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A B S T R A C T

Pathogens inflict various costs onto their hosts from sublethal changes in physiology and behavior to intense 
pathology and mortality. The timing of host immune responses and concomitant changes in behavior may be 
jointly underpinned by an increase in glucocorticoid hormones. The temporal and causal links between these 
interrelated responses to infection remain equivocal in many host-pathogen systems. Here, using a fungal 
pathogen implicated in global amphibian declines, Batrachochytrium dendrobatidis (Bd), we examined sublethal 
consequences of infection in the Cuban tree frog (Osteopilus septentrionalis). Specifically, we tracked changes in 
the neuroendocrine stress response by measuring urinary corticosterone (CORT) metabolites as well as immu
nological activation via neutrophil/lymphocyte (N/L) ratios over three consecutive rounds of Bd exposure. 
Additionally, we measured both exploratory behavior and activity level in open field arenas to evaluate whether 
infection-mediated changes in behavior and stress physiology coincided. Pathogen-exposed individuals began 
testing positive for Bd after two rounds of exposure. After the third exposure, Bd-positive frogs had higher CORT 
levels compared to control frogs. While infection load was not associated with N/L ratio, CORT concentrations 
showed a negative correlation with N/L ratio, suggesting a link between endocrine activity and immune regu
lation. Furthermore, there were no differences in exploratory behaviors or activity levels between control and Bd- 
exposed frogs. The lack of a relationship between N/L ratios and infection load may indicate a lag between 
neuroendocrine and immunological responses in this host-parasite system. This is further supported by the 
delayed increase in CORT levels only after three rounds of pathogen exposure. Alternatively, the lack of a 
relationship may be due to the immunosuppressive capability of Bd. The varied impacts of infection on physi
ological biomarkers indicates a greater need for researchers to consider simultaneous changes to behavior, 
neuroendocrine, and immunological measures of stress in future host-pathogen studies.

1. Introduction

Infectious diseases are important from a conservation perspective 
because they can be a significant source of host mortality and therefore 
play a role in regulating populations. Sublethal responses to infection 
can also arise through a combination of physiological (e.g. mounting 
immune responses, changes in hormone concentrations) and behavioral 
mechanisms (e.g. changes in activity and antipredator behaviors) [1–4]. 
Concurrent changes to hormone profiles [5] and activation of immune 
defenses [6] can cause physiological stress to hosts, yet they continue to 
engage in ecological interactions throughout the course of infection [7]. 
As such, understanding the multifaceted, interconnected effects that 
parasites have on host physiology and behavior is imperative to build a 
more complete picture of emerging infectious diseases.

Changes in host behavior are common in host-parasite systems, from 
highly specific manipulations of behavior by tightly coevolved parasites 
to patterns like lethargy or diet shifts after infection by bacteria and 
viruses [8]. Although behavioral changes after infection are under
pinned by diverse physiological mechanisms, the 
hypothalamus-pituitary-adrenal (HPA/HPI; interrenal in amphibians 
and fishes) axis is likely a strong mediator of the covariation between 
physiological and behavioral changes in infected animals. Corticoste
rone (CORT), a primary glucocorticoid (GC) hormone produced by the 
HPI axis, is involved in the stress response and is hypothesized to pro
mote delayed glucose release that supports long-term energy recovery 
[9–11]. Though short-term increases in CORT are crucial for maintain
ing homeostasis during exposure to stressors and protect against infec
tion [12–14], long-term elevations can lead to dampened immune 
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responses and behavioral changes such as lethargy that increase overall 
mortality risk [15–18]. The immune system is upregulated with 
short-term HPI activity and increases in CORT levels during infection 
can also change immune parameters such as neutrophil, lymphocyte, 
and eosinophil counts [19–21]. Further, GCs can become unresponsive 
to stress over extended periods, which makes them imperfect measures 
of immune stress when used alone [22]. Studies focusing on stress re
sponses to infection should collect GC data concurrently with other 
stress biomarkers to better understand behavior-physiology crosstalk 
during infection.

