& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

Rafael Arruda,
Federal University of Mato Grosso,
Brazil

Brunno Oliveira,

University of California, Davis,
United States

Luisa Maria Diele Viegas,

Federal University of Bahia, Brazil

Gabriela Alves-Ferreira
gabriela-alves77@hotmail.com

This article was submitted to
Biogeography and Macroecology,
a section of the journal

Frontiers in Ecology and Evolution

05 July 2022
28 October 2022
17 November 2022

Alves-Ferreira G, Talora DC, Solé M,
Cervantes-Lopez MJ and Heming NM
(2022) Unraveling global impacts

of climate change on amphibians
distributions: A life-history

and biogeographic-based approach.
Front. Ecol. Evol. 10:987237.

doi: 10.3389/fevo.2022.987237

© 2022 Alves-Ferreira, Talora, Solé,
Cervantes-Lopez and Heming. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided
the original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Frontiers in Ecology and Evolution

Systematic Review
17 November 2022
10.3389/fevo.2022.987237

Unraveling global impacts of
climate change on amphibians
distributions: A life-history and
biogeographic-based approach

Gabriela Alves-Ferreirat?3*, Daniela C. Talora3, Mirco Solé?4,
Martin J. Cervantes-Lopez'3 and Neander M. Heming3

tPrograma de Pds-Graduacdo em Ecologia e Conservagdo da Biodiversidade, Universidade
Estadual de Santa Cruz, Ilhéus, Bahia, Brazil, *Tropical Herpetology Lab, Universidade Estadual de
Santa Cruz, llhéus, Bahia, Brazil, *Laboratério de Ecologia Aplicada a Conservacgdo, Universidade
Estadual de Santa Cruz, Ilhéus, Bahia, Brazil, *Zoologisches Forschungsmuseum Alexander Koenig,
Herpetology Section, Bonn, North Rhine-Westphalia, Germany

Climate change can affect species distribution patterns in three different
ways: pushing them to disperse to new suitable areas, forcing them to adapt
to novel climatic conditions, or driving them to extinction. However, the
biological and geographical traits that lead to these different responses remain
poorly explored. Here, we evaluated how ecological and biogeographic
traits influence amphibians’ response to climate change. We performed
a systematic review searching for studies that evaluated the effects of
future climate change on amphibian’s distribution. Our research returned
31 articles that projected the distribution of 331 amphibians. Our results
demonstrate that species inhabiting an elevation above 515 m will lose a
significant portion of their climatically suitable area. We also found that
as isothermality increases, the amount of area suitable in response to
climate change also increases. Another important discovery was that as
the size of the baseline area increases, the greater must be the loss of
climatically suitable areas. On the other hand, species with very small
areas tend to keep their current climatically suitable area in the future.
Furthermore, our results indicate that species that inhabit dry habitats tend
to expand their suitable area in response to climate change. This result
can be explained by the environmental characteristics of these habitats,
which tend to present extreme seasonal climates with well-defined periods
of drought and rain. We also found that anurans that inhabit exclusively
forests are projected to lose a greater portion of their suitable areas, when
compared to species that inhabit both forest and open areas, wetlands, and
dry and rupestrian environments. The biogeographical realm also influenced
anuran’s range shifts, with Afrotropic and Nearctic species projected to
expand their geographical ranges. The assessment of climate change effects
on amphibian distribution has been the focus of a growing number of studies.
Despite this, some regions and species remain underrepresented. Current
literature evaluates about 4% of the 7477 species of Anura and 8% of the
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773 species of Caudata and some regions rich in amphibian species remain
severely underrepresented, such as Madagascar. Thus, future studies should
focus on regions and taxas that remain underrepresented.

systematic review, Anura, Caudata, global warming, suitable area, Ecological Niche
Model (ENM), species distribution

Introduction

Climate change determines large scale patterns of species
distribution in three principal ways: pushing them to disperse
to new suitable areas, forcing them to adapt to novel climatic
conditions, or driving them to extinction (Holt, 1990; Parmesan,
2006; Diniz-Filho and Bini, 2007; Araujo et al.,, 2008). While
some species are losing part of their current geographic range
due to climate change (Zank et al, 2014; Struecker and
Milanovich, 2017; Zhang et al., 2020), other species can even
expand their suitable areas (Mokhatla et al., 2015; Toranza et al,,
2016). Therefore, although we expect that most species are likely
to be equally affected by global warming, the response patterns
can be quite contrasting (Winter et al., 2016; Vasconcelos et al,,
2018; Menéndez-Guerrero et al., 2020).

