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Abstract

Parasites represent a ubiquitous threat for most organisms, requiring potential hosts to invest in a range of strategies to
defend against infection—these include both behavioural and physiological mechanisms. Avoidance is an essential first line
of defence, but this behaviour may show a trade-off with host investment in physiological immunity. Importantly, while
environmental stressors can lead to elevated hormones in vertebrates, such as glucocorticoids, that can reduce physiological
immunity in certain contexts, behavioural defences may also be compromised. Here, we investigate anti-parasite behaviour
and immune responses against a trematode (flatworm) parasite by larval amphibians (tadpoles) exposed or not to a simulated
general stressor in the form of exogenous corticosterone. Tadpoles that were highly active in the presence of the trematode
infectious stage (cercariae) had lower infection loads, and parasite loads from tadpoles treated only with dechlorinated
water were significantly lower than those exposed to corticosterone or the solvent control. However, treatment did not affect
immunity as measured through white blood-cell profiles, and there was no relationship between the latter and anti-parasite
behaviour. Our results suggest that a broad range of stressors could increase host susceptibility to infection through altered
anti-parasite behaviours if they elevate endogenous glucocorticoids, irrespective of physiological immunity effects. How hosts
defend themselves against parasitism in the context of multiple challenges represents an important topic for future research,
particularly as the risk posed by infectious diseases is predicted to increase in response to ongoing environmental change.
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Introduction

Investment in adaptive behaviours is a key element of animal
success across a wide range of circumstances. One example
of adaptive behaviour is that which provides resistance to
parasite or pathogen infection (hereafter parasites). Parasite
avoidance and other anti-parasite behaviours form part of
the “behavioural immune system” (BIS) that has become
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increasingly recognised as a vital first line of defence against
infection (Schaller and Park 2011; Ackerman et al. 2018;
Amoroso 2021). Anti-parasite behaviours have been reported
in a variety of animals, including crustaceans, amphibians,
fish, birds, and mammals (Kiesecker et al. 1999; Karvonen
et al. 2004; Behringer et al. 2006; Bush and Clayton 2018;
Hart and Hart 2018). Such behaviours include avoidance
of infectious stages or infected individuals, self-medication,
and behavioural thermoregulation (Hart 1990, 1997; Parker
et al. 2011). The benefits of a BIS are substantial given the
costs associated with physiological resistance and infection
itself (Bonneaud et al. 2003; Curtis 2014), making it critical
to identify circumstances under which anti-parasite behav-
iours may be enhanced or compromised.

Notably, various abiotic and biotic stimuli may represent a
challenge for homeostasis (i.e. act as a stressor) and can cause
a physiological response that increases levels of various hor-
mones, including glucocorticoids (GCs) in vertebrates (Sapol-
sky et al. 2000; Bonier et al. 2009). The hypothalamic—pitui-
tary—adrenal (HPA) axis controls such reactions to stressors in
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mammals, with the hypothalamic—pituitary—interrenal (HPI)
axis doing so for fish, amphibians and reptiles (Romero 2004;
Sapolsky et al. 2000; Romero et al. 2009; Sheriff et al. 2011).
Specifically, exposure to stressors can activate the HPA/HPI
axis, resulting in the secretion of GCs—this is primarily cor-
tisol for many mammals and ray-finned fish, but corticoster-
one (CORT) for birds, amphibians, and reptiles (Sheriff et al.
2011). In turn, GCs mediate various behavioural and physi-
ological changes to help cope with the stressor(s), including
their actions as potent anti-inflammatory agents, but they are
also involved in day-to-day functions (see reviews by Wing-
field et al. 1998; Sapolsky et al. 2000; MacDougall-Shack-
leton et al. 2019). GCs have thus often been considered as
stressor biomarkers (Narayan et al. 2019) even though acute
elevations are now typically considered adaptive because they
aid in maintaining homeostasis, and can even be immune-
stimulating (e.g. MacDougall-Shackleton et al. 2019). How-
ever, chronic increases can cause reductions in immunity and
other critical activities (Wingfield et al. 1998; Sapolsky et al.
2000; Romero 2004; Martin 2009). For instance, GCs can
inhibit leukocyte (white blood-cell—WBC) access to sites
of inflammation and induce eosinophil apoptosis (Cain and
Cidlowski 2017; Strehl et al. 2019). This said, animals may
escape the effects of chronically-elevated GCs by reducing
their reaction to stressors through habituation and dampen-
ing the GC response (Bennett et al. 2016; Fraker et al. 2009;
Bokony et al. 2021).

