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By the end of this century, human-induced climate change and habitat loss may 
drastically reduce biodiversity, with expected effects on many amphibian lineages. 
One of these effects is the shift in the geographic distributions of species when tracking 
suitable climates. Here, we  employ a macroecological approach to dynamically 
model geographic range shifts by coupling ecological niche models and eco-
evolutionary mechanisms, aiming to assess the probability of evolutionary rescue (i.e., 
rapid adaptation) and dispersal under climate change. Evolutionary models estimated 
the probability of population persistence by adapting to changes in the temperature 
influenced by precipitation in the following decades, while compensating the fitness 
reduction and maintaining viable populations in the new climates. In addition, 
we evaluated emerging patterns of species richness and turnover at the assemblage 
level. Our approach was able to identify which amphibian populations among 7,193 
species at the global scale could adapt to temperature changes or disperse into 
suitable regions in the future. Without evolutionary adaptation and dispersal, 47.7% 
of the species could go extinct until the year 2,100, whereas adding both processes 
will slightly decrease this extinction rate to 36.5%. Although adaptation to climate is 
possible for populations in about 25.7% of species, evolutionary rescue is the only 
possibility to avoid extinction in 4.2% of them. Dispersal will allow geographic range 
shifts for 49.7% of species, but only 6.5% may avoid extinction by reaching climatically 
suitable environments. This reconfiguration of species distributions and their 
persistence creates new assemblage-level patterns at the local scale. Temporal beta-
diversity across the globe showed relatively low levels of species turnover, mainly due 
to the loss of species. Despite limitations with obtaining data, our approach provides 
more realistic assessments of species responses to ongoing climate changes. It shows 
that, although dispersal and evolutionary rescue may attenuate species losses, they 
are not enough to avoid a significant reduction of species’ geographic ranges in the 
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future. Actions that guarantee a higher potential of adaptation (e.g., genetic diversity 
through larger population sizes) and increased connectivity for species dispersion to 
track suitable climates become essential, increasing the resilience of biodiversity to 
climate change.
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eco-evolutionary models, dispersal, thermal tolerance, macroecology, extinction

1. Introduction

Rapid changes in global biodiversity are underway and are expected 
to intensify due to anthropogenic climate change and habitat loss 
(Nicholson et al., 2021; Trew and Maclean, 2021). When considering 
species at broad spatial scales and looking from a macroecological 
perspective, these changes induce shifts, expansions or contractions in 
their geographic ranges as they track suitable environments. As an 
emergent result, biodiversity patterns are changing (Gaston and 
Blackburn, 2000; Chen et al., 2011; Vilela et al., 2018).

In this context, amphibians are expected to be the first vertebrate 
clade to experience mass extinction (Hof et al., 2011; Ceballos et al., 
2020). Approximately 50% of all amphibian populations are presumed 
to be declining or threatened with extinction at some level (Alroy, 2015; 
Duan et  al., 2016), and climate change alone will likely cause the 
extinction of about 40% of amphibian species still within this century 
(Hof et al., 2011; but see Manes and Vale, 2022). In general, tropical 
species with a small distribution are considered the most susceptible to 
extinction (Gibbons et al., 2000; Thomas et al., 2004; Foden et al., 2013; 
Manes et al., 2021). This global extinction crisis has challenged scientists 
worldwide (Stuart et al., 2004; Beebee and Griffiths, 2005; Collins and 
Crump, 2009). More than ever, it is important to detect and anticipate 
changes and prevent accelerated population decline and eventual 
extinction (Ceballos et al., 2020).

A widely used tool in biodiversity studies under climate change is 
species distribution models (SDMs) (e.g., Franklin, 2010; Peterson et al., 
2011; Guisan et al., 2017; Araújo et al., 2019; Manes et al., 2021). Species 
distribution models and related models rely on associations between 
species occurrences and environmental variables (usually climatic). 
These models estimate the distributional area with the environmental 
conditions that maintain viable populations (Soberón et  al., 2007; 
Colwell and Rangel, 2009; Araújo and Peterson, 2012; Pinto-Ledezma 
and Cavender-Bares, 2020). Although SDMs have been widely used in 
macroecological analyses, some of their assumptions – unlimited 
dispersal to suitable areas and niche conservatism (Araújo and Pearson, 
2005) – are hardly met. Thus, long-term predictions of species’ responses 
to climate change may be compromised (Araújo and Peterson, 2012). 
So, a more refined evaluation of species’ responses to climate change 
based on the integration of environmental variables, eco-physiological 
processes (Araújo et  al., 2019; Tourinho et  al., 2021), and other 
population-level processes (e.g., climatic adaptation and dispersal) are 
essential for a better assessment of the species ability to cope with future 
threats (Kearney and Porter, 2009; Lavergne et al., 2010; Norberg et al., 
2012; Tourinho and Vale, 2022).

