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HIGHLIGHTS

® Thermal mismatch can increase sus-
ceptibility of tropical amphibians to
chytridiomycosis.

® Cold- and warm-adapted amphibian

hosts had a higher risk of infection

under abnormally warm and cool

conditions, respectively.

Overall, cool-adapted frogs displayed

a greater risk of disease regardless of

temperature.
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ABSTRACT

Theory predicts that susceptibility to disease in ectothermic hosts increases as temperatures depart from
host’s thermal optima, because pathogens have functionally broader thermal tolerance ranges and accli-
mate faster than hosts to shifts in temperature. Hence, hosts adapted to cooler and warmer climates
should be at greater risk of infection under abnormally warm and cool conditions, respectively. Batra-
chochytrium dendrobatidis (Bd) is a chytrid fungus that affects amphibians worldwide. In Brazil’s Atlantic
Forest, Bd outbreaks have been linked to numerous declines in amphibian populations, particularly in
cooler high elevation areas. Thus, we hypothesize that years with abnormally warm temperatures could
shift the balance in favor of the pathogen, thereby driving the historical declines. We also hypothesize
that warm-adapted amphibians from lowland sites could experience elevated Bd infection risk during
abnormally cold years. To test whether thermal mismatch (elevation vs. temperature anomaly) drove
shifts in Bd prevalence through time we compiled a comprehensive database spanning 50 years, gathered
across an elevational gradient within the Atlantic Forest. In agreement with our predictions, cool-adapted
hosts had higher Bd prevalence when temperatures were higher than historical averages. In parallel, Bd
prevalence in warm-adapted hosts was higher in colder-than-average years, although frogs from higher
elevations exhibited an overall higher risk of disease due to disproportionally high infection prevalence.
Our study links the thermal mismatch hypothesis with historical shifts in Bd prevalence in Brazilian frogs,
indicating that Bd infections, modulated by climate change, may continue to have a negative impact on
Neotropical amphibians.
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Introduction

The synergistic effects of anthropogenic climate change and
emerging infectious diseases threaten biodiversity and human
health (Daszak et al., 2000; Pecl et al., 2017). Besides influencing
mean global temperature and precipitation patterns, human inter-
ference is also increasing the variability of these factors (Cai et al.,
2014; Easterling et al., 2000; Schdr et al., 2004), leading to a less
predictable climate. Increased climatic anomalies may be one of
the main causes of disease outbreaks globally (Cohen et al., 2020,
2019a; Rohr and Raffel, 2010) due to the strong link between cli-
mate and host-pathogen dynamics (Altizer et al., 2013; Harvell
et al., 2002). However, despite mounting evidence supporting a
strong link between climatic anomalies and disease outbreaks in
wildlife, few studies have investigated the mechanisms via which
such links might shape host-pathogen dynamics (see Cohen et al.,
2017; Rohr and Raffel, 2010).

Host-pathogen dynamics can be especially affected by climate
extremes in systems involving ectothermic hosts. Ectotherms have
a limited capacity to produce metabolic heat and generally depend
on external heat sources to maintain their body temperature
(Seebacher et al., 2015). Fluctuations in temperature can thus push
these animals closer to their thermal limits, negatively affect-
ing their natural behavior and physiological processes (Angilletta,
2009; Huey and Steverson, 1979). Thus, understanding the dynam-
ics between ectothermic hosts and pathogens presents an ideal
system for assessing the impact of climate change on disease out-
breaks.

Several mechanisms have been proposed to explain how anthro-
pogenic climate change could influence disease dynamics in
ectothermic hosts. Recently, Cohen et al. (2017) proposed the ther-
mal mismatch hypothesis, which states that host susceptibility
to a pathogen increases as temperatures depart from host’s ther-
mal optima. For instance, the hypothesis predicts that ectothermic
hosts adapted to cooler temperatures can experience the great-
est susceptibility to pathogen infection in warmer climates and
vice-versa (Cohen et al., 2017). The thermal mismatch hypothesis
is based on the assumptions that hosts and pathogens are locally
adapted, that cool- or warm-adapted hosts and parasites occur
near their thermal limits of performance, and that pathogens, being
smaller and having a much faster life cycle than their hosts, have
broader thermal tolerances and are equipped to adapt or acclimate
to new environmental conditions much faster than hosts (Carvalho
et al., 2017; Raffel et al., 2006; Rohr et al., 2018). Thus, consider-
ing that a pathogen can maintain high performance over a wider
range of temperatures compared to the host, disease outbreaks are
expected to occur at a temperature range that reduces host per-
formance while that of the pathogen remains relatively high. The
thermal mismatch hypothesis was first proposed and supported
using amphibians and their pathogenic fungus Batrachochytrium
dendrobatidis (Bd) as a study system (Cohen et al.,2017), and it was
later corroborated by multiple experiments and field studies using
diverse host-pathogen systems (Cohen et al., 2020, 2019a, 2019b;
Sauer et al., 2020, 2018). However, the applicability of the thermal
mismatch hypothesis to complex megadiverse tropical systems has
not been thoroughly tested, providing a significant opportunity to
improve its predictive capacity, particularly for highly endemic and
endangered species.

Amphibian population declines and extinctions caused by Bd
have beenreported globally (Fisher and Garner, 2020; Scheele et al.,
2019), but the majority of these declines were recorded in seem-
ingly pristine, high-elevation tropical regions (Carvalho et al.,2017;
Lips et al., 2008; Scheele et al., 2019). This pattern is potentially
due to a greater sensitivity to warming in amphibians at these
megadiverse sites (Cohen et al., 2019b), where temperatures are
generally constant (Brattstrom, 1968; Navas, 1996), and due to the
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narrow thermal breadths of endemic hosts adapted to mountain
tops (Deutsch et al., 2008; Rohr et al., 2018). Within Brazil’s Atlantic
Forest, known for its remarkable amphibian biodiversity (Toledo
etal, 2021), Bd outbreaks were observed more than a century after
the earliest Bd detection in the region (Rodriguez etal.,2014). These
outbreaks had a significant impact on multiple amphibian popula-
tions, particularly on those adapted to high elevations (Carvalho
etal, 2017; Toledo et al., 2023). Such epidemiological patterns led
us to hypothesize that climate variability could be an underlying
mechanism driving chytridiomycosis in Brazil.

