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Abstract
Parasites typically have broader thermal limits than hosts, so large performance gaps between
pathogens and their cold- and warm-adapted hosts should occur at relatively warm and cold temperatures, respectively. We tested this thermal mismatch hypothesis by quantifying the temperature-dependent susceptibility of cold- and warm-adapted amphibian species to the fungal
pathogen Batrachochytrium dendrobatidis (Bd) using laboratory experiments and field prevalence
estimates from 15 410 individuals in 598 populations. In both the laboratory and field, we found
that the greatest susceptibility of cold- and warm-adapted hosts occurred at relatively warm and
cool temperatures, respectively, providing support for the thermal mismatch hypothesis. Our results
suggest that as climate change shifts hosts away from their optimal temperatures, the probability
of increased host susceptibility to infectious disease might increase, but the effect will depend on
the host species and the direction of the climate shift. Our findings help explain the tremendous
variation in species responses to Bd across climates and spatial, temporal and species-level variation in disease outbreaks associated with extreme weather events that are becoming more common
with climate change.
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INTRODUCTION

One of the most important ecological crises affecting humans
and biodiversity is the recent increase in emerging infectious
diseases (Daszak 2000; Anderson et al. 2004; Jones et al.
2008). Since 1950, hundreds of emerging infectious diseases
have been recorded (Jones et al. 2008), causing widespread
declines of individual species and biodiversity in general (Daszak 2000; Skerratt et al. 2007; Fisher et al. 2012). Many infectious disease outbreaks are associated with extreme weather
events, including outbreaks of malaria, dengue, cholera and
amphibian and coral diseases (Cazelles et al. 2005; Koelle
et al. 2005; Bruno et al. 2007; Pascual et al. 2008; Rohr &
Raffel 2010). To combat these outbreaks, it is critical that
researchers understand the precise environmental conditions
that promote them, especially with rapidly changing climates
and other sources of human-induced stress on wildlife populations (Rohr et al. 2011).
Although it is clear that extreme temperature events cause
disease outbreaks, neither warm nor cold spells universally
increase outbreaks (Rohr et al. 2011). Thus, more nuanced
hypotheses regarding the effects of weather and climate on
disease are necessary. For example, Nowakowski et al. (2016)
recently argued that the degree of mismatch between critical
thermal tolerances of hosts and parasites might drive disease
outbreaks. Similarly, thermal mismatches in temperature
optima can occur within host–parasite interactions when coldadapted hosts and parasites experience warm spells and vice
versa. Such mismatches may arise because temperatures experienced during extreme weather events fall outside the level of

variability to which hosts and their parasites are adapted. If
these mismatches are predictive of parasite transmission, they
could partially explain spatial, temporal and species-level variation in outbreaks associated with extreme weather events
that are becoming more common with climate change (Rosenzweig et al. 2001; Anyamba et al. 2014).
Here, we propose and test the thermal mismatch hypothesis,
which posits that hosts should be more susceptible to parasites
when environmental conditions shift away from the thermal
optima of the host (Fig. 1). This hypothesis is based on a few
assumptions. First, we assume that hosts and parasites are
locally adapted to their thermal environments (Laine 2008;
Sternberg & Thomas 2014). Although we show in Fig. 1 the
temperature optima of the host and parasite to be identical
because of local adaptation (Fig. 1a,b), we acknowledge that
they can be different for several reasons (e.g. different microclimates or breeding times). Even if they are different, the key
underlying assumption is that hosts and parasites adapted to
similar climates will have more similar temperature optima
than hosts and parasites adapted to different climates. As long
as this assumption holds, the predictions of the heuristic
framework remain the same. Second, we assume that the performances of cold- and warm-adapted hosts and parasites in
isolation are approaching their lower and upper thermal limits, respectively. Although this is likely to result in right- and
left-skewed thermal performance curves, respectively (Fig. 1a,
b), like with the local adaption assumption, the predictions of
the heuristic framework remain the same when the skew
assumptions are relaxed (Fig. S1). Third, small organisms,
such as pathogens, have generally been hypothesised to have
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Figure 1 Conceptual figure describing the thermal mismatch hypothesis. In isolation, small organisms, such as parasites (dashed lines in panels a and b),

generally have broader thermal performance curves than larger organisms, such as hosts (solid lines in panels a and b). Thus, highest parasite growth on
hosts is likely to occur at a temperature where a parasite most outperforms its host (bidirectional arrows), and not necessarily at the temperature which a
parasite performs best in isolation. Hence, subtracting the thermal performance curves of hosts and parasites reared in isolation (panels a and b) provides a
hypothesis for the thermal performance curve of a parasite growing on the host (panels c and d). For interacting cold-adapted hosts and parasites, this
subtraction reveals that parasite growth should be maximised at relatively warm temperatures (a and c) and the performance curve should be left skewed
(c). In contrast, for interacting warm-adapted hosts and parasites, parasite growth should be maximised at relatively cool temperatures (b and d) and the
performance curve should be right skewed (d). Thus, even when hosts and parasites have identical optimum performance temperatures because of local
adaptation (although they could differ), small breadth differences in temperature–performance patterns can cause peak growth to occur far from the
conditions under which the parasite or host perform best in isolation.

