Evolutionary Ecology
https://doi.org/10.1007/510682-023-10247-3

ORIGINAL PAPER

®

Check for
updates

High relative humidity and temperature limit disease
development and mortality in golden frogs of Panama,
Atelopus zeteki, infected with Batrachochytrium dendrobatidis

Jordan Gass' - Abigail J. Miller' - Ciara Sheets’ - Morgan Long' - Jamie Voyles'

Received: 24 February 2023 / Accepted: 18 May 2023
© The Author(s) 2023

Abstract

To combat the loss of species due to emerging infectious diseases, scientists must incorpo-
rate ecological parameters, such as temperature and humidity, to understand how the envi-
ronment affects host—pathogen interactions. The fungal disease chytridiomycosis is a com-
pelling case study to investigate the role of both temperature and humidity on infectious
disease, as both the fungal pathogen (Batrachochytrium dendrobatidis, Bd) and the host
(amphibians) are heavily influenced by these abiotic factors. We performed two experi-
ments to investigate the importance of relative humidity and temperature on frog immunity
(production of antimicrobial skin secretions) and disease development in captive golden
frogs (Atelopus zeteki) of Panama. We found that the quantity of skin secretions signifi-
cantly decreased over time in frogs moved from low to medium and high relative humidity
treatments. Following Bd exposure, frogs in high temperature (26-27 °C) and high rela-
tive humidity (80-90%) had lower pathogen loads and survived significantly longer than
frogs kept in all other treatment conditions, including high temperature and low relative
humidity. These results suggest that high relative humidity may be an important, although
less understood, mediator of Bd infection and the survival of golden frogs. Because the
environment can drastically alter disease dynamics, understanding how temperature and
humidity influence chytridiomycosis outcomes in golden frogs may be essential for the
success of the reintroduction of captive frogs.
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Introduction

Emerging infectious diseases (EIDs) are diseases that are newly recognized or have recently

increased in incidence or geographic range (McArthur 2019). In recent decades, EIDs have
profoundly impacted both human and wildlife populations (Morens et al. 2004; Tompkins
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et al. 2015; Schmeller et al. 2020). To fully recognize the scope and devastation of EIDs in
both humans and wildlife, scientists have adopted relatively new approaches that apply an
ecological perspective to investigate the role of the environment in shaping the outcome of
host—pathogen interactions (Hawley and Altizer 2011). This concept has been classically
illustrated with the heuristic of the disease triad, which demonstrates how pathogens, hosts,
and their shared environment are interconnected (Hueffer et al. 2011; James et al. 2015).
The disease triad framework has become integral to understanding disease dynamics in
wildlife because it strategically encompasses the environment and how it can impact the
ecology and evolution of both pathogens and hosts (James et al. 2015).

Of all three components of the disease triad, the environment is often the most diffi-
cult to define, and the most complex, as it is influenced by multiple, oscillating abiotic
factors, such as temperature and humidity (Engering et al. 2013). Despite its complexity,
many studies examining how abiotic factors influence disease have taken a relatively sim-
plified approach, frequently focusing solely on the effect of temperature on pathogens and
their hosts (Webb et al. 2010; Bailey et al. 2017; Price et al. 2019; Mordecai et al. 2019;
Cohen et al. 2020). Temperature experiments are pervasive across many disease systems,
including the pathogens of humans (Mordecai et al. 2019), amphibians (Sonn et al. 2017;
Price et al. 2019), corals (Ward et al. 2007), fish (Karvonen et al. 2010; Bailey et al. 2017),
insects (Thomas and Blanford 2003), and plants (Webb et al. 2010). However, understand-
ing the impact of both temperature and humidity on disease systems has become increas-
ingly important, especially in the context of global climate change, where compounding
abiotic stressors are likely to alter infection dynamics across disease systems (Lafferty and
Mordecai 2016).