Here, we tested the potential impact of thermal mismatch
by assessing the effect of the interaction between elevation and
temperature anomaly on Bd prevalence in amphibians from the
Brazilian Atlantic Forest. We compiled a 50-year time series
dataset of Bd presence/absence in museum-preserved amphib-
ians sampled across Atlantic forest sites with varying elevations
and temperatures. Considering the predictions of the thermal mis-
match hypothesis, we expected to detect the following patterns:
1) higher Bd prevalence in highland, cool-adapted host popula-
tions during warmer-than-average periods, and 2) the opposite
pattern for lowland (warm-adapted) host populations — higher Bd
prevalence during colder-than-average periods, after accounting
for other biotic and abiotic factors. Lastly, because most amphibian
declines in Brazil have occurred at high elevations (Carvalho et al.,
2017), and because amphibians are expected to experience less
thermal fluctuations at high elevations (Brattstrom, 1968; Cohen
et al., 2019b; Navas, 1996; also supported by our data), we pre-
dict to find a greater effect of thermal mismatch on cool-adapted
amphibians.

Materials and methods
Study region and Bd prevalence data

The Atlantic Forest can be divided into two divergent bioclimatic
regions, the Northern and Southern portions (NAF and SAF, respec-
tively), with Rio Doce as the biogeographic boundary between these
two regions (Carnaval et al., 2014; Oliveira-Filho and Fontes, 2000;
Thomé et al., 2014). Relative to the NAF region, the SAF region
(spanning from 19 to 32 degrees in latitude) exhibits several dis-
tinct features, including lower mean annual temperature, higher
volume of precipitation, and greater variation in elevation, ranging
from sea level to about 3,000 m (Carlucci et al., 2021; Grimm, 2003;
Lambertini et al., 2021; Lins-e-Silva et al., 2021). Distinct patterns
of Bd infection prevalence have been observed between these two
regions (Lambertini etal.,2021; Ruthsatz etal.,2020).In addition, in
an extensive sampling of museum-preserved specimens from the
Atlantic Forest that comprised an 85-year time frame (1930-2015),
Carvalho et al. (2017) determined that the majority of the historical
samples were from SAF. Hence, by integrating the SAF climatic and
topographical features with the Bd dataset, we were able to con-
duct a powerful fiatural experiment{Korner, 2007) testing whether
thermal mismatch could explain temporal patterns of Bd infection
prevalence. Our dataset comprised 17,616 museum-preserved tad-
poles collected between 1963 and 2013 and visually screened for
Bd (Carvalho et al., 2017).

Environmental data

We extracted historical monthly mean temperatures and total
rainfall data from the Hadley Climate Research Unit (Harris et al.,
2014), and elevation data from Bioclim (Fick and Hijmans, 2017).
To extract the data, we specified the georeferenced location where
eachtadpole was collected in the field, and used the function extract
from the raster package (Hijmans, 2014). Monthly climate and ele-
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vation data were available with a resolution of 2.5 min (~21 km?)
and 30s (1km?2), respectively. Using the historical monthly data
across the 50 years period, we calculated temperature and rainfall
anomalies for each year in our dataset by (1) averaging monthly
mean values of the immediate previous year (12 months prior to
sampling), and averaging monthly mean values from the preceding
50 years (600 months prior to sampling), and then (2) by subtract-
ing the historical mean (from the preceding 50 years) from the
annual mean of the year of interest.

Statistical analyses

To test our hypotheses, we aimed to determine the effect of
temperature anomaly and elevation, and their one-level interac-
tion, on Bd prevalence through time. We fit Generalized Linear
Mixed Effect Models (GLMMs) using a binomial error distribution
(link logit) and a covariance structure AR(1) to account for tem-
poral autocorrelations across years and seasons, and the models
were fit using the glmmTMB function and package (Brooks et al.,
2017) in R v. 4.0.2 (R Core Team, 2020). Thermal mismatch was
included in the model as an interaction term between elevation and
annual temperature anomaly across locations where amphibians
were collected. Elevation is a strong proxy for long-term climate
adaptation (Sternberg and Thomas, 2014) and is strongly corre-
lated with mean annual temperature in our dataset (r = -0.87),
while annual temperature anomaly captures temperature fluctu-
ations departing from historical averages (past five decades). We
used environmental variables at an annual time scale due to pre-
vious findings indicated that annual temperature variations are a
significant factor influencing chytridiomycosis dynamics in tropi-
cal amphibian communities (Rohr and Raffel, 2010). Additionally,
considering that certain species within our database may spend a
year or more in the tadpole stage, it was not possible to accurately
identify the exact time at which a tadpole became infected by Bd.

Given our predictions that highland, cold-adapted amphibians
would show higher Bd prevalence under warm years and that low-
land warm-adapted amphibians would show higher Bd prevalence
under cool periods, we predicted that the estimated coefficient
of bidirectional thermal mismatch interaction should be positive.
To control for the effects of latitude and rainfall anomaly, which
have been shown to influence Bd prevalence (Becker and Zamudio,
2011; Kriger et al., 2007; Moura-Campos et al., 2021; Ruggeri
et al.,, 2018), we included latitude (in absolute values) as a ran-
dom effect in the model and rainfall anomaly as a fixed effect.
In addition, latitude accounted for site effects, because all lati-
tude and longitude combinations represent a unique location in
our data. While we acknowledge that species identity can greatly
influence disease outcomes due to varying levels of susceptibility
to Bd, which is driven by a myriad of factors such as developmen-
tal mode and habitat use, accurately identifying the tadpoles from
our study to the species level posed a significant challenge, mainly
because this life-stage for a substantial fraction of the species in
the study region is either poorly known or have not been formally
described. Still, we directed our sampling efforts towards amphib-
ian species undergoing larval development, deliberately excluding
all terrestrial-breeding species with direct development that tend
to have less contact with waterborne Bd in the wild. This approach
was thus taken to further minimize the known influence of species
developmental mode on the likelihood of Bd detection (Mesquita
et al.,, 2017). Additionally, the high occurrence of endemic species
in high elevation regions of the SAF limits the ability to compare
the same species across different elevations (Toledo et al., 2021).
Hence, we did not include species as a random factor in our model.

