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ABSTRACT Recent emergence and spread of the amphibian fungal pathogen, Batrachochytrium dendrobatidis
(Bd) has been attributed to a number of factors, including environmental stressors that increase
host susceptibility to Bd. Physiological stress can increase circulating levels of the hormone,
corticosterone, which can alter a host's physiology and affect its susceptibility to pathogens. We
experimentally elevated whole‐body levels of corticosterone in both larval and post‐metamorphic
amphibians, and subsequently tested their susceptibility to Bd. Larvae of three species were tested
(Anaxyrus boreas, Rana cascadae, and Lithobates catesbeianus) and one species was tested after
metamorphosis (R. cascadae). After exposure to Bd, we measured whole‐body corticosterone,
infection, mortality, growth, and development. We found that exposure to exogenous
corticosterone had no effect on Bd infection in any species or at either life stage. Species varied
in whole‐body corticosterone levels and exposure to corticosterone reduced mass in A. boreas and
R. cascadae larvae. Exposure to Bd did not affect mortality, but had a number of sublethal effects.
Across species, larvae exposed to Bd had higher corticosterone levels than unexposed larvae, but the
opposite pattern was found in post‐metamorphic R. cascadae. Bd exposure also increased larval
length in all species and increased mass in R. cascadae larvae. Our results indicate that caution is
warranted in assuming a strong link between elevated levels of corticosterone and disease
susceptibility in amphibians. The role of physiological stress in altering Bd prevalence in amphibian
populations is likely much more complicated than can be explained by examining a single “stress”
endpoint. J. Exp. Zool. 321A:243–253, 2014. © 2014 Wiley Periodicals, Inc.
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Infectious diseases are a growing global concern, particularly
when epidemics result in population declines or reduced
biodiversity (e.g., Daszak, 2000; Anderson et al., 2004). Globally,
epidemics are increasing in both humans and wildlife (Harvell
et al., 2002; Jones et al., 2008) and may be facilitated by
anthropogenic changes to the environment. Environmental
changes including pollution, invasive species, climate change,
and habitat destruction can alter disease dynamics and shift host–
pathogen relationships in complex and unpredictable ways (Patz
et al., 2000; Daszak et al., 2001; Jones et al., 2008; Martin
et al., 2010).
For hosts, environmental changes may act as stressors,

modifying host behavior and physiology. Romero et al. (2009)
define two normal reactive states for organisms: (1) predictive
homeostasis, defined as the range of states encompassing
circadian and seasonal variation and (2) reactive homeostasis,
defined as the range needed to respond to unpredictable or
threatening environmental changes. Unexpected environmental
changes can push an individual into the reactive homeostasis
rangewhich can alter their physiology and affect interactions with
other organisms such as pathogens. In vertebrates, the immediate
stress response is regulated by catecholamines (e.g., epinephrine
and norepinephrine) that are released within seconds of exposure
to a stressful situation. However, after longer periods in reactive
homeostasis (minutes to days), glucocorticoids (e.g., corticoste-
rone and cortisol) are released from the adrenal cortex in response
to a complex cascade involving the hypothalamus–pituitary–
adrenal axis. Glucocorticoids have many actions in vertebrates,
but they generally suppress non‐vital functions and mobilize
energy stores necessary for immediate survival (Romero, 2002). At
chronic levels, glucocorticoids can inhibit functions like repro-
duction and immunity (Cohn, '97; Dhabhar, 2000; Tilbrook
et al., 2000; French et al., 2007).
Elevation of glucocorticoids may be harmful if maintained in

the homeostatic overload range (defined by Romero et al. [2009] as
the physiological range above the normal reactive scope into a
pathological state). For example, there is evidence that the ability
to reduce glucocorticoid levels after a stressful event can be
beneficial for survival in marine iguanas (Romero and
Wikelski, 2010). It is interesting to note that many of the studies
addressing the immune impacts of chronic elevation of gluco-
corticoids have been completed with humans, non‐human
primates, or common laboratory rodents. Relatively few studies
have demonstrated chronic alteration of glucocorticoids in free‐
living animals (Norris et al., '99; Cyr and Romero, 2007), perhaps
because in nature there is strong selection against chronic
elevation, which would reduce fitness. In fact, some studies
attempting to induce elevated glucocorticoids through various
stressors have failed to observe sustained hormone elevation (Cyr
et al., 2007; Kostelanetz et al., 2009; Reeve et al., 2013). Even fewer
studies have linked elevated glucocorticoid levels to altered
disease susceptibility in wildlife. Nevertheless, understanding the

potential links between chronic stress, elevation of glucocorti-
coids, and disease susceptibility remains a pressing area of
research in the context of global change.
Elevation of glucocorticoids has been demonstrated in a

