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Abstract

Tremoleu, miserables! Que el turment més terrible us espera, per
tota U'eternitat!

— Josep M. Folch i Torres, Els Pastorets
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Amphibians are the most threatened vertebrates on Earth, with emerging
infectious diseases playing a critical role in their global declines. In
Europe, chytridiomycosis, caused by the fungal pathogens
Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans (Bsal), has
contributed to severe population losses. Despite its ecological
significance, Catalonia (NE Spain), home to 15 native amphibian species,
remains largely understudied in terms of amphibian health and pathogen
surveillance. This thesis addresses key knowledge gaps in the
epidemiology of chytridiomycosis in Catalonia by combining
methodological validation, pathogen surveillance, and ecological
analyses across multiple amphibian hosts. The overarching goal was to
assess chytridiomycosis prevalence, identify environmental and
anthropogenic drivers of infection, and evaluate host-pathogen-
environment interactions through a series of field studies conducted
between 2018 and 2024. The thesis comprises four empirical chapters.

In Chapter 1, we evaluated the use of passive integrated transponder (PIT)
tags for marking urodeles. We found that tag retention and wound healing
varied significantly by species, emphasizing the need for species-specific
validations. PIT tagging proved reliable in Salamandra Salamandra and
Pleurodeles waltl, but not in Calotriton asper, reinforcing the importance
of ethical and evidence-based tagging protocols in wildlife research.

Chapter 2 presents the first region-wide Bd and Bsal survey in Catalonia,
encompassing over 3,200 amphibians from 14 species and 41 sites. Bd
was detected in 141 individuals from eight species, indicating widespread
endemicity, while Bsal was not detected. Bd occurrence was significantly
influenced by summer temperatures and human disturbance.
Notably, Alytes obstetricans larvae and Hyla meridionalis showed high
infection prevalence and loads without overt disease signs, suggesting
they may act as tolerant reservoir hosts. Other species showed lower
prevalence, with variable susceptibility.

In Chapter 3, we investigated the potential of the amphibian skin
microbiome as a health indicator. Using 16S rRNA long-read sequencing,
we analyzed the microbiomes of H. meridionalis and Pelophylax perezi,
two species with contrasting Bd responses. Our results showed species-
specific microbial profiles, but no consistent association with Bd infection
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status. This suggests that the skin microbiome may contribute to
interspecific differences in susceptibility, warranting further investigation
into its role in resistance and tolerance. These findings support
incorporating microbiome analyses into long-term monitoring programs.

Chapter 4 documents one of the first cases of Bd-Bsal coinfection in wild
European amphibians and the first in Iberian urodeles. Coinfection was
observed in two urodele species —one endemic, one introduced — during a
2018 chytridiomycosis outbreak. Infection loads were high, and
histopathology revealed severe lesions and inflammation, suggesting
synergistic interactions between the pathogens and raising concerns
about compounded impacts on host immunity and population viability.

Collectively, this thesis reveals the complexity of chytridiomycosis
epidemiology in a biodiverse but under-monitored region. We
demonstrate that Bd is widespread in Catalonia, with variable responses
among amphibian species that span a continuum of resistance and
tolerance. Subclinically infected species may act as pathogen reservoirs,
while more susceptible taxa risk population declines. Importantly, we
show that anthropogenic disturbance and climate are key drivers of
infection dynamics, highlighting the need for integrative conservation
approaches that consider both environmental and biological factors.

This thesis provides a foundational framework for chytrid disease
surveillance and amphibian health assessment in Catalonia. It
emphasizes the wurgency of ethical monitoring methodologies,
microbiome-informed strategies, and multispecies disease management.
As amphibians continue to face escalating threats from habitat
degradation, climate change, and infectious diseases, such
comprehensive and context-specific research is essential for effective
conservation action — both in Catalonia and globally.
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Resum

Els amfibis son els vertebrats més amenacats del planeta, amb les
malalties infeccioses emergents com a causa clau del seu declivi global.
A Europa, la quitridiomicosi, causada pels fongs Batrachochytrium
dendrobatidis (Bd) i B. salamandrivorans (Bsal), ha provocat declivis
poblacional severs. Tot i la seva importancia ecologica, Catalunya (NE
d’Espanya), amb 15 especies d’amfibis autoctones, ha estat poc
estudiada pel que fa a la salut dels amfibis i la vigilancia de patogens.
Aquesta tesi aborda buits clau sobre Uepidemiologia de la quitridiomicosi
a Catalunya mitjancant la combinacio de validaciéo metodologica, estudis
de vigilancia i analisis ecologiques en multiples hostes amfibis. L’objectiu
principal ha estat avaluar la prevalenca de la quitridiomicosi, identificar
factors ambientals i antropogenics que influeixen en la infeccid, i analitzar
les interaccions hoste-patogens-ambient a través d’una série d’estudis de
camp entre 2018 i 2024. La tesi s’estructura en quatre capitols empirics.

Al Capitol 1, hem avaluat 'us de microxips per al marcatge d’urodels. Els
nostres resultats constaten que la retencio dels xips i la cicatritzacié de
ferides varia segons 'especie, destacant la necessitat de validar el seu Us
en cada especie. Mentre que el marcatge amb xips va ser fiable
en Salamandra salamandra i Pleurodeles waltl, no ho va ser en Calotriton
asper, reforcant la importancia d’aplicar protocols etics i basats en
Uevidéncia en la recerca de fauna salvatge.

El Capitol 2 presenta la primera avaluacio a escala regional de Bd i Bsal a
Catalunya, amb més de 3.200 amfibis de 14 especies i 41 localitats
mostrejades. Bd es va detectar en 141 individus de vuit espéecies, indicant
una endemicitat generalitzada, mentre que Bsal no es va detectar. La
preseéncia de Bd es va veure significativament influenciada per la
temperatura estival i per Uimpacte antropogenic. Les larves d’Alytes
obstetricans i Hyla meridionalis van mostrar altes prevalences i carregues
infeccioses sense signes clinics, suggerint un possible paper com a
hostes reservori. Altres espéecies van mostrar prevalences menors, amb
una susceptibilitat variable.

Al Capitol 3, es va explorar el potencial del microbioma cutani com a
indicador de salut en amfibis. Mitjangcant la sequenciacié delgen 16S rRNA
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de lectura llarga, es van analitzar els microbiomes de H. meridionalis i
Pelophylax perezi, dues espéecies amb respostes contrastades davant Bd.
Es van detectar perfils microbians especifics per espécie, pero sense cap
associacio consistent amb Uestat d’infeccid per Bd. Aixo suggereix que el
microbioma cutani podria contribuir a les diferencies de susceptibilitat, i
posen de manifest la necessitat d’aprofundir en el seu paper en la
resistencia i la tolerancia. Aquest capitol posa en valor la integracio de
analisi del microbioma en la vigilancia de la salut d’amfibis a llarg termini.

El Capitol 4 documenta un dels primers casos de coinfeccié Bd-Bsal en
amfibis salvatges europeus, i el primer en urodels iberics. Aquesta
coinfeccid es va observar en dues espeécies de urodels — una endéemica i
una introduida — durant un brot de quitridiomicosi al 2018. Es van detectar
carregues infeccioses elevades i lesions greus i inflamacid, suggerint
interaccions sinergiques entre patogens. Aquestes troballes generen
preocupacio sobre els impactes acumulatius de la coinfeccié en la
immunitat dels hostes i la viabilitat poblacional.

En conjunt, aquesta tesi revela la complexitat de Uepidemiologia de la
quitridiomicosi en una regio biodiversa perd escassament monitoritzada.
Demostrem que Bd esta ampliament distribuit a Catalunya, amb
respostes variables entre espécies d’amfibis que abasten un espectre de
resistencia i tolerancia. Les especies que mantenen infeccions
subcliniques poden actuar com a reservoris del patogen, mentre que les
meés susceptibles poden patir declivis poblacionals. A més, identifiquem
que lalteraciéo humana i el clima son factors clau en la dinamica de la
infeccio, reforcant la necessitat d’estrategies de conservacio integradores
gue considerin tant factors ambientals com biologics.

Aquest treball proporciona un marc fonamental per a la vigilancia de la
quitridiomicosi i la salut dels amfibis a Catalunya. Subratlla la urgencia
d’utilitzar metodologies etiques de mostreig, estrategies basades en el
microbioma, i enfocs de gestié multispecifics. Davant U'escalada de les
amenaces que enfronten els amfibis, com la degradaci6 de Uhabitat, el
canvi climatic i les malalties infeccioses, aquesta recerca representa una
contribucié essencial per a guiar accions de conservacio efectives, tant a
escala local com global.
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Introduction

Pare, digueu-me que li han fet al riu que ja no canta.

Rellisca com un barb

mort sota un pam d'escuma blanca.
Pare, que elriu ja no és el riu.

Pare, abans que torni l'estiu,
amagui tot el que és viu.

— Joan Manuel Serrat, Pare
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Introduction
Biodiversity in crisis

Earth’s biodiversity is currently suffering dramatic and unprecedented
declines. Biodiversity encompasses all species of animals, plants, fungi
and microorganisms, the genes they contain, and the ecosystems and
ecological processes they are part of. Simply put, biodiversity is an
umbrella term for nature’s variety and function. The existential threats
biodiversity faces are now evident across all species and ecosystems,
reaching the level of a global crisis.

We are witnessing species extinctions at rates 100 - 1,000 times higher
than the background extinction rates observed in the fossil record, with
projections suggesting these rates could increase by an additional 10 - 100
times over the next 50 years (Pimm et al., 2014). The International Union
for Conservation of Nature (IUCN) estimates that more than 45,300
species are threatened with extinction and extinction risk is increasing for
all assessedtaxa (IUCN, 2024). Among vertebrates, the rates of population
loss are striking, with 32% of species decreasing in population size and
range and 40% of mammals having lost over 80% of their populations
(Ceballos et al., 2017). The most comprehensive analysis of the global
state of nature, the Living Planet Index (LPI), shows an average 69% decline
in animal populations across the globe since 1970 (WWF, 2022). At an
ecosystem level, initial assessments are also concerning. In Europe alone,
36% of terrestrial and 19% of marine ecosystems are endangered (IUCN-
CEM, 2022).

Overall, it is now clear that we are in the midst of the Earth’s sixth mass
extinction and studies indicate that this will be the most alarming in
history, both in terms of magnitude and root causes (Ceballos et al., 2017;
Cowie et al.,, 2022; McCallum, 2015; Pimm et al.,, 2014; Wake &
Vredenburg, 2008).

Drivers of biodiversity loss

In contrast to the five previous mass extinction events, the current
biodiversity losses are predominantly caused directly and indirectly by a
single actor, the Homo sapiens. The impact of humans on biodiversity has
escalated rapidly since the 1970s, due to the demands of an unceasing
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population growth and affluence. Today, Earth’s ecosystems are largely
and increasingly dominated by humans and no ecosystem is free of human
influence (Vitousek et al., 1997). Human activities have and continue to
transform land surfaces, alter biogeochemical cycles and modify species
assemblages and genetics. These disturbances further alter
environmental processes by driving global climate and biodiversity losses,
perpetuating a vicious cycle of ecosystem degradation and
dysfunctionality. According to the IPBES report, the ultimate (direct) drivers
of biodiversity loss are land/sea-use change, overexploitation, invasive
species, pollution and climate change (IPBES, 2019; Millennium
Ecosystem Assessment, 2005).

Land/sea-use change is the most pervasive driver of species extinctions
and ecosystem collapse. Natural areas have been converted to anthropic
cover types including agricultural lands, pastures and cities (IPBES, 2019).
Agricultural expansionis the primary form of land use change, representing
over one third of the terrestrial surface. Moreover, technological
advancements continually enhance land conversion and extraction
capacity, increasing the magnitude and extent of impacts. Species native
to these transformed lands suffer from habitat loss and the remaining
natural areas are often too fragmented to allow biological processes such
as migration or reproduction.

Overexploitation refers to the extraction of living beings and non-living
materials from nature. A striking example of this is seen in fisheries. About
three-quarters of major marine fish stocks are fully exploited,
overexploited or depleted (IPBES, 2019). Most fisheries focus on larger
species or top predators, whose disappearance has cascading effects that
threaten the stability of marine food webs and ecosystems (Myers et al.,
2007). Furthermore, the incidental capture of non-target species (bycatch)
such as marine mammals, turtles or seabirds, is common. Besides
fisheries, humans exploit natural resources like freshwater or timber and
deplete highly valued species for status goods, traditional medicine and
pet trade.

Humanity has rearranged biological systems by moving and mixing floras
and faunas that had evolved separately, known as biological invasions.
Invasive species are present around the globe and are particularly harmful
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Introduction

on islands. Most invasions are effectively irreversible, compromise the
survival of native species and can disrupt the entire ecosystem. Pollution
and human-induced climate change are the most recent anthropogenic
impacts on biodiversity. Many chemicals used in industry or agriculture are
toxic to living beings, including humans, and persist in the environment for
decades. Even non-toxic compounds can cause environmental problems,
for example, volatile chlorofluorocarbons lead to the breakdown of
stratospheric ozone. Also, the emission of greenhouse gases contributes
directly to climate change. Human-induced climate change is having far-
reaching impacts on geophysical and biological processes. Climate
change includes global warming, increasing extreme weather events,
changes in precipitation, sea levelrise, etc. As a consequence, species are
shifting their distribution toward higher latitudes or altitudes (Root et al.,
2003) or succumbing to extreme events; primary productivity is being
altered, with effects propagating upward through the food web, forcing
entire ecosystems to either adapt or collapse. Moreover, climate change
tends to amplify other drivers and interactions among different drivers
result in synergistic impacts on biodiversity.

The impact of disease

Emerging infectious diseases (EID) are increasingly recognized as key
threats to biodiversity conservation (Daszak et al., 2000). The increasing
frequency of EID is also the result of human activities, which alter the
ecology of hosts, pathogens or both. As mentioned above, globalization
and human transport of animals, plants and their products have resulted
in biological invasions. Similarly, these activities can introduce non-native
infectious agents into naive host populations, known as pathogen
pollution. Naive populations, lacking defenses against novel infectious
agents, may subsequently experience overt disease, mass mortalities,
population declines, or even extinctions. Human-induced climate change
is also expanding the native range of parasites, by enhancing the survival
of free-living agents or increasing the range of arthropod vectors (Gray et
al., 2009). However, not only novel pathogens have the potential to drive
biodiversity losses. Environmental stress caused by human encroachment
into wildlife habitats, habitat disturbance and loss, pollution and climate
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change can impair host immune defenses. This can increase host
susceptibility to endemic agents that were previously innocuous and
trigger disease outbreaks (Acevedo-Whitehouse & Duffus, 2009). Disease
also interacts with other threats to biodiversity and populations already
depleted have a higher risk of extinction due to unpredictable events such
as disease (De Castro & Bolker, 2005). Moreover, small populations
generally present low genetic variability associated with reduced immune
response effectivity and increased susceptibility to disease. On the other
hand, disease can also drive host populations to such low densities that
extinction risk rises due to demographic fluctuations or stochasticity.

An intertwined future

Biodiversity loss is acknowledged as one of humanity's most significant
challenges in the coming decades (UNEP, 2023). Biodiversity is tightly
linked to human well-being by providing food, water and energy security,
protection against natural disasters, physical and mental health, social
relations and cultural values. The emergence of human and domestic
animal diseases shares common causal themes with emerging wildlife
diseases (Fig. 1) (Daszak et al., 2000). Moreover, mounting evidence
indicates that biodiversity loss frequently increases the transmission of
both well-established and novel diseases (Keesing et al., 2006; Keesing &
Ostfeld, 2012). The COVID-19 pandemic perfectly exemplifies how
anthropogenic activities drive zoonotic disease emergence and stresses
the importance of preserving intact ecosystems and their endemic
biodiversity in securing human health (Lawler et al., 2021).
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Figure 1. The host-pathogen continuum between wildlife, domestic animals and
humans. Arrows present the key factors driving disease emergence, which share
common themes among all three groups and are the consequence of human activities.
From Daszak et al. (2000).

The benefits humanity obtains from well-functioning natural communities
are collectively known as ecosystem services and they can be divided into
supporting, regulating, provisioning and cultural services (Millennium
Ecosystem Assessment, 2005). The global monetary value of ecosystem
services is estimated to range from $125 to $145 trillion annually,
contributing more than twice as much to human well-being as the global
domestic product (Costanza et al., 2014). The loss of wild populations and
degradation of ecosystems, thus, compromises the functioning of our life-
support system, the sustainment of economic activity, and domestic
animal and human health. Despite 30 years of policy interventions aimed
at halting biodiversity loss, the problem is still far from being addressed.
Therefore, we now have the inescapable responsibility and necessity of
monitoring, protecting and restoring our planet’s natural heritage to ensure
the welfare of current and future generations.
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Introduction

Amphibians: the creatures that live a double life

Amphibians were the first vertebrates ever to conquer the land.
Amphibians evolved in the Devonian period, around 370 million years ago,
from a lobe-finned fish ancestor with functional lungs. They flourished
during the Carboniferous and Permian periods, even becoming dominant
species in ancient ecological communities. However, the rise of reptiles,
birds and mammals later challenged the hegemony of amphibians in
terrestrial environments. Despite this, amphibian’s ecological adaptations
such as morphological diversity, niche specialization, reproductive
strategies and skin physiology, cannot be overshadowed by any other taxa.
Modern amphibians continue to be a diverse and ecologically significant
group, highlighting the remarkable adaptability and resilience of life on
Earth.

Amphibians are ectothermic, anamniotic, tetrapod vertebrates
characterized by their unique ability to live both in water and on land. This
dual lifestyle is reflected in their name, meaning “double life” in Greek, and
refers to the generalized life history trait of amphibians undergoing
metamorphosis. Metamorphosis typically implies a complete
transformation from aquatic larval forms into terrestrial adults. However,
numerous variations and exceptions exist to this classical process,
allowing amphibians to exploit a wide range of ecological niches.
Amphibians thrive in aquatic, semi-aquatic and terrestrial environments,
including freshwater, wetland, forest, grassland, desert, alpine,
subterranean, arboreal and human-modified ecosystems, and are native
to all continents except for Antarctica.

Taxonomic features

Today, the Amphibian class comprises 8,838 species divided into three
Orders (Lissamphibia): Anura (7,783 species), Urodela/Caudata (830
species) and Gymnophiona (225 species) (Frost, 2024). Anurans and
Urodeles are phylogenetically more closely related to each other than
either is to Gymnophiona (Fig. 2). The three orders are morphologically
unmistakable and distinctly distributed around the world (Fig. 3).
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The order Anura, meaning “without tail” in Greek, includes all species of
frogs and toads, characterized by the lack of a tail in their adult form and
long hindlimbs compared to shorter forelimbs. These singular long hind
limbs enable them to make prodigious leaps, exceeding 2 meters in some
species. The common nomenclature of “frog” and “toad” has no
taxonomic justification. Species with mainly aquatic lifestyles and
smooth, moist skins are usually referred to as frogs, while terrestrial
species with warty, dry skins are typically considered toads. Anurans can
range in size from the 7.7-millimeters Amau frog (Paedophryne
amanuensis), the smallest vertebrate on Earth, to over 30 cm in the Goliath
frog (Conraua goliath). They are the amphibian order with the greatest
number of described species and widest distribution, although they are
especially abundant in the tropics.

Leiopelmatoidea (6)
Discoglossoidea (21)
Pipoidea (42)
Pelobatoidea (228)

Anura

Cryptobranchoidea (72)

-I- Sirenoidea (4)

Caudata

A

Salamandroidea

A

Rhinatrematidae (11)
Ichythyophiidae (57)

Crown Group
Caecilians (141)

Gymnophiona

Figure 2. The amphibian tree of life. Phylogenetic tree representing the three amphibian
orders with the number of species for major suborders and/or clades in parentheses.
Figure adapted from Wake & Koo (2018).
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The order Urodela, “tailed ones” in Greek, consists of salamanders and
newts, which present a tail both in their larval and adult stages.
Salamander bodies are slender, with short limbs projecting at right angles
and an overall lizard-like appearance. As with frogs and toads, the common
names “salamander” and “newt” are not taxonomically straightforward.
Salamander usually refers to species with a terrestrial lifestyle while newts
are viewed as mostly aquatic species. However, some classifications
consider that salamander is an inclusive group, and newts are
salamanders within the subfamily Pleurodelinae. Urodele size can also
vary greatly, reachingup to 1.8 minthe Chinese Giant Salamander (Andrias
davidianus), the largest amphibian in the world. Urodeles are mainly
distributed in northern regions and are absent from most large continental
and all oceanic islands.

The order Gymnophiona, “naked serpents” in Greek, represents the
caecilians, long, cylindrical, limbless, worm-like amphibians. Caecilians
remain poorly known to science due to their cryptic, mostly fossorial,
lifestyle. This way of living determines that most caecilians have
rudimentary, sometimes nonexistent eyes. They instead possess a pair of
unique sensory organs, the tentacles, located between the eyes and
nostrils that are thought to provide additional olfactory capabilities.
Caecilians are also unusual among amphibians due to their bizarre
parental care strategies, including dermatophagy and milk provisioning to
their young. Their distribution is limited to the tropics, the most restricted
among amphibian groups.
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Figure 3. Global amphibian species distribution and richness. The three amphibian
orders are distributed differently: Anurans (A) are widely distributed but more abundant
in the southern hemisphere, Urodeles (B) are mostly found in the northern hemisphere,
and Gymnophiona (C) are restricted to the tropics. Figure adapted from Wake & Koo
(2018) and based on data for 7,011 species from AmphibiaWeb and IUCN 2018.
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Introduction
Life cycle and reproductive strategies

The general life cycle of amphibians involves three stages or phases: egg,
larva or tadpole and post-metamorphic. Eggs are usually laid in water or
moist environments to prevent desiccation. Additionally, they are
commonly encased in a gelatinous substance that provides protection and
helps retain humidity. The egg stage can last from a few days to several
weeks, depending on the species and environmental conditions. Upon
hatching, larvae, called tadpoles in Anurans, are primarily aquatic and
possess features suited for life in water such as gills or a tail. Urodele larvae
typically resemble miniature adults with external gills, whereas tadpoles
differ greatly from post-metamorphic forms. Initially, larvae grow in size
until they undergo a series of changes, known as metamorphosis, in
transition to adult life (Fig. 4). Larval period is very variable, lasting for years
in some species and environmental conditions.
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Figure 4. Developmental stages of Anurans according to Gosner (1960). Stages are
divided between embryonic, hatchling, larval and metamorph development. The
hatchling stage is a transitional period from immobile embryos to active larvae and is
sometimes included in the larval period. The larval period is the longest stage, marked
by size and limb development growth. Metamorphosis climax occurs between stages
42 and 46, although some body transformations begin earlier.
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Metamorphosis is a remarkable biological process that involves a major
and usually abrupt post-embryonic transformation of a larva into a juvenile
(Laudet, 2011). This transformation invariably includes extensive
morphological changes, such as the loss of gills, the development of lungs,
the growth of limbs or the reabsorption of the tail. Morphological
remodeling is always paired with physiological, biochemical and
histological transformations in several organs and tissues. Metamorphosis
also implies an ecological transformation, in which different life stages do
not share or compete for the same resources. For example, in many frog
species, tadpoles are aquatic and herbivorous while adults are terrestrial
and carnivorous. Finally, metamorphosis is strictly connected to
environmental conditions, with changes triggering the shift from one life
stage to another.

Physiologically, these transformations are regulated by the production of
thyroid hormones that induce the transcription of target genes. Thyroid
hormone levels reach a maximum at the climax of metamorphosis, when
the greatest morphological changes occur. Upon completion of
metamorphosis, the animal emerges as a juvenile and is considered an
adult once it reaches sexual maturity. Generally speaking, post-
metamorphic amphibians possess lungs, although these may not be the
primary means for respiration and are absent in the Plethodontidae family
of salamanders; limbs, which are not present in Gymnophiona; and a skin
adapted to prevent desiccation that contains glands for mucus and
sometimes toxin production.