Dispersal limitation and physiological (or behavioral) vulnerability 
to climate change can impact species’ ability to access suitable areas that 
are even geographically close (Rossetto et al., 2008; Engler et al., 2009; 
Pinto and MacDougall, 2010; Caplat et al., 2016). On the other hand, 

populations with sufficient genetic diversity may have the evolutionary 
potential to adapt to environmental changes and allow species 
persistence if climatic tolerance evolves faster than climate changes 
(Urban et al., 2012, 2013; Quintero and Wiens, 2013). Expanding the 
core idea of SDMs (i.e., using climatic variables and species occurrences 
to estimate suitability), by incorporating eco-evolutionary processes at 
population-level, may be a valuable improvement in understanding the 
potential impact of climate change on genetic diversity and adaptive 
potential (Lavergne et al., 2010). This understanding will help us to 
predict how populations will face the rapid global changes relatively to 
evolutionary history of lineages (Corn, 2005; Duan et al., 2016), and 
develop more effective conservation actions to protect biodiversity at 
different organization levels—from genes to populations to species 
(Mendelson et al., 2006; Schwartz et al., 2007).

Here, we  aim to predict the impacts of climate change on the 
geographic distributions (hereafter ranges) of 7,193 amphibian species 
worldwide. We  used a macroecological approach to investigate the 
potential for evolutionary rescue by applying models for rapid adaptive 
response to environmental change in a spatially- explicit context, based 
on a set of parameters of life-history and quantitative genetics (Diniz-
Filho et al., 2019). We assess the probabilities of adaptation in some 
locations and dispersal of species’ populations under future climate 
changes in their ranges’ trailing edge – i.e., regions no longer suitable for 
the species assuming niche conservatism — and their leading edge – i.e., 
new suitable regions reached via dispersal—while also allowing for 
spatially-explicit dispersal constraints. Our objective is to show how 
these processes would change the species’ ranges and rearrange the 
patterns of species richness and temporal turnover across the world. 
We expect that, when we include the adaptive potential of species and 
their ability to disperse to verify the future distribution of species, range 
loss damage may be less than expected with future climate changes, 
given the rapid evolution of some species in response to these changes.

2. Methods

Our analyses considered the extent of occurrence (i.e., range maps) 
of 7,193 species of amphibians of the world as obtained from IUCN in 
2021,1 which matched the most complete species-level phylogeny (Jetz 
and Alexander, 2018). We overlaid species ranges in a global grid of 1 
degree of latitude and longitude and generated a presence-absence 
matrix of the species (PAM) using the letsR package (Vilela and 
Villalobos, 2015). For the analyses, we used the current (1950–2000) and 
future (2080–2100, RCP6.0) conditions of the Mean Temperature of 

1 https://www.iucnredlist.org/resources/spatial-data-download
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Wettest Quarter (Bio8) in the community climate system model 
(CCSM) recorded in the same grid (Lima-Ribeiro et al., 2015).

The framework proposed here (Figure 1) defines a simple initial 
bioclimatic envelope using Bio8 obtained from geographic ranges but 
adding dispersal limitation (explained below) and adaptive potential. 
For the adaptation, we  used a macroecological approach with 
eco-evolutionary modeling based on quantitative genetics to predict the 
adaptive response of phenotypic traits for thermal tolerance to 
environmental change (see Diniz-Filho et  al., 2019 for a recent 
discussion). Our macroecological evaluation focuses primarily on using 
Bio8 because it represents a critical dimension of the species’ niche, i.e., 
the thermal condition during the breeding season. As such, it can 
be treated as a ‘target’ response variable for quantitative genetic analyses 
of niche evolution (Skelly et al., 2007; Bush et al., 2016). Additional 
environmental variables (e.g., humidity-related variables) can also 
impact the biology of amphibian species and their responses to 
environmental change. So, although we deal with univariate analysis, 
we included the influence of change precipitation of the wettest quarter 
(Bio16) in the calculation of haldanes (explained below).

