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Abstract

Infectious disease systems frequently exhibit strong seasonal patterns, yet the

mechanisms that underpin intra-annual cycles are unclear, particularly in

tropical regions. We hypothesized that host immune function fluctuates sea-

sonally, contributing to oscillations in infection patterns in a tropical disease

system. To test this hypothesis, we investigated a key host defense of amphib-

ians against a lethal fungal pathogen, Batrachochytrium dendrobatidis (Bd).

We integrated two field experiments in which we perturbed amphibian skin

secretions, a critical host immune mechanism, in Panamanian rocket frogs

(Colostethus panamansis). We found that this immunosuppressive technique

of reducing skin secretions in wild frog populations increased Bd prevalence

and infection intensity, indicating that this immune defense contributes to

resistance to Bd in wild frog populations. We also found that the chemical

composition and anti-Bd effectiveness of frog skin secretions varied across sea-

sons, with greater pathogen inhibition during the dry season relative to the

wet season. These results suggest that the effectiveness of this host defense

mechanism shifts across seasons, likely contributing to seasonal infection pat-

terns in a lethal disease system. More broadly, our findings indicate that host

immune defenses can fluctuate across seasons, even in tropical regions where

temperatures are relatively stable, which advances our understanding of intra-

annual cycles of infectious disease dynamics.
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INTRODUCTION

Many host-pathogen systems exhibit strong seasonal
patterns in disease incidence and severity (Altizer
et al., 2006; Grassly & Fraser, 2006; Nelson, 2004). This
phenomenon has long puzzled epidemiologists, especially

because intra-annual cycles in disease are evident in both
temperate and tropical regions (Dowell, 2001; Grassly &
Fraser, 2006). Tropical climates are generally considered to
be more stable than temperate climates (Barron, 1995), and
therefore, they may be expected to exhibit relatively less sea-
sonality in disease (Dowell, 2001, Grassly & Fraser, 2006).
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However, many studies have documented clear annual
cycles in infection and outbreak patterns in the tropics
(Chew et al., 1998; Tamerius et al., 2011), for which the
mechanisms are poorly understood.

Infectious disease dynamics are complex and hinge on
characteristics of the host, the pathogen, and their shared
environment (Acevedo-Whitehouse & Duffus, 2009). Hence,
seasonal patterns in disease severity may be caused by a
wide range of biotic and abiotic factors, including environ-
mental fluctuations (e.g., shifts in temperatures, rainfall,
and humidity), corresponding shifts in pathogen reproduc-
tion and transmission rates, or to seasonal changes in host
behavior (e.g., host phenological aggregations, migrations,
or behavioral ecology) (Altizer et al., 2006; Rosa et al., 2019).
Frequently, these variables fail to fully account for outbreak
patterns across latitudinal or elevational gradients or for
atypical seasonal disease patterns (Dowell, 2001; Grassly &
Fraser, 2006; Tamerius et al., 2013). An additional plausible
cause of intra-annual variation in disease is a seasonal fluc-
tuation in host immune function (Dowell, 2001;
Nelson, 2004). Until relatively recently, seasonal immunity
had not figured so prominently in empirical studies of dis-
ease dynamics (Hawley & Altizer, 2011; LeSage et al., 2021).

Studies of infectious disease in ectotherms may pro-
vide an ideal way to probe questions regarding seasonal
immune defenses (Raffel et al., 2006). Ectotherm physiol-
ogy and immune efficacy are temperature-sensitive and
inextricably linked to ambient thermal conditions
(Brown et al., 2016; Fabrício-Neto et al., 2019; Sandmeier
et al., 2019). In amphibians, for example, temperature
strongly affects immune function and susceptibility to
disease in controlled laboratory experiments (Maniero &
Carey, 1997; Ribas et al., 2009; Robak et al., 2019;
Robak & Richards-Zawacki, 2018). It is generally thought
that low temperatures (e.g., ~4�C) impair amphibian
immune responses, at least in temperate species
(Maniero & Carey, 1997; reviewed in Rollins-Smith &

Woodhams, 2012; Rollins-Smith, 2020). The thermal sen-
sitivity of the amphibian immune system is assumed to
extend to multiple aspects of immune function as both
the innate (e.g., complement activity) and adaptive sys-
tems (e.g., lymphocyte proliferation) are affected by tem-
perature (Maniero & Carey, 1997; Moretti et al., 2019;
Ribas et al., 2009). Optimal levels of immune regulation,
however, likely depend on the immune mechanism, ther-
mal range, and timing for acclimation to thermal condi-
tions (Raffel et al., 2006; Ribas et al., 2009).