One ideal study system to investigate the importance of environmental components
on disease outcomes is the chytridiomycosis panzootic in amphibians (Puschendorf et al.
2009; Turner et al. 2021). Chytridiomycosis, a disease caused by the fungal pathogen
Batrachochytrium dendrobatidis (Bd), infects amphibian epidermis and has led to the
decline of hundreds of amphibian species globally (Scheele et al. 2019). Given that both
the pathogen and the hosts are ectothermic, understanding the role of the environment is
critical in determining the mechanisms underpinning chytridiomycosis outcomes (Turner
et al. 2021). Bd is generally thought to be a cold-adapted pathogen, growing optimally
between 17 and 25 °C (Piotrowski et al. 2004; Woodhams et al. 2008; Sheets et al. 2021).
While Bd can maintain relatively high fitness across a range of low temperatures (Wood-
hams et al. 2008; Voyles et al. 2012), temperature can change the rate that Bd completes its
life cycle, as well as the number of infectious zoospores released, which is thought to alter
Bd pathogenicity (Richards-Zawacki 2010; Voyles et al. 2012; Langhammer et al. 2013;
Rowley and Alford 2013). Additionally, temperature may be a key determinant of differen-
tial pathogenicity among closely related Bd strains (Russell et al. 2019).

As well as affecting Bd, temperature also plays important roles in altering the amphib-
ian immune response (reviewed in Rollins-Smith 2017). Amphibians are generally thought
to have increased immune responses at high temperatures with diminished effectiveness
against pathogens in low temperatures (Rollins-Smith and Woodhams 2012). One key
component of amphibian innate immunity are skin secretions, which can inhibit Bd in
numerous species (Woodhams et al. 2006, 2007). Skin secretion production can be reduced
in cold temperatures (Robak et al. 2019) and varies seasonally (Le Sage et al. 2021; Rosa
et al. 2022).

Since the environment influences both the pathogen and hosts, disease outcomes are
often heterogenous across spatio-temporal gradients (Puschendorf et al. 2011; McMil-
lan et al. 2020). Spatial heterogeneity may create disease refugia (locations where
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amphibian hosts persist despite infection and without severe disease-induced impacts)
due to environmental conditions that favor the host and/or disfavor the pathogen
(Puschendorf et al. 2011; Heard et al. 2015). Additionally, several studies have shown
increased Bd prevalence at high-elevation sites compared to low-elevation sites in tropi-
cal regions (e.g., in Australia, McDonald et al. 2005; Woodhams and Alford 2005;
Puschendorf et al. 2011; and Central America, Puschendorf et al. 2009; Zumbado-
Ulate et al. 2014). Disease dynamics also shift over time where Bd prevalence fluctu-
ates across temperate (spring, summer, autumn, winter) and tropical (wet, dry) seasons
(Berger et al. 2004; McDonald et al. 2005; Woodhams and Alford 2005; Kinney et al.
2011; Ruggeri et al. 2020; Rosa et al. 2022; Wilber et al. 2022). These studies sup-
port environmental factors as critical components of chytridiomycosis, with different
outcomes given the ‘right’ environmental conditions for the host or pathogen. While
the role of temperature has been well documented, relative humidity has been compara-
tively understudied in research on chytridiomycosis (Murray et al. 2013; Bienentreu and
Lesbarreres 2020; Schmeller et al. 2022).

Populations of the Panamanian golden frogs (Atelopus zeteki) were once abundant
along montane streams but proved to be highly susceptible to Bd (Bustamante et al.
2010; Becker et al. 2011; Ellison et al. 2015; Gass and Voyles 2022). The decline of
golden frogs was well noted because the frogs are highly conspicuous, active along
streams during the day, and exhibit bright coloration (Lotters 1996). Although a Bd
epizootic reduced golden frogs to near extinction (Lips et al. 2006; McCaffery et al.
2015), some populations are persisting in Panama, even though Bd is still present and
highly pathogenic (Perez et al. 2014; Voyles et al. 2018; Byrne et al. 2021; Rosa et al.
2022). The historical sites where golden frogs are distributed have different ecological
characteristics. For example, golden frogs persist at similar elevations (between 500 and
800 m) but in sites situated on either aspect of the Cordillera Central (the south-facing
slopes towards the Pacific Ocean and the North facing slopes towards the Caribbean
Sea; Fig. 1a). Accordingly, these two sites have dramatically different microhabitat con-
ditions (Fig. 1b, ¢), which may play an important role in the disease dynamics and evo-
lutionary trajectories in these golden frog populations. Understanding the role of tem-
perature and humidity on the differential recovery of golden frog populations is likely to
be crucial for the success of reintroduction strategies for this species. For example, this
information can offer direction on how managers could proceed with translocations and/
or the directed release of animals from captivity into environments that would best pro-
mote survival and mediate the risk of mortality due to severe chytridiomycosis.