number of organisms in response to experimentally induced
stress. In amphibians, the main stress hormone is corticosterone,
which plays a role in the timing and initiation of amphibian
metamorphosis (Denver, '97; Hayes, '97), an aspect of predictive
homeostasis. Corticosterone levels generally increase during late
larval stages until reaching a peak during metamorphic climax,
followed by a slow decline (Kloas et al., '97; Glennemeier and
Denver, 2002a; Chambers et al., 2011). Amphibians will also
elevate corticosterone into a reactive homeostasis range in
response to stimuli, but these responses can vary with life stage
(Crespi and Denver, 2005). In larvae, corticosterone can be
elevated in response to crowding, food deprivation (Glennemeier
and Denver, 2002c; Crespi and Denver, 2005), confinement
(Glennemeier and Denver, 2002a; Belden et al., 2010), and acidic
conditions (Chambers et al., 2013). Corticosterone elevation at the
larval stage can lead to altered growth and development
(Glennemeier and Denver, 2002b) and increased susceptibility
to infectious disease (Belden and Kiesecker, 2005). Additionally,
amphibian larvae treated with exogenous corticosterone can
experience decreased circulating eosinophils and lymphocytes
(Rollins‐Smith and Blair, '93; Belden and Kiesecker, 2005). After
metamorphosis, corticosterone can decrease in response to food
deprivation (Crespi and Denver, 2005) and increase with habitat
fragmentation (Janin et al., 2011), leading to decreased reproduc-
tive activity (Moore and Miller, '84). Additionally, environmental
changes such as pollution can increase corticosterone at both life
stages (Hopkins et al., '99; Hayes et al., 2006; Peterson et al., 2009).
Two previous studies have found that stressors including predator
cues, food deprivation and high densities did not increased
ranavirus infection in amphibian larvae (Haislip et al., 2012; Reeve
et al., 2013). However, elevated corticosterone at the larval stage
can increase trematode infection (Belden and Kiesecker, 2005).
Thus, the relationship between corticosterone and infection in
amphibians may vary depending on the host and pathogen
species.
One amphibian pathogen that has received considerable

attention in the last decade is Batrachochytrium dendrobatidis
(Bd; Berger et al., '98; Longcore et al., '99). Bd only infects
keratinized structures of amphibians, which are present in
mouthparts of larvae and the skin of post‐metamorphic amphib-
ians. Both lethal and sublethal effects of Bd infection have been
documented in larval and post‐metamorphic stages (e.g., Blaustein
et al., 2005; Carey et al., 2006; Searle et al., 2011a). In post‐
metamorphic amphibians, innate responses to Bd infection,
such as anti‐microbial peptides and natural microbial skin
assemblages, may provide some resistance to infection (Rollins‐
Smith et al., 2002; Harris et al., 2006; Woodhams et al., 2007; Lam
et al., 2010). However, there is little evidence that post‐metamorphic
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amphibians have adaptive immune responses to Bd (Ribas
et al., 2009; Rosenblum et al., 2009; Stice and Briggs, 2010; but
see Ramsey et al., 2010). Even less is known about the larval
immune response to Bd, although poor diet has been shown to
increase prevalence of larval infection (Venesky et al., 2012) and
infected larvae experience altered white blood cell counts and
increased corticosterone levels (Davis et al., 2010; Gabor
et al., 2013). It has been suggested that increased susceptibility to
Bd from environmental stressors may be one reason that it has
globally increased its range and prevalence (e.g., Rollins‐Smith
et al., 2002; Garcia et al., 2006).
We tested the effects of exogenous corticosterone exposure on

susceptibility to Bd using a comparative framework with the
larvae of Anaxyrus boreas, Rana cascadae, and Lithobates
catesbeianus and with post‐metamorphic R. cascadae. Corticoste-
rone can be artificially elevated in larval amphibians by adding
exogenous hormone to water, where it is absorbed through their
skin and gills. We exposed animals to exogenous corticosterone
for 2 weeks before challenging them with Bd. By using exogenous
corticosterone, we can identify how physiological stress may
affect susceptibility without altering other aspects of the Bd‐
amphibian relationship (e.g., transmission, pathogen virulence).