Studies of temperature-dependent immune function
in temperate zone amphibians support a “seasonal accli-
mation hypothesis,” in which multiple immune factors
fluctuate in concert with ambient temperatures over
winter-summer transitions (Raffel et al., 2006; Figure 1a).
We hypothesized that there is a similar fluctuation in
amphibian immune function within a tropical disease
system. Specifically, we expected to find higher host
immune efficacy in warm, dry months relative to slightly
cooler, wet months due to variation in temperature as
well relative humidity, precipitation, and other environ-
mental factors (Figure 1b). To test this hypothesis, we
experimentally manipulated a key host immune defense
in a wildlife infectious disease system, amphibian
chytridiomycosis. Chytridiomycosis is caused by the fun-
gal pathogen Batrachochytrium dendrobatidis (Bd) and is
a major cause of amphibian declines around the world,
especially in tropical regions (Scheele et al., 2019). To
date, most investigations of patterns in chytridiomycosis
have predominantly focused on the temperature sensitiv-
ity of the pathogen (Bd growth rates are constrained by
temperature; Woodhams et al., 2008, Voyles et al., 2012,
2018) and have only recently considered seasonal host
immunity (LeSage et al. 2021; Longo et al., 2015, Rollins-
Smith, 2020). As such, amphibian chytridiomycosis pro-
vides a compelling model disease system for investigating
this question.

F I GURE 1 Model of hypothesis of immune fluctuation in temperate and tropical systems. Temperate model is modified from Raffel

et al. (2006).
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METHODS

Study system

Amphibian susceptibility to chytridiomycosis depends on
multiple factors (e.g., host life history, traits, genetics, and
environmental conditions) and host immunity is a critical
component of susceptibility (reviewed in Rollins-
Smith, 2020; Rollins-Smith et al., 2011). Because Bd colo-
nizes the amphibian epidermis, innate immune defenses
available at the skin surface are thought to be particularly
important (Rollins-Smith et al., 2009, 2011). Amphibian
skin secretions are complex, comprised ofmany biologically
active compounds, including antimicrobial peptides
(AMPs), and can be highly effective at inhibiting Bd growth
in vitro (Rollins-Smith, 2009; Rollins-Smith et al., 2011). In
addition, species-specific skin secretions are correlated with
host resistance to Bd in laboratory exposure experiments
(Woodhams, Ardipradja, et al., 2007; Woodhams, Rollins-
Smith, et al., 2007). Furthermore, temperature can mediate
the production, replenishment, and chemical composition
of AMPs (LeSage et al., 2021; Robak et al., 2019; reviewed in
Rollins-Smith & Woodhams, 2012). Taken together, this
evidence suggests that amphibian skin secretions may con-
fer resistance to Bd infection and contribute to seasonal
infection patterns following initial disease outbreaks inwild
amphibian populations.

We conducted field research in western Panama,
where chytridiomycosis emerged and spread between 1996
and 2007 (Lips et al., 2006; Woodhams et al., 2008). Today,
some populations of some species are persisting, and even
recovering, in areas where Bd is present (Perez et al., 2014;
Voyles et al., 2018). Bd infection patterns appear to fluctu-
ate seasonally with high prevalence, clinical disease, and
mortality occurring during the wet season (Kilburn
et al., 2010; Lips et al., 2006; Voyles et al., 2018).

We employed two experimental field studies to under-
stand (1) the role of skin secretions as a host immune
defense and (2) the effectiveness of these defenses between
wet and dry seasons. First, to determine if reductions in skin
secretions altered Bd infection patterns, we experimentally
reduced available skin secretions using a dose–response
approach in wild frogs and then used capture–mark–
recapture (CMR) techniques to track individuals over time.
Second, to determine if the inhibitory effectiveness of skin
secretions varied across seasons, we collected secretions in
two populations of frogs during two wet and dry seasons.
We selected these two frog populations because they have
been studied since before the emergence of Bd in this region.
Additionally, they are found at a similar elevation and expe-
rienced Bd-induced declines nearly simultaneously. These
two populations therefore represent a replicated way to test
the hypothesis that host skin secretions fluctuate seasonally.

We evaluated differences in the chemical composition
as well as the inhibitory effectiveness against Bd in sam-
ples collected over 2 years. Integrating CMR with an
experimental field study provided a novel way to study
how host defenses operate in the ecological contexts
experienced by wild amphibians. Moreover, it allowed us
to characterize the chemical composition of frog skin
secretions and to determine the functional relevance for
pathogen inhibition in an enzootic disease system in a
tropical region.

Study species

Our focal host species for this work was the Panamanian
rocket frog (Colostethus panamansis; Figure 2). This spe-
cies was common prior to the emergence of Bd, was ini-
tially susceptible to Bd infection in controlled infection
experiments ex situ, and exhibited a dramatic decrease in
abundance following outbreak events in the wild (Brem &
Lips, 2008; Crawford et al., 2010; Lips et al., 2006;
Woodhams et al., 2008). Subsequently, this species has
shown evidence of recovery at multiple sites where Bd is
now present (Perez et al., 2014; Voyles et al., 2018). In
addition, C. panamansis was an ideal species for our CMR
design because of its conspicuous calling behavior, small
territory size (up to 0.47m2), and high rate of philopatry,
all of which reduced our chances of confounding mortality
with permanent emigration (Wells, 1980).

