Oa '|
Original Research W /20

DOI: http://dx.doi.org/10.22201/fmvz.24486760e.2022.987
Vol. 912022

W Veterinaria
| México OA

Publicacién Digital de la Facultad de Medicina Veterinaria y Zootecnia ~ https://veterinariamexico.fmvz.unam.mx/

Sandra Elizabeth Herndndez Méndez!
i 0000-0001-6057-0644

Corad Sernia2

ib 0000-0003-0943-6604

Victor Hugo Reynoso Rosales3

ib 0000-0002-5694-8197

Adrian John Bradley?

ib 0000-0002-8069-2996

1Facultad de Medicina Veterinaria y Zootecnia
Universidad Auténoma de Tamaulipas

2 The University of Queensland,
School of Biomedical Sciences.

3 Universidad Nacional Auténoma de México,
Instituto de Biologia de la UNAM/
Departamento de Zoologia,

Ciudad de México, México.

*Corresponding author:
Email address:
sandra.mendez@uat.edu.mx

Submitted: 2021-09-02
Accepted:  2022-11-22
Published:  2022-12-07

Additional information and declarations
can be found on page 20

© Copyright 2022
Hernéandez Méndez L et al.

open access 8

Distributed under Creative Commons CC-BY 4.0

Lungworm parasite intensity

and its association with the endocrine
and immune systems and energy
reserves in male cane toads

Abstract

Host-parasite interactions can be harmful or harmless depending on the fit-
ness and stress levels of the organisms. Interactions between the endocrine
system, the immune system and energy expenditure are critical in the main-
tenance of homeostasis during stressful periods in vertebrates. We exam-
ined whether lungworm loads (Rhabdias spp.) of male cane toad (Rhinella
marina) sampled during the wet season from three different populations,
are associated with hormone levels, immune competence, and metabolic
status. We found evidence of direct and strong associations between para-
site burdens and variables related to hormonal levels, metabolic status and
immune competence. We also found that interrelationships among indepen-
dent variables can change the strength of the association with lungworm
loads. These findings suggest that high levels of corticosterone affect immune
competence against parasites, both directly and by inducing changes in the
metabolic status of the animals. Additionally, high testosterone levels during
the reproductive season, influenced variables related to metabolic status,
which will also lead to higher parasite loads. Overall, we conclude that the
endocrine system and metabolic status in male cane toads are critical to the
immune competence against parasites during the reproductive season.

Keywords: Rhinella marina; corticosterone; testosterone; immune-competence; energetic-
status; Rhabdias spp.
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Study contribution

In this study, we found that the endocrine system and metabolic status in male
cane toads play important roles in the immune competence against parasites
during the reproductive season. The approach taken in this study could be a useful
model to better understand the adaptive strategies of invasive species. Moreover,
it could help design future studies on amphibian species that are vulnerable or en-
dangered, enabling more informed management decisions and guiding last resort
interventions.

Introduction

The adaptation to change is not a simple task. Multiple factors interact during the
process and these connections also vary over time. Particularly, interactions be-
tween the endocrine system, the immune system and energy expenditure are crit-
ical in contributing to the maintenance of homeostasis during stressful periods in
vertebrates.(!) Among the hormones released by the endocrine system, glucocor-
ticoids (GCs) and androgens appear to have a direct effect on the ecology and
evolution of host-parasite interactions in vertebrate males.(?) Studies of the effect of
environmental events and survival outcomes have reported that GCs vary with environ-
mental change and can be used as survival predictors.3) They also affect the
animal's behavior during migration,(©9 dispersion,(19) and foraging.('") For instan-
ce, androgens such as testosterone enhance sexual behavior in male toads, which is
energetically costly('2 13) and increases their vulnerability to parasites.(14-16)

An important consideration is that parasitism applies an obligate energetic cost to
the host. Therefore, the host needs to balance the cost of moving to new territories
against the cost of controlling their parasite levels or keeping their parasite levels in
check. Studies have shown that the incidence of parasites in colonizers introduced
in new areas is lower than that of local residents.('719 These findings can be
attributed to host density, as well as the parasite biological cycle.('”) However, as
mentioned above, the physiological strategies employed by the host must be con-
sidered as these can influence the immune, metabolic, and behavioral outcomes.

