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Abstract

Chytridiomycosis is affecting hundreds of amphibian species worldwide, but while in tropical areas, adult individuals have
been the focus of most investigations, the exact role played by infection intensity of breeding adults is not well understood
in temperate areas. We conducted mark-recapture—capture surveys during spiny common toad breeding seasons from 2006
to 2018 at the site of the first recorded outbreak of chytridiomycosis in Europe, the Pefialara Massif (Sierra de Guadarrama
National Park, central Spain), and collected infection samples and several variables related to the reproductive effort of male
individuals. We used general linear mixed models to evaluate the contribution of study variables on the infection loads of
adult male toads exhibited at their capturing date. We also analysed the differences on several male characteristics between
the pond with the largest breeding population against the rest of the ponds. We found that the duration of time spent in the
waterbody and the condition of the host predicted infection loads. Animals of good physical condition, that spent longer in
water, have higher infection levels than individuals with the opposite set of traits. The pond supporting the largest breeding
population housed smaller male toads and in poorer condition. Our results are consistent with a shift in reproductive strat-
egy in response to infection and potentially a strategy of tolerance, rather than resistance to infection. These findings have
applications for disease mitigation and theoretical implications related to the trade-offs made and the evolution of traits in
response to the disease.

Keywords Chytridiomycosis - Capture—recapture - Body condition - Temperate areas - Reproductive effort

Introduction

Infectious diseases have played a major role in the decline
of global amphibian populations (Skerratt et al. 2007,
Scheele et al. 2019). The emergence, spread, persistence,
and impact of pathogens are generally driven by interac-
tions between the pathogen, the environment, and the host.
In the case of the latter, the presence in many amphib-
ian species of a multi-stage life history is a further level
of detail that has contributed greatly to the challenge of
understanding the impact of emerging pathogens (Bielby
et al. 2008; Hoverman et al. 2011; Valenzuela-Sanchez
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et al. 2021). The developmental biology of amphibians,
which in many species includes a complete transition from
aquatic, herbivorous larva to terrestrial carnivorous adult,
means that different life-stages and age-classes can face
very different risks of pathogen exposure, infection, and
impact (Garner et al. 2009). Additionally, the process of
metamorphosis can result in an immunological blind-spot
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during the transition, which may increase further the sus-
ceptibility of the host (Rollins-Smith 1998). Ultimately,
species-specific responses to infection, in conjunction with
their complex list histories, limit the generality of research
across species (Daversa et al. 2022), populations (Walker
et al. 2010), and life-stages of the same species (Gervasi
et al. 2013). While some similarities in mechanism of
spread and persistence (Bielby et al. 2022) may exist, these
generalities in dynamics with the host are also likely to be
specific to the system and certainly the pathogen in ques-
tion (Rosa et al. 2017).

One of the main drivers of amphibian decline has been
the emergence of the fungal pathogen Batrachochytrium
dendrobatidis (Bd). This pathogen has infected thousands
of species and has been linked to> 500 species declines
and ~ 90 species extinctions worldwide (Scheele et al.
2019). Bd’s infectious stage is a mobile zoospore, which
can infect keratinised areas of an amphibian’s body. How-
ever, the host may show no signs of disease until infections
pass a critical threshold of infectious zoospores (the infec-
tion intensity) within an individual (e.g., Vredenburg et al.
2010). Similarly, higher infection intensities make infection
more transmissible between hosts (DiRenzo et al. 2014),
with associated implications for the persistence of infection
within a community, the constituent parts of which may vary
in their susceptibility to infection, disease, and death (Clare
et al. 2016). Clearly, infection intensity is key in the spread
and effects of infectious pathogens (Beldomenico and Begon
2010).

Many factors related to the host (Fernandez-Beaskoetxea
et al. 2016), the pathogen (Farrer et al. 2011; Rothstein et al.
2021), and the environment (Rosa et al. 2022) may interact
to affect the intensity of infection and therefore the outcome
of infection and disease. However, the importance of these
is likely to vary both between and within species, and in
particular between temperate and tropical communities.
The diversity of amphibian life-histories in tropical envi-
ronment includes many species that lay eggs terrestrially,
or in smaller bodies of water, and in many species, those
eggs may entirely forgo the larval stage and hatch as minia-
ture versions of adults. In contrast, in temperature regions,
these strategies are much less frequent, and the most com-
mon strategy is to exhibit highly seasonal, pond-breeding
behaviours. This latter reproductive strategy means that
individuals are likely to vary significantly in their proxim-
ity and exposure to water-bodies, and therefore Bd, over the
course of their different life-stages and, within a life-stage,
their annual activity cycle. This could have profound impli-
cations for how pathogens spread and are maintained within
a population of those species. To manage infection spread in
species with these life-histories and ecologies, it is therefore
important to understand how infection dynamics work at
each step in their life-cycle.
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For temperate pond-breeding amphibians, the host—patho-
gen dynamics within aquatic life-stages are relatively ame-
nable to study. As a result, we have a good foundation of
knowledge of what drives infection levels in aquatic life-
stages of amphibians. There is evidence that in the aquatic
larval phase of anuran amphibians increasing density
(Rachowicz and Briggs 2007), duration of time spent in the
water (Bielby et al. 2022), lower temperatures (Fernandez-
Beaskoetxea et al. 2015; Bradley et al. 2019), and develop-
mental stage (Bielby et al. 2022) are all important in dictat-
ing the intensity of infection an individual harbours. The
role of post-metamorphic amphibians is typically less well
understood than that of larvae (but see Wilber et al. 2022).
As amphibians undergo metamorphosis, their physiology
and immune system go through a radical change as well
(Rollins-Smith 1998), and we know that aspects of the innate
immunity, such as skin microbiome and peptides, are linked
to infection outcomes (Bates et al. 2018). We also know that
seasonal changes to host behaviour can alter these dynam-
ics; post-breeding, some animals move away and can lose
infection levels, or at least they drop to a level that cannot be
easily detected (Daversa et al. 2018). Further, in some spe-
cies, switching between habitats over the course of the life-
cycle can significantly alter infection levels, suggesting that
behaviour, physiology, and environment interact to cause
significant changes to host—pathogen dynamics (Daversa
et al. 2018). It would be useful to better understand those
dynamics in the most likely scenarios of transmission for
adults of pond-breeding species, that is, the breeding season,
when aggregations of animals may gather at high densities in
conditions most amenable to infection transmission.