broader thermal breadths than larger organisms, such as hosts
(Baas-Becking 1934; Martiny et al. 2006). This is because
smaller organisms have higher mass-specific metabolic rates
(Brown et al. 2004; Kingsolver & Huey 2008) and thus might
acclimate more quickly to changing conditions than hosts.
Faster acclimation should allow them to maintain performance through time over a larger range of temperatures.
Indeed, a recent meta-analysis of thermal performance curves
revealed that body mass was a significant negative predictor
of thermal breadth (Rohr et al. in review).
Temperatures where the thermal performance of the parasite most exceeds that of the host (arrows in Fig. 1a,b and
peak in Fig. 1c,d) might be where host susceptibility is greatest, and thus, subtracting the thermal performance curves of
the hosts and parasites in isolation (Fig. 1a,b) offers a
hypothesis for their thermal performance when interacting
(Fig. 1c,d). The outcome of this subtraction produces two
predictions, one about the temperature of maximal parasite
growth on hosts and the other about the shape of the thermal
performance curve of parasite growth on hosts. First, as a
consequence of the broader thermal performance curves of
parasites and the physiological upper and lower limits of temperature tolerances of both hosts and parasites (i.e. the rightand left-skewed curves for isolated cold- and warm-adapted
organisms, respectively; Fig. 1a,b), hosts should, on average,
be susceptible to parasites when temperatures most greatly
differ from the temperature to which they are adapted (i.e.
long-term average temperature; Raffel et al. 2006; Fitt et al.
2009). Or, in other words, parasite prevalence and abundance

for cold- and warm-adapted hosts should be maximised at
warm and cool temperatures, respectively (Fig. 1). We emphasise again that this prediction is robust to the above underlying assumptions regarding local adaptation of hosts and
parasites and skew of thermal performance curves (Fig. S1).
The second prediction is that, despite cold- and warm-adapted
hosts and parasites having right- and left-skewed thermal performance curves in isolation (Fig. 1a,b), the thermal performance curves of parasite growth on cold- and warm-adapted
hosts (i.e. when interacting) should be left and right skewed,
respectively (Fig. 1c,d). If this thermal mismatch hypothesis is
supported, cold-adapted hosts should face considerable risk of
parasite transmission during particularly warm periods and
thus they should be more at risk from global warming-driven
disease outbreaks than warm-adapted hosts.
We set out to test the thermal mismatch hypothesis using the
amphibian – Batrachochytrium dendrobatidis (Bd, or chytrid
fungus) host–parasite system. Outbreaks of this emerging fungal pathogen are associated with hundreds of amphibian
extinctions in the last 50 years (Skerratt et al. 2007; Rohr &
Raffel 2010) and have occurred under a wide variety of conditions in different hosts (Retallick et al. 2004; Bosch et al.
2007; Whitfield et al. 2012). Thus, Bd outbreaks may be predictable based on the thermal mismatch hypothesis. Bd outbreaks are thought to be directly controlled by climatic
conditions because Bd has a free-living stage and grows on
the external skin of its ectothermic hosts (Kilpatrick et al.
2010; Venesky et al. 2014) and environmental temperature has
been predictive of Bd outbreaks in a number of large-scale
© 2017 John Wiley & Sons Ltd/CNRS
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analyses (Liu et al. 2013; Cohen et al. 2016). Bd grows best
under cool conditions in laboratory culture (18–22 °C) and is
generally not as prevalent under warmer field conditions
(Retallick et al. 2004; Kilpatrick et al. 2010), and therefore, it
has been assumed that cool conditions typically precede outbreaks. However, retrospective correlations between climate
data and previous Bd outbreaks have led researchers to conflictingly conclude that cool (Retallick et al. 2004; Kriger &
Hero 2007b; Whitfield et al. 2012), dry (Lampo et al. 2006;
Laurance 2008), warm (Ron et al. 2003; Bosch et al. 2007)
and wet (Kriger & Hero 2007a; Puschendorf et al. 2009) conditions are predictive of high Bd prevalence (Venesky et al.
2014). Although other factors, such as the availability of
reservoirs, can certainly impact Bd epidemiology (McMahon
et al. 2013a), the explanation for such strikingly contradictory
patterns in the observed relationships between climate and Bd
outbreaks may result from contrasting performances of host
species or Bd isolates across a range of climatic conditions. In
fact, this is what would be expected given the immense variation in climatic conditions that hosts and isolates have been
exposed to throughout time for this global epizootic (Thomas
& Blanford 2003; Rohr et al. 2011). Finally, a recent study
revealed that Bd cultures grew after 24 h exposure to 12 °C
and 28 °C (Voyles et al. in review). Thus, Bd has a much
broader breadth, especially at lower temperatures, than many
of its amphibian hosts, fulfilling an important assumption of
the thermal mismatch hypothesis.
To test the thermal mismatch hypothesis experimentally, we
quantified (1) host temperature preferences (proxy of host
performance in isolation, see Supporting Information), (2)
temperature-dependent growth rates of Bd isolates in culture
(parasite performance in isolation) and (3) temperature-dependent growth rates of Bd isolates grown on their local hosts
(host and parasite performance when interacting). These
experiments were conducted on three phylogenetically, phenotypically and ecologically diverse hosts: Cuban tree frogs
(Osteopilus septentrionalis), Southern toads (Anaxyrus terrestris) and Panamanian golden frogs (Atelopus zeteki). O.
septentrionalis and An. terrestris are adapted to warm lowland
subtropical habitats, whereas At. zeteki are native to high-elevation cloud forests in Central America. Thus, we predicted
that the optimal temperature for Bd growth on relatively
warm-adapted O. septentrionalis and An. terrestris would be
lower than for the relatively cold-adapted At. zeteki (see Supporting Information). Finally, to assess the generality of our
hypothesis, we searched the literature and collected 598
records of amphibian groups (235 species) previously tested
for Bd in the field, along with climate data specific to the
dates and locations of testing. We predicted that across all of
these samples, amphibians in warmer climates would have
greater Bd prevalence at cooler temperatures than species in
cooler climates.