Circulating cellular components of the immune system represent 
important defenses against pathogens and also serve as stress bio
indicators [23]. The ratio of two immune cells, neutrophils and lym
phocytes, is a common measure of immune stress that typically increases 
alongside GCs in vertebrates, including amphibians [22,24–26]. Neu
trophils perform phagocytic functions while lymphocytes regulate and 
redistribute immune defenses during infection [23,27,28]. Combining 
components of the innate and adaptive immune systems [29], neu
trophil/lymphocyte (N/L) ratios communicate information on immune 
function and can be used alongside GCs to measure multiple facets of 
organismal stress responses [23]. Indeed, in amphibians, increases in 
CORT and elevated N/L ratios are commonly observed during stressful 
events, though some have suggested N/L ratios as a more reliable in
dicator of long-term stress when CORT may begin to attenuate and N/L 
ratios remain elevated [19,22,26,30–33]. Supporting this, Titon et al. 
[34] demonstrated that restraint, an immune challenge, and exogenous 
CORT application enhanced select immune responses in Rhinella icterica 
such as N/L ratios, though effects varied by dose and immune param
eter, underscoring the complexity of CORT-induced immunomodulation 
[34]. Given the numerous environmental stressors and emerging infec
tious diseases leaving amphibian populations some of the most imper
iled groups globally [35], conservation efforts require a better 
understanding of multifaceted amphibian stress responses to disease.

The amphibian skin disease chytridiomycosis, caused by the fungal 
pathogen Batrachochytrium dendrobatidis (Bd), targets many species and 
causes diverse effects from mass mortality events to sublethal effects on 
physiology and changes to behavior [36,37]. Bd-infected amphibians 
often exhibit increased GCs [12,38–42], but variable results have been 
recorded across host species varying in disease susceptibility [43–46]. 
Even in the absence of disease, elevated GCs can affect behavior, 
development, and immunity [12,39–42]. After infection, increased 
baseline CORT levels are accompanied by decreased locomotory be
haviors and impaired righting reflexes [39,47]. However, whether Bd 
jointly mediates changes in neuroendocrine, immune, and behavioral 
responses simultaneously remains relatively unexplored and studies 
combining these approaches will help us understand how seemingly 
resistant hosts cope with pathogens.

To disentangle the physiological mechanisms underlying behavioral 
changes after Bd infection, we focused on the Cuban tree frog (Osteopilus 
septentrionalis), an invasive frog in the southern United States. Cuban 
tree frogs can experience mortality from chytridiomycosis but often 
clear infections even after several rounds of exposure, and can survive 
chronic infections without showing clinical signs of disease [48]. Cuban 
tree frog tadpoles have shown a positive correlation between CORT 
release rates and Bd infection [43], but similar patterns in adult frogs 
remain untested. Although the Cuban tree frog is not of conservation 
concern, this study is beneficial to conservation efforts in two ways: (1) 
understanding the physiological underpinnings of disease can elucidate 
how some invasive species become so successful and (2) our methods 
can serve as a proof of concept with applications to ecophysiology 
studies in endangered amphibians. Here, we subjected O. septentrionalis 
to three rounds of Bd exposure while repeatedly measuring changes in 
stress physiology and behavior. After the final round of exposure, we 
also measured immune activity via circulating N/L ratio. Our objectives 
were to: (1) determine whether Cuban tree frogs undergo changes in 
activity and exploratory behaviors after Bd infection, (2) investigate 

how physiological stress biomarkers (CORT and N/L ratio) covary with 
Bd infection, and (3) determine whether changes in CORT covary with 
changes in behaviors.

2. Materials and methods

2.1. Ethical declaration

The collection, care, and use of experimental animals complied with 
guidelines of The University of Florida Institutional Animal Care and Use 
Committee (IACUC permit Number: 201810502) as well as the Florida 
Fish and Wildlife Conservation Commission (LSSC-17-00031B).