Species of the genus Bufo have been observed as har-
bouring infection in different locations globally, to differ-
ing effect. At the European index site for Bd, the Pefialara
Massif (Sierra de Guadarrama National Park, central Spain),
Bufo spinosus (then Bufo bufo) were infected and experi-
enced mass mortalities of recent metamorphosed individuals
(Bosch and Martinez-Solano 2006). However, the species
seemed to expand its range in response to the decline of
another commonly infection species, Alytes obstetricans,
which suffered the more severe declines both at this site
(Bosch et al. 2001; Bosch and Rincén 2008), and, more
generally, across its range. Despite this initial response,
and the absence of die-offs of adult individuals, long-term
negative effects of Bd have been recorded; clutch counts of
B. spinosus have declined in the years between 1999 and
2016 in this study population (Bosch et al. 2014, 2018) and
inconspicuous mass mortalities of recent metamorphosed
individuals continues year to year from 1999 (Bosch et al.
unpublished results) in this study population. This decline
may be underpinned not only by mass mortalities of toadlets,
but also by infected adult individuals having a lower survival
probability, and the probability of becoming infected being
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higher than that of clearance of infection (Palomar et al.
2023). Combined data suggest that even in the absence of
noticeable mass die-offs, there is a long-term decline in this
species in response to Bd exposure and infection. The role
played by infection intensity of breeding adults of this genus
is, however, unknown.

In this field study, we aim to determine the factors influ-
encing Bd infection intensity (measured by the Bd copy
number) in adult individuals during the breeding season.
Doing so will provide a foundation for better understand-
ing the infection dynamics in adults of this species, and by
extension, other aggregative, pond-breeding amphibians.
This information could be useful in identifying whether
adult amphibians are a possible target for focused Bd inter-
ventions. Specifically, we make a number of specific predic-
tions. As in most host—pathogen systems, we predict that
adults will vary in infection intensity (P1). Further, this
variation will be underpinned by a number of non-mutually
exclusive mechanisms: based on the importance of the larval
stage in infection levels, we predict that the duration an indi-
vidual remains in the water around the time of breeding will
positively influence infection intensity (P2); larger animals
will harbour higher infection levels (P3; Kuris et al. 1980;
Bradley et al. 2019, but see Greenberg et al. 2017); an indi-
vidual’s body condition will affect the level of infection that
it harbours (P4). The directionality of these relationships (P3
and P4) is complex (see Sanchez et al. 2018 for a review of
the subject); in some studies, larger individuals have been
linked to higher infection levels as a result of them having
a larger body of resources on which pathogens can feed,
or larger individuals being of sufficient quality to pursue
a strategy of tolerance rather than resistance to infection.
In contrast, in other systems, animals in poorer condition
have exhibited higher levels of infection as a result of them
being less able to dedicate resources to an immune response,
thereby leaving themselves more susceptible to higher levels
of infection. We also predict that given Bd’s ability to adapt
its growth rate to the environmental conditions in which it
lives (Voyles et al. 2017), it is likely that infection loads will
be higher when animals are sampled after a cooler period
of weather (P5).

Materials and methods
Study site and species

Adult spiny common toads (Bufo spinosus) were studied
at all five permanent ponds of the Pefialara Massif (Sierra
de Guadarrama National Park, central Spain) where the
species breed: Laguna Grande (2018 a.s.l), Laguna Chica
(1956 m a.s.l), Laguna de P4jaros (2175 m a.s.l.), Charca
de la Mariposa (2136 m a.s.l.), and Charca Larga y de las

Piedras (2110 m a.s.l.). The surrounding terrain consists of
granite outcrops and alpine grasslands at higher elevations
and heathland and pine forest at lower elevations. The park
is the type locality of Bd in Europe, with first reports of
chytridiomycosis in 2001 (Bosch et al. 2001).