MATERIALS AND METHODS

Animal collection and maintenance

Adult O. septentrionalis and An. terrestris were collected from
Hillsborough County, Florida, and adult At. zeteki were
© 2017 John Wiley & Sons Ltd/CNRS
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obtained from the Maryland Zoo (Baltimore, MD). Bd has
never been detected on frogs collected from the Tampa, Florida
region; thus, these frogs are unlikely to have a history of Bd
exposure. All animals were maintained individually in vented
plastic containers (26 9 16 9 8 cm) on top of two folded
paper towels soaked with 15 mL of artificial spring water. Animals were fed vitamin and mineral-dusted crickets ad libitum
and containers and paper towels were changed twice weekly.
Prior to experiments, animals were maintained in a laboratory
at 21 °C on a 12 h photoperiod for c. 2 months.
Host temperature preference experiment

To ascertain the preferred temperatures of An. terrestris, O.
septentrionalis and At. zeteki, we maintained uninfected animals individually in thermal gradient apparatuses (Sauer et al.
2016; n = 24, 25 and 9 animals, respectively). Detailed methods describing the construction and application of the apparatuses for temperature preference trials are described in Sauer
et al. (2016) and thus are only briefly described here. Apparatuses were built out of insulated aluminium downspout gutters
cut into dimensions of 137 9 8 9 6 cm3 and had ice packs
(changed every 12 h and frozen at 80 °C) under one end
and heat tape under the other. Each apparatus was sealed on
top using five 27 9 10 cm2 plexiglass sheets resting on window weather stripping. Organic sphagnum moss served as a
substrate within the apparatuses and kept humidity between
84.1 and 90.7% across the temperature gradient. The apparatuses maintained a consistent temperature gradient across and
within gutters (mean  SD; cold end 9.29  1.33 °C, warm
end 33.94  0.46 °C) and the room was kept on a 12 h light
cycle. Animals were maintained in the apparatuses for 4 days
and fed 10 vitamin-dusted crickets every 2 days. To prevent
confounding the temperature preference of the crickets with
that of the frogs, we enclosed both in feeding containers
(quart-sized zip-top bags with paper clips adhered to the thermal gradient apparatus) at the location where the frog was
found before feeding. We took temperature readings of each
frog and the substrate occupied by each frog four times a day
(10 : 00, 14 : 00, 18 : 00 and 22 : 00) using an ExtechÒ High
Temperature Infrared Thermometer (accuracy:  2% of rdg
< 500°C, emissivity 0.95), which non-invasively measures temperatures accurately (Rowley & Alford 2007). We averaged
each individual’s mean preferred temperature throughout the
trials to determine the overall temperature preference for each
species. We excluded data from individuals whose preferences
were more than three standard deviations from the mean,
which were considered to be extreme outliers (we only
removed one At. zeteki and one O. septentrionalis).
Overview of Bd experiments