In addition, previous studies showed evidence of the effect of 
increasing the intensity of climate change on the potential of adaptation 
(see Diniz-Filho et al., 2019; Souza et al., 2019). Thus, all analyses for the 
future species’ ranges for 2080–2100 were performed under the 
alternative emission scenario RCP6.0 as it represents a more conservative 
climatic scenario. The increase of global mean surface temperature 

projected under the RCP6.0 scenario is in mean 2.2°C (1.4°C to 3.1°C) 
by the end of this century relative to 1986–2005 (IPCC, 2014), which is 
considered the most likely future (Capellán-Pérez et al., 2016; Ritchie 
and Dowlatabadi, 2017). Moreover, given the linear association between 
climatic scenarios and the relative short time-frame considered here, 
we expect a minimum impact of different climatic scenarios on the 
adaptive potential of amphibian species. We  examined the match 
between the scenarios using Spearman rank correlations (ρ). Indeed, 
Bio8 under the RCP6.0 scenario is highly correlated with the scenarios 
RCP2.6 (ρ = 0.946) and RCP8.5 (ρ = 0.960), thus we can conclude that 
our estimations are not compromised by the effect of different 
climatic scenarios.

2.1. Exposure to climate change: Stable and 
trailing edge regions

We used the Bio8 current conditions and identified the amplitude 
(minimum and maximum limits) to which each species is currently 
exposed within its range, and assuming a normal distribution, defined 
the tolerance as 95% of this amplitude. First, we identified cells within 
the species range where the future amplitudes of temperature are 
expected to be the same, thus defining the climate stability area. Then, 
we  delimited areas within species’ ranges where future climate 
conditions will probably exceed the climate conditions currently 
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FIGURE 1

(A) Creation of the presence and absence matrix in the present from the range polygons of each amphibian species using the lets.presab function from the 
letsR package. (B) We performed the analysis at the population level. For that, each species’ range was split into populations of 4 or fewer cells. For 
example, a species with a range of 20 cells is divided into five populations of four cells (PAM_sp1). Species with <4 cells were supposed to have a single 
population. (C) Calculation of the attributes of species and their populations (Biome, Altitude, Bio8). (D) Dispersion in the Present to the immediate 
neighborhood, with probabilistic occupation, considering the limits of the Biome, altitude, and climate. (E) Exposure of populations to future climate, 
considering the maintenance of populations that remain within the 95% tolerance range of the climatic limits of the species. (F) Definition of climate 
futures, with the separation of climatic regions (stable region, leading-edge, and trailing edge). Leading Edge is the dispersal region for accessible areas in 
the future. Trailing-edge is the range area in the present that is not suitable for the species in the future. In this region, the adaptive potential of the species 
is tested. (G) Unification of populations into a PAM of species in the future. (H) Verification of changes in species diversity (richness and temporal beta).
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experienced by the species, which was designated as “critically exposed” 
and define the trailing edge of the species (following Ribeiro et al., 2016).

2.2. Adaptive potential in trailing edge 
populations

We assessed the species’ adaptive potential at the population level 
(for a schematic view of evaluating adaptive potential in the trailing edge 
of a species under climate change, see Figure 5 in Diniz-Filho et al., 
2019). Here, we consider a “population” a region with up to four cells. 
We  assumed that these populations are locally adapted to the 
environmental conditions (mean climatic condition of four cells in the 
analyzed region) and will track local environmental changes 
independently (Cotto et al., 2017). We calculated the evolutionary rate 
of temperature in haldanes (H) of each population based on the amount 
of temperature shift between current and future climates:

 

0 −
σ=

TY Y

H
g

The haldane (H) measures the rate of evolutionary change 
expected for the thermal tolerance required to maintain each 
population in the future. This measure is expressed in units of 
standard deviations (σ) per generation (Gingerich, 2001; Kopp and 
Matuszewski, 2014). We defined the numerator of H as Y0 - Yt, i.e., the 
difference in the mean temperatures of wettest quarter (Bio8) in the 
present and future for each population. For the denominator (g), 
we estimated the phenotypic variability for the climatic tolerance of 
the species by the Bio8 standard deviation over the species range in 
the present. We included the influence of change precipitation of the 
wettest quarter (Bio16) in the calculation of haldanes. Only for areas 
with lower precipitation in the future (p0 > pt) the variance (σ) is 
reduced by (1 + (pt  –  p0)/pt), thus expressing a linear decrease in 
phenotypic variability due to the interaction between temperature 
and precipitation.

For species (N = 2,680, 37.3%) that occur in only one cell, 
we  estimated the standard deviations (sd) using phylogenetic 
imputation (Swenson and Weiser, 2014) using the R package ‘phytools’. 
The Ornstein-Uhlenbeck (OU) model has been used to assess the 
relative importance of genetic drift and selection in phenotypic trait 
evolution across species (Bartoszek et al., 2017). Thus the OU model 
was fitted to the logarithm of mean temperature of wettest quarter 
(Bio8) standard deviations for 2028 species with relatively large 
geographic ranges (i.e., more than ten cells). We, also, identified 
evolutionary shifts, for each variable, across the phylogeny using the 
function ‘estimate_shift_configuration’ of the ‘l1ou’ package 
(Khabbazian et  al., 2016) with a univariate OU model. We  set the 
maximum number of shifts as 30. We imputed missing values according 
to the estimated optimum for the species’ evolutionary regime and 
transformed back to the sd scale. All comparative analyses were based 
on the phylogenetic relationship of amphibians as the consensus 
phylogeny published by Jetz and Alexander (2018).