Both GCs and androgens can vary seasonally and can affect energy trade off
with the immune response.(?) Still, prolonged exposure to high levels of GCs and
androgens decreases immune competence against parasites, leaving individuals
more susceptible to infestations. (> 20)

Previous studies have demonstrated a link between the endocrine system,
energy balance, and immune function in rodents,(?!22) marsupials,?*2%) and rep-
tiles.(25 26) In amphibians, however, researchers have focused on simple associa-
tions between parasite levels and endocrine, immune, or energetic factors,(2729)
while little is known on how the interactions between these factors affect immune
competence to parasites.39>1) Therefore, we hypothesized that there is a rela-
tionship between endocrine responses, energy status, and immune competence
to parasites in cane toads from different areas. To investigate this hypothesis, we
simultaneously evaluated lungworm parasite (Rhabdias spp.) infestation, immune
competence, levels of plasma corticosterone and testosterone, and energy status
in three different populations of cane toad (Rhinella marina) from different areas
and with suspected differences in parasite intensities.
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Materials and methods

Ethical statement

Al procedures followed the National Health and Medical Research Council
Guidelines for Animal Experimentation and were approved by The University of
Queensland Animal Ethics Committee (SBMS/437/09/URG/GOVTMEX/HSF/
CFOQ).

Animals

The cane toad (Rhinella marina) is the anuran with the widest known world distri-
bution. It is native to America but was introduced in Australia and several Pacific and
Caribbean islands.(3?) It is an opportunistic species and a dietary generalist (33) that
equips it very well to invade new habitat. However, smaller sub-adult cane toads
from Australia were found lagging behind the migration front. These animals were
found to carry parasitic lungworm larvae identified as Rhabdias pseudosphaero-
cephala, a South American species.(5%

Field work

During the wet season of 2010-2011, we captured a total of ninety adult male
cane toads at night (9-11 pm). Animals originated from two populations in Bris-
bane, Queensland, Australia (QL, n = 57), and Kununurra, Western Australia (WA,
n = 18) and a third population from the Catemaco region, Veracruz, Mexico (MX,
n = 15). The animals were transported to a field laboratory located near the collec-
tion site. Six animals from each site were chosen randomly and kept for a standard-
ized immune challenge. The remaining animals were subjected to blood sampling
to determine plasma levels of testosterone (T), corticosterone (B) and free fatty
acids (FFA).

Sample collection

The animals selected for drawing blood were weighed and anesthetized intra-mus-
cularly with a dose of 200 mg/kg body weight (BW) of ketamine combined with
0.2 mg/kg BW of diazepam.(>> Under anesthesia, blood (500 pL) was collected
via cardiac puncture with heparin-treated syringes, placed into Eppendorf tubes and
centrifuged at 1300 xg for 5 min to separate plasma, which was then removed
and stored at -20 °C for later analysis. All animals were euthanized with an intra-car-
diac overdose of 100 mg/kg of pentobarbital. After death, snout-vent length was
determined, a complete post-mortem examination was carried out for each animal
to rate body fat size and lungworm count, while the spleen was removed and pre-
served for examination.

Parasite intensity

To assess the presence of lungworm parasites, dissection and organ removal was
performed after morphological measurements were completed. Lungs were re-
moved and nematodes were quantified by directly counting the number of visible
parasites (intensity) in the lungs, bronchi, and trachea.(>) We did not conduct mor-
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phological or molecular identification of the parasite found in the lung. However,
previous studies have identified this parasite as part of the Rhabdiasidae family in
cane toads from Australia®* and Mexico.(3”)

Immune competence against parasites

Immune competence is the ability of an individual to resist and combat pathogens
and parasites through the response of their immune system. This feature can be
assessed by measuring biological responses against disease, such as the efficiency
of innate or adaptive immune responses.2!) The cell-mediated immune compe-
tence and lymphoid organ development were the two strategies that we chose to
assess immune competence in the cane toads under study.