The concept of ‘eco-physiology’ or ‘conservation physiol-
ogy’ is thus important when considering that environmental
stressors may affect wildlife through a range of physiologi-
cal effects with various repercussions (Busch and Hayward
2009; Dantzer et al. 2014; Cooke et al. 2021), including their
susceptibility to infectious diseases (Blaustein et al. 2012;
Kernbach et al. 2018). It has been suggested that individuals
in suboptimal environments, or in poor condition, may still
be able to maintain behavioural defences against infection
in the absence of a robust immune response (Adelman and
Martin 2009); however, stress-associated hormone changes
may not only affect physiological resistance via effects on
innate or acquired immunity, but also the BIS given that
elevated GCs are known to influence vertebrate behaviours.
Short-term increases in GCs can increase locomotor activ-
ity, exploratory behaviour, foraging activity and risk-tak-
ing behaviours (Sapolsky et al. 2000; Martin et al. 2005),
but chronically high GC levels have been associated with
depression-like behaviours (e.g. lethargy and lack of reaction
to stimuli in experimental animals—see Kim and Han 2006;
Myers et al. 2014; Chen et al. 2016).

The effects of GCs on vertebrate behavioural responses
to threats posed by natural enemies, such as predators,
have reported varied findings such as reduced foraging
and courtship that depend on the prey and predator species
involved, as well as cue type (see review by Harris and Carr
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2016). For instance, administering exogenous GCs was
associated with stronger responses to predator cues in tree
lizards (Thaker et al. 2009) and in rats (Rosen et al. 2008),
but other authors have reported inhibition of anti-predator
behaviour, such as for newts (Neuman-Lee et al. 2015) and
tadpoles (Middlemis Maher et al. 2013; Gabor et al. 2019).
In addition, fish with higher baseline cortisol levels were
better able to maintain anti-predator displays when faced
with repeated stressors (Cull et al. 2015). Sapolsky et al.
(2000) suggested that higher baseline circulating GCs may
better prepare animals to face certain challenges, such as
predator attacks, but no clear trend has emerged regarding
behavioural defences and activation of the HPA/HPI axis
(Harris and Carr 2016).

Given the many similarities between predators and par-
asites as natural enemies with respect to victim defence
strategies (Raffel et al. 2008; Buck et al. 2018), GC altera-
tions could also affect anti-parasite behaviours in man-
ners similar to those reported for predator avoidance. One
such pathway would be if GCs directly suppress behav-
iours involved in parasite avoidance or removal, thereby
reducing host resistance to infection. Such effects are criti-
cal to consider because behavioural resistance precedes
physiological resistance during a host’s interaction with a
single parasite (Amoroso 2021), and resistance precedes
tolerance, be it behavioural or physiological (Raberg et al.
2007, 2009). Notably, behavioural changes in response to
parasites are often mechanistically driven by physiology
(Thompson and Kavaliers 1994), so could potentially be
influenced by GCs. Changes in physiological resistance
(innate and acquired immunity) could also indirectly affect
behavioural resistance because these two types of defence
are not independent, and are expected to interact with
one another (Amoroso and Antonovics 2020; Amoroso
2021), thus representing a second pathway by which GC
alterations could affect host anti-parasite behaviours. Both
positive and negative covariation between behavioural
and immunological traits may be seen, with either type of
resistance driving the relationship, or both may be simul-
taneously affected by a third factor that links them together
(see review by Lopes 2017).

Importantly, trade-offs between behavioural and physi-
ological resistance to parasites may be expected because
both have associated costs (Hall et al. 2017; Gassen et al.
2018; Gibson and Amoroso 2022). Individuals investing in
a robust physiological (immune) response to infection risk
should thus exhibit reduced anti-parasite behaviours to com-
pensate for this cost. Conversely, individuals unable to mount
an effective physiological response may instead invest more
in putatively less-costly behavioural resistance (Curtis 2014).
Such negative relationships between behavioural and physi-
ological resistance have been demonstrated at the individual
(e.g. Zylberberg et al. 2013, 2014; Stephenson 2019) and
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population levels (Klemme et al. 2020), but other studies
have found a positive relationship (Klemme and Karvonen
2016), or even both positive and negative, depending on the
circumstances (Schreier and Grindstaff 2020). Importantly,
although physiological mechanisms underlying any behav-
ioural-physiological resistance trade-offs have not been
definitively demonstrated to date, GCs represent one potential
link (Zylberberg et al. 2014; Schreier and Grindstaff 2020).
Altered GCs could thus lead to concomitant changes in host
resistance through behaviour or physiology, or both (Lopes
2017).