We conducted our field studies at three field sites
where we have been monitoring recovering populations
of C. panamansis (Voyles et al., 2018): one is in the Altos
de Campana National Park (ACNP, Panama Province,
Panama; Figure 2) and two near the Omar Torrijos
National Park (OTNP, Coclé Province, Panama;
Figure 2). These sites are in mid-elevation tropical forest
(elevation range: 430–1030 m above sea level), west of the
Panama Canal, in a region with a historically high diver-
sity of amphibians (over 60 species recorded; Crawford
et al., 2010; Ib�añez et al., 1996). We selected these frog
populations because they have been studied since before
the emergence of Bd in this region. Additionally, they are
found at a similar elevation and experienced Bd-induced
declines nearly simultaneously. Thus, these populations
represent an ideal opportunity to test our hypothesis that
host skin secretions fluctuate seasonally.

Handling and Bd screening

We captured adult individuals of C. panamansis using
clean, inverted plastic freezer bags (Phillott et al., 2010).
For each frog, we measured mass to the nearest 0.01 g,
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and snout–vent length (SVL) to the nearest 0.1 mm using
calipers and scales (Pesola, Schindellegi, Switzerland).
We also collected skin swab samples to test for Bd pres-
ence and infection intensity using standardized swabbing
techniques (Hyatt et al., 2007). Following collection in
the field, we transported the skin swab samples to the
laboratory and immediately (within 2 h) stored them at
�20�C until we conducted diagnostic analyses (Boyle
et al., 2004; Hyatt et al., 2007).

We used a quantitative polymerase chain reaction
(qPCR) assay to assess prevalence and intensity of Bd
infection (Boyle et al., 2004; Hyatt et al., 2007). We
extracted genomic DNA from the swabs using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Inc.,
Valencia, CA, USA). We diluted extracted DNA samples
(1:10) with molecular grade water and ran each sample
in triplicate with an internal positive control in one of
the triplicate wells (Garland et al., 2010; Hyatt
et al., 2007). Each 25-μl PCR reaction consisted of
12.5 μl SensiFAST Lo-ROX master mix (1�, Bioline),
Bd primers at a concentration of 900 nM, minor groove
binder (MGB) probe at 240 nM (Boyle et al., 2004),
bovine serum albumin (BSA) at 400 ng/μl, and 5 μl of
diluted template DNA (Garland et al., 2010). We also
included external negative controls to confirm no con-
tamination and reduce the risk of false positives. To

quantify pathogen load, we used a dilution series of
plasmid standards (obtained from Pisces Molecular,
Boulder, CO, USA). A sample was considered positive if
Bd DNA was detected in two or more of the triplicate
wells. We calculated Bd load as Bd DNA copies per
swab, which we obtained by multiplying the number of
DNA copies detected in a qPCR well by 400 to account
for a 1:10 dilution of extracted DNA and the fact that
our 5 μl aliquot of template was 1/40th of the total
extracted DNA.

Reduction of skin secretions

To determine the effect of a reduction of skin secretions,
we used a dose–response approach and CMR in a wild
population of C. panamansis at ACNP. We purposefully
selected a different site for this field experiment to avoid
interfering with the seasonal study. To collect frog skin
secretions, we induced each frog to secrete its store of
secretions from cutaneous granular glands by administer-
ing a stimulatory injection of norepinephrine (NE) below
the skin surface (Rollins-Smith et al., 2005; Woodhams
et al., 2006). We then collected diagnostic swab samples
from the same individual frogs to track changes in Bd
infection over time.

F I GURE 2 Study sites and model species, Colostethus panamansis. The Altos de Campana National Park (tan circle) is located in the

Panama Province, on the eastern slope of the El Valle de Anton volcano. The Omar Torrijos National Park (blue and green circles) is located

in the Coclé Province. We used the unique coloration patterns, including dorsal and lateral markings (dorsal pattern, upper lip stripe, axial

marking, and groin midway stripe) to identify individuals of C. panamansis for capture–mark–recapture analyses.

4 of 14 ROSA ET AL.



We selected concentrations of NE that have been
experimentally tested for dose–response effects in multi-
ple species of amphibians (Pask et al., 2013; Ramsey
et al., 2010; Rollins-Smith et al., 2005). We assigned frogs
to one of three NE treatment groups: a high-dose treat-
ment, hereafter referred to as the “Reduced” group (40
nmol/g body mass NE, N = 9), a low-dose treatment,
hereafter referred to as the “Partially Reduced” group
(10 nmol/g body mass, N = 9), and a “Control” group
that received an injection of sterile saline solution (0.01
ml/g body mass sterile saline, N = 8). Although the half-
life of NE is relatively short (eliminated from blood
within minutes; Smith & Maani, 2019), these doses of NE
are known to reduce amphibian skin secretions from the
granular glands for up to 50–60 days (Pask et al., 2013;
Ramsey et al., 2010) with the earliest timeframe for
replenishment at ~21 days (Rollins-Smith et al., 2005).
This timing of NE treatment is important because the
effect of depleting skin secretions outlasts the short half-
life of NE, allowing us to track changes in infection that
could occur due to the loss of protective skin secretions
over multiple weeks.

Following the NE or saline injections, we placed the
frogs in individual baths containing ultra-pure water (25
ml) for 15 min. We then removed the frogs from the
baths and collected the water containing whole skin
secretions. To inactivate endogenous peptidases, we acid-
ified the secretion mixture with 0.5 ml of diluted
hydrochloric acid to a final concentration of 1% of con-
centrated hydrochloric acid (Woodhams et al., 2006). We
then passed the water containing peptides through C18
Sep-Paks to enrich for hydrophobic peptides (Waters Cor-
poration, Milford, MA, USA; Woodhams et al., 2006) and
transported samples back to the laboratory for analysis.