We conducted mark-recapture—capture surveys during
toad breeding seasons (May—June) from 2006 to 2018. We
walked the perimeter of each pond at night and captured
toads using dipnets. Unmarked toads were tagged with pas-
sive integrated transponder (PIT tags) underneath the skin
of the dorsal side, and the number of those marked indi-
viduals was recorded. We then collected a sample of skin
tissue by rubbing a sterile cotton swab (ref. 300261, Deltalab
Inc., Barcelona, Spain), over the ventral side of the body
and thighs (20 strokes) and the webbing of the hind feet
(10 strokes), consistent with standard swabbing protocols
(Briggs et al. 2010). Swabs were sprayed with 95% etha-
nol and stored refrigerated for a few weeks until processed.
Finally, all toads were weighed and their snout—vent length
(SVL) was measured to the nearest mm by pressing the indi-
vidual flat (ventral side) against a ruler.

Study variables

In any year, the start of the breeding period was considered
to be when the first toad was captured each year in any of
the study ponds. For every captured male toad and every
sampling season, we considered the following seven varia-
bles, which correspond to the questions/predictions outlined
in the introduction or random effects that are important to
include in the model building process:

(1) Day of arrival, defined as the first date of the breeding
period on which that individual animal was captured, (2)
Stay length (in days) defined as the number of days from its
date of arrival to its date of sampling (the final date on which
that individual was captured), (3) Sampling date, defined as
the day of the season on which the Bd sample was taken (the
first three variables correspond to P2 outlined in the intro-
duction), (4) SVL at the sampling date (P3), (5) Body condi-
tion at the sampling date (P4), (6) Minimum air temperature
registered during the 2 days preceding the sampling date in
the meteorological station located less than 1.5 km away of
the farthest pond (P5) (following Ferndndez-Beaskoetxea
et al. 2015), and (7) Breeding pond used for reproduction.
For variable (5) body condition, we calculated separately for
sexes the residuals from a quadratic least squares regression
of body mass against SVL. For variable (7) ‘breeding pond’,
we coded data as one of just two levels to be included as a
random effect in the models: ‘Laguna Grande’ and ‘other
ponds’, because third of the study toads bred at the main
pond Laguna Grande and no individuals were recorded to
have moved between ponds within a breeding season or
among years. To test P1—that individual toads varied in
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infection intensity—we compared the best models to a null
model of infection intensity.

Infection samples’ analyses

DNA was extracted using PrepMan Ultra reagent and extrac-
tions were diluted 1:10 before qPCR amplification follow-
ing Boyle et al. (2004). Samples were run in duplicate and
against negative and positive controls (with known concen-
trations of 0.1, 1, 10, and 100 genomic equivalents of zoo-
spores, hereafter referred to as GE). A sample was assigned
as positive when the infection load was equal to or higher
than 0.1, and the amplification curve presented a robust
sigmoidal shape. When just one replicate of a sample was
amplified successfully, the sample was analysed a third time
and considered positive if the curve of the third amplifica-
tion represented a positive result.

Data analysis

All continuous variables were log transformed to reach nor-
mality after adding different quantities to deal with negative
or zero values (those values being 1, 3, and 22 for infection
intensity, minimum air temperature, and body condition,
respectively). We used partial correlation analyses to iden-
tify and discard any variables that were strongly correlated
with each other. Using the remaining variables, we fitted
general linear mixed models (GLMM) to partition the vari-
ance in infection intensity of toads considering six independ-
ent components of variation: inter-individual differences
(with individual toads as the levels of a random factor),
among ponds variability (with ‘Laguna Grande’ and ‘other
ponds’ as the levels of a random factor), and four continuous
independent variables that were not correlated with each
other as fixed effects. These four were: stay length, SVL,
body condition, and minimum air temperature. The two
random factors (pond ID, and toad ID nested within pond
ID) were included in every model, along with all possible
combinations of one, two, or three continuous independent
variables, and the full model containing both random factors
and all four continuous fixed effects. Homoscedasticity and
normality of residuals of the GLMMs were visually checked
and did not deviate from the canonical assumptions. Models
were ranked according to the corrected Akaike Information
Criterion (AICc). Models within 5 AIC units of each other
were considered equally well supported. The year was not
included into the models, because the variable ‘minimum
air temperature’ accounts the possible environmental differ-
ences across years and the random factor ‘individual’ deals
with the repeated measures among years.

Finally, we calculated the daily averaged SVL and body
condition, as well as the total number of captures per day,
along the different breeding seasons during the study
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period independently for Laguna Grande and for the rest of
the ponds, and used three different analyses of covariance
(ANCOVA) to check the variation in body size (SVL), body
condition, and number of captured males between ponds and
across days. Additionally, we fitted an additional GLMM,
with individual and pond as random factors, to test any
change in body condition between the first and last time, an
individual was captured was related to stay length. Again,
these continuous variables were log transformed to reach
normality after adding different quantities to deal with nega-
tive or zero values, and homoscedasticity and normality of
residuals were visually checked and did not deviate from the
canonical assumptions. These analyses included individuals
excluded from previous analyses on the basis of their lack
of Bd infection data.

Results

In total, 150 Bd samples taken from 108 unique male toads
were collected over the study period. Seventy-nine individu-
als were captured once, 19 captured twice, 7 captures thrice,
and 3 captured four times. For each of these samples, the
seven variables previously described were calculated. Forty-
nine samples tested positive for Bd (33%). Of the 79 cap-
tured once 50 were negative, 29 positive. Of the 19 captured
twice, 13 were negative both times, four positive on only
one of the two captures, and two positive both times. Of the
seven captured three times, one was negative on all three,
five positive twice, and one positive on all three occasions.
Of the three toads captured four times, one was negative on
all four captures, one was positive once, and one positive on
all four captures.

