014). Ecología de una gran serpiente sudameri-
cana, Hydrodynastes gigas (Serpentes: Dipsadidae). Revista 
Mexicana De Biodiversidad, 85(4), 1206–1216. https:// doi. org/ 
10. 7550/ rmb. 43765

Gottscho, A. D., Marks, S. B., & Jennings, W. B. (2014). Speciation, 
population structure, and demographic history of the Mojave 
Fringe-toed Lizard (Uma scoparia), a species of conservation 
concern. Ecology and Evolution, 4(12), 2546–2562. https:// doi. 
org/ 10. 1002/ ece3. 1111

Grazziotin, F. G., Monzel, M., Echeverrigaray, S., & Bonatto, S. L. 
(2006). Phylogeography of the Bothrops jararaca complex (Ser-
pentes: Viperidae): Past fragmentation and island colonization 
in the Brazilian Atlantic Forest. Molecular Ecology, 15(13), 
3969–3982. https:// doi. org/ 10. 1111/j. 1365- 294X. 2006. 03057.x

Guiher, T. J., & Burbrink, F. T. (2008). Demographic and phylogeo-
graphic histories of two venomous North American snakes of 
the genus Agkistrodon. Molecular Phylogenetics and Evolution, 
48(2), 543–553. https:// doi. org/ 10. 1016/j. ympev. 2008. 04. 008

Henderson, R. W., Pauers, M. J., & Colston, T. J. (2013). On the 
congruence of morphology, trophic ecology, and phylogeny in 
Neotropical treeboas (Squamata: Boidae: Corallus). Biological 
Journal of the Linnean Society, 109(2), 466–475. https:// doi. org/ 
10. 1111/ bij. 12052

Hewitt, G. M. (2004). Genetic consequences of climatic oscillations in 
the Quaternary. Philosophical Transactions of the Royal Society 
of London. Series B: Biological Sciences, 359(1442), 183–195. 
https:// doi. org/ 10. 1098/ rstb. 2003. 1388

Hijmans, R. J. (2020). raster: Geographic data analysis and modeling. 
R package version 3.4-5. https:// CRAN.R- proje ct. org/ packa ge= 
raster.

Hoorn, C., Boschman, L. M., Kukla, T., Sciumbata, M., & Val, P. 
(2022). The Miocene wetland of western Amazonia and its role 
in Neotropical biogeography. Botanical Journal of the Linnean 
Society, 199(1), 25–35. https:// doi. org/ 10. 1093/ botli nnean/ boab0 
98

Hoorn, C., Wesselingh, F. P., ter Steege, H., Bermudez, M. A., Mora, 
A., Sevink, J., Sanmartín, I., Sanchez-Meseguer, A., Ander-
son, C. L., Figueiredo, J. P., Jaramillo, C., Riff, D., Negri, F. 
R., Hooghiemstra, H., Lundberg, J., Stadler, T., Särkinen, T., & 
Antonelli, A. (2010). Amazonia through time: Andean uplift, 
climate change, landscape evolution, and biodiversity. Science, 
330(6006), 927–931.

Jaynes, K. E., Myers, E. A., Gvoždík, V., Blackburn, D. C., Portik, D. 
M., Greenbaum, E., Jongsma, G. F., Rödel, M. O., Badjedjea, 
G., Bamba-Kaya, A., & Baptista, N. L. (2021). Giant Tree Frog 
diversification in West and Central Africa: Isolation by physical 
barriers, climate, and reproductive traits. Molecular Ecology. 
https:// doi. org/ 10. 1111/ mec. 16169

Kapli, P., Lutteropp, S., Zhang, J., Kobert, K., Pavlidis, P., Stamatakis, 
A., & Flouri, T. (2017). Multi-rate Poisson tree processes for 
single-locus species delimitation under maximum likelihood and 
Markov chain Monte Carlo. Bioinformatics, 33(11), 1630–1638. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btx025

