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Abstract

Aim: Future climate changes may affect species distribution and their genetic diver-
sity, hampering species adaptation to a new climate or tracking the suitable condi-
tions. Amphibians have high sensitivity to environmental degradation and changes
in temperature and humidity. Thus, the expected climatic changes by the end-of-
century (EOC 2100) may cause local or complete extinction of some species. Here,
we address the effects of climate change on genetic and phylogeographical diversity,
together with the geographical distribution of the South American treefrog Scinax
squalirostris Lutz, 1925. Furthermore, we assess how protected areas will conserve
its genetic variation.

Location: South America.

Methods: We combined Ecological Niche Modelling and genetic simulations to pre-
dict the effects of climate change on the geographical distribution, genetic diversity,
structure and phylogeographical diversity of Scinax squalirostris, using two scenarios
of CO, emission. We also performed a spatial analysis to investigate the effective-
ness of the current Protected Areas (PAs) to preserve the species’ genetic and phy-
logeographical diversity.

Results: Scinax squalirostris' geographical range will potentially increase in the future
due to the expansion of suitable areas towards its southern distribution, despite the
shrinking of suitable areas in the northern part of its current distribution. Besides
the shifts in suitable areas, our findings point to a genetic homogenization across
the geographical range of S. squalirostris due to the displacement and loss of genetic
ancestry clusters. Although existing PAs are conserving the current genetic diver-
sity, they conserve less phylogeographical diversity than expected by chance. Scinax
squalirostris may shift its distribution into areas with lower number of PAs, compro-
mising its future conservation.

Main conclusions: Climate change will potentially increase S. squalirostris range size,
however, not towards regions where most of the current established PAs are located,
hence driving to homogenization and loss of genetic diversity, and leading to a gap of

conservation within PAs.
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1 | INTRODUCTION

Anthropogenic impacts on biodiversity such as habitat fragmen-
tation, invasive species, hunting pressures and climate changes
have been associated with current species extinctions (Bellard
et al., 2016; Fahrig, 2003; Loyola et al., 2014; Purvis et al., 2000).
Global climate is changing drastically, leading to an increase of
0.6°C of the world average temperature (Jones et al., 2001) in the
last century, due to the anthropogenic emission of greenhouse
gases (Solomon, 2007; IPCC, 2014, 2018). It is expected an increase
of ~2°C to 4°C by mid-century (Brown & Caldeira, 2017; Fischer
et al., 2018; New et al., 2011). Global warming may force species to
change their current distribution range to track new suitable areas
(Chen et al., 2011). However, some species may not be able to follow
their optimal climatic niche as they might have limited dispersal ca-
pacity or cannot disperse across natural or anthropic barriers (Urban
etal., 2012), driving them to either adapt to the new conditions or to
become extinct. Species with low dispersal capacity may have higher
extinction rates and population declines than vagile species (Duan
etal., 2016).

Climate change can impact species distribution by reducing
the climatic suitability across their range, diminishing their fit-
ness, impacting the intraspecific genetic diversity, increasing ge-
netic stochasticity in small populations and, therefore, fixation of
poorly adapted haplotypes (Pauls et al., 2013; Urban et al., 2013).
Genetic diversity represents species’ evolutionary potential to
adapt to environmental changes (Urban et al., 2012, 2013). High
levels of genetic diversity across evolutionary independent intra-
specific lineages may favour evolutionary responses to climatic
changes, but low genetic diversity may reduce their evolutionary
potential, making them prone to extinction (Spielman et al., 2004;
Frankham, 2005; Rizvanovic et al., 2019). Thus, identifying pop-
ulations and lineages that might be more vulnerable to climate
change is a concern of biology and conservation genetics (D'Amen
et al., 2013).

Ecological Niche Modelling (ENM) is widely used to pre-
dict changes in the geographical distribution of species under
climate change (Collevatti et al., 2015; Lima et al., 2014, 2017;
Thomas et al., 2004). This framework uses the current distribu-
tion data of species to model their fundamental environmental
niches and forecast potential distributions under various climatic
scenarios (Peterson et al., 2011), enabling the understanding of
spatial dynamics and the impact of climatic changes on species
distribution in the future (Mendoza-Gonzalez et al., 2013; Simon
et al., 2013; Vasconcelos et al., 2018; Zhang et al., 2012). Future
distributions are forecasted by projecting the current suitable
climatic conditions of species onto the future climatic scenarios

(Lima et al., 2017; Midgley et al., 2002). These projections assume

that species conserve their current environmental niche and they
will be able to track future suitable climatic conditions (Elith &
Leathwick, 2009).

Coupling ENM with simulations of genetic parameters within
and among populations can improve our understanding of climate
change effects on genetic diversity and population genetic struc-
ture (Lima et al., 2017). Understanding the effects of climate changes
on genetic diversity can help to predict how populations will cope
with rapid future changes (Corn, 2005; Duan et al., 2016), and to
protect the viability and genetic diversity of species in the future
(Mendelson et al., 2006; Schwartz et al., 2007).

Amphibians are one of the most threatened groups by climate
change, they are amongst the most vulnerable vertebrates, declin-
ing even faster than birds and mammals (Foden et al., 2013; Stuart
et al., 2004). Approximately, 50% of all amphibian populations are
declining or endangered (Alroy, 2015; Duan et al., 2016; Gibbons
et al., 2000; Houlahan et al., 2000; Stuart et al., 2004). Because
ampbhibians rely heavily on environmental conditions (Duellman &
Trueb, 1994), climate change is expected to cause the extinction
of around 40% of the amphibian species, with greater impact on
endemic groups (Foden et al., 2013; Gibbons et al., 2000; Thomas
et al., 2004), making them the most threatened group of animals
(Mendelson et al., 2006; Stuart et al., 2004). Amphibians have low
vagility, high sensitivity to changes in environmental temperature
and humidity, mainly due to their permeable skin and life cycle,
which includes stages in both water and land for most of them
(Duellman & Trueb, 1994; Storfer et al., 2009; Stuart et al., 2004).
Changes in temperature and precipitation can lead to changes in
geographical distribution and the abundance of amphibian popula-
tions (Chen et al., 2011). Furthermore, climate changes can affect
the hydroperiod: the time period that a temporary pond retains
water available for amphibian populations to mate and metamor-
phose (Carey & Alexander, 2003; Rowe & Dunson, 1995). The South
American treefrog Scinax squalirostris Lutz, 1925 is a model group
to study the impact of climate change on South American herpeto-
fauna because of its wide distribution throughout the central-west,
southeast and south of South America (Figure 1; Frost, 2021). It in-
habits diverse habitats such as open formations, forests, grasslands
and rushes. It breeds in small and temporary ponds or cattle ponds
(Neves et al., 2019; Vaz-Silva et al., 2020).

Here, we address the effects of future climate change on the
geographical distribution, genetic and phylogeographical diversity
of Scinax squalirostris. We use Ecological Niche Modelling coupled
with genetic simulations, conditioned to climatic and topographic
variables, to model the dynamics of genetic clusters through time. In
addition, we perform a clustering analysis of the current genetic and
phylogeographical diversity to analyse their conservation within the

current Protection Areas (PAs) scheme.
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FIGURE 1 Geographical distribution of Scinax squalirostris and environmental suitability predictions from ecological niche modelling. (a)
The 246 occurrence records (black dots) used in ecological niche modelling; (b) Distribution of suitability under current climate conditions; (c)
Future distribution of suitability under 4.5 RCP; (d) Future distribution of suitability under 8.5 RCP. Black dots in b, c and d represent the 26

sampled populations from where genetic data were collected

2 | METHODS
2.1 | Population sampling and genetic data

We sampled 219 individuals in 26 localities across the distribution of
Scinax squalirostris (Brazil, Uruguay and Paraguay), with a sampling
effort ranging from 1 to 10 individuals per locality (Figure 1; Table
S1 in Appendix S1). From all individuals, we collected tissues (mus-
cle and liver) to extract DNA using the Dneasy Blood & Tissue Kit
(Qiagen®, Chatsworth, CA).

To obtain genetic data, we sequenced two fragments of the mito-
chondrial DNA (hereafter mtDNA): the 12S ribosomal subunit (prim-
ers 125a-12Sb; Reeder, 1995) and a fragment of the cytochrome B
gene (cytB, primers MVZ15L, Moritz et al., 1992 and H15149, Kocher
et al., 1989; see Appendix S2 for GenBank accession numbers). We
also sequenced the nuclear (hereafter nDNA) RAG-1 gene (413 bp,
Heinicke et al., 2007; see Appendix S2 for GenBank accession num-
bers). These gene sequences are often used to access genetic diver-
sity and phylogeography of amphibians (Barrow et al., 2020; Fusinato
et al., 2013; Mota et al., 2020) because they have low substitution
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rates and high polymorphism among populations. In fact, with rela-
tively short sequences we obtained high polymorphism and genetic
diversity (see results below). Details for the primers, PCR conditions
and amplifications are summarized in Appendix S3. We sequenced
all fragments in forward and reverse directions, and consensus was
obtained using the software SEQSCAPE 2.7 (Applied Biosystems).
Further, we used CLUSTAL OMEGA (Sievers et al., 2011) to obtain
the multiple sequence alignments. Coding sequences were tested for
saturation by plotting transitions and transversions with TN93 dis-
tance (Tamura & Nei, 1993) using DAMBE software (Xia, 2013). We
excluded from the final alignment the third codon position of cytB,

which showed high levels of saturation (Figure S1 in Appendix S4).

2.2 | Genetic and phylogeographical diversity

We used concatenated sequences (mtDNA and nDNA = 1,002 bp)
to obtain an estimation of genetic diversity parameters using
ARLEQUIN 3.11 (Excoffier et al., 2005). We estimated nucleotide (z),
haplotype (h) diversities (Nei, 1987), and the number of haplotypes
(k) for each population and overall populations.

Classical genetic diversity metrics (z, h and k) measure the amount
of effective diversity, ignoring their genealogical or phylogenetic
relationships (Chao et al., 2010; Gaggiotti et al., 2018; Jost, 2006).
Hence, even high values of genetic diversity may represent low lin-
eage or phylogeographical diversity among populations (e.g. the di-
versity of lineages at different locations). Therefore, we applied a
metric based on Phylogenetic Diversity (Faith, 1992), calculating the
minimum spanning path of a set of haplotypes in a coalescent tree,
defined hereafter as Phylogeographical Diversity (PGeoD). PGeoD
was calculated using R package picante (Kembel et al., 2010).