Despite metamorphosis being a highly successful life history strategy for
amphibians, numerous variations to this process exist, reflecting species’
adaptations to different environmental conditions and ecological niches.
Two main variations in metamorphosis are the contrasting strategies of
direct development and pedomorphosis (Elinson & del Pino, 2012; Laudet,
2011). Direct development involves the deletion of the larval stage and it
has been described in all three amphibian orders. The eggs hatch directly
into miniature adults, passing through the larval stage within the egg. This
strategy allows species to survive in the absence of waterbodies by mating
and depositing the eggs directly on land and avoiding predation of
vulnerable larvae. On the other hand, pedomorphosis is the retention of
larval morphology in sexually mature adults and is only presentin Urodela.
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Pedomorphosis can be obligate, where individuals never undergo
metamorphosis and live in aquatic habitats throughout their lives, or
facultative depending on the species. Facultative pedomorphosis provides
phenotypic plasticity and adaptation to changing and heterogeneous
environments.

Reproductive strategies in amphibians are equally varied, perhaps the
most diverse among vertebrates (Kuhnel et al., 2010). Both internal and
external fertilization occur, with offspring produced via oviparity,
ovoviviparity or viviparity. Internal fertilization is a condition for viviparity,
which is widespread in Gymnophiona but is seen across orders. External
fertilization, in contrast, is the predominant strategy in Anurans. Courtship,
mating behavior and cloacal morphology are extremely complex and
adapted to each species’ reproductive strategy (Fig. 5). Many species
display sexual dimorphism, with females often being larger than males or
sexes differing in coloration. Despite only about 10% of species showing
parental care, these are incredibly varied, with all biparental, female and
male uniparental care exhibited (Roland & O’Connell, 2015). Parental care
may involve bizarre forms of egg defense, egg incubation, larval transport
and/or offspring feeding.

Figure 5. Reproductive strategies of three European amphibians. Left: Epidalea

calamita on amplexus, a mating position where the male firmly grasps the female from
behind with his forearms. Centre: Alytes obstetricans after courtship; the male has
wrapped the string of eggs around his back legs and will look after them for over a
month, before placing them in the water to hatch. Right: Calotriton asper on amplexus,
where the male grasps the female’s trunk with his tail underwater, an adaptation to fast-
moving alpine streams. All three species are oviparous but both toads exhibit external
fertilization while the newt uses internal fertilization. Both toads also use calls to locate
each other during the reproductive season, with the natterjack toad producing
extremely loud calls and the common midwife toad emitting high-pitched whistles.
Photo credits: Ignasi Marco.
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Respiratory and skin physiology

Amphibians utilize different organs for respiration including gills, lungs and
skin (Gargaglioni & Milsom, 2007). In most species, at least two
mechanisms are functional at any given species and life stage, which can
be independently perfused in different proportions. Additionally, two
different respiratory media can be used: water and air. Aquatic larvae and
paedomorphic species primarily rely on gills for gas exchange. Lungs are
used for air-breathing and usually develop during metamorphosis,
although they may be already present in larvae. Amphibian lungs are
primitive, saclike structures with few internal septa and large alveoli.
Therefore, the oxygen diffusion rate into blood is slower than in other
vertebrates. Gill and lung ventilation is achieved by buccal or pharyngeal
pumping of water or air, respectively.

Finally, all species and life stages can exchange respiratory gases from
water or air through the skin (Tattersall, 2007). Amphibian skin is highly
permeable and has a rich vasculature that facilitates oxygen uptake and
elimination of carbon dioxide. To allow gas exchange, the epidermis needs
to be relatively thin, consequently causing high water loss rates in
amphibians and explaining their close link with water. Cutaneous
respiration represents a different proportion of all respiration depending on
species, life stage, season and even local skin areas. In some species, it
may be the only means of respiration, such as in the terrestrial lungless
salamanders or aquatic species without gills. Regulation of this respiratory
mechanism probably involves neural and hormonal control of the
cutaneous vasculature.

In addition to gas exchange, skin is responsible for osmoregulation,
hydration status, thermoregulation, defense and communication
functions in amphibians. Essential ions, such as Na* or Cl, are actively
transported and absorbed through the skin (Larsen, 2021). Water intake is
also controlled by the skin, through aquaporin channels, rather than by oral
drinking. The ventral pelvic region, known as the drink patch, is the body
region of highest water absorption in most species since it has increased
vascularization and surface area. Hence, amphibian skin governs and
ensures whole-body homeostasis.
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Two types of glands are present on amphibian skin and are essential for
physical and chemical defense against predators and pathogens (Toledo &
Jared, 1995). Mucous glands produce a cutaneous surface fluid that
prevents desiccation, aids respiration and skin shedding, and makes the
animal slippery, facilitating escape from predators. On the other hand,
granular or poison glands produce noxious or toxic secretions that are
discharged when adrenergic receptors are stimulated after alarm or injury.
Some bioactive molecules secreted by granular glands are categorized as
antimicrobial peptides (AMPs)(Rollins-Smith et al., 2005). They have
potent activity against bacteria, fungi, protozoa and viruses, representing a
first line of defense against pathogens. AMPs, hence, play a role in the
innate immune response of the skin and contribute to immune
modulation, chemotaxis and healing among others. As in other
vertebrates, amphibian immune defenses consist of both innate and
adaptive components. However, the immune mechanisms in amphibian
skin are complex and remain poorly understood.

Global amphibian declines

During the First World Congress of Herpetology in 1989, scientists began
to be concerned about potential worldwide amphibian population
declines and extinctions. Some declines started as early as the 1970s,
were occurring simultaneously across vast distances and were even
happening in protected and pristine areas (Collins & Storfer, 2003). The
lack of scientific consensus and comprehensive knowledge triggered the
IUCN to establish an investigation task force, the Global Amphibian
Assessment (GAA) in 2004 (Stuart et al., 2004). This assessment aimed to
gather data on the distribution, abundance, population trends, habitat and
threats of all described amphibian species. The results of the GAA and later
assessments are clear: amphibians are the most endangered vertebrates
on Earth.

Currently, over 41% of all amphibian species are globally threatened (i.e.
listed as Vulnerable, Endangered or Critically Endangered in the [IUCN Red
List), which is far above the levels of threat for mammals (26%) or birds
(12%) (IUCN, 2024). At least 3,603 species are experiencing population
declines whereas only 27 species show positive trends (IUCN, 2024).
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Although the exact number of recent extinctions is difficult to prove, the
GAA estimated that between 9 and 122 amphibian species might have
gone extinct since 1980 (Stuart et al., 2004). Moreover, these numbers are
probably underestimated since 911 species are still too poorly studied to
be assessed, and classified as Data Deficient in the Red List (IUCN, 2024).

The drivers of these declines were largely unknown, and scientists
explored the potential contribution of habitat loss, overexploitation
(human trade and consumption), introduced predators, ultraviolet
radiation, pollution, climate change, diseases and interactions among
these (Alford & Richards, 1999; Collins & Storfer, 2003; Pounds et al.,
2006). The GAA classified declining species based on the causes of their
decline into “overexploited”, “reduced-habitat” and “enigmatic decline”
(Stuart et al., 2004). This last group included species disappearing even
when suitable habitat remained and for reasons not fully understood. Also,
the number of “enigmatic-decline” species increased with increasing
levels of threat, suggesting that the causal factors were rapid and powerful
extinction drivers. Rapidly declining species were frequent in the
Neotropics, but while reduced-habitat species occurred widely in different
continents, overexploited species were concentrated in East and
Southeast Asia and enigmatic-decline species were restricted to South
and Meso America and Australia (Fig. 6).

Despite the GAA confirming that amphibian population declines were rapid
and could not be explained by the typical causes of biodiversity loss, the
ultimate driver of these enigmatic declines was still unknown. During the
early 2000s, accumulating evidence indicated that infectious diseases
were the most plausible explanation for these declines and extinctions. In
particular, the emergence of amphibian chytridiomycosis, a disease
caused by the fungal pathogen Batrachochytrium dendrobatidis, provided
the clearest link between disease and declines (Berger et al., 1998; Daszak
et al., 2003; Lips et al., 2006). Nowadays, there is no doubt that
chytridiomycosis has decimated amphibian populations worldwide and
has even been considered “the worst vertebrate disease in recorded
history” (Gascon, 2007).
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Figure 6. Distribution of rapidly declining amphibian species according to the dominant
causal factors. Blue = overexploited; Green = reduced-habitat; Red = enigmatic
declines. Darker colors indicate larger numbers of declining species. From Stuart et al.
(2004).

The value of amphibians

Modern amphibians may go unnoticed in human daily life and have
traditionally been neglected species for conservation science. However,
amphibians are vital in maintaining healthy and resilient ecosystems and
provide ecosystem services to human societies. Amphibians are virtually
ubiquitous and provide services in all four categories of ecosystem
services: supporting, regulating, provisioning and cultural (Millennium
Ecosystem Assessment, 2005).

Supporting services include contributions to the ecosystem’s physical
structure and functioning. Amphibians are important contributors to
regional diversity and aquatic and terrestrial food webs (Hocking & Babbitt,
2014). Herbivorous tadpoles regulate primary production, maintaining
water quality and preventing eutrophication (Alonso et al., 2024). Adults
and carnivorous larvae feed primarily on invertebrates and exert top-down
controlover prey populations. On the other hand, amphibians are essential
prey for numerous larger predators such as reptiles, birds or fish. The
decrease in amphibian populations has even been linked to the collapse
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of predator populations in some areas (Zipkin et al., 2020). Overall,
amphibians contribute to ecosystem functions by facilitating nutrient
cycling and energy flow between terrestrial and aquatic ecosystems. They
also directly affect ecosystem structure by physical habitat modification
through soil burrowing and bioturbation.

Regulating services provided by amphibians include the control of pest
outbreaks and disease transmission (Hocking & Babbitt, 2014). Predation
of mosquitoes by amphibians has been demonstrated to be significant,
particularly in ephemeral wetlands that cannot support fish. The ability to
reduce mosquito larvae abundance is well exemplified by certain species,
such as the mole salamander (Ambystoma talpoideum), with individuals
capable of consuming up to 900 mosquito larvae per day (DuRant &
Hopkins, 2008). This mosquito reduction can, in turn, decrease the
transmission of mosquito-borne diseases. In Central America, amphibian
collapses have been associated with increased human malaria incidence
(Springborn et al., 2022). This suggests that amphibians may have an
underappreciated impact on public health and human welfare.

Amphibians also contribute to provisioning services by producing useable
products such as food or medicine (Hocking & Babbitt, 2014). Frog legs are
consumed worldwide and amphibian meat is a significant source of
proteinin regions like Southeast Asia. Numerous medical advantages have
also become possible thanks to amphibians, from traditional medicine
and pregnancy tests in the 20" century to modern medical research. The
diverse array of chemicals and antimicrobial peptides produced by their
skin offer starting points for developing new drugs. Moreover, amphibians
are excellent research models for studying tissue regeneration due to their
remarkable ability to regrow limbs and even organs.

Cultural services of amphibians to human societies extend globally and
across centuries. They feature prominently in mythology, such as in China
and Japan, biblical plagues, and medieval Europe, where frogs and toads
were associated with magic and witchcraft. Amphibians also appear
frequently in the arts, including music, literature, decorations, and jewelry
(Fig. 7). In modern times, amphibians are depicted in children's books,
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movies, and toys. Additionally, their aesthetic appeal and relative ease of

maintenance make them popular pets.

Figure 7. Examples of art depicting amphibians. Left: mural fragment from the 7" to 10"
century from Cacaxtla, Mexico. Center: print of a frog by the Japanese artist Matsumoto
Hoji, from 1814. Right: Kermit the Frog, arguably Jim Henson’s most famous Muppet
character, created in 1955.

Amphibians are highly sensitive to environmental changes due to their
permeable skin and dual life cycle, which exposes them to both aquatic
and terrestrial threats. Therefore, declines in amphibian populations can
signal broader environmental issues and serve as indicator species for
ecosystem health. By conserving amphibian populations, we not only
protect these species but also sustain the intricate web of ecological
interactions and services that support our environment and well-being.
Promoting amphibian conservation can thus have far-reaching socio-
economic benefits, highlighting the importance of these often-overlooked
creatures in maintaining a healthy and resilient planet.
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Amphibians in Catalonia

Catalonia, in the northeastern corner of Spain, is home to 15 native
amphibian species. Itis considered an area of high amphibian richness, as
species from different bioregions, habitats and altitudes are present
(Pleguezuelos et al., 2002). Two endemic species inhabit Catalonia, the
Pyrenean brook newt (Calotriton asper), endemic to the Pyrenees, and the
Montseny brook newt (C. arnoldi). The Montseny brook newt is uniquely
endemic to Catalonia and s classified as critically endangered by the IUCN
red list due to its low population numbers and extremely limited
distribution, a single mountain range. One species, the Graf’s hybrid frog
(Pelophylax kl. grafi) is a hybridogenic species and is grossly
indistinguishable from the Perez’s frog (Pelophylax perezi). For the purpose
of this thesis, this species has not been treated separately or included in
species counts and descriptions.

The main characteristics, nomenclature and distribution of Catalonian
amphibians are summarized below in a series of tables, organized by
amphibian Order and Family.
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Salamandridae
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Species

Common
name

Distribution

IUCN
status

Comments

Salamandra

salamandra

Fire
salamander

VU

Mostly terrestrial and
nocturnal habits. Females
approach water to give birth
to live larvae. Prefers
deciduous forests where it is
usually seen on rainy nights,
but found on diverse
habitats and altitudes.

Pleurodeles
waltl

Iberian
ribbed newt

LC

Largest European newt. As a
defense mechanism it can
protrude the ribs through the
dorsolateral tubercles in the
skin. Mostly aquatic and
limited to areas with
Mediterranean climate.

Calotriton
asper

Pyrenean
brook newt

LC

Endemic to the Pyrenees
and pre-Pyrenean areas.
Mostly aquatic, lives in cold
and well oxygenated lakes
and streams. Mating occurs
underwater, where the male
wraps the tail around the
female’s body.
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Calotriton
arnoldi

Montseny
brook newt

CR

Very similar to the Pyrenean
brook newt. More aquatic,
smaller and with smoother

skin. Distribution limited to a

few streams in a single
mountain range, the
Montseny.

Triturus
marmoratus

Marbled
newt

VU

Medium to large colorful
newt. Habitat opportunist.
Generally only aquatic
during reproduction, when
males display a large wavy
crest from the neck to the tip
of the tail.

Lissotriton
helveticus

Palmate
newt

' ~

v‘.‘ -

P

LC

Small smooth-skinned
newt. Found in a great
variety of habitats and
altitudes. Only aquatic
during reproduction, when
males develop a caudal
filament, a dorsal crest and
webbed hind feet.
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Alytes
obstetricans

Common
midwife
toad

LC

Small, robust and cryptic
toad. Terrestrial and
nocturnal habits. Found ina
wide variety of habitats and
altitudes, from montane to
urbanized. Dwells close to
water bodies, where males
deposit the eggs to hatch.

Discoglossus
pictus

Painted
frog

LC

Medium-sized frog that was
introduced into Catalonia
from Algeria in the XIX
century. Opportunistic in
habitat and lifestyle but
preference for Mediterranean
areas. Two morphotypes
exist, spotted and stripped.

Pelobates
cultripes

Western
spadefoot

-
& r

“% ..r'{".:),‘— 2

VU

Big smooth-skinned toad,
has a black spade on
hindfeet that helps it dig
burrows where it hides during
the day. Terrestrial, except for
reproduction, and adapted to
sandy and agricultural open
habitats.
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Pelodytidae

Pelodytes
punctatus

Common
parsley frog

LC

Small and slender frog with
warty skin. Nocturnal and
fairly cryptic. Breeds in
sunny open, shallow or
temporary waters and even
in brackish waters or
cultivated areas. Is a skillful
climber.

Bufo
spinosus

Spiny toad

LC

Classical toad, bulky and
with warty skin. Terrestrial
and nocturn. Foundin a
great variety of habitats from
forests to wetlands, open
fields, urban, montane
areas and often away from
water bodies.

Epidalea
calamita

Natterjack
toad

LC

Medium-sized toad, moves
with short runs instead of
hopping. Adapted to sandy
and heathland areas and
even urban/agricultural
areas. Opportunistic
breeder throughout the year

in temporary shallow ponds.
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Hylidae

meridionalis

Hyla

Stripeless
tree frog

LC

Small smooth frog with long hind
legs. Fingertips have adhesive
discs adapted to climb. Found in
diverse lowland habitats mostly
in vegetation near waterbodies.
Males have large vocal sacs to
produce very loud calls.

Rana
temporaria

European
common
frog

LC

Medium-to-large frog.
Confined to montane cold
areas in southern Europe,

Pyrenees and pre-Pyrenees in
Catalonia. Semi-aquatic,
breeds explosively in lakes and

fens after the snowmelt.

Pelophylax
perezi

Iberian
green frog

LC

Large frog with brown to green
coloration. Widespread and
common, usually diurnal and
conspicuous due to its loud
calls. Mostly aquatic, found in
all kinds of water bodies but
absent in alpine ecosystems.

Photo credits: Ignasi Marco, Xavier Fernandez Aguilar, Johan Espunyes, Life Tritd Montseny (Felix Amat). Distribution
maps edited from Garcia-salmerdn et al. (2022). IUCN status: LC = Least Concern, VU = Vulnerable, CR = Critically

Endangered (IUCN, 2024).
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Chytridiomycosis: the worst disease ever recorded

Amphibian chytridiomycosis is a disease caused by two chytrid fungi:
Batrachochytrium dendrobatidis and B. salamandrivorans (hereafter Bd
and Bsal, respectively). Chytridiomycosis was first reported as a cause of
mortality in wild and captive frogs from Australia and the Americas (Berger
et al., 1998). Simultaneously, Bd was discovered as a new species of
chytridomycete fungi and as the causal agent of these mortality outbreaks
(Longcore et al., 1999). However, Bd probably emerged during the 1970s,
when amphibian declines became noticeable around the globe (Lips,
2016). Since its discovery, Bd has been demonstrated as the sole cause of
catastrophic declines and extinctions in numerous amphibian
populations. In 2010, a second chytrid pathogen was discovered causing
lethal disease and steep declines in salamander populations in
northwestern Europe (Martel et al., 2013). The extent of the amphibian
crisis and the demonstration of chytridiomycosis as a cause of some
declines stimulated an extensive research effort. Although most studies
focus on Bd, we currently know many aspects of chytrid fungi phylogeny,
origin, distribution, ecology and impact. Nevertheless, disease mitigation
remains a major challenge and chytridiomycosis continues to be a
significant threat to amphibian conservation.

Life cycle and pathogenesis

Both Bd and Bsal have a non-mycelial morphology, characterized by two
main life stages (Fig. 8): a motile flagellated zoospore and a reproductive
thallus that produces zoosporangium with asexual zoospores (Berger et
al., 2005; Longcore et al., 1999). Zoospores are free-living and act as the
dispersal stage, being able to survive in the environment for a variable
period. Zoospores invade the basal layers of the amphibian epidermis
where they germinate, the flagellum is reabsorbed and a cell wall is
formed. Immature sporangia are transported from the deeper layers to the
skin surface, following epidermal cell maturation and suggesting a long
history of evolution of these pathogens with their amphibian hosts. Large
numbers of infectious zoospores are then generated inside the maturing
sporangia and released into the environment through a discharge tube that
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opensonthe cell surface. These new zoospores are immediately infectious
and therefore self-reinfection is possible.

.:i‘

Aquatic, motile zoospore
initiates colonization of
host skin cells

Zoospore embeds in host cell
and develops into a thallus

Zoospores are released and enter
water column or reinfect host

Thallus matures and new
zoospores begin to develop
in zoosporangia

Figure 8. Life cycle of the pathogenic chytrid fungi Batrachochytrium dendrobatidis and
B. salamandrivorans. Adapted from Rosenblum et al. (2010).

The life cycle of chytrid fungi is highly temperature-dependent with optimal
growth occurring between 17-25°C and 10-15°C for Bd and Bsal,
respectively (Longcore et al., 1999; Martel et al., 2013). Growth can still
take place outside these ranges at slower rates and both pathogens appear
able to survive temperatures below 5°C, whereas death may occur at
>28°C for Bd and >25°C for Bsal (Van Rooij et al., 2015). Under laboratory
conditions at 22°C, the life cycle of Bd takes 4 to 5 days to complete and is
expected to be similar in amphibian hosts (Berger et al., 2005).
Environmentally resistant non-motile spores have been identified only in
Bsal (Stegen et al., 2017).

Chytrid fungi only colonize amphibian keratinizing stratified epidermis.
Therefore, the distribution of sporangia follows the distribution of keratin in
adults and larvae. In tadpoles, colonization is restricted to their keratinized
mouthparts and during metamorphosis infection progresses following the
keratinization of epithelia which begins on the hindlimbs (Marantelli et al.,
2004). By the end of metamorphosis, the infection has spread throughout
the skin of the amphibian host, covering the whole body, head, limbs and
tail. The skin is an essential organ for amphibians and chytrid colonization
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impairs many of the skin’s vital functions. The presence of sporangia
disrupts the physical structure of the epidermis, interfering with
osmoregulation. This results in reduced plasma sodium, potassium and
chloride ion concentrations, leading to abnormal cardiac electrical activity
and cardiac arrest (Voyles et al., 2009).

Clinical signs in post-metamorphic amphibians may be undetectable and
sudden death without obvious disease is common. When present, signs
include excessive skin shedding, erythema or skin discoloration, lethargy,
anorexia, abnormal posture, aberrant swimming and loss of righting reflex
(Van Rooij et al., 2015). The pelvic patch, feet and toes are predilection
sites of infection. In tadpoles, clinical signs are limited to depigmentation
of the mouthparts, although sub-lethal effects may be possible (Hanlon et
al., 2015). Conversely, Bsal chytridiomycosis is characterized by multifocal
superficial erosions and ulcerations throughout the body. Microscopically,
numerous sporangia can be seen in the keratinized layers of the skin,
associated with severe hyperkeratosis, hyperplasia, erosions and
ulcerations (Fig. 9). Inflammatory response is typically absent; however
mild inflammation may be seen associated with secondary bacterial
infections (Grogan et al., 2018). Dissemination to deeper skin layers or
internal organs does not occur.

Figure 9. Clinical signs and pathology of chytridiomycosis caused by Batrachochytrium

dendrobatidis. (a) Naturally infected Alytes obstetricans showing excessive skin
shedding. (b) Microscopy of a skin section from the same animal revealing diffuse
hyperkeratosis, hyperplasia and numerous intracellular zoosporangia; HE, scale bar 50

pm. (c) Intracellular septate zoosporangia; HE; scale bar 10 um. From Van Rooij et al.
(2015).
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Emergence and impact

Until recently, there has been much debate about the origins Bd and Bsal,
particularly about whether they were recently introduced pathogens
(Novel Pathogen Hypothesis), or whether they were endemic pathogens
and amphibian mortalities were due to shifts in host susceptibility,
pathogen virulence or environmental changes (Endemic Pathogen
Hypothesis). These were crucial questions since they had implications for
understanding the drivers of emergence and for successful disease
mitigation and conservation actions.