Here, we investigated whether larval amphibians (tad-
poles) experimentally exposed to exogenous CORT were
able to maintain effective anti-parasite behaviours, and if
these were related to immune measures. Exogenous CORT
is a well-established technique to raise endogenous CORT
levels in larval amphibians (reviewed by Belden et al. 2005),
and here this served as a proxy for a stressor that would result
in the latter. In nature, exogenous exposure can also occur
via ambient/environmental CORT that can affect aquatic
animals (Tornabene et al. 2021) and should be considered
in examining effects on host parasitism. Acute and chronic
increases in tadpole CORT levels in response to various
abiotic and biotic stressors are well-documented, including
predation risk (e.g. Middlemis Maher et al. 2013; Bennett
et al. 2016) and other challenges such as pond-drying, high
conspecific density, pollution, and pathogen infection (e.g.
Hopkins et al. 1997; Belden et al. 2007; Denver 2009; Gabor
et al. 2013; Békony et al. 2021). However, CORT production
can be downregulated during chronic exposure to stressors
(Fraker et al. 2009; Bennett et al. 2016; Bokony et al. 2021),
so will not necessarily remain elevated.

As CORT is known to affect larval amphibian behaviour,
including anti-predator defences, elevations could also influ-
ence anti-parasite behaviours. CORT generally stimulates
tadpole locomotion and foraging (e.g. Crespi and Denver
2004, 2005), but elevated CORT enhances or reduces anti-
predator behaviours such as freezing depending on the con-
text (e.g. Fraker et al. 2009; Kulkarni and Gramapurohit
2017), and may not even play a role in some circumstances
(Hossie et al. 2010). In contrast, bursts of high activity con-
sisting of rapid swimming and twisting are key to the highly
effective anti-parasite behaviours displayed by tadpoles
from many taxa in the presence of free-swimming infec-
tious stages (cercariae) from several species of trematode
(parasitic flatworms). These movements are necessary for
cercariae evasion and removal, and their experimental sup-
pression leads to greater infection (e.g., Koprivnikar et al.
2006; 2014; Daly and Johnson 2011; Sears et al. 2013). Such
behaviours are important as many trematodes can be patho-
genic to larval amphibians (see review by Koprivnikar et al.
2012a). However, tadpole anti-parasite behaviour also shows
significant intra- and interspecific variation (Koprivnikar

et al. 2012b, 2014), and could be driven by infection risk or
other factors, including stressor exposure.

Exogenous CORT could also affect anti-parasite
behaviours in tadpoles by influencing their physiological
immunity given that these components of resistance are
unlikely to be independent of one another (Amoroso and
Antonovics 2020; Amoroso 2021). Links between the HPI
axis and immunity in larval amphibians are well-established,
as well as with metamorphosis, with elevated endogenous
GCs having various effects on WBC profiles (Rollins-Smith
2001, 2017; Rollins-Smith and Blair 1993). Critically,
exogenous-CORT exposure of tadpoles has been shown
to increase trematode infections while also altering WBC
profiles (Belden and Kiesecker 2005; LaFonte and Johnson
2013), which are a key component of the larval amphibian
immune response to these parasites (Martin and Conn 1990;
Holland et al. 2007).

These attributes of our model system allowed us
to experimentally expose hosts to a stressor-induced
hormone (CORT) known to compromise the immune
response against a parasite infection for which there is
also effective behavioural resistance. We hypothesised that
CORT-exposed tadpoles would exhibit a reduced immune
response (via altered WBC profiles) to trematode infection
but would correspondingly engage in greater anti-parasite
behaviours to compensate if there is an inherent negative
trade-off between behavioural and physiological resistance.
Conversely, reductions in the BIS owing to elevated
GCs would be problematic given the multiple stressors
increasingly faced by wildlife that are capable of doing so
(Munns 2006), with potentially important consequences in
the context of infectious disease dynamics.

Materials and methods
Tadpole rearing and maintenance

Northern leopard frog (Rana (Lithobates) pipiens) egg
masses were obtained from a commercial supplier (Boreal
Science) and kept at room temperature (~ 22 °C) with
a 14:10 h light:dark cycle until tadpoles had hatched.
Tadpoles were then housed in ten 5 L tanks with ~ 100
tadpoles in each. Water was changed every second day
using dechlorinated water, i.e. DW (tap water containing
Nutrafin Aquaplus, A7928 Hagen®, and Nutrafin Cycle,
A7906 Hagen®), and tadpoles were fed ad libitum with
store-bought organic spinach softened with boiled DW as
well as rabbit food pellets (Hagen®). Tadpoles were housed
for approximately 3 weeks until a sufficient number reached
at least Gosner developmental stage 25 (Gosner 1960);
tadpoles at this stage are known to survive exposure to the
trematode and exogenous-CORT doses used here (Belden

@ Springer



98

Oecologia (2024) 205:95-106

and Kiesecker 2005; Daly and Johnson 2011; LaFonte and
Johnson 2013; Koprivnikar et al. 2014). Animals were used
in accordance with the Canadian Council on Animal Care
guidelines, and with institutional approval from the animal
care committee (AUP 633).