To infer the coalescent tree, we ran a Bayesian coalescent anal-
ysis implemented in BEAST (Drummond et al., 2013) with the hap-
lotypes obtained from concatenated mtDNA and nDNA sequences
(for more details see Appendix S3). We used an uncorrelated lognor-
mal molecular clock and for tree prior we used Coalescent Constant
model. Two independent analyses were run for 100 million genera-
tions, sampled every 2,300 generations, in a computational platform
Cyberinfrastructure for Phylogenetic Research CIPRES 3.3 (Miller
et al., 2015). Convergence, stationarity and effective sample size
(ESS > 200) were checked using TRACER 1.6 (Rambaut et al., 2013).
We combined runs and trees after removing a 20% burn-in with
LOGCOMBINER (Rambaut et al., 2013), and the Maximum Clade
Credibility (MCC) tree was obtained with TREEANNOTATOR
(Rambaut et al., 2013; newick Appendix S5).

2.3 | Ecological niche modelling

We obtained occurrence records from literature and open-access
digital repositories, such as VertNet (http://portal.vertnet.org),
GBIF (the Global Biodiversity Information Facility-http://www.gbif.
org/) and SpeciesLink project (http://splink.cria.org.br/) to model

the potential distribution of S. squalirostris both in the present and
at the end-of-century (EOC, 2100). Occurrence records were care-
fully examined for taxonomic errors and all records were checked to
correct or exclude errors due to duplicates, missing or mismatched
geographic coordinates (e.g. coordinates of scientific institutions,
country capitals and in the ocean), and coordinates out of the
Neotropical realm, resulting in 387 occurrences. We eliminated du-
plicates and reduced the effects of spatial autocorrelation by thinning
the occurrence data with a distance of 2.5 km (Mantel correlogram
between climatic and geographic distances) using the spThin R pack-
age (Aiello-Lammens et al., 2015) resulting in 246 unique occurrence
records, spanning dates from 1925 to 2020 (Figure 1a; Appendix Sé).
Occurrence records were mapped onto Neotropic grid cells of 0.5°
to calibrate the ENMs.

We downloaded 19 bioclimatic variables from the EcoClimate da-
tabase (www.ecoclimate.org; Lima-Ribeiro et al., 2015) representing
the present climate conditions (1950-1999), and future scenarios 4.5
and 8.5 RCP (Representative Concentration Pathways, http://tntcat.
iiasa.ac.at/RcpDb; 2080-2100) of CO, emission. The scenario 4.5
RCP (rising radioactive forcing pathway leading to 4.5 W/m?in 2100)
predicts a temperature increase of 1.8°C and stabilization before
the end-of-century (EOC) due to the decrease in emissions of green-
house gas. The scenario 8.5 RCP (rising radioactive forcing pathway
leading to 8.5 W/m? in 2100) predicts a temperature increase of
3.7°C by the EOC, and a continued rising due to constant increase
in representative concentration pathways (IPCC, 2014). We chose
these scenarios (4.5 and 8.5) as they might be the most likely future
scenarios, since CO, emissions have not been decreased and miti-
gation strategies have not been achieved (Brown & Caldeira, 2017;
Fischer et al., 2018). These climatic conditions are derived from six
Atmosphere-Ocean General Circulation Models (AOGCMs) (CCSM,
CNRM, GISS, IPSL, MIROC and MRI). For each AOGCM, in present
time, we selected bioclimatic variables based on variance inflation
factor (<10) to avoid collinearity among predictor variables using
the usdm R package (Naimi et al., 2014). The selected variables were
mean diurnal range (BIO2), isothermality (BIO3), temperature sea-
sonality (BIO4), mean temperature of the wettest quarter (BIO8),
mean temperature of the driest quarter (BIO9), annual precipitation
(BIO12), precipitation of the wettest month (BIO13), precipitation
of the driest month (BIO14), precipitation seasonality (BIO15), pre-
cipitation of the wettest quarter (BIO16), precipitation of the driest
quarter (BIO17), precipitation of the warmest quarter (BIO18) and
precipitation of the coldest quarter (BIO19). All climatic layers were
used in a spatial resolution of 0.5° cell size.

The current and future potential distributions of the treefrog
were inferred using 10 presence-only or presence-absence algo-
rithms (Table S2 in Appendix S1). We randomly sampled pseudo-
absences across the Neotropics, excluding cells with presence,
maintaining the same number of absences as presence data. We fit-
ted ENM models using fivefold cross-validation, repeated 20 times,
and partitioning 70% of the data in training set (calibration) and 30%
in testing set (evaluation). ENM was run with sdm R package (Naimi &

Araujo, 2016). Model accuracy was assessed using the area under the
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receiver operator characteristic (AUC) (Allouche et al., 2006) and the
true skill statistic (TSS), which take into account both omission and
commission errors (Allouche et al., 2006). We used a weighted aver-
aging of TSS statistics to ensemble the models (Aratjo & New, 2007;
Table S3 in Appendix S1).

The combination of all ENMs and AOGCMs resulted in 60 in-
dependent predictive maps (10 ENMs x 6 AOGCMs) for each pe-
riod of time (present, 4.5 and 8.5 RCPs). We applied a hierarchical
ANOVA using the predicted suitability of all models (10 ENMs x 6
AOGCMs x 3 time periods) as a response variable to identify and
map the uncertainties due to the modelling components. Hence, the
ENMs and AOGCMs components were nested into the time compo-
nent, but crossed by a two-way factorial design within each period
of time (see Terribile et al., 2012). To quantify the range sizes and
range shifts among the three time periods, we transformed the suit-
ability maps into binary maps (presence/absence) using a threshold
of 0.5. Then, we calculated range size as the number of presence
cells, for each one of the 60 predictive maps. Range shift was calcu-
lated as the difference in range sizes between the present-day and
4.5 or 8.5 RCP predictive maps.

2.4 | Simulations of genetic and phylogeographical
diversity under climatic changes

To understand how climate change may affect genetic and phylo-
geographical diversities, we simulated the extinction of populations
under several extinction thresholds for the two future climatic sce-
narios (4.5 and 8.5 RCP). We assumed that only populations occur-
ring in areas with suitability higher than an extinction threshold will
persist and contribute to the gene pool for the next generations (see
Collevatti et al., 2011). As we do not know the real extinction thresh-
old to predict population extinction, we applied a sensitivity analy-
ses changing the extinction thresholds from 0.3 to 0.9, based on the
minimum and maximum suitability range of the current populations
(Table 1), to evaluate how much our conclusions are dependent on
extinction thresholds values.

For each combination of extinction thresholds and climate
change scenarios (4.5 RCP and 8.5 RPC), we calculated genetic di-
versity and PGeoD for the remaining populations. Genetic diver-
sity was calculated using the software ARLEQUIN 3.11 (Excoffier
et al., 2005). PGeoD was calculated by dropping the extinct haplo-
types from a sample of 1,000 coalescent trees and re-calculating the
minimum, maximum and median PGeoD of those coalescent trees in

each scenario of population extinction.

2.5 | Forecasting the dynamics of genetic clusters

We performed spatially explicit simulations to predict the dynamics
of genetic clusters conditioned to climatic changes using the soft-
ware POPs (Jay et al., 2015). This software implements a Bayesian

clustering based on genetic, geographic and environmental variables.

vy iributions VTRV

It assigns individuals to genetic clusters based on genetic ancestry
and models the effect of climatic and landscape variables in such
cluster assignments, thus predicting changes in the genetic struc-
ture in response to environmental changes (Jay et al., 2012). For the
simulations, we selected two environmental variables for current
and future scenarios: minimum temperature of the coldest quarter
and precipitation of the wettest quarter, which explained 66% and
26%, of the variation among populations, respectively, based on
the coefficient of variation. In addition, we selected topographic
variables that may affect the dispersal and occurrence of anurans,
such as slope and altitude (Table 1). We performed simulations for
mitochondrial and nuclear haplotypes separated and excluded rare
haplotypes due to convergence analyses (Table S4 in Appendix S1).
In order to define the rare haplotypes, we made an abundance rank
curve and selected those with 85% of the relative frequency, thus
excluding haplotypes present in less than 15% of the individuals.
We simulated genetic clusters under current climatic conditions
combining genetic, climatic and topographic variables. The analy-
sis was performed using Markov Chain Monte Carlo (MCMC) im-
plemented in POPS (Jay et al., 2015). The MCMC runtime was set
for 50,000 sweeps and the burn-in period for 5,000 sweeps using
models with admixture. To define the number of clusters (K), we run
the simulations four times for each K varying between 2 and 23 for
both mitochondrial and nuclear data. The subset of runs minimizing
the deviation information criterion (DIC, Spiegelhalter et al., 2002)
and the lowest DIC values were selected. Finally, we predicted the
genetic clusters for both future scenarios (4.5 and 8.5 RCP) condi-
tioned on future climatic and topographic conditions. We measured
the shifts in ancestry between contemporary and predicted ances-
try coefficients (intraspecific turnover, Jay et al., 2012) for both 4.5
and 8.5 RCP future scenarios to understand the impact of climate
change on the spatial genetic structure. Cluster predictions were
projected within a minimum polygon convex of species’ occurrences
instead of the ENM binary map because some populations currently
occupy unsuitable areas and would have been excluded from cluster
mapping. Topographic variables were extracted by overlaying the
occurrence points of the S. squalirostris populations onto a Digital
Elevation Model (DEM) raster from the ALOS—Advanced Land
Observing Satellite database (https://www.eorc.jaxa.jp/ALOS/en/
index.htm) in ArcGIS® 10.2 (ESRI, 2014). As we expect no changes
in altitude and slope up to 2100, we used the current values for the

future simulations.

