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Abstract. As human activities alter environmental conditions, the emergence and spread of disease repre-
sents an increasing threat to wildlife. Studies that examine how host–pathogen relationships play out across
seasons and latitudes can serve as proxies for understanding how natural and anthropogenic changes in cli-
mate may influence infection and disease dynamics. Amphibians are ideal host organisms for studying the
impacts of climate on disease because they are ectothermic and threatened by chytridiomycosis, a recently
emerged and globally important disease caused by fungal pathogens in the genus Batrachochytrium. Previous
studies suggest that temperature affects the interaction between amphibians and Batrachochytrium pathogens.
However, a clearer understanding of this host–pathogen–environment interaction is needed to predict how
the risk of chytridiomycosis will vary in space and time. Here, we investigate how daily, seasonal, and latitu-
dinal variations in temperature affect the incidence and impact of Batrachochytrium dendrobatidis (Bd) infection
in a broadly distributed host, the northern cricket frog (Acris crepitans), using a combination of field and labo-
ratory studies. In a four-year field study conducted at three latitudes, we found that daily maximum air tem-
perature over a 15-d period prior to sampling best predicted patterns of Bd infection and that the lightest
infection loads followed periods when these temperatures exceeded 25°C. In a laboratory exposure experi-
ment, we found pathogen load and mortality to be greater at temperatures that mimic winter temperatures
at the southern extent of this host’s range than for scenarios that mimic temperature conditions experienced
in other areas and seasons. Taken together, our findings suggest that changes in temperature across time-
scales and latitudes interact to influence the dynamics of infection and disease in temperate amphibians.
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INTRODUCTION

Many pathogens have life cycles and transmis-
sion mechanisms that are temperature-depen-
dent (Altizer et al. 2013), and the abilities of host
organisms to defend themselves against patho-
gens can be affected by temperature (Butler et al.

2013). As such, global climate change is likely to
impact patterns of disease emergence and spread
(Rohr and Raffel 2010). The Earth’s annual mean
surface temperature is projected to increase by
0.3°–4.8°C between 2005 and the year 2100, with
concurrent shifts in seasonal and finer-temporal
climate patterns also expected (Stocker et al.
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2013). For example, nighttime minimum temper-
atures are predicted to increase more than day-
time maximum temperatures, high latitudes to
warm more than low latitudes, and winter tem-
peratures to increase more than summer temper-
atures (Stocker et al. 2013, Harvell et al. 2002,
Martin et al. 2010). Climate unpredictability is
also expected to increase (Easterling 2000). All of
this suggests that hosts and their pathogens will
be subjected to new thermal environments and
that these changes are poised to affect the
dynamics of wildlife diseases (Alford 2013, Raffel
et al. 2012).

Studies that examine how current-day host–
pathogen relationships play out across seasons
and latitudes can act as useful proxies for under-
standing how climate change may alter host–
pathogen dynamics (Dobson et al. 2003, Lafferty
2009). For example, based on an understanding
of the effects of seasonal climatic variation on the
spirochete pathogen Borrelia burgdorferi and its
tick hosts, future climate change is projected to
result in the geographic spread and increased
occurrence of Lyme borreliosis (Lyme disease),
the most common human vector-borne disease in
Europe (Lindgren and Jaenson 2006). Ectotherm
hosts are well suited for this type of study as the
dependence of their physiological performance,
including immune system functions (Butler et al.
2013), on temperature makes them particularly
vulnerable to altered disease susceptibility in a
changing climate (Rollins-Smith and Woodhams
2012, Cohen et al. 2019). Chytridiomycosis, a dis-
ease of amphibians caused by fungi in the genus
Batrachochytrium (Longcore et al. 1999, Martel
et al. 2013), is an ideal system for studying the
relationship between host, pathogen, and tem-
perature because the physiologies and life cycles
of both host (Rollins-Smith and Woodhams 2012)
and pathogen (Piotrowski et al. 2004, Martel
et al. 2013) taxa are known to be particularly
temperature-sensitive.

Batrachochytrium dendrobatidis (hereafter Bd,
Longcore et al. 1999) is a devastating wildlife
pathogen whose emergence and spread has been
linked to declines in hundreds of amphibian
populations and species worldwide (O’Hanlon
et al. 2018, Scheele et al. 2019). It can infect all
amphibian orders (Gower et al. 2013, Berger
et al. 2016) and has been detected on every conti-
nent where amphibians are found (Fisher et al.

2009). The disease chytridiomycosis occurs when
water-born Batrachochytrium zoospores invade
the superficial layers of amphibian skin causing
abnormal cell loss, hyperkeratosis, and excessive
skin sloughing (Pessier et al. 1999). Other clinical
signs of this disease include lethargy, inappe-
tence, cutaneous erythema, abnormal posture,
and loss of righting reflex (Voyles et al. 2009).
These symptoms of disease and mortality occur
in individuals with the highest zoospore loads
(Voyles et al. 2009). Two common measures of
Batrachochytrium infections in natural popula-
tions are pathogen load (number of zoospores on
an individual) and pathogen prevalence (propor-
tion of host population infected). In susceptible
species, mortality can be seen in as few as ten
days after infection (Berger et al. 1998). This can
happen when individuals with severe chytrid-
iomycosis infections develop an electrolyte
imbalance that causes cardiac arrest (Voyles et al.
2007).
As is the case for many fungi (Casadevall

2005), temperature is very important to the life
history of both Batrachochytrium species. While
there is variation among strains (Voyles et al.
2017), optimal growth of Bd in culture generally
occurs between 17° and 25°C, and death occurs
at 27°–29°C or below 0°C (Piotrowski et al. 2004,
Woodhams et al. 2008, Voyles et al. 2017). Bsal
grows best at lower temperatures, with optimal
growth achieved in culture at 10°–15°C and
death occurring at 25°C (Martel et al. 2013). Lab-
oratory exposure experiments have demon-
strated an effect of temperature on the outcome
of Bd infections in amphibian hosts (e.g., Raffel
et al. 2012, Sonn et al. 2017), though the relation-
ship between temperature and disease variables
appears to vary among hosts with different
ecologies (Cohen et al. 2017) and also from what
one would predict based on patterns of Bd
growth in vitro (Sonn et al. 2017). Field studies
suggest that seasonal and latitudinal tempera-
ture variations (Kriger and Hero 2006, Kriger
et al. 2007, Sapsford et al. 2013), as well as micro-
habitat selection with respect to temperature by
amphibian hosts (Richards-Zawacki 2010, Row-
ley and Alford 2013), can affect the dynamics
and outcome of Bd infections in nature.
However, temperature’s effect on Batra-

chochytrium may not be the only link between cli-
mate and chytridiomycosis dynamics. For
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example, temperature can impact how the skin
microbiome modulates an amphibian’s tolerance
of Bd infection (Robak and Richards-Zawacki
2018). And, as is true for many ectotherms
(Butler et al. 2013), the performance of the
amphibian immune system is known to be tem-
perature-sensitive (Rollins-Smith et al. 2011).
Thymus size and density (Miodo�nski et al. 1996)
and lymphocyte, neutrophil, and eosinophil
levels (Maniero and Carey 1997, Raffel et al.
2006) tend to be lower during the cooler seasons,
and antibody synthesis and activity generally
increase with temperature (Maniero and Carey
1997). Sudden and unpredictable shifts in tem-
perature, as are predicted to occur more fre-
quently under climate change (Easterling 2000),
pose a particular challenge to ectotherm immune
systems and have been shown to decrease host
resistance to Bd (Raffel et al. 2012). Thus, it seems
reasonable to predict that the temperature
dependence of amphibian immune defenses
against Bd plays an important role in the dynam-
ics of chytridiomycosis now and in the future.