After elution of the peptides from the Sep-Paks, we
quantified the total amount of recovered peptides that
was produced by each animal (Gammill et al., 2012),
dried the samples using a SpeedVac (Savant, Thermo Sci-
entific, Pittsburgh, PA, USA), and stored the samples at
�20�C (Conlon, 2007). We reconstituted the peptides in
1 ml high-performance liquid chromatography (HPLC)-
grade water and quantified the amount of material using
standard bicinchoninic acid assay (Micro BCA, Pierce,
Rockford, IL, USA) per the manufacturer’s directions,
except we used bradykinin (RPPGFSPFR, Sigma Chemi-
cal, St. Louis, MO, USA) to establish a standard curve
(Rollins-Smith et al., 2002; Woodhams et al., 2006).

Following the reduction of skin secretions, we used
CMR to identify frogs and collect additional diagnostic
samples to test for Bd infection. This approach allowed us
to track infection status over time. For CMR, we used
two marking methods that have been used extensively
for recapture in amphibians: toe clips and photographs of

individual markings (Caorsi et al., 2012). Specifically, we
collected a toe-clip (one phalanx that indicated the treat-
ment group) and took photographs of the dorsal and lat-
eral sides of each frog (coloration and markings are
unique to individuals; Figure 2). We released each indi-
vidual at the original site of capture. We revisited the
study site and recaptured frogs 36 h and 8, 15, and 21
days following the skin secretion reduction treatments.
In each subsequent survey, we recaptured, identified, and
photographed all experimental frogs that we encoun-
tered. We also measured mass and collected additional
skin swab samples to test for Bd at each time point. We
terminated the experiment after 21 days, which is the
approximate duration of time required for frogs to par-
tially replenish skin secretions following experimental
reduction (Pask et al., 2013; Ramsey et al., 2010).

Pathogen inhibitory effectiveness across
seasons

To test for seasonality in amphibian immune effectiveness,
we used the same methods to collect skin secretions
(as described above) in two populations of C. panamansis:
OTNP 1 and OTNP 2. However, we used one dose of NE
(40 nmol/g mass NE) each season. We returned to the sites
in Wet (June) and Dry (December) seasons for two consec-
utive years to collect skin secretion samples. We subse-
quently used the samples to characterize the chemical
compositions and to test for the pathogen inhibition effi-
cacy in a Bd challenge assay.

To measure the temperature fluctuations across the
seasons, we collected microhabitat temperatures using
agar frog models containing iButton dataloggers
(Thermochron iButton), which have been shown to
accurately mimic frog body temperatures (Rowley &
Alford, 2010). We programmed the devices to record
temperature every 10 min for 3 days and placed 8 agar
models per site in the microhabitats where we captured
frogs. We deployed the agar frog devices concurrently
and recorded temperatures on the same days for both
sites.

To determine the inhibitory effectiveness of the skin
secretion samples, we conducted a Bd growth challenge
assay. We cultured Bd (JEL 310) on nutrient-rich agar
plates (TGhL, 16 g tryptone, 4 g gelatin hydrolysate,
and 2 g lactose with 10 g bacteriological agar, per 1 L
of distilled water) at 21�C. We flooded the plates and
filtered the Bd samples through a sterile filter to remove
the sporangia (Voyles, 2011). We counted zoospores
using a hemocytometer and diluted the culture with
TGhL to a final zoospore concentration of 1.0� 106

zoospores/ml.
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We prepared all skin secretion samples (as described
above) and made three replicate aliquots from each
frog with a final concentration of 50 μg/ml (=fixed con-
centration). For each sample, we filled three replicate
wells in a 96-well microplate with 50 μl of zoospore inoc-
ulum, for a final concentration of 5.0� 105 Bd zoospores,
plus 50 μl of each skin secretion sample. For each plate,
we set up three wells of positive controls, which included
50 μl of live Bd zoospores (same concentration as above)
with 50 μl HPLC water (no skin secretions). We also
included three wells of 50 μl of heat-killed Bd and 50 μl of
HPLC water (no skin secretions) to serve as negative con-
trols. We measured optical density at 492 nm using Multi-
Skan FC Microplate Reader (Thermo Scientific) on Days
0–7. To quantify sample effectiveness as an inhibitor of
Bd growth, we calculated Bd inhibition as a percentage
for each sample (Woodhams et al., 2006):

%¼ 1� mean growth with mixtureð Þ=½
maximal growth of “positive control”ð Þ��100:

To generate chemical profiles of the peptide constitu-
ents within the skin secretions, we used MALDI-TOF
mass spectrometry (Pask et al., 2012; Woodhams
et al., 2006). Because MALDI-TOF mass spectrometry
provides data on the presence/absence of specific pep-
tides (though not abundance of peptides), we could then
score the profiles from each frog by determining the pres-
ence or absence of unique masses that were evident from
% intensity peaks. For our analysis of chemical spectra,
we included only chemical masses that were present in at
least two samples.