https://doi.org/10.1111/jbi.13736
https://doi.org/10.1111/jbi.13736
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1016/j.ympev.2009.07.022
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1111/2041-210X.13512
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1007/s10980-021-01257-z
https://doi.org/10.1111/ecog.03031
https://doi.org/10.1017/S0266467415000206
https://doi.org/10.1017/S0266467415000206
https://doi.org/10.1016/j.ympev.2006.11.028
https://doi.org/10.1016/j.ympev.2006.11.028
https://doi.org/10.1371/journal.pone.0103958
https://doi.org/10.1111/mec.14239
https://doi.org/10.1111/mec.14239
https://doi.org/10.7550/rmb.43765
https://doi.org/10.7550/rmb.43765
https://doi.org/10.1002/ece3.1111
https://doi.org/10.1002/ece3.1111
https://doi.org/10.1111/j.1365-294X.2006.03057.x
https://doi.org/10.1016/j.ympev.2008.04.008
https://doi.org/10.1111/bij.12052
https://doi.org/10.1111/bij.12052
https://doi.org/10.1098/rstb.2003.1388
https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster
https://doi.org/10.1093/botlinnean/boab098
https://doi.org/10.1093/botlinnean/boab098
https://doi.org/10.1111/mec.16169
https://doi.org/10.1093/bioinformatics/btx025


236 Evolutionary Biology (2023) 50:224–238

1 3

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-
Auza, R. W., Zimmermann, K. N., Linder, H. P., & Kessler, M. 
(2017). Climatologies at high resolution for the earth’s land sur-
face areas. Scientific Data, 4(1), 1–20. https:// doi. org/ 10. 1038/ 
sdata. 2017. 122

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T., & Calcott, 
B. (2017). PartitionFinder 2: New methods for selecting par-
titioned models of evolution for molecular and morphological 
phylogenetic analyses. Molecular Biology and Evolution, 34(3), 
772–773. https:// doi. org/ 10. 1093/ molbev/ msw260

Lawson, R., Slowinski, J. B., Crother, B. I., & Burbrink, F. T. (2005). 
Phylogeny of the Colubroidea (Serpentes): New evidence from 
mitochondrial and nuclear genes. Molecular Phylogenetics and 
Evolution, 37(2), 581–601. https:// doi. org/ 10. 1016/j. ympev. 2005. 
07. 016

Leigh, J. W., & Bryant, D. (2015). POPART: full-feature software for 
haplotype network construction. Methods in Ecology and Evolu-
tion, 6(9), 1110–1116. https:// doi. org/ 10. 1111/ 2041- 210X. 12410

Librado, P., & Rozas, J. (2009). DnaSP v5: a software for compre-
hensive analysis of DNA polymorphism data. Bioinformatics, 
25(11), 1451–1452. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btp187

Lukoschek, V., Osterhage, J. L., Karns, D. R., Murphy, J. C., & Voris, 
H. K. (2011). Phylogeography of the Mekong mud snake (Enhy-
dris subtaeniata): The biogeographic importance of dynamic 
river drainages and fluctuating sea levels for semiaquatic taxa 
in Indochina. Ecology and Evolution, 1(3), 330–342. https:// doi. 
org/ 10. 1002/ ece3. 29

Maciel, N. M., Collevatti, R. G., Colli, G. R., & Schwartz, E. F. (2010). 
Late Miocene diversification and phylogenetic relationships of 
the huge toads in the Rhinella marina (Linnaeus, 1758) species 
group (Anura: Bufonidae). Molecular Phylogenetics and Evolu-
tion, 57(2), 787–797. https:// doi. org/ 10. 1016/j. ympev. 2010. 08. 
025

Magalhães, F. D. M., Lyra, M. L., De Carvalho, T. R., Baldo, D., 
Brusquetti, F., Burella, P., Colli, G. R., Gehara, M. C., Giaretta, 
A. A., Haddad, C. F. B., Langone, J. A., López, J. A., Napoli, 
M. F., Santana, D. J., Sá, F. O., & Garda, A. A. (2020). Taxo-
nomic review of South American Butter Frogs: Phylogeny, geo-
graphic patterns, and species delimitation in the Leptodactylus 
latrans species group (Anura: Leptodactylidae). Herpetological 
Monographs, 34(1), 131–177. https:// doi. org/ 10. 1655/ HERPM 
ONOGR APHS-D- 19- 00012