2.6 | Conservation of genetic and
phylogeographical diversity

We verified the effectiveness of the current protected areas (PAs) to
conserve genetic and phylogeographical diversity of S. squalirostris
across its geographical range (Figure 2). To calculate the expected
genetic diversity across the geographical range, we obtained the
genetic richness and PGeoD of S. squalirostris. We defined the ge-

netic richness as the number of haplotypes in a population divided
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FIGURE 2 Spatial distributions of (a) ™
clusters of Protection Areas (PAs), based
on k-mean clusters analysis. (a) Spatial
distribution of genetic richness and the
PAs clusters; (b) Relationship of estimated
genetic richness and PA size. (c) Spatial
distribution of PGeoD and the PA clusters;
(d) Relationship of estimated PGeoD and
PAs size. Polygons’ colour representing
Protection Areas corresponds to the
clusters in the k-mean cluster analysis
following the figure legends

® Cluster 1
(c)

by their number of individuals to take into account variation in sam-
pling effort. Additionally, we excluded populations with less than 5
individuals to avoid underestimation of genetic richness due to low
sampling effort. Because most of sampled populations were outside
PAs, we applied a kriging interpolation of the genetic richness and
PGeoD onto a raster of the current species distribution predicted
by the ENM, with a resolution of 0.5° (Figure S4 in Appendix S4).
For analysis, we used a spherical semivariogram implemented in
the R package gstat (Gréler et al., 2016). We also tested the cor-
relation between genetic richness and PGeoD considering spatial
autocorrelation (Dutilleul et al., 1993), implemented in the R package
SpatialPack (Vallejos et al., 2018). We calculated the median correla-
tion of PGeoD and genetic richness for each coalescent tree from a
distribution of 1,000 trees and their 95% quantile interval.

We obtained PAs polygons from Protected Planet website (www.
protectedplanet.net). For each PA, we extracted the interpolated ge-
netic richness that overlapped with their polygons. Then, we performed
PAs clustering using k-means method (Hartigan & Wong, 1979), imple-
mented in k-means function of R package stats (R Core Team, 2020).
The clusters were optimized by minimizing the sum of squares within
groups. The number of groups was optimized by a grid search rang-
ing from 2 to 15 clusters. The same procedure was repeated with

PGeoD. To evaluate PAs effectiveness to conserve genetic richness,
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we compared the mean genetic richness within and outside PAs by
generating 10,000 random samplings with replacement of the genetic
richness from cells outside PAs with the same number of cells within
PAs. Subsequently, we calculated a t statistic and calculated the prob-
ability of observing the difference in mean genetic richness within and
outside PAs with 95% confidence level.

To evaluate the effectiveness of PAs to conserve PGeoD, we cal-
culated the standardized effective size Mean Phylogenetic Diversity
(ses.MPD; Webb et al., 2002) using a random sample of lineages as
null model. Positive values of MPD indicate that PAs are protecting
more evolutionary distinct lineages than expected by chance, whereas
negative values indicate that less evolutionary information is protected
in PAs than expected by chance. We ran Mean Phylogenetic Diversity
analysis implemented in the R package picante (Kembel et al., 2010). All

analyses in R were run in version 3.6.3 (R Core Team, 2020).

3 | RESULTS
3.1 | Ecological niche modelling: forecasting

ENMs showed good statistical accuracy (Mean AUC = 0.92
(SD =0.03), Mean TSS = 0.79 (SD = 0.08), recovering the current
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FIGURE 3 Geographical distribution of nucleotide and haplotype genetic diversity, number of haplotypes and Phylogeographical
diversity for Scinax squalirostris populations. (a) Haplotype diversity (h); (b) Nucleotide diversity (z); (c) Number of haplotypes (k); (d)
Phylogeographical diversity (PGeoD). For details on population codes and localities see Table S1 in Appendix S1

distribution of S. squalirostris; however, three of the sampled
populations are currently within areas of low suitability, in
the northern areas of the species distribution (Figure 1b). The
ENM forecasted a shift and increase in the potential distribu-
tion range of S. squalirostris for both future climatic scenarios
(4.5 and 8.5 RCP), as an outcome of the expansion of suitable
areas towards its southern and western current distribution,

and a shrinking of northern suitable areas (Figure 1; Figure S2
in Appendix S4).

Hierarchical ANOVA showed that ENM algorithms were the
main factor of variation (a median of 87%) in the predicted suitabil-
ity maps (Table S5 in Appendix S1), but areas with higher suitability
uncertainty were on cells outside S. squalirostris’ distribution (Figure

S3 in Appendix S4). Variation of suitability within S. squalirostris’
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distribution was explained by ENM algorithms and changes through
time (Figure S3b,c in Appendix S4), representing the effects of cli-

matic changes on S. squalirostris’ distribution.

3.2 | Simulations of genetic and phylogeographical
diversity under climatic changes

Populations of S. squalirostris showed high haplotype and nucleotide
diversities (Table 1; Figure 3a-c). Highest diversity was found across
South Brazil, matching the areas of higher suitability for S. squaliro-
stris (Figures 1 and 3). Populations showed low phylogeographical di-
versity ranging from 8% to 23% of total PGeoD (Table 1; Figure 3d).

Our simulations of extinction thresholds (Figure 4) showed that
~50% of the genetic diversity (e.g. number of haplotypes and PGeoD)
will be potentially lost with a threshold higher than 0.6 for both climate
change scenarios (Figures 4a,d, 5 and 6). The decrease in genetic di-
versity was steeper under 8.5RCP scenario. Haplotype and nucleotide
diversity had similar pattern of diversity loss, increasing diversities at
higher extinction thresholds, until haplotype and nucleotide diversities

collapsed due to the extinction of most populations (Figure 4b,c).

3.3 | Forecasting the dynamics in genetic clusters

We found 4 mitochondrial genetic clusters (Figure 7a; K = 4,
DIC = 1,040.66; Tables S6-S8 in Appendix S1) and 9 nuclear ge-
netic clusters (Figure 7e; K = 9, DIC = 765.39; Tables $9-S11 in
Appendix S1), both conditioned to environmental and topographic
variables (e.g. precipitation, temperature, altitude and slope). The
correlation between estimated and predicted admixture coefficients

vy irbutions VYTV

of geographical and environmental covariates was 0.99 for both mi-
tochondrial and nuclear data, indicating that predictions of environ-
mental variables were accurate.

Overall, spatially explicit simulations showed loss of genetic vari-
ability over time, due to environmental climate changes (Figure 7).
Three out of four climatic clusters were potentially lost for mitochon-
drial DNA (clusters 2 and 3) for both scenarios of climate changes
(Figure 7b,c), leading to a genetic homogenization across S. squaliros-
tris’ geographical range (Figure 7c). Nuclear data showed a geographi-
cal displacement in clusters (Figure 7e-g) and loss of clusters for both
scenarios, remaining only one cluster (cluster 1; Figure 7f,g). In addi-
tion, the simulations evinced a homogenization in the spatial distri-
bution of the genetic variability in Central, Northeast and East Brazil
for 8.5 RCP (Figure 7g). Genetic cluster 1, for both mitochondrial and
nuclear sequences, remained constant for both scenarios. Ancestry
turnover analysis showed congruent response to climate changes and
spatial genetic structure, with high spatial shifts in genetic clusters for

both mitochondrial and nuclear sequences (Figure 7d,h).

3.4 | Conservation of genetic and
phylogeographical diversity

Genetic richness and PGeoD showed positive and weak correlation
(median p = 0.25, 95% quantile interval = 0.04-0.46). Interpolated
genetic richness within PAs was classified into 5 groups (Figure 2;
Figure S5 in Appendix S4; Table S12 in Appendix S1), as well as the
interpolated PGeoD (Figure 2b,c; Table S12). PAs clusters were clas-
sified into 3 size classes: smaller than 0.2 km?, 0.2-0.4 km? and larger
than 0.4 km?. PAs smaller than 0.2 km? were split into 3 diversity
clusters. Genetic richness and PGeoD were different in smaller PAs
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FIGURE 5 Shiftsin geographical distribution of phylogeographical diversity across the simulations under different extinction thresholds
of 4.5 scenario RCP for the 26 populations of Scinax squalirostris. For details on population codes and localities, see Table S1 in Appendix S1
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FIGURE 6 Shiftsin geographical distribution of phylogeographical diversity across the simulations under different extinction thresholds
of 8.5 scenario RCP for the 26 populations of Scinax squalirostris. For details on population codes and localities, see Table S1 in Appendix S1
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clusters, but did not differ in larger PAs. Genetic richness within PAs
cells was not different from cells outside PAs (t = -1.08, p = .27). On
the other hand, PAs are conserving fewer PGeoD than expected by

arandom draw of lineages (ses.MPD = -9.7,p < 1 x 1074).

4 | DISCUSSION

Our findings suggest that climate change can potentially affect S.
squalirostris, leading to an expansion of the geographical range to-
wards southern South America, but a retraction in the northern part
of its range. Although the range expansion may seem to be a positive
response, this outcome will cause losses of both genetic and phylo-
geographical diversity and homogenization of the genetic variability
among populations.

ENMs showed a decrease in suitability in the Central-West and
Southeast Brazil and both shift and expansion of suitable areas to-
wards the South Brazil, and Central and West Argentina. It has been
widely reported that South American herpetological species, both
broadly or restricted distributed, will face retraction and/or shifts in
geographical distribution as a consequence of climatic change (Medina
et al., 2020; Mesquita et al., 2013; Vasconcelos & Nascimento, 2016;
Vasconcelos et al., 2018; Vilela et al., 2018; Zank et al., 2014). For
example, Scinax fuscomarginatus, widely distributed from the north-
ern border of the Amazon basin to Northwest Argentina, and Scinax
fuscovarius and Dendropsophus minutus, distributed across the Central
Brazil and Central Argentina (Frost, 2021), show a reduction of 31%,
43% and 52%, respectively, of suitable areas by 2050 (Vasconcelos &
Nascimento, 2016) suggesting that a reduction in suitable areas in the
future is a common outcome for amphibians in response to climate
change, most likely due to their sensitivity to environmental condi-
tions (Lopez-Alcaide & Macip-Rios, 2011; Schivo et al., 2019; Velasco
etal., 2021; Vilela et al., 2018; Zank et al., 2014). However, it may have
hidden genetic consequences.

Our results pointed out the potential increase in the nucleotide
and haplotype diversity as populations with low genetic diversity be-
come extinct, remaining populations from the southern distribution,
which have high genetic diversity. However, the number of haplotypes
and PGeoD will decrease with the extinction of populations, evidenc-
ing a potential genetic filtering at the species level, leading to the
persistence of few lineages and haplotypes, and homogenization of
genetic ancestry remaining only one genetic cluster for mitochondrial
and nuclear DNA. Thus, although some populations will have high ge-
netic diversity, S. squalirostris will lose haplotypes, diversity of evolu-
tionary lineages and genetic differentiation among populations, which
may hinder the species response to climatic changes and increase its
risk of extinction (Foden et al., 2013; Wright et al., 2008).