Immune responses to antigens

The immune responses to antigens were determined using a standardized immune
challenge that measures the level of swelling caused by a single intra-dermal injec-
tion of phytohaemagglutinin (PHA).(3349) The immune challenge was conducted
during the first 12 h of capture, and the average of three consecutive blind mea-
surements was taken to minimize the observer effect, as well as measurement
error. Briefly, the first measurement of the thickness of the fourth phalanx of the
hind limb was made where the interdigital webbing ends. After the measurement
of the phalanx, 5-mg PHA was diluted in 5 mL of phosphate-buffered sterile saline
solution (0.5 mM).

From this stock, 0.5 mL was injected subcutaneously using a 1 mL syringe,
27G x 12" needle. The injection was given dorsally at the same site where the
first measurement was carried out. A contralateral injection of 0.5 mL of phos-
phate-buffered sterile saline solution (0.05 mM) served as a control. Measure-
ments were repeated after 24 h. After injection, animals were placed in plastic
containers and adapted to aquaria. An ambient temperature of 22-24 °C with a light
cycle of 12D:12L. The measurements were carried out with a digital vernier caliper,
with an accuracy of £ 0.03 mm. The animals were subjected to a fasting period of
36 h during enclosure. The delayed hypersensitivity index (DHI) was calculated as
previously described.(*!)

Lymphoid organ development

Spleens were dissected out, cleared of connective tissue and fat, and then stored
at 4 °C in a solution of 4 % paraformaldehyde in phosphate buffer (0.05 mM)
(PFA 4 9%). Organ mass was determined by weighing it to the nearest mg using an
analytical balance. To eliminate the effect of body size on spleen size, we calculated
the index between spleen weight and body weight (spleen weight/[body weight-
spleen weight]) as described elsewhere.(*1)

Hormone measurements
To assess the levels of corticosterone (B) and testosterone (T) in blood, we per-
formed radioimmunoassays with 20 pL of plasma.(*2 43) The tracer used was triti-
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ated corticosterone [corticosterone (1,2,6,7->H) 2.59 TBq/mmol] and testosterone
{testosterone, [1,2,6,7-°H(N)]-3.96 TBg/mmol}. For this study, we used a poly-
clonal antibody against corticosterone developed by AbCam laboratories (Product
Number: ab77798). The cross-reactions documented were 0.67 % to 11-dehy-
drocorticosterone, 1.5 % to deoxycorticosterone, and < 0.01 % to 18-OH-DOC,
cortisone, cortisol, and aldosterone.

The testosterone antibody assay was conducted as previously reported.(4)
The cross reactions included 5-alpha dihydrotestosterone 11 %, androstenedione
3.5 %, 11 oxotestosterone 2.5 %, 5-alpha androstane 3 beta, 17 beta-diol 2.5 %,
epitestostreone 2 %, DHEA 2 %, progesterone 1.5 %. Assay sensitivity was 10 pg.

For both steroid assays, radioactivity was counted in a liquid scintillation spec-
trometer. The plasma samples were measured in duplicates and the steroid con-
centrations were calculated from a standard curve, as described by Dudley.(>) Data
are expressed as ng/mL of plasma.

Indices of energetic status

Body condition, and free fatty acid (FFA) concentrations, were the two variables
used as indicators of the energetic status in the cane toads captured from the
different areas.

Body condition

Body condition was based on the residuals obtained from the linear regression
between body weight (dependent) and snout vent length (independent) was used
as a proxy for tissue mass.