2.2. Frog collection and husbandry

From August to September 2020, we collected 41 adult 
O. septentrionalis using stationary, upright PVC pipes at the Natural Area 
Teaching Laboratory located at the University of Florida in Gainesville, 
FL. Average nightly temperature during collection was 23.3◦C. Treefrogs 
naturally seek shelter inside of hollow PVC pipes, making this an 
effective method for collecting individuals. Upon capture, frogs were 
immediately placed into behavioral arenas in the field (see full 
description in “Behavioral Trials” section). Frogs were then weighed 
with a digital scale, snout-vent-length recorded with a digital caliper, 
sexed, and swabbed to detect any existing Bd infections. Individuals that 
were initially difficult to sex in the field were later identified via 
dissection of sex organs post-euthanasia. After initial measurements and 
behavioral assays, frogs were transported to the lab at the University of 
Florida (Fig. 1), each housed in its own plastic container (~19 cm x 33 
cm x 23 cm) with PVC pipe for shelter, a shallow dish of water prepared 
using Holtfreter’s solution, and a moist paper towel [49]. Bd-exposed 
and control frogs were housed in separate Percival environmental 
chambers with water dish and paper towels replaced twice weekly and 
full tank changes once weekly. During full changes, each frog was 
removed from its enclosure and placed into a new clean husbandry 
container. We kept frogs under an automated 12:12 hr light:dark 
schedule at 21◦C during the day and 17◦C during the night, with a 
relative humidity of 80%. Frogs were misted with water daily, inspected 
for signs of disease daily, and fed domestic crickets ad libitum.

2.3. Behavioral trials

We focused on activity and exploratory behavior because both are 
implicated in pathogen exposure risk and transmission potential [50] 
and activity level (e.g., lethargy) is often used as a behavioral proxy for 
disease in captive and wild animals. Behavioral trials were performed 
three times in total: at the field site immediately after capture, 24 hours 
later in the lab prior to Bd or control exposure, and in the lab after the 
third round of Bd of control exposure (~56 days later). All behavioral 
trials were filmed using a Nikon DSLR camera at night between 
21:00-00:00. Cameras were stationed ~25 cm away from arenas with 
red light projected on top of the enclosures to view the frog in a dark 
setting (in field and lab). Prior to each assay, frogs were powdered with 
non-toxic, fluorescent powder manufactured by DayGlo (Cleveland, OH, 
USA) to track movement and make frogs more visible on camera. This 
powder has been previously used on amphibians with no adverse effects 
on health or behavior [51,52]. Each individual was then placed into a 
small, inverted plastic cup in the center of the behavioral arena for a 
5-minute acclimation period before being released, after which frog 
behavior in the arena was filmed for 20 minutes. Each rectangular arena 
(21cm x 61cm x 18cm) contained six artificial plants constructed from 
wooden dowels and artificial leaves placed ~6 cm apart and adhered to 
the base using modeling clay. In the laboratory, assays were filmed 
similarly to those in the field, though were performed inside of Percival 
environmental chambers to maintain constant environmental condi
tions. From the videos, we measured activity level (total time the frog’s 
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center of gravity spent moving) and exploration (the number of unique 
trees climbed). Upon completion of each trial, we rinsed frogs with 
dechlorinated water and returned them to their housing containers. Any 
behavioral videos where the frog disappeared outside of camera view for 
>30 seconds were removed from this analysis (total removed from 
pre-exposure assays = 14; total removed from post-exposure assays =
12; final sample sizes utilized in Table S1).

2.4. Bd detection and exposure

Frogs were swabbed prior to transport into the lab to ensure exper
imental animals were not already infected with Bd. To quantify Bd 
infection load, genomic DNA was first isolated from each swab using 
PrepMan Ultra (Applied Biosystems) and processed following methods 
from Boyle et al. [53], Hyatt et al. [54], and Longo et al. [55]. Once DNA 
was extracted, Bd loads were quantified via real-time qPCR using ITS 
gene fragments as a standard curve. Samples consisted of 2 uL 1:10 
diluted DNA: deionized water and 8 uL Master Mix. All samples were run 
in duplicate against serially diluted Bd concentrations of 106-10 ITS gene 
fragments [53,54]. Ultrapure deionized water was also used as a nega
tive control to monitor potential contamination. No animals had 
detectable Bd loads upon collection from the field.