To disentangle the role of humidity and temperature in chytridiomycosis, we con-
ducted two experiments using environmental chambers to control temperature and rela-
tive humidity. In Experiment 1, hereafter referred to as the “Humidity Experiment”, we
tested if host immunity (production of skin secretions) would be altered under three
different levels of relative humidity (RH), followed by a Bd inoculation experiment. We
predicted that humidity would alter the quantity of skin secretions produced by frogs,
with more skin secretions produced in drier conditions. In Experiment 2, hereafter
referred to as the “Humidity and Temperature Experiment”, we investigated two levels
(high and low) of both temperature and relative humidity to see if variations of these
conditions altered susceptibility to disease. We predicted that frogs would be the most
successful in the high temperature and low relative humidity treatments since these con-
ditions mirror putative disease refugia sites for amphibians in tropical regions (Wood-
hams and Alford 2005; Puschendorf et al. 2009, 2011; Zumbado-Ulate et al. 2014).
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Fig.1 Two sites in Panama where golden frogs have persisted following outbreaks of the lethal amphibian
disease chytridiomycosis (a). The Caribbean site (black) and the Pacific site (gray) are at similar elevations
(between 500 and 800 m) but situated on either aspect of the Cordillera Central (the south-facing slopes
towards the Pacific Ocean and the North facing slopes towards the Caribbean Sea). These two sites have
different relative humidity (b) and temperature (c) profiles (data from temperature and humidity recording
devices (Onset HOBO Pro v2, temp/PH) placed in amphibian microhabitats in 2014)

Methods
Experimental setup

In the Humidity Experiment, we tested to see if hosts that experienced a shift in relative
humidity conditions would alter the production of skin secretions. We collected baseline
samples from captive Panamanian golden frogs (Atelopus zeteki), that were acclimated to
21 °C and low (50%) relative humidity (RH; more details provided in the supplementary
material). We extracted skin secretions from half of the frogs and subsequently randomly
assigned them to one of three environmental chambers set to maintain the same tempera-
ture (21 °C) but at three different levels of relative humidity: high (80%), medium (65%),
and low (55%) RH (Supplemental Fig. 1). We allowed frogs to replenish their skin secre-
tions and collected samples a second time after 30 days (enough time for the skin secre-
tions to naturally replenish; Rollins-Smith 2005; Ramsey et al. 2010). We allowed an addi-
tional 30 days for frogs to replenish their secretions, and we exposed frogs (N=10) to Bd
or a control, sham solution (N=10) in each chamber (Supplemental Fig. 1).

For the Humidity and Temperature Experiment, we investigated the importance of
humidity and temperature on A. zeteki survival after Bd exposure. We chose temperature
and humidity combinations based on two field sites in Panama where wild populations
of golden frogs are persisting despite Bd infection (Fig. 1). We placed the first treatment
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group (N=20) into a high RH (80-90%) and high temperature (26-27 °C) environmental
chamber. We placed the second treatment group (N=20) into a high RH (80-90%) and a
low temperature (20-21 °C) environmental chamber. We placed the third treatment group
(N'=20) into a low RH (50-60%) and a high temperature (2627 °C) environmental cham-
ber. We placed the final treatment group (N=20) in a low RH (50-60%) and a low tem-
perature (20-21 °C) room. We exposed N =10 frogs from each treatment group to the Bd
isolate Rio Maria, while we exposed N =10 frogs to a sham exposure solution. We exposed
frogs to Bd or the sham solution for 24 h while in their respective temperature and humid-
ity conditions, after which the frogs were returned to their original containers with fresh
water. Frogs subsequently remained in their respective temperature and humidity treat-
ments for the duration of the experiment.