Increasingly, the health of wildlife populations
may hinge on their ability to mitigate the com-
bined effects of emerging infectious diseases and
rapidly changing environmental conditions
(Fisher et al. 2012). Ectotherms can offset temper-
ature challenges by behaviorally thermoregulat-
ing (Martin et al. 2010), and they use this
mechanism to relieve a variety of physiological
pressures, including infections. For example,
fever, an elevation in core body temperature, is
thought to enhance immunological responses by
increasing the cytotoxic activity of neutrophils
and macrophages, activating heat shock transcrip-
tion factors, optimizing cytokine expression, and
stimulating T-cell proliferation (Rollins-Smith and
Woodhams 2012). By changing their posture, ori-
entation, or microhabitat, many ectotherms,
including frogs, generate fevers behaviorally
when challenged with a pathogen (Kluger 1977).
However, while heat has been demonstrated to
eliminate Bd infections (Chatfield and Richards-
Zawacki 2011) and field studies have found pat-
terns consistent with a behavioral fever response
to Bd infection (Richards-Zawacki 2010, Rowley
and Alford 2013), the occurrence of behavioral
fever in response to Batrachochytrium infection has
not been demonstrated empirically (Sauer et al.
2018).

Using a combination of field studies and labo-
ratory exposure experiments, we investigated
how climatic variation at a variety of scales
impacts the amphibian–Bd interaction in a
broadly distributed but declining (Lehtinen and
Skinner 2006) North American host (Rothermel
et al. 2008, Chatfield and Richards-Zawacki
2011), the northern cricket frog (Acris crepitans).
At the largest scale, our field study, which
spanned four years and three latitudes, allowed
us to examine whether and how patterns of Bd
prevalence and load on a susceptible host vary
with (1) latitudinal and (2) temporal (e.g., daily,
seasonal, and yearly) changes in weather and/or
climate. At a finer scale, we used body tempera-
ture measurements and microclimate informa-
tion from field-captured frogs to test whether
A. crepitans chooses warmer microhabitats when
infected with Bd, consistent with behavioral
fever. Our laboratory experiment, in which
A. crepitans were exposed to Bd under tempera-
ture scenarios that mimic the warmest and cool-
est parts of the active season near the latitudinal
extremes of this frog’s extant range, allowed us
to isolate the effect of temperature variation on
disease variables (pathogen prevalence and load
and host mortality). Together, these studies pro-
vide new insights into the importance of temper-
ature for understanding current (and predicting
future) dynamics of chytridiomycosis.

METHODS

Selection of focal host
We selected A. crepitans because it is widely

distributed (eastern United States) and abundant
in the southern part of its range but has declined
and even disappeared from many areas in the
northern part of its range (Steiner and Lehtinen
2008). Chytridiomycosis may have contributed
to these declines, as Bd has been detected in
A. crepitans from many parts of its extant range,
including in Louisiana, Arkansas, and Ohio
(Rothermel et al. 2008, Steiner and Lehtinen
2008), and mortality due to chytridiomycosis has
been documented (Zippel and Tabaka 2008).
Acris crepitans is a terrestrial to semiaquatic spe-
cies that prefers muddy habitats in close proxim-
ity to water and shelter (Smith et al. 2003).
Individuals can be found near ponds, streams, or
rivers in habitats ranging from forests to prairies,
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making this a suitable species for studying the
relationship between Bd infection and microhabi-
tat selection. Body temperatures in the field have
been reported from 20.9° to 35.5°C, with a mean
of 27.4°C (Smith et al. 2003). Because they can
tolerate such a wide range of temperatures, they
are also well suited for studies of thermal prefer-
ence with respect to infection. Acris crepitans has
a short life span with most individuals likely liv-
ing <2 yr (Gray 1983, Lehtinen and MacDonald
2011, McCallum et al. 2011), which means that
impacts of disease outbreaks on adult survival
and on recruitment may have important and
long-term consequences for populations.

Field study
We recorded Bd infection status, body size,

body temperature, substrate temperature, and
microhabitat information for A. crepitans during
a four-year field study at three different latitudes
spanning this frog’s extant range (Fig. 1). In
southern Louisiana, we conducted surveys at
two sites in the Atchafalaya National Wildlife
Refuge, Breaux Bridge, Louisiana, USA. In
Northwest Arkansas, one survey site was at
Hobbs State Park, Rogers, Arkansas, USA, and
the other at Lincoln Lake City Park, Lincoln,
Arkansas, USA. In Southwest Ohio, because we
encountered fewer frogs on our initial surveys
we decided to increase our sample size by sur-
veying a greater number of sites. Three survey
sites were initially established at Caesar Creek
State Park, Waynesville, Ohio, USA, in 2012
(OH1–OH3; Appendix S1: Table S1), but surveys
at OH3 were discontinued after 2012 when no
cricket frogs were seen or heard, and few frogs
were captured at OH2 after 2013 due to changes
in a nearby dam that affected this wetland. In
2014 and 2015, we surveyed a fourth pond in the
same park (OH4) to ensure that we were sam-
pling enough frogs to get good estimates of infec-
tion prevalence and load. All sites were in
protected habitats, such as parks or wildlife
refuges, but were used for recreation (fishing,
boating, hiking, and hunting). All sites were at
least partially wooded and included a pond,
lake, or stream. Appropriate permits were
obtained for animal research at all study sites.

We conducted daytime and nighttime surveys
at each field site every other month during the
frog’s active season from 2012 to 2015. In

Louisiana, A. crepitans are active year-round,
while in Arkansas, the active season extends
from March to October, and in Ohio, it is from
May to September. Daytime surveys began early
in the morning (07:00–09:00 h) when frogs began
to be active and continued until the afternoon
when frogs became less active (15:00–17:00 h).
Nighttime surveys were conducted at dusk and
continued for at least one hour, or until frogs
were no longer active. Survey effort was not stan-
dardized among sites and surveys. In Louisiana,
we conducted two daytime surveys and one
nighttime survey per visit because the frogs were
more abundant there. In Arkansas and Ohio, we
typically conducted three daytime surveys and
two nighttime surveys per visit, although this
varied based on the abundance of frogs and on
weather conditions.
Two or three people performed each survey.