We also defined an adjustment of the sd in the populations of the 
large-ranged species based on the proportion of variation among 
populations and total genetic variation given by Wright’s F statistics, 
reducing the species’ variance in Bio8 by multiplying by 1 – FST and 

recalculating sd within each population. There is no broad-scale synthesis 
of F statistics on amphibian populations, so we based our values of F 
statistics on a literature search and found 372 studies (provided in the 
Supplemental Information) that defined FST values for different amphibian 
species and populations. Based on these studies, we modeled the FST as a 
function of geographic range size and body size using a phylogenetic 
generalized least squares (PGLS), also based on Jetz and Alexander (2018) 
consensus phylogeny, with caper package (Orme et al., 2013), using the λ 
parameter to increase model fit. We then obtained estimates of FST for all 
species in our dataset and corrected sd values accordingly. Data for body 
size were obtained from the AmphiBIO database (Oliveira et al., 2017).

We defined the generation time as the minimum age of sexual 
maturity for amphibians, ranging from 0.25 to 12 years (mean = 2.96), 
according to the AmphiBio database (Oliveira et al., 2017). Therefore, 
for the period between 1999 and 2100, we considered 100 years or 33 
generations. To account for the uncertainty in the number of 
generations, we simulated a distribution of the number of generations 
for each species by sampling 1,000 values from a uniform random 
distribution ranging from 30 to 50 generations.

We compared H with the Maximum Sustainable Evolutionary Rate 
of the species incorporating phenotypic plasticity (MSERp) for each 
population (i.e., Chevin et  al., 2010; Kopp and Matuszewski, 2014; 
Diniz-Filho et al., 2019; Souza et al., 2019). The MSERp gives the rate at 
which adaptation to moving optimum has to occur to compensate for 
the reduction in fitness because of environmental shifts and thus 
maintain a positive population growth rate (and consequently permit 
species or populations to avoid extinction) considering the phenotypic 
plasticity. The MSERp is given by:

 

( ) 2 2

2 2
2 log

=
−+

P
hMSER
B bT

λ σ
ω σ

where λ is the maximum rate of population increase in the adaptive 
optimum, σ2 is the phenotypic variance, ω2 is the fitness landscape and 
h2, theheritability of the trait. B is the rate of environmental change, b is 
a parameter controlling phenotypic plasticity (i.e., how much of the total 
response is due to plasticity relative to the overall change), and T is the 
generation length. Thus, we used values of λ ranging from 1.1 to 1.25, 
corresponding to maximum intrinsic growth rates, σ2 is defined by sd2. 
We defined ω2 = 50 σ2 for each species, so modeling the process as due 
to weak selection and more or less corresponding to a fitness reduction 
of 20% if the temperature is at 2.5 standard deviations of the peak. This 
value of ω2 generates a function in which there is a reduction in fitness 
of about 50% at three standard deviations from the optimum, which is 
roughly coherent with the thermal curves from Anderson and Andrade 
(2017). Although more studies are certainly required, it is indeed 
expected that values of heritability h2 are usually low for temperature 
tolerance, and here we used values randomly sampled from 0.2 and 0.4 
(see Cotto et al., 2017; Diamond, 2017). We set B ranging from 1.1 to 
1.25, and b is thus the proportion of variance related to the expected rate 
of environmental change of the species (i.e., the variance of tolerance).

We set a limit for b to range from 0 to 0.25. However, results for 
MSERp should be interpreted with caution, as the increasing b would 
allow a much more optimistic scenario in terms of evolutionary rescue. 
As we lack accurate estimates of genetic and demographic parameters 
for all amphibians, we used intervals of these parameters to approximate 
the distribution of MSERp (by randomly sampling 1,000 times, see 
Table 1 to see the ranges for each parameter). Thus, we evaluated the 
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potential of the evolutionary rescue of the populations, assuming that if 
H < MSERp in more than 95% of the simulations, that population would 
be rescued. In contrast, local extinctions would happen if H < MSERp in 
<5% of the simulations.