The variable ‘stay length’ was significantly correlated
with ‘day of arrival’ and ‘sampling day’ (partial correla-
tions: — 0.3900, p <0.0001 and 0.4359, p <0.0001, respec-
tively), and ‘sampling day’ was also correlated with ‘day of
arrival’ (partial correlation: 0.8750, p < 0.0001). Therefore,
‘day of arrival’ and ‘sampling day’ were not included in
further analyses.

The 15 different candidate GLMs appear in Table 1.
Eleven out of the 15 possible models have lower AICs coef-
ficients than the null model (AICc=363.7). The full model
appears in the fifth position, while the best model includes
just the ‘length of stay’ and ‘body condition’ as explanatory
variables. The second and the third best models additionally
include the ‘minimum air temperature’ or ‘SVL’, respec-
tively, and the fourth one includes just the ‘length of stay’.
The first four models are within 3 AICc units of each other.
The best seven performing models are within 5 AICc units of
each other and all include the variable ‘length of stay’. When
‘length of stay’ and ‘body condition’ are excluded from
the model, the performance drops off considerably—the
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Table 1 Model selection results according to the corrected Akaike
Information Criterion (AICc) obtained for the Bd infection intensity
(in logarithm) of male Bufo spinosus considering six independent
components of variation by using general linear mixed models: inter-

‘Laguna Grande’ and ‘other ponds’ as the levels of a random factor),
number of days spend in the pond until sampling date (stay length),
snout—vent length (SVL), body condition, and minimum air tempera-
ture (MinAirT) registered during the 2 days preceding the sampling

individual differences (with individual toads as the levels of a ran- date

dom factor and nested within pond), among ponds variability (with

Continuous independent variables included AlCc AAICc AICc weight
Stay length + body condition 355.1 - 0.408

Stay length +body condition + MinAirT 357.2 2.1 0.142

Stay length +body condition+ SVL 357.3 2.2 0.136

Stay length 357.5 24 0.122

Stay length + body condition + SVL + MinAirT 359.5 44 0.046

Stay length + MinAirT 359.7 4.6 0.042

Stay length+SVL 359.7 4.6 0.042

Body condition 360.8 5.7 0.024

Stay length +SVL +MinAirT 361.9 6.8 0.014

Body condition+MinAirT 362.7 7.6 0.009

Body condition+SVL 362.9 7.8 0.008

Body condition + SVL +MinAirT 364.9 9.8 0.003
MinAirT 365.7 10.6 0.002

SVL 365.8 10.7 0.002

SVL +MinAirT 367.8 12.7 0.001

The AICc figure for the null model (i.e., containing just both random factors) is 363.7

best-performing model without these variables being more ~ along the breeding season (F, ;;;=— 3.7, p=0.0003;

than 10 AICc units from the best model including it. All
possible models indicate a strong effect of individual toad
identity on the Bd infection loads (Wald’s test, p < 0.0147),
but not pond identity (Wald’s test, p >0.5295). That is, some
individuals harbour higher infection intensity levels than
others (P1), but the infection intensities among ponds are
similar. The predictor variable contributing most to the best
model is ‘stay length’ (F ;;3=6.86, p=0.0100), followed
by ‘body condition” (F| 146=4.97, p=0.0273). In both cases,
the higher values of ‘stay length’ and ‘body condition’, the
higher infection intensities: males that spend more time in
water for reproduction, and males showing better body con-
dition indices tend to have higher Bd infections (Fig. 1). The
best model parameter estimates for the length of stay in the
water (0.1911) suggests that for every 1% increase in the
length of stay, the Bd copy number increases by 1.21%. On
the other hand, SVL and ‘minimum air temperature’ did not
contribute significantly to any of the models.

Using the entire data set, SVL was negatively related to
the day of the season (F 1,=6.8, p=0.0107; Fig. 2A) in
both groups of ponds, but was smaller at Laguna Grande
that in the rest of the ponds (mean+ SE; 78.7 +0.52 vs.
83.3+0.48; Fy jp4=41.9, p<0.0001). Body condition
did not change across the day of the season (F;g,=1.3,
p=0.1850; Fig. 2B) and was lower at Laguna Grande than in
the other ponds (= 1.42+0.63 vs. 2.85+0.67; F go=21.5,
p<0.0001; Fig. 2B). The number of captures decreased

Fig. 2C) and was higher at Laguna Grande than in the
rest of the ponds (13.0+1.04 vs. 9.1+£1.00; Fy ;;;=7.1,
p=0.0089). Finally, the change in body condition was posi-
tively related with stay length; that is, during their time in
the pond males increased their mass in accordance with the
duration of their stay (£ 533 =11.5, p=0.0003).