We grew Bd in culture and on animals inside of Styrofoam
incubators (inner dimensions 37 9 21 9 13 cm3; Marko
Foam Products, Salt Lake City, UT; Fig. S2) that each had a
double-pane Plexiglas window in the lid to allow light in and
were set to 14, 18, 22, 26 or 28 °C ( 0.5 °C; for more details,
see Raffel et al. 2013). Incubators were stored in a GR48
environmental chamber (Environmental Growth Chambers,
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Chagrin Falls, OH) that maintained 14 °C and a 12-h photoperiod. We also grew Bd in culture and on hosts at 10 °C
inside of the same incubators in a separate chamber (HotpackÒ model #352632, Philadelphia, PA) because the GR48
chamber could not maintain this temperature. Incubator temperatures were monitored throughout the experiments using
15 rotated Hobo pendant temperature/light data loggers
(Onset Computer Corporation, Pocasset, MA).
In the US experiment, we simultaneously grew Bd isolate
SRS 812 in culture and on An. terrestris and O. septentrionalis, and in the Panama Experiment, we simultaneously grew
isolate JEL 423 in culture and on At. zeteki. The Panama
Experiment was conducted over two temporal blocks (see
below). Our goal was to match the host to the isolate in the
geographic location where it originated, which is important to
ensure ecologically relevant outcomes and to capture any local
adaptation between host and parasite (Berger et al. 2005;
Stevenson et al. 2013). JEL 423 was isolated from Hylomantis
lemur during an epidemic at El Cope, Panam
a in 2004,
whereas SRS 812 was isolated from a Lithobates catesbeianus
captured in the south-eastern USA in 2006.
Bd growth in culture

Batrachochytrium dendrobatidis stock cultures (grown in 1%
tryptone broth) were maintained at 21 °C for 1 month before
use in the experiments. From these, we created six smaller
broth cultures and acclimated them to 10, 14, 18, 22, 26 or
28 °C for 12 h. To standardise these acclimated cultures to a
common concentration of 3.75 9 105 zoospores/mL, we
counted zoospores from 10 lL aliquots of broth using a
haemocytometer and Trypan blue (McMahon & Rohr 2014)
and diluted them with 1% tryptone. We then filtered cultures
using 20-lm nylon filters (Spectrum Laboratories, Inc., Rancho Dominguez, CA) to remove zoosporangia, adding 1 mL
of the resulting inoculate to 7 mL of 1% tryptone in 10 mL
test tubes. There were 12–16 cultures per temperature depending on the number of incubators used in each experiment.
In the Panama Experiment block 1, we measured Bd growth
in culture after 10 days by manually counting live zoospores
from 10 lL samples of each culture using a haemocytometer
and Trypan blue. In the US Experiment and Panama Experiment block 2, we non-destructively transferred 1 mL from
each culture at 7 and 14 days into 24-well plates (FalconÒ,
Corning, NY) and measured their optical densities at 490 nm
using a spectrophotometer (BiotechÒ Epoch Microplate Spectrophotometer, Winooski, VT) (McMahon et al. 2013b). We
manually counted zoospores in the first block of the Panama
Experiment because the spectrophotometer was in repair, but
we did not observe a strong difference in the temperaturedependent growth curve attained using the two methods
(Fig. S3).
Bd growth on hosts

While Bd was growing in culture, we simultaneously exposed
hosts to Bd and maintained them in the same incubators.
Hosts were divided into treatments of equal average mass
(n = 6 for An. terrestris and O. septentrionalis and n = 8 for
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At. zeteki) and were acclimated to their exposure temperature
for 14 days prior to Bd exposure. Thus, we avoided two issues
common to temperature/disease experiments: pseudoreplication within temperature treatments and confounding exposure
to a parasite with acclimation to a new temperature (Rohr
et al. 2011). An. terrestris was the only species exposed to
10 °C because we could not obtain permission from the
Maryland Zoo to expose At. zeteki to 10 °C and all O. septentrionalis acclimating to 10 °C died within 2 weeks.
We acclimated Bd to each temperature for 12 h and
counted and diluted zoospores as described above to standardise cultures to a common concentration. Animals were
exposed to 3 mL of 3.75 9 105 zoospores/mL Bd pipetted
directly on the back of each animal. Runoff remained in the
container with the animal for 24 h before a paper towel
change. In the US Experiment and block 1 of the Panama
Experiment, all animals were exposed to Bd because our focus
was on Bd growth rates across temperatures and we expected
low mortality over the 4-week experiment, as Bd-induced
amphibian mortality is generally low for at least a month
post-exposure. However, we had unexpectedly high mortality
of At. zeteki and thus, in the second temporal block of the
Panama Experiment (conducted with new animals), we added
control individuals (exposed to 1% tryptone broth not containing Bd) at all temperature treatments.
Batrachochytrium dendrobatidis growth on frogs was measured by swabbing the right hind limb of each frog 1, 2 and 4
weeks after Bd exposure or on the day of death. The sterile
swabs were passed 10 times from hip to toe and then frozen at
80 °C. Bd genome equivalents on each swab were determined
using quantitative PCR (following methods from Boyle et al.
2004) after DNA extraction using Prepman Ultra. We checked
each frog for mortality daily, and after 4 weeks, all frogs were
weighed and then euthanised with buffered MS-222.
Field study