We searched for frogs by beginning at a specified
location and systematically searching the entire
site visually. The site perimeter was designated
by water edges and natural barriers (e.g., roads,
downed trees, rock walls). When a frog was
encountered, we measured the dorsal skin tem-
perature of the frog and the temperature of the
substrate on which the frog was first sighted
using a handheld infrared thermometer (Micro-
Epsilon Dual-Focus Infrared, Maine, USA; accu-
racy � 0.1°C). Next, we noted the type of sub-
strate that the frog was initially seen on and
whether that was in sun or shade. Then, while
wearing a fresh pair of nitrile gloves, we cap-
tured the frog by hand and swabbed the skin for
Bd five times on each of the dorsum, the sides
(groin to armpit), the venter, and the bottom of
each foot using a sterile, individually wrapped
rayon swab (Medical Wire and Equipment, UK,
MW-113). We then weighed the frog using a digi-
tal scale (accurate to � 0.1 g), measured it snout
to vent (to the nearest 0.1 mm) using dial cali-
pers, marked it with an individual toe clip code
(Waichman 1992) using a sterilized scalpel blade,
and photographed it. At the end of each survey
session, we released the frogs into the water on
the edge of the survey area to avoid immediate
recapture but not diminish the chance of recap-
ture during subsequent visits.
We kept the swabs cool in the field and stored

them at �20°C in the laboratory prior to analysis.
We screened swab samples for Bd presence and
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load by extracting genomic DNA from them and
using a quantitative real-time polymerase chain
reaction (qPCR) assay. To extract genomic DNA
from swabs, we used a Qiagen DNeasy Kit
according to the protocol for animal tissue with
the following modifications: (1) We incubated
swabs for one h, by vortexing (30 s) and spinning
them (1000 rpm for 10 s) at the midpoint and at
the end of the incubation period, and (2) we
eluted samples twice using 100 lL of elution buf-
fer each time instead of 200 lL once. Our qPCR
assay was performed on an Applied Biosystems
7500 machine following the procedure of Boyle
et al. (2004) with the following modifications: (1)
We diluted each sample 1:10 with molecular
grade water, and (2) we added 0.7 lL of 19
bovine serum albumin (Applied Biosystems) to
each reaction well prior to amplification (Boyle
et al. 2004, Hyatt et al. 2007, Garland et al. 2010).
We included a sevenfold dilution set of plasmid-
based standards (Pisces Molecular) in all qPCR
runs to permit quantification of pathogen load.
The quantities were multiplied by 400 to estimate
the number of Bd DNA copies on a whole swab
as we used only 5 lL of a 200 lL volume of

DNA extract per assay and the DNAwas diluted
1:10 before use in qPCR.

Statistical analysis for field study
Relationships between infection and host variables.—

To detect and quantify relationships between Bd
infection and host traits, we employed a three-
part analysis. First, to test for effects of micro-
habitat use and body condition on whether a
frog captured in Louisiana was Bd-positive (yes/
no) and pathogen load (log DNA copies detected
by qPCR), we used generalized linear mixed
models (GLMMs) with site and frog ID as sub-
jects and year and month as repeated measures.
Louisiana was considered separately for these
analyses because the longer active season meant
we sampled for more months of the year in this
state than in Arkansas and Ohio. The only ran-
dom effect in these models was site, while fixed
effects included body condition (calculated
using the residuals of the regression between
snout–vent length and body mass, following
Jakob et al. 1996), body temperature, the sub-
strate the frog was on when first observed (six

Fig. 1. Historical range of Acris crepitans (gray) in the eastern United States with locations of field sites indi-
cated by stars. Range data are from Hammerson et al. (2004).
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categories: vegetation, water, bare ground, leaf
litter/debris, mud, and rock), and whether or not
the frog was in the sun when captured (hereafter
“sun v. shade”; two categories: sun and shade).
Our model for infection (yes/no) used a binary
logistic distribution with a logit link function.
Our model for pathogen load, which included
only captures where the frog tested positive for
Bd, used a Poisson distribution with a log link
function. For all models, we used a first-order
autoregressive 1 (AR1) covariance structure, a
Satterthwaite approximation for degrees of free-
dom, and an a level of 0.05. Second, we used an
analogous model with data from all three states
across the sampling months they had in com-
mon (May, July, and September). The only differ-
ence in model design between this GLMM and
the Louisiana-only model was that state was
included as a fixed effect. Last, for each of the
models described above, we compared the cor-
rected Akaike information criterion (AICc) val-
ues of a GLMM containing only main effects to
those of a GLMM with the same set of main
effects plus a set of two-way interactions. Here,
we included only variables for which we had an
a priori reason to suspect an interaction might
exist. We included the month-by-state interac-
tion because we thought infections might peak
in different months across latitudes. We
included the month-by-body condition interac-
tion because we suspected that poor body condi-
tion early in the breeding season could be more
strongly associated with infection than low body
condition later on. We also included the month-
by-sun v. shade interaction because we predicted
that the relationship between basking behavior
and infection would depend upon season, with
the need to bask minimized during the warmest
months of the year. We report the results of the
model (either with or without interactions) with
the lowest AICc value. In no case did the two
AICc values being compared differ by <2, sug-
gesting that one model was a better fit to the
data in each comparison (Bolker et al. 2009). All
GLMMs were conducted in IBM SPSS Statistics
v23 (IBM, Armonk, New York, USA).

Relationships between infection and weather
conditions.—Relating site-level data on weather
patterns to observed patterns of Bd infection
(yes/no) and pathogen load involved several ana-
lytical challenges. We are unaware of any prior

investigations that have rigorously determined a
most relevant temporal scale for relating Bd
infections to weather conditions; thus, the opti-
mal period to consider when quantifying
weather patterns for independent variables was
treated as an unknown. We also assumed that
any relationships between weather patterns and
Bd infection rates could be nonlinear. We there-
fore applied a coupled approach to model Bd
infection and pathogen load on field-captured
frogs using classification/regression trees (De’ath
2000) and boosted regression trees (BRTs; Elith
et al. 2008) to minimize the effects of temporal
autocorrelation and allow for detection of nonlin-
ear relationships.
Prior to developing the BRTs, we modeled the

proportion of frogs infected for each survey ses-
sion using a basic regression tree with mean and
maximum daily air temperatures, total precipita-
tion, and the coefficient of variation in air tem-
peratures for 15, 30, 60, and 90 d prior to each
survey session as independent predictor vari-
ables. We used the temporal resolution of the pri-
mary (first and second degree) nodes to identify
which time frame prior to sampling best pre-
dicted the proportion of frogs that were infected,
which was 15 d for two of the three earliest
nodes. The basic regression tree was also used to
identify which candidate metric with respect to
central tendency (median or mean) and air tem-
perature measurement (daily maximum or mini-
mum) best predicted the presence of Bd. The best
nodes indicated that means and daily maximum
air temperatures were best at predicting Bd infec-
tions on frogs.
We created two predictive BRT models to ask