Discussion

The infection intensity of a host may be a key predictor of
both the impacts of a pathogen and the likelihood of that
individual transmitting infection to others in the population.
As such, it is an important epidemiological variable to meas-
ure and understand if we want to improve our knowledge
of how and why infectious pathogens are transmitted and
spread, as well as their population-level effects. According
to these analyses, the adult stage of a widespread, abundant,
temperate amphibian host suggest that individuals vary in
their infection intensity (P1), and the exhibited variation is
associated, to differing degrees, with the duration of time
an animal spends in the water (P2) and its body condition
(P4). Typically, animals of good quality, that spent longer
in water, would have higher infection levels than individuals
with the opposite set of traits. We discuss these findings in
detail below.
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Fig. 1 a Relationship between the stay length (defined as the number
of days from date of arrival to date of sampling) of male Bufo spino-
sus in water for reproduction and their Bd infection load at the date of
sampling. Red points (left panel) are averaged values (across days and
seasons) of individuals with good body condition, and blue points
(left panel) are for individuals with poor body condition. b Relation-
ship between SVL and mass of male B. spinosus with good (red) and
poor (blue) body condition indexes. Colored areas indicate 95% con-
fidence intervals

The length of time an adult toad spent in the water body
was the strongest predictor of the infection intensity exhib-
ited. This variable was present in the top seven performing
models, and model performance dropped off considerably in
its absence. Males spending more time in water for reproduc-
tion will likely experience more contacts with environmental
sources of Bd zoospores, with other adult Bufo in the pond
for breeding purposes, and individuals of other species that
may contribute disproportionately towards infection (in this
case, overwintering Salamandra salamandra larvae which
maintain high prevalence of infection across the whole year;
Bosch et al. 2020). Combined, this higher level of infec-
tious contacts experienced will, all else being equal, lead
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to a greater number of opportunities to become infected or
re-infected (Rachowicz and Briggs 2007). This potentially
supports the idea that in adults of pond-breeding, temperate
amphibians, transmission increases as a function of density
of potential sources of infection, rather than being held more
evenly as host density increases (as would be the case with
frequency-dependent transmission McCallum et al. 2001;
Begon et al. 2002).

Our results suggest that body condition (measured by a
commonly used body condition index) is a good predictor
of infection intensity (body condition appeared in models
1, 2, 3, and 5). Typically, higher quality males exhibited
higher infection intensities. The relationship between body
condition and infection intensity is complex and not always
easy to predict or understand (Beldomenico and Begon
2010). On one hand, better quality hosts may be more capa-
ble of launching stronger immune responses, making the
environment more hostile for potentially infecting patho-
gens. If better quality hosts were more capable for launching
stronger immune responses, we would simply expect higher
condition hosts to exhibit lower probability of infection
and lower infection load. However, empirical evidence in
a range of host—pathogen systems highlight that the rela-
tionship between infection load and host condition may be
underpinned by a number of mechanisms working in differ-
ent ways (Sanchez et al. 2018).

Our data suggest that higher condition males were more
likely to have higher Bd infection load. One possibility here
is that higher condition individuals are better able to employ
a strategy of tolerating the negative impacts of pathogen
infection, rather than expending more energy by resisting or
clearing it. The strategy of infection tolerance has been iden-
tified in a number of host—pathogen systems, in which it has
been linked specifically to metrics of host condition (Arriero
et al. 2018; Budischak et al. 2018; Kutzer et al. 2016; but
see Athanasiadou et al. 2015). Here, adult males enter the
water body for increased mating opportunities at the risk of
pathogen exposure. Perhaps, those individuals are trading
off the costs of pursuing a strategy of infection tolerance
with increased mating opportunities, and only those of the
best condition can do so successfully. The idea that adult B.
spinosus are employing a strategy of tolerating infection is
supported by previous research on this system, showing that
adult males lose infection following post-breeding migration
and are not re-infected until the following year’s return to the
breeding ponds (Daversa et al. 2018). This loss of infection
upon leaving the waterbody is consistent with this strategy;
better condition individuals can tolerate infection, max-
imise their reproductive opportunities, and minimise their
risk of mortality due to disease, because the non-breeding
part of the cycle affords them the opportunity of clearing
infection and of recuperating their energetic losses. Further,
our results suggest that males tended to increase in body
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Fig.2 Averaged values

(mean + SE) of SVL (a), body
condition (b) and number of
captures (c¢) of male Bufo spi-
nosus per date of the breeding
period in ‘Laguna Grande’ pond
and the rest of the ponds (‘other
ponds’) where the species
breeds at the Sierra de Guadar-
rama National Park in Madrid
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condition in a manner that was positively correlated with
the duration of their stay in the water, although we were
unable to determine whether infection intensity was coupled
with this change and also varied longitudinally. The positive
associations between stay duration, change in body condi-
tion, and infection intensity in our dataset are correlative, but
could suggest the presence of condition-related trade-offs in
breeding success and pathogen exposure strategies within
this species and warrant further research.

It is also possible that fecundity compensation or ter-
minal investment could help explain individuals in better
condition having higher infection loads, and in their ten-
dency to increase in condition. Individual-level trade-offs
between reproduction and survival can lead to plasticity
in phenotypes around the breeding season. For example, if
a host is infected with a parasite that negatively impacts
its survival or is chronic, current reproductive effort can
increase, because future reproductive opportunities may be
compromised (Roznik et al. 2015, Valenzuela-Sanchez et al.
2021, 2022). In our data, we may see this effect with indi-
viduals having increased their reproductive effort (in this
case expressed by their body condition and the time they
stay in water for reproduction) in response to an elevated
infection burden, potentially at the cost of reduced survival
post-breeding (Palomar et al. 2023). Previous research on
bufonid species suggests that males with higher body con-
dition may maintain higher volumes of sperm and higher
fertilisation rates than individuals of lower initial condition
(Hettyey et al. 2009), and may also more likely to pair with
females rather than participate in breeding balls or remain
single (Gastén and Vaira 2020). It is therefore possible that
larger individuals are better able to pursue the tactic of a
prolonged breeding season than lower condition animals.
At the level of the site, male adult toads at the pond with the
largest breeding population (Laguna Grande) were signifi-
cantly smaller (measured by SVL) and in poorer condition
(measured by body condition index) than those from other
ponds. Although our data cannot identify the mechanism
underlying this pattern, it is feasible that that the higher
density of toads at this site would also increase competition
between individuals, but as density and pathogen impacts
can work synergistically, it is feasible that both are important
in explained the pattern observed in our data.