Energy mobilized

To estimate the available energy mobilized, we conducted an assay to determine
free fatty acid (FFA) concentrations in 10 pL plasma samples using the method of
Laurell and Tibbling.(*®) Palmitic acid was used as the reference standard in the FFA
assays, and data are expressed as mmol/dl. FFA was not evaluated in toads used in
the immune response assays because the animals were fasted for more than 48 h
and mobilization of FFA was expected.

Statistical analysis

All variables were normalized. Parasite intensity, body condition, testosterone lev-
els, FFA levels, and the differences in toe thickness, 24 h after PHA injection, were
logarithmic transformed (Log'0*1).(47) Corticosterone levels followed a Poisson
distribution, consequently the square root (SQRT+%) was chosen to normalize
data. The arcsine transformation was used to normalize the proportions of the
spleen somatic index.(®)

We also assessed the association between lungworm intensity and all contin-
uous variables by conducting simple linear regression analysis. Moreover, to iden-
tify the strongest associations, stepwise multiple linear square regression analysis
was also conducted. The multiplicative dummy variable approach proposed by
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Table 1. Parasite intensity, immune competence, hormone levels, and indices of energetic status variables
of the male cane toad populations under study

Region of origin of male cane toad populations

Parasite intensity 20.4 £ 10.4° 12.8 £ 10.3P 0.0 £ Q¢
n 15 57 18
Spleen somatic index 0.0008 £ 0.0004 0.0010 £ 0.0005 0.0007 = 0.0004 0.08
n 15 18 18
DHI2 at 24 h 0.16 + 0.09° 0.03 £ 0.02¢ 022 +0.118 0.042

Hormone levels

=

(&)
(&)
(&)

Testosterone (ng/mL plasma) 43 +£1.92 3+13b 1.7 +£1¢ 0.001
15 54 18
Corticosterone (ng/mL plasma) 4.7 £ 358 44 +383 1.6+ 1.0P 0.023
n 15 53 16
Indices of energetic status
Body condition® -0.062 + 0.013P -0.002 £ 0.013¢ 0.007 £0.0124 0.049
n 15 57 18
FFA (mmol/dL) 5.38 + 1.41P 701 £ 1.91° 782 £ 1.17° 0.043
n 10 42 9

"Means and standard deviations of non-transformed data

2DHI: delayed hypersensitivity index.

3Body condition: calculation based on the residuals obtained from the linear regression between body weight (dependent) and
snout vent length (independent). It was used as a proxy for tissue mass.

Guijarati®)) was used to determine the equality of slopes between sets of co-
efficients between populations. Spearman’s correlation was used to determine
direct associations between immune competence variables, hormone levels
and indices of energetic status. Finally, a mediation analysis was performed to
determine whether a variable might predict the interaction of parasite intensity
(dependent) with immune competence, indices of energetic status, and hormone
levels. Values with P < 0.05 were considered as statistically significant. Statistical
analyses were conducted using SPSS software, version 19.

Results

The analysis of the counts of parasites from the different populations of toads showed
differences in the intensity of lungworms between populations [F2,87) 6951,
P = 0.01]. Toads from WA had the lowest intensity of parasitism followed by QL
population (P < 0.01). MX had the highest intensity (P < 0.01) (Table ).

Results showed that a single intra-dermal injection of phytohaemagglutinin
(PHA) could elicit an inflammatory response in the toe after 24 h in all toads
[Fea, 108) 2-49; P = 0.05]. The strongest response was found in the WA toad
population, followed by that from MX and QL [F2, 15y 3:91, P =0.042]. No signif-
icant differences were found in the spleen somatic index among the populations
(P>0.05) (TableT).
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We also found differences in testosterone and corticosterone levels. Toads
from WA had the lowest testosterone levels, followed by those from QL and MX,
respectively [F2, 84y 1127, P=0.001]. Likewise, the lowest corticosterone concen-
tration was observed in animals from WA [F(2’ g1)3.98, P = 0.023], while there was
no difference between toads from QL and MX (Table T). Results for variables asso-
ciated with the energetic status showed that animals from WA had the best body
condition compared with the other two populations [F(2,87) 3.130, P = 0.049].
However, no differences in FFA were found between toads from WA and QL, while
those from MX had the lowest FFA levels [F(2,58)3-32, P =0.043] (Table]).