Parasite collection

Echinostomatid trematodes have a complex life cycle,
whereby the first intermediate host is an aquatic snail within
which asexual reproduction by the parasites produces free-
swimming cercariae. Many echinostomatids infect tadpoles
as their second intermediate host, with cercariae forming
cysts in the nephric system that can substantially compro-
mise renal function and decrease survival (Schotthoefer et al.
2003; Szuroczki and Richardson 2009; Koprivnikar et al.
2012b). Previous studies have demonstrated tadpole behav-
ioural evasion and removal of echinostome cercariae (e.g.,
Koprivnikar et al. 2006, 2012a, 2014). This is a response to
initial contact by the cercariae, which often creep down the
tadpole’s exterior to reach the cloaca where they must enter
to reach the nephric system. For this study, aquatic snails
(Helisoma sp.) were collected locally in Ontario from two
ponds and screened in the lab for trematode infection using
established methods (see Szuroczki and Richardson 2009)
to stimulate cercariae emergence by exposing snails to heat
and light from a lamp. Emerged cercariae were identified as
a species of Echinostoma using a standard key (Schell 1985);
snails infected with this trematode were housed separately in
DW and fed ad libitum with raw spinach. Whilst the exact
identification of Echinostoma sp. would require molecular
tools, cercariae of this genus readily infect many amphib-
ians, and tadpoles behaviourally respond in the same manner
to different echinostomatid cercariae (e.g. Koprivnikar et al.
2006, 2014). Prior to the tadpole behaviour experiments,
Echinostoma sp. cercariae were collected as described above,
pooled, and then divided into 1.5 mL microcentrifuge tubes
so that each contained 15 cercariae in DW. Cercariae were
no older than 4 h before use to avoid reductions in infectivity
(McCarthy 1999).

Exogenous corticosterone exposure

We haphazardly removed 9 tadpoles that had reached at least
Gosner stage 25 (based on visual inspection) from each of the
10 group housing containers, for a total of 90 tadpoles that
were exposed to one of three solution treatments (30/treat-
ment): 1) DW; 2) DW containing the solvent ethanol (0.2 mL
of 80% ethanol per 1 L); and, 3) DW containing CORT
(Sigma-Aldrich® >98.5%) at 0.1 uM, made by dissolving
0.0003464 g of CORT in 0.2 mL of 80% ethanol before add-
ingitto 1 L of DW. Treatments 2 and 3 followed similar pro-
tocols for exogenous CORT-induced immunosuppression of
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tadpoles from previous studies (Belden and Kiesecker 2005;
LaFonte and Johnson 2013). Exogenous-CORT exposure was
used here to simulate a general stressor that elevates GCs
because this is a well-established approach which results in
higher levels of endogenous CORT for several amphibian
species (e.g. Belden et al. 2005, 2010; Fraker et al. 2021).
Tadpoles were individually housed in 1 L plastic containers
(diameter ~ 10 cm) holding 500 mL of their respective treat-
ment for 12 days. Treatments were renewed every second day
by replacing the appropriate treatment solution, and tadpoles
were fed boiled organic spinach ad libitum.

Behavioural trials

At the end of the 12-day period, behavioural trials were
conducted by exposing each tadpole to 15 Echinostoma sp.
cercariae which were collected as described above for snail
screening and counted using a dissecting microscope. To
assess tadpole anti-parasite behaviour, we followed a meth-
odology employed by similar studies (e.g. Koprivnikar et al.
2012b, 2014). Briefly, tadpoles were first acclimatised in
individual experimental arenas (500 mL containers of DW)
for 15 min during which their behaviour in the absence of
cercariae was recorded. Recordings took place using three
digital camera and tripod stations that were separated from
each other and the experimenters by cardboard blinds. Indi-
vidual tadpoles were assigned to each camera using a ran-
dom number generator. After the initial 15 min of recording,
cercariae were then added by emptying the contents of each
microcentrifuge tube into the container, followed by record-
ing for another 15 min. Following the behavioural recordings,
tadpoles were left in their individual experimental containers
and euthanised 24 h later using a buffered solution of 1% tric-
aine methanesulfonate (MS-222). When viewing the record-
ings, we considered tadpole activity at 45 time points that
were separated by 20-s intervals (i.e. 15 min total). Tadpole
behaviour was recorded as active/inactive at each time point.

Immune profiles

We chose to focus on the relative abundance of white blood
cells (WBCs, i.e. leukocytes) as our measure of tadpole
physiological (immunological) resistance because these
play a key role in vertebrate defences against macroparasites
and are specifically involved in tadpole responses to infec-
tion by echinostomatids (e.g. Martin and Conn 1990; Hol-
land et al. 2007). Eosinophils play a particularly important
role in this context (Kiesecker 2002; Belden and Kiesecker
2005; LaFonte and Johnson 2013). Importantly, WBC pro-
files in amphibians are not only affected by various stressors,
including parasitic infection and contaminants (Davis et al.
2004, 2010; Marcogliese et al. 2009), but also by elevated
GCs (e.g. Burraco et al. 2017), including that resulting from
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exogenous-CORT exposure (Belden and Kiesecker 2005;
LaFonte and Johnson 2013).