MATERIALS AND METHODS

Animal Collection and Husbandry
Amphibian eggs were collected from natural oviposition sites in
the Willamette Valley and Cascades Mountain Range of Oregon,
USA. Details of collection and rearing conditions are included in
the supplemental materials (S‐Methods). These species were
chosen because they exhibit a range of susceptibility to Bd,
with A. boreas experiencing high rates of mortality at the larval
and post‐metamorphic stages (Blaustein et al., 2005; Carey
et al., 2006) and L. catesbeianus identified as a species tolerant of
Bd infection (Daszak et al., 2004; Blaustein et al., 2005).
Additionally, R. cascadae can maintain lower levels of infection
than the other two species at both life stages (Searle et al., 2011b;
Gervasi et al., 2013). The mechanism for these differences in
infection patterns is unknown. Experiment 1 used early‐stage
larvae and individuals used in experiment 1 were not used in
experiment 2. Experiment 2 used post‐metamorphic R. cascadae
that had completed metamorphosis approximately 4 months prior
to the start of the experiment. This study was conducted in
accordance with Oregon State University's Institutional Animal
Care and Use Committee.

Experiment 1: Larval Amphibians
Experiment 1 tested the effects of corticosterone on larval
amphibians using all three species. Species were not tested
concurrently, but the same protocol was used for each species and
they were tested at the same developmental stage (stages 25–26;
Gosner, '60). Larvae were held individually in 1 L plastic

containers filled with 500mL dechlorinated water for the duration
of the experiment. Each species was tested with a 2� 4 factorial
design with two pathogen treatments and four levels of
corticosterone (Sigma–Aldrich, St. Louis, MO, USA, product
#C2505). The two pathogen treatments were control (unexposed)
and Bd‐exposed. Corticosterone treatments were (1) water control
(30mL dechlorinated water added to each 500mL container), (2)
ethanol control (30mL of 95% ethanol in each container), (3) low
corticosterone (0.01mM solution [0.00000173 g dissolved in 30mL
of 95% ethanol in each container]), and (4) high corticosterone
(0.1mM solution [0.0000173 g dissolved in 30mL of 95% ethanol
in each container]). The ethanol control was included to ensure
that patterns found in our corticosterone treatments were not due
to the ethanol, into which corticosterone was dissolved. Treatment
with exogenous corticosterone at these levels elevates whole‐body
corticosterone above the baseline levels naturally occurring in
amphibians (Belden et al., 2005, 2010). Individuals were randomly
assigned to treatments, with each treatment replicated 20 times for
a total of 160 individuals for each species. Larvae were first
exposed to corticosterone treatments for 15 days prior to Bd
exposure. Previous studies have demonstrated immunosuppres-
sive effects of corticosterone in vertebrates after as few as 5 days
(Martin et al., 2005; Kiank et al., 2006). Water was changed every
3 days with corticosterone levels re‐established at each water
change (Fig. S1).
After 15 days of exposure to corticosterone treatments, animals

were exposed to their Bd treatments three times during the
subsequent 15 days (Fig. S1). Bd culturing and inoculation
methods are described in the supplemental materials (S‐Methods).
Corticosterone exposures were maintained throughout this
infection period with water changes every 3 days. Mortality
was monitored daily and any dead animals were removed and
preserved in 95% ethanol. The experiment was terminated after
30 days, 2 days after the last corticosterone exposure (Fig. S1). Five
animals from each treatment were flash‐frozen for corticosterone
analysis after being immersed in buffered MS‐222 for less than
60 sec. For L. catesbeianus, only four animals were tested for
corticosterone in the water control, Bd‐exposed treatment. The
remaining 10–15 animals/treatment (depending on mortality)
were euthanized in MS‐222 and then weighed, measured
(snout‐vent length), staged (Gosner, '60), and preserved in 95%
ethanol until infection analysis.

Experiment 2: Post‐Metamorphic Amphibians
Experiment 2 tested the effects of corticosterone on post‐
metamorphic R. cascadae. This experiment was a 2� 2 design
with two treatments of Bd (exposed or unexposed) and two
treatments of corticosterone (exposed or unexposed). There were
15 individuals in the Bd‐exposed treatments and 5 individuals in
our Bd‐control (unexposed) treatments for a total of 40 animals.
The mass and length (snout‐vent) of each animal was recorded at
the beginning of the experiment before placing the animals in
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Petri dishes (140� 30mm2) with holes in the lid and a paper towel
covering the bottom. The corticosterone‐exposed treatment was
administered by adding 15mL of a 0.5mM corticosterone solution
(created by dissolving 2.595�10�6 g corticosterone in 4.5mL of
95% ethanol in 15mL water) to the bottom of each animal's Petri
dish to saturate the paper towel. Corticosterone‐control animals
were given a similar treatment, but without corticosterone in the
ethanol (4.5mL of 95% ethanol in 15mL water). Paper towels were
changed and new solution added every day.
After 15 days of exposure to corticosterone treatments, animals

were exposed twice to their Bd treatment (on days 15 and 16). The
Bd was cultured as described in experiment 1 (S‐Methods), and
2mL of inoculum was placed onto the dorsal side of each exposed
animal. With the two inoculations combined, each Bd‐exposed
animal was exposed to approximately 8.5�104 zoospores. After
Bd exposure, we continued to monitor mortality for an additional
15 days with corticosterone treatments administered daily. We
then euthanized all animals in buffered MS‐222, measured their
mass and length, and swabbed them ten times on the left ventral
side using a sterile fine tipped swab (Medical Wire and Equipment,
Corsham, United Kingdom). This process took no more than 70 sec
for each animal. Five individuals from each treatment were then
flash‐frozen for corticosterone analyses.