We performed an automated model selection approach to test
the relative importance of each environmental variable and the
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interaction between elevation and temperature anomaly using the
dredge function of the MuMin package (Barton, 2020). This function
generates models using all combinations of variables, and ranks the
models based on the Akaike Information Criterion (AIC). We deter-
mined the variance inflation factors (VIF) among variables included
in the final model using the multicollinearity function through the
performance package (Liidecke et al., 2021). VIF values were lower
than 4 (Hair et al., 2010), ruling out cross-correlation as a poten-
tial bias in our analyses. Lastly, in support of our hypothesis that
high elevation frogs may be more susceptible to Bd due to thermal
mismatches arising from their historical exposure to lower thermal
variations compared to lowland amphibians, which is based on the
expectation that highland frogs should be less adapted to climatic
fluctuations (as indicated by Brattstrom, 1968; Cohen et al., 2019b;
Navas, 1996), we carried out a Fligner-Killeen test for homogeneity
of variances (fligner.test function). Specifically, we tested whether
the variance in mean temperature differed among our focal sam-
pling sites with contrasting low and high elevations. For this, we
used data from tadpoles collected from the 10th (centered on 20 m)
and 90th (centered on 1248 m) percentiles of the elevational gra-
dient.

The fit of the best model was assessed visually and statisti-
cally using a simulation-based approach in the package DHARMa
(Hartig, 2020). First, we used the function simulateResiduals to
create scaled residuals simulated from the best model (adjusted
for 1,000 simulations). Then, we performed Kolmogorov-Smirnov
(KS) dispersion and outlier tests to detect overall deviations from
the expected distribution using the function testResiduals. Lastly,
we tested whether the expected number of zeros based on our
fitted model differed from the number of observed zeros, using
the testZerolnflation function. The model was robust in all tests
(P>0.05), except for the KS test; although visually we were not able
to detect a strong deviation from predicted (Figure S1). Accord-
ing to the authors of DHARMa, achieving a perfect fit in a model
that includes a large sample size is unlikely (Hartig, 2020). Lastly,
to visually inspect our residuals, we generated partial residual
plots using the visreg function and package (Breheny and Burchett,
2017). This function isolates and displays the effects of focal vari-
ables while controlling for the effects of other factors included in
the statistical model.

Results

Our result showed that elevation (3 =0.0023; P< 0.01) and tem-
perature anomaly (8 = —0.5015; P< 0.01) are strong predictors
of Bd prevalence (Table 1- model with highest Akaike weight).
In addition, we also determined that the effect of temperature
anomaly on Bd prevalence was modulated by elevation as well,
as shown by the significant interaction between these two fac-
tors (3=0.0006; P< 0.01; Table 1; Fig. 1A). Our findings indicate
that Bd prevalence increased in highland cool-adapted hosts dur-
ing warmer years, while it also increased in lowland warm-adapted
hosts during cooler years. Furthermore, our result suggests that
highland cool-adapted hosts showed the highest levels of infection
prevalence regardless of temperature, with Bd prevalence almost
doubling during warmer-than normal years (Fig. 1A). Lastly, the
Fligner-Killeen test for homogeneity of variances determined that
host species at lower elevations in our study experienced greater
temperature variability (x2=71.236, df=1, P< 0.001). However,
based on model slopes, both lowland and highland amphibians
experienced comparable effects of thermal mismatch (Fig. 1A).

To verify the explanatory power of the full model men-
tioned above, we determined, using an automated model selection
method, that the best two (and most parsimonious) models
included the thermal mismatch term (elevation:annual tempera-
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Table 1

Parameter estimates of the Generalized Linear Mixed Model with the highest Akaike weight. The model accounted for temporal autocorrelations (AR1: year and seasons)
to test the effects of environmental variables on Batrachochytrium dendrobatidis prevalence. Parameter estimates are on the logit scale, and can be back-transformed as
e*/(1+eX). Variance Inflation Factors (VIF) are also included.

Predictors Estimate Std. Error P VIF
Intercept —7.2826 1.3604 <0.01

Elevation 0.0023 0.0006 <0.01 1.48
Annual temperature anomaly —0.5015 0.1925 <0.01 293
Elevation:Annual temperature anomaly 0.0006 0.0001 <0.01 3.06

Latitude: Variance = 12.336; Times series (across years): Variance = 4.045, Corr(ar1)=0.91; Times series (across seasons): Variance =0.635, Corr(ar1)=0.13; N=17,616.

T
-50.0 -40.0
A

-10.01

Bd prevalence (log odds ratio)

-4 -2 0 2 4
Annual temperature anomaly (°C)

Elevation (m)
. High: 3000 A
Low: 0

0 250 500 km

-30.0

Fig. 1. (A) Estimated relationship between thermal mismatch (significant interaction term: ‘elevation:annual temperature anomaly’) and pathogen prevalence. Partial
residual plot of Batrachochytrium dendrobatidis (Bd) prevalence showing the estimates from the Generalized Linear Mixed Model with the highest Akaike weight. The
color red represents lowland warm-adapted hosts (10th percentile elevation centered on 20 m) and blue represents highland cool-adapted hosts (90th percentile elevation
centered on 1248 m). Points represent individual hosts screened for Bd, and shading shows 95 % confidence interval. (B) Geographical distribution of Bd-positive (purple
triangles) and Bd-negative tadpoles (white dots) collected between 1963 and 2013 in the Southern Atlantic Forest.

ture anomaly; Table 2). The top-ranked model included, in addition in the top-ranked model, we ran an alternative model excluding
to the interactive effect between elevation and annual tempera- ‘seasons’ and determined that the effect of rainfall anomaly was
ture anomaly, the effect of each of these variables alone, while likely diluted when we incorporated the former as a covariance
the second-best model also included the effect of rainfall anomaly structure AR(1) (Table 3). In addition, to further assess whether our
(Table 2).To better understand why rainfall anomaly did not feature decision to include ‘seasons’ as a covariance structure AR(1) in our
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Table 2
Results of automated model selection. Shown are standardized regression coefficients for numeric predictors.
Model Intercept Elevation Annual Annual rainfall  Annual df Log- AlCc delta Akaike
Rank temperature anomaly temperature likelihood weights
anomaly anomaly: Elevation
1 —7.283 0.0023 -0.5015 0.0006 9 -5456.195 10930.4 0.00 0.506
2 -7.304 0.0023 —0.4872 —0.0034 0.0006 10 -5455.275 10930.6 0.16 0.466
3 -7.159 0.0019 —0.0036 8 —-5461.080 10938.2 7.77 0.010
4 -7.161 0.0019 7 —5462.156 10938.3 7.92 0.010
5 -7.124 0.0018 —-0.0288 —0.0036 9 -5461.055 10940.1 9.72 0.004
6 -7.112 0.0018 -0.0411 8 —5462.105 10940.2 9.82 0.004
7 -6.017 -0.2557 7 —5466.484 10947.0 16.57 0
8 -6.012 —0.2463 —0.0035 8 —5465.494 10947.0 16.60 0
9 —5.905 —0.0039 7 —5468.126 10950.3 19.86 0
10 —5.902 6 —5469.365 10950.7 20.33 0
Table 3

Parameter estimates of the Generalized Linear Mixed Model without considering 'seasons’ in the model. The model accounted for temporal autocorrelation (AR1: year) to test
the effects of environmental variables on Batrachochytrium dendrobatidis prevalence. Parameter estimates are on the logit scale, and can be back-transformed as ex/(1+ex).