We randomly assigned frogs to either a control (n = 14) or Bd- 
exposed (n = 27) treatment group. More individuals were assigned to 
the Bd-exposed group to account for anticipated mortalities due to 
chytridiomycosis. Frogs in the Bd-exposed group were submerged in a 5 
mL liquid Holtfreter’s solution containing 106 Bd zoospores for a 24- 
hour period during inoculations, while frogs in the control group were 
submerged in 5 mL Holftreter’s solution. Frogs were exposed three times 
over the course of the experiment, 10-12 days apart, to assess whether 
measures of physiological stress would coincide with the development of 
immune responses [48]. One day prior to exposure, frogs were swabbed 
to determine infection status/load. Frogs were swabbed again 10 days 
after the final round of exposure. We utilized a standardized swabbing 
protocol that consisted of swabbing the dorsal surface, ventral surface, 
sides, and thighs a total of 10 times each and feet a total of 5 times each 
in a downwards motion [56].

2.5. Urinary CORT collection and validation

To limit animal distress and the effects of short-term handling on 
CORT levels, we measured non-invasive urinary CORT metabolites [57,
58]. Glucocorticoid hormone metabolites can be reliably extracted from 
urine samples and such methods have been validated with 
enzyme-immunoassays (EIAs), which maintain detection sensitivity in 
numerous amphibian species that produce small sample volumes 
[58–60]. We collected a total of four urine samples from each frog, the 
first urine sample collected 24 hours after transport into the lab. Urine 
samples were not collected in the field because many individuals tended 
to either urinate during handling prior to capture or did not produce 
urine within five minutes of stimulation. A five-minute window was 
selected for urine collection based on evidence from Narayan et al. [61], 
which demonstrated that manual restraint of this duration does not 
significantly influence urinary corticosterone metabolite levels in cane 
toads, in contrast to extended restraint periods of 15 or 30 minutes. The 
next three urine samples were taken 10-12 days after each Bd exposure 
(Fig. 1), immediately before the next round of exposure to ensure that 
the 24-hour containment associated with exposure did not interfere with 
stress measurements. This timeframe was chosen because detectable Bd 
loads begin to appear eight days after exposure in O. septentrionalis [62]. 
On each sampling day between 15:00-20:00h, to minimize any variation 
in the stress response that may occur via diel rhythms [63], each frog 
was held over a sterile cup and gently massaged on the ventral side until 
a urine sample was collected. If no urine sample was collected within 
five minutes of stimulation (n = 44), the frog was returned to its housing 
container. The volume of urine samples varied from ~.025-1.5mL. 
Following collection, samples were frozen at -20◦C until further 
processing.

Once thawed, samples were dried using a Speedvac and re- 
suspended in a 1:2 dilution with prepared assay buffer (Arbor Assays). 
Hormone metabolite concentrations were measured using an Arbor 
Assays DetectX Corticosterone ELISA kit (K014-H5, Ann Arbor, MI, 
USA). Assays were conducted following the manufacturer’s provided 
protocol. For 50uL of sample input, manufacturer-reported assay 
sensitivity was 20.9 pg/mL. All urine samples were run in triplicate and 
standardized to creatinine (Cr) levels to control for varied water content 
across samples and for normalization of CORT [64]. If a triplicate pro
duced a coefficient of variation > 20%, the respective sample was run 

Fig. 1. Experimental timeline. Frog activity level and exploratory behavior were assayed once in the field upon capture and then twice in the laboratory, once prior 
to and once following experimental infection with Bd. All individuals underwent three rounds of exposure to either Bd zoospores or a control/sham treatment. 
Urinary CORT metabolite levels were measured once before exposure and then immediately prior to each subsequent round of exposure for a total of four sampling 
time points. Lastly, immune responses (N/L ratios) were assessed at the fourth time point before euthanasia. Pathogen exposure represented by zoospores in fluid, 
urine sampling represented by vial of liquid, skin swabs represented by cotton swab, behavioral trials represented by gray arenas with trees.
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again in triplicate. Additionally, if not enough sample was available to 
run on creatinine and corticosterone assays, the sample was not used. 
Plates were processed at 450nm on a Synergy LX Plate Reader with final 
metabolite concentrations calculated as log10(pg CORT/μg Cr).