The documentation of Bd arrival and spread coinciding with wave-like
amphibian declines provided some support for the novel pathogen
hypothesis (Lips et al., 2006; Skerratt et al., 2007). However, it wasn’t until
the application of whole-genome sequencing that the spatiotemporal
origins of chytrid fungi were solved (Hanlon et al., 2018). Hanlon et al.,
(2018) demonstrated that Bd had different genetic lineages, with one,
BdASIA-1, exhibiting the greatest genetic diversity and hallmarks of an
ancestral population. Therefore, East Asia is now believed to be the origin
of Bd and the source of other Bd lineages. Bd is currently distributed
worldwide, but the amphibian pandemic is attributed to the emergence of
a single lineage, BdGPL (Global Pandemic Lineage), which shows a recent
and near-simultaneous expansion (Hanlon et al., 2018). This expansion
took place in the 20" century, coinciding with the global expansion of
amphibian trade for exotic pets, medical and food purposes. In fact, the
commercial trade of amphibians has been identified as the main driver of
the chytridiomycosis pandemic. Live traded amphibians are commonly
infected with Bd and intercontinental transmission is ongoing (Hanlon et
al., 2018; Schloegel et al., 2009). Similarly, Bsal likely originated in Asia and
has recently been introduced through amphibian trade into European
naive populations (Martel et al.,, 2014). To date, Bsal has only been
detected outside Asia in the Netherlands, Belgium, Germany and Spain
(Martel et al., 2014, 2020; Sabino-Pinto et al., 2015). Owing to the
importance of trade in chytrid fungi emergence, the infection by both
pathogens has been included in the World Organization for Animal Health
(WOAH, previously OIE) list of reportable diseases (WOAH, 2024a).
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Amphibian chytridiomycosis pandemic has been referred to as the worst
disease ever recorded due to its impacts on biodiversity. Recent
assessments, demonstrate the role of chytridiomycosis in the decline of at
least 501 amphibian species in all three amphibian orders, including 90
presumed total extinctions (Scheele et al., 2019). All the declines were
attributed to Bd, except for the decline of Salamandra salamandra in
Europe, which was caused by Bsal. The greatest impacts have been noted
on large-bodied and range-restricted anurans from wet climates in the
Americas and Australia, probably due to reduced reproductive potential of
hosts and optimal environmental conditions for Bd (Fig. 10). No declines
have been reported in Asia, where amphibians are considered resistant
due to their long interactions with the pathogens. Of all declined species,
only 12% are showing signs of population recovery, while population
trends are unknown for 49% and 39% are suffering ongoing declines. After
initial invasion, some susceptible host populations can survive the
epidemic phase and persist with endemic infections. However, endemic
disease can have cryptic effects by causing slow declines, suppressing
population densities or increasing the vulnerability to other threats and
inducing population extirpation even at low pathogen prevalence
(Valenzuela-Sanchez et al., 2017).
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Figure 10. Worldwide distribution and severity of amphibian declines caused by
chytridiomycosis. Bars indicate the number (N) of species that suffered declines
grouped by geographic region and severity. From Scheele et al. (2019).
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The ability of chytrid fungi to cause population declines and extinctions is
attributable to its broad host range (Olson et al.,, 2021), high
transmissibility within and between amphibian species, persistence in
reservoir hosts and the environment (De Castro & Bolker, 2005) and
maintenance of high virulence (Voyles et al., 2018). Chytrid fungi have an
exceptionally broad host range, with Bd capable of infecting over 1,375
amphibian species (Olson et al., 2021). Conversely, Bsal exhibits greater
host specificity, primarily parasitizing urodele species whereas most
anurans and caecilians appear refractory or resistant to infection (Martel
et al., 2014). Nevertheless, there is a substantial variation in responses to
exposure and infection between host species, populations and life stages
(Scheele etal., 2017; Searle, Gervasi, et al., 2011; Tobler & Schmidt, 2010).
The range of outcomes to chytrid fungi infection progresses from no
infection, infection without disease, disease with limited mortality, mass
mortalities with subsequent recovery, population declines and extinctions.
Laboratory and field studies have demonstrated that several independent
but interacting factors are responsible for these variations in disease
dynamics and outcomes including pathogen, host and environmental
determinants.

The pathogen

Spatial or temporal variations in chytrid fungi virulence can influence
amphibian host survival and population impacts. As virulence factors are
genetically determined, genetic differences between pathogen lineages
and isolates can translate into variations in virulence. For Bd, phylogenetic
studies show four deeply diverged lineages: BdASIA-1, BAASIA-2BdBRAZIL,
BdCAPE and BdGPL. The BdGPL has rapidly spread worldwide and is
considered a hypervirulent lineage, based on its infectivity and lethality in
experimental exposures and its common association with
chytridiomycosis outbreaks (Hanlon et al., 2018). However, depending on
the local context, other lineages can also be responsible for lethal disease
and population declines, as seen with the hypovirulent BACAPE and Alytes
muletensis declines in Mallorca (Doddington et al., 2013). The discovery of
hybrid genotypes shows that Bd can exchange haplotypes among lineages,
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continuously generating new genomic diversity with potential virulence
shifts (Hanlon et al., 2018).

Phenotypic differences, including virulence, have been demonstrated in
vitro between Bd isolates, even over small geographical scales and within
strains (Brannelly et al., 2021). Within the same pathogen isolates,
virulence can also be maximized at optimal growth temperatures. Bd
seems susceptible to attenuation, which can be achieved in vitro after
successive passages on culture media. However, there is scant evidence
that Bd attenuation is occurring in nature and contributing to the
persistence or recovery of host populations. Conversely, the best evidence
indicates that Bd virulence has remained stable over time or even
increased in endemic populations (Brannelly et al., 2021). Finally,
pathogen infection dose determines the development of disease and
mortality in individuals and may explain different population-level
outcomes (Blaustein et al., 2018; Briggs et al., 2010). For Bsal, many of
these questions remain to be elucidated since most experimental work
has been performed using only one pathogen isolate and a small range of
infectious doses.

Moreover, interactions between coinfecting pathogens can affect infection
dynamics and outcomes. Coinfection with Bd and Ranaviruses has been
studied in several systems with contrasting results, ranging from no
interaction (Thumsova, Alarcos, et al., 2024; Warne et al., 2016) to positive
associations among pathogens (Whitfield et al., 2013). Different Bd
lineages may also co-occur within the same host, generating hybrids
(Schloegel et al., 2012) and potentially modulating pathogen impacts
(Rodriguez etal., 2014). The study of coinfections with Bd and Bsal has only
recently started to gain attention (Lotters et al., 2018), and initial results
show probable synergistic effects between both chytrid fungi. As Bsal
continues to expand its range, coinfections with Bd will be increasingly
common, potentially exacerbating the impacts of chytridiomycosis on
amphibian diversity.

The amphibian host

Central to understanding pathogen dynamics and population outcomes
are the effects of variations in host responses among different amphibian
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species, populations and life stages. Animal defenses against infection
involve two distinct but complementary mechanisms: resistance and
tolerance (Grogan et al., 2023; Raberg et al., 2009). Resistance describes
the host’s ability to prevent the establishment or limit the intensity of
infection (pathogen loads), while tolerance measures the ability to limit
detrimental effects on fitness or survival at a given pathogen load (Fig. 11).
Therefore, pathogen transmission is reduced with greater host resistance,
but amplified with greater host tolerance.
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Figure 11. Graphical representation of resistance and tolerance. Top graph: lines show
pathogen growth over time, pathogen load at time t +1 (Y-axis) given load at time t (X-
axis). Lines with shallower slopes indicate higher resistance and different lines
represent different host species, populations, life stages or individuals. The dashed line
illustrates where pathogen growth is zero (1:1 line). Bottom graph: curves show survival
probability as a function of pathogen load. Curves further to the right indicate higher
tolerance and different curves represent different host species, populations, life stages
or individuals. From Brannelly et al. (2021).
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These traits are especially valuable for describing and comparing relative
differences among amphibian hosts since both resistance and tolerance
undoubtedly contribute to the diverse impacts observed for
chytridiomycosis. Tolerant/resistant hosts within a single amphibian
species may be crucial long-term survivors, contributing to population
persistence or recovery after disease invasion. Simultaneously, tolerant
hosts are typically reservoir hosts in a community, contributing to
pathogen maintenance by sustaining high pathogen loads without
succumbingto disease. Awidespread example are anuran tadpoles, which
become infected with high infection prevalence and intensity, yet rarely
suffer mortality (Blaustein et al., 2018). Furthermore, tadpoles of some
species have very long developmental periods and act as continuous
biotic reservoirs, maintaining the infection source year-round. This is in
stark opposition with the devastating mortalities seen in recently
metamorphosed amphibians. Metamorphosis is generally the least
resistant and tolerant stage, likely due to the expansion of keratinized
epidermis and the re-modeling of the immune system and vital organs
(Grogan et al., 2023). However, the detriment of tolerant tadpoles may be
outweighed when they act as a source of new recruits, allowing population
persistence even in highly susceptible species (compensatory recruitment
is further discussed below).

Variations in resistance and tolerance may arise from differences in hosts’
immune function or host behavior. However, environmental conditions can
confound measures of intrinsic resistance and tolerance and are often
considered as an additional underlying mechanism of variation (Brannelly
et al., 2021; Grogan et al., 2023). Although many aspects of the immune
system of amphibians remain poorly understood, the basic immune
components and mechanisms are fundamentally conserved across all
vertebrates. Both innate and acquired immune components play a role in
defense against chytrid fungi, and variations in these functions can lead to
differences in resistance or tolerance among hosts (Grogan et al., 2018).

Regarding constitutive innate defenses, skin sloughing may physically
reduce or clear pathogen burdens, and skin secretions such as lysozyme
or antimicrobial peptides (AMP) can inhibit the growth of chytrid fungi.

51



Similarly, the commensal microbial communities that inhabit amphibian
skin can secrete antimicrobial compounds that repel, prevent colonization
and/or inhibit fungal growth. Both AMP and Bd-inhibitory bacteria seem
reliable predictors of species susceptibility and population impacts and
are perhaps the most well-studied components of the amphibian’s
immune system (Grogan et al., 2018). Conversely, much less is known
about other innate immune mechanisms such as pathogen recognition,
inflammation and complement activation. Across host species, cellular
immune responses are inconsistent and generally diminished, often only
present in areas of ulceration and associated with secondary bacterial
infections. Given this mostly inadequate innate immune response, the
subsequent activation of adaptive immune responses seems also
unsurprisingly defective. While there is evidence that some adaptive
immune mechanisms are activated during chytrid fungi infections, these
appear weak and non-protective to subsequent infection and disease in
most species (Brannelly et al., 2021; Grogan et al., 2018; Van Rooij et al.,
2015).

Overall, there is an apparent lack of immune response of amphibians to
chytrid fungi that could be explained by (1) lack of pathogen recognition
due to intracellular location, immune evasion or masking antigens; (2)
pathogen-induced immunosuppression by downregulation of genes
important for protective responses; or (3) a combination of both
mechanisms. The major determinants of host resistance appear to be
variations in constitutive innate defenses, including AMP and skin
microbiome (Grogan et al., 2023). On the other hand, tolerance is
associated with mechanisms related to the pathological outcome of
infection, such as direct pathogen damage to host tissues and
dysregulation of host defense mechanisms. Highly susceptible hosts have
been found to mount massively dysregulated and non-protective immune
responses that disrupt homeostatic mechanisms. This immunopathology
contributes to morbidity and mortality and, together with mechanisms of
tissue regeneration, could explain tolerance variation among hosts
(Grogan et al., 2023).

Variations in hosts’ behavior could also drive differences in resistance and
tolerance by decreasing exposure, growth or further transmission of the
pathogen (Brannelly et al., 2021). Increased exposure to warm

52



Introduction

temperatures or behavioral fever induced by infection in some species or
individuals could reduce pathogen load and promote clearance. Behaviors
that reduce aggregation of hosts or interactions with reservoir species or
environments may also decrease exposure and transmission. Moreover,
behavior can be dynamic and vary over time in a population or with
infection status. However, there is little empirical evidence of behavior
actually shaping individual resistance or tolerance and no studies have
explored variations in behavior at the population level.

Besides resistance and tolerance, populations experiencing high adult
mortality due to chytrid fungi may persist or recover due to increased
recruitment. Compensatory recruitment is effective only if the infection
has minimal impact on juveniles or larvae and if young adults successfully
breed before the prevalence and intensity of infection rise. The exact
mechanisms behind compensatory recruitment are not well understood
but may involve earlier maturation in response to low adult abundance or
to infection itself. Nevertheless, these populations may never recover to
pre-epidemic abundances and are left more vulnerable to stochastic
events.

Finally, host community composition also alters disease dynamics and the
impact on target (declining or endangered) species. The presence and
abundance of tolerant reservoir hosts or life stages in a community are key
in keeping the force of infection high enough to drive susceptible host
species to extinction. Moreover, chytridiomycosis epidemics have caused
substantial shifts in amphibian communities, altering the relative
abundance of species with different resistance and tolerance and
subsequent pathogen transmission (Brannelly et al., 2021). The force of
infection is predicted to increase or decrease with increases in the relative
abundance of tolerant and resistant hosts, respectively (Fig. 12).
Indisputably, this will impact the density and population outcome of the
target species in a particular community.
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Disease Invasion

»- -

Tolerant frog Resistant frog
Endemic Infection

Vacant niches filled by tolerant hosts Vacant niches filled by resistant hosts
”" -» W-
Increased total force of infection onto focal host Decreased total force of infection onto focal host
No Recovery Recovery

Figure 12. Consequences of changes in the frog community on a target/focal species
after disease invasion. The focal species (in yellow) represents susceptible species of
particular conservation concern. Resistant species (in purple) maintain low pathogen
loads while tolerant species (in green) maintain high pathogen loads without major
fithess effects. The size of the frog silhouette indicates relative population sizes. The
force of infection that the population of each host exerts on the focal host is
represented by the thickness of the arrows. During epidemic disease, the focal host
declines leaving an open niche. Once chytridiomycosis becomes endemic, the impact
on the persistence and recovery of the focal host depends on whether the niche is filled
by resistant or tolerant hosts. If the niche is filled by tolerant hosts, the force of infection
on the focal host increases, leading to continued declines. If resistant hosts fill the
niche, the force of infection is reduced, allowing the persistence or recovery of the focal
host. From Brannelly et al. (2021).

The environment

Environmental factors strongly influence the biology of chytrid fungi and
their ectothermic amphibian hosts. Consequently, environmental
variations can affect the prevalence or infection loads by regulating
pathogen growth and survival or the resistance/tolerance of amphibian
hosts (Scheele, Foster, etal., 2019). Areas within a species distribution that
are climatically unsuitable or where local conditions are less favorable for
chytrid fungi growth, or more favorable foramphibian immunocompetence
and reproduction are known as climatic or environmental refuges (Fig. 13).
Disease-induced mortality is reduced in these refuges, promoting host
population persistence or recovery in a subset of sites while other
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populations are extirpated. Temperature is arguably the most crucial
environmental factor influencing chytrid fungi dynamics (Blaustein et al.,
2018), and likely accounts for many variations in infection outcomes.
Chytridiomycosis impacts have been more severe in montane amphibian
species from tropical and subtropical regions, where temperatures are
optimal for Bd. Examples of divergent infection outcomes mediated by
temperature can also be seen among populations of the same species. For
example, Bd-infected Alytes muletensis populations are declining in
narrow, cool canyons, while remaining stable in more open, warmer
canyons (Doddington et al., 2013). Similarly, despite Bd infection having a
wide elevational distribution in Alytes obstetricans, disease and mortality
are only observed in a restricted elevation, coinciding with optimal
temperatures for the pathogen (Walker et al., 2010). Besides temperature,
other abiotic environmental factors including humidity, salinity or water
chemistry variables can mediate infection dynamics and impacts
(Brannelly et al., 2021).

. Environmental refuge Bd fundamental niche

(suboptimal for Bd)
______ / Host realized niche without Bd

pesnnsy

....... Host realized niche with endemic Bd

,

Geographic refugia
(Bd currently absent)
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Figure 13. Representation of potential host responses to chytrid fungi infection in a
two-dimensional space. The environmental niche of the pathogen (gray) and the
amphibian host (green) are depicted, with color fading illustrating reductions in
biological fitness in both species. Host responses include contraction to geographical
refuges where the pathogen has not been introduced, and contraction to climatic or
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environmental refuges with unsuitable/suboptimal conditions for chytrid fungi or where
amphibians can reduce or offset mortality. Susceptible amphibian species can show
allor none of these responses across their range. Bd = Batrachochytrium dendrobatidis.
Adapted from Scheele, Foster, et al. (2019).

Environmental refuges may also arise due to variations in biotic processes
that influence the presence and abundance of chytrid fungi free-living
stages. For example, aquatic microfauna in mountain lakes may predate
on free-living zoospores, lowering the environmental abundance of
infectious stages (Schmeller et al., 2014). This leads to a decrease in both
the prevalence and intensity of infection in susceptible hosts, thereby
reducing the overall impact of the disease. The aquatic macroinvertebrate
community and algae can also affect chytrid fungi dynamics, either
directly by competition or predation, or indirectly by releasing antifungal
metabolites (Van Rooij et al., 2015).

Managing chytridiomycosis in nature

Despite global consensus on the risk chytridiomycosis poses for
amphibian conservation and over 20 years of intensive research, effective
management strategies in free-living populations are scant. Preventing
pathogen introduction into new areas by controlling the movement of
amphibian reservoirs and other infection sources remains the primary and
most effective objective. However, Bd is already widespread and mitigating
disease threats or promoting host-pathogen coexistence is the most
urgent need (Brannelly et al., 2021; Garner et al., 2016). Many reviews of
potential mitigation strategies have been published. However, few studies
have tested the efficacy of specific actions empirically and, to date, most
management efforts have failed or had little success.

Reintroductions and supplementations of individuals have been
frequently attempted since they are highly appealing to the general public
and promote the idea that “something is being done” (Garner et al., 2016).
The objective of these actions is to add animals into a habitat to re-
establish a viable population of the target species. Nevertheless,
translocation projects require large and continued funds, careful planning
and evaluation and long-term monitoring (IUCN/SSC, 2013). Furthermore,
for translocations to be successful, it is essential to address the
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threatening processes that initially caused the species’ decline.
Unfortunately, this has been generally ignored and most failures have been
attributed to the continued presence of the pathogen in the environment
and the re-emergence of chytridiomycosis. Complete elimination of
chytrid fungi from the environment is virtually impossible (but see Bosch et
al. 2015); thus, translocations are unlikely to be successful when
undirected or as a sole strategy.

Several considerations and complementary strategies have been
identified for reintroductions and supplementations to be successful.
These include the translocation of animals with higher
resistance/tolerance to infection or the release into sites less conducive to
chytrid fungi. In principle, resistant or tolerant hosts could be sourced from
populations naturally coexisting with the pathogen or from selectively bred
captive colonies. However, selective breeding implies that the
mechanisms behind resistance and tolerance are known and are
genotypic traits that can be selected for (Garner et al., 2016). Currently,
there are no reports of such artificial selection for resistant/tolerant
phenotypes in amphibians. Only a few translocations tested the use of
individuals from naturally coexisting populations, with largely
unsuccessful results (Brannelly et al.,, 2016). The host and the habitat
could be also modified to reduce chytrid fungi impacts, either as part of
translocation programs or as independent strategies.

Host modification attempts have involved vaccination, treatment with
antifungals and bioaugmentation of skin microbiome. Vaccines, including
dead zoospores, fungal metabolites, infection with hypovirulent strains
and infection followed by treatment, have only been tested under
laboratory conditions to date with mixed results (Cashins et al., 2013;
McMahon et al., 2014; Stice & Briggs, 2010; Waddle et al., 2021). This likely
indicates that protective responses cannot be generalized across species,
life stages and scenarios. Additionally, questions regarding safety,
commercial production and large-scale administration into free-living
populations still need to be addressed before vaccination can be
considered feasible. Antifungal treatment such as topical itraconazole is
highly effective in captive amphibians (Brannelly et al., 2012), but is
unsuitable as a long-term strategy in situ since they only reduce infection
directly after treatment (Geiger et al., 2017; Hudson et al.,, 2016).
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Successful treatment in free-living amphibians has only been reported in
an isolated single-host system in which pathogen eradication was
achieved in combination with chemical disinfection of the environment
(Bosch et al., 2015). Finally, probiotic therapy through bioaugmentation of
bacteria with antifungal properties in the skin microbiota of amphibians
holds promise (Bletz et al., 2013). Increased survival and decreased
infection prevalence and loads have been reported in both laboratory
experiments (Harris, Brucker, et al., 2009; Harris, Lauer, et al., 2009;
Kueneman et al., 2016) and in a single trial in a natural system (Vredenburg
etal., 2011), demonstrating the potential of skin microbiome modification
as a mitigation strategy for chytridiomycosis.

Habitat modification is already part of many conservation programs
addressing habitat loss and its application for chytridiomycosis
management is likely to be readily accepted by conservationists.
Interventions would aim to create disease refuges by decreasing the
environmental suitability for chytrid fungi, excluding reservoir species,
and/or facilitating compensatory mechanisms in target species (e.g.
increased recruitment or reduced mortality from other sources) (Garner et
al., 2016; Scheele, Foster, et al., 2019). These strategies could involve the
manipulation of physical variables, for example, canopy opening may
elevate water temperatures or promote desiccation, conditions
detrimental for chytrid fungi. Alternatively, chemical variables like salinity
could be manipulated, or the aquatic biotic community could be modified
by favoring the presence of zoospore predators. Artificial structures could
also be added, for example, heat sources could provide refuges for
infected individuals to reduce or clear infection (Waddle et al., 2024).
Where habitat modification is not feasible, new habitats for target species
could be created, even without environmental refugia, to promote habitat
connectivity and population persistence (Heard et al., 2018). Chemical
disinfection of waterbodies with fungicides has also proven useful in
controlling chytrid fungi infections in amphibians, either as a standalone
approach (Thumsova, Gonzalez-Miras, et al., 2024) or in combination with
host treatment (see above). While using chemicals in natural
environments is generally undesirable, it may serve as a last-resort strategy
for threatened species until more environmentally friendly alternatives are
developed.
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Regardless of the strategy, a comprehensive understanding of host-
pathogen dynamics and the ecology of amphibian hosts and chytrid
pathogens in each system is crucial for success. Recently, the importance
of studying the mechanisms underlying host persistence or recovery after
disease emergence has been highlighted (Brannelly et al., 2021).
Appropriate management actions differ depending on which mechanism
is responsible for coexistence and failure to identify them could lead to
ineffective or even detrimental actions. Moreover, it is unlikely that disease
mitigation can be accomplished through a single management approach
(Garner et al., 2016). By strategically combining multiple methods, it may
be possible to offset the limitations of individual strategies and enhance
the likelihood of success. Structured decision-making for selecting
optimal management options and identifying knowledge gaps, post-
management monitoring to assess the effectiveness of actions and
adaptive management approaches, should also be considered integral
components of any disease management plan.
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Hypotheses and Objectives

Tots els ocells s6n pardals, tots van per-dalt.

— Josep Puig Subirana (Putxi)
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Hypotheses and Objectives

In Iberia, montane amphibians (>1600 masl) suffered the greatest impacts
following the introduction and spread of Bd (BAGPL) (Walker et al., 2010).
The first European outbreaks of chytridiomycosis occurred in Penalara
(Guadarrama National Park, Spain) and the Pyrenees in 1997 and 2002,
respectively (Bosch et al., 2001; Walker et al., 2010). In Penalara,
chytridiomycosis caused the near extirpation of Alytes obstetricans
populations and secondarily affected other sympatric species such as
Salamandra salamandra and Bufo spinosus (Bosch & Martinez-Solano,
2006). In the western French Pyrenees, recurrent mortalities of the highly-
susceptible A. obstetricans continue to be observed and Bd is now
considered endemic in the area, with prevalence reaching 100% in
overwinteringtadpoles (Clare, 2014; Clare et al., 2016). In Portugal, studies
also indicate that Bd caused severe declines in the populations of A.
obstetricans in Serra da Estrela Natural Park (Rosa et al., 2013). In all these
systems, A. obstetricans tadpoles are considered the main Bd reservoir
and chytridiomycosis dynamics are broadly understood. However, current
amphibian monitoring and chytrid fungi studies in the Iberian Peninsula are
largely biased towards a single species, A. obstetricans, in a handful of
sites. This leaves vast areas and the majority of the over 30 native
amphibian species unexamined, resulting in a limited understanding of the
epidemiology of chytridiomycosis.