Variance Inflation Factors (VIF) are also included.

Predictors Estimate Std. Error P VIF
Intercept —7.4844 0.9767 <0.0001

Elevation 0.0027 0.0007 <0.0001 1.16
Annual temperature anomaly —0.4546 0.1943 <0.0001 3.57
Annual rainfall anomaly -0.0117 0.0023 <0.0001 1.02
Elevation:Annual temperature anomaly 0.0008 0.0002 <0.0001 3.36

Latitude: Variance = 13.438; Times series (across years): Variance = 3.346, Corr(ar1)=0.8; N=17,616.

global model was the most parsimonious choice, we conducted a
likelihood ratio test (function anova) comparing the fit of both mod-
els (with and without 'seasons’), and determined that the inclusion
of ‘seasons’ did significantly improve model fit (x2=577.64, P <
0001).

Discussion

Our study indicates that peaks in Bd prevalence in preserved
specimens of Neotropical amphibians sampled over a 50-year
period could be linked to temperature deviations from historical
climatic conditions. Specifically, highland, cool-adapted amphib-
ians showed higher Bd prevalence in the warmer-than normal
years, while lowland, warm-adapted populations showed higher
Bd prevalence in the coolder-than normal years, supporting the
thermal mismatch hypothesis for Neotropical amphibians (Cohen
etal., 2017). Interestingly, we detected a significant and consistent
rate of increase in Bd prevalence in lowland, warm-adapted hosts,
during colder years, even though they likely evolved under condi-
tions of higher temperature variability compared to cool-adapted
amphibians. However, highland amphibians still showed a rela-
tively higher risk of Bd infection, indicating the thermal mismatch
as another potential mechanism that, synergistically with the direct
physiological effects of accelerated global warming and variability,
may drive several high-elevation amphibian species to extinction.
Lastly, we found comparable effects of thermal mismatch (regres-
sion slopes) for both lowland and highland amphibians even though
highland amphibians experienced less climate variability.

High-elevation amphibians have been disproportionately
impacted by Bd, both in Brazil (Carvalho et al., 2017; Toledo et al.,
2023) and elsewhere (Fisher and Garner, 2020; Scheele et al.,
2019). This suggests a potential synergistic link between climatic
anomalies and the presumed disease-induced amphibian declines
throughout the Atlantic Forest of Brazil after Bd had been already
enzootic for many decades. The earliest detection of Bd in the region
dates back to the late 1800s (Rodriguez et al., 2014), contrast-
ing with other parts of the globe where Bd emerged and almost
immediately decimated naive amphibian populations. Our findings
indicate that accelerated global change driving climate variabil-
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ity could cause recurrent Bd outbreaks in amphibian communities
that have already adapted to and rebounded from historical Bd
outbreaks.

The evidence that climatic anomalies could also influence the
severity of chytridiomycosis in highly diverse lowland amphibian
communities in the SAF shows that global climate change could
also favor Bd outbreaks in regions spared from recent population
crashes (Carvalho et al., 2017; Toledo et al., 2023). Colder temper-
atures are known to reduce the metabolic rate of warm-adapted
species, thereby compromising various behaviors, biochemical
pathways, and physiological processes (Angilletta, 2009; Huey and
Stverson, 1979). For instance, as the amphibian immune function
(including innate and adaptive immune responses) depends on
external heat sources, low temperatures can cause reductions in
peripheral leukocyte levels, lymphocyte (T and B cells) prolifer-
ation, macrophage endocytosis, secretions of antimicrobial skin
peptides (Carey et al.,, 1999; Maniero and Carey, 1997; Matutte
et al., 2000; Raffel et al., 2006), and shifts in antimicrobial metabo-
lites produced by amphibian skin bacteria (Medina et al., 2017),
potentially increasing the risk of infection following a weakened
immune response (Raffel et al., 2006). However, until now, low-
land amphibians have been mostly unaffected by Bd, with no
reported Bd-induced population declines and extinctions (Carvalho
et al., 2017; Scheele et al., 2019; Toledo et al., 2023). This could
be attributed to the fact that the adverse effects of extreme cold
snaps on the immune system of warm-adapted amphibians, which
could trigger Bd-related declines, are often counterbalanced by the
overall global trend of increasing average temperatures. Thus, the
observed increasing temperatures above Bd’s optimal range are
probably reducing the likelihood of infections and disease out-
breaks in tropical lowlands. However, abnormally cool weather
events are more likely to occur with the predicted increases in tem-
perature variability (Cai et al., 2014; Easterling et al., 2000; Schar
etal., 2004), which could still intensify disease pressure on lowland
amphibian species through mechanisms associated with thermal
mismatch.

Overall, our findings suggest that the effect of climatic anomalies
on Bd dynamics varies along the studied elevational gradient. Based
on the observed results, we expect that warmer years ahead of us
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might lead to heightened Bd pressure in tropical amphibian pop-
ulations at higher elevations. Although many studies have found
Bd prevalence to be positively associated with elevation (Brem and
Lips, 2008; Griindler et al., 2012), others have observed a negative
(Catenazzi et al., 2011) or no relationship with Bd (Kriger and Hero,
2008; Lambertini et al., 2016; Zornosa-Torres et al., 2021), or have
identified confounded effects of elevational and land cover change
(Becker and Zamudio, 2011). Therefore, we propose that incorpo-
rating information about host thermal mismatch into modeling
approaches could serve as a more practical strategy for developing
more targeted disease management programs.

Conclusions

We hereby provide support for the thermal mismatch hypothe-
sis in tropical amphibian populations historically impacted by the
chytrid fungus Batrachochytrium dendrobatidis, and highlight the
need to consider elevational breadths and optimum temperature
ranges of amphibians while modeling Bd dynamics in the wild. Our
study also suggests that a synergistic interaction between climatic
anomalies and Bd may have triggered post-enzootic outbreaks of
chytridiomycosis, leading to several observed historical amphibian
declines in Brazil. By understanding the underlying mechanisms
driving host-pathogen dynamics in amphibians, we can better
direct our efforts towards preventing declines and extinctions in
other vertebrate groups facing the challenges of an increasingly
unpredictable climate.