Figure 1 shows the associations between parasite intensity and immune com-
petence; hormone levels, and variables related to indices of energetic status. Linear
regression analysis between parasite intensity and immune competence variables
showed that only the DHI at 24 h had a negative association with the parasite
intensity (§ = -0.57, t[;o]-2.23, P < 0.05) (Figure ], A). Simple linear regression
analysis did not reveal associations between spleen mass and lungworm intensity
(P > 0.05) (Figure 1, B). In the case of hormone levels, corticosterone (f = 0.36,
t60)2-98, P < 0.05) and testosterone (f = 0.62, t66)6-43, P < 0.01) exhibited
positive associations with parasite intensity (Figure 1, C and D). Finally, the associ-
ations between indices of energetic status and parasite intensity show that body
condition was not associated with parasite number (§ = 0.33, t701:96, P> 0.05),
whereas free fatty acids (FFA) showed a negative association with lungworm inten-
sity (B =-0.55, t[5474.92, P < 0.01) (Figure 1, E, F).

Multiple linear regression demonstrated that testosterone and FFA had the
strongest association with parasite intensity (R2 = 0.5, P = 0.001). Testosterone
alone accounted for 38 % of the variance and was the most meaningful variable
[F(4,43) 10.3, R2 = 0.42,P = 0.001, slope *+ SE = 1.08 * 0.3, transformed values].

The Table 2 summarizes the Spearman’s correlation between variables related
to immune competence, hormone levels, and indices of energetic status. Corticos-
terone was the only variable that correlated negatively with variables related to im-
mune response (spleen somatic index) (P < 0.05). Both hormones had a negative
effect on FFA (P < 0.01), while testosterone was negatively correlated with body
condition (P < 0.01), as well as the spleen somatic index (P < 0.05).

Finally, Table 3 summarizes the mediating role of variables associated between
immune competence; indices of energetic status; and hormone levels, on parasite
intensity (dependent). Among the variables included as mediators, only FFA was
found to have a total mediating effect between hormone levels and parasite inten-
sity in cane toads (P < 0.05). The inclusion of FFA simultaneously with corticoste-
rone significantly reduced the P value and increased the R? coefficient of model
I, demonstrating that FFA acts as a mediator between corticosterone levels
and parasite intensity.3) The effect of FFA in the association between testoster-
one and parasite intensity was not strong enough to reduce the P value. However,
the R? coefficient was higher in model I, indicating that FFA is partially mediating
the effect of testosterone levels on parasite intensity. No other variable was found
to have the same effect in the rest of the associations.
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Figure 1. Results of linear regression analysis between parasite intensity and variables of immune competence: (A) DHI at
24 h: delayed hypersensitivity index, (B) spleen somatic index, hormone levels, (C) corticosterone, (D) testosterone, and
indices of energetic status, (E) body condition, (F) FFA: free fatty acids of male cane toads.
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Table 2. Pearson correlation coefficients (probability values) between variables related to immune competence,
hormone levels, and indices of metabolic status in male cane toads

Immune competence -0.31 0.22 -0.30 0.38 -0.29
SSI: spleen somatic index (proportion) (0.205) (0.123) (0.038) (0.086) (0.021)

DHI: delayed hypersensitivity index at 24 h = = -0.35 -0.34 -0.03
(0.183)  (0.148) (0.569)

T4: testosterone (ng/mL plasma) = = = 0.20 -0.42 -0.39
(0.075)  (0.001)  (0.001)

B2: corticosterone (ng/mL plasma) = = - - -0.47 0.01

(0.001)  (0.955)