Statistical analyses

We used one-way ANOVAs for frog mass and SVL to
confirm that there were no significant differences among
the experimental groups at the beginning of the dose–
response experiment. We used an analysis of covariance
(ANCOVA) to compare change in body mass over the
course of the experiment among treatment groups, using
the initial SVL, initial body mass, initial Bd infection sta-
tus, and Bd infection status during the experiment as
covariates (Dytham, 2011). We conducted an ANOVA to
test the effect of treatment group on mean peptide secre-
tions recovered (log transformed to meet the normality of
residuals assumption), with Fisher’s least significant dif-
ference (LSD) tests for multiple comparisons to assess dif-
ferences among treatment means (Dytham, 2011).

For our dose–response analyses, we defined the
recapture rate as the number of marked individuals

recaptured at each time point divided by the total num-
ber of individuals in the treatment (expressed as a per-
cent). We used a Kaplan–Meier estimate to compare
differences in detection among frog groups over time
(as a time-to-event analysis) with a Tarone-Ware test that
weights all time points by the square root of the number
of cases at each time point (Machin et al., 2006).

To test for a change in the infection status of each
treatment group, we compared the proportion of Bd-
infected frogs before versus after NE treatment using a
binomial exact test. Exact tests are preferable when deal-
ing with very small sample sizes (McDonald, 2014) and
allowed us to test for an effect of skin secretion reduction
on Bd infection even though treatments started with
uneven Bd prevalence.

We created a linear mixed model (LMM) to evaluate
changes in Bd infection loads (log[Bd DNA copies+ 1])
over time with “day,” “treatment,” and “day� treatment”
as fixed factors and individual frog identification as a ran-
dom factor. The model included a compound symmetry
structure with maximum likelihood estimation (as we
were focused on studying individual-level change) and
individual frog identification as a random effect to
account for dependency due to repeated measurements
(Singer & Willett, 2003). We used Fisher’s LSD
(no confidence interval [CI] adjustment) for post hoc
pairwise comparisons (Day & Quinn, 1989). We con-
ducted all analyses using SPSS 24.0 (IBM Corp., Chicago,
IL, USA).

To analyze the seasonal data, we tested for the effects
of season, year, and site on whether a frog captured was
Bd-positive (yes/no), and we used binary logistic distribu-
tion with a logit link function. We also tested for the
effects of season, year, and site on intensity of infection
(Bd genomic equivalents determined by PCR analysis)
and the effectiveness of skin peptides in inhibiting Bd
growth. For this, we used quasi-Poisson distribution with
a log link function. We then used an analysis of deviance
for generalized linear model fits with a F test.

We used multiple approaches to compare the chemical
profiles of skin secretion samples across seasons and link
chemistry to inhibitory effectiveness. We performed the
analyses in R version 3.4.4 (R Core Team, 2018) using the
package vegan (Oksanen et al., 2019). First, we used ANO-
VAs to identify seasonal and site differences in inhibitory
effectiveness and seasonal differences in frog microhabitat
temperatures (as approximated by our iButton tempera-
ture loggers). Second, we compared the chemical profiles
of skin secretions by calculating a dissimilarity matrix
using the Jaccard index for binary data and plotted the
data in ordinal space using nonmetric multidimensional
scaling (NMDS). We used a permutational multivariate
analysis of variance (PERMANOVA; adonis function) of
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the distance matrix including both sites and seasons to test
for the main effects of site and season and their interaction
effect on skin secretion chemistry.

To compare patterns of skin peptide profiles across
sites and seasons, we calculated the multivariate disper-
sion for each site and season combination (betadisper
function). This measure quantifies the distance of each
point in ordinal space to a group centroid and quantifies
chemical dissimilarity within groups. In this case, higher
dispersion indicates chemical profiles that are dissimilar
among individual frogs in a group (i.e., high variability).
In contrast, lower dispersion indicates that chemical pro-
files that are more similar among individual frogs
(i.e., low variability). We analyzed the differences in pro-
file dispersion between sites by seasons using a two-way
ANOVA.

To investigate patterns of inhibitory effectiveness and
skin secretion profiles, we ran a PERMANOVA (adonis
function) to test the effect of chemistry on inhibitory
effectiveness. We were working with distance matrices,
and the results of this analysis against a continuous vari-
able can be challenging to interpret. Therefore, we
followed up this analysis by fitting inhibitory effective-
ness as a smooth surface on a contour plot (ordisurf func-
tion, generalized additive model). This analysis fits
continuous data to the ordination, and then cross-
validates whether the model is a predictor of the continu-
ous variable. We ran this analysis on the whole dataset
and on the separate seasons and sites (dry season, wet
season, OTNP 1, and OTNP 2).