Among vertebrates, amphibians represent one of the most
vulnerable groups to global warming (Pounds, 2001; Blaustein
et al,, 2010), because almost all species are highly dependent
of specific climatic conditions (Zeisset and Beebee, 2008)
and have narrow ecological niches (Blaustein et al, 2010).
Climate change may increase vulnerability of amphibians
by acting synergistically with other impacts like habitat loss,
emerging diseases, and chemical contaminants (Stuart et al,
2004; Collins, 2010). According to the Global Amphibian
(GAA), these threats
32% of amphibian species under some of IUCN Red List

Assessment have already placed
threat categories (i.e., Vulnerable, Endangered, or Critically
Endangered) (Stuart et al, 2004). Thus, anticipating the
effects of climate change on the amphibians’” distribution and
identifying the traits that make the species more vulnerable
to climate change has become a priority for conservation.
In this sense, the use of Ecological Niche Models (ENM,
Aratjo and Peterson, 2012) has been an essential tool to
generate conservation strategies based on the climate effect on
distribution (Sillero et al,, 2021). The ENMs use occurrence
records and bioclimatic variables to make mathematical
approximations on species climatic niche and allow the
prediction of climatically suitable areas under various climate
scenarios (Taylor et al, 2020), allowing the anticipation of
species responses to climate change (Urbina-Cardona and
Loyola, 2008).
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Life history traits can be important candidates to explain the
variation in species vulnerability to global warming (Foden et al.,
2013; Beissinger and Riddell, 2021). For example, anurans with
specialized reproductive modes are expected to be more strongly
dependent on the integrity of very specific habitats (Loyola
et al,, 2008), and therefore should be more negatively affected
by climate change than anurans with generalist reproductive
modes. Likewise, species that rely on environmental triggers
to initiate activities such as migration or reproduction must
also experience heightened sensitivity to climate change (Foden
etal, 2013). On the other hand, large ectotherms are expected to
be less affected by climate change because the convection limit
increases with body size. In this way, heat loss by convection will
be lower and make them more resistant to higher temperatures
than smaller ectotherms (Seebacher et al., 1999, 2003; Rubalcaba
and Olalla-Tarraga, 2020).

The amphibians vulnerability to climate change is also
expected to be limited by the amplitude of their thermal
tolerance range (Freitas et al, 2010), result of the process of
natural selection and adaptation to the extreme temperatures
that lineages have experienced throughout their evolution
(Denny et al, 2009; Bozinovic et al, 2011; Buckley and
Huey, 2016). Therefore, the lineages that tend to experience
relatively higher average temperatures and less seasonal
variation should have less potential for adaptive rescue
(Ghalambor, 2006; Huey et al, 2009), as they already
have their maximum thermal tolerance close to or above
optimal. In this way, small increases in temperature can
have disproportionately large effects on their thermal
performance (Portner and Knust, 2007; Tewksbury et al,
2008).

Current range size, range of elevation, and biogeographic
domain can also be predictors of a “shared destination” in
response to climate change, as species found in the same region
share certain niche attributes and tend to respond similarly
to global warming. For example, species with very narrow
distributions tend to occupy a more restricted number of
microhabitats and can be more negatively affected by climate
change (Foden et al,, 2013; Biichi and Vuilleumier, 2014).
The same may be true for species coupled with specific
environmental conditions (e.g., forest habitats or mountain
tops), as suitable climatic conditions can be displaced to regions
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beyond the species’ ability to disperse, which can lead to local
extinction. On the other hand, species that are widely distributed
and adapted to a variety of habitats may have more available
areas with climatic conditions filling the requirements of their
niche, even if the suitable conditions have been locally lost
(Clavel et al., 2011).

Although it is already known that biological and
biogeographic characteristics can influence the intensity
and direction of species response to climate change (Foden
et al., 2013; Borges et al., 2019; Alves-Ferreira et al., 2022), a few
studies have assessed the existence of global patterns on climate
change response using these traits. In this study, we assessed
the global patterns of climate change effects on amphibian
(Anura and Caudata) distributions through a trait- and
biogeographical-based analysis of published data. Specifically,
we assessed whether the response of amphibians to climate
change is more strongly influenced by life history traits (body
size, habit, reproductive mode, and habitat specialty) or by
biogeographic characteristics (elevation, biogeographical realm,
baseline area, isothermality, precipitation, and temperature
seasonality).