Following euthanasia, tadpoles were weighed, and blood
smears were prepared for each tadpole before freezing them
in individually labelled plastic bags for follow-up parasite
examinations. To collect blood smears from individual tad-
poles, a slit was made on the tail, with blood collected using
a 1 mL plastic pipette. A drop of blood was placed on a glass
slide, and a smear was prepared using a second glass slide
(Hadji-Azimi et al. 1987). The blood smear slide was left
to air dry for approximately 30 min before fixation by dip-
ping it for 1 min into a methanol solution. Slides were then
immersed in Giemsa stain for 30 s, rinsed twice by dipping
for 10 s into each of two consecutive jars containing distilled
water, and left to air dry. Blood cells were identified and
counted under a dissecting microscope following standard
methods (Davis 2009). Due to their small size, it was not
possible to obtain a standardised amount of blood from each
tadpole. We therefore quantified the ratio of WBCs to red
blood cells for each individual tadpole rather than total num-
ber, as measured on each slide up to the point when either
100 total WBCs were counted, or 150 fields of view had
been examined. Given their importance for tadpole immune
responses to trematodes, we also calculated the proportion
of eosinophils making up the WBCs present.

Parasite enumeration

After the frozen tadpoles were thawed, their Gosner develop-
mental stage was determined using a stereomicroscope. Tad-
poles were then dissected, with their nephric system exam-
ined to assess the number of Echinostoma sp. cysts present.
Given the need for necropsies to assess parasite infection, this
excluded the possibility of assessing whole-body CORT levels
in the tissues of individual tadpoles, with previous studies
involving exogenous CORT and trematode exposure facing
the same constraint (Belden and Kiesecker 2005; LaFonte
and Johnson 2013). Whilst assays using water-borne CORT
as a proxy for endogenous CORT levels in larval amphibians
are a valuable tool for non-invasive measurement (Narayan
et al. 2019), the relationship between the two is not consist-
ent among species and development stages (McClelland and
Woodley 2021). Notably, water-borne CORT may not be a
reliable way to assess endogenous CORT for premetamorphic
(Gosner stage 25-35) northern leopard frog tadpoles (McClel-
land and Woodley 2021).

Data analysis
All data analyses were carried out using R version 3.3.1 (R

Core Team 2021) in RStudio (RStudio Team 2021) with
the package Ime4 (Bates et al. 2015) for GLMMs. Due to

mortalities during the treatment and experimental periods,
the final numbers of tadpoles in each of the 3 treatments
were 14, 17, and 12 in the DW, ethanol solvent, and CORT
treatment groups, respectively. All tadpoles used in this
study were Gosner developmental stages 27-30 at the time
the experiment ended, with stage positively correlated with
tadpole mass. A generalised linear model using the Poisson
family was used to test for any effect of treatment on Gosner
stage and no differences were found between any of the three
treatments (CORT/DW: z=-0.239, p=0.811; ethanol/
DW: z=-0.046, p=0.963; CORT/ethanol z=—-0.206,
p=0.837) (Electronic Supplementary Material: Table
ESM1). However, given that previous studies have reported
changes in immunocompetence with Gosner stage (e.g.
Davis 2009), all of our models included this as a random
effect variable rather than mass. To analyse the effect of
treatment on parasite load, we first used a generalised linear
mixed-effects model (GLMM) that included parasite load as
the response variable and treatment as the predictor variable
using the Poisson family.

A separate GLMM using the binomial family was used to
investigate the effect of parasite exposure on tadpole activity
across the three treatments. The number of times spent
active out of a total of 45 timepoints both in the presence and
absence of trematode cercariae was the binomial response
variable with treatment and parasite exposure as predictor
variables. To further examine the relationship between
activity and parasite load, a GLMM using the Poisson
family was carried out which contained the number of
trematode cysts as the response variable, with two predictor
variables—the centred variable of activity in the presence of
parasites (number of time points during which a tadpole was
active), and the categorical variable of treatment. In both
models, an interaction between the two response variables,
parasite exposure and treatment, and tadpole activity and
treatment, respectively, was included. After examining the
corrected akaike information criterion (AICc) value for
these models, using the package MuMin (Barton 2018), the
simpler model was chosen in both cases based on a lower
AlCc (AICc 606.87, 233.99 respectively), compared to the
model which included the interaction (AICc 609.66, 236.08
respectively).