Temperature regimes are expected to change dramatically under
the 4.5 and 8.5 RCP scenarios resulting in the homogenization of ge-
netic clusters throughout the S. squalirostris’ range. S. squalirostris is
adapted to cold and dry climates. Hence the temperature increases
and changes in precipitation regimes predicted for the EOC might af-

fect the geographical distribution and the spatial patterns of genetic

diversity distribution. S. squalirostris reproduces and its tadpoles de-
velop in several types of waterbodies, mainly in temporary ponds (Vaz-
Silva et al., 2020). Temperature increase may modify the hydroperiod,
increasing evaporation rates thus decreasing the time for reproduction
and development of the tadpole (Mathews, 2010). Amphibian tadpoles
may show plasticity in relation to changes in hydroperiod, by accelerat-
ing metamorphosis rates, which may cause the adult size and life span
to shrink (Liess et al., 2013), leading to population decline (McMenamin
et al., 2008). Furthermore, ectothermic species tend to have limited
physiological ability to adjust to climate changes (Sheldon, 2019), due
to the low plasticity in thermal tolerance (Gunderson & Stillman, 2015).
However, some species may circumvent this physiological constrain by
changing their activity period (Sheldon, 2019).

Despite the fact that genetic diversity is a surrogate of species
response to environmental changes (Urban et al., 2013), fitness-
related traits are expressed by a polygenic regulatory network
(Franks & Hoffmann, 2012), which needs a mapping at the genomic
level to properly assign the loss of genetic variability to a reduction
in climate change adaptability. Also, interpolated macro-scale vari-
ables do not capture micro-climatic and microhabitat conditions that
may provide suitable local environments acting as buffers against
extreme climate changes (Jucker et al., 2020; Scheffers et al., 2014).
The success of microhabitat buffering may vary according to the
species' life history. Free-living larval stage species, such as Scinax
squalirostris, may be less vulnerable to climate change than directly
developed amphibians (Scheffers et al., 2013). Nonetheless, mi-
crohabitat need to be protected against land use conversion to be
effective. Microhabitat fragments will not support suitable popula-
tions for the long term as evidenced by macroecological and macro-
evolutionary studies (Rolland et al., 2018; Souza et al., 2019).

Scinax squalirostris is distributed in a region with a high number of
PAs, which may protect its microhabitats. However, the current net-
work scheme of PAs is not protecting its phylogeographical diversity.
As a consequence, S. squalirostris may lose the genetic information
accumulated along with its evolution in response to climate changes
(Hoffmann & Willi, 2008). Furthermore, there is no guarantee that S.
squalirostris will track the suitable climatic conditions, due to the high
speed of climate changes (Arenas et al., 2012; Chen et al., 2011), the
low dispersal capacity (Blaustein et al., 1994; Hillman et al., 2014), or
failing to disperse through natural or anthropogenic barriers (Urban
et al., 2012). The forecasted expansion of the species distribution is
towards a region with high urbanization (Lopez et al., 2015), inten-
sive crop farming (Laufer & Gobel, 2017; Lopez et al., 2015; Moreira
& Maltchik, 2015) and cattle grazing (Lopez et al., 2015; Medan
et al., 2011). Such anthropogenic disturbances may compromise
population persistence in the future.

Our findings show that high genetic richness and PGeoD can be
preserved in small PAs (<0.2 km?). Even though average genetic rich-
ness was not different between PAs and outside PAs, there is an un-
derrepresentation of PGeoD within PAs. Small PAs have the highest
genetic richness and PGeoD. The southern boundaries of the potential
distribution in the future have a low number of PAs, and thus, if the

species tracks the changes of suitable habitats towards the southern,
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its conservation will be threatened by the lack of PAs, constraining
effective conservation practice (Lourenco-de-Moraes et al., 2019;
Magalhdes et al., 2017; Quan et al., 2017). Therefore, establishing
more PAs in S. squalirostris southern distribution is highly important
to maintain its genetic and phylogeographical diversity in the future.
Given the low density of PAs in the South of Brazil, the expansion
and implementation of new Priority Conservation Areas will benefit
other amphibian species (either widespread or restricted) that will also
be negatively affected by climate change (see also Schivo et al., 2019;
Vasconcelos & Nascimento, 2016; Zank et al., 2014).

The reduction in suitable areas and the decline of amphibian
species within PAs due to climate change are of major concern
in conservation planning (Loyola et al., 2008, 2014; Vasconcelos
et al., 2018). Scinax squalirostris’ populations from Central-West
and Southeast Brazil have distinct morphological and acoustic
characteristics compared with populations from South Brazil (Faria
et al., 2013; Giaretta et al., 2020; Pombal et al., 2011). Our findings
show that populations from the Central-West and Southeast Brazil
have lower genetic diversity and will have lower suitability in the
EOC. Therefore, lineages from these areas will be highly threatened
and have a higher probability of going extinct. The loss of cryptic lin-
eages may also affect ongoing diversification processes and hence
future biodiversity (Balint et al., 2011). Therefore, under more un-
predictable and rapid climate changes, protection of the genetic and
phylogeographical diversity becomes increasingly important for the
survival of populations and species (Coates et al., 2018; Lourenco-
de-Moraes et al., 2019; Moritz & Faith, 1998). It is important to be
aware that there is a gap in genetic sampling from Southwest popu-
lations that could be underestimating the number of genetic clusters
and phylogeographic diversity. We also acknowledge the limitations
of our results because we used a low number of loci. For instance,
a higher number of loci would provide more lineages, increasing
the phylogeographical diversity. However, although we sequenced
1,000 bp, including both mitochondrial and nuclear DNA, we found
63 haplotypes for mtDNA and 73 haplotypes for nuclear DNA, in
219 individuals. With relatively short sequences, we obtained high
polymorphism and genetic diversity. Furthermore, despite the
number of loci, these regions have been successfully used to ac-
cess genetic and phylogeographic diversity in amphibians (Barrow
et al., 2020; Fusinato et al., 2013; Mota et al., 2020). We believe that
the genetic data, which are widely used in the literature, together
with the sampling effort of S. squalirostris throughout its geograph-
ical distribution (26 locations), can provide a favourable dataset to
answer our questions about its occurrence and impacts on the ge-
netic diversity due to climate change.

In conclusion, our results show that populations of S. squaliros-
tris can, at first sight, be positively affected by climatic changes, by
increasing their range size and shifting suitable areas in the EOC.
However, the retraction of suitable areas in the northern distribu-
tion boundaries may decrease its genetic and phylogeographical
diversity, along with the number of genetic clusters, compromis-
ing the response of the species to the fast environmental changes.

Further studies covering a larger genome sampling will improve our

Covrsiy s isrbrions EUVITRVES

understanding of S. squalirostris adaptation to climate change. The
current geographic distribution of the species encompasses a high
number of PAs, however, the predicted range change in the future
might shift its distribution away from the currently established PAs,
encompassing a lower number within its range, thus protecting less
of their genetic and phylogeographic diversity. Finally, our findings
point out the need of establishing PAs in South Brazil and Northeast
Argentina as a strategy for long-term conservation of S. squalirostris.

ACKNOWLEDGEMENTS

We are very grateful to editor Dr Henri Thomassen and the three
anonymous reviewers, whose suggestions provided major improve-
ments to the paper. This work was supported by grants from CNPq
(project no. 475333/2011-0) and CAPES/PROCAD (project no.
88881.068425/2014-01). TPFAJ received a fellowship from FAPEG
(Fundacdo de Amparo a Pesquisa do Estado de Goias, project no.
201410267000553). LJ receives grant from National Institutes for
Science and Technology (INCT) in Ecology, Evolution and Biodiversity
Conservation funded by MCTIC/CNPq (proc. 465610/2014-5). The au-
thors would like to thank Elisa Barreto and Amanda Anjos for helping
us to generate the genetic data. We are grateful to many people and
their institutions that kindly collected, donated specimens, sent sample
tissues and loan specimens. CNPq have continuously supported NMM

and RGC with grants and fellowships, which we gratefully acknowledge.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/ddi.13299.

DATA AVAILABILITY STATEMENT

The GenBank accession numbers of genetic sequences used
for analyses can be found in the online Supporting Information
(Appendix S2). The maximum clade credibility tree is in Appendix S5.
The geographical coordinates of Scinax squalirostris occurrences are
in Appendix Sé.

ORCID

Tatianne P. F. Abreu-Jardim
org/0000-0001-7155-1588
https://orcid.org/0000-0003-2602-5575

Liliana Ballesteros-Mejia https://orcid.
org/0000-0003-2790-8652

Natan M. Maciel https://orcid.org/0000-0001-5654-0645
Rosane G. Collevatti https://orcid.org/0000-0002-3733-7059

https://orcid.

Lucas Jardim

REFERENCES

Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B., &
Anderson, R. P. (2015). spThin: An R package for spatial thinning
of species occurrence records for use in ecological niche models.
Ecography, 38, 541-545. https://doi.org/10.1111/ecog.01132


https://publons.com/publon/10.1111/ddi.13299
https://publons.com/publon/10.1111/ddi.13299
https://orcid.org/0000-0001-7155-1588
https://orcid.org/0000-0001-7155-1588
https://orcid.org/0000-0001-7155-1588
https://orcid.org/0000-0003-2602-5575
https://orcid.org/0000-0003-2602-5575
https://orcid.org/0000-0003-2790-8652
https://orcid.org/0000-0003-2790-8652
https://orcid.org/0000-0003-2790-8652
https://orcid.org/0000-0001-5654-0645
https://orcid.org/0000-0001-5654-0645
https://orcid.org/0000-0002-3733-7059
https://orcid.org/0000-0002-3733-7059
https://doi.org/10.1111/ecog.01132

ABREU-JARDIM ET AL.