The experiments described above provided data relevant to
our hypothesis on three host species under controlled climatic
conditions. However, given the limited number of hosts tested,
the experiments do not adequately address the generality of
our hypothesis or patterns in the field. To evaluate the
hypothesis that cold- and warm-adapted host species are most
susceptible to Bd in the wild at relatively warm and cold temperatures, respectively, we synthesised field Bd prevalence
studies. In September 2014, we searched Web of Science for
the term “Batrachochytrium dendrobatidis”, producing 1077
total results. We included swabbed amphibian samples in our
analysis if Bd prevalence data were reported and ≥ 5 postmetamorphic amphibians were sampled. The resulting dataset
consisted of 15 410 animals from 598 samples (groups of
amphibians of a common species sampled at a specific location and date) representing 235 species surveyed across 261
sites. We also recorded or calculated the following independent variables directly from content of journal articles: binomial name, developmental stage (adult, metamorph or larva),
sample size, dates of collection and geographic coordinates
(when not given in the literature, we searched sites on Google
Maps). Nomenclature was standardised according to the
© 2017 John Wiley & Sons Ltd/CNRS
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IUCN (2015), which generally follows Frost (2015). We
obtained mean temperature in each species’ geographic range
over 50 years from the database compiled by Sodhi et al.
(2008). Finally, we attached monthly mean temperature and
precipitation data from the Hadley Climate Research Unit
(Harris et al. 2014) specific to the location and month before
each amphibian sample was swabbed in the field [raster package (Hijmans 2014), extract function; all data compilation and
analyses were conducted in R 3.1.0 (R Core Team, 2014)]. We
averaged climate data across months if sampling took place
over the course of up to three consecutive months and did not
use data collected over longer periods of time, requiring us to
average climate data over multiple seasons, which we deemed
too coarse a climate measurement for our analysis.
Statistical analyses

For the Host Temperature Preference Experiment, differences in
temperature preferences among the three species were assessed
using a one-way ANOVA followed by Tukey’s post hoc multiple
comparison tests (stats package, aov and TukeyHSD functions,
assuming normal error distributions). To quantify Bd growth
rates in culture, we fit a logistic growth model to mean Bd optical
density or zoospore counts at each time point within each temperature treatment [assuming no growth at t0; bbmle package
(Bolker 2014), mle2 function, negative log-likelihood function,
assuming a normal error distribution]. We then fit JohnsonLewin [eqn 1; (Dell et al. 2011)] and Weibull [eqn 2; (Angilletta
2006)] growth models to Bd growth rates (r parameter from
logistic growth fits) across temperatures [bbmle package (Bolker
2014), mle2 function, assuming a normal error distribution].
,
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These models are capable of producing asymmetrical temperature–performance curves that do not fall below zero on the yaxis. They also produce parameter estimates for temperature of
peak growth (Topt in Johnson-Lewin; b in Weibull) based on a
negative log-likelihood function. To determine peak Bd growth
of each isolate, we compared the AICs of both models and chose
the peak growth parameter of the better performing model. We
also fit these models to previously published data describing temperature-dependent Bd growth in culture (Piotrowski et al. 2004;
Woodhams et al. 2008) and compared the temperatures of peak
growth across the isolates (Fig. S4). For all isolates, we assumed
zero growth at 0 and 32 °C. To estimate 95% confidence intervals for our parameters, we profiled all models fit using mle2
(profile function, stats package).
To analyse temperature-dependent Bd growth patterns on
frogs, we fit a logistic growth model to each individual’s log
Bd load over time, after adjusting all Bd loads for body size
by dividing by mass because larger frogs are swabbed over a
© 2017 John Wiley & Sons Ltd/CNRS