Finally, two linear regression mixed models were used to
examine tadpole immune measures. First, tadpole immune
measures were analysed in response to parasite load and the
three treatment conditions. The response variable was the
ratio of white to red blood cells (WBC: RBC) after a square-
root transformation, with the predictor variables represented
by the number of trematode cysts and treatment. The second
analysis examined WBC: RBC (square-root transformed)
in response to the centred predictor variable of tadpole
activity in the presence of parasites. We did not analyse the
eosinophil data specifically as the number of eosinophils as
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a proportion of the total WBCs was the exact same for all
three treatments at 0.01.

Results

Mean parasite loads (number of Echinostoma sp. cysts) were
6.17, 6.06, and 3.93 for the CORT, ethanol, and DW-treated
tadpoles, respectively; of the tadpoles surviving until the
end of the experiment, 95% were successfully infected with
cercariae. Parasite loads from tadpoles treated only with
DW were significantly lower than those treated with either
CORT (z=2.163, p=0.031) or the vehicle control ethanol

15

-
(=]
|

FY

I
Corticosterone

Number of cysts
|

[

| |
Ethanol Water

Fig. 1 Mean number (+95% confidence intervals) of Echinostoma
sp. cysts in tadpoles subjected to one of three treatments for 12 days
before parasite exposure: exogenous corticosterone (pink, N=12),
ethanol (black, N=17), and dechlorinated water (blue, N=14)

Fig.2 Median tadpole activity
(with upper and lower quartiles
shown) as measured by the
number of times an individual
was active (yes/no) during 45
timepoints in 15 min either in
the absence (grey) or presence
(pink) of trematode cercariae
after being subjected to one of
three treatments for 12 days
before parasite exposure

20

10

Number of active timepoints

(z=2.644, p=0.008) and there was no significant difference
in parasite load between CORT and ethanol treated tadpoles
(z=-0.305, p=0.760) (Fig. 1; Electronic Supplementary
Material (ESM), Table ESM2).

When considering tadpole activity as a measure of their
behavioural resistance, tadpoles showed increased activity in
the presence of trematode cercariae (z=5.551, p= <0.001;
Fig. 2; Table ESM3), and there was an overall negative
relationship between individual tadpole activity during
exposure to the live trematode cercariae and the resultant
parasite loads, i.e. less active tadpoles had higher loads of
Echinostoma sp. cysts (z=—-2.289, p=0.022; Table ESM4).
When comparing overall activity between treatments, that of
tadpoles exposed to CORT was significantly lower than for
tadpoles exposed to DW (z=-2.888, p=0.004) or to ethanol
(z=-2.054, p=0.040) (Fig. 2). There was no significant
difference in activity between tadpoles exposed to ethanol
or DW (z=-0.853, p=0.394) (Table ESM3). On average,
CORT-treated tadpoles were active during 6.42 of the 45
time points at which activity (yes/no) was assessed, and
ethanol- and DW-treated tadpoles were active for an aver-
age of 11.71 and 14.07 time points out of 45, respectively.

With respect to physiological immune measures, the
WBC: RBC of tadpoles showed no significant relationship
with their parasite load (t=—1.614, p=0.107), and was not
significantly affected by prior CORT exposure (r=1.152,
p=0.249) (Table ESM5). In addition, tadpole WBC: RBC
showed no significant relationship with their activity level
in the presence of parasites (r=—0.026, p=0.979) (Table
ESM6). Gosner stage accounted for close to zero variance
in models examining tadpole WBC: RBC (Table ESM2-6).

30 I Parasites absent
Parasites present

Cortisol
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Ethanol Dechlorinated water

Treatment
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Discussion

Here we used exogenous glucocorticoid (GC) exposure of
larval amphibians to simulate an aversive environmental
stimulus that is capable of elevating endogenous GCs as part
of a general physiological response to stressors which is seen
in many vertebrates, finding that this negatively impacted
the anti-parasite behaviours exhibited by tadpoles. Tadpoles
exposed to exogenous CORT were the least active overall,
including in the presence of free-swimming parasite infec-
tious stages (cercariae of the trematode Echinostoma sp.),
and concomitantly had high parasite loads. However, CORT
exposure had no effect on immunity as measured by WBC
profiles, and there was no relationship between the latter
and host anti-parasite behaviour. Contrary to our expecta-
tions, this suggests that exposure to a stressor which elevates
GCs over a similar period can increase host susceptibility
to parasite or pathogen infection by compromising the BIS
alone. Our results highlight the importance of adaptive host
behavioural responses to the risk of parasite infection, and
thus the broad potential of environmental stressors to influ-
ence infectious disease dynamics if they negatively affect
anti-parasite behaviours by elevating endogenous GCs.
Anti-parasite behaviours have been reported for many
host taxa and are a key component in avoiding infection
by various parasites and pathogens (Behringer et al. 2018;
Bush and Clayton 2018; Hart and Hart 2018). Our findings
confirm the negative relationship between tadpole activity
in the presence of cercariae and infection loads as reported
by previous studies (e.g. Daly and Johnson 2011; Koprivni-
kar et al. 2014), with tadpoles in the water control having
the fewest cysts. However, the number of cysts in CORT-
exposed individuals was unexpectedly similar to the solvent
control, and we posit that altered anti-parasite behaviours
may still have played a role even though the overall activity
of tadpoles in ethanol was similar to those only exposed
to water. Notably, while tadpoles in the CORT treatment
were consistently less active than those in the ethanol or
water treatments, extreme activity levels were most com-
monly seen in ethanol-exposed tadpoles, especially when
cercariae were present (see Fig. 2). This matches what has
been reported for activity by ethanol-exposed R. pipiens tad-
poles in response to a novel stimulus (Durbin et al. 2021),
as well as overall activity in larval zebrafish after ethanol
exposure (Chen et al. 2011). Critically, ethanol-exposed fish
were not only prone to hyperactivity, but they also exhib-
ited simplified swimming paths, i.e. fewer sharp twists and
turns. Whilst we were not able to evaluate this, we believe
it also occurred in our experiment, with important implica-
tions because the sharp flicks and twists of tadpoles are key
to preventing cercariae establishment (Taylor et al. 2004;
Koprivnikar et al. 2006; Szuroczki and Richardson 2012;