Catalonia is an autonomous community of Spain located in the northeast
of the Iberian Peninsula, representing a total area of 32,108 km? with a
remarkable ecological diversity. Catalonia's habitats, climate and species
are diverse, from alpine ecosystems reaching 3,143 masl in the Pyrenees
to Mediterranean ecosystems across the coastal ranges and lowlands.
This diversity is well-represented in the amphibian taxa, as Catalonia
supports 15 species adapted to different habitats and altitudes, as well as
two endemic species. Despite the relevance of Catalonia, the health
status of amphibian populations and the study of chytrid fungi have
received little attention. Current chytridiomycosis reports mostly rely on
opportunistically collected data and low sample sizes, without systematic
approaches to site selection, species representation and sampling
methodology (Bargallé et al., 2016; Martinez-Silvestre et al., 2023). Due to
the conservation status of C. arnoldi, efforts were made to rule out the
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presence of Bd in its populations between 2007 and 2011 (Obon et al.,
2013). However, the study only examined 158 animals, mostly C. arnoldi,
and no other surveys have been conducted since. Another species that has
recently received attention is C. asper, with asymptomatic Bd-positive
individuals detected in the Catalan Pyrenees (Martinez-Silvestre et al.,
2020). Although the survey included 486 animals from 29 sites across the
Pyrenees, the Catalan part of the mountain range was only partially
represented and no other species of the amphibian community were
tested. Perhaps the most surprising omission is the lack of studies on A.
obstetricans in the Catalan Pyrenees, considering the devastating
mortalities and the potential reservoir role of tadpoles in other montane
systems.

Moreover, in 2018, an outbreak of Bsal chytridiomycosis was reported in
Montnegre i el Corredor Natural Park in Catalonia, 1,000 km from its
nearest known occurrence in northern Europe (Martel et al., 2020).
Nevertheless, the presence of Bsalin adjacent areas and across Catalonia
was not explored after the outbreak. As Bsal is clearly expanding its range,
it is imperative to know whether Bd-Bsal coinfections are occurring and
how this may alter our current knowledge about chytridiomycosis. Overall,
long-term and region-wide studies across multi-host communities are
lacking, hampering our understanding of the epidemiology of
chytridiomycosis in Catalonia. Therefore, there is an urgent need to
determine chytrid fungi distribution, potential impacts, and the role of
environmental factors and different host species in the infection
dynamics.

We hypothesize that Bd is already widespread across Catalonia, infecting
amphibian communities regardless of ecosystem or habitat type, while
Bsal remains absent or extremely limited in distribution. We also expect
that different species will exhibit a range of responses to Bd infection,
spanning a spectrum of resistance and tolerance. Species with higher
resistance or tolerance are more likely to act as reservoirs, maintaining
subclinical infections and facilitating pathogen persistence, while more
susceptible species may experience severe disease outcomes and
population declines.
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The overarching goal of this thesis was to understand the epidemiology of
chytridiomycosis in Catalonia by optimizing amphibian monitoring
approaches and studying host-pathogen-environment interactions.

The specific objectives were to:

1. Evaluate the use of passive integrated transponder tags for marking
urodele species in capture-mark-recapture studies (Chapter 1).

2. Determine the distribution and prevalence of chytrid fungi in
amphibian communities across Catalonia (Chapter 2).

3. Assess the role of environmental determinants in shaping the
occurrence of Batrachochytrium dendrobatidis across Catalonia
(Chapter 2).

4. Investigate the resistance and tolerance of different amphibian hosts
and their potential roles in Batrachochytrium dendrobatidis
maintenance in Catalonia (Chapter 2, 3.2, 4).

5. Evaluate microbiome as a health indicator and study the interplay
between Batrachochytrium dendrobatidis infection and amphibians’
skin microbiome (Chapter 3).

6. Analyze the interaction between Batrachochytrium dendrobatidis

and Batrachochytrium salamandrivorans in coinfected amphibians
during an outbreak of chytridiomycosis (Chapter 4).
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Chapter 1

The use of passive integrated transponder (PIT) tags in urodeles has become popular
for individual marking in population and disease ecology studies. However, mark loss
or mark-induced mortality can introduce biases and decrease precision in parameter
estimates, leading to ineffective population management strategies. In this study we
aimed to 1) analyze the existing literature on the use of PIT tags in urodeles; 2)
determine whether species characteristics and PIT tagging methods influenced PIT tag
rejection across studies; and 3) experimentally assess the adequacy of a subcutaneous
PIT tagging method without anesthesia in three European urodele species. We
systematically and quantitatively reviewed a database of literature related to the use of
PIT tags in urodeles, classified and examined urodele species details, study design, PIT
tagging methods, and outcomes across studies. Among the 51 peer-reviewed papers
that fit our criteria, the most striking finding was the lack of reporting and
standardization of the PIT tagging procedures. The majority of studies presented
incomplete information on factors that could strongly influence the probability of PIT
tag rejection as well as impact individual welfare (i.e. PIT tag size, its anatomical
placement in the animal, anesthesia use, sterility or skin closure methods). We could
not identify significant predictors of PIT tag loss, suggesting that the effectivity of PIT
tags may be highly specific to the species and method used. Our PIT tagging method
proved reliable in Salamandra salamandra and Pleurodeles waltl, whereas it did not
seem a suitable technique for Calotriton asper (PIT tag loss was 0% and 66.6%,
respectively, and significantly different among species). Overall, we recommend a
greater emphasis on reporting implantation methods, ensuring animal welfare and
performing species and protocol specific laboratory trials before using PIT tags in
urodeles in the field. Critically analyzing PIT tagging methods as well as testing their use
in different species is essential to ensure the validity of future research studies and
conservation strategies in urodeles.
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Chapter 1

Introduction

Amphibians are currently the most threatened vertebrate taxa on Earth,
with over 41% of species threatened with extinction and declining more
rapidly than either birds or mammals (IUCN, 2021; Stuart et al., 2004).
Moreover, the conservation status of amphibians is certainly
underestimated since 16.4% of species are too poorly known to assess
(classified as “Data Deficient” by the IUCN). Within amphibian orders,
urodeles may be facing greater conservation challenges, reaching 400 out
of 701 (57%) species under threatened categories. The global decline of
amphibian populations can be attributed to diverse interacting processes
including habitat loss and degradation, overexploitation, invasive species
and infectious diseases such as chytridiomycosis (Beebee & Griffiths,
2005; Scheele, Pasmans, et al., 2019; Stuart et al., 2004). In order to
effectively manage and conserve amphibian diversity, our ability to monitor
population dynamics and the impact of specific threats is crucial (Grant et
al., 2016; Pickett et al., 2014).

Capture-mark-recapture (CMR) studies are key tools for population
ecology, providing estimates of survival, recruitment, abundance and
movement (Amstrup et al., 2010; Nichols, 1992; Pradel, 1996). Relevant
aspects of disease ecology and the impact of disease on free-living
populations can also be investigated through CMR data (K. A. Murray et al.,
2009; Wobeser, 2007). Al CMR models operate under several
assumptions, a critical one being that marks are not lost and do not affect
individual survival. Mark loss or mark-induced mortality can introduce
biases and decrease precision in parameter estimates, leading to
ineffective population management strategies (Arnason & Mills, 1981; T. L.
McDonald et al., 2003). The choice of a marking technique that has proven
reliable for the species under study is clearly important to avoid this issue.

Numerous marking techniques have been used in amphibians including
toe clipping, branding and tattooing, subcutaneous injection of
fluorescent dyes, Passive Integrated Transponder (PIT) tags and pattern
mapping (Ferner, 2010). All of the above-mentioned methods have been
used in urodeles, however, each one has apparent advantages and pitfalls.
Toe clipping has been a common method for marking urodeles due to its
simplicity and low cost. However, mutilation techniques provoke pain and
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distress and may impact the survival and behavior of marked individuals,
raising animal welfare and ethical concerns (McCarthy et al., 2009; J. H.
Waddle et al.,, 2008). The potential of toe regeneration, common in
urodeles, is another disadvantage of toe clipping and this technique may
be inappropriate for long-term studies. Mark durability and readability can
also be an issue with fluorescent dye injection and pattern identification
(Bailey, 2004; Dalibard et al., 2021; Heemeyer et al., 2007; Moon et al.,
2022). Pattern mapping holds promise as a non-invasive and cheap
technique, but it can only be used for species with natural patterns or
marks and it can be time-consuming in large populations and long-term
studies (Arntzen et al., 2004). Nevertheless, constant computational
advances are steadily overcoming these issues, simplifying the use of
pattern mapping for wildlife studies (Sannolo et al., 2016). At the same
time, the use of PIT tags for marking urodeles has become more popular
over recent decades, especially as technological advances allow for
smaller tags (Cooke et al., 2013b; Moon et al., 2022).

Passive Integrated Transponder (PIT) tags are glass-encapsulated circuit
chips that, once scanned, provide a unique alpha-numeric code which
offer permanent and unambiguous identification (Gibbons & Andrews,
2004). These characteristics satisfy many criteria for an ideal marking
technique, such as providing individual identification, potentially lasting
indefinitely and being easily read (Ferner, 2010). Tags as smallas 7 mm long
are currently available, which allows for adaptability to different animal
sizes, yet, tag size is still a limitation for its use in smaller urodele species.
Tagging can be performed via injection with a pre-loaded needle or by
surgical implantation either under the skin, into the muscle or the celomic
cavity. Despite being a relatively simple procedure, tagging can involve
tissue and organ damage, potentially affecting behavior and even survival
of marked individuals. Anesthesia may be required (e.g. depending on the
site of tag implantation) and personnel expertise as well as validation of
tagging protocols are highly recommended to ensure animal welfare and
tag retention (Cooke et al., 2013). As a consequence, PIT tags still present
challenges for their applicability in urodeles and in a wide range of
situations.

The effectiveness of different PIT tagging techniques has been reviewed for
other aquatic taxa such as fishes (Cooke et al., 2011; Ebner, 2009;
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Musselman et al., 2017) and reptiles (Doody et al., 2009), and there is a
large body of literature, dating back to the 1980s, describing its use and
implantation in anuran amphibians (L. J. Brown, 1997; Camper & Dixon,
1988; Christy, 1996; Pyke, 2005). Conversely, studies assessing the use of
PIT tags in urodeles are limited, detailed protocols are rare and data appear
scattered. Summarizing PIT tagging techniques and outcomes as well as
testing their use in different species is, therefore, essential to ensure the
validity of future research studies and conservation strategies in urodeles.
In this study, we aimed to 1) systematically review the existing literature on
the use of PIT tags in urodeles in order to evaluate gaps of knowledge and
inform future research; 2) determine whether a relationship between
species characteristics and PIT tagging methods on tag rejection was
apparent across studies; 3) experimentally assess the adequacy of a
subcutaneous PIT tagging method without anesthesia in three European
urodele species.

Methods

Literature review

We conducted a systematic quantitative literature review, in order to
provide a comprehensive and reproducible overview of the current
knowledge on the use of PIT tags in urodeles (Pickering & Byrne, 2014). We
used Scopus (Elsevier) and Web of Science (WoS; Thomson Reuters)
databases using ‘title, abstract, keyword’ and ‘all fields’ searches
respectively. We used the keywords “(urodel* OR caudat* OR salamand*
OR newt) AND (PIT-tag* OR transponder* OR microchip*)” (29 articles from
Scopus, 35 articles from Wo0S). We also conducted a search on Google
Scholar and the reference list of extracted articles was screened to retrieve
additional relevant literature.

We then assessed the title and abstract of each entry individually for
inclusion in our database. Criteria for inclusion were peer-reviewed
primary literature and English-language full text; whereas exclusion criteria
were study/paper duplicates, non-peer reviewed/grey literature (i.e.,
books, workshops, theses, governmental reports), studies reporting the
use of implantable marks/tracking devices other than PIT tags (e.g. radio-
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transmitters) and studies with a single time point, where study design
precluded information about PIT tag effectivity. The full-text of the
remaining articles was assessed in order to further filter the results. For
each paper that met our inclusion/exclusion criteria we thoroughly
reviewed their content and extracted the following data to construct a
database: literature details, urodele species details, study details, PIT
tagging methods and outcomes.

Under ‘urodele species details’ we recorded taxonomic family, species
identity and IUCN status (IUCN, 2021) and population origin. We also
added the preferred habitat and mean total length of the species in our
database (Oliveira et al., 2017). For ‘study details’ we extracted study
focus, sample size, location (i.e., laboratory, mesocosm or field study) and
duration of the study. In study focus, we classified studies according to
their main objectives in 1) method validation, when aiming to estimate PIT
tag effectivity, health impacts or compare it with other marking methods;
2) population level, when PIT tags were used to estimate population
parameters; 3) animal movement, when PIT tags were used to evaluate
activity patterns, habitat preferences or dispersal; and 4) others, when PIT
tags were used as a reference mark for other studies. ‘PIT tagging methods’
included PIT tag size, tag location, use of anesthesia, skin closure and
sterility assurance. Under ‘outcomes’ we recorded or calculated
information on survival (proportion of animals alive at the end of the
experiment), tag rejection (proportion of animals that expelled PIT tags)
and recapture (proportion of animals recaptured at least one time at the
end of the experiment).

Data was extracted from all publications included in the systematic
database independently by two investigators and then compared for
consistency. For our analysis we split studies into experiments if they used
different species, methodologies, times or study locations. If retention,
survival or recapture were reported at multiple times through an
experiment, we used the information from the last time step. Finally, we
summarized and analyzed the resulting database to detect patterns.
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Data analysis

We used the extracted data to test whether a relationship between PIT tag
rejection and species characteristics and tagging methods was apparent.
For the meta-analysis, we used the studies that reported PIT tag rejection
data and that had complete records on all other variables of interest. The
potential predictors of PIT tag rejection were selected based on similar
studies in other taxa (Musselman et al.,, 2017) and on information
availability. We constructed a generalized linear model with PIT tag
rejection as response variable and taxonomic family, habitat preferences,
tagging anatomical location and the ratio of tag length to animal length
(tag:urodele length) as predictors. Animal length rather than mass was
used since length measurements are more commonly reported in PIT
tagging studies.

Experimental PIT tagging

We conducted laboratory experiments on three species of European
urodeles to evaluate the validity of a subcutaneous PIT tagging method
without anesthesia. The species included in the study were Salamandra
salamandra (n=18), Calotriton asper (n=9) and Pleurodeles waltl (n=12).
The individuals used in this experiment were confiscated from illegal
collectors and were admitted at the Catalonian Reptiles and Amphibians
Rescue Center (Barcelona, Spain). They were housed in groups of 5-10
individuals of the same species in 600 x 400 x 300 mm aquaria (room
temperature 20°C, water temperature 14-18°C, water pH 7, vegetable soil
for fire salamanders and water and pebbles for the newts). Water was
regularly changed and aerated by aeration stones, and the daylight/dark
pattern was set at 14/10h according to the local natural photoperiod. All
the individuals included in the study were apparently healthy, chytrid fungi
and ranavirus-negative adults that had been acclimated to captive
conditions for a minimum of one month.

In 2020, we implanted PIT tags (ID-100A, 8 x 1.4 mm, Trovan Ltd.)
subcutaneously in the dorsum of each individual following a previously
described protocol for anurans (Christy, 1996; Newell et al. 2013). This
method does notrequire anesthesia and has shown no effects on behavior,
appetite, mobility or cause of morbidity/mortality of marked anurans
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(Christy, 1996). Transponders were supplied in individually-packed
sterilized needles and were applied using a spring-loaded plastic syringe.
The needle was inserted subcutaneously in the dorsum of the animal,
parallel to the spine, at the level of the caudal thorax and facing cranially.
At a distance of 1-2 cm from the entrance wound, the tag was injected by
applying pressure to the syringe plunger. This tag placement ensured that
internal organs were not damaged since they were protected by the rib
cage. The site of injection was sealed with Vetbond® tissue adhesive and
the animals were then returned to their aquaria. The animals were followed
up at 2, 7, 14, 21 and 28 days after PIT tag placement. At each follow-up,
we recorded survival and we inspected each individual for tag loss and
stage of wound healing. Wounds were considered in an inflammatory stage
when marked inflammation was observed; in a proliferative stage when
granulation tissue was present and wound edges began to contract; and in
a maturation stage when scar tissue formed (Poll, 2009; Young &
McNaught, 2011).

Tagging was performed by a trained veterinary surgeon (M.P.R.) using a pair
of new and previously moistened nitrile gloves. Survival (percentage alive
at the end of the trial), tag retention (percentage retaining tags at the end of
the trial), and time to healing were calculated at the conclusion of the
experiment. Kaplan-Meier survival curves were constructed for each
species using PIT tag rejection as the response variable, and differences
among species were tested using a log-rank test. All statistical analyses
were performed with R 4.0.3 (R Core Team, 2023) and using “ggplot2”
version 3.3.6 (Wickham, 2016) and “survival” version 3.3-1 (Therneau,
2022) packages.

Results

Literature review

The literature search returned 29 articles identified by Scopus, 35 articles
identified by WoS and 37 articles identified by Google Scholar and paper
citations, resulting in 76 research papers after removing duplicates. Seven
articles were excluded based on title and abstract and 18 additional
articles were excluded after full-text screening. Overall, we obtained 51
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original peer-reviewed research papers that met our criteria of PIT tag
studies on urodeles (Full list of studies and extracted data can be found
online at https://doi.org/10.1016/j.ecolind.2022.109690. Publication
dates ranged from 1993 to 2022, with an increase in the number of
published papers since 2006 and a peak in publications in 2017 (n=7).
Papers were published in 29 different journals and the three journals
publishing the highest number of papers were Herpetological Review
(n=8), Herpetological Journal (n=5) and Journal of Herpetology (n=5). The
majority of studies were conducted in United States (58.86%; 29/51). Six
studies were carried out in France; three each in Germany and Austria; one
each in Belgium, Canada, Czech Republic, Italy, Japan, Laos, Mongolia,
Spain and UK; and one study was carried out in both France and Spain.
Regarding the focus of the studies, 19 were centered on method validation,
15 on population level estimations, nine on animal movement, and eight
studies used PIT tags as a reference mark for other studies (Fig. 1).
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Figure 1. Bar graph showing the number of papers published in each of the study foci
by publication year. 1: method validation; 2: population level; 3: animal movement; 4:
other study focus.

77



Within the 51 retrieved studies we could identify 65 individual experiments.
These experiments were conducted on 29 species of urodeles, with 12
species used in multiple experiments (Table 1). These species
corresponded to seven families: Salamandridae (n = 10), Ambystomatidae
(n = 7), Plethodontidae (n = 6), Sirenidae (n = 2), Hynobiidae (n=2),
Cryptobranchidae (n = 1), Proteidae (n = 1). Most papers focused on a
single urodele species (82.35%; 42/51) and eight studies used two species.
A single study contained information on three species (Ambystoma
annulatum, A. maculatum and A. texanum), however, the authors reported
study outcomes together for the three species and we considered them as
a single experiment (i.e., Ambystoma spp. on Table 1). The adult mean
length of the studied species ranged from 87.5 mm of I/chthyosaura
alpestris to 978 mm of Siren lacertina (median = 164.25).

Table 1. Taxonomic families and species of urodeles on which the 65 reviewed
experiments were conducted.

Family N©°
Species experiments
Ambystomatidae 23

Ambystoma annulatum
Ambystoma laterale
Ambystoma macrodactylum
Ambystoma maculatum
Ambystoma opacum
Ambystoma tigrinum
Ambystoma spp
Cryptobranchidae
Cryptobranchus alleganiensis
Hynobiidae
Hynobius nebulosus
Salamandrella keyserlingii
Plethodontidae
Desmognathus monticola
Desmognathus quadramaculatus
Eurycea rathbuni
Plethodon albagula
Plethodon metcalfi
Plethodon shermani
Proteidae
Necturus maculosus
Salamandridae
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Calotriton asper
Ichthyosaura alpestris
Pleurodeles waltl
Salamandra salamandra
Taricha torosa
Triturus carnifex
Triturus cristatus
Triturus dobrogicus
Triturus marmoratus
Tylototriton podichthys
Sirenidae
Siren intermedia
Siren lacertina
Total 65

AN AW DN |o|w

Experiments were disproportionally conducted on species classified as
‘least concern’ (52/65), followed by ‘near threatened’ (10/65), and only
three of the 65 experiments were performed on ‘vulnerable’ species (IUCN,
2021, Fig 2a). No experiments included species under other threatened
categories. Species with terrestrial habits were more commonly used in
experiments (42/65) than either species with aquatic habits (14/65) or
shared terrestrial-aquatic preferences (9/65) (Fig. 2b). Experiments were
also more frequently conducted on adult life-stages (55/65), with only eight
experiments conducted on juveniles and one each on metamorphs and
larvae (Fig. 2c). Experiments also varied in the location where they were
conducted, the majority being performed in the field (40/65), but laboratory
settings (19/65) and mesocosms (6/65) were also used (Fig. 2d). There
were three articles that included both laboratory and field setups and one
that combined laboratory and mesocosm. The sample size (hnumber of PIT
tagged urodeles) per experiment ranged from 6 to 3,745 individuals
(median = 79) and it was higher in field studies (median = 147) than in
laboratory and mesocosm settings (median = 18). Experiment duration
was highly variable, ranging from 7 days to 20 years (median = 377.5 days)
and it was also greater for field (median = 730 days) than for laboratory and
mesocosm settings (median = 106.5 days). Sample size and experiment
duration were not specified in three experiments each.
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Near threatened Vulnerable

Least concern 80% 15.4%  46%

(a) IUCN status
Terrestrial 64.6% Aquatic 21.5% Both 13.9%

(b) Habitat preferences

Metamorph 1.5% Larvae

Adult 84.6% Juvenile 12.3% / e
(c) Life stage

Field 61.5% Laboratory 29.2% Mesocosm 9.2%
(d) Study location
Subcutaneous 30.8%
dorsal ventral Tail muscle 12.3% Intracelomic 46.2% N/A 10.8%
(e) PIT tag location
Phenoxyethanol ~ Chloretone 4.6% EMLA® 3.1%
MS222 36.9% 92% \ 0rajel®6.2%\ _/ Clove oil 1.5% __ None or N/A 38.5%
(f) Anesthesia
9-9.5mm 1.5%  11-11.5mm 13-13.5mm 1.5%
8-8.5mm 15.4% 10.8% 12-12.5mm 26.2% \ Various 9.2% N/A 35.4%
(g9) PIT tag size
Tigsueigiue Suture 1.5%
16.9% / None or N/A 81.5%
(h) Skin closure
0% 25% 50% 75% 100%

Figure 2. Bar graph demonstrating the proportion of (a) species grouped according to IUCN status, (b) species grouped
according to habitat preferences, (c) urodele life stages, (d) study location, (e) anatomical location of PIT tag, (f) anesthetic
methods, (g) PIT tag size, and (h) methods of skin closure, used on the 65 experiments reviewed. N/A: not available.
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Regarding PIT tagging methods, the most common implanting location was
the celomic cavity (30/65), followed by subcutaneous (20/65) and into the
tail musculature (8/65) (Fig. 2e). Subcutaneous PIT tags were either
inserted dorsally (8 experiments) or ventrally (12 experiments). The
location of tag implantation was not mentioned in seven experiments.
Additionally, we were uncertain about the true location of tags in two
studies classified as subcutaneous, but where the authors later
mentioned ambiguous sentences, such as referring to tags into the “body
cavity”. PIT tags were most frequently implanted under anesthesia (40/65)
whereas anesthesia was either not used or not mentioned for the rest of
experiments (25/65) (Fig. 2f). Anesthesia methods included the topical use
of the following agents: tricaine methanesulfonate (MS222; 24
experiments), 2-phenoxyethanol (6 experiments), Orajel” (20%
benzocaine; 4 experiments), chloretone in water (3 experiments), EMLA’
cream (2.5% lidocaine and 2.5% prilocaine; 2 experiments) and clove oil (1
experiment). PIT tags were implanted in all body locations irrespective of
the use of anesthesia, but anesthesia was predominantly used in
intracelomic and ventral subcutaneous implants (Fig. 3).
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Figure 3. Bar graph showing the number of experiments that used anesthesia in each
anatomical location where passive integrated transponders were implanted in
urodeles. SC: subcutaneous; IC: intracelomic; NA: not available; 0: anesthesia was not
used or not mentioned; 1: anesthesia was used during the tagging procedure.
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Experiments used diverse PIT tag sizes, with 12-12.5 mm tags being more
frequently used (17/65), followed by 8-8.5 mm (10/65), 11-11.5 mm (7/65),
9-9.5 mm and 13 mm tags (1/65 each) (Fig. 2g). Numerous experiments did
not mention tag sizes (23/65), accounting for 35.38% of all experiments.
Six experiments used various tag sizes depending on the length of the
individual, however, the number of animals marked with each tag size was
not specified and results were combined for all tag sizes. The ratio of tag
length to animal length (tag:urodele length) could be calculated in 33
experiments, ranging from 0.018 t0 0.137. Methods of skin closure after PIT
tagging were not commonly used or reported (53/65). Eleven experiments
mentioned the use of tissue adhesive and a single experiment used
traditional sutures for wound closure, but they were removed three days
after tagging (Fig. 2h). We could only identify five experiments where
sterility was ensured throughout the PIT tagging procedure, in which tags
were injected with sterile needles in four cases while sterile tags were
surgically inserted with a sterile technique in one experiment. The
remaining experiments were divided between injected tags where sterility
was nhot mentioned (24/65), and surgically inserted tags where sterility of
all materials (e.g., PIT tags, scalpel blades, etc.) was not ensured or where
these had been rinsed with disinfectants (21/65). We were not able to
determine sterility conditions for 15 experiments. Injection with a needle
was the only method used to implant PIT tags into the tail musculature,
whereas both injection and surgical insertion were used for all other
anatomical locations.