larger area [bbmle package (Bolker 2014), mle2 function, normal error distribution]. We then extracted the growth rate
parameter, r, from each fit and averaged parameters within
temperature treatments and species. We fit linear, exponential,
Johnson-Lewin and Weibull growth models to Bd growth
rates (r) across temperature and chose the model with the
lowest AICc. In addition, we conducted a Mitchell-Olds &
Shaw test (Mitchell-Olds & Shaw 1987) to examine whether
the temperature-dependent patterns of Bd growth on An. terrestris and O. septentrionalis were unimodal [vegan package
(Oksanen et al. 2007), MOStest function].
Given that the thermal mismatch hypothesis posits that the
temperature of greatest prevalence of warm- and cold-adapted
species should be at relatively cool and warm temperatures,
respectively, it required that we fit thermal performance curves
separately to warm- and cold-adapted samples in our Field
Study and estimate the temperature of maximum prevalence.
Hence, this required that we utilise a ‘reaction-norm’
approach fitting Weibull models to the prevalence data of
warm- and cold-adapted samples as a function of the 50-year
mean of each sample’s environmental temperature [bbmle
package (Bolker 2014), mle2 function]. These Weibull models
do not assume skew. Rather, the skew emerges from the fit to
the data and thus left-skewed, right-skewed or symmetrical
curves are possible. The models utilised a binomial error distribution and took into account the number of frogs swabbed
in each sample. To assign samples of frogs as either warm or
cold adapted, we identified the median environmental temperature of all samples as 17.5 °C and then split the data into
cool-adapted host species that had annual 50-year mean environmental temperatures < 15 °C and warm-adapted host species that had annual 50-years mean environmental
temperatures of > 20 °C. We also fit models with precipitation
as a linear covariate alongside temperature.
The previous analyses dichotomise host samples as either
‘cold-’ or ‘warm-adapted,’ but in reality this is a continuous
rather than categorical variable. To evaluate the shape of the
relationship between the environmental temperature of host
populations and the temperature of greatest Bd prevalence, we
repeatedly fit the same Weibull models as just described but for
4 °C moving windows (e.g. 10–14 °C, 11–15 °C, 12–16 °C, etc.)
of 50-year mean environmental temperatures. These windows
were fit between mean environmental temperatures of 10–30 °C
resulting in a minimum and maximum number of samples in any
4-year bin of 68 and 189, respectively. We then fit a third-order
polynomial to the relationship between the temperature of maximal Bd prevalence for each of these windows (parameter from
the Weibull models) and the midpoint of each mean annual temperature ‘window’ (i.e. 12 °C for the 10–14 °C window). Hence,
a negative relationship would indicate that as mean annual temperature experienced by amphibian populations increases, the
temperature where Bd prevalence is greatest decreases.

RESULTS

Host temperature preference experiment

Mean temperature preferences of An. terrestris (mean  1 SE:
24.07  0.19 °C) and O. septentrionalis (22.98  0.53 °C) did
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not differ significantly (Tukey’s HSD, P = 0.12), but both species preferred significantly warmer temperatures than At.
zeteki (17.85  0.14 °C; Tukey’s HSD, P < 0.0001 for both
pairs of species; Fig. 2; Table S1), supporting the hypothesis
that An. terrestris and O. septentrionalis are relatively warmadapted hosts and At. zeteki is a relatively cold-adapted host.
Bd growth experiments

Incubators consistently maintained temperatures within
 0.5 °C of targets throughout all trials (Fig. S5). We fit nonlinear unimodal Johnson-Lewin models to Bd growth in culture because these fits had lower AICs than Weibull, linear or
exponential fits. In addition, a Mitchell-Olds & Shaw test confirmed that growth patterns for both isolates were unimodal
(P < 0.0001). In all experiments, the temperature-dependent
curve describing Bd growth in culture closely followed previously reported patterns (Piotrowski et al. 2004; Woodhams
et al. 2008), slowly rising from 5 °C until peaking around 18–
19 °C before quickly crashing around 26 °C (Fig. 3; Fig. S4).
Isolate JEL 423 from Panama peaked in growth at 18.0 °C
(95% confidence interval 17.1–18.9 °C) and isolate SRS 812
from the south-eastern USA peaked at 18.9 °C (95% CI 18.1–
19.6 °C). Thus, the two isolates did not differ significantly in
their optimum growth temperatures. In addition, both of the
Bd isolates we tested were capable of exhibiting reasonably
high growth rates (50% of maximum) between 10 and 25 °C,
supporting the notion that Bd has a reasonably large thermal
breadth.
We fit linear or exponential models to Bd growth on frogs
because these fits had lower AICs than the unimodal fits. In
addition, a Mitchell-Olds & Shaw test did not support the
notion that temperature-dependent growth on frogs was unimodal (P = 0.91 for An. terrestris, P = 0.48 for O. septentrionalis).
Without
extrapolation
beyond
the
tested
temperatures, peak Bd growth rates were predicted to be at
10 °C on An. terrestris and 14 °C on O. septentrionalis,
which are much lower temperatures than 18.9 °C, the temperature of peak Bd growth in culture (Fig. 3a). We