how weather patterns were related to Bd infec-
tion: one that modeled Bd infection (yes/no) and a
second that quantified pathogen load for infected
individuals. A random sample representing 15%
of sampling observations was withheld from the
training dataset to ensure our BRT models could
be tested for predictive power. Candidate inde-
pendent variables for the BRTs included the mean
of daily maximum air temperature, the coefficient
of variation in air temperature, and total precipi-
tation for a number of days leading up to the sam-
pling event (15 for Bd presence and 30 for
pathogen load, chosen as described above). The
site and state for each survey event were also
included as independent variables to determine
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whether these superseded weather patterns as
predictor variables. Bd presence (yes/no), with
individual frogs treated as replicates, was mod-
eled with a Bernoulli distribution. Boosted regres-
sion tree models were developed using a tree
complexity of three nodes, a bag fraction of 0.5,
and a learning rate of 0.005 (as recommended by
Elith et al. 2008). We summarized the relative
influence of predictor variables and the direction
of their effect by assessing partial dependency
plots. Boosted regression tree model performance
was tested by predicting the Bd presence and
pathogen load in the testing dataset and compar-
ing observed vs. predicted variables using linear
regression, with the data weighted by the ln-
transformed number of frogs collected per sam-
pling event. These statistical analyses were exe-
cuted using program R (R Core Team 2016). All
BRT calculations were performed using the gbm
package (Greenwell et al. 2019).

Bd exposure experiment
We conducted a Bd exposure experiment with

four temperature treatment groups, each simu-
lating the daily pattern of temperature fluctua-
tion from a different part of the frog’s range
during a different time of its active season. Our
experiment was conducted in two rounds due to
limitations on the number of controlled environ-
mental chambers available. On each of January
29 and June 15, 2015, we captured 44 adult
A. crepitans from the F. Edward Hebert Research
Center in Belle Chasse, Louisiana, to begin an
experimental round. Frogs were housed individ-
ually in clear plastic, cylindrical tanks (15 cm tall,
11 cm diam.) with ventilated lids, containing
300 mL of filtered tap water. We provided the
frogs with clean water and tanks once per week,
sterilizing the tanks with 10% bleach and then
letting them dry completely before reuse. We fed
the frogs four times per week on a diet of one-
week-old crickets. Initially, we fed the frogs forty
crickets a week, but that was increased to sixty
crickets per week three weeks into the first round
of the experiment. We measured and weighed
the frogs weekly and swabbed them biweekly
using the techniques described above. When
handling each frog, we wore a clean pair of
nitrile gloves. We used a random number genera-
tor to assign frogs to treatment groups, where
each Bd exposure group received 11 frogs and

each sham exposure group received 9–12 frogs.
We housed Bd- and sham-exposed frogs from a
given temperature treatment on the same shelves
in the environmental chambers and haphazardly
rotated the positions of the tanks within each
chamber throughout the experiment.
Upon arrival in the laboratory, we housed all

frogs at 30°C in a temperature-controlled envi-
ronmental chamber (Conviron Adaptis) for ten
days to ensure that they would be Bd-negative
(Chatfield and Richards-Zawacki 2011) at the
start of the experiment. We adjusted the tempera-
ture to and from 30°C in 2°–3°C increments
every four hours. After ten days, we swabbed
the frogs to ensure that they were Bd-negative
and moved them to their treatment temperature
regimes. These were designed to oscillate each
day between the average daily high and low air
temperatures for the coldest and hottest months
that frogs are active in southern Louisiana
(round 1) and Southwest Ohio (round 2), points
near the latitudinal extremes of the extant range
of A. crepitans (Fig. 2, see also Appendix S1).
We acclimated the frogs to their treatment tem-

perature regimes for 14 d prior to their initial
exposure to Bd. We prepared Bd inocula each week
using 5- to 7-d-old tryptone agar plates containing
Bd strain JEL 423. This Bd strain is a member of the
hypervirulent Bd-GPL lineage (Rosenblum et al.
2013) and was originally isolated from an infected
Hylomantis lemur frog during the epizootic at El
Cope, Panama, in 2004 by Joyce Longcore. On the
day of inoculation, we flooded each plate with
5 mL deionized (DI) water and allowed the plates
to sit for 10 min while zoosporangia released
zoospores into the water. We estimated the con-
centration of the zoospore solution using a hemo-
cytometer, then diluted this to our desired
concentration using DI water. We did not filter the
solution to remove any zoosporangia that may
have been present. We inoculated frogs in our Bd
exposure groups weekly with 1 9 108 zoospores
in 40 mL of inoculum for a concentration of
2.5 9 106 zoospores/mL. We exposed these frogs
to Bd by gently spraying inoculum onto the frog’s
dorsal side with a 50-mL syringe while holding
the frog over a clean tank. This allowed excess
inoculum to fall into the filtered tap water in the
frog’s enclosure. Sham-exposed (control) frogs
were treated similarly, except that their inoculum
was prepared by flooding a blank agar petri dish
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with DI water. We repeated this inoculation pro-
cedure weekly for both Bd and sham exposure
groups throughout the experiment. We inocu-
lated frogs in round 1 for the first time on April
15, 2015, and round 2 frogs were first inoculated
on July 17, 2015. Aside from temperature, all
experimental procedures and conditions were the
same among experimental rounds.

We swabbed Bd-exposed frogs biweekly using
the procedure described above. Sham-exposed
frogs were only swabbed at the start and end of
the experiment, or upon first encounter after
mortality if it occurred. We analyzed swabs for
the presence and quantity of Bd using the qPCR
procedure described above. We weighed and
measured all frogs’ snout to vent weekly and
monitored them daily for clinical signs of
chytridiomycosis (following Voyles et al. 2007).
When mortality occurred, we swabbed and mea-
sured the carcass before fixing it in formalin and
preserving it in 95% ethanol. The experiment
was terminated nine (round one) or 10 (round
two) weeks after frogs were moved to their treat-
ment temperatures. Round 2 was extended by
one week to ensure that we had captured enough
of the disease process. We euthanized all frogs
by bath in a solution of MS-222 (2g/L concentra-
tion) at the end of each round.