2.3. Leading edge - expansion by dispersion

We defined the leading edge of each species by allowing dispersal to 
neighboring cells with adequate temperature conditions (Bio8), similar 
elevation, and within the same biomes (i.e., see Olson et al., 2001 for 
definition) as currently occupied by the species. As a constraint in this 
process, the species can expand their total geographic range up to a 
number of cells equal to the original range size. In other words, dispersal 
is more likely to happen in cells that are more similar to the population’s 
environmental conditions. This analysis assumed dispersal toward 
regions where the species is already adapted (i.e., within the current 
species’ tolerance) and that are physically accessible.

2.4. Range size, richness and turnover

We estimated the proportion of change in the species’ geographic 
range size (gain or loss). Then, we verified whether this change differs 
between two groups of the species; Threatened (Critically Endangered - 
CR, Endangered - EN and Vulnerable - VU) and Not Threatened (Near 
Threatened - NT, Least Concern - LC) (IUCN, 2021) using the t-test. 
We compared the observed t value between the two groups with the 
distribution of sampled t values, dividing the range changes randomly 
between two groups of the same size as the original groups. For the 
species DD and NE, we calculate their change in range size and assess 
whether in the future they will be extinct, threatened, or not threatened. 
We also tested the phylogenetic signal of geographic range loss using 
Blomberg’sK statistics (Blomberg et al., 2003) with phylosig function of 
the phytools package (Revell, 2011).

We generated a map of amphibian richness in the future, detecting 
areas of loss and gain in species richness under the alternative scenarios 
defined for each species’ trailing and leading edges. To this end, 
we assume that (1) the species remain in their suitable environments 
within the temperature range in which they already exist, keeping thus 
the stable region for temperature only; (2) species can disperse, with 
some restrictions, to new favorable regions, gaining new areas and 
forming the leading edge; (3) populations can adapt to new conditions 

through the evolutionary process of rescue on the trailing edge 
(Valladares et al., 2014; King et al., 2018); (4) populations on the trailing 
edge may not adapt, and the species loses range area; or yet (5) no 
population adapts, and the species may become extinct (Urban, 2015).

To evaluate the temporal change in community composition (beta 
diversity) from the current to the future, we calculated the Sørensen 
dissimilarity index for each cell in the grid (Koleff et al., 2003). Then, 
we partitioned beta-diversity into the two additive components (Baselga, 
2010), incorporating the true temporal turnover (i.e., without the 
influence of richness gradients; βsim) and richness difference (βnes) (see 
Almeida-Neto et al., 2012). In the context of the temporal variation of 
communities, these two components reflect (i) the replacement of some 
species by others over time (βsim) and (ii) the loss or gain of species over 
time (βnes). These analyses were performed using the betapart package 
(Baselga and David, 2012; Baselga et al., 2018) for R (R Core Team, 2018).

All analyses and simulations were performed in the R version 4.2.1 
software (R Core Team, 2018).

3. Results

From the present to the future, the range of 996 species (13.8%) 
remained the same (whether by stability, expansion, or adaptation; see 
Figure  2 and Table  2). When allowing for dispersal, 3,579 species 
(49.7%) showed range expansion. On the trailing edge, 1,846 species 
(25.7%) had a high probability of evolutionary rescue, with 4.2% of 
species persisting (i.e., avoiding extinction) exclusively due to 
adaptation. By incorporating dispersal toward the leading edge and 
evolutionary rescue in the trailing edge, our results showed a geographic 
range loss for 5,154 species (71.5%), the extinction of 2,625 species 
(36.5%), and a range increase for 783 species (10.8%). The species range 
patterns of gain or loss were not phylogenetically structured (Blomberg’s 
K = 0.0039; p = 0.961), indicating no evolutionary predisposition to 
range change. Of the 2,327 species considered threatened, 52% are 
expected to go extinct, while only 13.5% are expected to go extinct 
among the 3,456 species considered non-threatened, showing trends 

TABLE 1 Population and genetics parameters used in the eco-evolutionary 
model for evolutionary rescue and adaptation in amphibians of the world.

Parameter Symbol Range of 
values

The maximum rate of population increase 

in the adaptive optimum

λ 1.1–1.25

Heritability h2 0.2–0.4

Phenotypic variance σ2 sd*sd

Length of adaptive landscape (× vA) ω2 50 σ2

Generation length T 1.5–6

Rate of environmental change B 1.1–1.25

Phenotypic plasticity b 0–0.25

FIGURE 2

Changes in species’ range size in cell numbers, ranging from 540 
losses to 63 gains.
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significantly distinct (t = 18.418, p < 0.001). However, of the 1,410 
species with unassessed extinction risk, 60.5% are expected to go 
extinct, and 27.9% should be  threatened in the future (by IUCN 
criterion B1: geographic area equal to or <20000 km2, two cells in 
our case).