Makowsky, R., Marshall, J. C., Jr., McVay, J., Chippindale, P. T., & 
Rissler, L. J. (2010). Phylogeographic analysis and environ-
mental niche modeling of the plain-bellied watersnake (Nero-
dia erythrogaster) reveals low levels of genetic and ecological 
differentiation. Molecular Phylogenetics and Evolution, 55(3), 
985–995. https:// doi. org/ 10. 1016/j. ympev. 2010. 03. 012

Mângia, S., Oliveira, E. F., Santana, D. J., Koroiva, R., Paiva, F., & 
Garda, A. A. (2020). Revising the taxonomy of Proceratophrys 
Miranda-Ribeiro, 1920 (Anura: Odontophrynidae) from the 
Brazilian semiarid Caatinga: Morphology, calls and molecules 
support a single widespread species. Journal of Zoological Sys-
tematics and Evolutionary Research, 58(4), 1151–1172. https:// 
doi. org/ 10. 1111/ jzs. 12365

McCartney-Melstad, E., Waller, T., Micucci, P. A., Barros, M., Draque, 
J., Amato, G., & Mendez, M. (2012). Population structure and 
gene flow of the yellow anaconda (Eunectes notaeus) in northern 
Argentina. PLoS ONE. https:// doi. org/ 10. 1371/ annot ation/ 06482 
a0a- b49c- 4feb- 9aa8- d3c8f 72e90 fb

Morales, N. S., Fernández, I. C., & Baca-González, V. (2017). Max-
Ent’s parameter configuration and small samples: Are we paying 
attention to recommendations? A Systematic Review. PeerJ, 5, 
e3093. https:// doi. org/ 10. 7717/ peerj. 3093

Moura, A. E., Janse, C., van Rensburg, M., Pilot, A. T., Best, P. B., 
Thornton, M., Stephanie Plön, P. J., de Bruyn, N., Worley, K. C., 
Gibbs, R. A., Dahlheim, M. E., & Hoelzel, A. R. (2014). Killer 
whale nuclear genome and mtDNA reveal widespread population 
bottleneck during the last glacial maximum. Molecular Biology 
and Evolution, 31(5), 1121–1131. https:// doi. org/ 10. 1093/ mol-
bev/ msu058

Murta-Fonseca, R. A., Franco, F. L., & Fernandes, D. S. (2015). Tax-
onomic status and morphological variation of Hydrodynastes 
bicinctus (Hermann, 1804) (Serpentes: Dipsadidae). Zootaxa, 
4007(1), 63–81. https:// doi. org/ 10. 11646/ zoota xa. 4007.1.4

Muscarella, R., Galante, P. J., Soley-Guardia, M., Boria, R. A., Kass, 
J. M., Uriarte, M., & Anderson, R. P. (2014). ENM eval: An 
R package for conducting spatially independent evaluations 
and estimating optimal model complexity for Maxent ecologi-
cal niche models. Methods in Ecology and Evolution, 5(11), 
1198–1205. https:// doi. org/ 10. 1111/ 2041- 210X. 12261

Myers, E. A., Hickerson, M. J., & Burbrink, F. T. (2017). Asynchro-
nous diversification of snakes in the North American warm 
deserts. Journal of Biogeography, 44(2), 461–474. https:// doi. 
org/ 10. 1111/ jbi. 12873

Myers, E. A., Weaver, R. E., & Alamillo, H. (2013). Population 
stability of the northern desert nightsnake (Hypsiglena chloro-
phaea deserticola) during the Pleistocene. Journal of Herpe-
tology, 47(3), 432–439. https:// doi. org/ 10. 1670/ 12- 104

Naka, L. N., & Brumfield, R. T. (2018). The dual role of Amazonian 
rivers in the generation and maintenance of avian diversity. 
Science Advances, 4(8), eaar8575. https:// doi. org/ 10. 1126/ 
sciadv. aar85 75

Nogueira, C. C., Argôlo, A. J. S., Arzamendia, V., Azevedo, J. A., 
Barbo, F. E., Bérnils, R. S., Bolochio, B. E., Borges-Martins, 
M., Brasil-Godinho, M., Braz, H., Buononato, M. A., Cis-
neros-Heredia, D. F., Colli, G. R., Costa, H. C., Franco, F. L., 
Giraudo, A., Gonzalez, R. C., Guedes, T., Hoogmoed, M. S., … 
Martins, M. (2019). Atlas of Brazilian snakes: verified point-
locality maps to mitigate the Wallacean shortfall in a megad-
iverse snake fauna. South American Journal of Herpetology, 
14(SI 1), 1–274. https:// doi. org/ 10. 2994/ SAJH-D- 19- 00120.1