Materials and methods
Data compilation

We performed a systematic review of published studies
in two databases (Scopus and ISI Web of Science) for
manuscripts that evaluated the effects of climate change on
the potential distribution of amphibians. We gathered studies
published until February, 2022 (Figure 1) using the following
keywords: [(“climatic chang®” OR “climate chang*” OR “global
warm*” OR “climate warm*” OR “changing climate”) AND
(“Amphibian®” OR “Anura®” OR “Caudata” OR “Salamander”
OR “Frog” OR “Toad”) AND ("Geographic range" OR
“distribut*” OR “suitab®” OR “niche model*” OR “scenario®”
OR “range shift*”)]. We used the following eligibility criteria
to include studies in our database: they must have (1) assessed
the effect of future climate changes on the distribution of
Anura or Caudata; (2) presented the size of the potential future
distribution; (3) used correlative models. After the first filtering
by title and abstract, we excluded studies that evaluated another
taxonomic group, worked with invasive species, did not evaluate
the effect of climate change on distribution, assessed species
at population level only and experimental studies with Critical
thermal maximum (CTmax). Our initial search resulted in 1,161
possibly eligible studies. After filtering by eligibility criteria, we
obtained 41 studies that modeled the potential distribution of
520 species (Figure 1). For articles that presented the data in
graphs, we used the software GetData GraphDigitizer version
2.26 (Fedorov, 2013) to access the information.
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Data extraction: Life-history and
biogeographic data

We extracted the following information for each study:
species, family, order, climatically suitable area size in present
and future, and change percentage in climatically suitable areas.
Studies that presented data for more than one species had
such information recorded as independent data. To associate
the climatic suitability with biological and biogeographical
attributes, we obtained the biogeographical realm sensu
Olson et al. (2001). We achieved the habitat type from
the TUCN database (IUCN, 2022) and habit, reproductive
mode, and body size (mm) from the AmphiBIO database
(Oliveira et al., 2017).

The elevation and bioclimatic variables: Isothermality
(BIO3), Temperature Seasonality (BIO4), and Precipitation
Seasonality (BIO15) were achieved for baseline scenarios (1970-
2000) using resolution of 2.5 arc min from the WorldClim
database (Fick and Hijmans, 2017). These variables could be
expected to influence amphibian distribution (Whitton et al,
2012; Gouveia et al,, 2013; Zank et al,, 2014). For example,
Sodhi et al. (2008) found that the risk of extinction increases
for amphibians that live in regions with very pronounced
seasonality of precipitation and temperature.

We used the Global Biodiversity Information Facility
(GBIF.org, 2022) database to obtain occurrence records for
the species. We considered species with more than three
independent occurrence records. Using these records, we
extracted the elevation and bioclimatic variables for each
occurrence and averaged these values per species. To test
whether there is a correlation between continuous variables
(Supplementary Figure 1), we conducted a Pearson Correlation
test with a threshold of 75%. To measure the association between
pairs of categorical variables (Supplementary Figure 2) we used
the Goodman Kruskal measure (Goodman and Kruskal, 1972).
We used Frost (2022) to update the taxonomic nomenclature.

Data analysis

Statistical analysis

To assess whether the amphibian’s response to climate
change is influenced by life history traits and by biogeographic
features, we built linear mixed models using the “Ime4” R
package (Bates et al,, 2015). Species and studies were treated
as random factors to control for species that appear in multiple
studies and to control for repetitions within the same study. As
isothermality (BIO3) was highly correlated with seasonality of
temperature (BIO4) and seasonality of precipitation (BIO15),
we kept only isothermality (BIO3) in further analyses. The
predictor variables were: body size, habit, reproductive mode,
habitat specialty, elevation, biogeographical realm, baseline area,
and isothermality (See Supplementary Table 1 for a more
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Identification of studies via databases and registers

Records assessed before screening: (n = 1161)
Duplicate records removed
(n =1070)

Reports excluded by eligibility criteria: (n= 21)
Study another taxonomic group;
Study past climate changes;
Methodological approach in ENM;
Does not assess the effect of climate change on
distribution;
Study the CTMax under climate change;
Collects data on climate change in the field in time
series;
Did not evaluate future distribution;
Do not use correlative model.