Although range expansion increased the species richness in an 
area of 19.3% of the global amphibian range, species richness 
generally decreased (Figure 3). The richness of the lower diversity 
areas tended to increase slightly due to range expansion. Conversely, 
richer areas can lose up to 60% of the species (Figure 4A). There is 
a wide variation in the proportion of gains and losses between 
places with similar species richness. Areas with currently fewer 
species tend to gain more richness than areas with currently high 
richness. The loss in a hotspot with 165 species can reach up to 95 
species (57.6%). Proportionately, the richest areas were the ones that 
lost the most species. In the future, in climatically stable regions 
(Figure  4B), the global change effect in amphibian richness will 
cause the extinction of 3,759 species (52.3%; see Table  1 and 
Figure  5A). When we  include dispersal alone (Figure  4C) or in 
association with the adaptation process (Figure 4D), the richness 
pattern is partially maintained, or the losses are partially lessened. 
In the scenario with both adaptation and dispersal (Figure 4D), the 
extinction is reduced to 2,625 species (36.5%). Although more 
species disperse than adapt, in relation to the spatial distribution of 
these mechanisms, the expansion was restricted to 44% of the 

amphibian domain (Figure  5B). In comparison, a potential for 
adaptation occurred in 85% of this area (Figure 5C). The estimated 
temporal beta diversity, in general, showed wide variation across the 
world (mean = 0.17, sd = 0.24). For the whole amphibian domain, 
39% of the area remained unchanged, with no dissimilarity between 
times (βsor = 0), mostly concentrated in the northern, temperate 
region (Figure 6). Only 3% of cells had their composition altered 
purely by turnover (βnes = 0), whereas richness difference is 
responsible for the composition change of 36% of the amphibian 
global domain (βsim = 0). The remaining 33% of the world’s 
amphibian domain will have their compositional change influenced 
simultaneously by turnover (βsim) and the richness difference 
(βnes). The patterns of beta diversity were almost entirely driven by 
differences of richness between current and future conditions 
(Figure 6C). Amphibian composition was more temporally stable 
(lower β diversity) in the northern hemisphere (mostly temperate) 
than in the southern hemisphere (mostly tropical).

4. Discussion

Our analyses evaluated the impact of climate change on the 
geographic distribution and resulting diversity patterns of amphibians 
worldwide, based on species’ traits (body size and range size) and their 
phylogenetic relationships as indicators of adaptive potential, while also 

TABLE 2 For amphibian species, range size and richness, in the present, future, and its climatic parts (stable region, leading-edge, and trailing edge).

Information Species Extinction Maximum range size* Maximum richness**
Current 7,193 - 2,247 181

Stable region 3,434 3,759 584 118

Leading-edge 3,579 - 140 77

Stable region and leading-edge 4,335 2,858 692 132

Populations rescue in trailing edge 1,846 - 1,658 53

Future** 4,568 2,625 2,098 146

To the rescue in the trailing edge assumes a probability >0.95. For the extinction, we assume a rescue probability of <0.05 at the trailing edge.  
*Cell number; **Stable region + Leading-edge + Populations rescue in trailing edge. **Per cell.

A B

FIGURE 3

(A) Relationship between current and future richness. Red dashed line (intercept = 0 and slope = 1). Green solid line (intercept = 0; richness = 0.615). (B) change 
in richness with losses and gains in number of species.
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considering climate stability, species’ dispersal capacity, and the 
possibility of genetic adaptation (including the effects of phenotypic 
plasticity) for their maintenance at the population level. In doing so, 
we  demonstrated how climate change may affect amphibian global 
distribution and diversity.

According to our findings, for nearly half of the species, 
persistence would only be  possible through adapting to the new 

environmental conditions or dispersing to new areas. On the trailing-
edge scenario – under environmental stress – adaptive processes can 
trigger the evolutionary rescue of populations and thus minimize 
species’ extinction risk (Visser, 2008; Bell and Gonzalez, 2009; Bell, 
2013, 2017; Gonzalez et al., 2013; Lindsey et al., 2013; Carlson et al., 
2014; Diniz-Filho et al., 2019; Souza et al., 2019). Only one-fourth of 
species showed adaptive potential and some possibility of evolutionary 