Noonan, B. P., & Chippindale, P. T. (2006). Dispersal and vicariance: 
The complex evolutionary history of boid snakes. Molecular 
Phylogenetics and Evolution, 40(2), 347–358. https:// doi. org/ 
10. 1016/j. ympev. 2006. 03. 010

O’Connell, K. A., & Smith, E. N. (2018). The effect of missing data 
on coalescent species delimitation and a taxonomic revision 
of whipsnakes (Colubridae: Masticophis). Molecular Phyloge-
netics and Evolution, 127, 356–366. https:// doi. org/ 10. 1016/j. 
ympev. 2018. 03. 018

O’Connell, K. A., Streicher, J. W., Smith, E. N., & Fujita, M. K. 
(2017). Geographical features are the predominant driver of 
molecular diversification in widely distributed North American 
whipsnakes. Molecular Ecology, 26(20), 5729–5751. https:// 
doi. org/ 10. 1111/ mec. 14295

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., 
McGlinn, D., Minchin, P. R., O'Hara, R. B., Simpson, Gavin 
L., Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner, H. 
(2020). Vegan: Community Ecology Package. R package ver-
sion 2.5-7. https:// CRAN.R- proje ct. org/ packa ge= vegan

Oliveira, E. F., Martinez, P. A., São-Pedro, V. A., Gehara, M., Bur-
brink, F. T., Mesquita, D. O., Garda, A. A., Colli, G. R., & 
Costa, G. C. (2018). Climatic suitability, isolation by distance 
and river resistance explain genetic variation in a Brazilian 
whiptail lizard. Heredity, 120(3), 251–265. https:// doi. org/ 10. 
1038/ s41437- 017- 0017-2

Ony, M., Klingeman, W. E., Zobel, J., Trigiano, R. N., Ginzel, 
M., Nowicki, M., Boggess, S. L., Everhart, S., & Hadziab-
dic, D. (2021). Genetic diversity in North American Cercis 

https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1016/j.ympev.2005.07.016
https://doi.org/10.1016/j.ympev.2005.07.016
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1002/ece3.29
https://doi.org/10.1002/ece3.29
https://doi.org/10.1016/j.ympev.2010.08.025
https://doi.org/10.1016/j.ympev.2010.08.025
https://doi.org/10.1655/HERPMONOGRAPHS-D-19-00012
https://doi.org/10.1655/HERPMONOGRAPHS-D-19-00012
https://doi.org/10.1016/j.ympev.2010.03.012
https://doi.org/10.1111/jzs.12365
https://doi.org/10.1111/jzs.12365
https://doi.org/10.1371/annotation/06482a0a-b49c-4feb-9aa8-d3c8f72e90fb
https://doi.org/10.1371/annotation/06482a0a-b49c-4feb-9aa8-d3c8f72e90fb
https://doi.org/10.7717/peerj.3093
https://doi.org/10.1093/molbev/msu058
https://doi.org/10.1093/molbev/msu058
https://doi.org/10.11646/zootaxa.4007.1.4
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1111/jbi.12873
https://doi.org/10.1111/jbi.12873
https://doi.org/10.1670/12-104
https://doi.org/10.1126/sciadv.aar8575
https://doi.org/10.1126/sciadv.aar8575
https://doi.org/10.2994/SAJH-D-19-00120.1
https://doi.org/10.1016/j.ympev.2006.03.010
https://doi.org/10.1016/j.ympev.2006.03.010
https://doi.org/10.1016/j.ympev.2018.03.018
https://doi.org/10.1016/j.ympev.2018.03.018
https://doi.org/10.1111/mec.14295
https://doi.org/10.1111/mec.14295
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1038/s41437-017-0017-2
https://doi.org/10.1038/s41437-017-0017-2


237Evolutionary Biology (2023) 50:224–238 

1 3

Canadensis reveals an ancient population bottleneck that origi-
nated after the last glacial maximum. Scientific Reports, 11(1), 
1–16. https:// doi. org/ 10. 1038/ s41598- 021- 01020-z