FIGURE 1

= Records identified from Web of
& Science and Scopus: ——»
o Databases (n = 2)
= Registers (n =2.231)
i
Records screened by title and
abstract reading ———»
(n=89)
. '
< Reports assessed for potential
o eligibility
& (n = 68)
= Studies included in review
E (n=31)
E Comparisons of included studies
= (n=1014)

Does not show potential future distribution size or %
loss or % suitability change or % gain and require
data solicitation

(n=37)

PRISMA diagram representing the selection process of the studies included in our analysis

detailed description of each variable). Both types of variables
are mixed in the models. The response variable was the square
root of the relative area, calculated by dividing the area (km?)
in the future by the area (km?) in the reference scenario.
We generated 130 eligible models from combinations between
predictor variables with a minimum limit of zero (null model)
until the maximum of three terms in a single model (excluding
the intercept). Finally, we built an average model based on
the Akaike Information Criterion corrected for small samples
(AICc¢; Burnham and Anderson, 2002). We calculated the
relative importance of each predictor variable using the sum of
model weights over all models. All analyses and figures were
performed in R (R Core Team, 2022).

Spatial patterns of species area change

We produced a species richness map to identify the regions
in the world with the highest number of evaluated species.
This map was constructed based on the sum of the binary

distributions (absence = 0 or presence = 1) of the species
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evaluated in the studies included in our review. To demonstrate
the spatial pattern of species area changes we cross-referenced
the relative proportion of change with the map of binary
distributions. Therefore, this map represents the local variability
of the climate change effects on species distributions. As species
can overlap spatially and this can make it difficult to visualize
the spatial trend of loss and gain, we calculated the area change
for 5 quantiles (zero, 25, 50, 75, and 100). At one extreme,
the lower quantile (0%) represents the lowest values of change
(i.e., higher losses to smaller gains) among locally occurring
species. The third quantile (50%) represents the central tendency
among species. At the other extreme, the upper quantile (100%)
represents the highest values of change (i.e., smaller losses to
higher gains of area) among species. Since we do not have
distribution rasters available for the species of each study, we
used the geographic distributions provided by the TUCN (2022)
to produce the maps of species richness and area change. All
spatial calculations were performed with the “terra” package
(Hijmans, 2022) in program R (R Core Team, 2022).
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Results

General characteristics of selected
papers

Our initial database resulted in 41 manuscripts with data
for 520 species. However, not all studies reported suitable
baseline and future areas for the species, and not all species
have characteristics and occurrence data available to perform
our analysis. Therefore, the final dataset included 31 papers that
projected the distribution of 331 amphibian species belonging
to 35 families from around the globe (Figure 2). Among these
species, 268 belong to the order Anura and 64 belong to the
order Caudata (see Supplementary Table 2). Among the 331
species evaluated, 112 should gain climatically suitable areas in
the future, 214 species are predicted to have adequate climatic
conditions reduced and four species should maintain the same
area in the present and in the future.

Biological and biogeographical traits

The most important variables related to amphibian’s range
shifts (Table 1) were baseline area (W = 0.99), realm (W = 0.54),
isothermality (W = 0.47), elevation (W = 0.41), and habitat
type (W = 0.30). The average model coefficient shows that all
these variables can significantly affect the amount of amphibian’s
suitable areas in response to climate change (Table 2). On the
other hand, habit, population trend, body size, and reproductive
mode were of minor importance (W = 0.06) and their effect was
not significant (Table 2).

The elevation where the species inhabit may explain part of
the effect of climate change on suitable areas for amphibians
(Beta = —0.002, SE = 0.001, z value = 2.148, p value =
0.031). We found that species inhabiting average elevation
above 515 m will lose a significant portion of their climatically
suitable area (Figure 3A). Isothermality was another important
variable (Beta = 0.008, SE = 0.004, z value = 2.285, p value =
0.022). As isothermality increases, the amount of suitable area
gain in response to climate change also increases (Figure 3B).
More specifically, species that occur in regions with higher
"temperature uniformity” over a year (i.e., isothermality below
~30%) tend to gain climatically suitable areas, while species that
occur in less isothermic regions tend to lose suitable areas with
the advancing climate change. Finally, the size of baseline area
explained most amphibian distribution changes (Beta = —0.002,
SE = 0.001, z value = 3.976, p value = 0.001). We found that as
the size of the distribution increases, the greater are projected to
be the relative losses in climatically suitable areas. On the other
hand, species with very small areas tend to retain most of their
current distribution areas in the future (Figure 3C).