In larval amphibians, water temperature is often
an accurate proxy for infection load (e.g., Fernandez-
Beaskoetxea et al. 2015), but here, in adults, there is
an apparent absence of a relationship. This fact can be
explained by two reasons that are not mutually exclu-
sive. First, air temperature cannot be perfectly correlated
with water temperature during the toad breeding season,
because ice is melting, lowering the water temperature.
Second, during the breeding season, adult males exchange
their locations from water to land surrounding the breeding

@ Springer

ponds and, therefore, both land and water temperatures are
possibly dictating the temperature of an individual male
toad.

Our findings add to the body of knowledge around
infection dynamics in temperate, pond-breeding amphib-
ians. Much previous knowledge has been based around
larval amphibians on account of their relative ease of
sampling and study. These data add to that knowledge
and identify commonalities between the life-stages of an
abundant, widespread host of Bd. As with larvae of tem-
perate species (Bielby et al. 2022), the duration of time
spent in the waterbody predicted higher levels of infection
load. In addition, we found that the condition of the host
matters; individuals in better condition harboured higher
infections, perhaps due to a shift in reproductive strategy
(Roznik et al. 2015) or a strategy of tolerance—rather than
resistance—to infection (Kutzer et al. 2016; Valenzuela-
Séanchez et al. 2021). These findings have applied applica-
tions—e.g., which individuals in a pond would be priority
for removal or treatment—but also theoretical implications
related to the trade-offs made, the plasticity exhibited, and
possibly the evolution of traits in response to Bd exposure
and infection.

Acknowledgements We thank S. Fernandez-Beaskoetxea, O. Quiroga,
C. Monsalve, and C. Sausor for field and laboratory assistance, and J.
A. Vielva and all people working at Guadarrama National Park for their
continuous support.

Author contribution statement JBo conceived the ideas and designed
methodology; JBo and BT collected the data; JBo and BT analysed the
data; JBi and JBo led the writing of the manuscript. All authors contrib-
uted critically to the drafts and gave the final approval for publication.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This study was funded by Organismo
Auténomo Parques Nacionales of Spain (Project Ref. 2399/2017, PI:
JBo). BT was supported by ‘Doctorados Industriales de la Comunidad
de Madrid’ (Ref. IND2020/AMB-17438).

Availability of data and materials The datasets analysed during the cur-
rent study are available from the corresponding author on reasonable

request.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable institutional and/or national guidelines
for the care and use of animals were followed. The animal research
was carried out in accordance with the EU Directive 2010/63/EU for
animal experiments and was approved by the animal ethics committee
of CSIC; reference number 666/2018.

Consent to participate Not applicable.

Consent for publication Not applicable.



Oecologia

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arriero E, Pérez-Tris J, Ramirez A, Remacha C (2018) Trade-off
between tolerance and resistance to infections: an experimental
approach with malaria parasites in a passerine bird. Oecologia
188:1001-1010

Athanasiadou S, Tolossa K, Debela E, Tolera A, Houdijk JG (2015)
Tolerance and resistance to a nematode challenge are not always
mutually exclusive. Int J Parasitol 45:277-282

Bates KA, Clare FC, O’Hanlon S, Bosch J, Brookes L, Hopkins K,
McLaughlin EJ, Daniel O, Garner TW, Fisher MC, Harrison
XA (2018) Amphibian chytridiomycosis outbreak dynamics
are linked with host skin bacterial community structure. Nat
Commun 9:1-11

Begon M, Bennett M, Bowers RG, French NP, Hazel SM, Turner J
(2002) A clarification of transmission terms in host-micropar-
asite models: numbers, densities and areas. Epidemiol Infect
129:147-153

Beldomenico PM, Begon M (2010) Disease spread, susceptibil-
ity and infection intensity: vicious circles? Trends Ecol Evol
25:21-27. https://doi.org/10.1016/j.tree.2009.06.015

Bielby J, Cooper N, Cunningham AA, Garner TWJ, Purvis A (2008)
Predicting susceptibility to future declines in the world’s frogs.
Conserv Lett 1:82-90

Bielby J, Sausor C, Monsalve-Carcafio C, Bosch J (2022) Tempera-
ture and duration of exposure drive infection intensity with the
amphibian pathogen Batrachochytrium dendrobatidis. Peerl]
10:12889

Bosch J, Martinez-Solano I (2006) Chytrid fungus infection related
to unusual mortalities of Salamandra salamandra and Bufo bufo
in the Pefialara Natural Park, Spain. Oryx 40:84-89