Statistical analysis for exposure experiment
We used linear mixed models (LMMs) to test

for differences in Bd load and GLMMs to test for

differences in the probability of Bd infection
among temperature groups. Our GLMM for
probability of infection used a binomial distribu-
tion with a logit link function. For all models, we
used an autoregressive 1 (AR1) covariance struc-
ture, estimated marginal means using restricted
maximum likelihood with 95% confidence inter-
vals, and Fisher’s LSD tests for pairwise compar-
isons. As described above, results from qPCR
assays were converted to whole swab values and
these were log10-transformed prior to analysis.
Our models for probability of infection and
pathogen load included individual frogs as sub-
jects, week as the repeated measure, and fixed
effects of week, temperature group, and the
week-by-temperature group interaction.
To test for differences in survival between

exposure and temperature groups, we used Cox
regressions with temperature group and expo-
sure groups as categorical covariates. Kaplan-
Meier pairwise comparisons were then per-
formed to test for differences in survival between
the temperature groups of Bd- and sham-exposed
frogs. All analyses were performed in SPSS
Statistics v23 (IBM, Armonk, New York, USA).

RESULTS

Field study
Over the course of our four-year field study,

we captured and tested 1834 cricket frogs for Bd
infection. The proportion of frogs recaptured

Fig. 2. Schematic of air temperature regime inside controlled environmental chambers. The air temperature in
each chamber was set to fluctuate between the average daily minimum and maximum air temperatures (dashed
lines) for each site/month combination being simulated. For round 1 (Louisiana), these temperatures were
7°–17°C and 22°–32°C. For round 2 (Ohio), they were 11°–23°C and 18°–28°C. Temperatures in the chambers
(solid lines) were held constant at these high and low temperatures for seven hours each day, and in between
these times, the chamber was set to increase or decrease in temperature by 2°–3°C every hour for five hours.
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during any subsequent survey varied among
sites but was always <16% (Appendix S1:
Table S1). Most frogs were only recaptured dur-
ing the same active season (Appendix S1:
Fig. S1), and the proportion of all frogs captured
that were recaptured during a subsequent active
season (following one or more winters) was simi-
lar across latitudes (2.9% in Ohio, 2.9% in Arkan-
sas, and 1.0% in Louisiana). Only two frogs
(1 from Arkansas and 1 from Louisiana) were
recaptured two active seasons after their original
capture. The majority of recaptured frogs tested
negative for Bd both at their initial capture and
during each subsequent capture, but some
showed evidence of having gained or lost infec-
tions between captures. We did not find evidence
for reinfection after clearing (positive ? negative
? positive), but our sample size of individuals
captured three times was quite small (14 frogs;
Appendix S1: Table S2).

The mean Bd infection prevalence across all
locations, seasons, and years of this study was
13.6%. Across years, mean prevalence was 13.9%
in Louisiana, 6.4% in Arkansas, and 24.1% in
Ohio. Yearly mean infection prevalences, consid-
ering all three states together, increased from
1.7% in 2012, to 26.1% in 2015 (Table 1,
Appendix S1: Fig. S2). In Louisiana and Arkan-
sas, yearly infection prevalences increased
between 2013 and 2014 and remained high in
2015. In Ohio, however, prevalence increased
each year but did so most dramatically in 2015,
reaching over 50% prevalence in that year.

For the dependent variable of Bd infection
(yes/no), the GLMM including only main effects
had a lower AICc value than the GLMM that also
included interaction terms. This was true for
both the Louisiana-only model (AICc 6530.734
without vs. 8726.771 with interactions) and the
three-state model (AICc 8551.342 without vs.
8760.008 with interactions), so we report only the
results of the simpler, better supported models here.
In Louisiana, year (F3, 1071 = 19.797, P < 0.001) and
month (F5, 1075 = 5.140, P < 0.001) were significant
predictors of Bd infection with 2012 (b = �2.702,
P < 0.001) and 2013 (b = �2.789, P < 0.001) but
not with 2014 (b = �0.225, P = 0.406) having lower
probabilities of infection than 2015. In comparison
with November, infection probabilities were lower
in July (b = �3.130, P < 0.001) and September
(b = �1.204, P = 0.002) but similar in all other

months sampled (P ≥ 0.082). Frogs captured in the
sun had a greater probability of infection
(mean = 0.177, 95% CI = 0.142–0.219) than those
captured in the shade (F1, 1082 = 4.311, b = �0.470,
P = 0.038; mean = 0.095, 95% CI = 0.077–0.116).
However, frog body condition, body temperature,
and substrate type were not significant predictors
of Bd infection (Appendix S1: Table S3). When all
three states were considered for the months of May,
July, and September, year (F3, 604 = 23.53,
P < 0.001), month (F2, 1225 = 17.471, P < 0.001),
and state (F2,5 = 6.773, P = 0.041) were significant
predictors of Bd infection. Similar to the Louisiana-
only model, 2012 (b = �3.627, P < 0.001) and 2013
(b = �1.952, P < 0.001) had lower infection proba-
bilities than 2015 but 2014 did not (b = 0.225,
P = 0.333). In comparison with September, infec-
tion probabilities were higher in May (b = 1.431,
P < 0.001), but not significantly so in July
(b = 0.388, P = 0.191). In comparison with Ohio,
infection probabilities were significantly lower in
Arkansas (b = �1.278, P < 0.017) but not signifi-
cantly so in Louisiana (b = �0.642, P < 0.128). Nei-
ther body condition, body temperature, sun v.
shade, nor substrate type were significant predic-
tors of infection in the three-state model
(Appendix S1: Table S3). Frog body conditions
(Appendix S1: Fig. S3) and body temperatures
(Appendix S1: Fig. S4) were similar across latitudes.
We recorded body temperatures ranging from 6.1°
to 38.5°C (mean 21.3°C) in Louisiana, from 6.8° to

Table 1. The number and percent of Acris crepitans
frogs infected with Bd, as determined by quantita-
tive real-time polymerase chain reaction, for each
year/state combination.

State Year
No.

infected
Frogs

sampled

Percentage
infected (95% confidence

interval)

AR 2012 0 65 0.0 (0.0–5.6)
AR 2013 4 137 2.9 (1.1–7.2)
AR 2014 16 116 13.8 (8.7–21.2)
AR 2015 9 136 6.6 (3.5–12.1)
LA 2012 7 312 2.2 (1.1–4.6)
LA 2013 5 222 2.3 (1.0–5.2)
LA 2014 72 243 29.6 (24.2–35.7)
LA 2015 52 204 25.5 (20.0–31.9
OH 2012 0 27 0.0 (0.0–12.5)
OH 2013 4 97 4.1 (1.6–10.1)
OH 2014 11 62 17.7 (10.2–29.0)
OH 2015 54 100 54.0 (44.2–63.4)

 ❖ www.esajournals.org 9 November 2019 ❖ Volume 10(11) ❖ Article e02892

DISEASE ECOLOGY SONN ET AL.



35.9°C (mean 21.3°C) in Arkansas, and from 8.6° to
39°C (mean 21.7°C) in Ohio.