Collection of skin secretions

We used the hormone norepinephrine (NE; 40 nmol per gram body mass, Gass and Voyles
2022) to stimulate the frog’s sympathetic nervous system, causing them to release stored
skin secretions from their cutaneous granular glands following standard methods that have
been described (Rollins-Smith 2005; Gass and Voyles 2022, and see supplemental informa-
tion). Since NE is eliminated from the body within minutes (Smith and Maani 2019), we
could be confident that this reduction of skin secretions has minimal long-term effects on
the immune system. After NE injection, skin secretions remain depleted from 21-30 days,
after which they are naturally replenished (Rollins-Smith 2005; Ramsey et al. 2010; Pask
et al. 2013). We controlled for any potential effects of NE by including N =10 frogs that
received injections of sterile amphibian phosphate-buffered saline [aPBS; 6.6 g/L. sodium
chloride, 1.15 g/L sodium phosphate, and 0.2 g/L potassium phosphate in 1 L of distilled
water, filter sterilized using a sterile nylon mesh filter (Millipore Express)].

Bd challenge assays in vitro

To determine the inhibitory effectiveness of the skin secretions taken from the frogs that
received NE injections, we conducted an in vitro Bd challenge assay. We cultured the Bd
isolate “Rio Maria” (Voyles et al. 2018) using a nutrient rich tryptone-gelatin hydrolysate-
lactose (TGhL) media in 25 cm? tissue culture flasks at 21 °C. We observed Bd flasks daily
until the day of peak zoospore activity when we filtered the culture to remove any spo-
rangia (Voyles 2011) and counted Bd zoospores using a hemocytometer. We diluted the
zoospores to a concentration of approximately 5 x 10° zoospores per ml~! in 96 well plates.
We prepared three replicate wells for each skin secretion sample containing 40 pl of skin
secretions, 50 ul of TGhL media, and 10 pl of live Bd. We included three wells per sample
as positive controls for Bd growth, containing 40 ul of HPLC water, 50 pl of TGhL media,
and 10 pl of live Bd. We also included three negative control wells per sample contain-
ing 40 ul skin secretions, 50 ul TGhl media, and 10 pl of heat-killed Bd. We monitored
the plates daily for zoospore activity and used a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) viability assay and measured OD at 570 nm using a micro-
plate reader on the day of peak zoospore release (five days after passaging; Lindauer et al.
2019). We subtracted the OD reading from the negative control wells from our sample and
positive control wells to normalize the OD data.
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Bd exposures in vivo

The Bd exposures for both experiments were set up identically. First, we weighed each frog
to the nearest 0.1 g and measured snout-vent length (SVL) to the nearest 0.1 mm to calcu-
late body condition (mass/SVL; Dodd 2010; Whiteman et al. 2012). We measured body
condition as a gauge of frog health, as both Bd infection and altered humidity and tempera-
ture regimes have the potential to impact frog body condition (Supplemental Fig. 3; Retal-
lick and Miera 2007). We swabbed each frog with a Medical Wire swab (MWE REF100,
Wiltshire, England, UK) 10 times on the ventral side, 10 times on each thigh, and 5 times
on each hand and foot (Hyatt et al. 2007). We analyzed these swabs using qPCR to deter-
mine that frogs were negative for Bd before beginning the experiment. We took measure-
ments of frog mass, SVL, and collected diagnostic swab samples at two-week intervals
until the end of the experiments.

We cultured the Bd isolate Rio Maria, originally from Panama and highly pathogenic
in Atelopus frogs (Voyles et al. 2018; Gass and Voyles 2022), using the methods described
above. We counted Bd zoospores using a hemocytometer and diluted them using TGhL
media until they reached a concentration of 6.5 X 10* zoospores per mI~!. We then placed
frogs into the exposure containers (7.6 cm diameter, 3.5 cm height) containing 11 ml of
20% Holtfretter’s solution [250 ml, (in mMol) 6.0 NaCl, 0.06 KCL, 0.09, CaCl2, 0.24,
NaCO3, pH 7.0; Wright and Whitaker 2001]. We added 1 ml of live Bd culture to the expo-
sure container for the Bd exposed frogs. For the sham-exposed frogs, we added 1 ml TGhL
media. The frogs remained in the exposure containers for 24 h, after which we placed them
back into their housing containers with 100 ml of 20% Holtfretter’s solution. We monitored
frogs twice daily until we observed clinical signs of severe disease (Voyles et al. 2009)
when we collected one final diagnostic Bd swab and euthanized via shallow immersion in a
bath of 0.1% tricaine methanesulfonate (MS-222; Fisher Scientific, WA, USA).