Corticosterone Analyses
Radioimmunoassay followed the procedures of Belden et al.
(2003), with someminormodifications. Larval samples were run in
two assays, one consisting of the R. cascadae and L. catesbeianus
samples (N¼ 79) and one consisting ofA. boreas samples (N¼ 40).
The post‐metamorphic R. cascadae were run in a third assay
(N¼ 20). Detailed methods are included in the supplemental
materials (S‐Methods). The average intraassay variation for these
assays was 10% and interassay variation was 25%. Average
extraction efficiency was 62% (range 27–89%). For the post‐
metamorphic assay, intraassay variation was 1% and average
extraction efficiency was 42% (range 26–49%).
For larvae of each of the three species there were 1–2

individuals in the ethanol or water control treatments that were
off the low end of the curve (too little hormone in sample to
accurately quantify), and for A. boreas, there was one individual
in the low corticosterone treatment off the low end of the curve.
For A. boreas and R. cascadae in the high corticosterone
treatments, 10/10 and 9/10 samples, respectively, were off the top
of the curve (too much hormone in the sample to accurately
assess). For L. catesbeianus, only a single individual in the high
corticosterone treatment was off the top of the curve. For R.
cascadae in experiment 2 (after metamorphosis) there was one
individual in the corticosterone‐exposed, Bd control treatment
that was off the top of the curve. For individuals with values off
the top of the standard curve, we know the values are high, but we
cannot assess exactly how high. For individuals off the low end of
the curve, we know the value is low, but we cannot assess exactly

how low. All corticosterone levels were log‐transformed prior to
analysis.

Infection Analyses
We tested for Bd infection using quantitative polymerase chain
reaction (qPCR) on all Bd‐exposed animals in both experiments,
plus five randomly‐chosen Bd‐control animals from each species
in experiment 1 and three from experiment 2. QPCR methods
followed those of Boyle et al. (2004), except we used 60mL
Prepman Ultra (Applied Biosystems, Foster City, CA, USA) in DNA
extractions instead of 40mL. Whole mouthparts were excised for
larvae, while swabs were used for post‐metamorphic animals.
Using qPCR allowed us to determine infection status of each
animal (infected or uninfected) and the severity of Bd infection
(the amount of Bd in an infected animal). To control for body size
among species and treatments in our larval infection analysis, we
recorded the quantity of nucleotides in each DNAextraction using
a Nanodrop 1000 (Thermo Scientific, Waltham, MA, USA) and
calculated the genome equivalents of Bd per nanogrammouthpart
DNA in each sample. Thus, our “infection severity” data were in
the form of Bd concentration (genome equivalents/nanogram
mouthpart DNA; Searle et al., 2011b).

Statistical Analyses
All statistical analyses were performed in R (R Development Core
Team, 2011). For experiment 1, mortality was compared among
species and treatments with generalized linear models (GLMs)
using a logit link. Animals that died before experimental take‐
down were included in mortality analyses, but were not included
in the other analyses. Comparing among Bd and corticosterone
treatments for each species, we analyzed mass, length, and
developmental stage using two‐way ANOVA including the
interaction between Bd and corticosterone treatments, followed
by Tukey's HSD tests. For infection status and severity, we only
used data from the Bd‐exposed groups and compared among
corticosterone treatments and species. Infection status (infected or
uninfected) was analyzed using a binomial GLM and log‐
transformed infection severity (including only individuals testing
positive for infection) was analyzed using a Gaussian GLM.
For experiment 2, change in mass and length among Bd and

corticosterone treatments was compared using a two‐way
ANOVA. All other analyses included only Bd‐exposed animals.
Infection prevalence was compared between corticosterone
treatments using a Fisher's exact test and log‐transformed
infection severity was compared using a Wilcoxon rank sum
test using only animals that tested positive for infection. For 10
animals from experiment 2, we had information on both
corticosterone level and infection severity, and performed a
Pearson's correlation on these two responses.
For both experiments, we were interested in determining if