Data availability statement

The data and full code for all statistical tests are available at
dryad (https://doi.org/10.5061/dryad.69p8cz98k).

Conflict of interest

The authors have declared no conflicts of interest.

Acknowledgements

We thank Gabriel Schubert Ruiz Costa for technical assistance
throughout data compilation. Grants and fellowships were pro-
vided by Sa~o Paulo Research Foundation (FAPESP #2016/25358-3;
#2019/18335-5; #2022/09659-4), the National Council for Scien-
tific and Technological Development (CNPq #302834/2020-6), and
by the Coordination for the Improvement of Higher Education Per-
sonnel (CAPES - Finance Code 001).

References

Altizer, S., Ostfeld, R.S., Johnson, P.T.J., Kutz, S., Harvell, C.D., 2013. Climate change
and infectious diseases: from evidence to a predictive framework. Science 341,
514-519, http://dx.doi.org/10.1126/science.1239401.

Angilletta, M.J., 2009. Thermal adaptation: a theoretical and empirical synthesis.
OUP Oxford.

Barton, K., 2020. MuMIn: Multi-Model Inference. R package version 1.43.17
https://cran.r-project.org/web/packages/MuMIn/index.html.

Becker, C.G., Zamudio, K.R., 2011. Tropical amphibian populations experience
higher disease risk in natural habitats. Proc. Natl. Acad. Sci. 108, 9893-9898,
http://dx.doi.org/10.1073/pnas.1014497108.

Brattstrom, B.H., 1968. Thermal acclimation in Anuran amphibians as a function of
latitude and altitude. Comp. Biochem. Physiol. 24, 93-111,
http://dx.doi.org/10.1016/0010-406X(68)90961-4.

Breheny, P., Burchett, W., 2017. Visualization of regression models using visreg. R J.
9,56-71.

Brem, F.M.R,, Lips, K.R., 2008. Batrachochytrium dendrobatidis infection patterns
among Panamanian amphibian species, habitats and elevations during
epizootic and enzootic stages. Dis. Aquat. Organ. 81, 189-202,
http://dx.doi.org/10.3354/dao01960.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, CW., Nielsen,
A., Skaug, H.J., Machler, M., Bolker, B.M., 2017. glmmTMB balances speed and

Perspectives in Ecology and Conservation 22 (2024) 72-78

flexibility among packages for zero-inflated generalized linear mixed
modeling. RJ. 9, 378-400, http://dx.doi.org/10.3929/ethz-b-000240890.

Cai, W.,, Borlace, S., Lengaigne, M., van Rensch, P., Collins, M., Vecchi, G.,
Timmermann, A., Santoso, A., McPhaden, M.J., Wu, L., England, M.H., Wang, G.,
Guilyardi, E., Jin, F.-F., 2014. Increasing frequency of extreme El Nifio events
due to greenhouse warming. Nat. Clim. Change 4, 111-116,
http://dx.doi.org/10.1038/nclimate2100.

Carey, C., Cohen, N., Rollins-Smith, L., 1999. Amphibian declines: an immunological
perspective. Dev. Comp. Immunol. 23, 459-472,
http://dx.doi.org/10.1016/S0145-305X(99)00028-2.

Carlucci, M.B., Marcilio-Silva, V., Torezan, ].M., 2021. The Southern Atlantic Forest:
Use, Degradation, and Perspectives for Conservation. In: Marques, M.C.M.,
Grelle, C.E.V. (Eds.), The Atlantic Forest: History, Biodiversity, Threats and
Opportunities of the Mega-Diverse Forest. Springer International Publishing,
Cham, pp. 91-111, http://dx.doi.org/10.1007/978-3-030-55322-7 5.

Carnaval, A.C., Waltari, E., Rodrigues, M.T., Rosauer, D., VanDerWal, J., Damasceno,
R., Prates, I., Strangas, M., Spanos, Z., Rivera, D., Pie, M.R,, Firkowski, C.R.,
Bornschein, M.R., Ribeiro, L.F., Moritz, C., 2014. Prediction of phylogeographic
endemism in an environmentally complex biome. Proc. Biol. Sci. 281,
20141461, http://dx.doi.org/10.1098/rspb.2014.1461.

Carvalho, T., Becker, C.G., Toledo, L.F., 2017. Historical amphibian declines and
extinctions in Brazil linked to chytridiomycosis. Proc. Biol. Sci. 284, 20162254,
http://dx.doi.org/10.1098/rspb.2016.2254.

Catenazzi, A., Lehr, E., Rodriguez, L.O., Vredenburg, V.T., 2011. Batrachochytrium
dendrobatidis and the Collapse of Anuran Species Richness and Abundance in
the Upper Manu National Park, Southeastern Peru. Conserv. Biol. 25, 382-391,
http://dx.doi.org/10.1111/j.1523-1739.2010.01604.x.

Cohen, .M., Venesky, M.D., Sauer, E.L., Civitello, D.J., McMahon, T.A., Roznik, E.A.,
Rohr, J.R., 2017. The thermal mismatch hypothesis explains host susceptibility
to an emerging infectious disease. Ecol. Lett. 20, 184-193,
http://dx.doi.org/10.1111/ele.12720.

Cohen, ].M,, Civitello, D.J., Venesky, M.D., McMahon, T.A., Rohr, J.R., 2019a. An
interaction between climate change and infectious disease drove widespread
amphibian declines. Global Change Biol. 25, 927-937,
http://dx.doi.org/10.1111/gcb.14489.

Cohen, ].M., McMahon, T.A., Ramsay, C., Roznik, E.A., Sauer, E.L., Bessler, S.,
Civitello, D.J., Delius, B.K., Halstead, N., Knutie, S.A., Nguyen, K.H., Ortega, N.,
Sears, B., Venesky, M.D., Young, S., Rohr, J.R., 2019b. Impacts of thermal
mismatches on chytrid fungus Batrachochytrium dendrobatidis prevalence are
moderated by life stage, body size, elevation and latitude. Ecol. Lett. 22,
817-825, http://dx.doi.org/10.1111/ele.13239.

Cohen, ].M,, Sauer, E.L.,, Santiago, O., Spencer, S., Rohr, ].R., 2020. Divergent impacts
of warming weather on wildlife disease risk across climates. Science 370,
eabb1702, http://dx.doi.org/10.1126/science.abb1702.

Daszak, P., Cunningham, A.A., Hyatt, A.D., 2000. Emerging infectious diseases of
wildlife- Threats to biodiversity and human health. Science 287, 443-449,
http://dx.doi.org/10.1126/science.287.5452.443.