We found that habitat type and biogeographical realm are
also good predictors of amphibian’s range shifts. Particularly,
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the results indicate that species that inhabit dry habitats (such
as savannas, arid, and semi-arid habitats) tend to expand their
suitable area in response to climate change. We also found
that anurans that inhabit exclusively forests (Beta = —0.366,
SE =0.116, z value = 3.149, p value = 0.002) or rupestrial habitats
(Beta = —3.957, SE = 1.464, z value = 2.700, p value = 0.007) are
projected to lose a greater portion of their suitable area, when
compared to species that inhabit both forest and open areas,
wetlands, and dry habitats (Figure 4A). The biogeographical
realm also influenced anuran’s range shifts, with Afrotropic
and Nearctic amphibians amphibians projected to expand their
suitable areas in response to global warming when compared to
species from the other realms (Figure 4B).

Spatial patterns of amphibian’s area
change

The quartile maps show the local variation in species
responses to climate change. The 0% quartile map (i.e.,
minimum area change values across species for species on each
pixel) reveals that at least one species will lose part of its current
range in most of the studied regions. Only in a few places
(e.g., part of the Andean region of Colombia, extreme North
Italy, central south part of Bolivia-Austral Yungas region, north-
eastern part of Argentina-La Plata Basin region, Midwestern
and South region of United States) the species are projected
to gain new climatically suitable areas. The 50% quartile map
(central tendency) shows that most species are projected to lose
suitable areas across most of the studied regions. The 100%
quartile map (i.e., maximum values across species on each
pixel) shows that at least one species gains suitable area in
most regions, but in several regions there will be only loss of
suitable area across all species. Another important information
to highlight when comparing the 0 and 100% quartiles maps
(minimum and maximum values, respectively) is that while a
combination of area loss and gain is projected for the species
in most regions, in some areas all the species are projected
only to lose (i.e., southwestern Russia, north-central Mexico, the
northern United States, and the north-central Andean mountain
range) or gain (i.e., southern Canada, the southeastern and
northeastern United States, the Brazilian Cerrado and the far
south of the Atlantic Forest in Brazil) suitable areas in the future
(Figure 5).

Discussion

In this review, we accessed the global patterns of climate
change effects on amphibian distributions through a biological
and biogeographical analysis of published data. Our analysis
provides evidence that baseline area, isothermality, habitat
type, elevation, and realm are consistently important drivers
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Richness of studied species

| ! ! T
>=1 5 10 15 20 25 30
FIGURE 2

Richness of amphibian species (331 species) studied in the articles included in our review (31 studies). The blue and green colors represent
places where a smaller number of species were studied, while the yellow and red colors represent the places with the largest number of species
studied.

TABLE 1 The six models relating amphibians range shift and biological and biogeographical traits with the highest rankings among the 130
candidate models and their second-order Akaike information criterion values (AlCc), AICc weights (weight), AlCc differences (delta), Log-likelihood
(loglik), and degrees of freedom (df).

Model df logLik AlICc delta weight
Isothermality + Elevation + Area 7 —515.21 1044.5 0 0.333
Habitat + Realm + Area 16 —506.298 1045.1 0.59 0.249
Isothermality + Realm + Area 12 —510.839 1046 1.45 0.162
Elevation + Realm + Area 12 —511.167 1046.6 2.1 0.116
Realm + Area 11 —512.559 1047.4 2.84 0.08
Habitat + Isothermality + Area 11 —512.856 1048 3.44 0.06
to predict amphibian’s range shifts. This finding reinforces since the available climatic area tends to reduce toward the
the idea that biogeographic variables may be more important top of the mountains (Nori et al., 2016). Our results also
than life history traits in predicting the climate change effects provide evidence that as isothermality increases, the amount of

on amphibians’ distribution (Alves-Ferreira et al, 2022). To suitable area gain in response to climate change also increases.