Information on tag rejection was only available for 29 experiments and
ranged from 0to 45.45% (mean =5.3%, median =0%). No tag rejection was
detected in 29.23% of experiments (19/65). Survival of urodeles in
laboratory and mesocosm setups ranged from 44.4 to 100% (mean =
95.58%), with most experiments reporting 100% survival (15/25) and four
mesocosm experiments lacking information about survival. In field
studies, survival could only be calculated in one experiment where all
individuals were recaptured alive after PIT tagging. Nevertheless, recapture
rates were available for 29 field experiments, ranging from 3 to 100% (mean
= 36.48%, median = 30%). Additionally, two out of the four mesocosm
studies that did not report survival described recapture rates of 49% and
80%, which could be interpreted as a proxy for survival.
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Data analysis

The final model for the predictors of PIT tag rejection was based on 21
experiments from 16 urodele species within 15 unique publications. None
of the hypothesized factors were significant predictors of PIT tag rejection
(p>0.05).

Experimental PIT tagging

Survival was 100% for all species throughout the experiment. PIT tag
retention was 100% in S. salamandra and P. waltl. Wounds in S.
salamandra progressed to a proliferative stage 7 days post-tagging, were
remodeling 14 days post-tagging and were considered mature 21 days
after tagging. In P. waltl, wounds also reached a proliferative stage 7 days
post-tagging but this stage extended until the next control, 14 days after
tagging. At this time point, two individuals showed wounds coated with a
whitish filamentous material, compatible with fungal hyphae. In the
following control (21 days post-tagging), four animals were considered to
have mature wounds whereas two individuals continued on a proliferative
stage and showed crusty lesions. The two newts that showed fungal-like
growth on the past control, presented large wounds in an inflammatory
stage, suggesting a step backin the healing process probably due to wound
infection. On the last control, 28 days post-tagging, these two individuals
showed an advanced proliferative stage while the rest of newts had mature
wounds.

In C. asper, overall PIT tag retention was 33.3%. Three animals lost tags
after 7 days and there was one additional tag loss each at 14, 21 and 28
days. PIT tag retention was significantly different between C. asper and the
other species (Fig. 4). At day 7 post-tagging, all newts were considered to
be in aninflammatory stage of wound healing and presented larger wounds
than the other species. After 14 days, wounds appeared to be in a
proliferative stage in four of the remaining tagged newts while one showed
marked inflammation and a cystic lesion filled with whitish material,
suggestive of infection and/or necrosis. Interestingly, wound maturation
had already started in the newts that had lost their tags. In the following
control (21 days post-tagging), the individual that presented wound
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infection had lost its tag and another animal still presented a proliferative
wound. The rest of the animals presented mature wounds. On the final
control (28 days post-tagging), the animal with proliferative wounds had
lost its tag while the remaining tagged Pyrenean brook newts had mature
wounds. Tissue adhesive remained attached in most individuals from the

three species for up to 14 days.
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Figure 4. Kaplan—Meier analysis and survival plot showing PIT tag retention over 28 days
in Calotriton asper (n=9), Salamandra salamandra (n=18) and Pleurodeles waltl n=8).
Tag retention rates were significantly lower in C. asper compared with the other species

(X2=23.9; df=2, p=6e7).
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Discussion

The findings of our study evaluated the extent of use and effectivity of PIT
tags for marking urodeles, including study characteristics, urodele
species, PIT tagging methods and overall findings. Moreover, our work
allowed testing potential predictors of PIT tag rejection and offered a PIT
tagging method that proved reliable and ready-to-use for S. Salamandra
and P. waltl. Here, we critically analyze our findings in order to assist
population monitoring programs and to improve individual welfare.

Limited validation studies and potential biases in population studies

The results of our systematic review provide a comprehensive picture of
the use of PIT tags in urodeles over a 30-year period. In the past decades,
the recognition of global amphibian declines and the emergence of
devastating amphibian diseases have boosted the study of this group of
vertebrates (Scheele, Pasmans, et al., 2019; Stuart et al., 2004). In parallel,
PIT tag technology has increased steadily in amphibian research due to its
advantages over traditional marking methods in population monitoring
(Gibbons & Andrews, 2004). The general growth of this field of research is
reflected in the increase in scientific production identified by our literature
review over the past two decades. Despite this development in research,
we found limited studies focusing on the validation of PIT tagging methods
for particular urodele species.

Similar to other marks, PIT tags are not exempt from disadvantages such
as tag loss or impacts on individual survival. Without proper validation of
specific protocols for PIT tag implantation, it is, therefore, possible to
obtain inaccurate estimates of population parameters that are relevant for
amphibian conservation. Through our systematic search, we could only
identify 19 studies where the main focus was to describe and evaluate the
performance of PIT tags in urodeles. These results are concerning since
they indicate that many population studies are performed without prior
knowledge of the limitations of this marking technique. Moreover, while
controlled laboratory studies offer the best evidence of PIT tagging
performance, they tended to be constrained in sample size and study
duration. In our laboratory trialas well as in other works (Moon et al., 2022),
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PIT tag losses have been documented up to a month after implantation,
suggesting that shorter experiment durations may underestimate tag
losses. A cautious approach would be to set the end of the experiment
when skin wounds are completely healed, minimizing the possibility of tag
loss. We found that mean PIT tag rejection across studies was relatively low
(5.3%), but some experiments reported alarming rejection rates, reaching
45.5%. For field experiments, these numbers may be significantly higher
since they can only estimate minimum PIT tag losses, when free PIT tags
are found in the field — a challenging task.

We acknowledge that significant publications on PIT tag use in urodeles
may have been missed by our search due to the inherent limitations of
systematic reviews. Grey literature and valid literature produced in
languages other than English were excluded by the platforms that we used
to search the literature. The specific search terms and search fields used
to find publications restricted the retrieval of literature that did not include
our terms. Nevertheless, studies focusing on method validation were the
most commonly captured by our search and we are thus confident that our
results offer a valid representation of the use of PIT tags in urodeles.
Overall, our data indicates that current information on urodele population
dynamics based on CMR studies using PIT tags could be significantly
biased, potentially overestimating population sizes while underestimating
the threat status of some species.

The use of PIT tags was restricted to a small proportion of urodele
diversity

There are currently 701 species of extant urodeles described, representing
70 different genera and 9 families (IUCN, 2021). Our review found that PIT
tags have been used in almost all families (7/9 families). However, only 17
genera and 29 species were included in the reviewed studies, representing
solely 24.3% and 4.1% of urodele diversity, respectively. When comparing
the range of total length between all extant urodeles (20-1,360 mm) and the
species represented by our review (87.5-978 mm), it is also clear that PIT
tags have not been used in the entire range of urodele sizes. Moreover, the
majority of experiments were performed on adult animals, whereas
juvenile and pre-metamorphic stages were hardly studied. These life
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stages can be significantly smaller in body size than adults and, therefore,
PIT tags may not be suitable marking techniques for them.

Urodeles are distributed throughout most of the Holarctic, with a hotspot
of diversity in the United States and few species occurring below the
equator in South America. This was consistent with our findings that most
studies were conducted in the United States. Nevertheless, it was
surprising that many European countries were overlooked in our review as
well as the East Asia region, North Africa and South America. These results
show an important gap of knowledge on the use of PIT tags in urodele
species native to these areas. Of particular concern, only three
experiments were conducted on threatened urodele species. Considering
that there are 400 threatened urodele species and the potential of PIT tags
to assist population monitoring, itis crucial to validate PIT tagging methods
in a greater number of species in order to inform conservation programs.

PIT tag implantation procedures were imprecise and not standardized

We detected a striking lack of detail in the description of the PIT tagging
procedures and methods in the reviewed studies. The majority of studies
did not offer complete reports of fundamental details including PIT tag size,
its anatomical placement in the animal, the use of anesthesia, level of
sterility or the use of skin closure methods. ltis, therefore, difficult to draw
comparisons and conclusions about the performance of different
implantation procedures using this incomplete data. Nevertheless, these
factors could strongly influence the probability of PIT tag rejection as well
as impact individual welfare as reported for other ectothermic species
(Gibbons & Andrews, 2004; Lyon et al., 2019; Musselman et al., 2017).

Inadequate standardization in the use of specific methods during PIT
tagging protocols was also concerning. In particular, we detected a great
inconsistency in the use of anesthesia and in the selection of anesthetic
methods. Anesthesia may be indicated in PIT tagging procedures to
achieve adequate muscle relaxation or to reduce pain and discomfort of
the animals. Implantation of a PIT tag into the celomic cavity can be
considered equivalent to intra-celomic surgery and should involve the use
of anesthesia as well as maximum levels of sterility and muscle and skin
closure, which were not ensured across the reviewed studies. Additionally,

87



we identified the use of anesthetic methods that may require further
evaluation in amphibians since high mortality and inconsistent anesthetic
depth have been reported, namely Orajel’ and EMLA’ cream (Baitchman &
Stetter, 2014). On the other hand, may require additional permits, special
equipment and trained personnel, which can prevent its use under field
conditions. The selection of an acceptable anatomical location for PIT tag
placement, among others, could help avoiding the use of anesthesia.

The selection of the size of the PIT tag was also not standardized and
inconsistent with the size of the urodele species under study. Currently,
there are no evidence-based guidelines for the minimum animal size for
PIT tagging and rules-of-thumb such as the “2% rule” for fish (Winter, 1996)
have been strongly opposed (R. S. Brown et al., 1999; Jepsen et al., 2005).
However, itis clearly important to minimize PIT tag size in relation to animal
body size in order to reduce the probability of PIT tag rejection and to
improve animal welfare (Jepsen et al., 2005). Altogether, PIT tagging is a
procedure that entails important risks for the animals and we recommend
that it is always conducted under the supervision of a trained veterinary
surgeon and following the appropriate regulations of each country.

PIT tags need to be validated for each particular species and
implantation method

Using data from the reviewed studies, we were not able to identify
predictors of PIT tag rejection in urodeles. Conversely, studies in fishes
have identified several factors that can greatly influence PIT tag retention,
such as anatomical location or the use of sutures (Musselman et al., 2017).
Due to the inconsistency in reporting the methods for PIT tag implantation,
we could only include 21 out of 65 experiments in our final model, which
may have influenced our ability to identify significant predictors. These
results suggest that the effectivity of PIT tags may be highly specific to the
species and method used and further highlight the need for conducting
controlled studies before marking free-living populations.

In the present study, we contributed to this need by evaluating the
performance of a PIT tagging method without anesthesia in three European
species of urodeles. Our protocol presents some advantages for field
studies such as that no anesthesiais required. Moreover, we demonstrated
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that Vetbond® or equivalent tissue adhesives are useful for wound closure,
possibly contributing to wound healing and to PIT tag retention in the field.
Our results showed significant differences in the effectivity of PIT tags
between species. On one hand, PIT tags have been demonstrated as
reliable marks in both fire salamanders and sharp-ribbed newts.
Conversely, our PIT tagging method is not a suitable technique for marking
Pyrenean brook newts, both in terms of reliability and animal welfare.

Lesions in C. asper were considerably larger and took over a month to heal
while the PIT tag was still in place. The appearance of lesions and the rapid
healing after PIT tag loss, are indicative of a foreign body reaction to the PIT
tag (Kastellorizios et al., 2015). Calotriton asper was the smallest species
studied (i.e., total length 160 mm compared to > 280 mm in the other two
species), suggesting that body size may be important for PIT tag retention.
Despite all PIT tags being retained in P. waltl, delayed healing and wound
infection in some individuals raise welfare concerns when using our
protocol. Pleurodeles waltl newts have an average total length of 300 mm
and wounds were markedly different from those of C. asper. However, both
species were PIT tagged during an aquatic phase and it is plausible that
delayed healing is related to the aquatic environment. Further studies
should test our PIT tagging method during a terrestrial phase to determine
its safety in P. waltl.

89



Conclusions

In this quantitative systematic review, we critically analyzed the use of PIT
tags in urodeles on a worldwide scale, providing valuable information
related to publication numbers, species, methods and reported success
of this marking technique, as well as attempted to identify predictors of PIT
tag loss. In particular, we identified a striking lack of standardization in
reporting the protocols used for PIT tagging these species, together with
unpredictable patterns of tag loss. We recommend a greater emphasis on
reporting implantation methods, ensuring animal welfare and performing
species and protocol-specific laboratory trials before using PIT tags in the
field. We also described a PIT tagging technique without anesthesia that
can be reliable for marking S. salamandra, P. waltl, and potentially other
urodele species. Urodeles are suffering dramatic declines worldwide and
capture-mark-recapture studies with reliable marks are essential tools for
population and disease ecology. Optimization of individual marking
techniques, such as PIT tags, is therefore crucial for evidence-based
management and conservation of endangered urodele species.
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Chytridiomycosis, caused by the fungal pathogens Batrachochytrium dendrobatidis
(Bd) and B. salamandrivorans (Bsal), poses a major threat to amphibian biodiversity
worldwide. Although Bd is widespread in Europe, its epidemiology remains poorly
understood at local scales, particularly within diverse multi-host communities. Here,
we present a five-year field study (2019 - 2023) to assess chytrid fungi occurrence and
associated environmental drivers in 3,253 wild amphibians from 14 species across 41
sites in Catalonia, Northeastern Spain. Using duplex qPCR, we detected Bd in 141
individuals (4.3%) from eight species and found no evidence of Bsal. Infections were
geographically widespread, with significant differences in prevalence among
species. Alytes obstetricans larvae showed the highest infection prevalence (26.6%),
supporting their role as potential long-term reservoirs. Hyla meridionalis also exhibited
high prevalence (14.3%) and substantial infection loads, suggesting it may function as
a Bd-tolerant reservoir species. In contrast, most other species showed low or no
infection, including urodeles and alpine specialists. Although we did not observe overt
disease in any amphibian, chytridiomycosis-related mortality was suspected in Bd-
positive post-metamorphic A. obstetricans, aligning with known vulnerability during
metamorphosis. Using negative binomial models, we identified anthropogenic
disturbance and maximum summer temperature as significant predictors of Bd
occurrence. These findings support the growing evidence that human environmental
modification and climate-related factors interact to influence pathogen distribution
and persistence. The apparent endemicity of Bd and absence of Bsal in Catalonia’s
amphibian communities underscore the need for continued surveillance, particularly
focused on likely reservoir species, and targeted conservation strategies.
Understanding species-specific responses to infection and roles in disease dynamics,
along with key environmental drivers, is essential to mitigate disease risk and preserve
amphibian biodiversity.
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Introduction

Emerging infectious diseases are increasingly recognized as key threats to
biodiversity conservation (Daszak et al.,, 2000). Amphibian
chytridiomycosis, caused by the fungal agents Batrachochytrium
dendrobatidis (Bd) and B. salamandrivorans (Bsal), is responsible for the
greatest loss of biodiversity associated with any pathogen ever recorded
(Berger et al., 1998; Martel et al., 2013; Skerratt et al., 2007). Both
pathogens have been directly linked to the decline of at least 501
amphibian species, with 90 species confirmed or presumed extinct
(Scheele, Pasmans, et al., 2019). Despite over 20 years of intensive
research since the discovery of Bd in 1998 (Berger et al., 1998), effective
management strategies suitable for use in wild amphibian populations are
still lacking. As a result, amphibians are currently the most threatened
vertebrates on Earth, with over 41% of species at risk of extinction and
ongoing population declines caused by these agents (IUCN, 2024; Stuart
et al., 2004).

Bd and Bsal are obligate non-hyphal chytridiomycete fungi that infect the
stratified keratinizing epidermis of amphibians, specifically the skin of
post-metamorphic individuals and the mouthparts of tadpoles (Longcore
et al., 1999; Martel et al., 2013). Both pathogens have life cycles that
include motile aquatic zoospores as a dispersal stage and exhibit strong
temperature dependence, with optimal growth ranging from 17-25°C for
Bd and 10-15°C for Bsal (Longcore et al., 1999; Martel et al., 2013). Growth
is possible outside these ranges at reduced rates, but mortality occurs at
>28°C for Bd and >25°C for Bsal (Berger et al., 2004; Martel et al., 2013).
Both pathogens exhibit an exceptionally broad host range — Bd alone can
infect over 700 species (Olson et al., 2013) —yet responses to exposure and
infection vary significantly across species, populations and life stages
(Scheele etal., 2017; Searle, Gervasi, et al., 2011; Tobler & Schmidt, 2010).

Infection dynamics and outcomes are shaped by a complex interplay of
host, pathogen and environmental factors. Host species identity and life
stage are key determinants (Blaustein et al., 2018), with larvae typically
exhibiting asymptomatic localized infections, while recently
metamorphosed amphibians suffer the most severe effects (Berger et al.,
1998). Among pathogen-related factors, virulence varies across Bd
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lineages and strains (Blaustein et al., 2018), and infection intensity is a
major factor influencing individual and population-level outcomes (Briggs
et al.,, 2010; Voyles et al., 2009). Bioclimatic environmental variables,
particularly temperature and humidity, are crucial mediators of chytrid
fungi epidemiology by affecting pathogen survival and transmission rates
(Blaustein et al., 2018). These factors can also be influenced by latitude
and altitude and shift seasonally, especially in temperate areas. Moreover,
several studies suggest that anthropogenic disturbances play a significant
role in shaping the occurrence of chytrid fungi by facilitating pathogen
introduction and spread, as well as altering ecosystem functioning
(Alvarado-Rybak et al., 2021; Bacigalupe et al., 2017).

Central to the understanding of pathogen dynamics and population
outcomes is the variation in host defenses among species, populations
and life stages. Animal defenses against infection involve two distinct but
complementary mechanisms: tolerance and resistance. Tolerance refers
to the host’s ability to carry a given pathogen burden with limited
detrimental effects on fitness/survival, whereas resistance is the host’s
ability to prevent infection or limit infection intensity after exposure
(Raberg et al., 2007). Within a single amphibian species, tolerant and
resistant individuals may be crucial long-term survivors contributing to the
persistence of amphibian populations. Conversely, pathogen-tolerant
reservoir species or life stages can facilitate pathogen maintenance,
posing challenges for effective disease mitigation (Scheele et al., 2017).
Overall, the devastating impact of chytridiomycosis is driven by its
introduction into naive host populations, the environmental persistence of
infectious zoospores, and the presence of such amphibian reservoirs that
sustain a high force of infection for susceptible hosts (Berger et al., 2016).

In Europe, chytridiomycosis has led to significant mortality in multiple
species, driving population declines and local extinctions. Bd had
particularly severe impacts in Alytes obstetricans populations in Central
Spain, Portugal, and the Western French Pyrenees (Bosch et al., 2001;
Clare, 2014; Clare et al.,, 2016; Rosa et al., 2013). Similarly, Bsal
introduction had catastrophic consequences for S. salamandra
populations in Central Europe (Martel et al., 2013). Although Bd is now
widespread across Europe (Allain & Duffus, 2019), research in its
landscape epidemiology and host-pathogen dynamics within multi-host
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amphibian communities remains limited. Catalonia (NE Spain) covers an
area of 32,108 km? and boasts remarkable ecological diversity. Its
landscapes range from alpine ecosystems in the Pyrenees, reaching
elevations of 3,143 masl, to Mediterranean habitats spanning coastal
ranges and lowlands. This diversity is also reflected in its amphibians, with
15 species adapted to various habitats and altitudes, including two
endemic species (Calotriton asper and C. arnoldi). Despite its ecological
significance, little research has focused on the dynamics of chytrid fungi in
Catalonia’s amphibian populations (but see Obon et al., 2013; Martinez-
Silvestre et al., 2020, 2023). A notable gap in research is the absence of
studies on A. obstetricans in the Catalan Pyrenees, despite the severe
mortality events and the potential role of tadpoles as reservoirs in other
montane systems (Clare et al., 2016; Walker et al., 2010). Additionally, in
2018, an outbreak of Bsal chytridiomycosis was detected in Montnegre i el
Corredor Natural Park, 1,000 km from its nearest known occurrence in
northern Europe (Martel et al., 2020). However, no further investigations
were conducted to assess the presence of Bsal in surrounding areas or
across Catalonia following the outbreak. Overall, long-term and region-
wide studies on multi-host communities remain scarce, limiting our
understanding of chytridiomycosis epidemiology at a more local scale.
Consequently, there is a pressing need to analyze the distribution patterns
of chytrid fungi and evaluate the influence of environmental factors and
host species on infection dynamics.

In this study, we assessed chytrid fungi occurrence in amphibians from
Catalonia over five years to evaluate its epidemiology across a broad
latitudinal, altitudinal and taxonomic range. Using duplex gPCR assay
results, we analyzed variations in infection prevalence and intensity among
amphibian hosts and modeled Bd prevalence to identify environmental
and anthropogenic factors influencing pathogen occurrence. This
knowledge may provide sustainable prevention and mitigation strategies
for high-risk populations, a key research priority in amphibian
conservation.
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Methods

Ethics statement

Animal capture, manipulation and sampling protocols were approved by
Departament d’Accioé Climatica, Alimentacio i Agenda Rural (Generalitat
de Catalunya, Spain) under the license SF/0013/23. Additional permits
were also obtained for developing scientific activities within protected
areas: Zona Volcanica de la Garrotxa Natural Park (NP)
(2023PNATZVGAUTO005), Aiguamolls de UEmporda NP
(2023PNATAAEAUTO025), Capcaleres del Ter i del Freser NP (FUE-2023-
03010204), Cadi-Moixer6 NP (9015-117182/2023) and Alt Pirineu NP
(9015-117558/2023). Allmethods are reported following ARRIVE guidelines
https://arriveguidelines.org.

Study area and survey protocol

From 201910 2023, we sampled amphibians at 41 sites from Catalonia, NE
Spain (Fig. 1). Sampling sites were selected taking into account areas of
high amphibian diversity and abundance, various bioregions and altitudes
(0 - 2,360 masl), protected areas (i.e., NPs) and baseline data on chytrid
occurrence (Martinez-Silvestre et al., 2020). Catalonia is home to 15
amphibian species — 9 anurans and 6 urodeles - all of which are protected
regionally (Departament Accidé Climatica & Generalitat de Catalunya,
2023). One urodele species, C. arnoldi, is classified as Ciritically
Endangered by the IUCN and is currently subject to several conservation
management strategies, including a captive breeding program (IUCN SSC
Amphibian Specialist Group, 2022; Life Tritd Montseny, n.d.). For this study,
we sampled post-metamorphic amphibians from 14 species representing
all seven extant families found in Catalonia: Salamandra salamandra,
Pleurodeles waltl, Calotriton asper, Triturus marmoratus, Lissotriton
helveticus, Alytes obstetricans, Discoglossus pictus, Pelodytes punctatus,
Hyla meridionalis, Pelophylax perezi, Rana temporaria, Pelobates
cultripes, Epidalea calamita and Bufo spinosus. Additionally, we
opportunistically sampled A. obstetricans tadpoles. Due to the
conservation status of C. arnoldi and the recent detection of Bsal in
Montnegre i el Corredor NP (Martel et al., 2020), this species and certain
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areas were excluded from sampling in the present study. As most
amphibians are inactive during winter in Catalonia, we performed surveys
in spring and summer, coinciding with their breeding season.