RESULTS

Reduction of skin secretions

There were no significant differences among the three
experimental NE-treatment groups for body mass
(ANOVA: F2,23 = 0.370, p = 0.695) or SVL (ANOVA:
F2,23 = 0.383, p = 0.686) at the start of the experiment

(N on Day 0; Table 1). In addition, there was no differ-
ence in mass among treatment groups at the end of the
experiment (N on Day 21; Table 1), regardless of infection
status (ANCOVA: F2,6 = 1.594, p = 0.278). The Micro
BCA assay confirmed that a greater quantity of skin
secretions was released in the Reduced group compared
to both the Partially Reduced group, and the Control
group (F2,22 = 17.595, p< 0.01, Fisher’s LSD: mean differ-
ence≥ 0.424, p≤ 0.019, N = 8–9 per treatment;
Figure 3a).

We had similar recapture rates among the three
treatment groups (Table 1). This was indicated by the
lack of differences in detection over time among groups
(Tarone-Ware: χ2 = 0.720, df = 2, p = 0.698; Table 1).
We found that both the Reduced and Partially Reduced
groups showed a statistically significant increase in Bd
prevalence over time (Reduced, binomial p = 0.019;
Partially Reduced, binomial p = 0.004; Figure 3b),
whereas the Bd prevalence of the Control group frogs
did not change (binomial p = 0.466; Figure 3b). We
also found that there was a significant difference in Bd
infection load over time (LMM: F8,55.568 = 2.244,
p = 0.037; Table 1, Figure 3c; Appendix S1). A post hoc
analysis showed that the significant difference was due to
increases in Bd load in the Reduced (F4,56.934 = 4.714,
p = 0.002) and Partially Reduced (F4,54.598 = 6.845, p≤
0.001; Table 1, Figure 3c) treatment groups. In contrast,
the Control group did not show an increase in infection
load over time (F4,54.438 = 0.551, p = 0.699; Table 1).

Pathogen inhibitory effectiveness across
seasons

From our temperature loggers that we deployed in OTNP
1 and 2, we determined that frog microhabitat tempera-
tures were similar during the wet seasons at the two sites
(Appendix S1). Both sites were warmer in the dry season,
with OTNP 1 experiencing slightly higher temperatures
and greater inter-season variation than OTNP 2 (ANOVA:

TAB L E 1 Recapture rates for Colostethus panamansis frogs that were treated with different doses of norepinephrine (NE) to reduce skin

secretions.

Treatment Mean (%) Min–max (%) SD N (0) N (2) N (8) N (15) N (21)

Reduced 47.2 22.2–66.7 19.0 9 5 6 2 4

Partially Reduced 52.8 44.4–66.7 10.6 9 5 4 4 6

Control 50.0 37.5–62.5 10.2 8 5 4 4 3

Note: The Reduced group received a high dose of NE, reducing the skin secretions available at the skin surface to combat infection. The Partially Reduced

group received a low dose of NE, which only partially lowered the skin secretions available at the skin surface to combat infection. The Control group received
a dose of sterile saline solution, which allowed frogs in this group to maintain skin secretions to combat infection. N (0) = initial sample size on day of
treatment and N (X) = number of frogs recaptured on Day X post treatment.
Abbreviations: max, maximum; min, minimum.
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season, F1,49 = 58.66, p< 0.001, dry: N = 37, wet: N = 17,
site, F1,49 = 163.49, p< 0.001, OTNP 1 N = 26, OTNP
2 N = 28, site� season, F1,49 = 38.74, p< 0.001;
Appendix S1). These temperature patterns did not differ
between the two sampling years (ANOVA: F1,49 = 2.18, p
> 0.05, Year 1 N = 18, Year 2 N = 36).

From our diagnostic skin swabs, we found that sea-
son was a significant predictor of Bd infection preva-
lence (F1,149 = 3.643, p = 0.05; Figure 4a). Specifically,
Bd prevalence was higher in the wet seasons (42%, with
95% CI: 0.29–0.54, N = 65; Figure 4a) compared to the
dry seasons (27% CI: 0.17–0.37, N = 86; Figure 4a).
Infection intensity was also higher in the wet seasons
compared to the dry seasons (F1,149 = 11.223, p < 0.001,
wet: N = 65, dry: N = 86). When testing the peptide
inhibitory effectiveness of frog skin secretion samples
(i.e., the percent inhibition of Bd growth in vitro), we
found a significant difference between wet and dry sea-
sons. Specifically, skin peptide inhibitory effectiveness
was greater in dry compared to wet seasons (ANOVA:
F1,55 = 26.38, p< 0.001, wet: N = 24, dry: N = 34;
Figure 4b).

From our analysis of the chemical composition of
the skin secretions samples, we found that the chemis-
try profiles differed between wet and dry seasons
(Figure 5a). Although there was substantial overlap in
the chemical compounds (i.e., peptide presence/
absence) for both sites and seasons (Figure 5b), we
found significant differences in the chemical composi-
tion of skin secretions across seasons (F1,49 = 2.61,
p = 0.001, dry: N = 26, wet: N = 24; Figure 5a), and an
interaction effect as well (F1,49 = 1.99, p < 0.05). In an
analysis of the similarity of the chemical composition,
we found that there was a significant difference in the
chemical dispersion (i.e., chemical profile dissimilarity
among individual frogs) between the populations and
over seasons (F3,46 = 9.18, p < 0.001). A post hoc analy-
sis identified that the difference in dispersion was due
to greater chemical similarity among frogs sampled
from OTNP 1 during the dry seasons compared to any
other sampling groups (Tukey’s honestly significant
difference, p < 0.001; Appendix S1).