Deutsch, C.A., Tewksbury, ].J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C.,
Martin, P.R., 2008. Impacts of climate warming on terrestrial ectotherms across
latitude. Proc. Natl. Acad. Sci. 105, 6668-6672,
http://dx.doi.org/10.1073/pnas.0709472105.

Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, T.R., Mearns, L.O.,
2000. Climate extremes: observations, modeling, and impacts. Science 289,
2068-2074, http://dx.doi.org/10.1126/science.289.5487.2068.

Fick, S.E., Hijmans, RJ., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302-4315,
http://dx.doi.org/10.1002/joc.5086.

Fisher, M.C., Garner, T.W.J., 2020. Chytrid fungi and global amphibian declines. Nat.
Rev. Microbiol. 18, 332-343, http://dx.doi.org/10.1038/s41579-020-0335-x.

Grimm, A.M., 2003. The El Nifio impact on the summer monsoon in Brazil: regional
processes versus remote influences. J. Clim. 16, 263-280,
http://dx.doi.org/10.1175/1520-0442(2003)016<0263:TENIOT>2.0.CO;2.

Griindler, M.C,, Toledo, L.F., Parra-Olea, G., Haddad, C.F.B., Giasson, L.0.M., Sawaya,
R.J., Prado, C.P.A,, Araujo, 0.G.S., Zara, F.J., Centeno, F.C., Zamudio, K.R., 2012.
Interaction between breeding habitat and elevation affects prevalence but not
infection intensity of Batrachochytrium dendrobatidis in Brazilian anuran
assemblages. Dis. Aquat. Organ. 97, 173-184,
http://dx.doi.org/10.3354/dao02413.

Hair, J.F., Anderson, R.E., Babin, B.J., Black, W.C., 2010. Multivariate data analysis: A
global perspective (Vol. 7). Pearson Upper Saddle River.

Harris, 1., Jones, Pd., Osborn, Tj., Lister, Dh., 2014. Updated high-resolution grids of
monthly climatic observations - the CRU TS3.10 Dataset. Int. J. Climatol. 34,
623-642, http://dx.doi.org/10.1002/joc.3711.

Hartig, F., 2020. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level /
Mixed) Regression Models. R package version 0.3.3.0
https://CRAN.R-project.org/package=DHARMa.

Harvell, C.D., Mitchell, C.E., Ward, J.R., Altizer, S., Dobson, A.P., Ostfeld, R.S., Samuel,
M.D., 2002. Climate warming and disease risks for terrestrial and marine biota.
Science 296, 2158-2162, http://dx.doi.org/10.1126/science.1063699.

Hijmans, RJ., 2014. Raster: Geographic Data Dnalysis and Modeling. R package
version 2.2.31 https://cran.r-project.org/web/packages/raster/index.html.

Huey, R.B., Steverson, R.D., 1979. Integrating thermal physiology and ecology of
ectotherms: a discussion of approaches. Am. Zool. 19, 357-366,
http://dx.doi.org/10.1093/icb/19.1.357.

Korner, C., 2007. The use of ‘altitude’ in ecological research. Trends Ecol. Evol. 22,
569-574, http://dx.doi.org/10.1016/j.tree.2007.09.006.

77


https://doi.org/10.5061/dryad.69p8cz98k
dx.doi.org/10.1126/science.1239401
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0010
https://cran.r-project.org/web/packages/MuMIn/index.html
dx.doi.org/10.1073/pnas.1014497108
dx.doi.org/10.1016/0010-406X(68)90961-4
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0030
dx.doi.org/10.3354/dao01960
dx.doi.org/10.3929/ethz-b-000240890
dx.doi.org/10.1038/nclimate2100
dx.doi.org/10.1016/S0145-305X(99)00028-2
dx.doi.org/10.1007/978-3-030-55322-7_5
dx.doi.org/10.1098/rspb.2014.1461
dx.doi.org/10.1098/rspb.2016.2254
dx.doi.org/10.1111/j.1523-1739.2010.01604.x
dx.doi.org/10.1111/ele.12720
dx.doi.org/10.1111/gcb.14489
dx.doi.org/10.1111/ele.13239
dx.doi.org/10.1126/science.abb1702
dx.doi.org/10.1126/science.287.5452.443
dx.doi.org/10.1073/pnas.0709472105
dx.doi.org/10.1126/science.289.5487.2068
dx.doi.org/10.1002/joc.5086
dx.doi.org/10.1038/s41579-020-0335-x
dx.doi.org/10.1175/1520-0442(2003)016<0263:TENIOT>2.0.CO;2
dx.doi.org/10.3354/dao02413
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0130
dx.doi.org/10.1002/joc.3711
https://CRAN.R-project.org/package=DHARMa
dx.doi.org/10.1126/science.1063699
https://cran.r-project.org/web/packages/raster/index.html
dx.doi.org/10.1093/icb/19.1.357
dx.doi.org/10.1016/j.tree.2007.09.006

T. Carvalho, D. Medina, R. Rebougas et al.

Kriger, K.M., Hero, ].-M., 2008. Altitudinal distribution of chytrid (Batrachochytrium
dendrobatidis) infection in subtropical Australian frogs. Austral Ecol. 33,
1022-1032, http://dx.doi.org/10.1111/j.1442-9993.2008.01872.x.

Kriger, K.M., Pereoglou, F., Hero, J.-M., 2007. Latitudinal variation in the prevalence
and intensity of chytrid (Batrachochytrium dendrobatidis) Infection in Eastern
Australia. Conserv. Biol. 21, 1280-1290,
http://dx.doi.org/10.1111/j.1523-1739.2007.00777.X.

Lambertini, C., Becker, C.G., Jenkinson, T.S., Rodriguez, D., da Silva Leite, D., James,
T.Y., Zamudio, K.R., Toledo, L.F., 2016. Local phenotypic variation in
amphibian-killing fungus predicts infection dynamics. Fungal Ecol. 20, 15-21,
http://dx.doi.org/10.1016/j.funeco.2015.09.014.

Lambertini, C., Becker, C.G., Belasen, M., Valencia-Aguilar, A., Nunes-de-Almeida,
C.H.L,, Betancourt-Roman, C.M., Rodriguez, D., da Silva Leite, D., Oliveira, LS.,
Gasparini, J.L., Ruggeri, ]., Mott, T., Jenkinson, T.S., James, T.Y., Zamudio, K.R.,
Toledo, L.F., 2021. Biotic and abiotic determinants of Batrachochytrium
dendrobatidis infections in amphibians of the Brazilian Atlantic Forest. Fungal
Ecol. 49, 100995, http://dx.doi.org/10.1016/j.funeco.2020.100995.