our knowledge, this is the first systematic review of published Therefore, species from less isothermal regions (i.e., regions

data that assesses the global effects of climate change on . " . o -
o R ) o ] ) with lower "temperature uniformity" and more variation over
amphibian distribution using biological and biogeographic L .
. . a year, below 30%) tend to lose climatically suitable areas,
traits as predictors. il ios th ) i oth { reai b
o o . ile species that occur in more isothermal regions (above
We found that species inhabiting an elevation above W P " & (abov
o . . . . .
515 m are projected to lose climatically suitable areas. This 30%) tend to gain suitable areas with advancing climate

is because as elevation increases, the available area for the change. The vast majority of the more isothermal areas in

species decreases, and consequently leads to the loss of suitable our study are located in tropical and subtropical regions
area. Therefore, it is expected that species that inhabit higher (Neotropic, Afrotropic, and IndoMalayan realms). However,
altitudes will be more negatively affected by climate change, the data are mostly from Neotropical regions, with low
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TABLE 2 Model-averaged coefficients based on conditional average including estimates, p-value, z value, standard error.

Variables Estimates Std. Error z value P-value
(Intercept) 1.28E + 00 4.80E-01 2.661 0.0078
Isothermality 8.65E-03 3.65E-03 2.366 0.018
Elevation —1.21E-04 5.59E-05 2.157 0.03104
Baseline area —2.15E-04 5.38E-05 3.982 6.83E-05
Habitat: Forest —3.64E-01 1.17E-01 3.119 0.00181
Habitat: Forest and open —3.15E-01 1.01E-01 3.133 0.00173
Habitat: Open areas —2.37E-01 1.21E-01 1.951 0.05111
Habitat: Rupestrial —3.94E-01 1.47E-01 2.674 0.00749
Habitat: Wetlands —3.08E-01 1.90E-01 1.615 0.10621
Realm: IndoMalayan and palearctic —7.69E-01 2.43E-01 3.158 0.00159
Realm: IndoMalayan —8.05E-01 2.85E-01 2.824 0.00475
Realm: Nearctic —3.67E-01 2.42E-01 1.518 0.12899
Realm: Nearctic and Neotropic —5.32E-01 2.52E-01 2.107 0.03509
Realm: Neotropic —6.13E-01 2.21E-01 2.774 0.00554
Realm: Palearctic —7.63E-01 2.29E-01 3.332 0.00086
Habit: Fossorial, terrestrial, and aquatic 8.89E-02 2.17E-01 0.41 0.68214
Habit: Fossorial 4.77E-01 4.20E-01 1.136 0.25589
Habit: Terrestrial —1.32E-01 2.19E-01 0.602 0.54741
Habit: Terrestrial, aquatic, and arboreal 8.98E-02 2.05E-01 0.438 0.66152
Body size (mm) 7.03E-03 1.08E-02 0.651 0.51479
Reproductive mode: Direct —5.24E-01 5.36E-01 0.976 0.32925
Reproductive mode: Larvae —4.83E-01 5.14E-01 0.939 0.34788
Reproductive mode: Viviparous —4.90E-01 6.38E-01 0.768 0.44272

representation of studied species from the Afrotropic and
Australian realms.

We also found that the size of the baseline area is positively
correlated with the projected loss of climatically suitable
areas. The result indicates that species with a very restricted
distribution should suffer a low proportion of losses in their
current distribution areas, while widespread species should
suffer the highest proportion of losses. This seems contradictory
at first glance, as species with restricted ranges are expected
to lose more area than widely distributed ones, due to the
expectation that restricted ranges result from narrower niches
(Slatyer et al., 2013; Saupe et al., 2015; Evans and Jacquemyn,
2022). A possible explanation for the lower proportion of loss
for species with very restricted ranges may be related to the
extreme specialization that can lead some species to “escape” the
full impacts of climate change (Foden et al., 2013). However, this
hypothesis requires that these small ranged species are adapted
to unique climatic conditions that will remain stable in the
future. Thus, it is more likely that range retention is mostly
due to climatic stability than specialization to unique climatic
conditions (Fjeldsa, 1994; Cardoso da Silva et al., 2004; Harrison
and Noss, 2017; Wilson et al., 2019).