“LowiLey-

Allouche, O., Tsoar, A., & Kadmon, R. (2006). Assessing the accuracy
of species distribution models: prevalence, kappa and the true skill
statistic (TSS). Journal of Applied Ecology, 43, 1223-1232. https://doi.
org/10.1111/j.1365-2664.2006.01214.x

Alroy, J. (2015). Current extinction rates of reptiles and amphibi-
ans. Proceedings of the National Academy of Sciences of the United
States of America, 112(42), 13003-13008. https://doi.org/10.1073/
pnas.1508681112

Araujo, B. M., & New, M. (2007). Ensemble forecasting of species dis-
tributions. Trends in Ecology and Evolution, 22, 42-47. https://doi.
org/10.1016/j.tree.2006.09.010

Arenas, M., Ray, N., Currat, M., & Excoffier, L. (2012). Consequences of
range contractions and range shifts on molecular diversity. Molecular
Biology and Evolution, 29, 207-218. https://doi.org/10.1093/molbev/
msr187

Balint, M., Domisch, S., Engelhardt, C. H. M., Haase, P., Lehrian, S., Sauer,
J., Theissinger, K., Pauls, S. U., & Nowak, C. (2011). Cryptic biodiver-
sity loss linked to global climate change. Nature Climate Change, 1,
313-318. https://doi.org/10.1038/nclimate1191

Barrow, L. N., Fonseca, E. M., Thompson, C. E. P,, & Carstens, B. C.
(2020). Predicting amphibian intraspecific diversity with machine
learning: Challenges and prospects for integrating traits, geography,
and genetic data. Molecular Ecology Resources. 00, 1-14. https://doi.
org/10.1111/1755-0998.13303

Bellard, C., Phillip, C., & Blackburn, T. M. (2016). Alien species as a driver
of recent extinctions. Biology Letters, 12(20150623), https://doi.
org/10.1098/rsbl.2015.0623

Blaustein, A. R., Wake, D. B., & Sousa, W. P. (1994). Amphibian declines:
Judging stability, persistence, and susceptibility of populations to
local and global extinctions. Conservation Biology, 8, 60-71. https://
doi.org/10.1046/j.1523-1739.1994.08010060.x

Brown, P. T., & Caldeira, K. (2017). Greater future global warming inferred
from Earth’s recent energy budget. Nature, 552, 45-50. https://doi.
org/10.1038/nature24672

Carey, C., & Alexander, M. A. (2003). Climate change and amphibian de-
clines: Is there a link? Diversity and Distributions, 9, 111-121. https://
doi.org/10.1046/j.1472-4642.2003.00011.x

Chao, A., Chiu, C. H., & Jost, L. (2010). Phylogenetic diversity mea-
sures based on Hill numbers. Philosophical Transactions of the Royal
Society B: Biological Sciences, 365(1558), 3599-3609. https://doi.
org/10.1098/rstb.2010.0272

Chen, I. C., Hill, J. K., Ohlemuller, R., Roy, D. B., & Thomas, C. D. (2011).
Rapid range shifts of species associated with high levels of climate
warming. Science, 333, 1024-1026. https://doi.org/10.1126/scien
ce. 1206432

Coates, D. J., Byrne, M., & Moritz, C. (2018). Genetic Diversity and
Conservation Units: Dealing with the Species-Population Continuum
in the Age of Genomics. Frontiers in Ecology and Evolution, 6, 165.
https://doi.org/10.3389/fevo.2018.00165

Collevatti, R. G., Nabout, J. C., & Diniz-Filho, J. A. F. (2011). Range shift
and loss of genetic diversity under climate change in Caryocar brasil-
iense, a Neotropical tree species. Tree Genetics and Genomes, 7, 1237-
1247. https://doi.org/10.1007/s11295-011-0409-z

Collevatti, R. G., Terribile, L. C., Rabelo, S. G., & Lima-Ribeiro, M. S. (2015).
Relaxed random walk model coupled with ecological niche modelling
unravel the dispersal dynamics of a Neotropical savanna tree species
in the deeper Quaternary. Frontiers in Plant Science, 6, 653.

Corn, P. S. (2005). Climate change and amphibians. Animal Biodiversity
and Conservation, 28(1), 59-67.

D'Amen, M., Zimmermann, N. E., & Pearman, P. B. (2013).
Conservation of phylogeographic lineages under climate
change. Global Ecology and Biogeography, 22, 93-104. https://doi.
org/10.1111/j.1466-8238.2012.00774.x

Drummond, A. J., Rambaut, A., & Suchard, M. A. (2013). BEASTv1.8.0.
http://beast.bio.ed.ac.uk/

Duan, R. Y., Kong, X. Q., Huang, M. Y., Varela, S., & Ji, X. (2016). The
potential effects of climates change on amphibian distribution range
fragmentation and turnover in China. PeerJ, 4(e1681v1), 1-17.

Duellman, W. E., & Trueb, L. (1994). Biology of amphibians (pp. 1-670). The
Johns Hopkins University Press.

Dutilleul, P., Peter, C., Sylvia, R., & Hemon, D. (1993). Modifying the T
test for assessing the correlation between two spatial processes.
Biometrics, 49, 305-314. https://doi.org/10.2307/2532625

Elith, J., & Leathwick, J. R. (2009). Species distribution models: Ecological
explanation and prediction across space and time. Annual Review
of Ecology, Evolution, and Systematics, 40, 677-697. https://doi.
org/10.1146/annurev.ecolsys.110308.120159

Environmental Systems Research Institute (ESRI). (2014). ArcGIS Desktop
Help 10.2. Geostatistical Analyst.

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin ver. 3.0: An in-
tegrated software package for population genetics data analysis.
Evolutionary Bioinformatics Online, 1, 47-50.

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual
Review of Ecology, Evolution and Systematics, 34, 487-515. https://doi.
org/10.1146/annurev.ecolsys.34.011802.132419

Faith, D. P. (1992). Conservation evaluation on phylogenetic diversity.
Biological Conservation, 61(1), 1-10. https://doi.org/10.1016/0006-
3207(92)91201-3.

Faria, D. C. C., Signorelli, L., Morais, A. R., Bastos, R. P., & Maciel, N. M.
(2013). Geographic structure and acoustic variation in populations
of Scinax squalirostris (A. Lutz, 1925) (Anura: Hylidae). North-Western
Journal of Zoology, 9(2), 329-336.

Fischer, H., Meissner, K. J., Mix, A. C., Abram, N. J., Austermann, J.,
Brovkin, V., Capron, E., Colombaroli, D., Daniau, A. L., Dyez, K. A,,
Felis, T., Finkelstein, S. A., Jaccard, S. L., McClymont, E. L., Rovere, A,
Sutter, J., Wolff, E. W., Affolter, S., ... Zhou, L. (2018). Palaeoclimate
constraints on the impact of 2 °C anthropogenic warming and be-
yond. Nature Geoscience, 11,(7),474-485. http://dx.doi.org/10.1038/
s41561-018-0146-0.

Foden, W. B., Butchart, S. H. M., Stuart, S. N., Vié, J.-C., Akcakaya,
H. R., Angulo, A., DeVantier, L. M., Gutsche, A., Turak, E., Cao, L.,
Donner, S. D., Katariya, V., Bernard, R., Holland, R. A., Hughes, A.
F., O’'Hanlon, S. E., Garnett, S. T., Sekercioglu, C. H., & Mace, G.
M. (2013). Identifying the world’s most climate change vulnerable
species: A systematic trait-based assessment of all birds, amphibi-
ans and corals. PLoS One, 8, €65427. https://doi.org/10.1371/journ
al.pone.0065427

Frankham, R. (2005). Genetics and extinction. Biological Conservation,
126(2), 131-140. https://doi.org/10.1016/j.biocon.2005.05.002

Franks, S. J., & Hoffmann, A. A. (2012). Genetics of climate change adap-
tation. Annual Review of Genetics, 46, 185-208.

Frost, D. R. (2021). Amphibian species of the World: An online reference 6.1,
http://research.amnh.org/herpetology/

Fusinato, L. A., Alexandrino, J., Haddad, C. F. B. H., Brunes, T. O., Rocha,
C. F. D., & Sequeira, F. (2013). Cryptic genetic diversity is para-
mount in small-bodied amphibians of the genus Euparkerella (Anura:
Craugastoridae) endemic to the Brazilian Atlantic Forest. PLoS One,
8, €79504https://doi.org/10.1371/journal.pone.0079504

Gaggiotti, O. E., Chao, A., Peres-Neto, P., Chiu, C.-H., Edwards, C., Fortin,
M. J,, Jost, L., Richards, C. M., & Selkoe, K. A. (2018). Diversity from
genes to ecosystems: A unifying framework to study variation across
biological metrics and scales. Evolutionary Applications, 11(7), 1176~
1193. https://doi.org/10.1111/eva.12593

Giaretta, A. A, Lopes, A. G., & Bang, D. L. (2020). Reassessment of the ad-
vertisementcall of topotypic Scinax squalirostris (Anura: Hylidae), with
an acoustic evaluation of its occurrence in the Serra da Mantiqueira,
southeastern Brazil. Phyllomedusa: Journal of Herpetology, 19(1), 49-61.
https://doi.org/10.11606/issn.2316-9079.v19i1p49-61

Gibbon, J. W., Scott, D. E., Ryan, T. J., Buhlmann, K. A., Tuberville,
T. D., Metts, B. S., Greene, J. L., Mills, T., Leiden, Y., Poppy, S.,


https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1073/pnas.1508681112
https://doi.org/10.1073/pnas.1508681112
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1093/molbev/msr187
https://doi.org/10.1093/molbev/msr187
https://doi.org/10.1038/nclimate1191
https://doi.org/10.1111/1755-0998.13303
https://doi.org/10.1111/1755-0998.13303
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1046/j.1523-1739.1994.08010060.x
https://doi.org/10.1046/j.1523-1739.1994.08010060.x
https://doi.org/10.1038/nature24672
https://doi.org/10.1038/nature24672
https://doi.org/10.1046/j.1472-4642.2003.00011.x
https://doi.org/10.1046/j.1472-4642.2003.00011.x
https://doi.org/10.1098/rstb.2010.0272
https://doi.org/10.1098/rstb.2010.0272
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.3389/fevo.2018.00165
https://doi.org/10.1007/s11295-011-0409-z
https://doi.org/10.1111/j.1466-8238.2012.00774.x
https://doi.org/10.1111/j.1466-8238.2012.00774.x
http://beast.bio.ed.ac.uk/
https://doi.org/10.2307/2532625
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1038/s41561-018-0146-0
http://dx.doi.org/10.1038/s41561-018-0146-0
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1371/journal.pone.0065427
https://doi.org/10.1016/j.biocon.2005.05.002
http://research.amnh.org/herpetology/
https://doi.org/10.1371/journal.pone.0079504
https://doi.org/10.1111/eva.12593
https://doi.org/10.11606/issn.2316-9079.v19i1p49-61

ABREU-JARDIM ET AL.

& Winne, C. T. (2000). The Global Decline of Reptiles, Déja
Vu Amphibians. BioScience, 50(8), 653-666. http://dx.doi.
org/10.1641/0006-3568(2000)050[0653:tgdord]2.0.co;2

Gréler, B., Pebesma, E., & Heuvelink, G. (2016). Spatio-Temporal
Interpolation using gstat. The R Journal, 8, 204-218. https://doi.
org/10.32614/RJ-2016-014

Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in thermal tolerance
has limited potential to buffer ectotherms from global warming.
Proceedings of the Royal Society B: Biological Sciences, 282, 20150401.