Lins-e-Silva, A.C.B., Ferreira, P.S.M., Rodal, M.J.N., 2021. The North-Eastern Atlantic
Forest: Biogeographical, Historical, and Current Aspects in the Sugarcane Zone.
In: Marques, M.C.M,, Grelle, C.E.V. (Eds.), The Atlantic Forest: History,
Biodiversity, Threats and Opportunities of the Mega-Diverse Forest. Springer
International Publishing, Cham, pp. 45-61,
http://dx.doi.org/10.1007/978-3-030-55322-7 3.

Lips, KR, Diffendorfer, J., lii, ].R.M., Sears, M.W., 2008. Riding the wave: reconciling
the roles of disease and climate change in amphibian declines. PLoS Biol. 6,
e72, http://dx.doi.org/10.1371/journal.pbio.0060072.

Liidecke, D., Ben-Shachar, M.S., Patil, 1., Waggoner, P., Makowski, D., 2021.
Performance: an R package for assessment, comparison and testing of
statistical models. J. Open Source Software 6, 3139,
http://dx.doi.org/10.21105/j0ss.03139.

Maniero, G.D., Carey, C., 1997. Changes in selected aspects of immune function in
the leopard frog, Rana pipiens, associated with exposure to cold. ]. Comp.
Physiol. B 167, 256-263, http://dx.doi.org/10.1007/s003600050072.

Matutte, B., Storey, K.B., Knoop, F.C., Conlon, J.M., 2000. Induction of synthesis of an
antimicrobial peptide in the skin of the freeze-tolerant frog, Rana sylvatica, in
response to environmental stimuli. FEBS Lett. 483, 135-138,
http://dx.doi.org/10.1016/S0014-5793(00)02102-5.

Medina, D., Hughey, M.C., Becker, M.H., Walke, ].B., Umile, T.P., Burzynski, E.A.,
lannetta, A., Minbiole, K.P.C., Belden, L.K., 2017. Variation in metabolite profiles
of amphibian skin bacterial communities across elevations in the neotropics.
Microb. Ecol. 74, 227-238, http://dx.doi.org/10.1007/s00248-017-

0933-y.

Mesquita, A.F.C., Lambertini, C., Lyra, M., Malagoli, L.R., James, T.Y., Toledo, L.F.,
Haddad, C.F.B., Becker, C.G., 2017. Low resistance to chytridiomycosis in
direct-developing amphibians. Sci. Rep. 7, 16605,
http://dx.doi.org/10.1038/s41598-017-16425-y.

Moura-Campos, D., Greenspan, S.E., DiRenzo, G.V., Neely, W.J., Toledo, L.F., Becker,
C.G., 2021. Fungal disease cluster in tropical terrestrial frogs predicted by low
rainfall. Biol. Conserv. 261, 109246,
http://dx.doi.org/10.1016/j.biocon.2021.109246.

Navas, C.A., 1996. Metabolic physiology, locomotor performance, and thermal
niche breadth in neotropical anurans. Physiol. Zool. 69, 1481-1501,
http://dx.doi.org/10.1086/physz001.69.6.30164271.

Oliveira-Filho, A.T., Fontes, M.A.L., 2000. Patterns of floristic differentiation among
atlantic forests in southeastern Brazil and the influence of climate 1. Biotropica
32, 793-810, http://dx.doi.org/10.1111/j.1744-7429.2000.tb00619.x.

Pecl, G.T., Aratjo, M.B., Bell, J.D., Blanchard, J., Bonebrake, T.C., Chen, I.-C., Clark,
T.D,, Colwell, RK,, Danielsen, F., Evengdrd, B., Falconi, L., Ferrier, S., Frusher, S.,
Garcia, R.A, Griffis, R.B., Hobday, A.]., Janion-Scheepers, C., Jarzyna, M.A.,

Jennings, S., Lenoir, J., Linnetved, H.I,, Martin, V.Y., McCormack, P.C., McDonald,
J., Mitchell, N.J., Mustonen, T., Pandolfi, ].M., Pettorelli, N., Popova, E., Robinson,
S.A., Scheffers, B.R., Shaw, ].D., Sorte, C.J.B., Strugnell, ].M., Sunday, J.M.,
Tuanmu, M.-N.,, Vergés, A, Villanueva, C., Wernberg, T., Wapstra, E., Williams,
S.E., 2017. Biodiversity redistribution under climate change: Impacts on
ecosystems and human well-being. Science 355, eaai9214,
http://dx.doi.org/10.1126/science.aai9214.

78

Perspectives in Ecology and Conservation 22 (2024) 72-78

R Core Team, 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria, v. 4.0.2
https://www.R-project.org/.

Raffel, T.R,, Rohr, J.R,, Kiesecker, J.M., Hudson, P.J., 2006. Negative effects of
changing temperature on amphibian immunity under field conditions. Funct.
Ecol. 20, 819-828.

Rodriguez, D., Becker, C.G., Pupin, N.C., Haddad, C.F.B., Zamudio, K.R., 2014.
Long-term endemism of two highly divergent lineages of the
amphibian-killing fungus in the Atlantic Forest of Brazil. Mol. Ecol. 23,
774-787, http://dx.doi.org/10.1111/mec.12615.

Rohr, J.R., Raffel, T.R., 2010. Linking global climate and temperature variability to
widespread amphibian declines putatively caused by disease. Proc. Natl. Acad.
Sci. 107, 8269-8274, http://dx.doi.org/10.1073/pnas.0912883107.

Rohr, J.R,, Civitello, D.J., Cohen, ].M., Roznik, E.A., Sinervo, B., Dell, A.L,, 2018. The
complex drivers of thermal acclimation and breadth in ectotherms. Ecology
Letters 21, 1425-1439, http://dx.doi.org/10.1111/ele.13107.

Ruggeri, ]., Carvalho-e-Silva, S.P de, James, T.Y., Toledo, L.F., 2018. Amphibian
chytrid infection is influenced by rainfall seasonality and water availability.
Dis. Aquat. Organ. 127, 107-115, http://dx.doi.org/10.3354/dao03191.

Ruthsatz, K., Lyra, ML.L., Lambertini, C., Belasen, A.M., Jenkinson, T.S., da Silva Leite,
D., Becker, C.G., Haddad, C.F.B., James, T.Y., Zamudio, K.R,, Toledo, L.F., Vences,
M., 2020. Skin microbiome correlates with bioclimate and Batrachochytrium
dendrobatidis infection intensity in Brazil’s Atlantic Forest treefrogs. Sci. Rep.
10, 22311, http://dx.doi.org/10.1038/s41598-020-79130-3.