Bosch J, Rincén PA (2008) Chytridiomycosis-mediated expansion of
Bufo bufo in a montane area of Central Spain: an indirect effect
of the disease. Divers Distrib 14:637-643

Bosch J, Martinez-Solano I, Garcia-Paris M (2001) Evidence of a
chytrid fungus infection involved in the decline of the common
midwife toad (Alytes obstetricans) in protected areas of central
Spain. Biol Conserv 97:331-337

Bosch J, Fernandez-Beaskoetxea S, Scherer RD, Amburgey SM,
Muths E (2014) Demography of common toads after local
extirpation of co-occurring midwife toads. Amphib-Reptil
35:293-303

Bosch J, Fernandez-Beaskoetxea S, Garner TWIJ, Carrascal LM
(2018) Long-term monitoring of an amphibian community after
a climate change-and infectious disease-driven species extirpa-
tion. Glob Change Biol 24:2622-2632

Bosch J, Carrascal LM, Manica A, Garner TWJ (2020) Significant
reductions of host abundance weakly impact infection intensity
of Batrachochytrium dendrobatidis. PLoS ONE 15:€0242913

Boyle DG, Boyle DB, Olsen V, Morgan JAT, Hyatt AD (2004) Rapid
quantitative detection of chytridiomycosis (Batrachochytrium

dendrobatidis) in amphibian samples using real-time Tagman
PCR assay. Dis Aquat Org 60:141-148

Bradley PW, Brawner MD, Raffel TR, Rohr JR, Olson DH, Blaustein
AR (2019) Shifts in temperature influence how Batra-
chochytrium dendrobatidis infects amphibian larvae. PLoS
ONE 14:e0222237

Briggs CJ, Knapp RA, Vredenburg VT (2010) Enzootic and epizo-
otic dynamics of the chytrid fungal pathogen of amphibians.
Proc Natl Acad Sci USA 107:9695-9700

Budischak SA, O’Neal D, Jolles AE, Ezenwa VO (2018) Differential
host responses to parasitism shape divergent fitness costs of infec-
tion. Funct Ecol 32:324-333

Clare FC, Halder JB, Daniel O, Bielby J, Semenov MA, Jombart T,
Loyau A, Schmeller DS, Cunningham AA, Rowcliffe M, Garner
TWIJ (2016) Climate forcing of an emerging pathogenic fungus
across a montane multi-host community. Philos Trans R Soc B
371:20150454

Daversa DR, Monsalve-Carcaiio C, Carrascal LM, Bosch L (2018)
Seasonal migrations, body temperature fluctuations, and infection
dynamics in adult amphibians. Peer] 6:e4698

Daversa DR, Bosch J, Manica A, Garner TWJ, Fenton A (2022) Host
identity matters—up to a point: the community context of Batra-
chochytrium dendrobatidis transmission. Am Nat 200:584-597

DiRenzo GV, Langhammer PF, Zamudio KR, Lips KR (2014) Fungal
infection intensity and zoospore output of Atelopus zeteki, a poten-
tial acute chytrid supershedder. PLoS ONE 9:¢93356

Farrer RA, Weinert LA, Bielby J, Garner TWJ, Balloux F, Clare F,
Bosch J, Cunningham AA, Weldon C, du Preez LH, Anderson
L (2011) Multiple emergences of genetically diverse amphibian-
infecting chytrids include a globalized hypervirulent recombinant
lineage. Proc Natl Acad Sci USA 108:18732-18736

Fernandez-Beaskoetxea S, Carrascal LM, Fernandez-Loras A, Fisher
MC, Bosch J (2015) Short term minimum water temperatures
determine levels of infection by the amphibian chytrid fungus in
Alytes obstetricans tadpoles. PLoS ONE 10:e0120237

Fernandez-Beaskoetxea S, Bosch J, Bielby J (2016) Infection and trans-
mission heterogeneity of a multi-host pathogen (Batrachochytrium
dendrobatidis) within an amphibian community. Dis Aquat Org
118:11-20

Garner TWIJ, Walker S, Bosch J, Leech S, Rowcliffe JM, Cunningham
AA et al (2009) Life history trade-offs influence mortality associ-
ated with the amphibian pathogen Batrachochytrium dendroba-
tidis. Oikos 118:783-791

Gastén MS, Vaira M (2020) Male mating success is related to body
condition and stress-induced leukocyte response in an anuran with
scramble competition. Can J Zool 98:391-398

Gervasi S, Gondhalekar C, Olson DH, Blaustein AR (2013) Host iden-
tity matters in the amphibian-Batrachochytrium dendrobatidis
system: fine-scale patterns of variation in responses to a multi-
host pathogen. PLoS ONE 8:e54490

Greenberg DA, Palen W], Mooers A (2017) Amphibian species traits,
evolutionary history and environment predict Batrachochytrium
dendrobatidis infection patterns, but not extinction risk. Evol Appl
10:1130-1145

Hettyey A, Vagi B, Hevizi G, Toeroek J (2009) Changes in sperm
stores, ejaculate size, fertilization success, and sexual motivation
over repeated matings in the common toad, Bufo bufo (Anura:
Bufonidae). Biol J Linn Soc 96:361-371

Hoverman JT, Gray MJ, Haislip NA, Miller DL (2011) Phylogeny,
life history, and ecology contribute to differences in amphibian
susceptibility to ranaviruses. EcoHealth 8:301-319