From our analysis of chemical composition and inhi-
bition effectiveness (i.e., how well skin secretions
inhibited Bd growth), we found a significant relation-
ship between skin secretion chemistry and inhibitory
effectiveness (F1,49 = 1. 81, p < 0.05, N = 50). In addi-
tion, using a linear regression, we found that skin
secretion chemistry (NMDS 2) predicted inhibitory
effectiveness during the dry seasons (R 2 = 0.29, stan-
dardized coefficient = 17.04� 5.44 SE, t = 3.13, p <
0.001, N = 26; Figure 6a). Additionally, inhibitory effec-
tiveness was a negative predictor of Bd infection when

F I GURE 3 (a) Skin secretions recovered from wild Colostethus

panamansis frogs that were stimulated with different doses of

norepinephrine: Reduced group (40 nmol norepinephrine/g body

mass), Partially Reduced group (10 nmol norepinephrine/g body

mass), and Control (0.01 ml/g body mass sterile saline solution).

Error bars indicate standard error of the mean. (b) Increase in

prevalence of Batrachochytrium dendrobatidis (Bd) infection in

C. panamansis from before and after skin secretion reduction using

norepinephrine. (c) Mean infection intensity with Bd on skin swab

samples that were collected over time in C. panamansis following

differential skin secretion reduction using norepinephrine.

Infection load is calculated as log(genomic equivalents +1)

following quantitative polymerase chain reaction analysis. Reduced

and Partially Reduced treatment groups exhibited increases in Bd

infection load over time, whereas the Control group did not. Error

bars indicate standard error of the mean.
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accounting for seasonal differences (R 2 = 0.11, stan-
dardized coefficient = �0.007� 0.003 SE, t = �2.59,
p < 0.05; Figure 6b).

DISCUSSION

Seasonal immunity may be an important, but under-
estimated, factor underpinning infectious disease pat-
terns. We investigated seasonal immunity in amphibian
skin secretions and their role in inhibiting the lethal
pathogen Bd in live frogs in Panama. Using two field
experiments, we determined that amphibian skin secre-
tions provide an important resistance mechanism against
Bd and that the effectiveness of this defense varies sea-
sonally. Taken together, these results support the hypoth-
esis that host immunity fluctuates in this tropical system
and may be a key factor contributing to seasonal oscilla-
tions in infection patterns and disease development for
amphibian chytridiomycosis.

In our dose–response experiment, we found that wild
frogs with experimentally reduced skin secretions
exhibited increased Bd prevalence and mean infection
intensity relative to control frogs with unmanipulated
secretions. We suggest that the frogs in the Reduced
group were more vulnerable to Bd colonization and infec-
tion because we experimentally removed this defensive
mechanism for preventing Bd growth. In addition, we
found that most of the frogs in the Control group were
Bd negative for the duration of the experiment,
suggesting that the retention of their skin secretions may
have allowed them to either resist Bd colonization or
clear infection between swabbing sessions.

Our findings are consistent with previous correlational
studies that suggest that amphibian skin secretions are a key
resistance mechanism against chytridiomycosis (Rollins-
Smith, 2020; Woodhams et al., 2006; Woodhams, Ardipradja,
et al., 2007; Woodhams, Rollins-Smith, et al., 2007). As in
these previous studies, it is important to consider the
possibility that treatment with NE could have caused
other immunosuppressive effects, such as impairment of
adaptive (cell and/or humoral) immune functioning
(Rollins-Smith, 2020). However, we note that other stud-
ies have shown that NE treatment reduces stress hor-
mones (e.g., corticosterone and aldosterone) that would
be the most likely cause of any reduction in lymphocyte
recruitment in frogs (Morra et al., 1990). In addition, the
short half-life of NE, while effective for depleting skin
secretions, is unlikely to have other long-lasting physio-
logical effects (Rollins-Smith et al., 2005; Smith &
Maani, 2019). Therefore, we suggest that our experimen-
tal manipulation to reduce skin secretions compromised
a critical innate defense mechanism and led to a change
in Bd infection patterns in wild frogs.

In our survey of skin secretions across seasons, we
found that the chemical composition of peptides—as well
as their inhibitory effectiveness against Bd—varied across
dry and wet seasons. Both populations of frogs demon-
strated seasonal shifts in the chemical profiles of their
skin secretions, with higher inhibitory effectiveness
against Bd during the dry season relative to the wet sea-
son (Figure 6a). Furthermore, we found that the inhibi-
tory effectiveness of the skin secretions predicted the
likelihood that a frog was infected by Bd for both
populations and across seasons. This result further
strengthens the inference that this host skin secretions

F I GURE 4 (a) Infection prevalence of Batrachochytrium dendrobatidis (Bd) in diagnostic samples collected from two populations of

Colostethus panamansis frogs in dry and wet seasons. Prevalence is the proportion of hosts infected with Bd, shown with 95% confidence

intervals. (b) Inhibitory effectiveness (i.e., ability to inhibit Bd growth) of C. panamansis skin secretion samples collected in dry and wet

seasons. Inhibitory effectiveness was calculated as the percent of Bd growth inhibition relative to a positive control in an in vitro challenge

assay and error bars indicate standard error of the mean.
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F I GURE 5 (a) Nonmetric multidimensional scaling (NMDS) ordination of skin secretion profiles based on the presence/absence of

specific peptide masses in two populations of Colostethus panamansis, near the Omar Torrijos National Park (OTNP 1 and OTNP 2).