Sears et al. 2013). Future studies should thus consider the
effects of stressors and elevated GCs on specific components
of anti-parasite behaviours, not just overall activity.

It is important to identify environmental circumstances
in which behavioural defences against infection may be
reduced. For instance, both synchronous and asynchro-
nous exposure to predation cues can interfere with tadpole
anti-parasite behaviours (Koprivnikar and Penalva 2015;
Koprivnikar and Urichuk 2017). In addition, elevated trema-
tode infection loads as a result of tadpole exposure to aquatic
pollutants, such as road salts, have been attributed to reduced
behavioural rather than physiological immunity (Milotic
et al. 2017). Whilst GC levels were not considered in these
studies that demonstrated how various aversive stimuli can
negatively affect the BIS, our results suggest that elevation
of endogenous GCs in response to environmental stressors
could be a common underlying factor which warrants further
study given the capacity for these hormones to influence
host behaviour.

Whilst our study is the first to consider how a general
stressor could affect anti-parasite behaviours in aquatic ver-
tebrates through GCs, others have examined anti-predator
responses. The majority of these investigations reported that
exogenous-CORT exposure reduced tadpole anti-predator
behaviours by increasing their activity levels (e.g. Fraker
et al. 2009; Middlemis Maher et al. 2013). This is the oppo-
site response of most larval amphibians to predation risk
(e.g. Hossie et al. 2017), thus elevated CORT could increase
activity in a way that makes tadpoles more likely to be seen
by visual predators (Gabor et al. 2019). In contrast, Kulkarni
and Gramapurohit (2017) found that larval frog exposure
to 5, 10 or 20 pg/L CORT enhanced their anti-predator
response in a concentration-dependent manner by reducing
their activity. In addition, Sullivan et al. (2021) reported
that chronic, but not short-term, CORT elevations reduced
exploratory behaviours in adult salamanders. However, the
nature of the predator stimulus (e.g. conspecific alarm cues
or larval dragonfly kairomones) used varies amongst stud-
ies and may contribute to the inconsistent effects of CORT
on tadpole behavioural responses. It is thus unclear whether
elevated GCs in amphibians generally decrease or increase
their activity levels, as well as their responses to natural
enemies. In mammals, chronically-elevated GCs may induce
depression-like behaviours such as lethargy and helplessness
(reviews by Erickson et al. 2003; Chen et al. 2016).

It is important to note that GCs have a wide range of
physiological, behavioural and cognitive functions; elevated
GCs in several contexts are thus not necessarily “stressful”
in a negative sense and are important for maintaining home-
ostasis (Sapolsky et al. 2000; Erickson et al. 2003; Mac-
Dougall-Shackleton et al. 2019; Romero and Beattie 2022).
Short-term increases in GC levels can aid in early responses
to aversive stimuli (Erickson et al. 2003; Wingfield and
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Sapolsky 2003; Romero and Beattie 2022); however, chronic
elevations are known to suppress various behaviours (e.g.
reproduction as in Woodley and Lacy 2010). In the face of
chronically-elevated GCs, diminished-behavioural output
as a strategy to redirect critical resources may be advanta-
geous in many situations (Myers et al. 2014), especially as
sustained-GC elevations can result in homeostatic overload
(Romero et al. 2009). Such a mechanism may help to explain
why CORT-exposed tadpoles here showed the least activity
overall.