Furthermore, our results indicate that species that inhabit
dry habitats (such as savannas, arid and semi-arid habits)
tend to expand their suitable areas in response to climate
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change. This result can be explained by the environmental
characteristics of these habitats, which tend to present extreme
seasonal climates with well-defined periods of drought and rain
(Murphy and Lugo, 1986; Gentry, 1995). The Intergovernmental
Panel of Climate Change projects future warming scenarios that
exacerbate the frequency and intensity of drought and water
stress (IPCC, 2022). Therefore, global warming is likely to favor
drought-resistant anuran species. We also found that anurans
that exclusively inhabit forests and rupestrial environments are
projected to lose a greater portion of their suitable areas, when
compared to species that inhabit both forest and open areas, and
dry environments. This may happen because species strongly
associated with specific conditions and requirements (i.e., warm
and moist climate found in forests) tend to have a narrow range
of available habitats and microhabitats (Foden et al., 2013). In
addition, the expansion of dry conditions will unfavour forest
habitats. Therefore, it is likely that these species will not have
suitable climatic conditions available in the future, which can
increase the risk of local extinction.

The biogeographical realm also influenced amphibian’s
range shifts, with the most Nearctic and Afrotropic species
projected to expand their geographical ranges in response to
global warming. It is possible that the environmental conditions
that the Afrotropic species are adapted to will expand in future
climate scenarios. However, this is one of the realms with
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FIGURE 5

Quiartile maps showing the local variation in species responses to climate change. Red indicates losses in suitable areas, gray indicates no
change, and blue to purple indicate gains in suitable areas. Quantiles were calculated for the responses of species occurring at each pixel (see
graphical scheme of calculations in the center). At one extreme, the lower quantile (0%, minimum values) represents the lowest values of
change (i.e., higher losses to smaller gains) among species occurring at each map pixel. The third quantile (50%, median) represents the central
tendency among species. At the other extreme, the upper quantile (100%, maximum values) represents the highest values of change (i.e.,
smaller losses to higher gains of area) among species.

the lowest number of evaluated species. In total, 21 species Besides identifying spatial patterns of range shift at the
were studied, representing only 2.1% of the region’s amphibian realm level, we also detected them at the “regional” level. For
richness (Vallan et al., 2004). On the other hand, species from the example, in some regions such as southwestern Russia, north-

Neotropics are projected to have the highest proportion of area central Mexico, the northern United States, and the north-

loss among all realms. Neotropics is the realm with the largest central Andean Mountain range, all of the species studied
. . . are only decreasing in area. On the other hand, in southern
number of species studied (170). However, harboring nearly .

) . | | L fraction of th Canada, the southeastern and northeastern United States, the
2,916 species (Bolafios et al., 2008), only a small fraction of the Brazilian Cerrado, and the far south of the Atlantic Forest in

richness of the region (5.6%) was represented by the studies. Brazil we observed a great increase in the geographic range

Therefore, there is a huge amount of species that need to be size of some amphibian species. The projected expansion of the
assessed to allow one to indicate the realm with most species distribution of these species could lead to biotic homogenization
vulnerable to climate change. at the community level, as specialists can be extirpated from
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the environment due to competition with the “winning” species
(McKinney and Lockwood, 1999; Clavel et al., 2011).

Our study identifies regions with greatest potential for large-
scale conservation due to the presence of several vulnerable
species, such as those that inhabit mountain and forest
regions. An effective conservation strategy for these species
can be the creation of ecological corridors or small reserves.
This strategy can reduce the risk of local extinction, as it
allows species affected by climate change to move through
the landscape and colonize new suitable areas (Ovaskainen,
2002). For species projected to maintain their suitable ranges
in the future, a more effective strategy may be to create
larger and more widely spaced conservation areas that
allow large populations to persist under climate change.
Therefore, climate change requires different conservation
strategies aimed at the different responses that it can generate
(Hannah, 2010).

We conclude that biogeographic variables may be good
predictors of the climate change effects on amphibians’
distribution. Our results suggest that the baseline area
isothermality, habitat type, elevation, and realm explains
much of the variation in the intensity and direction of
the climate change effect. However, our study shows that,
globally, only a small fraction of Anura (3.9% of the
7,477) and Caudata (8% of the 773 species; Frost, 2022)
species’ response to climate change have been assessed so
far. Yet, we were not able to find a single study considering
any of the 214 Gymnophiona species. Regions with high
amphibian richness also remain underexplored, such as
Madagascar, various parts of the African continent, Australia,
Chile, Indonesia, and India. Therefore, we recommend that
future studies focus on species and regions that are still
underrepresented. Given that over 40% of amphibian species are
already experiencing population declines due to other threats
(IUCN, 2022), it is important to assess the impact of future
climate scenarios on species distribution to optimize resources
for conservation.
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