To accurately determine CORT metabolite concentrations, we per
formed a series of validation steps [65–67]. Tests of parallelism, line
arity, and spike and recovery are commonly performed in assay 
validation [59,66], and were applied here by pooling six random urine 
samples. Two groups of pooled urine samples were collected and serially 
diluted 2:1, 1:1, 1:2, 1:4, 1:8, and 1:16 and assayed following the 
manufacturer’s protocol to assess linearity and parallelism (Arbor As
says). Linearity and spike and recovery were tested until values fell 
between 80-120%. To determine spike and recovery, a known value of 
CORT (1250 pg/mL) was added to pooled samples and assayed at three 
serial dilutions [66]. Resulting concentrations were compared to control 
(assay buffer) spiked samples and un-spiked samples from the same 
pool. Intra- and inter-assay variation were determined by running 
known standards of 2500 and 78.125 pg/mL in triplicate. The intra- and 
inter- assay coefficients of variation (CV) were 6.2% and 6.4%, 
respectively.

2.6. White blood cell counts

At the end of the experiment, we collected a single measurement of 
immune stress via white blood cell counts. We collected blood smears 
from a total of 18 frogs from which blood collection was sufficient (n = 9 
Bd-exposed, n = 9 control) from the facial maxillary/musculo-cutaneous 
vein with heparinized tubes immediately after euthanasia with MS-222. 
To mitigate acute stress-induced alterations in N:L ratios during the 
euthanasia process, individuals were placed into an immersive bath of 
MS-222 within 30 seconds of handling, using small containers posi
tioned inside of their husbandry tanks to maintain environmental fa
miliarity. Approximately 5uL of blood was pipetted onto the middle of a 
microscope slide and swiped horizontally with the edge of another slide 
before air drying for 10 minutes. Once dried, blood smears were stained 
using the Hema 3 Stain Set.

Slides were viewed under the 100x oil immersion objective of a DMi8 
Leica microscope and approximately 200 frames were captured per 
slide. Frames were individually analyzed and each white blood cell was 
identified using methods described by [68] and [69]. White blood cells 
with ambiguous characteristics or on the edge of the frame were not 
counted. We attempted to identify all white blood cells (neutrophils, 
lymphocytes, monocytes, eosinophils, and basophils; Supplementary 
Fig. 1) though we used N/L ratios as a measure of immune function and 
stress. The N/L ratio often increases following exposure to stressors or 
infection [70], driven by an increase in neutrophils and concurrent 
decrease in lymphocytes [23]. However, this pattern is not consistently 
observed across all taxa or conditions [71].

2.7. Statistical analyses

Statistical analyses were performed in RStudio Version 4.1.0 [72]. 
Missing data from a specific time point were removed from analyses if, 
for example, urine samples were not produced (n = 44 removed in total), 
behavioral videos were rendered unusable (n = 36 in total), or if in
dividuals died during the experiment (n = 8). We log10-transformed 
both CORT metabolite levels and Bd loads to meet normality assump
tions. Moreover, we scaled frog mass values using the scale() function in 
models where this variable is specified as a fixed effect. All models and 
associated residuals were assessed for dispersion and zero inflation using 
DHARMa diagnostic tools [73].

To determine whether there were differences in frog behavior from 
the field and pre-exposure laboratory settings [74], we used generalized 
linear mixed models (GLMMs) with the glmmTMB package in R [74]. 
We used two models, one for the number of trees climbed and one for 
total time spent moving and assigned the following variables: time point 

(field vs. pre-exposure laboratory setting), treatment group (control vs. 
exposed group), and mass were used as fixed effects and individual ID as 
a random effect. To test whether behavior changed from pre- to post- 
exposure time points in the lab, we used two GLMMs (one for each 
behavioral response variable) for the effects of time point (pre- to 
post-exposure), treatment group (control vs. exposed group), mass, 
CORT level measured in the first and last assays, and an interaction 
between treatment group and time point with individual ID assigned as a 
random effect. We specified a negative binomial distribution and log 
link function for models utilizing the number of trees climbed as a 
response variable and a gamma distribution and log link function for 
models utilizing the total time spent moving as a response variable.