Sauer, E.L., Fuller, R.C,, Richards-Zawacki, C.L., Sonn, ]., Sperry, J.H., Rohr, J.R., 2018.
Variation in individual temperature preferences, not behavioural fever, affects
susceptibility to chytridiomycosis in amphibians. Proc. Biol. Sci. 285,
20181111, http://dx.doi.org/10.1098/rspb.2018.1111.

Sauer, E.L., Cohen, J.M.,, Lajeunesse, M.]., McMahon, T.A., Civitello, D.J., Knutie, S.A.,
Nguyen, K., Roznik, E.A., Sears, B.F., Bessler, S., Delius, B.K., Halstead, N., Ortega,
N., Venesky, M.D., Young, S., Rohr, ].R., 2020. A meta-analysis reveals
temperature, dose, life stage, and taxonomy influence host susceptibility to a
fungal parasite. Ecology 101, e02979, http://dx.doi.org/10.1002/ecy.2979.

Schdr, C., Vidale, P.L,, Liithi, D., Frei, C., Hdberli, C., Liniger, M.A., Appenzeller, C.,
2004. The role of increasing temperature variability in European summer
heatwaves. Nature 427, 332-336, http://dx.doi.org/10.1038/nature02300.

Scheele, B.C., Pasmans, F., Skerratt, L.F., Berger, L., Martel, A., Beukema, W.,
Acevedo, A.A., Burrowes, P.A,, Carvalho, T., Catenazzi, A., De la Riva, L., Fisher,
M.C., Flechas, S.V., Foster, C.N., Frias-Alvarez, P., Garner, T.W.J., Gratwicke, B.,
Guayasamin, J.M., Hirschfeld, M., Kolby, ].E., Kosch, T.A., La Marca, E.,
Lindenmayer, D.B., Lips, K.R., Longo, A.V., Maneyro, R., McDonald, C.A.,
Mendelson, J., Palacios-Rodriguez, P., Parra-Olea, G., Richards-Zawacki, C.L.,
Roédel, M.-0., Rovito, S.M., Soto-Azat, C., Toledo, L.F., Voyles, ]., Weldon, C.,
Whitfield, S.M., Wilkinson, M., Zamudio, K.R., Canessa, S., 2019. Amphibian
fungal panzootic causes catastrophic and ongoing loss of biodiversity. Science
363, 1459-1463, http://dx.doi.org/10.1126/science.aav0379.

Seebacher, F., White, C.R., Franklin, C.E., 2015. Physiological plasticity increases
resilience of ectothermic animals to climate change. Nat. Clim. Change 5,
61-66, http://dx.doi.org/10.1038/nclimate2457.

Sternberg, E.D., Thomas, M.B., 2014, Local adaptation to temperature and the
implications for vector-borne diseases. Trends Parasitol. 30, 115-122,
http://dx.doi.org/10.1016/j.pt.2013.12.010.

Thomé, M.T.C., Zamudio, K.R., Haddad, C.F.B., Alexandrino, ]., 2014. Barriers, rather
than refugia, underlie the origin of diversity in toads endemic to the Brazilian
Atlantic Forest. Mol. Ecol. 23, 6152-6164,
http://dx.doi.org/10.1111/mec.12986.

Toledo, L.F., Dena, S., Segalla, M., Prado, C.P.A., Loebmann, D., Gasparini, J.L., Sazima,
I., Haddad, C.F.B., 2021. Atlantic Forest amphibians. Mobile application.
econature, Consultoria, Pesquisa e educacdo Ambiental.

Toledo, L.F., de Carvalho-e-Silva, S.P., de Carvalho-e-Silva, A.M.P.T., Gasparini, J.L.,
Baéta, D., Rebougas, R,, Haddad, C.F.B., Becker, C.G., Carvalho, T., 2023. A
retrospective overview of amphibian declines in Brazil’s Atlantic Forest. Biol.
Conserv. 277, 109845, http://dx.doi.org/10.1016/j.biocon.2022.109845.

Zornosa-Torres, C., Lambertini, C., Toledo, L.F., 2021. Amphibian chytrid infections
along the highest elevational gradient of the Brazilian Atlantic Forest. Dis.
Aquat. Organ. 144, 99-106, http://dx.doi.org/10.3354/dao0358.


dx.doi.org/10.1111/j.1442-9993.2008.01872.x
dx.doi.org/10.1111/j.1523-1739.2007.00777.x
dx.doi.org/10.1016/j.funeco.2015.09.014
dx.doi.org/10.1016/j.funeco.2020.100995
dx.doi.org/10.1007/978-3-030-55322-7_3
dx.doi.org/10.1371/journal.pbio.0060072
dx.doi.org/10.21105/joss.03139
dx.doi.org/10.1007/s003600050072
dx.doi.org/10.1016/S0014-5793(00)02102-5
dx.doi.org/10.1007/s00248-017-0933-y
dx.doi.org/10.1007/s00248-017-0933-y
dx.doi.org/10.1038/s41598-017-16425-y
dx.doi.org/10.1016/j.biocon.2021.109246
dx.doi.org/10.1086/physzool.69.6.30164271
dx.doi.org/10.1111/j.1744-7429.2000.tb00619.x
dx.doi.org/10.1126/science.aai9214
https://www.R-project.org/
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0245
dx.doi.org/10.1111/mec.12615
dx.doi.org/10.1073/pnas.0912883107
dx.doi.org/10.1111/ele.13107
dx.doi.org/10.3354/dao03191
dx.doi.org/10.1038/s41598-020-79130-3
dx.doi.org/10.1098/rspb.2018.1111
dx.doi.org/10.1002/ecy.2979
dx.doi.org/10.1038/nature02300
dx.doi.org/10.1126/science.aav0379
dx.doi.org/10.1038/nclimate2457
dx.doi.org/10.1016/j.pt.2013.12.010
dx.doi.org/10.1111/mec.12986
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
http://refhub.elsevier.com/S2530-0644(24)00001-4/sbref0310
dx.doi.org/10.1016/j.biocon.2022.109845
dx.doi.org/10.3354/dao0358

	Thermal mismatch explains fungal disease dynamics in Brazilian frogs
	Introduction
	Materials and methods
	Study region and Bd prevalence data
	Environmental data
	Statistical analyses

	Results
	Discussion
	Conclusions
	Data availability statement
	Conflict of interest
	Acknowledgements
	References