DNA extraction and qPCR amplification

We used a DNeasy Blood and Tissue DNA Extraction Kit following the manufacturer’s
directions (Qiagen, Valencia, CA, USA; animal tissue protocol) to extract Bd DNA from
the diagnostic swabs. We followed this with a real-time quantitative polymerase chain reac-
tion (qPCR) run on a QuantStudio 3 Real-Time PCR instrument (Life Technologies, Sin-
gapore) to quantify the Bd load for each swab (Boyle et al. 2004). We analyzed samples in
singlicate with an internal positive control (IPC, Garland et al. 2010) and a dilution set of
plasmid standards (Pisces Molecular, Boulder, CO) to quantify Bd load. To convert plas-
mid copy numbers to genomic equivalents, we used the formula Bd load = Quantity * 40. If
one of the samples appeared positive, we checked the Cycle Threshold (C,) value to deter-
mine if a low-level infection was likely and we verified that qPCR was working properly by
confirming IPC amplification. We re-ran any samples that produced uncertain results.

Statistical analysis
To determine if there were differences in the amount of skin secretions released at the

beginning of the humidity experiment among the three treatment groups, we used a non-
parametric Kruskal-Wallis test because our data were not normally distributed despite
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transformations. To compare the amount of skin secretions released over time (i.e., by each
group at the beginning of the experiment and after a month), we used a paired Wilcoxon
sign rank test because the data were not normally distributed.

To compare how Bd load changed over time among the Bd exposed groups for both
experiments, we ran a GLMM with a Poisson distribution with Bd load as the depend-
ent variable, treatment group and time as interacting fixed effects, and individual frogs
as the random effect (package: “Ime4,” function: “glmer,” Bates et al. 2014). To compare
mean survival time as well as Bd load, presented as genomic equivalents, on the date of
death for the Bd exposed frogs we used an ANOVA followed by Tukey post hoc tests or a
Kruskal-Wallis test if data were not normally distributed. We generated a Kaplan—Meier
survival curve and analyzed survival data using a log-rank test using the R package “sur-
vival” (Therneau and Gramsch 2000). We performed all statistical analyses using R version
4.1.3 (R Core Team 2022).

Results
Experiment 1: Humidity experiment

There were no significant differences in the amount of skin secretions released among the
RH treatment groups at the start of the experiment (y>=4.2068, df=2, p=0.122) or after
30 days (y*=2.434, df =2, p=0.2961; Fig. 2). However, the frogs in the high and medium
RH groups had a significant decrease in the amount of skin secretions they produced
after spending 30 days in the RH treatments (high RH conditions: Wilcoxon; Z=—2.465,
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Fig.2 Mean concentrations (pg/gram body mass) of skin peptide samples collected from golden frogs
(Atelopus zeteki) following injections of norepinephrine (40 nmol/gram body weight) in three treatment
groups that were moved from low relative humidity (RH) to high, medium, and low RH. Time 1 refers to
mean skin secretions collected from frogs at the beginning of the experiment (solid boxes). Time 2 refers
to mean skin secretions collected from frogs after 30 days at each humidity treatment (open boxes). Frogs
moved into the high RH and medium RH treatment groups produced significantly fewer skin secretions
after 30 days in the new RH conditions
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p=0.014; medium RH conditions: Wilcoxon; Z=—-2.418, p=0.016; Fig. 2). Conversely,
the low RH group had no significant change in the amount of skin secretions released after
30 days (Wilcoxon; Z=-0.602, p=0.546; Fig. 2).

All Bd-exposed frogs became infected with Bd, developed clinical signs of chytridio-
mycosis, and tested positive for Bd at every sample collection time point. Although there
was a trend suggesting slightly higher Bd loads for the frogs in the low and medium RH
conditions, the differences were not significant over the course of the experiment (GLMM
with a Poisson distribution, y2=0.7229, df=2, p=0.7) or on the date of death (ANOVA:
F=0.565, p=0.575). None of the control frogs showed clinical signs of infection or died
of chytridiomycosis. While every control frog except one tested slightly Bd positive (2-3
Log GE+1) on week 6, all control frogs were Bd negative with subsequent testing and
never showed any signs of chytridiomycosis, suggesting that these qPCR results were
likely false positives. In contrast, all the Bd-exposed frogs showed clinical signs of severe
chytridiomycosis and died within 54 days of exposure. We observed a trend suggesting that
frogs in the low and medium RH conditions succumbed to chytridiomycosis more rapidly
than the frogs in the high RH conditions, although there were no significant differences in
survival (mean number of days survived post inoculation: ANOVA: F=2.75, p=0.0825;
Fig. 3a, survival: Kaplan-Meier log-rank test: y°=5.8, p=0.06; Fig. 3b).