To assess CORT levels, we used linear models with the following 
fixed effects: treatment group (exposed vs. control), mass, assay number 
(1-4), and an interaction between treatment and assay number. In a 
separate model to assess the effect of Bd load on CORT, we used a linear 
model with mass, time point, Bd load, and a time point x Bd load 
interaction term. Individual ID was used as a random effect in these 
linear models. N/L ratios were analyzed using a GLMM with a zero- 
augmented gamma distribution, implemented in the R package 
glmmTMB. Fixed effects included body mass, CORT level, and Bd load.

Lastly, we used a Cox proportional hazards model to determine 
whether mortality was related to Bd exposure and CORT levels. Survival 
analysis was performed with the coxph() function within the coxme R 
package [75].

3. Results

3.1. Relationships between Bd exposure, CORT, and behavior

We found no differences in behavior (activity: estimate = 0.436, z =
1.354, df = 47, p = 0.176; exploration: estimate = 1.193, z = 1.675, df =
47, p = 0.094) between assays conducted in the field and pre-exposure 
laboratory settings. We found a positive trend between body mass and 
activity (estimate = 0.321, z = 1.896, df = 47, p = 0.058), though no 
relationship between body mass and exploratory behavior (estimate =
0.158, z = 0.555, df = 47, p = 0.579).

When comparing frog behavior before and after experimental 
treatments in the lab, we found that all individuals became less 
exploratory over time (Fig. 2a; estimate = -2.032, z = -2.300, df = 35, p 
= 0.021) but showed no change in activity level (Fig. 2b; estimate =
0.491, z = 1.469, df = 35, p = 0.142). Exposure treatment had no effect 
on frogs’ change in activity (estimate = -0.144, z = -0.333, df = 35, p =
0.739) or exploration (estimate = 1.958, z = 1.435, df = 35, p = 0.151) 
across the two time points in the lab. We found no effect of mass on 
activity (estimate = 0.016, z = 0.130, df = 35, p = 0.896) or exploration 
(estimate = -0.241, z = -0.486, df = 35, p = 0.627). We found no 
relationship between CORT level and exploratory behavior (estimate =
-0.004, z = -0.533, df = 35, p = 0.594), though we detected a negative 
correlation between CORT and activity level (estimate = -0.002, z =
-2.008, df = 35, p = 0.045).

3.2. Relationships between Bd exposure and physiological measures of 
stress

We found no detectable signs of Bd infection for any frog sampled in 
the field or the first post-exposure time point. A total of 25% (6/24) of 
individuals in the Bd-exposed group remained Bd- negative after the 
second round of exposure (Figure S2). Nearly all Bd-exposed frogs (18/ 
19) tested positive for Bd after the third round of exposure, while the 
control frogs remained Bd-negative through the entirety of the experi
ment (Figure S2). After the final round of infection, Bd-exposed frogs 
had 51% higher CORT levels compared to frogs in the control group 
(Fig. 3; estimate = 0.710, t = 2.373, df = 78, p = 0.020). We also 
detected a positive relationship between CORT and Bd load (Fig. 3; es
timate = 0.107, t = 3.198, df = 100, p = 0.002). Mass did not show a 

S.A. Shablin et al.                                                                                                                                                                                                                              Physiology & Behavior 297 (2025) 114951 

4 



relationship with CORT (all p > 0.31). Bd-exposed frogs died more 
rapidly compared to control frogs (coefficient = 13.089, p = 0.0003; 
Supplementary Fig. 3), though CORT levels did not vary with survival 
(coefficient = 0.467, p = 0.494) (Fig. 4).