Chemical composition was significantly different between dry and wet seasons in both populations. Spider plots are overlaid with the

centroid points labeled for the dry and wet season samples. (b) Venn diagram illustrating peptide presence from two populations of

C. panamansis near Omar Torrijos National Park (OTNP 1 and 2) in wet and dry seasons. A total of 39 peptides were detected using MALDI-

TOF mass spectrometry. Chemical composition was significantly different between dry and wet seasons in both OTNP 1 and 2 populations.

10 of 14 ROSA ET AL.



provide an important resistance mechanism underpin-
ning seasonal infection patterns for C. panamansis.

While many of the frogs in our study shared many
similar chemical compounds, we found some differences
in a subset of those compounds between our two focal
populations. These findings are surprising because we
expect chemical composition (presence or absence of
compounds) to be similar within a given species, or even
within a given population, since intraspecific separation of
chemical diversity is unlikely (Richards et al., 2015). These
results also suggest that future investigations may be able
to identify a suite of compounds with anti-microbial func-
tion in wild amphibian populations. Doing so, however,
will require gaining a greater understanding of the abun-
dances (concentrations) of key compounds. Overall, while

the proximate cause of these differences in skin secretions
remains to be investigated (as discussed below), these
results suggest that the effectiveness of host skin secretions
(a key immune mechanism) against Bd (a lethal infectious
pathogen) may differ among host populations and fluctu-
ate seasonally within a tropical disease system.

Although the preponderance of evidence points to
temperature as the main environmental variable that
could regulate amphibian immunity (Ribas et al., 2009;
Robak et al., 2019; Sonn et al., 2017), we suggest that
focusing on additional seasonal parameters, especially
temperature and humidity, may prove to be revealing,
particularly in tropical systems. We found that amphib-
ian skin secretions were more effective at fighting Bd in
the tropical dry season, when conditions are both warmer
and less humid than in the wet season (Windsor, 1990).
Amphibian skin is a highly active physiological organ
that maintains osmotic balance and skin secretions play
an essential role in maintaining physiological homeosta-
sis (Clarke, 1997). Indeed, the production and chemical
composition of skin secretions is modified by tempera-
ture (Robak et al., 2019) and also during dry periods to
protect against desiccation (Elkan, 1968; Toledo &
Jared, 1993). Therefore, it is possible that environmental
factors such as temperature, humidity, and rainfall also
contribute to seasonal fluctuations in this amphibian
immune defense and warrant further investigation
(Phillott et al., 2013; Sonn et al., 2019). As such, investi-
gating the complexities of host–pathogen–environment
interactions, including a wide range of diverse environ-
mental variables (e.g., relative humidity), in controlled
laboratory experiments will likely be key for understand-
ing the seasonal disease dynamics of chytridiomycosis.

Our findings suggest that amphibian defenses against
a lethal pathogen vary with season and that this seasonal-
ity in immune resistance may be an essential aspect of
intra-annual oscillation in infection patterns of a lethal
disease system. While this pattern has been observed in
temperate regions (Figure 1a), investigations on similar
patterns in the tropics remain to be investigated.
Although multiple theoretical studies underscore the
importance of investigating fluctuations in host immu-
nity, few empirical investigations have linked host resis-
tance with population-level outcomes and seasonal
disease patterns (Hawley & Altizer, 2011; LeSage et al.,
2021; Råberg et al., 2009; Rohr et al., 2010). This is likely
because doing so can be exceptionally challenging given
the diverse range of host immune mechanisms and the
complexities of working in natural infectious disease sys-
tems (Rohr et al., 2010). Nevertheless, there is increasing
interest in intra-annual oscillations in host immune
funct, ion, even within the tropics, where temperature
shifts are not as pronounced as they are in temperate

F I GURE 6 (a) Regression of dry season samples

demonstrating that variation of skin secretion chemistry

(nonmetric multidimensional scaling [NMDS] 2) predicts inhibitory

effectiveness against the pathogen Batrachochytrium dendrobatidis.

(b) Boxplots of inhibitory effectiveness of skin secretions collected

from frogs infected and uninfected with Bd across wet and dry

seasons. Inhibitory effectiveness was a negative predictor of Bd

infection when accounting for seasonal differences. Results are

presented as mean inhibitory effectiveness and error bars indicate

standard error of the mean. OTNP, Omar Torrijos National Park.
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regions (Dowell, 2001; Martin II et al., 2004; Tamerius
et al., 2011, 2013). Additional theoretical and empirical
work on host mechanisms of resistance—and how they
shape infectious disease dynamics—will help predict the
severity, seasonality, and duration of epidemic events,
and therefore will significantly contribute to the study of
infectious disease in both temperate and tropical regions.
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