Hartigan, J. A., & Wong, M. A. (1979). Algorithm AS 136: A K-Means
Clustering Algorithm. Journal of the Royal Statistical Society. Series C
(Applied Statistics), 28(1), 100-108.

Heinicke, M. P., Duellman, W. E., & Hedges, S. B. (2007). Major Caribbean
and Central American frog faunas originated by ancient oceanic dis-
persal. Proceedings of the National Academy of Sciences of the United
States of America, 104(24), 10092-10097. https://doi.org/10.1073/
pnas.0611051104

Hillman, S. S., Drewes, R. C., Hedrick, M. S., & Hancock, T. V. (2014).
Physiological vagility: Correlations with dispersal and population ge-
netic structure of amphibians. Physiological and Biochemical Zoology,
87,105-112.

Hoffmann, A. A., & Willi, Y. (2008). Detecting genetic responses to envi-
ronmental change. Nature Reviews Genetics, 9, 421-432.

Houlahan, J. E., Findlay, C. S., Schmidt, B. R., Meyer, A. H., & Kuzmin,
S. L. (2000). Quantitative evidence for global amphibian population
declines. Nature, 404, 752-755.

IPCC Climate Change (2018). Global Warming of 1.5°C: an IPCC special
report on the impacts of global warming of 1.5°C above pre-industrial
levels and related global greenhouse gas emission pathways, in the con-
text of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty.

IPCC Climate Change (2014). Synthesis report. In Core Writing Team, R.
K. Pachauri, & L. A. Meyer (Eds.), Contribution of Working Groups |, I
and lll to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (151 pp). IPCC.

Jay, F., Francois, O., Durand, E. Y., & Blum, M. G. B. (2015). POPS: A soft-
ware for prediction of population genetic structure using latent re-
gression models. Journal of Statistical Software, 68(9), 1-19. https://
doi.org/10.18637/jss.v068.i09.

Jay, F., Manel, S., Alvarez, N., Durand, E. Y., Thuiller, W., Holderegger,
R., Taberlet, P., & Francois, O. (2012). Forecasting changes in pop-
ulation genetic structure of alpine plants in response to global
warming. Molecular Ecology, 21(10), 2354-2368. https://doi.
org/10.1111/j.1365-294X.2012.05541.x

Jones, P. D., Osborn, T. J., & Briffa, K. R. (2001). The evolution of climate
over the last millennium. Science, 292(5517), 662-667. https://doi.
org/10.1126/science.1059126

Jost, L. (2006). Entropy and diversity. Oikos, 113, 363-375.

Jucker, T., Jackson, T. D., Zellweger, F., Swinfield, T., Gregory, N.,
Williamson, J., Slade, E. M., Phillips, J. W., Bittencourt, P. R. L.,
Blonder, B., Boyle, M. J. W., Ellwood, M. D. F., Hemprich-Bennett,
D., Lewis, O. T., Matula, R., Senior, R. A., Shenkin, A., Svatek, M., &
Coomes, D. A. (2020). A research agenda for microclimate ecology
in human-modified tropical forests. Frontiers in Forests and Global
Change, 2, 92. https://doi.org/10.3389/ffgc.2019.00092

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H.,
Ackerly, D. D., Blomberg, S. P., & Webb, C. O. (2010). Picante: R tools
for integrating phylogenies and ecology. Bioinformatics, 26, 1463-
1464. https://doi.org/10.1093/bioinformatics/btq166

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Paébo, S,
Villablanca, F. X., & Wilson, C. (1989). Dynamics of mitochondrial
DNA evolution in animals: Amplification and sequencing with con-
served primers. Proceedings of the National Academy of Sciences
of the United States of America, 86(16), 6196-6200. https://doi.
org/10.1073/pnas.86.16.6196

Covrsiy s isrbrions VTRV

Laufer, G., & Gobel, N. (2017). Habitat degradation and biological inva-
sions as a cause of amphibian richness loss: A case report in Acegua,
Cerro Largo, Uruguay. Phyllomedusa: Journal of Herpetology, 16(2),
289-293. https://doi.org/10.11606/issn.2316-9079.v16i2p289-293

Liess, A., Rowe, O., Guo, J., Thomsson, G., & Lind, M. (2013). Hot tadpoles
from cold environments need more nutrients - life history and stoi-
chiometry reflects latitudinal adaptation. Journal of Animal Ecology,
82, 1316-1325. https://doi.org/10.1111/1365-2656.12107

Lima, J. S., Ballesteros-Mejia, L., Lima-Ribeiro, M. S., & Collevatti, R. G.
(2017). Climatic changes can drive the loss of genetic diversity in
a Neotropical savanna tree species. Global Change Biology, 23(11),
4639-4650. https://doi.org/10.1111/gcb.13685

Lima, N. E., Lima-Ribeiro, M. S., Tinoco, C. F., Terribile, L. C., & Collevatti,
R. G. (2014). Phylogeography and ecological niche modelling, cou-
pled with the fossil pollen record, unravel the demographic history
of a Neotropical swamp palm through the Quaternary. Journal of
Biogeography, 41(4), 673-686. https://doi.org/10.1111/jbi.12269

Lima-Ribeiro, M. S., Varela, S., Gonzalez-Hernandez, J., Oliveira, G.,
Diniz-Filho, J. A. F., & Terribile, L. C. (2015). ecoClimate: A database
of climate data from multiple models for past, present and future for
Macroecologists and Biogeographers. Biodiversity Informatics, 10, 1-
21. https://doi.org/10.17161/bi.v10i0.4955

Lopez, J. A., Scarabotti, P. A., & Ghirardi, R. (2015). Amphibian trophic
ecology in increasingly human-altered wetlands. Herpetological
Conservation and Biology, 10(3), 819-832.

Lopez-Alcaide, S., & Macip-Rios, R. (2011). Effects of climate change in
amphibians and reptiles. In O. Grillo & G. Venora (Eds.), Biodiversity
Loss in a Changing Planet. (1-318). Rijeka, Croatia: InTech. https://doi.
org/10.5772/1832.

Lourencgo-de-Moraes, R., Campos, F. S., Ferreira, R. B, Solé, M., Beard, K.
H., & Bastos, R. P. (2019). Back to the future: Conserving functional
and phylogenetic diversity in amphibian-climate refuges. Biodiversity
and Conservation, 28, 1049-1073. https://doi.org/10.1007/s10531-
019-01706-x

Loyola, R. D., Becker, C. G., Kubota, U., Haddad, C. F. B., Fonseca, C.
R., & Lewinsohn, T. M. (2008). Hung out to dry: Choice of priority
ecoregions for conserving threatened neotropical anurans depends
on life-history traits. PLoS One, 3, €2120. https://doi.org/10.1371/
journal.pone.0002120

Loyola, R. D., Lemes, P., Brum, F. T., Provete, D. B., & Duarte, L. D. (2014).
Clade specific consequences of climate change to amphibians in
Atlantic Forest protected areas. Ecography, 37(1), 65-72. https://doi.
org/10.1111/j.1600-0587.2013.00396.x

Magalhies, R. F., Lemes, P., Camargo, A. et al (2017). Evolutionarily
significant units of the critically endangered leaf frog Pithecopus
ayeaye (Anura, Phyllomedusidae) are not effectively preserved by
the Brazilian protected areas network. Ecology and Evolution, 7(21),
8812-8828. https://doi.org/10.1002/ece3.3261.

Matthews, J. H. (2010). Anthropogenic climate change impacts on
ponds: A thermal mass perspective. Biodiversity and Ecosystem Risk
Assessment, 5, 193-209. https://doi.org/10.3897/biorisk.5.849

McMenamin, S. K., Hadly, E. A., & Wright, C. K. (2008). Climate change
and wetland desiccation cause amphibian decline in Yellowstone
National Park. Proceedings of the National Academy of Sciences of
the United States of America, 105(44), 16988-16993. https://doi.
org/10.1073/pnas.0809090105.

Medan, D., Torretta, J. P, Hodara, K., Elba, B., & Montaldo, N. H. (2011). Effects
of agriculture expansion and intensification on the vertebrate and inver-
tebrate diversity in the Pampas of Argentina. Biodiversity and Conservation,
20, 3077-3100. https://doi.org/10.1007/s10531-011-0118-9

Medina, R. G., Lira-Noriega, A., Ardoz, E., & Ponssa, M. L. (2020). Potential
effects of climate change on a Neotropical frog genus: Changes in the
spatial diversity patterns of Leptodactylus (Anura, Leptodactylidae) and
implications for their conservation. Climatic Change, 161, 535-553.
https://doi.org/10.1007/s10584-020-02677-7


https://doi.org/10.32614/RJ-2016-014
https://doi.org/10.32614/RJ-2016-014
https://doi.org/10.1073/pnas.0611051104
https://doi.org/10.1073/pnas.0611051104
https://doi.org/10.18637/jss.v068.i09
https://doi.org/10.18637/jss.v068.i09
https://doi.org/10.1111/j.1365-294X.2012.05541.x
https://doi.org/10.1111/j.1365-294X.2012.05541.x
https://doi.org/10.1126/science.1059126
https://doi.org/10.1126/science.1059126
https://doi.org/10.3389/ffgc.2019.00092
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1073/pnas.86.16.6196
https://doi.org/10.1073/pnas.86.16.6196
https://doi.org/10.11606/issn.2316-9079.v16i2p289-293
https://doi.org/10.1111/1365-2656.12107
https://doi.org/10.1111/gcb.13685
https://doi.org/10.1111/jbi.12269
https://doi.org/10.17161/bi.v10i0.4955
https://doi.org/10.5772/1832
https://doi.org/10.5772/1832
https://doi.org/10.1007/s10531-019-01706-x
https://doi.org/10.1007/s10531-019-01706-x
https://doi.org/10.1371/journal.pone.0002120
https://doi.org/10.1371/journal.pone.0002120
https://doi.org/10.1111/j.1600-0587.2013.00396.x
https://doi.org/10.1111/j.1600-0587.2013.00396.x
https://doi.org/10.1002/ece3.3261
https://doi.org/10.3897/biorisk.5.849
https://doi.org/10.1073/pnas.0809090105
https://doi.org/10.1073/pnas.0809090105
https://doi.org/10.1007/s10531-011-0118-9
https://doi.org/10.1007/s10584-020-02677-7

ABREU-JARDIM ET AL.