Although sample sizes for the zero-augmented gamma distribution 
model of N/L ratio were low (control n = 9, exposed n = 9) due to 
challenges in obtaining sufficient blood volume from smaller in
dividuals, we report the following results given their potential biological 
relevance. A significant negative relationship was observed between 
CORT level and N/L ratio (estimate = -2.845, z = -2.731, df = 9, p =

0.006), while no relationship was found between N/L ratio and body 
mass (estimate = 0.111, z = 0.418, df = 9, p = 0.676) or Bd load (es
timate = 0.179, z = 1.447, df = 9, p = 0.148).

4. Discussion

A hallmark of infectious disease ecology is that parasites can exert 
sublethal effects on host behavior and physiology throughout the course 
of infection. Physiological defenses can be costly and, coupled with 
behavioral changes after infection, can hinder an organism’s ability to 

Fig. 2. Activity levels and exploratory behavior in Cuban treefrogs during 20-minute assays in the field and the lab. (a) Activity levels did not change from field to 
pre-exposure or post-exposure time points while (b) exploratory behaviors did not change from field to pre-exposure time points but decreased from pre-exposure to 
post-exposure time points. Treatment had no effect on either behavioral measurement, suggesting that the change in exploratory behavior was driven by acclimation 
to the lab setting. Curves represent density distributions of measurements; points on the x axis represent means and errors bars represent standard errors.

Fig. 3. Urinary CORT metabolite concentrations in control and Bd-exposed frogs across four sampled time points. Bd-exposed frogs had higher urinary CORT 
metabolite levels compared to control frogs at the 4th time point. The asterisk denotes a significant difference.
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cope with additional environmental challenges. However, the causal 
linkages between physiological and behavioral changes during infection 
are often complex and diagnostic measurements of disease stress via one 
trait may not be as informative as more comprehensive approaches. 
Here, using Cuban tree frogs experimentally infected with the fungal 
pathogen Bd, we assessed host behavior alongside neuroendocrine and 
immunological measures of stress over time. We found that Bd exposure 
was associated with an increase in CORT levels, and CORT showed a 
negative relationship with the immune measure N/L ratio. Lastly, we 
found no effects of Bd or CORT on host activity and exploratory 
behavior.

4.1. Bd exposure and physiological measures of stress

The relationship between host immunity and neuroendocrine stress 
is a growing focus of ecoimmunology [24,25,34,76] and discoveries in 
this field could prove helpful in amphibian disease ecology given the 
multiple stressors associated with amphibian population declines glob
ally. Species like the Cuban tree frog, which are susceptible to Bd 
infection yet populations appear to be highly resilient, represent 
important systems in which to test sublethal effects of disease on 
behavior and physiology [48]. We found that Bd-exposed Cuban tree 
frogs had higher CORT levels compared to control individuals, but only 
after three rounds of pathogen exposure. CORT levels were not associ
ated with disease outcomes such as morbidity, suggesting that while 
CORT may reflect a physiological response to infection, it is not neces
sarily predictive of survival in this species. Additionally, a subset of 
individuals showed evidence of infection after two rounds of exposure, 
yet there was no concomitant increase in CORT until our next mea
surement 10 days later. This may indicate that changes in the stress 
response begin only after a critical period in the course of infection. 
Other amphibians have shown increased CORT levels two weeks after Bd 
infection [40]. However, the period between the onset of infection and 
the delayed increase in CORT is likely characterized by immune acti
vation and immune stress.