Indices of energetic status

FFA: free fatty acids (nmol/dL plasma) - - - - - 0.18
(0.637)

BC: body condition - - = - B i,

Table 3. Mediation analysis

I I BT BN B

Model I

Corticosterone 0.36 3.04 0.01 0.13
Model 11

Corticosterone 0.18 1.34 0.18 0.35
FFA (m)! -0.48 -3.59 0.01

Model I

Testosterone 0.61 6.39 0.01 0.38
Model 11

Testosterone 0.40 3.67 0.01 0.51
FFA (m)! -0.45 -4.11 0.01

TFFA: free fatty acids.
Model | shows values of the simple regression between lung worm intensity and independent variables. Model Il shows values of
the regression with the mediator (m) included.
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Discussion

Geographic, environmental factors and host biology are important factors deter-
mining parasite infections.(>%5%) Changes in these factors might lead to differences
in parasite incidence and abundance between populations of the same species.
However, in invasive species, parasite intensity and pathogen diversity are lower
than those in their native distribution,('7,56.57) which is consistent with the findings
from this study. The WA population at the front line of invasion had the lowest in-
tensity of lungworm parasites compared with the established populations (MX, QL).
These results agree with previous studies documenting lower loads of parasites in
dispersing animals from Australian cane toad populations.(>8)

Lungworm intensity was not the only variable different in the WA cane toads.
These animals also had the lowest levels of B and T, the strongest response to the
PHA, and the best body condition. Our observation of a strong immune response in
dispersing animals, compared with established populations, contrasts with previous
reports of bacterial infections in cane toad populations invading the Northern Aus-
tralian territory.(>%.69) Similarly, Brown and Shilton(*9) reported a blunted immune
response in cane toads colonizing territories in the same region.(*9) These differ-
ences between studies might be associated with the period of collection, as well
as a possible effect of favorable environmental factors that might have resulted in a
more robust immune system in our surveyed cane toad populations.

The animals in this study were collected during the wet season that corre-
sponds to the reproductive season in this species. Males face important challenges
in their physiological and immune responses during the reproductive season.(®")
Folstad and Karter(62) proposed that high testosterone levels have a cost in enhancing
secondary sexual characteristics, as it reduces immune competence against para-
sites.(2) However, there is no agreement in this respect. While several studies have
reported an increase in parasite burdens and immune suppression in males with
high levels of testosterone, (6364 others have observed no change in either cellular
or humoral immune responses.(6568)

These disparities between studies can be attributed to additional physiological
responses, environmental, and behavioral factors influencing the outcome between
the immune-endocrine associations. Forinstance, an increase in testosterone levels
has been positively associated with an increase in glucocorticoids, which are potent
immune suppressors.(1:5970) Moreover, energy reserves(’!:72) and the environ-
ment(>73) also influence the outcome between the immune-endocrine associa-
tions. Experimental evidence also shows that testosterone stimulates the dispersing
behavior during the reproductive season, which is energetically costly in amphibian
males.(747>) The roaming of cane toad into new areas, might increase the prob-
ability of infection either from other males or females carrying high parasite loads,
or entering areas having a high prevalence of parasites in the soil and water.(76)

This study found the existence of direct associations and interrelationships be-
tween levels of B and T with parasite intensity, immune competence variables, and
energy status variables in male cane toads. Among the variables associated with
immune competence, only DHI 24 h showed a negative association with parasite
intensity. The estimation of immune response by using the level of swelling elicited
by PHA has been reported to be a reliable measure of cell-mediated immune com-
petence in birds,(38.39.41.67) and amphibians.(“%.77.78) A strong response to PHA
has previously been associated with a reduction in susceptibility to parasites.(7%)
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PHA antigen activates CD8 and CD2 in skin immune cells.(®%) CD8 is expressed
in amphibian skin and has been associated with allograph rejection.(8) Moreover,
while corticosterone inhibits CD8+T cells, testosterone has a stimulatory effect.
() Few studies deal with the association between the immune response elicited
by PHA and hormone levels. However, a weak cellular response to PHA has been
reported in amphibians exposed to environmental stressors(62) and pollutants.(7®)