Experiment 2: Humidity and temperature experiment

The Bd isolate Rio Maria was highly pathogenic in all groups of exposed frogs except for
the high temperature and high RH group. Whereas every Bd-exposed frog in the other three
treatment conditions tested Bd positive at every time point and died within 77 days of expo-
sure, we found that three frogs in the high humidity and high temperature treatment group
cleared Bd infection, and eight survived until the end of the experiment. We also found
that there was a significant effect of the treatment group and time on the pathogen load
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Fig.3 Survival among groups of golden frogs (Atelopus zeteki) from the Humidity Experiment that were
moved from low relative humidity (RH) to one of three treatment conditions, high (magenta), medium
(dark orange), or low (light orange) RH, and subsequently inoculated with the lethal fungal pathogen Batra-
chochytrium dendrobatidis (Bd). There were no significant differences among treatment groups in overall
survival (a) or mean days of survival (b)
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Fig.5 Survival among groups of golden frogs (Atelopus zeteki) in the Humidity and Temperature Experi-
ment that were moved from low relative humidity (RH) to one of four treatment conditions: high relative
humidity (RH) and high temperature (purple), high RH and low temperature (blue), low RH and high tem-
perature (teal), and low RH and low temperature (mint) and subsequently inoculated with the lethal fungal
pathogen Batrachochytrium dendrobatidis (Bd) or exposed to sham control solution (grey). The high RH
and high temperature group had significantly greater overall survival (a) and mean days of survival (b)
compared to the other three Bd exposed groups

among the Bd exposed groups (GLMM with a Poisson distribution, y°=32.130, df=3,
p<0.001; Fig. 4). Additionally, frogs in the high humidity and high temperature group sur-
vived significantly longer than all other groups (Kaplan Meier log-rank test: y° =28, df =3,
p<0.001, ANOVA: F=68.42, df=3, p <0.001; Fig. 5).

Discussion

The environment plays a critical role in determining epizootics, pathogen prevalence, and
infection outcomes across many disease systems (Altizer et al. 2006). While the impor-
tance of temperature on both pathogens and hosts has been extensively studied (Thomas
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and Blanford 2003; Ward et al. 2007; Webb et al. 2010; Karvonen et al. 2010; Sonn et al.
2017; Bailey et al. 2017; Price et al. 2019; Mordecai et al. 2019), the role of humidity in
driving disease dynamics is much less clear. We used the chytridiomycosis disease system
to investigate the importance of temperature and humidity on disease outcomes in a highly
endangered amphibian.

The golden frogs of Panama (Atelopus zeteki) are members of one of the most imperiled
groups of amphibians in the world (La Marca et al. 2005). These species are highly endan-
gered in the wild but exist in large populations in captivity with prospective plans for rein-
troduction (Lewis et al. 2019). As such, determining what environmental conditions may
create disease refugia is considered a key factor for decision making in reintroduction plan-
ning (Lewis et al. 2019). Our prediction that frogs would have the greatest survival at high
temperature and low relative humidity (RH) was partially supported. We found increasing
frog survival in the high temperature conditions. However, the high temperature was only
protective when paired with high RH, not low RH as we originally predicted. That frogs
survived better at high RH was surprising, as many putative disease refugia sites are char-
acterized as hot and dry (Puschendorf et al. 2009, 2011).

Additionally, frogs produced significantly fewer skin secretions over 30 days when kept
at high RH and medium RH when compared to the low RH group. One possible explana-
tion for this is that skin secretions are produced to help prevent desiccation in frogs (Lil-
lywhite and Licht 1975) but doing so may be energetically costly (Blennerhassett et al.
2019). As such, we suggest that the groups maintained at high and medium RH may have
decreased the production of skin secretions as they were at a lower risk of desiccation (Lil-
lywhite and Licht 1975). Furthermore, frogs that significantly decreased the amount of skin
secretions in the high and medium RH conditions survived longer than the frogs in the low
RH conditions (where frogs had no changes in skin secretion production over time).