Figure 2 Box plot of temperature preferences of amphibian host species.
To ascertain temperature preferences, we maintained uninfected Anaxyrus
terrestris, Osteopilus septentrionalis and Atelopus zeteki (n = 24, 25 and 9,
respectively) in thermal gradient apparatuses containing temperature
gradients ranging from 8 to 33 °C. Centre lines represent the mean
preferred temperature of each species, boxes are SEs and bars are first
and third quartiles. Means with different letters are significantly different
from one another based on a Tukey’s HSD multiple comparison test.
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observed very little mortality among these two species (two
and three total deaths, or between 6 and 10% mortality). In
contrast to the results for the warm-adapted species, Bd
growth rates on the cold-adapted At. zeteki were positively,
not negatively, associated with temperature (Fig. 3b), peaking
at warmer temperatures than those where Bd grew best in
culture. Greatest Bd growth for At. zeteki occurred at 26 °C,
whereas peak Bd growth in culture for this isolate occurred
at 18.0 °C (Fig. 3b).
Field study

On average, Bd prevalence was greatest under conditions only
slightly cooler than those that promoted peak growth in culture (17.0 °C, 95% CI 16.4–17.4 °C) (Fig. S6; Table S1).
However, Bd prevalence was greatest for amphibians from
cool climates (averaging < 15 °C) at 20.5 °C (95% CI 19.6–
22.1 °C; Fig. 4a). This was significantly higher (i.e. 95% CI
did not overlap) than the temperature of greatest Bd prevalence for amphibians from warm climates (> 20 °C), which
was only 15.9 °C (95% CI 15.4–16.4 °C; Fig. 4b), a result
consistent with the predictions of the thermal mismatch
hypothesis. Furthermore, our ‘moving window’ approach
showed that as the mean annual temperature experienced by
amphibians increased, the temperature where prevalence was
greatest decreased (third-order polynomial; R2 = 0.90,
P < 0.001; Fig. 4c). Also consistent with the thermal mismatch
hypothesis (see Fig. 1c,d), the curve describing Bd prevalence
of amphibian groups from cool climates was left skewed
(Fig. 4a), whereas the curve for samples from warm climates
was right skewed (Fig. 4b). Including precipitation in
multivariate models with temperature did not improve fits of
models predicting Bd prevalence.
DISCUSSION

Hosts are likely to experience thermal stress at unusual temperatures (Raffel et al. 2006) and microbes and pathogens are
known to have broad geographic ranges and thermal breadths
(the Baas-Becking Hypothesis, Baas-Becking 1934; Martiny
et al. 2006; Rohr et al. in review). Therefore, we hypothesised
that species adapted to warm conditions would experience
high Bd loads or prevalence at cooler temperatures than host
species adapted to cool conditions, which should experience
high Bd loads or prevalence at relatively warm temperatures.
We also hypothesised that parasite prevalence on cold- and
warm-adapted hosts as a function of temperature should be
left and right skewed, respectively (Fig. 1c,d). As hypothesised, O. septentrionalis and An. terrestris species from
relatively warm climates that preferred higher temperatures
(23–24 °C) in our thermal preference trials suffered the highest Bd loads at colder temperatures than Bd’s optimal growth
temperature in culture. Meanwhile, At. zeteki, a cool, montane species that preferred cooler temperatures (17.8 °C),
experienced rapid Bd growth at warmer temperatures than
those where Bd grew well in culture. Likewise, our analysis of
Bd prevalence in the field revealed that species adapted to cool
conditions experienced greater Bd prevalence at warmer temperatures than warm-adapted species. Also as hypothesised,
© 2017 John Wiley & Sons Ltd/CNRS
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thermal mismatch hypothesis. Amphibian populations were divided into (a) cold (< 15 °C) and (b) warm adapted (> 20 °C) groups based on their 50-year
mean annual temperatures. Separately for both the cold- and warm-adapted groups, Weibull models were fit to the relationship between Bd prevalence in
adult amphibians (n ≥ 5 animals) and temperature at the specific sampling location during the months of field sampling. Amphibians from cool climates
experienced peak Bd prevalence at relatively warm temperatures (20.5 °C; 95% confidence interval 19.6–22.1 °C), where groups from warm climates
experienced peak prevalence at cooler temperatures (15.9 °C; 95% CI 15.4–16.4 °C), providing support for the thermal mismatch hypothesis. (c)
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models would not fit these data.

the relationship between environmental temperature and parasite prevalence for cold- and warm-adapted hosts in the field
was left and right skewed, respectively (Fig. 4).
Our experimental and field results broadly support the thermal mismatch hypothesis, suggesting that host species are more
susceptible to disease at temperatures far from those to which
they are adapted. In a recent article, Nowakowski et al.
(2016) suggested that another dimension of thermal mismatch,
the gap between upper critical thermal tolerances (CTmax) of
amphibian hosts and Bd, is negatively related to disease risk.
Nowakowski et al. estimated this mismatch in thermal tolerance by calculating the difference between hosts and an
assumed constant CTmax for Bd worldwide. There is evidence,
© 2017 John Wiley & Sons Ltd/CNRS