Otto-Bliesner, B. L., Marshall, S. J., Overpeck, J. T., Miller, G. H., 
& Aixue, Hu. (2006). Simulating Arctic climate warmth and 
icefield retreat in the last interglaciation. Science, 311(5768), 
1751–1753. https:// doi. org/ 10. 1126/ scien ce. 11208 08

Palumbi, S., Martin, A., Romano, S., McMillan, W.O., Stice, L., & 
Grabowski, G. (2002). The simple fool’s guide to PCR, version 
2.0. Honolulu, EUA

Papadopoulou, A., & Knowles, L. L. (2016). Toward a paradigm 
shift in comparative phylogeography driven by trait-based 
hypotheses. Proceedings of the National Academy of Sciences, 
113(29), 8018–8024. https:// doi. org/ 10. 1073/ pnas. 16010 69113

Paradis, E., & Schliep, K. (2019). ape 5.0: An environment for mod-
ern phylogenetics and evolutionary analyses in R. Bioinfor-
matics, 35(3), 526–528. https:// doi. org/ 10. 1093/ bioin forma 
tics/ bty633

Paz, A., Ibáñez, R., Lips, K. R., & Crawford, A. J. (2015). Test-
ing the role of ecology and life history in structuring genetic 
variation across a landscape: A trait-based phylogeographic 
approach. Molecular Ecology, 24(14), 3723–3737. https:// doi. 
org/ 10. 1111/ mec. 13275

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum 
entropy modeling of species geographic distributions. Ecologi-
cal Modelling, 190(3–4), 231–259. https:// doi. org/ 10. 1016/j. 
ecolm odel. 2005. 03. 026

Pinto, B. J., Colli, G. R., Higham, T. E., Russell, A. P., Scantlebury, 
D. P., Vitt, L. J., & Gamble, T. (2019). Population genetic 
structure and species delimitation of a widespread, Neotropi-
cal dwarf gecko. Molecular Phylogenetics and Evolution, 133, 
54–66. https:// doi. org/ 10. 1016/j. ympev. 2012. 11. 027

Pirani, R. M., Werneck, F. P., Thomaz, A. T., Kenney, M. L., Sturaro, 
M. J., Ávila-Pires, T. C., Peloso, P. L. V., Rodrigues, M. T., 
& Knowles, L. L. (2019). Testing main Amazonian rivers as 
barriers across time and space within widespread taxa. Journal 
of Biogeography, 46(11), 2444–2456. https:// doi. org/ 10. 1111/ 
jbi. 13676

Pook, C. E., Wüster, W., & Thorpe, R. S. (2000). Historical bio-
geography of the western rattlesnake (Serpentes: Viperidae: 
Crotalus viridis), inferred from mitochondrial DNA sequence 
information. Molecular Phylogenetics and Evolution, 15(2), 
269–282. https:// doi. org/ 10. 1006/ mpev. 1999. 0756

Prado, C. P., Haddad, C. F., & Zamudio, K. R. (2012). Cryptic line-
ages and Pleistocene population expansion in a Brazilian Cer-
rado frog. Molecular Ecology, 21(4), 921–941. https:// doi. org/ 
10. 1111/j. 1365- 294X. 2011. 05409.x

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of 
population structure using multilocus genotype data. Genetics, 
155(2), 945–959. https:// doi. org/ 10. 1093/ genet ics/ 155.2. 945

Puillandre, N., Brouillet, S., & Achaz, G. (2021). ASAP: Assem-
ble species by automatic partitioning. Molecular Ecology 
Resources, 21(2), 609–620. https:// doi. org/ 10. 1111/ 1755- 0998. 
13281

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. 
A. (2018). Posterior summarization in Bayesian phylogenetics 
using Tracer 1.7. Systematic Biology, 67(5), 901–904. https:// 
doi. org/ 10. 1093/ sysbio/ syy032

Rato, C., Sillero, N., Ceacero, F., García-Muñoz, E., & Carretero, M. 
A. (2021). A survival story: Evolutionary history of the Iberian 
Algyroides (Squamata: Lacertidae), an endemic lizard relict. 
Biodiversity and Conservation, 30(10), 2707–2729. https:// doi. 
org/ 10. 1007/ s10531- 021- 02217-4