our corticosterone treatments successfully elevated whole‐body
levels of corticosterone. As described above, some samples in both
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experiments had hormone concentrations that fell below or above
the endpoints of the standard curve (levels of accurate detection)
for the assay. These “non‐detect” data, with chemical concen-
trations below or above assay detection limits, represent a
common example of censored data (Kent and Funk, 2004;
Helsel, 2005a). We recently applied censored regression that
explicitly accounts for “non‐detect” observations (Helsel, 2005a,
b) in two endocrine studies examining corticosterone concen-
trations in larval amphibians (Chambers et al., 2011, 2013). We
follow a similar approach here for corticosterone comparisons
(outlined in S‐Methods). For these analyses, we used the
SURVREG function in the SURVIVAL package in R 2.14.1 (R
Development Core Team, 2011) that offers analyses parallel to
standard ANOVA. For experiment 1, all the corticosterone levels of
A. boreas samples and all but one R. cascadae sample in the high
corticosterone treatment were right censored. Hence we decided to
drop the high corticosterone treatment data from our analysis.
However, the high corticosterone treatment was used in all other
analyses. We then compared the corticosterone levels among all
the species (for experiment 1), both Bd treatment groups, and the
remaining corticosterone treatments. We first used the full model
with these three factors and their interactions, and used a stepwise
model selection procedure to find the most parsimonious model
(command “stepAIC” in R, Crawley, 2007). Terms were dropped
from the model and improvement was judged based on
minimizing Aikaike's Information Criteria (AIC); if a term was
dropped and there was negligible loss of explanatory power, the
simplification was deemed appropriate. For experiment 2, our full
model started with corticosterone treatment, Bd treatment and the
interaction term.

RESULTS

Experiment 1: Larval Amphibians
Corticosterone did not influence larval infection with Bd. In
experiment 1, corticosterone treatment did not affect infection
status or infection severity (status:X2¼16.74, P¼ 0.438; severity:

F2,90¼1.92, P¼ 0.131; Tables S1 and S2). However, infection
status and severity differed by species (status: X2¼16.74,
P< 0.001; severity: F2,90¼ 8.04, P¼ 0.001; Table 1). Larval L.
catesbeianus had the highest infection prevalence, while R.
cascadae had the highest infection severity (Table 1). We did not
detect Bd on any of the tested unexposed larvae, indicating that
our control treatments were uncontaminated. Mortality did not
differ among species or treatments (P> 0.05 for all predictors),
and survival was over 80% for all species (Table 1).
Our corticosterone treatments successfully elevated whole‐

body levels of corticosterone. The most parsimonious model for
corticosterone levels included all potential factors and two‐way
interactions between species and corticosterone treatment and
between corticosterone and Bd treatments. There were significant
differences in corticosterone levels under different corticosterone
treatments (corticosterone treatment, P< 0.001, Table 2, Fig. 1).
Specifically, levels were clearly higher under the low corticoste-
rone treatment compared to the two control treatments. Although
we were not able to include the high‐corticosterone treatment in
our analyses of corticosterone levels, that fact that most of our
high‐corticosterone treatment values were above the curve
indicates that they were higher than levels in the other treatments.
The differences in corticosterone levels across corticosterone
treatments also depended on species (species� corticosterone
treatment, P¼ 0.014, Table 2, Fig. 1) and Bd treatments effect
(corticosterone treatment�Bd treatment, P< 0.001, Table 2,
Fig. 1). Samples from A. boreas had more folds of increase in
corticosterone than samples of R. cascadae and L. catesbeianus.
Individuals exposed to Bd had many more folds of increase in
corticosterone than those in the Bd control groups, but only to a
small degree in the low corticosterone treatment (Fig. 1, Table S3).
Exposure to corticosterone had a number of effects on life

history traits including reduced length, mass, and development
(Fig. 2). Comparing among all corticosterone treatments,A. boreas
exposed to corticosterone were smaller (mass) and less developed
at the end of the experiment relative to non‐exposed individuals,
but length was not affected (ANOVA; mass: F3,87¼ 2.73, P¼ 0.05;

Table 1. Summary of mortality and infection among species.

Species
(stage)

Proportion
surviving

Proportion
infecteda

Average
infection (geb; SE)a

Average infection
severity (ge/ngc; SE)a

Anaxyrus boreas (larvae) 0.85 (136/160) 0.50 5.2 (1.9) 0.08 (0.03)
Lithobates catesbeianus (larvae) 0.92 (147/160) 0.85 9.4 (1.5) 0.07 (0.01)
Rana cascadae (larvae) 0.84 (135/160) 0.61 26.4 (6.3) 0.26 (0.06)
Rana cascadae (juveniles) 1.00 (40/40) 0.80 0.84 (0.22) —