Animal capture and sampling

Amphibians were located through calls and visual encounters after sunset
and caught by hand or using dipnets, in the case of aquatic species and
tadpoles. After capture, each animal was contained in a clean plastic bag
and handled with a fresh pair of nitrile gloves for sampling. We then
obtained a skin swab (Snappable Ps + cotton, Deltalab®) from each
amphibian by firmly drawing it five times each along both sides of the
ventral abdomen, both ventral hind limbs and drink patch, and the plantar
surface of both hind feet, for a total of 30 strokes (Hyatt et al., 2007). In
urodeles, the 30 strokes were divided between the ventral abdomen and
the plantar surface of all four limbs. In tadpoles, their mouthparts were
swabbed by inserting a fine-tip swab (Aluminium + cotton, Deltalab®) into
the mouth and twirling it several times. All animals were thoroughly
examined for signs of disease before being released back at their capture
site. Skin swabs were stored at -20°C within the first 24 h after collection
until DNA extraction.

Strict disinfection and biosecurity protocols were followed to minimize
cross-contamination of samples and the spread of pathogens within and
between field sites. Any equipment in contact with the animals was either
single-use (e.g., gloves, bags, swabs) or was thoroughly disinfected with
1% Virkon® S (Zotal Laboratorios, Sevilla, Spain) between uses, including
personal clothing and equipment.

Chytrid fungi diagnostics

We extracted DNA from skin swabs using 65 pL of PrepMan™ Ultra Sample
Preparation Reagent (Applied Biosystems, USA) following Hyatt et al.
(2007). We conducted a duplex gPCR assay to simultaneously detect Bd
and Bsal and quantify infection intensity in each animal sample (Blooi et
al., 2013). A synthetic double-stranded 750 bp gBlocks® (Integrated DNA
Technologies, USA) gene fragment containing the target PCR sequences of
both pathogens was used as a positive control and quantitation standard.
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Standard dilutions in log10 increments (107 to 10° copies; in duplicate)
were included in each qPCR plate to create a standard curve, allowing us
to quantify the genomic equivalents (GE) per qPCR reaction. Negative
controls (nuclease-free water) were also included in each plate. A sample
was considered positive if the gene copy number was above 1. All qPCR
assays were run on an Applied Biosystems™ 7500 Real-Time PCR System.

Bd prevalence and infection loads by host species

We calculated Bd prevalence from the ratio of positive animals to the total
number of samples within a species with 95% Wilson confidence intervals.
Differences in Bd prevalence among positive species were assessed using
Fisher exact tests and pairwise comparisons with Benjamini-Hochberg
correction to control for the false discovery rate. Log-transformed Bd loads
were compared between species using a Kruskal-Wallis test. We also
explored whether Bd prevalence at each sampling site varied significantly
across years and whether there was a monotonic trend over time using
mixed-effects models (with sampling site as a random effect) and the
Mann-Kendall test, respectively.

Modeling Bd infection risk across Catalonia

We used an information-theoretic approach to compare multiple models
and identify the best predictors of Bd infection occurrence in post-
metamorphic amphibians in Catalonia. Alytes obstetricans larvae data
were removed from this analysis as they were not homogeneously sampled
across sites. In the statistical modeling, we used eight bioclimatic,
geographic, and anthropogenic factors as predictors, with Bd counts by
species and sampling events as the response variable. We intentionally
separated counts by species to account for the independent variability
introduced by the amphibian species in the approach. Total counts with
less than five animals sampled were also removed from the analyses to
improve reliability, resulting in a dataset of 156 observations with a total
count of 2,731 individuals sampled. Explanatory variables included
anthropogenic disturbance, amphibian species richness, bioregion,
habitat type, altitude, mean temperature, summer mean maximum
temperature, and precipitation (see Supplementary Information for a

100



Chapter 2

detailed description of each variable and data sources). Geospatial
variables were extracted from raster layers in buffers of 5 km around

sampling points using “raster”, “sp”, “sf” and “geosphere” packages in R
(Hijmans, 2024, 2025; Pebesma & Bivand, 2025; Pebesma, 2025).

We initially explored data to investigate records, distributions, imbalances
and the relationship among the response variables and predictors (Zuur,
leno, & Elphick, 2010). Since no significant differences between years or
trends over time were detected in the exploratory analyses, year of
sampling was notincluded as a predictor. We standardized the continuous
predictors using the “scale” function in R and log-transformed the variable
“anthropogenic disturbance” to improve the assumption of data normality.
To avoid collinearity between explanatory factors, we used the variance
inflation factor (VIF) with a correlation cut-off coefficient > 0.7.
Accordingly, we excluded “mean temperature”, “precipitation” and
“elevation” from subsequent analyses.

Because our data exhibited strong overdispersion, an aggregated sampling
design, and a large proportion of zeros, we first fitted zero-inflated
negative-binomial mixed-effects models (nbinom1 family, log link) with a
random intercept for sampling site using glmmTMB (Brooks et al., 2017).
We then used likelihood-ratio tests to compare each fullmodelto a simpler
nested model without the zero-inflation component and assessed the
contribution of the site random effect. Neither factor significantly
improved model fit, and most predictors exhibited minimal within-site
variation. Consequently, we excluded both terms and refitted a fixed-
effects-only negative binomial models (nbinom1, log link) for the count of
positives, including the natural logarithm of the total individuals sampled
as an offset to control for sampling effort.

The most parsimonious models were identified using the corrected Akaike
Information Criterion (AICc) for small sample sizes in a manual forward-
stepwise procedure. Among the candidate set of models, any model with
a AAICc < 2 relative to the best-fitting model was considered as having
substantial support (Johnson & Omland, 2004). To validate the final
models, the simulated residuals, the dispersion and uniformity of the
residuals, the presence of outliers, and the zero-inflation were examined
using the DHARMa package (Hartig, 2024) (Figures S1-S2). All statistical
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analyses were performed using R version 4.1.4 (R Core Team, 2024) and
significance thresholds set at p <0.05.

Results

Patterns of chytrid fungi occurrence

Over the study period, we collected skin swabs from 3,253 wild
amphibians from 14 species across Catalonia (Fig. 1, Table 1). Infection
with Bd was detected in 141 individuals from seven different species,
including 55 A. obstetricans larvae, with an overall prevalence of 4.33 (95%
Cl1 3.69 - 5.09). Infection with Bd was detected at 12 of the 41 study sites,
indicating a substantial geographical distribution across Catalonia. No
significant differences in prevalence between years or trends over time
were detected. In contrast, Bsal was not detected at any site throughout
the study period.

Bd detection

Negative
® Positive

Bioregions
Alpine
Subalpine
Mountainous
Hills
Supramediterranean
Mesomediterranean
Thermomediterranean

Figure 1. Map showing the distribution of Batrachochytrium dendrobatidis (Bd)
infection in amphibians studied in Catalonia (NE Spain) from 2019 to 2023. Bd-positive
(red dots) and Bd-negative (yellow dots) sampling sites, along with the main bioregions,
are depicted.
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Among the seven Bd-positive amphibian species, A. obstetricans larvae
showed the highest Bd infection prevalence with 26.57%, followed by H.
meridionalis with 14.34%, P. perezi with 6.79%, D. pictus with 2.56%, E.
calamita with 1.69%, A. obstetricans with 1.21%, T. marmoratus with
1.11% and C. asper with 0.28% (Table 1). Among the positive species,
significant differences were observed between A. obstetricans larvae and
all other species, including A. obstetricans adults. Hyla meridionalis
prevalence also had significant differences with all species except for D.
pictus, and P. perezi had significant differences with C.asper and A.
obstetricans adults (Fig. S4). Infection loads in Bd-positive animals ranged
from 1 to 70,383 GE (median=52 GE) (Fig. 2, Table 1). Although some
individuals exhibited high infection loads, most post-metamorphic
amphibians sampled appeared healthy and showed no signs of disease.
Depigmentation of the mouthparts was observed in 17 of the 51 Bd-
positive A. obstetricans larvae, despite appearing otherwise healthy. The
highest Bd infection load was detected in a deceased A. obstetricans
metamorph exhibiting signs of dysecdysis. Moreover, another Bd-positive
individual was also found dead, and the only three positive A. obstetricans
detected were metamorphs with high infection loads (Fig. 2). No significant
differences were detected in infection loads between Bd-positive species.
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Table 1. Infection of Batrachochytrium dendrobatidis (Bd) across amphibian species

sampled in Cataloniafrom 2019to 2023. The table presents the species, family, sample

size, number of Bd-positive individuals, prevalence (%), 95% confidence interval (Cl),

median genomic equivalent (GE), and maximum GE detected. Different letters indicate

significant differences in prevalence between positive species.

. Sample Bd Prevalence 0 Median
% CI Max. GE
Species size positive (%) 9% C GE ax. G
Alytes obstetricans 507 55 26.57 21.02 - 55 12,580
larvae 32.97
Hyla meridionalis 265 38 14.34° 1109'6037_ 188 63,000
5.03 -
Pelophylax perezi 589 40 6.79°¢ 9.12 22 5,880
D{scoglossus 39 ’ 5 5@ bed 0.13 - 6 6
pictus 13.18
0.09 -
H H cd
Epidalea calamita 59 1 1.69 3.99 1 1
Alytes obstetricans 247 3 1.21¢ 06;4511- 812 70,383
Triturus 90 ’ 1.11 e 0.06 - 88 88
marmoratus 6.03
Calotriton asper 715 2 0.28¢ 01'0081- 6 12
Lissotriton 0.00 -
helveticus 28 0 0 12.06 0 0
0.00 -
Pleurodeles waltl 78 0 0 4.69 0 0
Salamandra 0.00 -
salamandra 123 0 0 3.03 0 0
. 0.00 -
Bufo spinosus 87 0 0 4.93 0 0
. 0.00 -
Pelobates cultripes 3 0 0 56.15 0 0
Pelodytes 0.00 -
punctatus 10 0 0 27.75 0 0
. 0.00 -
Rana temporaria 713 0 0 0.54 0 0
Total 3,253 141 4.33 35;6099- 52 70,383
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Figure 2. Batrachochytrium dendrobatidis (Bd) log-transformed infection loads across
amphibian species sampled in Catalonia from 2019 to 2023. Individual data points are
overlaid on boxplots (for species with >3 observations) to show the distribution of Bd
loads. Black points represent live individuals, while red points highlight Bd-positive
individuals found dead during sampling.

Patterns of chytrid fungi occurrence

Among all the evaluated models (Table S3), the best model for explaining
Bd occurrence across Catalonia included the variables “mean maximum
summer temperature” ( = 0.813, SE = 0.392, z = 2.07, p = 0.038) and
“anthropogenic disturbance” (B = 0.948, SE=0.208,z=4.57,p <0.001) as
significant predictors (AIC = 179.6, BIC = 191.8, logLik = -85.8, deviance =
171.6, df.resid = 152). In this model, each one-unit increase in scaled
maximum summer temperature was associated with a 2.25-fold increase
inthe expected number of Bd-positive individuals (IRR =2.25,95% Cl 1.05-
4.86), and each one-unit increase in scaled anthropogenic disturbance
with a 2.58-fold increase (IRR = 2.58, 95% CI 1.72-3.88). A second model
within AAICc < 2 included “mean maximum summer temperature”,
“anthropogenic disturbance” and “species richness”, but only
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anthropogenic disturbance was a significant predictor (Table S4). The
average model between the two top models had “mean maximum summer
temperature” and “anthropogenic disturbance” as significant predictors
(Table 2). The top-ranked negative-binomial model explained 21.4% of the
deviance (McFadden’s pseudo-R? = 0.214) relative to the offset-only null,
indicating a substantial improvement in fit. When averaging across the two
models with AAICc < 2, the normalized model-averaged McFadden’s
pseudo-R? was 0.217, demonstrating that accounting for model-selection
uncertainty yielded the same explanatory power.

Table 2. Model-averaged parameter estimates (full-average) for the top two selected
models. Estimates are accompanied by standard errors (SE), adjusted SE, z-values
and p-values; significance codes: *** p < 0.001, * p < 0.05.

Predictor Estimate SE Adj. SE | z-value p-value
(Intercept) -4.803 | 0.4702 | 0.4739 | 10.134 | <2x 107 o***
Anthropogenic

) 0.984 0.2262 0.2279 4.315 1.6 x 107° ***
disturbance

Mean max. summer

0.832 0.4161 0.4194 1.983 0.0473*
temperature
Speciesrichness 0.111 0.1745 0.1752 0.635 0.5255
Discussion

Our study provides valuable insights into the occurrence and
epidemiology of chytrid fungi in amphibian populations across Catalonia,
NE Spain. The findings highlight the endemic nature of Bd in the region,
with significant variation in infection prevalence among species. These
differences suggest varying levels of resistance and tolerance across
species and life stages, providing an initial step toward identifying
potential infection reservoirs. Additionally, our statistical modeling
identifies anthropogenic disturbances and maximum summer
temperatures as key predictors of Bd occurrence, reinforcing the growing
concern that climate change and human activities have a role in shaping
disease dynamics in amphibian communities.
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Bd Distribution and Endemicity in Catalonia

The detection of Bd at 12 of the 41 surveyed sites indicates that the
pathogen is well established in Catalonia, infecting amphibians across
diverse habitats and elevations. Despite its broad geographical
distribution, Bd prevalence remained relatively low and stable throughout
the study period, suggesting an endemic state rather than an emerging
epidemic event. These findings align with previous studies in Spain and
other European regions, where Bd is widespread but exhibits spatial and
temporal variability in infection dynamics (Lips, 2016). In Europe, large-
scale epidemics and mass mortalities have been restricted to montane
areas of the Iberian Peninsula and the French Pyrenees (Bosch et al., 2001;
Clare, 2014; Rosa et al., 2013).

Notably, our results indicate that Bd infection is currently absent from
Catalonia's alpine and subalpine ecosystems, contrasting with the
findings of Martinez-Silvestre et al. (2020), who reported infections in C.
asper at one of our surveyed sites in the Western Catalan Pyrenees.
Pathogen fade-out may occur when the local density of susceptible hosts
is too low to sustain transmission or when environmental conditions
reduce the survival of free-living pathogen stages. However, the latter is
unlikely in Pyrenean areas, as Bd is known to survive and grow at
temperatures below 4°C (Piotrowski et al., 2004). A more plausible
explanation is that the host community has contributed to Bd’s
disappearance at this site, likely due to the absence of pathogen-tolerant
reservoirs. The current amphibian assemblage at this site is largely
composed of C. asper and R. temporaria, with only a single A. obstetricans
adult and no larvae ever detected during our surveys. These two species,
thus, appear unable to support long-term pathogen persistence (see
additional discussion on species patterns below). Additionally, we cannot
rule out the possibility that the initial introduction of Bd triggered a
chytridiomycosis outbreak, leading to the local decline or near-extirpation
of A. obstetricans, as documented in other montane areas. The loss of the
most susceptible host may have favored more resistant species,
ultimately leading to pathogen fade-out.

107



On the other hand, our results confirmed the presence of Bd at sites where
the pathogen had been previously detected (Martinez-Silvestre et al.,
2020; Martinez-Silvestre et al., 2021). The persistence of Bd likely involves
the presence of competent, pathogen-tolerant reservoirs and
environmental conditions conducive to its survival. However, historical
data were unavailable for most of our study sites (38 out of 41), and we
documented Bd infection at 10 locations for the first time. Aside from the
two deceased metamorphs, for which chytridiomycosis is a likely cause of
mortality, no overt outbreaks have been reported before or during our
study period in Catalonia. Instead, the low prevalence observed appears
more compatible with sporadic and cryptic mortality without population
declines, indicating a state of host-pathogen coexistence similar to that
described in other European regions (Spitzen-Van Der Sluijs et al., 2014).
Longitudinal studies examining seasonal and multi-year infection
dynamics will be essential to further clarify the long-term impacts of Bd on
amphibian populations in Catalonia. In the following sections, we further
discuss factors associated with host species, environmental factors and
anthropogenic influences to gain a deeper understanding of Bd infection
dynamics in Catalonia.

The absence of Bsal in our study area is encouraging, as this pathogen has
beenresponsible for severe declinesin S. salamandra populationsin other
parts of Europe (Martel et al., 2013). Although we were unable to sample
the index site and cannot confirm its complete eradication, our results
suggest that Bsal has not further spread into amphibian populations
across Catalonia. Nevertheless, continued surveillance remains crucial
due to its potential for introduction and spread.

Host-Specific Patterns of Bd Infection

Our results reveal substantial interspecific variation in Bd prevalence and
infection intensity, emphasizing the importance of host species in disease
dynamics. Alytes obstetricans larvae exhibited the highest prevalence,
significantly differing from the rest of the studied species. Although not
statistically significant, Bd loads in larvae were also relatively high despite
the absence of generalized clinical disease. These findings suggest that A.
obstetricans larvae exhibit a degree of tolerance to Bd infection, aligning
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with previous research identifyingthem as key reservoirs for Bd
persistence (Clare et al., 2016). At high altitudes, A. obstetricans larvae
undergo prolonged developmental periods and may overwinter for at least
one year. These long-lived tadpoles with high infection prevalence can act
as a continuous reservoir, sustaining a Bd infection source year-round —
similar to patterns observed in other Bd systems (Hollanders et al., 2024;
Rachowicz & Vredenburg, 2004). Moreover, this species is distributed
throughout Catalonia, found across a broad range of habitats from sea
level to over 2500 masl, further enhancing its potential as a reservoir.

Conversely, we rarely detected Bd infections in postmetamorphic A.
obstetricans, with only three metamorphs testing positive — two of which
were found dead and had high Bd loads. Given the high prevalence
detected in larvae, these findings suggest that Bd infections are cleared
during metamorphosis or lead to mortality at this stage. The high
susceptibility of A. obstetricans to chytridiomycosis is well-documented
in the literature (Bosch, Martinez-Solano, & Garcia-Paris, 2001; Rosa et al.,
2013; Clare, 2014), with newly metamorphosed individuals recognized as
the most vulnerable stage in susceptible species (Berger et al., 1998).
Once metamorphosed, adults become fully terrestrial, and opportunities
for Bd exposure are probably limited to mating and when males approach
water during egg hatching. These life history traits may also explain the low
prevalences observed in adults. While we did not observe large mortality
outbreaks, our findings support previous literature indicating that this
species is highly susceptible and may succumb to Bd (Bosch, Martinez-
Solano, & Garcia-Paris, 2001; Rosa et al., 2013; Clare, 2014).

We also documented significantly higher Bd prevalence and substantial
infection intensities in H. meridionalis despite the absence of clinical
disease. Such high prevalences were unexpected, given that aquatic
species are generally more exposed to Bd infectious stages (Burrowes et
al., 2017; Scheele, Pasmans, et al., 2019), while H. meridionalis has an
arboreal lifestyle. This suggests that, even if exposure is rare, it tends to
result in successful infections, indicating relatively low species resistance
to Bd. These findings offer a novel contribution to the literature and identify
this species as a potentially Bd-tolerant host that could play a significant
role in Bd maintenance.
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Although not statistically significant, P. perezi had the third-highest
prevalence while showing lower Bd loads than A. obstetricans larvae or H.
meridionalis. Considering its aquatic lifestyle, exposure to Bd zoospores s
likely recurrent, which may indicate that this species has a comparatively
higher resistance to infection. The potential role of Pelophylax spp. as Bd
reservoirs has been proposed in other European countries (Balaz et al.,
2014). While our results do not fully support a similar role for P. perezi in
Catalonia, its widespread distribution — only absent in alpine areas —
renders it a relevant species for future Bd research and surveillance
efforts.

The other amphibian species studied exhibited very low prevalence or
absence of Bd infection. This could indicate that they are either resistant
to infection or highly susceptible to disease, meaning that infected
individuals are rarely, if ever, found alive. Individual mortality has been
reported in several of these species, including Bufo spp., S. salamandra,
D. pictus, R. temporaria and P. perezi (Bosch & Martinez-Solano, 2006;
Clare et al., 2016; Martinez-Silvestre et al., 2021). Since Bd outcomes are
largely dependent on infection intensity (Blaustein et al., 2018), any
species may experience disease and mortality if pathogen load reaches a
critical threshold. However, such events are likely rare, as no mortality
outbreaks have ever been reported for these European species.
Additionally, previous research has documented asymptomatic infections
in E. calamita and D. pictus in Catalonia (Montori et al., 2019), and some
authors suggest that D. pictus could act as a Bd supershedder (Martinez-
Silvestre et al., 2023). Instead, we believe the low occurrence of Bd
infections in these species supports the hypothesis that they are relatively
resistant hosts and unlikely to serve as effective reservoirs. Consistent
with our findings, urodeles appear to exhibit greater resistance to Bd
infection and disease across multiple studies (Scheele, Pasmans, et al.,
2019; Van Rooij et al., 2015). Nevertheless, the small sample size for some
species may obscure true patterns and differences, warranting caution
when interpreting our results.
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Environmental and Anthropogenic Drivers of Bd Occurrence

Our statistical modeling identified two significant predictors of Bd
presence: maximum summer temperature and anthropogenic
disturbance. Temperature is widely recognized as the most important
environmental factor influencing Bd occurrence in the wild (K. A. Murray et
al., 2011; Woodhams et al., 2008; Xie et al., 2016). Laboratory studies
indicate that Bd thrives in moderate temperatures and is generally
intolerant of temperatures exceeding 28-30°C, leading to the expectation
that higher temperatures would reduce Bd prevalence (Piotrowski et al.,
2004). However, our results show a positive correlation between Bd
prevalence and maximum temperatures, suggesting that factors beyond
simple thermal limits in vitro influence disease dynamics (Flechas et al.,
2017; Rohr & Raffel, 2010). One potential explanation is that
macroclimatic temperature measurements do not accurately capture the
thermal conditions of amphibian microhabitats, where Bd may persist
despite high air temperatures (Kearney et al., 2014). Many amphibians
exhibit behavioral thermoregulation by seeking cooler, moist refuges—
such as leaf litter, shaded streams, or burrows—that maintain conditions
favorable for Bd, even during hot periods when air temperatures peak
(Richards-Zawacki, 2010; Rowley & Alford, 2013). Another possibility is
that increased temperature variability, rather than absolute temperature,
influences infection patterns by inducing physiological stress in
amphibians, weakening immune defenses and facilitating Bd infection
(Raffel et al., 2006; Rollins-Smith et al., 2011). These findings highlight the
need for further research into microclimate conditions and host behavior
to elucidate the complex relationships between temperature and chytrid
dynamics in natural populations. While our observational data do not
allow for direct causalinference, our analysis supports the hypothesis that
climate change could facilitate Bd persistence and transmission,
particularly in temperate regions (Venesky, Raffel, et al., 2014; Xie et al.,
2016).

Anthropogenic disturbance emerged as another key driver of Bd
occurrence, supporting previous research on the role of human activities
in the pathogen’s epidemiology (Adams et al., 2010; Alvarado-Rybak et al.,
2021; Bacigalupe et al., 2017, 2019). Our model incorporated an index
reflecting various forms of human environmental alteration, with variation
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representing a gradient from relatively wild and inaccessible areas to
densely populated or agriculturally dominated areas. However, we could
not determine the relative contribution of specific human activities to Bd
prevalence. Human-assisted movements of infected amphibians,
contaminated water, sediments or objects are known to drive Bd
distribution, introducing or reintroducing the pathogen into previously
uninfected areas (Fisher etal., 2009; Liu et al., 2013; O’Hanlon et al., 2018;
Schloegel et al., 2009). Additionally, human activities degrade natural
ecosystems, reducing habitat quality for amphibians and increasing other
stressors that may weaken hosts immunity and promote Bd infection and
persistence (Becker et al., 2016; Blaustein et al., 2018; McCoy & Peralta,
2018). Given the ongoing expansion of human activities in Catalonia,
conservation strategies should incorporate measures to mitigate
anthropogenic impacts on amphibian populations.