Rivera, D., Prates, I., Rodrigues, M. T., & Carnaval, A. C. (2020). 
Effects of climate and geography on spatial patterns of genetic 
structure in tropical skinks. Molecular Phylogenetics and 

Evolution, 143, 106661. https:// doi. org/ 10. 1016/j. ympev. 2019. 
106661

Ronquist, F., & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian 
phylogenetic inference under mixed models. Bioinformatics, 
19(12), 1572–1574. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btg180

Rull, V. (2008). Speciation timing and neotropical biodiversity: the 
Tertiary-Quaternary debate in the light of molecular phyloge-
netic evidence. Molecular Ecology, 17(11), 2722–2729. https:// 
doi. org/ 10. 1111/j. 1365- 294X. 2008. 03789.x

Rull, V. (2011). Neotropical biodiversity: Timing and potential driv-
ers. Trends in Ecology & Evolution, 26(10), 508–513. https:// 
doi. org/ 10. 1016/j. tree. 2011. 05. 011

Sambrook, J., Fritsch, E. F., & Maniatis, R. (1989). Molecular clon-
ing: A laboratory manual. Cold Spring Harbor Laboratory 
Press.

Santos, M. G., Nogueira, C., Giugliano, L. G., & Colli, G. R. (2014). 
Landscape evolution and phylogeography of Micrablepharus 
atticolus (Squamata, Gymnophthalmidae), an endemic lizard 
of the Brazilian Cerrado. Journal of Biogeography, 41(8), 
1506–1519. https:// doi. org/ 10. 1111/ jbi. 12291

Silva, R. C. C., Freitas, M. A., Sant'Anna, S. S., & Seibert, C. S. 
(2019). Serpentes no Tocantins: guia ilustrado. Anolis Books

South, A. (2011). rworldmap: A New R package for Mapping Global 
Data. The R Journal, 3(1), 35–43.

Stamatakis, A. (2014). RAxML version 8: A tool for phylogenetic 
analysis and post-analysis of large phylogenies. Bioinformat-
ics, 30(9), 1312–1313. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btu033

Stephens, M., Smith, N. J., & Donnelly, P. (2001). A new statistical 
method for haplotype reconstruction from population data. The 
American Journal of Human Genetics, 68(4), 978–989. https:// 
doi. org/ 10. 1086/ 319501

Strüssmann, C., & Sazima, I. (1990). Esquadrinhar com a cauda: 
Uma tática de caça da serpente Hydrodynastes gigas no Pan-
tanal, Mato Grosso. Memórias Do Instituto Butantan, 52(2), 
57–61.

Strüssmann, C., & Sazima, I. (1993). The snake Assemblage of the 
Pantanal at Poconé, Western Brazil: Faunal composition and 
ecological summary. Studies on Neotropical Fauna and Envi-
ronment, 28(3), 157–168.

Thuiller, W., Georges, D., Engler, R., & Breiner, F. (2020). bio-
mod2: Ensemble Platform for Species Distribution Modeling. 
R package version 3.4.6. https:// CRAN.R- proje ct. org/ packa 
ge= biomo d2

Turchetto-Zolet, A. C., Pinheiro, F., Salgueiro, F., & Palma-Silva, C. 
(2013). Phylogeographical patterns shed light on evolutionary 
process in South America. Molecular Ecology, 22(5), 1193–
1213. https:// doi. org/ 10. 1111/ mec. 12164

Vargas-Ramírez, M., Caballero, S., Morales-Betancourt, M. A., 
Lasso, C. A., Amaya, L., Martínez, J. G., Vianag, M. N. S., 
Vogt, R. C., Farias, I. P., Hrbek, T., Campbell, P. D., & Fritz, 
U. (2020). Genomic analyses reveal two species of the mata-
mata (Testudines: Chelidae: Chelus spp.) and clarify their 
phylogeography. Molecular Phylogenetics and Evolution, 148, 
106823. https:// doi. org/ 10. 1016/j. ympev. 2020. 106823

Vasconcellos, M. M., Colli, G. R., Weber, J. N., Ortiz, E. M., Rodri-
gues, M. T., & Cannatella, D. C. (2019). Isolation by instabil-
ity: Historical climate change shapes population structure and 
genomic divergence of treefrogs in the Neotropical Cerrado 
savanna. Molecular Ecology, 28(7), 1748–1764. https:// doi. 
org/ 10. 1111/ mec. 15045