The Humidity and Temperature Experiment revealed that frogs survived the best at the
high temperature and high RH treatment, with three frogs clearing Bd infection, and eight
frogs surviving past the end of the experiment. The fact that some frogs cleared Bd infec-
tion was particularly intriguing given that several previous studies have shown no recovery
or survival of golden frogs exposed to Bd under a wide variety of experimental conditions,
including temperature treatments (Bustamante et al. 2010), applications of anti-Bd probi-
otic microbes (Becker et al. 2011), and exposure to different Bd lineages (Langhammer
et al. 2013). Only one previous study has been able to show survival in small number (five)
of A. zeteki frogs (Becker et al. 2015). For our study, the finding that high temperature and
high RH can allow some frogs to survive, and even clear well-established Bd infections,
underscores how critically important local and regional environmental conditions can be
for disease dynamics and survival for some host species.

Our results suggest that high temperature coupled with high RH was more protective
than the other three temperature and humidity combinations against disease development
and mortality in an otherwise highly susceptible amphibian host species. We suggest that
the specific temperature and relative humidity conditions experienced by amphibians may
have mediated the production of amphibian skin secretions such that pathogen reproduc-
tion (Bd growth rates) and disease development were altered. In a previous study, research-
ers found that skin secretions of captive A. zefeki were not protective, but rather enhanced
Bd growth in vitro and may have exacerbated disease development and mortality (Gass and
Voyles 2022). Our results corroborate those findings supporting that the production of skin
secretions is associated with disease development in A. zeteki. Therefore, a reduction of
skin secretions in high RH conditions may provide a mechanistic explanation for the sur-
vival and persistence of some host species in warm and humid sites in Panama.
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While the temperature constraints of Bd are relatively well established (Piotrowski et al.
2004; Voyles et al. 2017) the importance of humidity in chytridiomycosis outcomes has
been more difficult to unravel (Brannelly et al. 2015). Given that Bd is sensitive to desic-
cation (Johnson and Speare 2003) and relies on water to move for part of its life cycle
(Longcore et al. 1999), water availability is a critical determinant of Bd infection outcome
(Rowley and Alford 2007). Previous work with A. zeteki showed that frogs that could
behaviorally avoid water survived longer than frogs who remained in water (and com-
pletely saturated) during a Bd exposure experiment (Bustamante et al. 2010). Additionally,
Atelopus zeteki frogs have been shown to behaviorally thermoregulate to limit their disease
risk during a Bd epidemic (Richards-Zawacki 2010). While the frogs in this study were
not given the opportunity to behaviorally thermoregulate (as they were held at constant
temperatures), they may have behaviorally responded to the RH conditions. All the frogs
in both of our experiments had 100 ml of 20% Holtfretter’s solution constantly at one end
of their containers, so it is possible that frogs in the low RH groups spent a greater amount
of time in the water compared to frogs in the high RH treatments, which could have led to
high mortality. Another possible explanation for the enhanced survival of frogs kept at high
RH is that the humidity levels altered the amount of skin secretions produced such that
frogs were able to allocate more energy towards other elements of their immune systems to
limit Bd infection. These possibilities remain to be investigated.

This study investigated the role of relative humidity in chytridiomycosis in tropical
amphibian host species. Our findings support several previous studies that suggested that
high temperature conditions improve frog survival and may limit Bd prevalence and inten-
sity of infection (Berger et al. 2004; Woodhams and Alford 2005; Bustamante et al. 2010).
While some studies have shown that dry areas are ideal disease refugia sites for amphib-
ians against chytridiomycosis (Woodhams and Alford 2005; Puschendorf et al. 2009, 2011;
Zumbado-Ulate et al. 2014), this study suggests that dry conditions (RH less than 60%)
may not be necessarily more protective against Bd in all amphibian host species. Pinpoint-
ing which environmental conditions will best promote host survival while limiting patho-
gen growth is important for selecting successful reintroduction sites for golden frogs (Het-
tyey et al. 2019). More broadly, these findings reinforce the importance of incorporating all
facets of the disease triad (hosts, pathogens, and the environment) to elucidate patterns of
disease emergence and inform conservation decisions on wildlife threatened by emerging
infectious diseases.
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