Conclusions

Our study highlights the intricate relationships between host species,
environmental factors, and anthropogenic disturbances in shaping Bd
epidemiology in Catalonia. The identification of A. obstetricans larvae
and H. meridionalis as key hosts suggests that targeted surveillance of
these species could enhance monitoring efforts. Furthermore,
understanding species-specific susceptibility and the potential reservoir
role of certain hosts remains crucial for mitigating disease impacts. While
infection dynamics vary across species, landscapes, and seasons, our
findings indicate that climate change and anthropogenic disturbances
contribute to Bd introduction and persistence, underscoring the need for
integrated conservation strategies. As human activities and climate shifts
continue to reshape ecosystems, proactive management, long-term
monitoring, and preventative measures—particularly against the potential
spread of Bsal—will be essential to safeguard amphibian biodiversity.
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Supplementary Information

Explanatory variables used in the models

Anthropogenic disturbance

To quantify the level of anthropogenic disturbance at each sampling point, we
constructed an index based on multiple variables reflecting human population density
and anthropogenic environmental alterations. We performed a Principal Component
Analysis (PCA) and used the first principal component (PC1) as a composite index of
anthropogenic disturbance. The variables included in the PCA were:

e Land Cover: percentage of urban land use within a 5 km buffer around the
sampling point, obtained from the Institut Cartografic i Geologic de Catalunya
(ICGC) database. Source: https://www.icgc.cat/ca/Ambits-tematics/Territori-

sostenible/Cobertes-del-sol

e Road Density: density of roads within a 5 km buffer around the sampling point,
extracted from the Centro Nacional de Informacién Geografica (CNIG). Source:
https://centrodedescargas.cnig.es/CentroDescargas/index.jsp

e Distance to Populations: linear distance from the sampling point to the nearest
human settlement.

e Population Density: population density of the comarca (administrative region)
where the sampling was performed, obtained from Institut d’Estadistica de

(IDESCAT).

https://www.idescat.cat/indicadors/?id=aec&n=15227

Catalunya Source:

e Total Nitrogen: a proxy for livestock-related environmentalimpact, calculated as
the sum of nitrogen input from livestock farms within a 5 km buffer around the
sampling point, based on farm records and species type from the Registre
d’Explotacions Ramaderes Source:

(Generalitat de Catalunya).

https://analisi.transparenciacatalunya.cat/Medi-Rural-Pesca/Registre-d-

explotacions-ramaderes/7bpt-5azk/about_data

The PCA was performed on the standardized values of these variables and PC1 was
retained as the anthropogenic disturbance index, as it explained the largest proportion
of variance among the dataset (Tables S1 and S2).

Table S1. Importance of each principal component describing anthropogenic
disturbance.

PC1 PC2 PC3 PC4 PC5
Standard deviation 1.7168 1.2042 | 0.70230 | 0.32031 | 0.08308
Proportion of variance | 0.5895 0.2900 | 0.09864 | 0.02052 | 0.00138
Cumulative proportion | 0.5895 0.8795 | 0.97810 | 0.99862 | 1.0000
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Table S2. Principal Component Analysis (PCA) loadings for variables reflecting
anthropogenic alterations to the environment.

Variable PC1 PC2 PC3 PC4 PC5
PopDens -0.472074 0.470357 -0.118096 0.350839 0.647207
Sum_Nit -0.202634 | -0.717549 | -0.472318 0.468968 0.033399
Dist_pop 0.417213 0.311918 -0.833244 | -0.183612 0.025119
Urb_percent | -0.524623 0.336926 -0.191758 0.148828 -0.743189
Road_dens | -0.535593 -0.230377 -0.178610 -0.775318 0.164461

Amphibian species richness

Count of the amphibian species detected in each sampling point, extracted from
observational data from fieldwork and from Natural Park’s registers.

Bioregion
Broad ecological zones that categorize the territory based on climatic and vegetation
characteristics, including general thermality index, weighted thermality index,
continentality, annual ombrothermal index, ombrothermal index of the two driest
months of the year, mean maximum temperature of the coldest month and mean
minimum temperature of the warmest month of the year. This classification describes
Marsh,
Mountainous, Subalpine, and Alpine. Data were obtained from Ministerio para la
Reto (MITECO).

https://www.miteco.gob.es/ca/biodiversidad/servicios/banco-datos-

six distinct bioregions: Mesomediterranean, Thermomediterranean,

Transicion Ecolégica vy el Demografico Sources:

naturaleza/informacion-disponible/memoria_mapa_series_veg_descargas.html

Rivas-Martinez S, Penas A, Diaz Gonzalez TE, Cantd P, del Rio S, Costa JC, Molero J.
Biogeographic units of the Iberian Peninsula and Balearic Islands to district level. A
concise synopsis. The Vegetation of the Iberian Peninsula: Volume 1, 2017:131-188.

Habitat type
Categorical variable describing the type of aquatic habitat of the sampling point,
obtained from fieldwork. Categories: Lake, Pond, Road, Stream and Wetland.

Altitude

Continuous variable representing the altitude in meters of each sampling site. levation
data were extracted from a Digital Elevation Model (DEM) with a 5x5 meter resolution,
(1ICC).
http://www.icc.es/cat/Home-CCCC/Normes-i-estandards/Especificacions-

provided by thelnstitut Cartografic i Geologic de Catalunya Source:

tecnigues/Model-d-elevacions-del-terreny-de-Catalunya-15x15-m-MET-15-v2.0-5x5-
m-MET-5-v1.0

Mean temperature

Continuous variable representing the average air temperature in °C at each sampling
site. It is calculated as the daily mean of the air temperature at 2 meters above the
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ground level, averaged over the entire study period (2019-2023). Data were obtained
from the Copernicus ERA5-Land dataset with a resolution of 9 km. Source:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-

land?tab=overview

Summer mean maximum temperature

Continuous variable representing the average of the daily maximum air temperatures
in °C during the summer months (July-August) over the period 2019-2023. This variable
is also derived from the air temperature at 2 meters above ground level. Data were
obtained from the Copernicus ERA5-Land dataset with a resolution of 9 km. Source:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-

land?tab=overview

Precipitation
Continuous variable representing the sum of annual precipitation in mm at each

sampling site averaged over the study period (2019-2023). It includes all forms of
precipitation (rain, snow, and other moisture) accumulated over a year. Data were
obtained from the Copernicus ERA5-Land dataset with a resolution of 9 km. Source:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-

land?tab=overview
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Model selection and diagnostics

Table S2. Top candidate models (AAICc < 4) ranked by AlCc. Fixed-effect predictors and
model selection statistics are shown.

Model . . .
rank Model predictors df | logLik | AlICc | AAICc Weight
1 Tmax_summer + Anth_Ind 4 |-85.802|179.9 | 0.00 | 0.358
2 Tmax_summer + Anth_Ind + Sp_rich_Ind| 5 |-84.939| 180.3 | 0.41 0.292
3 Anth_Ind + Sp_rich_Ind 4 |-86.933| 182.1 | 2.26 | 0.116
4 Anth_Ind 3 |-88.114|182.4 | 2.52 | 0.102
5 Anth_Ind + Sp_rich_Ind + Type 8 |-83.374| 183.7 | 3.86 | 0.052

Table S3. Summary of the two best-supported nbinom1 GLMM models (AAICc < 2) for
Bd-positive counts, showing model components and parameter estimates (Estimate +
SE, z-value, p-value).

Model . .
K Components Predictor Estimate SE z-value p-value
ran
Pos ~ (Intercept) -4.7349 | 0.4376 | -10.820 | <2x107'°*
1 Tmax_summer | Tmax_summer | 0.8128 | 0.3921 2.073 0.0382 *
+Anth_Ind Anth_Ind 0.9481 |0.2076 | 4.566 | 4.97 x10™®*
o (Intercept) -4.8857 | 0.4949 | -9.872 | <2x107"°*
oS ~
Tmax summer | Tmax_summer | 0.8552 | 0.4427 | 1.932 0.0534 -
5 _
+Anth_Ind Anth_Ind 1.0271 | 0.2400 | 4.280 | 1.87x107°*
+ Sp_rich_Ind -
Sp_rich_Ind 0.2476 |0.1844 | 1.343 0.1793
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DHARMa residual vs. predicted
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Figure S1. Model residual diagnostics of the best model selected (Model rank 1). (A)
Quantile-quantile (QQ) plot of residuals comparing observed vs. expected residual
distributions for model validation. The red line represents the theoretical expectation
under a well-fitting model. Statistical tests (Kolmogorv-Smirnov test, dispersion test,
and outlier test) indicate no significant deviations, suggesting an appropriate residual
distribution. (B) Residuals vs. predicted values plot showing scaled DHARMa residuals
plotted against rank-transformed model predictions. The black lines represent
smoothed trends, and the shaded regions indicate confidence intervals. The model
shows no significant deviations, with only a few potential outliers (red asterisks).
Overall diagnostics suggest that the model assumptions are met, with no major issues
detected.
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Figure S2. DHARMa dispersion test for residuals and residual outliers for the best
model selected (Model rank 1). Histogram of simulated dispersion values compared to
the observed model dispersion (red vertical line). The two-sided p-value (0.96)
indicates no significant overdispersion or underdispersion, suggesting that the model’s
variance structure is appropriate. This confirms that the model correctly accounts for
variability in the data. No residual outliers are detected.
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Species differences in Bd infection prevalence

Comparisons p. Fisher p.adj. Fisher
Alytes obstetricans larvae vs Alytes obstetricans 1.47E-17 1.37E-16
Alytes obstetricans larvae vs Calotriton asper 4.35E-36 1.22E-34
Alytes obstetricans larvae vs Discoglossus pictus 3.18E-04 8.90E-04
Alytes obstetricans larvae vs Epidalea calamita 3.25E-06 1.14E-05
Alytes obstetricans larvae vs Hyla meridionalis 1.07E-03 2.30E-03
Alytes obstetricans larvae vs Pelophylax perezi 1.66E-12 1.16E-11
Alytes obstetricans larvae vs Triturus marmoratus 8.06E-09 3.76E-08
Alytes obstetricans vs Calotriton asper 1.10E-01 1.81E-01
Alytes obstetricans vs Discoglossus pictus 4.46E-01 5.68E-01
Alytes obstetricans vs Epidalea calamita 5.77E-01 6.46E-01
Alytes obstetricans vs Hyla meridionalis 1.00E-08 4.00E-08
Alytes obstetricans vs Pelophylax perezi 4.37E-04 1.11E-03
Alytes obstetricans vs Triturus marmoratus 1.00E+00 1.00E+00
Calotriton asper vs Discoglossus pictus 1.47E-01 2.29E-01
Calotriton asper vs Epidalea calamita 2.12E-01 2.97E-01
Calotriton asper vs Hyla meridionalis 1.52E-20 2.13E-19
Calotriton asper vs Pelophylax perezi 2.11E12 1.18E-11
Calotriton asper vs Triturus marmoratus 3.00E-01 4.00E-01
Discoglossus pictus vs Epidalea calamita 1.00E+00 1.00E+00
Discoglossus pictus vs Hyla meridionalis 3.97E-02 6.95E-02
Discoglossus pictus vs Pelophylax perezi 5.03E-01 6.01E-01
Discoglossus pictus vs Triturus marmoratus 5.15E-01 6.01E-01
Epidalea calamita vs Hyla meridionalis 3.67E-03 7.34E-03
Epidalea calamita vs Pelophylax perezi 1.63E-01 2.40E-01
Epidalea calamita vs Triturus marmoratus 1.00E+00 1.00E+00
Hyla meridionalis vs Pelophylax perezi 7.38E-04 1.72E-03
Hyla meridionalis vs Triturus marmoratus 1.33E-04 4.14E-04
Pelophylax perezi vs Triturus marmoratus 3.14E-02 5.86E-02

Figure S4. Pairwise comparisons of Batrachochytrium dendrobatidis (Bd) prevalence
among positive amphibian species. The table displays species comparisons,
unadjusted Fisher's exact test p-values (p.Fisher), and adjusted p-values (p.adj.Fisher)
after multiple testing correction. Significant comparisons (p.adj.Fisher < 0.05) indicate
differences in Bd prevalence between species. Significant differences in adjusted p-
values are highlighted in bold.
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Chapter 3.1

Human activities are causing dramatic declines in ecosystem health, compromising
the functioning of the life-support system, economic activity, and animal and human
health. In this context, monitoring the health of ecosystems and wildlife populations is
crucial for determining ecological dynamics and assessing management interventions.
A growing body of evidence indicates that microbiome provides a meaningful early
indicator of ecosystem and wildlife health. Microbiome is ubiquitous and both
environmental and host-associated microbiomes rapidly reflect anthropogenic
disturbances. However, we still need to overcome current limitations such as nucleic
acid degradation, sequencing depth, and the establishment of baseline data to
maximize the potential of microbiome studies.
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Chapter 3.1

Introduction

Earth’s ecosystems are largely and increasingly dominated by humans
through land transformation, resource exploitation, modifications in
biodiversity, climate change, and alterations in biogeochemical cycles
(Vitousek et al., 1997). Particularly, the loss of biodiversity has been
identified as one of the main threats and challenges for the coming
decades (CBD, 2020). The current rate of species extinction is estimated to
be 100 to 1,000 times higher than historical rates and it is estimated to
further increase by 10 to 100 times over the next 50 years (Mace et al.,,
2005). These human impacts are causing dramatic declines in ecosystem
health, compromising the functioning of the life-support system, the
sustainment of economic activity, and animal and human health (Rapport
et al., 1998). It is now clear that we cannot escape the responsibility and
necessity of restoring and managing our planet. In this context, monitoring
the health of ecosystems and wildlife populations is crucial for
determining ecological dynamics, prioritizing active management, and
assessing the efficacy of management interventions. Nevertheless, the
majority of health assessments and symptoms of ecosystem dysfunction
are retrospective. Despite years of research, we still rely heavily on
alterations that manifest late in the disturbance process such as changes
in animal abundance and richness (Ceballos et al.,, 2020), loss of
interactions and functional diversity (Graham et al., 2006; Myers et al.,
2007), decline in ecosystem services (Halpern et al., 2012) or pathogen
emergence (Jones et al., 2008; Keesing & Ostfeld, 2012). We urgently need
to develop reliable prospective indicators of wildlife and ecosystem health
with early warning capabilities. One such promising indicator is the
microbiome, described as the interacting community of commensal,
symbiotic and pathogenic microorganisms within a body space or other
environment, together with the whole spectrum of molecules that they
produce and mobile genetic elements (i.e., phages, viruses, extracellular
DNA) (G. Berg et al., 2020).
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Microbiome reflects ecosystem disturbance

A growing body of research points out that microbiome provides a
meaningful early indicator of ecosystem disturbance (Astudillo-Garcia et
al., 2019). First, microbiome is ubiquitous in terrestrial, freshwater and
marine habitats, as well as in the animals and plants living in them.
Therefore, unlike most traditional indicators (e.g., macroinvertebrate
communities), microbiome approaches are potentially applicable to any
ecosystem, including extreme or highly degraded environments. In
ecosystems, environmental microbiome is a key component performing
essential ecological processes such as primary production, nutrient
cycling and retention, and influencing plant diversity and host-associated
microbiomes (Sehnal et al., 2021; Sunagawa et al., 2015; Wagg et al.,
2014).

Crucial for signaling ecosystem health, microbiome is highly sensitive to
environmental disturbances, including anthropogenic impacts (Rocca et
al.,, 2019). Recently, Rillig et al. (2019) showed that the complexity,
composition and overall abundance of soil microbiomes declined along
with the number of global change factors, including resource availability,
abiotic factors, toxic compounds and microplastics. Soil microbiomes
have also shown to shift in response to anticipated consequences of
climate change, including elevated atmospheric carbon dioxide, elevated
temperature, permafrost thawing, drought, floods, and wildfires (Jansson
& Hofmockel, 2020). One of the primary anthropogenic stressors driving
ecosystem degradation worldwide is habitat loss as a consequence of land
use change (Millennium Ecosystem Assessment, 2005), which also
influences the soil microbiome (Diaz-Vallejo et al., 2021). Detectable
changes in environmental microbiomes of terrestrial, freshwater and
marine ecosystems are also induced by pollution through chemicals and
light (Premke et al., 2022), mine drainage (Jin et al., 2022), oil spills (Mugge
et al., 2021), heavy metals (Dell’Anno et al., 2003), microplastics (Lear et
al., 2021) and sewage waters from urban centers (Nogales et al., 2011). The
latter is not only an example of pollution but also illustrates how the
encroachment of human and domestic animal microbiomes and
pathogens can alter environmental microbiomes. Biological invasions,
either by microorganisms, plants or animals, are one of the main drivers of
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global change and generate, as well, shifts in the microbiome of native
ecosystems (Malacrino et al., 2020).

The examples above demonstrate that environmental microbiomes are
generally not resistant to anthropogenic disturbances. However,
microbiomes could be resilient to environmental perturbations, quickly
recovering their initial composition and hampering our ability to detect
transient shifts (Fig. 1). Encouragingly, Allison and Martiny (Allison &
Martiny, 2008) showed that, within a few years, microbial composition still
differed from that of undisturbed communities, thus allowing realistic
sampling intervals for ecosystem monitoring. Furthermore, microbial
communities are probably not functionally redundant and disturbances
often impact the rates of ecosystem processes (Allison & Martiny, 2008).
This suggests that we can detect shifts in community composition and
function as two complementary axes of variation (Galbraith & Convertino,
2021). Overall, conditions altering the composition of environmental
microbiomes may severely impact the structure, function and natural
balance of ecosystems, and increase human and animal exposure to
pathogens. Despite the evidence that microbiome can be used to detect
change processes in ecosystems, its use as an indicator has mainly been
evaluated for marine ecosystems, particularly for coral reef ecosystems
(Aylagas et al., 2017; Glasl et al., 2019; Roitman et al., 2018). Therefore,
microbiome still holds an unexplored diagnostic capacity to predict
ecosystem alterations and guide managementinterventions, especially for
terrestrial ecosystems.
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Figure 1. Graphical representation of microbiome dynamics. The horizontal streaky bar
represents normal oscillations or baseline data over time for a particular microbiome
metric (e.g., diversity). Disturbance events (orange vertical bar) can alter environmental
conditions and trigger shifts in microbiome (solid black line), leading to alternative
stable states that significantly deviate from the natural state. Resistance is the ability
of a community to withstand a disturbance without change. Resilience is the rate at
which the original state is regained after a disturbance event. Only after the
establishment of these baseline intervals of normality, we can begin to understand
microbiome responses to disturbance or stress. Adapted from Glasl et al., (2017).

Wildlife population health and bioindicator species

Tracking the microbiome of wildlife populations has potential human,
animal and ecosystem health applications. In an era of global change, we
are witnessing major outbreaks of emerging diseases in humans (Baker et
al., 2022). The majority of emerging infectious disease threats originate
from wildlife, and outbreak risk is increased by ecological degradation
(Evans et al., 2020; Jones et al., 2008). Over recent years, some progress
has been made in monitoring wildlife microbiomes in order to predict,
prevent, and control zoonotic disease emergence. For example, in 2009,
the U.S Agency for International Development (USAID) launched the
Emerging Pandemic Threats Program (EPT-1) which has been followed by a
new generation of investments (EPT-2, https://www.usaid.gov/ept2).

Nevertheless, important steps still need to be taken to strengthen the
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monitoring of population trends and health for wild reservoir species, to
identify novel infectious agents, and to better understand the links
between ecosystem degradation and zoonotic spillover.

Concurrently, infectious diseases have been identified as a growing threat
to wildlife conservation, contributing to the global loss of biodiversity
(Cunningham et al.,, 2017; Daszak et al.,, 2000). Amphibian
chytridiomycosis is perhaps the most striking example of the impact of
diseases on biodiversity. Since its discovery in the 1990s, chytridiomycosis
has been directly linked to the decline of over 500 amphibian species, the
extinction of 90, and continues to threaten amphibian diversity globally
(Scheele, Pasmans, et al., 2019). Disease threats to biodiversity share
common anthropogenic drivers with disease outbreaks in humans (Daszak
et al., 2000). Despite the need to monitor the health of declining wild
populations, little progress has been made on the use of microbiome as an
indicator of wildlife population health and most pathogen threats still
remain undiscovered.

Microbiome has been linked to metabolic functions, aiding digestion,
nutrition, development, and immune defenses in animal hosts (Sehnal et
al., 2021; Turnbaugh et al., 2007; Williams et al., 2018). Shifts in microbial
community composition may thus lead to dysfunction of host machinery,
contributing to the development of a broad range of infectious and non-
infectious diseases. Animals interact with their environment extensively
and environmental characteristics strongly shape microbiome
composition and influence microbiome functionality. Anthropogenic
disturbances also leave traceable changes in hosts’ microbiomes,
suggesting that host-associated microbiomes may be realistic indicators
of individual and population health in wildlife species. In amphibians,
shifts in skin microbiome as a result of habitat degradation and
environmental pollutants can increase the susceptibility and the
outcomes of disease (Jiménez & Sommer, 2017). Similarly, impacts on the
fecal microbiome of polar bears have been detected as a result of global
change, suggesting that it could be incorporated into health assessments
for conservation practices (Watson et al., 2019). In honey bees, changesin
the structure and function of the gut microbiome were detected after
pesticide exposure, which appeared to reflect the overall health of the
colony (Kakumanu et al., 2016). Moreover, monitoring microbiomes could
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significantly improve ethical and practical aspects of wildlife sampling,
replacing procedures such as physical and chemical restraint, blood
sampling or tissue samples (e.g., toe clipping in amphibians). Indeed,
microbiome studies can be performed in non-invasive samples, and in
elusive, protected, too-large or too-small species (Sehnal et al., 2021).
Importantly, these microbiome alterations seem to precede clinical
manifestations of disease processes. For example, despite healthy
appearance, coral microbiome communities under anthropogenic stress
resembled those of diseased individuals, potentially being at a tipping
point towards disease (Ziegler et al., 2016). This shows that wildlife
microbiomes could serve as a reliable early warning system, advising
management interventions before disease outbreaks or further
biodiversity losses.

More broadly, wildlife microbiomes can also be used to signal ecosystem
degradation and inform overall ecosystem health. Host-associated
microbiomes are influenced by environmental conditions and can reflect
stressors and processes of change. It is clear, however, that not all wildlife
species are equally capable of signaling ecosystem health. Therefore, we
need to identify suitable bioindicator and biomonitor species, which
respond predictably to environmental change and quality (Markert &
Wunschmann, 2011). Wildlife species that have disproportionate effects
on the ecosystem relative to their abundance are interesting targets since
they may respond earlier to changes. Coral microbiomes can be one such
bioindicator/biomonitor of the health of coastal marine ecosystems, since
corals are the backbone of reef systems, provide food and shelter for many
species, and are tied to the changes in reef health (Roitman et al., 2018).
The gut microbiome of several filter-feeding species is especially sensitive
to the environment and also holds potential for aquatic ecosystems
(Lawson et al., 2022). In terrestrial ecosystems, honey bee microbiomes
have been suggested as good proxies for ecosystem health status (M. M.
Cunningham et al., 2022). Other promising indicators are top predators or
species with narrow ecological niches as they can indicate changes in the
trophic network and respond rapidly to minimal shifts in habitat conditions
(Watson et al., 2019). Bats are another interesting taxon that, despite
having received great interest as reservoirs for zoonotic agents, have not
been explored in ecosystem health assessments. Their diversity of
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species, broad distribution, feeding habits, and ability to fly point out their
inherent capacity to signal ecosystem alterations. In fact, new studies
demonstrate that the fecal bacterial microbiome of insectivorous bats can
reflect habitat degradation and propose innovative uses of microbiome
monitoring (Lobato-Bailén et al., 2023).