A

B

C

D

FIGURE 4

Global amphibian diversity pattern (A) Current species richness (max. 181 spp. per pixel); (B) Stable region (max. 118 ssp.); (C) Stable region and leading-
edge, max 132; and (D) Future species richness with a range of expansion and evolutionary rescue, max 146.
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rescue. So, the changes in temperature within the current species 
ranges under the CCSM RCP6.0 emission scenario was too high to 
allow for short-term adaptation for most species. It could be expected 
that, under scenarios of lower global temperature rise (e.g., below 
1.5°C in the case of RCP2.6) the potential for evolutionary rescue 
would be higher (and more species could avoid extinction). However, 
previous studies showed that the probability of rescue was similar 
between the climatic scenarios (Souza et al., 2019), so the intermediate 
scenario RCP6.0 (i.e., global warming likely exceeding 2°C) is 
representative of the potential impacts of climate change on 
amphibian distribution, in addiction of being considered the most 
plausible scenario for global warming throughout this century 
(Capellán-Pérez et  al., 2016; Ritchie and Dowlatabadi, 2017; 

Hausfather and Peters, 2020). Despite this, even for a few species, 
these adaptive responses to the new environmental conditions 
represent niche evolution, thus reinforcing the importance of not 
assuming niche conservatism in short periods of time. These findings 
are consistent with other studies on evolutionary rescue, which also 
points to the evolution of the niche (Carlson et al., 2014; Bush et al., 
2016; Diniz-Filho et  al., 2019). Moreover, it is essential to pay 
attention to the regions where evolutionary rescue is unlikely – i.e., 
areas where extinction risk is high (Figure 5A) – and where rescue is 
the only possibility for population persistence (Figure  5B) and 
species survival.

Our macroecological approach represents one of the first 
evaluations of global patterns of species’ geographic range shifts 

A

B

C

FIGURE 5

Global pattern of (A) loss of species richness, (B) dispersal and (C) adaptation.
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considering the potential evolutionary rescue and dispersal front of 
the threats posed by climate change. We hope that more specifics 
future work with species distribution modeling and delimitation of 
priority areas for conservation include eco-evolutionary models in 
their evaluations, and focus on sites where species possibly contain 
enough genetic variability to sustain and progress, even under 
anthropogenic pressure. This is of course not an easy task, as it 
requires obtaining more data for a more representative sample of 
species, providing a better estimate of several parameters to feed 
integrative models in population and quantitative genetics and 
ecophysiology (Diniz-Filho et  al., 2019; Souza et  al., 2019). It is 
important to point out that the ecological significance of these results 
depends on several assumptions about the way haldanes and MSER 

are calculated. Here, we  opt for the univariate analysis for the 
adaptation of amphibians to climate change based on Diniz-Filho 
et al. (2019), which found similar results in univariate and multivariate 
analysis for the adaptation of amphibians to climate change. In 
addition, we  consider the univariate model to simplify the first 
application of this method, as described in the methods section. But 
we emphasize that there is potential for using multivariate analyses 
(Chevin et al., 2010). However, using multivariate approaches might 
increase the uncertainty in the estimations, mostly because it requires 
the input of many more parameters, making it difficult to interpret 
the events (Blows, 2007). Therefore, we must view these multivariate 
applications with caution. Moreover, future studies must consider 
sensitivity analyses to tease apart the specific and combinatory effects 