“ LwiLey-

Mendelson, J. R, Ill, Lips, K. R., Gagliardo, R. W., Rabb, G. B., Collins, J. P.,
Diffendorfer, J. E., Daszak, P., Ibanez D., R., Zippel, K. C., Lawson, D.
P., Wright, K. M., Stuart, S. N., Gascon, C., da Silva, H. R., Burrowes, P.
A., Joglar, R. L., La Marca, E., Létters, S., du Preez, L. H,, ... Brodie, E.
D. (2006). Confronting amphibian declines and extinctions. Science,
313(5783), 1-48. https://doi.org/10.1126/science.1128396

Mendoza-Gonzalez, G., Martinez, M. L., Rojas-Soto, O. R., Vazquez, G., &
Gallego- Fernandez, J. B. (2013). Ecological niche modeling of coastal
dune plants and future potential distribution in response to climate
change and sea level rise. Global Change Biology, 19(8), 2524-2535.
https://doi.org/10.1111/gcb.12236

Mesquita, P. C. M. D., Pinheiro-Mesquita, S. F., & Pietczak, C. (2013). Are
common species endangered by climate change: Habitat suitability
projections for the royal ground snake, Liophis reginae (Serpentes,
Dipsadidae). North-Western Journal of Zoology, 9(1), 51-56.

Midgley, G. F., Hannah, L., Millar, D., Rutherford, M. C., & Powrie,
L. W. (2002). Assessing the vulnerability of species richness to
anthropogenic climate change in a biodiversity hotspot. Global
Ecology and Biogeography, 11, 445-451. https://doi.org/10.1046/
j.1466-822X.2002.00307.x

Miller, M. A., Schwartz, T., Pickett, B. E., He, S., Klem, E. B., Scheuermann,
R. H., Passarotti, M., Kaufman, S., & O'Leary, M. A. (2015). A RESTful
API for access to phylogenetic tools via the CIPRES Science Gateway.
Evolutionary Bioinformatics, 11, 43-48. https://doi.org/10.4137/EBO.
521501

Moreira, L. F. B., & Maltchik, L. (2015). Our time will come: Is anuran com-
munity structure related to crop age? Austral Ecology, 40, 827-835.
https://doi.org/10.1111/aec.12260

Moritz, C., & Faith, D. P. (1998). Comparative phylogeography and
the identification of genetically divergent areas for conserva-
tion. Molecular Ecology, 7(4), 419-429. https://doi.org/10.1046/
j.1365-294x.1998.00317.x

Moritz, C., Schneider, C., & Wake, D. (1992). Evolutionary relationships
within the Ensatina eschscholtzii complex confirm the ring spe-
cies interpretation. Systematic Biology, 41(3), 273-291. https://doi.
org/10.1093/sysbio/41.3.273

Mota, E. P, Kaefer, I. L., Nunes, M. S., Lima, A. P., & Farias, I. P. (2020).
Hidden diversity within the broadly distributed Amazonian giant mon-
key frog (Phyllomedusa bicolor: Phyllomedusidae). Amphibia-Reptilia,
41(3), 349-359. https://doi.org/10.1163/15685381-bjal0003

Naimi, B., & Araujo, M. B. (2016). sdm: a reproducible and extensible R
platform for species distribution modelling. Ecography, 39(4), 368-
375. https://doi.org/10.1111/ecog.01881

Naimi, B., Hamm, N. A., Groen, T. A., Skidmore, A. K., & Toxopeus, A.
G. (2014). Where is positional uncertainty a problem for species
distribution modelling?. Ecography, 37(2), 191-203. https://doi.
org/10.1111/j.1600-0587.2013.00205.x

Nei, M. (1987). Molecular evolutionary genetics. Columbia University
Press.

Neves, M. O., Yves, A., Pereira, E. A., Alves, L., Vasques, J. B., Coelho, J. F.
T., &Silva, P. 5. (2019). Herpetofauna in a highly endangered area: the
Triangulo Mineiro region, in Minas Gerais State, Brazil. Herpetozoa,
32,113-123. https://doi.org/10.3897/herpetozoa.32.e35641

New, M. D., Liverman, H., Schroeder, H., & Anderson, K. (2011). Four
degrees and beyond: The potential for a global temperature increase
of four degrees and its implications. Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences,
369(1934), 4-5. https://doi.org/10.1098/rsta.2010.0303

Pauls, S. U., Nowak, C., Balint, M., & Pfenninger, M. (2013). The impact
of global climate change on genetic diversity within populations and
species. Molecular Ecology, 22, 925-946. https://doi.org/10.1111/
mec.12152

Peterson, A. T., Soberédn, J., Pearson, R. G., Anderson, R. G., Martinez-
Meyer, E., Nalamura, M., & Aradjo, M. B. (2011). Ecological niches
and geographic distributions. Monographs in Population Biology

(1-328). Princeton: Princeton
org/10.1515/9781400840670
Pombal, J. P., Jr,, Bilate, M., Gambale, P. G., Signorelli, L., & Bastos, R. P.
(2011). A new miniature treefrog of the Scinax ruber clade from the
Cerrado of Central Brazil (Anura: Hylidae). Herpetologica, 67, 288-
299. https://doi.org/10.1655/HERPETOLOGICA-D-10-00067.1

Purvis, A., Gittleman, J. L., Cowlishaw, G., & Mace, G. M. (2000).
Predicting extinction risk in declining species. Proceedings of the
Royal Society of London. Series B: Biological Sciences, 267, 1947-1952.
https://doi.org/10.1098/rspb.2000.1234

Quan, Q., Che, X., Wu, Y., Wu, Y., Zhang, Q., Zhang, M., & Zou, F. (2017).
Effectiveness of protected areas for vertebrates based on taxonomic
and phylogenetic diversity. Conservation Biology, 32(2), 355-365.
https://doi.org/10.1111/cobi.12986

R Core Team (2020). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Rambaut, A., Suchard, M. A., Xie, W., & Drummond, A. J. (2013). TRACER
v1.6. http://tree.bio.ed.ac.uk/software/tracer

Reeder, T. W. (1995). Phylogenetic relationships among Phrynosomatid
lizards as inferred from mitochondrial ribosomal DNA sequences:
Substitutional bias and information content of transitions relative to
transversions. Molecular Phylogenetics and Evolution, 4(2), 203-222.
https://doi.org/10.1006/mpev.1995.1020

Rizvanovic, M., Kennedy, J. D., Nogués-Bravo, D., & Marske, K. A.
(2019). Persistence of genetic diversity and phylogeographic struc-
ture of three New Zealand forest beetles under climate change.
Diversity and Distributions, 25(1), 142-153. https://doi.org/10.1111/
ddi.12834

Rolland, J., Silvestro, D., Schluter, D., Guisan, A., Broennimann, O.,
& Salamin, N. (2018). The impact of endothermy on the climatic
niche evolution and the distribution of vertebrate diversity. Nature
Ecology & Evolution, 2(3), 459-464. https://doi.org/10.1038/s4155
9-017-0451-9

Rowe, C. L., & Dunson, W. A. (1995). Impacts of hydroperiod on
growth and survival of larval amphibians in temporary ponds of
Central Pennsylvania, USA. Oecologia, 102, 397-403. https://doi.
org/10.1007/BF00341351

Scheffers, B. R., Brunner, R. M., Ramirez, S. D., Shoo, L. P,, Diesmos,
A., & Williams, S. E. (2013). Thermal buffering of microhabitats
is a critical factor mediating warming vulnerability of frogs in the
Philippine Biodiversity Hotspot. Biotropica, 45(5), 628-635. https://
doi.org/10.1111/btp.12042

Scheffers, B. R., Evans, T. A., Williams, S. E., & Edwards, D. P. (2014).
Microhabitats in the tropics buffer temperature in a globally coher-
ent manner. Biology Letters, 10, 20140819. https://doi.org/10.1098/
rsbl.2014.0819

Schivo, F., Bauni, V., Krug, P,, & Quintana, R. D. (2019). Distribution and
richness of amphibians under different climate change scenarios in a
subtropical region of South America. Applied Geography, 103, 70-89.

Schwartz, M. K,, Luikart, G., & Waples, R. S. (2007). Genetic monitor-
ing as a promising tool for conservation and management. Trends
in Ecology and Evolution, 22(1), 25-33. https://doi.org/10.1016/j.
tree.2006.08.009

Sheldon, K. S. (2019). Climate change in the tropics: Ecological and
evolutionary responses at low latitudes. Annual Review of Ecology,
Evolution, and Systematics, 50, 303-333. https://doi.org/10.1146/
annurev-ecolsys-110218-025005

Sievers, F., Wilm, A., Dineen, D. G., Gibson, T. J., Karplus, K., Li, W.,
Lopez, R., McWilliam, H., Remmert, M., Séding, J., Thompson, J. D.,
& Higgins, D. G. (2011). Fast, scalable generation of high-quality pro-
tein multiple sequence alignments using Clustal Omega. Molecular
Systems Biology, 7(1), 539. https://doi.org/10.1038/msb.2011.75

Simon, L. M., Oliveira, G., Barreto, B. S., Nabout, J. C., Rangel, T. F. L. V.
B., & Diniz- Filho, J. A. F. (2013). Effects of global climate changes

University Press. https://doi.


https://doi.org/10.1126/science.1128396
https://doi.org/10.1111/gcb.12236
https://doi.org/10.1046/j.1466-822X.2002.00307.x
https://doi.org/10.1046/j.1466-822X.2002.00307.x
https://doi.org/10.4137/EBO.S21501
https://doi.org/10.4137/EBO.S21501
https://doi.org/10.1111/aec.12260
https://doi.org/10.1046/j.1365-294x.1998.00317.x
https://doi.org/10.1046/j.1365-294x.1998.00317.x
https://doi.org/10.1093/sysbio/41.3.273
https://doi.org/10.1093/sysbio/41.3.273
https://doi.org/10.1163/15685381-bja10003
https://doi.org/10.1111/ecog.01881
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.3897/herpetozoa.32.e35641
https://doi.org/10.1098/rsta.2010.0304
https://doi.org/10.1111/mec.12152
https://doi.org/10.1111/mec.12152
https://doi.org/10.1515/9781400840670
https://doi.org/10.1515/9781400840670
https://doi.org/10.1655/HERPETOLOGICA-D-10-00067.1
https://doi.org/10.1098/rspb.2000.1234
https://doi.org/10.1111/cobi.12986
https://www.R-project.org/
https://www.R-project.org/
http://tree.bio.ed.ac.uk/software/tracer
https://doi.org/10.1006/mpev.1995.1020
https://doi.org/10.1111/ddi.12834
https://doi.org/10.1111/ddi.12834
https://doi.org/10.1038/s41559-017-0451-9
https://doi.org/10.1038/s41559-017-0451-9
https://doi.org/10.1007/BF00341351
https://doi.org/10.1007/BF00341351
https://doi.org/10.1111/btp.12042
https://doi.org/10.1111/btp.12042
https://doi.org/10.1098/rsbl.2014.0819
https://doi.org/10.1098/rsbl.2014.0819
https://doi.org/10.1016/j.tree.2006.08.009
https://doi.org/10.1016/j.tree.2006.08.009
https://doi.org/10.1146/annurev-ecolsys-110218-025005
https://doi.org/10.1146/annurev-ecolsys-110218-025005
https://doi.org/10.1038/msb.2011.75

ABREU-JARDIM ET AL.

on geographical distribution patterns of economically important
plant species in cerrado. Revista Arvore, 37(2), 267-274. https://doi.
org/10.1590/5S0100-67622013000200008

Solomon, S., Qin, D., & Manning, M. (2007). Climate change 2007. The
physical science basis: Working Group | Contribution to the Fourth
Assessment Report of the IPCC. Cambridge University Press.