Warren, D., & Dinnage, R. (2020). ENMTools: Analysis of Niche 
Evolution using Niche and Distribution Models. R package 
version 1.0.2. https:// CRAN.R- proje ct. org/ packa ge= ENMTo 
ols

https://doi.org/10.1038/s41598-021-01020-z
https://doi.org/10.1126/science.1120808
https://doi.org/10.1073/pnas.1601069113
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/mec.13275
https://doi.org/10.1111/mec.13275
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ympev.2012.11.027
https://doi.org/10.1111/jbi.13676
https://doi.org/10.1111/jbi.13676
https://doi.org/10.1006/mpev.1999.0756
https://doi.org/10.1111/j.1365-294X.2011.05409.x
https://doi.org/10.1111/j.1365-294X.2011.05409.x
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1007/s10531-021-02217-4
https://doi.org/10.1007/s10531-021-02217-4
https://doi.org/10.1016/j.ympev.2019.106661
https://doi.org/10.1016/j.ympev.2019.106661
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1111/j.1365-294X.2008.03789.x
https://doi.org/10.1111/j.1365-294X.2008.03789.x
https://doi.org/10.1016/j.tree.2011.05.011
https://doi.org/10.1016/j.tree.2011.05.011
https://doi.org/10.1111/jbi.12291
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1086/319501
https://doi.org/10.1086/319501
https://CRAN.R-project.org/package=biomod2
https://CRAN.R-project.org/package=biomod2
https://doi.org/10.1111/mec.12164
https://doi.org/10.1016/j.ympev.2020.106823
https://doi.org/10.1111/mec.15045
https://doi.org/10.1111/mec.15045
https://CRAN.R-project.org/package=ENMTools
https://CRAN.R-project.org/package=ENMTools


238 Evolutionary Biology (2023) 50:224–238

1 3

Werneck, F. P., Gamble, T., Colli, G. R., Rodrigues, M. T., & Sites, J. 
W., Jr. (2012). Deep diversification and long-term persistence 
in the South American ‘dry diagonal’: Integrating continent-
wide phylogeography and distribution modeling of geckos. 
Evolution: International Journal of Organic Evolution, 66(10), 
3014–3034. https:// doi. org/ 10. 1111/j. 1558- 5646. 2012. 01682.x

Zaher, H., Murphy, R. W., Arredondo, J. C., Graboski, R., Machado-
Filho, P. R., Mahlow, K., Montingelli, G. G., Quadros, A. B., 
Orlov, K. L., Wilkinson, M., Zhang, Y., & Grazziotin, F. G. 
(2019). Large-scale molecular phylogeny, morphology, diver-
gence-time estimation, and the fossil record of advanced cae-
nophidian snakes (Squamata: Serpentes). PLoS ONE, 14(5), 
e0216148. https:// doi. org/ 10. 1371/ journ al. pone. 02161 48

Zamudio, K. R., Bell, R. C., & Mason, N. A. (2016). Phenotypes in 
phylogeography: Species’ traits, environmental variation, and 
vertebrate diversification. Proceedings of the National Acad-
emy of Sciences, 113(29), 8041–8048. https:// doi. org/ 10. 1073/ 
pnas. 16022 37113

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1111/j.1558-5646.2012.01682.x
https://doi.org/10.1371/journal.pone.0216148
https://doi.org/10.1073/pnas.1602237113
https://doi.org/10.1073/pnas.1602237113

	Effects of Environmental Variation in Structuring Population Genetic Variation in the False-Water Cobras (Xenodontinae: Hydrodynastes)
	Abstract
	Introduction
	Materials and Methods
	Sampling and Molecular Data
	Phylogenetic Analysis
	Population Assignment and Demographic History
	Species Delimitation Analyses
	Spatiotemporal Phylogeographic Reconstruction
	Population Genetic Divergence
	Ecological Niche Modeling

	Results
	Phylogenetic Analysis
	Population and Demographic Analyzes
	Species Delimitation
	Spatiotemporal Phylogeographic Reconstruction
	Population Genetic Divergence
	Ecological Niche Model Projections

	Discussion
	Conclusion
	Anchor 21
	Acknowledgements 
	References