In this study, neither corticosterone nor testosterone was found to influence
the DHI response in male cane toads. This lack of association was also observed
in a zebra finch study, after PHA administration in birds, (66) which might be attribut-
ed to the cell division stage during the experimental period. It has been observed
that glucocorticoids induce cell death during the G1 phase, in lymphocyte stimu-
lated in vitro with PHA.(33) The same effect has been reported in vivo with other
cell lines.8%) In any case, the differences between cane toad populations observed
here clearly show an environmental effect on the immune competence of these
animals.

Energy also had an important effect on parasite numbers in male cane toads.
The linear regression analysis did not reveal an association between body condition
and parasite intensity, however FFA had a negative association with parasites. This
result, in conjunction with the reduction of parasite number in animals with high
ranks of energy reserves, is consistent with the assumption that energy reserves
and nutritional status impact parasite susceptibility.(28:29,85,86)

Unlike the direct catabolic action of glucocorticoids in energy reserves, the
effect of testosterone is indirect.(’2) Courtship and territorial behavior are associated
with high metabolic rates in amphibians.(®7.8%) This might explain the partial me-
diation effect of FFA between the association of T and parasites and the total
mediation effect between B and parasites. The mediating effect of FFA upon para-
sites is explained by the negative effect of corticosterone in FFA. Glucocorticoids in
amphibians are released in response to stressful conditions by mobilizing energy
and stimulating hepatic gluconeogenesis (72:89,90),

Studies on the effect of GCs in FFA are scarce in amphibians. However, studies
in mammals have demonstrated that GCs have an important effect on lipid FFA me-
tabolism.(9") Energy requirements in amphibians heavily rely on their fat reserves,(72)
which contribute as much as 75-95 % of the energy fuel in this species.(92)
Moreover, FFA, as a metabolic substrate, gives higher energy yields than glucose.
(93) Harri(®4) observed a marked seasonal variation in frogs' plasma FFA with a
reduction in concentration during summer and an increase during spring and au-
tumn. This reduction is related to depletion in fat reserves during the reproductive
season when glucocorticoids and androgens are elevated and have an important
function in energy utilization.(’2) This physiological pattern might explain why we
observed FFA was negatively correlated with corticosterone and testosterone, and
mediated the effect of corticosterone on parasite numbers.

In summary, this study further confirms that the endocrine system and met-
abolic status are central to adjusting the host-parasite relationship in cane toads
during the reproductive season. During this period, the levels of corticosterone
increase and, consequently, the immune competence and metabolic status are
affected, increasing parasite intensity. Additionally, high testosterone levels have an
indirect effect on parasite intensity as this hormone stimulates energetically costly
behaviors that can also increase the probability of exposure and vulnerability of
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toads to parasites, resulting in an increased parasite intensity. These findings are
in agreement with those of several studies reporting the existence of an energetic
trade-off during the reproductive season between reproductive function and im-
mune competence against parasites.(9°9%)

This study can also explain why introduced populations often have reduced
parasite loads.(°®) Our findings suggest that introduced species might be exposed
to a selective pressure, not only by the environment or parasites, which might be
carried by them or found in their new environment, but also by their physiological
responses. Therefore, only those that have physiological strategies able to reduce
the metabolic cost of immune function and energy during dispersion activities,
might be able to succeed in their expansion progression.

The approach taken in this research could be a useful model for similar studies
on amphibian species that are vulnerable or endangered, enabling more informed
management decisions to be taken and guiding last resort interventions. Moreover,
it could help better understand the adaptive strategies of invasive species. Further
research in this area will improve our understanding of the ecophysiology of pop-
ulations and diseases in amphibians. Moreover, it will provide further insight into
their relationship with factors affecting the long-term survival of species.
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