Souza, K. S., Jardim, L., Rodrigues, F., Batista, M. C. G., Rangel, T. F., Gouveia,
S., Terribile, L. C., de Ribeiro, M. S. L., Fortunato, D. S., & Diniz-Filho, J.
A. F. (2019). How likely are adaptive responses to mitigate the threats
of climate change for amphibians globally? Frontiers of Biogeography,
11(3), 1-13. https://doi.org/10.21425/F5FBG43511.

Spiegelhalter, D. J., Best, N. G., Carlin, B. P., & van der Linde, A. (2002).
Bayesian measures of model complexity and fit. Journal of the Royal
Statistical Society Series B (Statistical Methodology), 64(4), 583-639.
https://doi.org/10.1111/1467-9868.00353.

Spielman, D., Brook, B. W., & Frankham, R. (2004). Most species are not
driven to extinction before genetic factors impact them. Proceedings
of the National Academy of Sciences of the United States of America,
101(42), 15261-15264. https://doi.org/10.1073/pnas.0403809101.

Storfer, A., Jonathan, M. E., & Stephen, F. S. (2009). Modern molecular
methods for amphibian conservation. BioScience, 59(7), 559-571.
https://doi.org/10.1525/bi0.2009.59.7.7

Stuart, S. N., Chanson, J. S., Cox, N. A, Young, B. E., Rodrigues, A. S. L.,
Fischman, D. L., & Waller, R. W. (2004). Status and trends of amphib-
ian declines and extinctions worldwide. Science, 306, 1783-1786.
https://doi.org/10.1126/science.1103538

Tamura, K., & Nei, M. (1993). Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Molecular Biology and Evolution, 10(3), 512-526.
https://doi.org/10.1093/oxfordjournals.molbev.a040023.

Terribile, L. C., Lima-Ribeiro, M. S., Aratjo, M. B., Bizdo, N., Collevatti,
R. G., Dobrovolski, R., Franco, A. A., Guilhaumon, F., de Souza Lima,
J., Murakami, D.M., Nabout, J.C., de Oliveira, G., de Oliveira, L.K,,
Suelen, G.R., Thiago, F.R., Lorena, M.S., Thannya, N.S., de Campos
Telles, M.P., & Felizola Diniz-Filho, J.A. (2012). Areas of climate sta-
bility of species ranges in the Brazilian Cerrado: Disentangling uncer-
tainties through time. Natureza & Conservagdo, 10, 152-159. https://
doi.org/10.4322/natcon.2012.025

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J.,
Collingham, Y. C., Erasmus, B. F. N., de Siqueira, M. F., Grainger, A.,
Hannah, L., Hughes, L., Huntley, B., van Jaarsveld, A. S., Midgley, G.
F., Miles, L., Ortega-Huerta, M. A., Peterson, A. T., Phillips, O. L., &
Williams, S. E. (2004). Extinction risk from climate change. Nature,
427, 145-148. https://doi.org/10.1038/nature02121

Urban, M. C., De Meester, L., Vellend, M., Stoks, R., & Vanoverbeke, J.
(2012).Acrucialsteptowardrealism:Responsestoclimatechange from
an evolving metacommunity perspective. Evolutionary Applications,
5, 154-167. https://doi.org/10.1111/j.1752-4571.2011.00208.x

Urban, M. C,, Richardson, J. L., & Freidenfelds, N. A. (2013). Plasticity
and genetic adaptation mediate amphibian and reptile responses to
climate changes. Evolutionary Applications, 7(1), 88-103. https://doi.
org/10.1111/eva.12114

Vallejos, R., Osorio, F., & Bevilacqua, M. (2018). Spatial relationships
between two georeferenced variables: With applications in R. (1-193).
Switzerland: Springer. https://doi.org/10.1007/978-3-030-56681-4.

Vasconcelos, T. S., & Do Nascimento, B. T. (2016). Potential Climate-
Driven Impacts on the Distribution of Generalist Treefrogs in South
America. Herpetologica, 72(1), 23-31. https://doi.org/10.1655/
HERPETOLOGICA-D-14-00064

Vasconcelos, T. S., Nascimento, B. T. M., & Prado, V. H. M. (2018).
Expected impacts of climate change threaten the anuran diversity
in the Brazilian hotspots. Ecology and Evolution, 8(16), 7894-7906.
https://doi.org/10.1002/ece3.4357

Vaz-Silva, W., Maciel, N. M., Nomura, F., Morais, A. R., Batista, V. G.,
Santos, D. L., Andrade, S. P, Oliveira, A. A. B., Brandao, R. A., &

Covrsiy s isrburions UMTRVE

Bastos, R. P. (2020). Guia de identificacdo das espécies de anfibios
(Anura e Gymnophiona) do estado de Goids e Distrito Federal, Brasil
Central (Zoologia: guias e manuais de identificacido series, 1-229).
Curitiba: Sociedade Brasileira de Zoologia. Zoologia: guias e manuais
de identificacao series.

Velasco, J. A., Estrada, F., Calderén-Bustamante, O., Swingedouw, D.,
Ureta, C., Gay, C., & Defrance, D. (2021). Synergistic impacts of
global warming and thermohaline circulation collapse on amphibians.
Communications Biology, 4(141), 1-7. https://doi.org/10.1038/s4200
3-021-01665-6

Vilela, B., Nascimento, F. A., & Vital, M. V. C. (2018). Impacts of climate
change on small-ranged amphibians of the northern Atlantic Forest.
Oecologia Australis, 22. https://doi.org/10.4257/0ec0.2018.2202.03

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002).
Phylogenies and Community Ecology. Annual Review of Ecology and
Systematics, 33, 475-505. https://doi.org/10.1146/annurev.ecols
ys.33.010802.150448

Wright, L. ., Tregenza, T., & Hosken, D. J. (2008). Inbreeding, inbreed-
ing depression and extinction. Conservation Genetics, 9, 833-843.
https://doi.org/10.1007/s10592-007-9405-0

Xia, X. (2013). DAMBES5: A comprehensive software package for data
analysis in molecular biology and evolution. Molecular Biology and
Evolution, 30, 1720-1728. https://doi.org/10.1093/molbev/mst064

Zank, C., Becker, F. G., Abadie, M., Baldo, D., Maneyro, R., & Borges-
Martins, M. (2014). Climate change and the distribution of
Neotropical Red-Bellied Toads (Melanophryniscus, Anura, Amphibia):
How to prioritize species and populations? PLoS One, 9, €94625.
https://doi.org/10.1371/journal.pone.0094625

Zhang, M. G., Zhou, Z. K., Chen, W. Y., Slik, J. W. F., Cannon, C. H., & Raes,
N. (2012). Using species distribution modeling to improve conserva-
tion and land use planning of Yunnan, China. Biological Conservation,
153, 257-264. https://doi.org/10.1016/j.biocon.2012.04.023

BIOSKETCH

The research group are interested in coupling macroecology and
population genetics, with particular emphasis on phylogeogra-
phy and geographical patterns of genetic diversity in Neotropical
biodiversity.

Author contributions: T.P.F.A.J,, L.J., R.G.C. and N.M.M. con-
ceived the study; T.P.F.A.J. generated the genetic data and per-
formed the genetic analyses. T.P.F.A.J. and L.B.M. performed the
forecasting and dynamics in genetic clusters in future scenarios.
L.J. performed the niche modelling analyses, kriging and spatial
genetic analysis. All authors contributed and approved the final

version of the manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Abreu-Jardim TPF, Jardim L,
Ballesteros-Mejia L, Maciel NM, Collevatti RG. Predicting
impacts of global climatic change on genetic and
phylogeographical diversity of a Neotropical treefrog. Divers
Distrib. 2021;00:1-17. https://doi.org/10.1111/ddi.13299



https://doi.org/10.1590/S0100-67622013000200008
https://doi.org/10.1590/S0100-67622013000200008
https://doi.org/10.21425/F5FBG43511
https://doi.org/10.1111/1467-9868.00353
https://doi.org/10.1073/pnas.0403809101
https://doi.org/10.1525/bio.2009.59.7.7
https://doi.org/10.1126/science.1103538
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.4322/natcon.2012.025
https://doi.org/10.4322/natcon.2012.025
https://doi.org/10.1038/nature02121
https://doi.org/10.1111/j.1752-4571.2011.00208.x
https://doi.org/10.1111/eva.12114
https://doi.org/10.1111/eva.12114
https://doi.org/10.1007/978-3-030-56681-4
https://doi.org/10.1655/HERPETOLOGICA-D-14-00064
https://doi.org/10.1655/HERPETOLOGICA-D-14-00064
https://doi.org/10.1002/ece3.4357
https://doi.org/10.1038/s42003-021-01665-6
https://doi.org/10.1038/s42003-021-01665-6
https://doi.org/10.4257/oeco.2018.2202.03
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1007/s10592-007-9405-0
https://doi.org/10.1093/molbev/mst064
https://doi.org/10.1371/journal.pone.0094625
https://doi.org/10.1016/j.biocon.2012.04.023
https://doi.org/10.1111/ddi.13299