Our BRT model demonstrated that Bd preva-
lence in field-captured A. crepitans could be pre-
dicted to a moderate degree by weather patterns
during the 15 d prior to sampling. The mean of
daily maximum air temperature, total precipita-
tion, and the coefficient of variation of air tem-
perature all exceeded site identity as important
predictor variables, together representing 82.9%
of total model influence (40.8%, 25.1%, and
17.0%, respectively; Fig. 3). Bd was most likely to
be present in sampling bouts preceded by low-
to-moderate air temperatures, with sites experi-
encing average daily maximum air temperatures
greater than ~27.5°C having the lowest incidence
of infection. Periods of low precipitation also cor-
responded to low incidences of infection, as did
periods with a greater degree of air temperature
variability. The model performed reasonably well
when predicting infection in the test dataset: The
regression between observed and predicted pro-
portions of frogs infected was statistically signifi-
cant (F1,33 = 5.0, P < 0.001, R2 = 0.38).

For pathogen load, the GLMM including only
main effects had a lower AICc value than the
model including interactions for both the Louisi-
ana-only analysis (AICc 21.113 without vs. 43.660
with interactions) and the three-state model (AICc

10.106 without vs. 35.912 with interactions), so we
report the results of the main effects-only model
for both analyses. In Louisiana, whether an
infected frog was in the sun or shade at the time of
capture was the only significant predictor of
pathogen load (F1, 108 = 7.432, b = �0.114,
P = 0.008), with frogs in the sun (mean � SE log
DNA copies = 4.10 � 0.12) having a heavier Bd
load than frogs in the shade (mean � SE log DNA
copies = 3.58 � 0.09). When all three states were
considered for the months of May, July, and
September, month (F2, 125 = 11.925, P < 0.001)
was a significant predictor of pathogen load on
infected frogs. In comparison with September, Bd
loads were greater in May (b = 0.203, P < 0.001)
but similar in July (b = �0.011, P = 0.874;
Appendix S1: Fig. S5). Frog body temperature
(F1, 126 = 4.286, b = �0.011, P = 0.040) was nega-
tively correlated with Bd load (95% CI = �0.023 to
�0.002, Appendix S1: Fig. S6) but Bd load was not
significantly different between frogs captured in
the shade and those captured in the sun (F1, 126 =

0.161, P = 0.970). Substrate and frog body condi-
tion were not significant predictors of Bd load in
either model (Appendix S1: Table S4).
Our BRT model relating Bd load on individual

frogs to weather patterns suggested that weather
patterns were less reliable as predictors of patho-
gen load than they were of incidence of Bd infec-
tion. For Bd load, the strongest relationships with
weather variables were found for the 30 d prior
to the sampling event, as three out of the four
most influential nodes in the regression tree were
for parameters at this temporal scale. The most
influential variable in the Bd load BRT model
was site, which carried 27.2% of the total influ-
ence in the model (Fig. 4). Total precipitation, the
mean of daily maximum air temperatures, and
the coefficient of variation in air temperature car-
ried near equivalent influence (23.0–23.3%). The
effect of precipitation was inconsistent, with
intermediate levels resulting in the lightest
pathogen loads. Results for air temperature were
similar to the Bd prevalence model, as mean
daily maximum air temperatures over ~25°C cor-
responded to the lightest infection loads. In con-
trast, the effect of temperature variation was not
consistent with the Bd incidence model. Here, the
BRT suggested that frogs with the heaviest Bd
loads were collected after periods of highly vari-
able air temperature. The model realized less
success compared to the Bd prevalence model
when predicting pathogen load in the test data-
set, though the regression between observed and
predicted Bd loads was statistically significant
(F1,49 = 11.3, P = 0.0015, R2 = 0.19).

Bd exposure experiment
The iButton readings from each environmental

chamber showed that air temperatures inside the
chambers remained within � 1°C of our set tem-
peratures for the duration of the experiment. All
Bd-exposed frogs tested positive for Bd by qPCR
assay at some point during the experiment
except for one frog in the 18°–28°C group. Some
frogs, especially in the 18°–28°C and 22°–32°C
temperature groups, tested positive for Bd in
only one of our biweekly samples. Many frogs
tested negative for one or more weeks in between
periods of infection, suggesting that they did not
acquire resistance to infection even after mul-
tiple exposures. Across the nine weeks of the
experiment, the probability of a Bd-exposed frog
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Fig. 3. Partial dependency plots of the top three most influential variables predicting Bd infection (yes/no) in
Acris crepitans in the field: (A) the mean daily maximum air temperature, (B) total precipitation, and (C) the coeffi-
cient of variation of air temperature. Weather variables cover a 15-d period prior to Bd sampling. Gray dots depict
the distribution of frogs with respect to the independent variable (x-axis). The black line represents a loess-
smoothed representation of the partial dependencies.
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testing positive for Bd did not differ significantly
across weeks or temperature treatments (mean
probability of Bd infection � SE = 0.20 � 0.03)
and the interaction between week and temperature
treatment was also nonsignificant (Appendix S1:
Table S5).

The pathogen loads of Bd-exposed frogs dif-
fered among temperature groups (LMM,
F3, 60.114 = 23.778, P < 0.001; Fig. 5) but not
across weeks of the experiment (F5, 143.08 = 0.743,
P = 0.593), and the interaction between week
and temperature group was also not significant

(F13, 132.071 = 1.778, P = 0.053; Appendix S1:
Fig. S7). Pairwise comparisons between the tem-
perature groups revealed that all treatment
groups were significantly different from each
other (Tukey: P ≤ 0.001) except for the 18°–28°C
and 22°–32°C groups (Tukey: P = 0.406). Frogs
in the coldest (7°–17°C) temperature group had
heavier Bd infections than frogs exposed to Bd in
the other temperature regimes.
Overall, survival was lower for animals in Bd-

exposed than in sham-exposed groups (Cox
regression, v21 = 9.011, P = 0.003) and also

Fig. 4. Partial dependency plots of the four most influential variables predicting Bd load on Acris crepitans in the
field: (A) site (abbreviations as described inMethods), (B) total precipitation, (C) mean daily maximum air tempera-
ture, and (D) coefficient of variation of air temperature. Weather variables are for a 30-d period prior to Bd sam-
pling. Gray dots depict the distribution of frogs sampled with respect to the independent variable with larger dots
indicating larger sample sizes. Black lines represent a loess-smoothed representation of the partial dependencies.
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differed among temperature treatments (Cox
regression, v21 = 38.280, P < 0.001). Considering
just Bd-exposed frogs, the coldest (7°–17°C)
group had lower survival than all other tempera-
ture regimes (Kaplan-Meier pairwise compar-
isons: v21 ≥ 8.577, P ≤ 0.003). Survival of
Bd-exposed frogs in the 22°–32°C group did not
differ from either of the 11°–23°C (Kaplan-Meier:
v21 = 1.546, P = 0.214) or 18°–28°C (v21 = 3.100,
P = 0.078) groups, nor did survival between the
11°–23°C and 18°–28°C Bd-exposed groups differ
(Kaplan-Meier: v21 = 0.337, P = 0.561; Fig. 6A).
Sham-exposed animals in the coldest (7°–17°C)
group (round 1) had lower survival than sham-
exposed frogs in either temperature group from
round 2 (Kaplan-Meier: v21 = 6.448, P = 0.011),
suggesting an effect of temperature and/or
experimental round on survival even in the
absence of Bd exposure. However, survival did
not differ between the sham-exposed groups
from round 1 (Fig. 6B). Only in the coldest (7°–
17°C) group was the pairwise comparison of sur-
vival between Bd- and sham-exposed animals sig-
nificant (Kaplan-Meier: v21 = 3.899, P = 0.048),
with survival in the Bd-exposed group being
lower than that in sham-exposed animals (all
other temperatures, Kaplan-Meier: v21 ≤ 2.640,
P ≥ 0.104).