A

B

C

FIGURE 6

Temporal beta. Performance of (A) turnover - βsim, (B) nestedness - βsne and (C) dissimilarity - βsor, with βsim and βsne varying between βsor and 0. All 
variables are mutually dependent as βsor = βsim + βsne.
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of different environmental variables on population growth and 
maintenance of species in space and time. In this study, we focused 
on testing the effect of the mean temperature of the wettest quarter 
(Bio8) under the scenario RCP6.0, as it is the most likely to happen 
in the future (Capellán-Pérez et al., 2016; Ritchie and Dowlatabadi, 
2017). We must warn that in case of the scenario get worse due to the 
energy crisis, the impacts on amphibians will be  even more 
catastrophic (see Diniz-Filho et al., 2019; Souza et al., 2019). Thus, the 
effects of microhabitats (and microclimates) are essential as a buffer 
against the environmental effects of global warming (Enriquez-
Urzelai et al., 2020). However, these effects will occur throughout the 
species’ ranges, and analyzing them would require an entirely different 
perspective in other scales of geographic range. Even without using a 
multivariate model, we do not rule out the interaction of variables. In 
fact, the inclusion of the precipitation of the wettest quarter (Bio16) 
in the calculation of haldanes improved our model prediction. 
Nonetheless, with future changes in the precipitation regimes, the 
likelihood of extinction may be overestimated, especially in areas 
where the future will be wetter than the present. Conversely, in areas 
with future decreases in precipitation (worst-case scenario), 
extinction rates should be estimated more accurately. Thus, we may 
be alarmist in areas with increased rainfall in the future.The ability to 
disperse and track changing climatic conditions can be  directly 
related to a species’ degree of climatic equilibrium (Araújo and 
Pearson, 2005). Amphibians are usually not in equilibrium with the 
current climate (occupying an average of 30 to 57% of their potential 
distributions, see Munguía et al., 2012). Here, we found that dispersal 
is likely for 46% of the amphibian species, with some species not 
having new adjacent areas with favorable conditions to move (Araújo 
and Pearson, 2005). For the other species with climatic conditions 
that allow dispersal, one should still be cautious as our results are 
based on data at a coarse resolution and a broad spatial scale. For 
example, dispersal may be overestimated for species with small range 
sizes, which in our study, tend to gain proportionally more area by 
dispersal. In addition, displacement and accessibility could be even 
more restricted if we consider anthropogenic changes in the landscape 
on a smaller scale with geographic barriers to dispersal, further 
limiting species’ range expansion (García-Rodríguez et al., 2021). The 
expansion of human populations, transportation routes (e.g., 
highways, canals, railroads) and agricultural areas will inevitably 
continue to reduce and fragment natural areas. This degradation, 
destruction, and fragmentation limit the availability of favorable 
habitats to natural species, reducing the populations size and making 
it difficult to disperse to new habitats, severely increasing extinction 
risk (Haddad et  al., 2015). Environmental constraints can trigger 
adaptations for more efficient dispersal or related to other 
non-selective climate factors, such as those due to new biotic 
interactions, as already assessed for invasive species (e.g., 
Broennimann et al., 2007; Villemant et al., 2011). At the same time, 
our analyses are likely underestimating the dispersal distance (100 km 
in 100 years), for some species that can disperse much faster than 
we suggested. A classic example from biological invasion literature is 
precisely an amphibian, Rhinella marina. This South American 
species is invasive in Australia, where it has evolved its ability to 
disperse from 10 km per year in the 1940s to 50 km per year in the 
2000s (Phillips et al., 2006). Although range expansion may seem a 
positive answer, gambling on species conservation through dispersal 
may be misplaced. When occupying new areas, species can take part 
in new interspecific biotic interactions, including positive (mutualist, 

resources) and negative ones (competitive, predation, vectors for 
parasites or pathogens). The negative interactions can accelerate the 
range reduction and extinction of some species (Jones and 
Gomulkiewicz, 2012).

Our results corroborate the species extinction risk alert for 
amphibians (IUCN, 2021), that predicts that at least 52% of the species 
to be at a high risk of extinction by the end of this century. In addition, 
under the IUCN’s restricted distribution criterion, of the amphibian 
species unassessed in IUCN red list (DD and NE) over 60.6% will likely 
go be  extinct and 27.9% should will be  threatened in the future. 
Temporal variation in diversity patterns may result from abrupt changes 
such as the current global climate change (Legendre, 2019). In this study, 
the difference in species composition was driven by both species 
turnover (βsim) and the change in species richness (βnes), with the 
former accounting for the higher temporal dissimilarity. Spatial turnover 
implies the replacement of some species by others, here, as a consequence 
of dispersal. Widespread throughout the overall amphibian domain, the 
richness difference (βnes) occurred when the future biota are subsets of 
the present biota, reflecting the process of loss or gain of species due to 
climate change (Gaston and Blackburn, 2000; Baselga, 2010).

This study advances earlier attempts to incorporate evolutionary 
rescue in macroecological analyses (Diniz-Filho et al., 2019; Diniz-Filho 
and Bini, 2019; Souza et al., 2019), applied to Amphibia, a speciose, 
genetically and ecologically diverse group (Zurell et al., 2020; Taheri 
et al., 2021). Although we found adaptive potential in some amphibian 
populations, for most species this ability is not enough to deal with 
climate change in such a short time. However, detecting this potential 
and the geographical distribution of these populations gives us valuable 
tool to deal with the process of species extinction Although various 
sources of uncertainty are explicitly incorporated into our estimates of 
future species distribution, we need more studies at finer scales with 
high-quality data toproduce results that are relevant for policy makers 
and practitioners at the local and regional scale where conservation 
management takes place. In addition, the generality of our results need 
to be  evaluated across other taxa and dimensions of diversity (e.g., 
ectothermic animals, functional and phylogenetic diversity). The 
phenotypic characterization of species using quantitative genetics using 
variables that captures distinct physiological processes driving species’ 
responses to climate change, as well as accurate information of dispersal 
capacity, is essential to achieve reliable ecological results for the 
systematic planning of biodiversity conservation.
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