Kuris AM, Blaustein AR, Alio JJ (1980) Hosts as islands. Am Nat
116:570-586

Kutzer MA, Armitage SA (2016) Maximising fitness in the face of
parasites: a review of host tolerance. Zoology 119:281-289

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.tree.2009.06.015

Oecologia

McCallum H, Barlow N, Hone J (2001) How should pathogen transmis-
sion be modelled? Trends Ecol Evol 16:295-300

Palomar G, Fernandez-Chacén A, Bosch J (2023) Amphibian
survival compromised by long-term effects of chytrid fun-
gus. Biodivers Conserv 32:793-809. https://doi.org/10.1007/
$10531-022-02525-3

Rachowicz LJ, Briggs CJ (2007) Quantifying the disease transmission
function: effects of density on Batrachochytrium dendrobatidis
transmission in the mountain yellow-legged frog Rana muscosa.
J Anim Ecol 76:711-721

Rollins-Smith LA (1998) Metamorphosis and the amphibian immune
system. Immunol Rev 166:221-230

Rosa GM, Sabino-Pinto J, Laurentino TG, Martel A, Pasmans F,
Rebelo R, Griffiths RA, Stohr AC, Marschang RE, Price SJ, Gar-
ner TWJ, Bosch J (2017) Impact of asynchronous emergence of
two lethal pathogens on amphibian assemblages. Sci Rep 7:1-10

Rosa GM, Perez R, Richards LA, Richards-Zawacki CL, Smilanich
AM, Reinert LK, Rollins-Smith LA, Wetzel DP, Voyles J (2022)
Seasonality of host immunity in a tropical disease system. Eco-
sphere 13:e4158

Rothstein AP, Byrne AQ, Knapp RA, Briggs CJ, Voyles J, Richards-
Zawacki CL, Rosenblum EB (2021) Divergent regional evolution-
ary histories of a devastating global amphibian pathogen. Proc R
Soc Lond B 288:20210782

Roznik EA, Sapsford SJ, Pike DA, Schwarzkopf L, Alford RA (2015)
Condition-dependent reproductive effort in frogs infected by a
widespread pathogen. Proc R Soc Lond B 282:20150694. https://
doi.org/10.1098/rspb.2015.0694

Sanchez CA, Becker DJ, Teitelbaum CS, Barriga P, Brown LM, Majew-
ska AA, Hall RJ, Altizer S (2018) On the relationship between
body condition and parasite infection in wildlife: a review and
meta-analysis. Ecol Lett 21:1869-1884

@ Springer

Scheele BC, Pasmans F, Skerratt LF, Berger L, Martel A, Beukema W
et al (2019) Amphibian fungal panzootic causes catastrophic and
ongoing loss of biodiversity. Science 363:1459-1463

Skerratt LF, Berger L, Speare R, Cashins S, McDonald KR, Phillott
AD et al (2007) Spread of chytridiomycosis has caused the rapid
global decline and extinction of frogs. EcoHealth 4:125-134

Valenzuela-Sanchez A, Wilber MQ, Canessa S, Bacigalupe LD, Muths
E, Schmidt BR et al (2021) Why disease ecology needs life-his-
tory theory: a host perspective. Ecol Lett 24:876-890

Valenzuela-Sanchez A, Azat C, Cunningham AA, Delgado S, Baci-
galupe LD, Beltrand J et al (2022) Interpopulation differences in
male reproductive effort drive the population dynamics of a host
exposed to an emerging fungal pathogen. J Anim Ecol 91:308-319

Voyles J, Johnson LR, Rohr J, Kelly R, Barron C, Miller D, Minster J,
Rosenblum EB (2017) Diversity in growth patterns among strains
of the lethal fungal pathogen Batrachochytrium dendrobatidis
across extended thermal optima. Oecologia 184:363-373

Vredenburg VT, Knapp RA, Tunstall TS, Briggs CJ (2010) Dynamics
of an emerging disease drive large-scale amphibian population
extinctions. Proc Natl Acad Sci USA 107:9689-9694

Walker SF, Bosch J, Gomez V, Garner TWJ, Cunningham AA, Schmel-
ler DS, Ninyerola M, Henk DA, Ginestet C, Arthur CP, Fisher MC
(2010) Factors driving pathogenicity vs. prevalence of amphibian
panzootic chytridiomycosis in Iberia. Ecol Lett 13:372-382

Wilber MQ, Ohmer ME, Altman KA, Brannelly LA, LaBumbard BC,
Le Sage EH, McDonnell NB, Muiiiz Torres AY, Nordheim CL,
Pfab F, Richards-Zawacki CL (2022) Once a reservoir, always a
reservoir? Seasonality affects the pathogen maintenance potential
of amphibian hosts. Ecology 103:e3759


https://doi.org/10.1007/s10531-022-02525-3
https://doi.org/10.1007/s10531-022-02525-3
https://doi.org/10.1098/rspb.2015.0694
https://doi.org/10.1098/rspb.2015.0694

	Drivers of Batrachochytrium dendrobatidis infection load, with evidence of infection tolerance in adult male toads (Bufo spinosus)
	Abstract
	Introduction
	Materials and methods
	Study site and species
	Study variables
	Infection samples’ analyses
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References