aInfection summaries were calculated using only Bd‐exposed animals that survived to the end of the experiment.
bAverage infection is the amount of Bd detected in each sample (of those positive for infection) and is in units of genome equivalents of Bd.
cAverage infection severity was calculated by dividing total infection of each individual by the concentration of DNA in each sample (of those positive for
infection) and is in the form of genome equivalents of Bd per nanogram mouthpart DNA. We used this measure of infection in our larval analyses since it
corrects for differences in body size.
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length: F3,87¼1.13, P¼ 0.34; stage: F3,87¼ 5.60, P< 0.01;
Fig. 2A,D,G). Similarly, for R. cascadae, corticosterone exposed
individuals were smaller (mass) and shorter at the end of the
experiment relative to non‐exposed individuals, but development
was unaffected (mass: F3,87¼ 5.31, P< 0.01; length: F3,87¼ 9.00,
P< 0.01; stage: F3,87¼0.79, P¼ 0.50; Fig. 2B,E,H). In contrast,
mass, length, and stage were unaffected by corticosterone
treatment in L. catesbeianus (mass: F3,99¼ 0.13, P¼ 0.94; length:
F3,99¼ 0.12, P¼ 0.95; stage: F3,99¼1.04, P¼ 0.38; Fig. 2C,F,I).
Exposure to Bd increased larval length in all species and

increased mass in one species (Fig. 2). In all species, individuals
exposed to Bd were longer compared to unexposed individuals
(ANOVA; A. boreas: F1,87¼ 3.99, P¼ 0.05; R. cascadae:
F1,87¼ 7.74, P< 0.01; L. catesbeianus: F1,99¼ 4.14, P¼ 0.04;
Fig. 2D–F). Individuals were heavier when exposed to Bd
compared to unexposed individuals in R. cascadae (F1,87¼ 3.92,
P¼ 0.05; Fig. 2B), but mass was unaffected by Bd treatment in the
two other species (A. boreas: F1,87¼0.86, P¼ 0.36; L. catesbeia-
nus: F1,99¼ 2.99, P¼ 0.09; Fig. 2A,C). Developmental stage was
unaffected by Bd treatment, although L. catesbeianus tended to be
more developed when exposed to Bd compared to the unexposed
individuals (A. boreas: F1,87¼0.15, P¼ 0.70; R. cascadae:
F1,87¼1.74, P¼ 0.19; L. catesbeianus: F1,99¼ 3.75, P¼ 0.06;
Fig. 2G–I). The interaction between Bd treatment and corticoste-
rone treatment was not a significant predictor of length, mass or
development (P> 0.05 for all models).

Experiment 2: Post‐Metamorphic Amphibians
There was no effect of corticosterone on post‐metamorphic
infection. In the Bd‐exposed treatments, infection prevalence was
66.6% in the no‐corticosterone treatments and 93.3% in the
corticosterone‐exposed treatments, but this difference was not
significant (P¼ 0.17). Infection severity also did not differ among
corticosterone treatments (W(22)¼ 62, P¼ 0.66). Our method of
corticosterone exposure successfully increased corticosterone
levels (P¼ 0.035; Table 2; Fig. 3) and corticosterone levels were
lower in the Bd‐exposed animals (P¼ 0.034; Table 2; Fig. 3).
Change in mass and change in length were not affected by either
treatment (P> 0.05 for all). There was no mortality during

experiment 2 (Table 1) and no significant correlation between
corticosterone levels and infection severity (t¼ 1.64, P¼ 0.139;
Fig. S2).

DISCUSSION
We found that exposure to exogenous corticosterone did not alter
Bd infection in larval or post‐metamorphic amphibians. Even
though we were able to successfully elevate corticosterone levels
at both life stages (likely into homeostatic overload ranges in our
high‐corticosterone larval treatment), we did not find evidence for
elevated infection compared to the treatments without corticoste-
rone. While we did not measure immune responses, our results
suggest that either the amphibian immune system is ineffective at
reducing Bd infection, or our treatment of corticosterone did not
alter aspects of the immune system associated with fighting Bd. In
post‐metamorphic amphibians, anti‐microbial peptides and
microbial skin assemblages can help fight Bd infection, but
vary by species (Harris et al., 2006). Thus, it is possible that post‐
metamorphic R. cascadae have few natural defenses from Bd. In
larvae, an effective anti‐Bd immune response has not been found,
and it seems unlikely that larvae would invest large amounts of
energy into fighting Bd since infection can be shed at
metamorphosis as larval mouthparts are lost (Marantelli
et al., 2004; Searle et al., 2013).
We also found that the effects of Bd exposure on corticosterone

varied with life stage. In larvae, exposure to Bd increased whole‐
body levels of corticosterone, while the opposite pattern was
found after metamorphosis. A number of studies have observed
an increase in baseline or induced glucocorticoid levels with
pathogen infection (e.g., Dunn et al., '89; Dunlap and Schall, '95;
Raouf et al., 2006) which may be a mechanism for mobilizing
resources to fight infection. In amphibians, Gabor et al. (2013)
found that larvae infected with Bd had higher corticosterone
release rates than uninfected larvae, andWarne et al. (2011) found
that exposure to ranavirus increased corticosterone levels in
amphibian larvae. Thus, elevating corticosterone levels may be a
general response of amphibian larvae to infection. Alternatively,
Bd infection in larval mouthparts can impair feeding (Venesky
et al., 2010), and food restriction can increase corticosterone

Table 2. Analysis of deviance table for the final censored regression model for corticosterone level comparisons in both experiments.