Whilst infection loads were higher in our CORT- and eth-
anol-exposed tadpoles compared to the water control, there
was no difference in their physiological immune response
as measured by WBC: RBC, nor was there a difference in
their eosinophil ratios. This is despite the fact that previous
studies clearly demonstrated immunosuppressive effects of
exogenous-CORT exposure on larval amphibians, includ-
ing decreased eosinophils, that were associated with greater
trematode infection (Belden and Kiesecker 2005; LaFonte
and Johnson 2013). It thus appears that chronic exposure
to exogenous CORT affected host susceptibility to parasite
infection in our study through changes in the behavioural,
and not physiological, immune system. Although exogenous
CORT and trematode exposure should have opposing effects
by being behaviour and immune-suppressing vs. behaviour
and immune-stimulating, respectively, tadpoles in the water
treatment would have had the capacity to mount a response
via WBCs. As such, exogenous-CORT exposure either did
not affect the post-infection immune response or plasma-
WBC profiles are not appreciably altered as a result of echi-
nostome infection, as seen for another trematode, Ribeiroia
ondatrae (Koprivnikar et al. 2019). It is also possible that
the 24 h period between parasite exposure and tadpole
euthanasia here was insufficient for WBC changes to have
occurred. In addition, plasma-WBC profiles provide infor-
mation on only one aspect of the potential immune response
to trematode cysts. For instance, Holland et al. (2007) found
that eosinophils and macrophages developed directly around
echinostome cysts in infected tissue. Future investigations
should thus consider additional measures of immunity when
assessing responses to elevated GCs. It would also be helpful
to evaluate physiological immunity in a subset of tadpoles
before parasite exposure, as well as measure whole-body
CORT to quantify individual levels although we had no rea-
son to presume that exogenous-CORT exposure failed to
raise endogenous levels here given that this is a well-docu-
mented approach to achieve this outcome in larval amphib-
ians (review by Belden et al. 2005). For similar studies, fur-
ther refinement and validation of water-borne CORT assays
may also be useful. Finally, measuring CORT in tadpoles
while in the presence of parasite infectious stages such as
cercariae would also be informative to understand CORT
regulation in response to an acute Stressor.

@ Springer

We had predicted that individual tadpoles exhibiting the
greatest anti-parasite activity in the presence of trematode
infectious stages (cercariae) would show the least robust-
induced immune response post-infection, i.e. display a
trade-off between behavioural and physiological immu-
nity. However, this was not seen despite various reports of
a negative relationship between different types of defences
against natural enemies. For example, crucian carp with a
morphological phenotype providing defence against preda-
tors have reduced immune function (Vinterstare et al. 2019).
More specifically, trade-offs have also been reported with
respect to host defences against parasites (review by Lopes
2017). For instance, Klemme et al. (2020) demonstrated
significant genetic variation in parasite defence traits across
populations of salmonid fish, as well as negative associations
between traits, with the most resistant populations showing
the weakest parasite avoidance behaviours, and also the low-
est infection tolerance. At the individual level, male house
finches that avoided sick conspecifics invested less in their
immune response to a pathogen—in contrast, males which
spent time associating with, or near, sick conspecifics had
stronger immune responses (Zylberberg et al. 2013). This
being said, trade-offs may be dependent on the immune
measures employed, especially if these have different costs
(Zylberberg et al. 2014), with antibody responses most com-
monly considered (e.g. Zylberberg et al. 2013; Schreier and
Grindstaff 2020). It is possible that investment into WBC-
mediated immune responses, such as those considered here,
are not affected by that in the BIS. This trade-off might also
only occur in specific circumstances or may not be induced
by changes in GCs. Future investigations should consider
the specific circumstances under which trade-offs between
behavioural and physiological immunity may be observed
(e.g. dual stressors such as predators and parasites), and also
include a suite of immune measures to examine both stand-
ing and induced immunity.

It is critical to understand the extent to which potential
hosts can engage in anti-parasite behaviours given their
central roles in defence (Hart 1990, 1997), especially
because the threat posed by parasites and pathogens is
predicted to increase in response to various environmental
stressors (Oppliger et al. 1998; Byers 2020). Our study not
only demonstrates the key role of behavioural immunity but
also highlights the potential for interruption of this front
line of defence by any environmental stressor that could
chronically elevate endogenous GCs, including ambient/
environmental CORT (e.g. Gabor et al. 2018; Tornabene
et al. 2021), as we simulated here with exogenous GC
exposure. The field of eco-physiology, which considers
how anthropogenic disturbances may affect wildlife
through physiology, including their susceptibility to
infectious diseases (Busch and Hayward 2009; Hing et al.
2016), should therefore consider behavioural effects as
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well. Behavioural responses to multiple stressors are also
important to understand (Hale et al. 2016). We recommend
that future studies continue to explore various aspects of
parasite avoidance, resistance, and tolerance, and how these
are affected by physiological responses to aversive stimuli.
In this way, we stand to gain a greater understanding of how
both physiological and behavioural defences will play roles
in mitigating the risks and costs of parasitism in an ever-
changing environment.
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