We did not find a relationship between N/L ratio and infection load. 
Fernandez-Loras et al. [77] similarly found no differences in N/L ratios 
between Bd-infected and uninfected Alytes obstetricans, though the 
timeframe was not specified [77]. Other innate immune defenses that 
we did not measure, such as components of the amphibian skin mucus or 
antimicrobial peptides, were also likely defending hosts against Bd 
infection [78–81]. Alternatively, given the documented immunosup
pressive properties of Bd, it is possible that infection inhibited the ex
pected elevation in N/L ratio [77,82]. Additionally, N/L ratios may still 
increase after Bd infection, though not necessarily in an 
intensity-dependent manner as evaluated in this study. One limitation to 
this study was that Bd load was quantified solely through skin swabbing, 
which may yield imprecise assessments of fungal burden [83]. However, 
this approach was selected to facilitate repeated, nonlethal sampling of 
individuals for longitudinal monitoring. Although the neuroendocrine 
stress response measured via CORT levels was delayed in animals after 
infection, we found no concomitant increase in immune stress at the 
same time point. In another study, Bd-infected southern leopard frogs 
had increased N/L ratios only after showing symptoms of chy
tridiomycosis compared to pre-symptomatic frogs [84]. We were only 
able to sample white blood cells at the end of the experiment, but future 
studies would benefit from jointly measuring N/L ratios and CORT 
repeatedly before and after infection as these measures may not neces
sarily increase simultaneously [22].

A negative relationship between CORT and N/L ratio was detected, 
though the small sample sizes available at the end of the experiment may 
have contributed to the observed pattern. In the absence of infectious 
disease, De Assis et al. [19] described increased CORT levels in 
restrained Rhinella icterica toads without an increase in N/L ratio [19]. In 
CORT-treated Litoria caerulea, supraphysiological levels of CORT were 
not related to N/L ratios, but were related to decreases in other impor
tant immune cells, such as circulating eosinophils [85]. Narayan and 
Hero [32] found a positive relationship between CORT and N/L ratios in 
R. marina toads during transportation stress [57]. Though we provide 
evidence for a negative relationship between CORT and N/L ratios, this 

Fig. 4. Relationship between log10-transformed Bd load and log10-transformed urinary CORT metabolite concentrations in Bd+ individuals.
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observation could be explained by a migration of neutrophils from blood 
into tissues such as the skin where chytrid infection occurs. Indeed, 
neutrophils and macrophages are some of the first cells to respond to 
Bd-infection as they can engulf the fungal cells and may be more readily 
transported from circulation into the skin during infection [82]. 
Rollins-Smith [21] refers to this constant migration of leukocytes as a 
reason to maintain multiple measures of physiological stress and why 
leukocyte counts on their own may be imperfect [21]. We also found 
broad variation in N/L ratios among uninfected individuals (0 - 2.07). 
This could be explained by unidentified infections with other parasites 
such as ranaviruses, Perkinsea, and endoparasites [86–89]. Alterna
tively, individual variation in baseline immune activity has also been 
described in other vertebrates (e.g., in free-living female great tits) [90].

4.2. Bd exposure, stress, and behavior

Although changes to behavior during infection are a hallmark of 
many host-parasite systems, we found no differences in activity or 
exploratory behavior between Bd-exposed and control individuals. 
Rather, between the pre-infection behavioral assays and post-infection 
assays, we found that all frogs became less exploratory. This decrease 
in exploratory behavior may be due to individuals being released from 
the need to search for food as regular ad libitum feedings occurred [91].

We found a negative relationship between CORT and activity level, 
though we found no relationship between CORT and exploratory 
behavior. Previous studies have detailed various relationships between 
GCs and behavioral changes in amphibians [39,50]. For example, the 
salamander Desmognathus ochophaeus showed no relationships between 
experimentally elevated CORT levels and exploratory behaviors [92] 
and similar results have been shown with Rana pipiens tadpoles [93]. 
However, Belliure and Clobert [94] found that Podacris muralis lizards 
with elevated plasma CORT levels increased their time spent moving, 
potentially due to related increases in glucose utilization and energy 
increases [94].

Overall, our study emphasizes the importance of not only using 
multiple stress biomarkers in studying host responses to disease, but also 
repeated hormone and behavioral measurements. We identified multi
ple relationships between behavior, physiological stress, and immune 
response, though not all patterns were intuitive. Studying physiological 
and behavioral covariation across disease states will provide an inte
grative approach for understanding the multifaceted coping strategies in 
wildlife infectious diseases [95]. Although we focused on an invasive 
frog as a model system, our methods can be applied to other amphibians 
of conservation concern.
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