Experiment Source df LRT statistic P‐Value

1: Larval amphibians Species 2 110.21 <0.001
Corticosterone treatment 2 58.66 <0.001
Bd treatment 1 11.15 <0.001
Species� corticosterone treatment 4 12.51 0.014
Corticosterone� Bd treatment 2 21.28 <0.001

2: Post‐metamorphic amphibians Corticosterone treatment 1 4.44 0.035
Bd treatment 1 4.49 0.034
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levels (Crespi and Denver, 2005). Thus, larval infection could
indirectly cause increases in corticosterone by reducing food
intake. Elevation of corticosterone from Bd occurred to a greater
degree in the ethanol and water treatments (Fig. 1, Table S3),
indicating that exogenous corticosterone exposure partially

overwhelms the effects of corticosterone elevation from Bd in
larvae. We also found that post‐metamorphic amphibians
experienced a decrease in corticosterone after Bd exposure.
Thus there are stage‐specific responses to infection. In amphib-
ians, the immune and endocrine response varies greatly with life
stage, so these differences may reflect the physiological differ-
ences among life stages. Our findings are in contrast to Peterson
et al. (2013) who found that Bd infection increased corticosterone
levels in post‐metamorphic Litoria caerulea. However, this study
used a different species andmeasured corticosterone after clinical
signs of disease were present. Our post‐metamorphic infections
were relatively light and of a shorter duration than some other Bd
studies (e.g., Carey et al., 2006; Searle et al., 2011a; Gervasi
et al., 2013). Therefore, the effects of infectious disease on stress
(and vice versa) may depend on life history stage, species,
infection severity and infection duration.
Even though all species were exposed to the same corticosterone

treatments, we found differences among species in resulting
whole‐body concentrations of corticosterone. Corticosterone
levels in our control treatments were similar to levels found in
field‐collected amphibian larvae (Belden et al., 2005, 2010),
indicating that our housingmethods did not cause excessive stress
to the animals.Anaxyrus boreas had the highest whole‐body levels
of corticosterone in all treatments while L. catesbeianus had the
lowest levels. Variation among the two larval hormone assays
could potentially contribute to this finding, as A. boreas samples
were run separately from the other two species. However, this
likely represents a real pattern since another study with chronic
exposure to exogenous corticosterone (Belden et al., 2010), found
that Eastern spadefoot toads (Scaphiopus holbrooki) on average
had higher baseline levels of corticosterone than two other species
(Rana sylvatica and Ambystoma jeffersonianum). Thus, it appears
that toads may elevate their corticosterone levels to a greater
degree compared to other groups of amphibians.
We also found differences among species in infection

prevalence and severity at the larval stage. Lithobates catesbeia-
nus had the highest infection prevalence of the three species, while
R. cascadae had the highest infection severity (Table 1). We did not
observed 100% infection in any species, which is typical for
experimental exposures of larvae to Bd (Venesky et al., 2010;
Searle et al., 2011b; Gervasi et al., 2013). Since larvae can lose
infection through time (Searle et al., 2013), it is possible that a
higher percentage of our animals were infected immediately after
Bd exposure, but lost infections before the end of the experiment.
Therefore, differences in infection prevalence among species may
represent differences in their ability to acquire infection or lose
infection though time. Our patterns of infection severity are in
contrast to previous studies that show R. cascadae with lower
infection levels than co‐occurring species (Searle et al., 2011b;
Gervasi et al., 2013). Each of these studies used slightly different
rearing and exposure conditions, indicating that among‐species
infection patterns may be context‐dependent.