DISCUSSION

In our field study of northern cricket frog popu-
lations, probability of Bd infection differed greatly
among field sites from different latitudes and
across years, while pathogen load did not. Our
study-wide annual Bd prevalence estimate
increased approximately 10-fold between 2012
and 2015. This change did not happen syn-
chronously across latitudes, however. Other field
studies have also found interannual variation in
Bd prevalence in both temperate and tropical
habitats (Eastern Australia, Berger et al. 2004, Kri-
ger and Hero 2007; Panam�a, Voyles et al. 2018;
USA, Souza et al. 2012, Talley et al. 2015) though
most previouswork has focused on characterizing
seasonal variation within a sampling year. To our
knowledge, the magnitude of variation in infec-
tion prevalence we saw between 2013 and 2014 in
Louisiana (a 27% increase) and between 2014 and
2015 in Ohio (a 36% increase) exceeds what has
been reported previously for interannual varia-
tion in Australia (Berger et al. 2004, Kriger and
Hero 2007) but is similar to what has been
observed in Panamanian amphibian communities
where Bd is enzootic (Voyles et al. 2018).
Infection metrics differed across months of our

field study as well. In Louisiana, where cricket

Fig. 5. Bd load by treatment group for Acris crepitans that tested positive for Bd in the laboratory exposure
experiment. Boxes enclose the first through third quartiles with the thick line representing the median. Whiskers
show the maximum and minimum values, with the exception of one outlier (circle).
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frogs can be sampled year-round, Bd prevalence
was higher from late fall through early spring
than during the summer to early fall months,
and across latitudes, we saw a decline in preva-
lence and pathogen load from spring through
early fall. These observations fit well with those
of other field studies that have detected strong
seasonal patterns in Bd dynamics with preva-
lence and/or load increasing during the cool
months and dropping off during the warmest
months of the year (Kriger and Hero 2006, Saps-
ford et al. 2013, Brannelly et al. 2018). We saw
less monthly variation in Ohio than in our lower
latitude field sites, perhaps because temperatures
in the northeastern United States do not often get
high enough in the summer to kill Bd directly
and/or to enable the cricket frog’s immune sys-
tem to resist or tolerate infection (Sonn et al.
2017).

Our analyses suggest that air temperature can
be a useful predictor of Bd prevalence and, to a
lesser extent, Bd load in northern cricket frog
populations. In our field study, Bd prevalence
dropped steeply following periods when the
daily maximum air temperature exceeded ~27°C.
The relationships between Bd prevalence and
other weather variables (total precipitation and
variation in air temperature) were less strong but
suggest that prevalence increases following peri-
ods with more precipitation and less variable air

temperature. While weather variables explained
less of the variation we observed in Bd load, for
this measure of infection we also saw a decrease
after periods of high air temperature. These find-
ings are consistent with other field studies (Ber-
ger et al. 2004, Kriger and Hero 2006, 2007,
Bosch et al. 2007, Murphy et al. 2011, Rowley
and Alford 2013, Petersen et al. 2016, Raffel et al.
2010), with species distribution models (SDMs)
for Bd (Puschendorf et al. 2009, Murray et al.
2011) and with studies of the thermotolerance of
Bd in vitro (Piotrowski et al. 2004, Woodhams
et al. 2008, Voyles et al. 2017), which have all
found evidence to support a decrease in patho-
gen survival and/or host infection at high tem-
peratures. Species distribution models, which
use geographic information systems data to
make predictions about species distributions by
statistically linking terrain and climate data to
species records, and a previous survey for Bd
that spanned latitudes, longitudes, and host spe-
cies in the United States, have also found evi-
dence for air temperature as an important
predictor of Bd occurrence (e.g., Puschendorf
et al. 2009, Murray et al. 2011). Thus, our results
add weight to a body of evidence generated from
a variety of habitats, geographic locations, and
host taxa, suggesting that climate conditions are
important predictors of Bd infection in amphib-
ian hosts.

Fig. 6. Survival curves for Bd-exposed (A) and sham-exposed (B) Acris crepitans in the laboratory exposure
experiment.
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Results from both our field and laboratory
exposure studies support the previously pro-
posed existence of a temperature threshold
occurring around 25°C, above which the likeli-
hood of Bd infections declines (Rowley and
Alford 2013). Our models suggest that in the
field, Bd load on A. crepitans begins to decline at
a slightly lower temperature (~23°C) than Bd
prevalence (~27°C). For chytridiomycosis, patho-
gen load is often more important for predicting
the disease risk than prevalence (Vredenburg
et al. 2010). Given this, the fact that both the Bd
exposure experiment presented here and a previ-
ous experiment where Bd-exposed A. crepitans
were held at a variety of constant temperatures
(Sonn et al. 2017) showed low Bd loads on ani-
mals held at temperatures that reached or
exceeded 23°C. We suggest that temperatures in
the 23°–25°C range may be enough to limit the
negative impacts of chytridiomycosis on north-
ern cricket frogs.

We also tested for relationships between Bd
infection and host variables, including body con-
dition, body temperature, and aspects of micro-
habitat choice. While some Bd exposure studies
suggest that infection with Bd can lead to a
decline in body condition (e.g., in A. crepitans,
Sonn et al. 2017) and some field studies find
lower body condition in infected individuals
(e.g., Richards-Zawacki 2010), other exposure
experiments (e.g., in A. crepitans, Robak and
Richards-Zawacki 2018) and field studies (e.g.,
Murray et al. 2009, Whitfield et al. 2012, but see
Richards-Zawacki 2010) have found no relation-
ship between body condition and Bd infection.
We saw no significant difference in body condi-
tion between infected and uninfected frogs and
no relationship between Bd load and body condi-
tion for infected frogs in our field study. We also
did not observe dead or moribund animals or
clinical signs of chytridiomycosis (see Voyles
et al. 2007) during our field study, suggesting
that animals carrying Bd infections may not com-
monly have been suffering from disease symp-
toms. However, given evidence for subclinical
effects of Bd infection in one northern cricket frog
population (Brannelly et al. 2018), the absence of
obvious disease in the animals captured during
our field study should not necessarily be inter-
preted as the absence of an impact of infection on
the health of these populations.