however, for local adaptation of Bd isolates to environmental
conditions (Berger et al. 2005; Stevenson et al. 2013; Voyles
et al. in review). Thus, by subtracting a constant from the
CTmax of every host, these estimates of thermal mismatch are
confounded with host thermal tolerance. In addition, this
study did not address the disparity between thermal breadths
of hosts and parasites or consider how the host–parasite interaction might differ from host or parasite performance (CTmax)
in isolation. Our findings address these concepts as well as the
fact that Bd-related declines often happen in particularly
warm years (Rohr et al. 2008; Rohr & Raffel 2010).
Although the thermal mismatch hypothesis was supported by
our findings in a system with pathogens that have free-living
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stages and ectothermic hosts, questions remain about the generality of the hypothesis across systems. For example, disease
susceptibility is less temperature dependent for endotherms
than ectotherms (Harvell et al. 2002; Martin et al. 2010; Altizer et al. 2013). In addition, parasites that lack free-living
stages, such as vector-borne pathogens, may also be less
directly affected by environmental conditions (Harvell et al.
2002; Altizer et al. 2013), although traits of some vectors can
profoundly depend on temperature (Mordecai et al. 2013;
Johnson et al. 2015). We expect that the thermal mismatch
hypothesis most likely applies to cases of ectothermic hosts
and pathogens with free-living stages, but there is a need to
test this hypothesis across systems and pathogens. In addition,
in cases where the thermal breadth of the pathogen is narrower than that of the host, extreme temperatures could provide a refuge for hosts (Gsell et al. 2013), although such cases
may be uncommon (Rohr et al. in review). The thermal mismatch hypothesis may also be less applicable in cases where
hosts behaviourally thermoregulate to control the conditions
they experience, although recent evidence suggests that
amphibians do not thermoregulate to counter Bd infection
(Han et al. 2008; Rowley & Alford 2013). Even within the
amphibian/Bd system, the thermal mismatch hypothesis cannot
fully explain species-level variation in Bd prevalence, as there
are a number of taxonomic and life-history predictors of outbreaks (Olson et al. 2013).
Several of our observations might resolve uncertainties
regarding how environmental temperature impacts host susceptibility to Bd in the field (Venesky et al. 2014). In fact, the
thermal mismatch hypothesis may help explain some of the
apparently contradicting climate–Bd patterns in the literature;
for example, Retallick et al. (2004) found that Bd prevalence
peaked in the coolest months of the year in tropical northern
Queensland, whereas Bosch et al. (2007) reported peak Bd
prevalence during the warmest months in the relatively cool
mountaintops of central Spain. In contrast with the considerable variability among hosts in their temperature-dependent
susceptibility to Bd, we observed much less variation in optimal growth temperatures among Bd isolates grown in culture
(including two that have been previously reported; Piotrowski
et al. 2004; Woodhams et al. 2008). Importantly, temperaturedependent Bd growth in culture would have poorly predicted
temperature-dependent host susceptibility for all species we
tested (Rohr et al. 2008), even though models predicting Bd
distributions are often parameterised based on growth in culture (Pounds et al. 2006; Rohr et al. 2008; Woodhams et al.
2008; Murray et al. 2013). Surprisingly, Bd growth patterns
on animals were linearly or exponentially related to temperature, implying that poor host resistance can enable pathogen
growth even at extreme conditions where pathogens do relatively poorly in culture. We observed large infection loads for
At. zeteki at high temperatures (26–28 °C), contrasting the
observed pattern of Bd growth in culture and suggesting that
Bd has the potential to cause outbreaks well outside of the
conditions where it traditionally has been thought to flourish.
These results highlight the need to either explicitly consider
the host–parasite interaction or evaluate the difference in host
and parasite performance in isolation rather than only one of
their performances alone.
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Much of the recent debate over whether global climate
change is likely to increase the spread of disease focuses on
how changing climates will impact pathogen ranges (Epstein
2001; Lafferty 2009; Murray et al. 2011), with fewer studies
exploring the effect of climatic shifts on host immunity or
resistance (Martin et al. 2010; Rohr et al. 2011). In general,
parasites might be more adaptable to climate change than
their hosts because of their shorter generation times and
faster acclimation rates (Raffel et al. 2013; Rohr et al. in
review), although the adaptability of host microbiomes to
climate change remains unknown. Warmer mean temperatures are likely to push hosts away from their optimal temperatures and result in greater thermal mismatches between
hosts and parasites, particularly for cold-adapted hosts.
Meanwhile, sudden temperature drops that occur following
warm periods (Rohr & Raffel 2010) may cause thermal mismatches between warm-adapted hosts and their parasites. In
addition, extreme weather events are likely to increase with
climate change (Rosenzweig et al. 2001), exposing hosts to
unusual temperatures and lending pathogens an advantage
in host–parasite interactions. To manage disease, it will be
critical that researchers account for thermal mismatches
between the performance of hosts and parasites when
predicting temperature-dependent disease outcomes across
systems.
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