Figure 1. Whole‐body corticosterone levels for (A) Anaxyrus
boreas, (B) Rana cascadae, and (C) Lithobates catesbeianus as
larvae (expt. 1). Closed symbols represent animals exposed to
Batrachochytrium dendrobatidis (Bd), while open symbols repre-
sent unexposed individuals. Circles represent completely observed
data, squares represent right‐censored “non‐detects,” and triangles
represent left‐censored “non‐detects.” Each star represents the
predicted mean for the corresponding group of animals and data
points are jittered horizontally to make them more distinguishable.
While non‐detects are plotted as if their concentration were
exactly known, the analysis considered them as censored, and thus
only known to be above or below their depicted concentration. The
high corticosterone treatment was excluded from this analysis, as it
contained too many censored values.
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Life history characteristics may contribute to the observed
differences in corticosterone levels and Bd infections. For
example, one would expect that L. catesbeianus, which has a
long larval period compared to the other species, would exhibit
different patterns of corticosterone and infection as they are

in the pre‐metamorphic stage for longer. This difference in life
history could explain why L. catesbeianus size and develop-
ment were unaffected by exposure to corticosterone and why
this species had the lowest corticosterone levels. Further studies
are necessary to understand how differences among species
impact an animal's response to stressful conditions and
pathogens.
We found that corticosterone exposure decreased mass and

developmental stage in A. boreas larvae and decreased mass and
length in R. cascadae larvae. This effect has been demonstrated in
other amphibian species, where elevated levels of corticosterone
decreased rates of growth and development at early larval stages
(Hayes et al., '93; Glennemeier and Denver, 2002b). Thus, even if
elevated corticosterone does not directly alter infection, it can
still affect amphibian larvae by altering growth and develop-
ment. In L. catesbeianus, growth and development was
unaffected by corticosterone, but this species also had the lowest
concentrations of corticosterone compared to the two other
species. Lithobates catesbeianus also had higher infection
prevalence than the other two species and can survive with
high levels of infection (Daszak et al., 2004; Blaustein et al.,
2005). This combination of high tolerance and ease at acquiring
Bd indicates that L. catebeianus may be particularly competent
hosts to act as reservoirs for Bd.

Figure 2. Effects of corticosterone and Batrachochytrium dendrobatidis (Bd) treatment on larval size and development (expt. 1). Panels show
average (A) Anaxyrus boreasmass, (B) Rana cascadaemass, (C) Lithobates catesbeianusmass, (D) A. boreas length, (E) R. cascadae length, (F)
L. catesbeianus length, (G) A. boreas developmental stage, (H) R. cascadae developmental stage, and (I) L. catesbeianus developmental stage
(all� SE). Length was determined by measuring the distance between the snout and vent on each animal and developmental stage was
determined using Gosner ('60). White bars indicate unexposed treatments and dark bars represent treatments exposed to Bd. Differences
among corticosterone treatments are indicated as different letters (X, Y, or Z) where treatments containing similar letters do not differ
according to Tukey's HSD tests. Stars indicate a significant effect of Bd exposure.

Figure 3. Predicted mean (� SE) whole‐body corticosterone
content for post‐metamorphic Rana cascadae (expt. 2). Treatments
are shown as “Bd�” (in white) and “Bdþ” (in black) to represent
treatments unexposed or exposed to Batrachochytrium dendro-
batidis (Bd), respectively. “Cort�” or “Cortþ” represent those
unexposed and exposed to corticosterone, respectively. Exposure to
corticosterone increased levels of corticosterone, while exposure to
Bd‐decreased levels of corticosterone.
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In all species, larvae exposed to Bd were longer at the end of the
experiment than unexposed individuals. Since we did not see a
difference in mortality with Bd infection, this finding is not the
result of Bd killing the smallest, weakest larvae and leaving only
the larger animals in the Bd‐exposed treatments. When larval
amphibians are infected with Bd, their mouthparts are affected,
reducing feeding rates in some species (Venesky et al., 2010).
Therefore, it is generally believed that Bd infection will slow
growth and development in larval amphibians. However, if food is
readily available, larvae may increase growth rates in response to
the presence of zoospores as an attempt to speed development
and exit water bodies containing Bd. Amphibian larvae can
alter developmental rates in response to many factors including
pond drying and predation (Werner, '86; Semlitsch and Wilbur,
'88). Therefore, even though we did not see an increase in
developmental rate with Bd exposure, increasing body size may
help prepare for a reduced time to metamorphosis to exit locations
where pathogens are present.
Based on our results, elevated levels of corticosterone do not

influence larval or post‐metamorphic amphibian susceptibility to
Bd. This supports previous studies in amphibians that have also
failed to detect a link between stress and increased susceptibility to
disease (e.g., Haislip et al., 2012; Reeve et al., 2013). However, even
though exposure to exogenous corticosterone did not increase
infection in our study, environmental changes may still alter Bd
dynamics by affecting other aspects of the amphibian–Bd
relationship such as transmission, reproductive rates, recovery
rates, and host mortality. Our study demonstrates that a link
between elevated levels of corticosterone and disease susceptibili-
ty cannot be assumed in all cases. In general, the interactions
between environmental change, stress hormones and infectious
diseases are complex and not well understood. The role of
physiological stress in altering disease dynamics appears to be
more complex than can be explained simply through single stress
measurements.
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