Amphibians are ectotherms, and thus, their
body temperatures are constrained by the envi-
ronment. However, movement between micro-
habitats and changes in posture and orientation
allow these animals to modulate heat gain and
loss and can lead to differences between environ-
mental temperatures and body temperatures.
Given that amphibian skin is the site of repro-
duction for Bd, we hypothesized that even when
air temperatures do not exceed the range where
Bd can grow and reproduce, frog skin tempera-
tures may. If so, protection from infection and
disease could be dependent upon microhabitat
use and host behavior. Support for this idea has
come from previous field studies where the prob-
ability of Bd infection has been correlated with
animals’ individual thermal histories and mea-
sured skin temperatures (Richards-Zawacki
2010, Rowley and Alford 2013). In our field
study, Bd load was negatively correlated with
skin temperature, which makes sense given the
strong relationship between environmental tem-
peratures and Bd infection discussed above.
However, for Louisiana field sites, where sam-
pling occurred over the broadest range of envi-
ronmental conditions, cricket frogs encountered
in sunny microhabitats had double the probabil-
ity of being infected with Bd and had greater Bd
loads than those encountered in the shade. One
explanation for this pattern could be a behavioral
fever response, where infected animals bask in
the sun more often than uninfected ones, though
a recent experimental study failed to find evi-
dence for a behavioral fever response to Bd in
A. crepitans and several other frog species (Sauer
et al. 2018). However, it is also possible that
infection with Bd affects behavior more generally
and that, for reasons unrelated to body tempera-
ture, this led to infected animals utilizing sunny
microhabitats more. A previous mark–recapture
study (Brannelly et al. 2018) supports the idea
that infection with Bd can affect the behavior of
A. crepitans and other studies have found correla-
tions between other (namely reproductive)
behaviors in Bd-infected frogs as well (e.g., An
and Waldman 2016).
The results of our field study suggest that tem-

perature plays an important role in mediating Bd
infections in northern cricket frogs. Our Bd expo-
sure experiment, where infection and disease
variables were monitored under temperature
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scenarios that mimicked those experienced by
frogs at our field sites, allowed us to test this
hypothesis more directly. While infection preva-
lence did not differ among our temperature
groups, pathogen load did, with frogs in the
coldest temperature group, that mimicking daily
air temperature variation in January at our
Louisiana field sites (7°–17°C), having the heavi-
est Bd infections. Frogs in this temperature treat-
ment also suffered the greatest mortality, often
after displaying clinical signs of chytridiomyco-
sis, and Bd-exposed frogs had lower survival
than sham-exposed animals, suggesting that dis-
ease was the cause of increased mortality. Frogs
in the two temperature treatments we designed
to mimic the warmest times of year in Louisiana
(22°–32°C) and Ohio (18°–28°C), the only two
treatments where air temperatures exceeded
23°C each day, had similar and low intensities of
Bd infection.

Our experimental results, along with results
from a previous exposure experiment (Sonn
et al. 2017), demonstrate that temperature
directly modulates the threat that Bd infection
and chytridiomycosis pose to northern cricket
frogs. Corroborating results from our field study,
reaching 20°–23°C, temperatures generally con-
sidered optimal both for Bd growth and for this
host’s physiological performance, even if only for
a portion of the day, seemed to protect most
frogs in our exposure experiment from develop-
ing lethal pathogen loads and chytridiomycosis.

Of the four temperature regimes we tested, the
one in which temperatures fluctuated between
22° and 32°C daily, most closely resembles the
previously reported range of field body tempera-
tures for A. crepitans (20.9°–35.5°C, with a mean
of 27.4°C; Smith et al. 2003). In this study, field-
measured body temperatures were similar across
latitudes and the body temperatures experienced
by frogs in all of our Bd exposure groups are well
within those recorded in the field and far from
the critical thermal maximum for this species,
which has been measured at 40.5°– 43.2°C,
depending on acclimation temperature (Dunlap
1968). Frogs in all but our coldest treatment
group reached temperatures within the range
where physiological performance (measured as
jump distance) of A. crepitans has been shown to
be optimal (20°–30°C, Knowles and Weigl 1990).
Given this, our findings are consistent with the

idea that susceptibility to chytridiomycosis is
greatest when hosts are away from their thermal
optima (Cohen et al. 2017). While we did not
record body temperatures for hibernating frogs
in the field or simulate hibernation temperatures
in our exposure experiment, our findings suggest
that hibernation, which occurs throughout much
of this species’ range, could be a time when
cricket frogs are particularly susceptible to
chytridiomycosis (Longcore et al. 2007). We are
unaware of any studies investigating disease out-
comes in animals that enter hibernation infected
with Bd but suggest that this is an area in need of
further study.

CONCLUSIONS

Our field and experimental results suggest that
diurnal, seasonal, yearly, and latitudinal differ-
ences in temperature can greatly influence the
incidence and outcome of fungal infection in an
ectotherm host. As with other ectotherms, the
immune systems of amphibians fluctuate with
temperature and season. For example, immune
cell production can decline during long-term
temperature decreases and changes in tempera-
ture-dependent immune parameters, such as
lymphocyte levels, can lag behind short-term
changes in temperature (Raffel et al. 2006).
Immune acclimation responses in hosts are often
much slower than growth acclimation responses
in their pathogens leaving hosts more susceptible
to disease during and after temperature shifts,
especially when those shifts are unpredictable
(Raffel et al. 2012, 2015).
As wildlife hosts and their pathogens are sub-

jected to new and increasingly variable and
unpredictable thermal environments, the dynam-
ics of wildlife diseases are shifting in profound
and often complex ways (Harvell et al. 2009,
Garamszegi 2011, Altizer et al. 2013). Our results
highlight the influence that even small changes
in temperature might have on host–pathogen
interactions and suggest that increases in daily
maximum and minimum temperatures, as pre-
dicted with global climate change (Stocker et al.
2013), will likely favor cricket frog hosts over
their fungal pathogen. If, as hypothesized (Stei-
ner and Lehtinen 2008), chytridiomycosis was a
driver of the declines that resulted in the near
extirpation of A. crepitans from the northern part
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of its historic range, then we could see a subse-
quent expansion and re-colonization of this for-
mer habitat as the climate warms. However,
other aspects of global climate change, such as
increased climate unpredictability and occur-
rence of severe weather events, may favor the
more rapid acclimation potential of the patho-
gen, leading to further disease-related declines.
In order to predict and mitigate the effects of
chytridiomycosis and other wildlife diseases in a
changing climate, uncovering the mechanisms
underlying this and other host–pathogen–climate
interactions will be critical. The work presented
here, which combines field and experimental
studies to examine the impact of temperature
across a range of geographic temporal and spa-
tial scales, represents one approach toward
reaching this important and timely goal.
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