Future needs for microbiome studies

Since the advent of next-generation sequencing technologies, microbiome
studies rely on metagenomics to collect taxonomic and functional data
from microbial communities (Temperton & Giovannoni, 2012). These
molecular technologies make studying microbial communities a cost-
effective alternative to traditional methods and enable a more integrative
approach. However, a careful balancing act between resource allocation,
sample size and sequencing depth must be performed in order to achieve
meaningful results. Firstly, a large amount of genetic material should be
recovered in order to achieve a complete community sampling. With
variable results, multiple buffer solutions and rapid freezing, often in liquid
nitrogen, are the two most common methods implemented in order to
avoid high degrees of nucleic acid degradation in fresh samples (Natarajan
et al., 2021; Seelenfreund et al., 2014). Even in the best-case preservation
scenario, partial fragmentation and loss of genetic material are inevitable
at the nucleic acid extraction step regardless of the method (Ballare et al.,
2019; Vo & Jedlicka, 2014); commercial kits are fairly standardized and
scalable but provide moderate to low yields, while phase separation
methods such as phenol-chloroform generate high yields but require
manual precision and often carry contaminants to downstream processes.
Secondly, sufficiently high sequencing depth must be met to provide a full
recovery of the community, a need that rapidly increases with the amount
and diversity of the target sequences (Gweon et al., 2019). The question of
how much sequencing depth is enough is often difficult to answer,
particularly for exploratory studies targeting low diversity taxa and those
involving non-model organisms, given the lack of reference studies. Thus,
sequencing the totality of the genetic material may only be suitable for
select cases of high-quality, low-diversity samples with previous
references. Despite its known methodological biases (J. P. Brooks et al.,
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2015), researchers have turned to selectively sequence a gene or small
subset of genes which serve as a proxy for the entire community
composition or a subset of its functionality. For instance, most taxonomic
studies focus on deep amplicon sequencing of the 16S rRNA gene from
prokaryotes, which nowadays can easily be recovered in its entirety
through long-read sequencing technologies (Jovel et al., 2016; Kai et al.,
2019). Contrastingly, viral diversity is often difficult to study, since viruses
do not have a universal marker gene and are often found in low abundance
in healthy individuals (Khot et al., 2020). Targeted sequencing of functional
genes is also tricky, as there are not many standardized kits available and
the scope of the intended scientific questions should be rather narrow by
design. Recently, Nanopore adaptive sequencing emerged as a promising
tool for the study of low abundance sequences through various
enrichment approaches (Martin et al., 2022), although its full potential is
still under study and development (Cheng et al., 2022; Danilevsky et al.,
2022) (Fig. 2).

Besides methodological constraints, the use of microbiome indicators still
entails some other relevant limitations. Microbiome responses to stress do
not have a straightforward interpretation and we cannot infer health or
disease based solely on the direction of the change (i.e. increases or
reductions in abundance, diversity, and function). There is a growing
consensus that occurrence and in some cases even degree of
anthropogenic disturbance often manifests as one of the following
microbiome alterations: 1) overall decrease in alpha diversity, 2) increase
in beta diversity, 3) decrease in beneficial and/or increase in pathogenic or
disease-associated bacteria (sometimes can occur along an increase in
alpha diversity), 4) increase in the dominance of generalist over specialist
bacteria and 5) increase in the abundance of microbial resistance genes
(Amato et al., 2020; Bornbusch & Drea, 2021; Jiménez & Sommer, 2017;
Malik et al., 2022; Murray et al., 2020; Preuss et al., 2020; Ramey, 2021;
Rocca et al., 2019; Shi et al., 2019; Sugden et al., 2020; Wang et al., 2020).
These parameters and changes may represent useful microbiome
indicators of wildlife and ecosystem health. However, the magnitude and
direction of these shifts are difficult to generalize across different
ecosystems, resulting in both increases and reductions of particular
species, microbial biomass and activity (Jansson & Hofmockel, 2020). A
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clear example is seen in arctic and sub-arctic ecosystems experiencing
permafrost thawing where increases in alpha diversity are commonly
reported (Jansson & Hofmockel, 2020; Seitz et al., 2022). Most probably,
this means that we need to develop specific microbiome indicators and be
aware of their particular responses in each ecosystem and species, and
probably for each threatening process. Local changes imply that local
authorities and environmental agencies should become more involved in
microbiome studies, whereas now they mostly attract the interest of
international institutions.

Microbiomes naturally are dynamic, their composition and function
oscillate within certain intervals, even in undisturbed ecosystems and in
healthy hosts (Faust et al., 2015). Therefore, we need comprehensive
analyses of the temporal and spatial variation of each unique microbial
community and the subsequentidentification of baseline reference data in
order to correctly interpret microbiome changes. Only after the
establishment of these intervals of normality, we can begin to timely detect
microbiome responses to disturbance or stress (Fig. 1). Considering that
human impacts are widespread throughout the planet, are we too late to
establish baseline data for the microbiomes of wildlife hosts and
ecosystems? Probably. However, we can define health based on reference
data by comparing different ecosystems and wildlife populations. Systems
capable of maintaining ecological integrity, ecological processes and
services can act as proxies of pristine and unperturbed communities, and
will constitute our best-guess estimations for baseline microbiomes.
Importantly, the dynamic nature of microbiomes also allows for signaling
positive changes in ecosystem and wildlife health. Most scientific
attention has focused on studying microbiome responses to disturbance;
however, it may be equally valuable as an indicator of improvement in
health parameters. Particularly, microbiome could help monitor the
outcome of management interventions to restore ecosystem functionality
or re-establish healthy wild animal populations. Finally, further challenges
remain for the broadscale application of microbiome as a health indicator,
particularly in remote areas or developing countries. Metagenomic tools
require advanced technical and computational skills and, despite they
have become cheaper over the pastyears, they still entail significant costs.
Therefore, these methods may not be readily available in remote areas and
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can be prohibitively expensive in low-income countries (De Ledn et al.,
2023). Moreover, in order to detect changes in microbiome indicators, itis
likely that long-term datasets are needed, requiring long-term
commitment and funding, and being even more difficult to achieve in such
regions. Unfortunately, most biodiversity hotspots and the highest rates of
environmental change occur in such remote or economically poorer
regions, hampering many real-world applications for microbiome studies.
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Figure 2. Common drawbacks and constraints in the collection of nucleic acid data

from environmental samples. The composition of microbial community samples
becomes altered when subjected to laboratory procedures. For instance, nucleic acid
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material often gets fragmented when stored, and further degraded and partially lost
during the extraction step. In exploratory studies, the decision of which type of
sequencing to use is strongly constrained by the complexity of the sample and the
resources available to afford the necessary sequencing depth to achieve meaningful
results.

Conclusion

Human activities are having dramatic impacts throughout the planet and
we urgently need reliable early-warning indicators for monitoring the
health of wildlife populations and ecosystems. Microbiome, both
environmental and host-associated, can be one such promising indicator
since it is ubiquitous, performs key processes in ecosystems and hosts,
and reflects anthropogenic disturbances. Changes in the microbiome tend
to occur earlier in the disturbance process compared to common health
indicators, allowing effective monitoring of wildlife and ecosystem health
as well as the outcomes of management interventions. Nevertheless,
microbiome potential as a health indicator remains largely unexplored in
terrestrial ecosystems. Important limitations still remain for the
widespread application of microbiome as a health indicator including
biotechnological tools, interpretation of shifts in selected parameters,
understanding baseline and altered microbiome dynamics, and logistical
constraints. Overcoming current limitations will require establishing clear
methods and best-guess baselines, increasing funding, and fostering
internationalinterdisciplinary collaboration. Future efforts in this direction
will maximize the potential of microbiome for monitoring wildlife and
ecosystem health.
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Chytridiomycosis, caused by the fungus Batrachochytrium dendrobatidis (Bd), is a key
driver of global amphibian declines. The amphibian skin microbiome, which may
include Bd-inhibitory bacteria, plays a crucial role in defense against infection,
influencing host susceptibility and disease outcome. In this study, we investigated the
skin microbiome and Bd infection in two frog species, Hyla meridionalis (Hm) and
Pelophylax perezi (Pp), from northeastern Spain through full-length 16S rRNA
sequencing. We found that microbiome composition significantly differs between frog
species, with Pp harboring greater bacterial richness. Asymptomatic Bd infection did
not significantly alter microbiome diversity in either species, although specific bacterial
taxa were differentially abundant in infected Hm. Interestingly, Hm showed a higher
abundance of putative Bd-inhibitory bacteria despite carrying higher Bd loads than Pp,
suggesting that the microbiome's protective role may not be straightforward. Lower
pathogen loads in Pp hint at a potential link between microbial richness and disease
resistance. Our findings indicate that amphibian skin microbiomes do not necessarily
shiftin response to Bd infection in asymptomatic hosts but may play a role in species-
specific mechanisms of tolerance and resistance. Furthermore, we detected
potentially pathogenic bacteria of public and animal health concern in amphibian skin,
highlighting their role as zoonotic pathogen carriers. Our results contribute to
understanding the variation of amphibian skin microbiome and its relationship with Bd
infection, offering a foundation for probiotic bioaugmentation approaches to mitigate
chytridiomycosis. Moreover, tracking amphibian microbiomes could serve as an early
indicator of ecosystem health and emerging public health threats.
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Introduction

Amphibians are the most threatened vertebrates on Earth, with over 41%
of species at risk of extinction (IUCN, 2024). A major driver of global
amphibian declines is chytridiomycosis, a disease caused by the chytrid
fungi Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans
(Bsal)(Longcore et al.,, 1999; Martel et al., 2014). These multi-host
pathogens have been linked to the decline of over 500 amphibian species
and the extinction of 90, representing the greatest loss of biodiversity due
to disease ever recorded (Scheele, Pasmans, et al., 2019). Nevertheless,
the outcomes of exposure and infection vary significantly between host
species, populations and life stages (Grogan et al.,, 2023). These
differences are explained by environmental, pathogen and host factors.
Among host factors, the immune response is key in determining variations
in resistance and tolerance to pathogens.

The pathogenicity of chytrid fungi is based on their capacity to infect and
disrupt the vital functions of amphibian skin. Consequently, the skin and
its microbiome are the first line of defense and such constitutive immune
components are crucial determinants of host susceptibility and disease
outcomes (Bernardo-Cravo et al., 2020; Grogan et al., 2023). Amphibian
skin microbiome can contain bacteria that repel, prevent colonization
and/or inhibit chytrid fungi growth by producing antifungal metabolites
(Grogan et al., 2018; Woodhams et al., 2015). Microbiota can also directly
compete with chytrid fungi for resources, enhance host immune
responses and support physiological functions (Grogan et al., 2018).
Understanding the composition and variation of skin microbiomes among
species and populations is, therefore, crucial for anticipating
chytridiomycosis susceptibility and outbreak emergence. Additionally,
identifying protective microbial communities may allow manipulation of
the skin microbiome in susceptible amphibians. Probiotic
bioaugmentation has been advocated as one of the few sustainable
strategies for chytridiomycosis prevention and treatment, promoting
amphibian conservation (Bletz et al., 2013; Harris, Brucker, et al., 2009;
Harris, Lauer, et al., 2009; Kueneman et al., 2016).

Differences in the diversity and composition of skin microbial
communities can be explained by both amphibian intrinsic and extrinsic
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characteristics (Reviewed by Bernardo-Cravo et al.,, 2020; Jiménez &
Sommer, 2017). Intrinsic characteristics include host factors such as
species identity, life stage, sex, genetics, immune status, behavior or diet.
Extrinsic characteristics represent biotic and abiotic environmental traits
including sympatric species and community composition, habitat or
climatic conditions that serve as a source pool of bacterial exposure. In
addition, habitat loss, exposure to pollutants or other anthropogenic
disturbances are also known to alter skin microbiome, besides having
other health and fitness consequences (Jiménez & Sommer, 2017). More
generally, factors affecting the overall health status of the host, such as the
presence of potential pathogens, can lead to shifts in skin microbiota.

As pathogens with a niche restricted to skin, chytrid fungi can conceivably
disturb the diversity and composition of amphibian cutaneous microbiota.
Previous studies found that Bd infection altered the skin microbiome of
frogs under both experimental and field conditions (Jani & Briggs, 2014;
Walke et al., 2015). By sampling pre-epizootic populations, Jani et al.
(2017) showed that bacterial community composition in frog skin was
more closely associated with Bd infection loads than with disease
outcomes. The authors, therefore, suggested that differences in
microbiome composition were not conferring prior resistance, and were a
consequence rather than a cause of Bd establishment and load.
Altogether, there is good evidence that Bd infection triggers detectable
changes in skin microbiome composition and function in diverse
amphibian species. However, distinguishing between microbiome-
induced resistance and Bd-induced disturbance when evaluating
differences in microbiome is not straightforward. Inferring cause or effect
requires longitudinal studies replicated across multiple scenarios, and
both responses are not mutually exclusive (Jani & Briggs, 2014).

Regardless of whether microbiome alterations precede or result from
infection, studying the relationship between Bd and skin microbiomes in
multiple amphibian species is essential to improve chytridiomycosis
monitoring and management. Moreover, establishing baseline data and
tracking wildlife microbiomes can have broader applications for human,
domestic animal and ecosystem health (Ribas et al., 2023). Monitoring
amphibian-associated microbiomes might help to foresee zoonotic
disease outbreaks as amphibians can harbor pathogens significant to
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public health (Mettee Zarecki et al., 2013; Mitchell, 2011), and thrive in
human-modified environments. Amphibians are highly sensitive to
environmental change and monitoring their microbiomes has been
proposed as an early indicator of ecosystem degradation and overall
ecosystem health (Ribas et al., 2023).

In this study, we analyzed the skin microbiome of two European frog
species, Hyla meridionalis (Hm) and Pelophylax perezi (Pp), inhabiting an
urban environment in northeastern Spain using high-throughput amplicon
sequencing of the full-length 16S rRNA gene. Our goals were to 1) describe
and compare the diversity and composition of skin bacterial communities
among frog species and environmental (water) microbiota, 2) evaluate the
prevalence of putative Bd-inhibitory bacteria in both frog species, 3)
analyze whether Bd infection is associated with variations in skin
microbiome diversity and composition and 4) assess the presence of
potentially pathogenic bacteria of human and animal health concern in
amphibian skin. To our knowledge, this is the first study reporting Bd
infection, describing skin microbiome and analyzing their associations in
these species.

Methods

Study site

The amphibian species under study were based at Montjuic Park
(41°36°71” N, 2°16’47” E) in Barcelona city, Northeastern Spain. This
urban habitat comprises a main pond connected to a series of 30 smaller
ponds. All ponds are human-made and contain abundant aquatic
vegetation, dominated by water lilies. Around the ponds, the park includes
paved footpaths, grass pitches, and numerous tree, bush and plant
species. The park sustains populations of three anuran species: Hyla
meridionalis (Hm, Family Hylidae), Pelophylax perezi (Pp, Family Ranidae)
and Alytes obstetricans (Family Alytidae). Bd infection has been previously
detected through gPCR (Blooi et al., 2013) in post-metamorphic
individuals of the first two species without clinical signs of disease (Ribas
M.P., unpublished results).
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Field sampling

Animal capture, manipulation and sampling protocols were approved by
Departament d’Accié Climatica, Alimentacid i Agenda Rural (Generalitat
de Catalunya, Spain) under the license SF/0144/24.

Field sampling took place on the 20™ of May 2024, coinciding with the
reproductive season of the study species and to limit the impact of
seasonality on microbiome and infection data. We focused our study on
adult individuals of two frog species: Hm and Pp. Frogs were located
through calls and visual encounters. Hm have mainly an arboreal lifestyle
and were captured by hand from the nearby vegetation, whereas Pp are
generally aquatic species and were captured using dipnets. Each animal
was contained in a new plastic bag and handled with a fresh pair of nitrile
gloves to prevent pathogen transmission and sample contamination. We
swabbed the skin of each frog in duplicate using sterile dry swabs
(Snappable Ps + cotton, Deltalab) according to a standardized protocol
that targets the ventral region and limbs (Hyatt et al., 2007). Frogs were
thoroughly examined for signs of disease before being released back at
their capture site. Skin swabs were placed in sterile 1.5 mL cryovials and
stored within the first 6h after collection at -20°C until DNA extraction.

To characterize the microbial community of the aquatic environment, we
collected 200 mL of pond water in triplicate. Each sample was filtered
through a 0.45 pm Whatman® filter and DNA was extracted within the first
24h.

Chytrid fungi diagnostics

We extracted DNA from the first skin swab using 65 pL of PrepMan™ Ultra
Sample Preparation Reagent (Applied Biosystems, USA) following Hyatt et
al. (2007). Extractions were diluted 1:5 with nuclease-free water before
gPCR assay to reduce the effects of potential inhibitors (Boyle et al., 2004;
Hyatt et al., 2007). To determine chytrid infection status and quantify
pathogen loads, we performed a duplex gPCR to simultaneously detect Bd
and Bsal on each animal sample (Blooi et al., 2013). A synthetic double-
stranded 750 bp gBlocks® (Integrated DNA Technologies, USA) gene
fragment containing the target PCR sequences of both pathogens was
used as a positive control and quantitation standard. Standard dilutions in
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log10 increments (107" to 10° copies; in duplicate) were included in each
gPCR plate to create a standard curve, allowing us to quantify the gene
copy number in samples. Negative controls (nuclease-free water) were
also included in each plate. A sample was considered positive if the gene
copy humber was above 1. To determine final pathogen loads, obtained
copy numbers were multiplied by the dilution factor (i.e., 5). All gPCR
assays were run on an Applied Biosystems™ 7500 Real-Time PCR System.

16S rRNA Amplicon sequencing and library preparation

We extracted DNA from duplicate skin swabs and filters using the QIAmp
PowerFecal Pro DNA Kit (QIAGEN, Germany), following the manufacturer’s
instructions. The duplicate swab of 12 Bd-positive and 12 Bd-negative Hm,
and 7 Bd-positive and 7 Bd-negative Pp was used for skin microbiome
analysis. Negative samples included in the microbiome study were
randomly selected from all gPCR negative swabs.

Bacterial 16S rRNA was amplified by PCR using the SQK-16S114.24
Barcoding Kit (Oxford Nanopore Technologies, ONT, UK) containing the
27F/1492R primer set, which enabled the amplification of the entire 1500
bp 16S rRNA gene. Each 50 pL reaction contained 25 pyL of LongAmp Hot
Start Tag 2x Master Mix (New England Biolabs, USA), 10 ng of genomic DNA
sample adjusted to 15 pL with nuclease-free water and 10 pyL of barcoded
primers at 1 uM each. The temperature and cycling conditions were as
follows: a denaturation step of 95 °C for 1 min; followed by 25 cycles at 95
°C for 20 secs, 55 °C for 30 secs and 65 °C for 2 min; and a final extension
at 65 °C for 5 min. Sample DNA was quantified using a Qubit® 4
Fluorometer and the dsDNA High Sensitivity Assay (Invitrogen, USA) before
and after PCR amplification.

Library was prepared following the manufacturer’s protocol for the ONT
SQK-16S114.24 Barcoding Kit. Briefly, 10 ng/pL of the full-length 16S
product of each sample was used as starting material and the final library
with 50 fmol of DNA was loaded on a new R10.4.1 flow cell (FLO-MIN114,
ONT). Real-time base-calling was performed on MinlON™ Mk1C with the
MinKNOW™ software (v.24.02.16) (both ONT), with Q < 8 (default
threshold) for data acquisition and basecalled with Dorado (v.
7.3.11)(ONT).
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Bacterial community and statistical analyses

Nanopore raw reads were analyzed with Spaghetti pipeline
(https://github.com/adlape95/Spaghetti). Adapters and barcodes were
trimmed with Porechop (v 24.5.0), reads were filtered by length (1.200-
1.800 bp) with Nanofilt (v.2.8.0) and quality check with Nanostat (v 1.6.0).
Chimera removal was carried out with ycard (v 1.0.0) (Marijon et al., 2020)
and taxonomic assignment with minimap2 (v. 2.26) (Li, 2021), using Silva
132 database. Finally, filtering and alignment were performed with Python
scripts for obtaining taxonomy and abundance tables of single reads
(included inthe pipeline) (Latorre-Pérez et al., 2021). In addition, Nanopore
data were collapsed to the final assignments and filtered with a minimum
of 3 sequences represented in 20% of the samples.

Alpha and beta diversity were estimated by the number of single reads by
phyloseq package (v. 1.46) (McMurdie & Holmes, 2013) and were studied
at the genus level between sample types. Before estimation of the alpha
diversity indexes, samples were rarefied to a depth of 85,511 reads to
correct forthe sequencing depth. We estimated the Alpha diversity of each
sample by the observed feature index to represent richness and the
Shannon index. Differences in alpha diversity measures between frog
species and water were assessed using Kruskal-Wallis tests, followed by
Dunn’s post-hoc tests with Bonferroni correction. Within frog species,
differences between Bd-positive and Bd-negative individuals were
assessed using Wilcoxon rank-sum tests. We also analyzed the correlation
between Bd loads and both alpha diversity variables using simple linear
regression models and log-transformed pathogen loads (zero values
excluded).

Beta diversity was represented by Principal Coordinates Analysis (PCoA)
using the Bray-Curtis dissimilarity between samples. Permutational
multivariate analysis of variance using distance matrices (PERMANOVA)
test was performed with vegan package (v 2.4-6) (Oksanen & Stevens,
2007) to assess significant differences in microbial communities among
host species and Bd infection status. Abundance profiles and taxonomic
signatures were carried out with MicrobiomeStat package (v 1.2.0) (Lu et
al., 2023). Differential analysis was performed to evaluate differential
genera among amphibian species and Bd infection status within each
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species with DESeq2 (v 1.42) (Love et al., 2014), with post-counts as a
method for estimation. Custom figures were created using ggplot2 (v.
3.5.1), ggrepel (v. 0.9.5), gridExtra (v. 2.3), plotly (v. 4.10.4) and ggsignif (v.
0.6.4). Core microbiome (taxa shared by 100% of samples) at the genus
level was identified using a Venn diagram obtained through
https://www.interactivenn.net. Water was not included in the beta
diversity, differentially abundant taxa and core microbiome analysis due to
the low sample replication.

Prevalence of Bd infection was estimated from the ratio of positive to the
total number of samples with Wilson confidence intervals of 95%.
Differences in prevalence among species were assessed using a Pearson
Chi-squared test. Log-transformed Bd loads were compared among
species using Student’s t-tests. All data visualization and statistical
analyses were performed using R version 4.1.4 (R Core Team, 2024) and
significance thresholds set at p <0.05.

Putative Bd-inhibitory bacteria analysis

Taxonomically assigned sequences from the Spaghetti pipeline were
extracted for mapping against the database of putative Bd-inhibitory
bacteria (Woodhams et al., 2015), using minimap2 with default
parameters. The resulting files were filtered with a strict threshold to
include only high-quality alignments, keeping only mapped sequences
with a minimum alignment length of 500 bp, a minimum alignment of 80%
of the total target sequences and a mapping quality score of 60 (highest

mapQ).

The relative abundance and the proportion of taxa classified as ‘putative
Bd-inhibitory’ were calculated for each animal and environmental (water)
sample. We, then, assessed differences in the relative abundance and
proportion of putative Bd-inhibitory taxa among sample types (amphibian
species and water) using Kruskal-Wallis tests, followed by Dunn’s posthoc
tests with Bonferroni correction. Differences in infection status within frog
species were assessed using Wilcoxon rank-sum tests. Additionally, we
examined the relationship between Bd loads and both relative abundance
and proportion of Bd-inhibitory bacteria variables using simple linear
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regression models and log-transformed pathogen loads (zero values
excluded).

Potentially pathogenic bacteria analysis

Bacteria of public and animal health concern were selected from our reads
database based on the bacterial diseases listed by the European Centre
for Disease Prevention and Control (ECDC, 2024), the bacterial priority
pathogens list and bacteria of potential health concern by the World
Health Organization (WHO)(Lightfoot, 2003; WHO, 2024) and the World
Organization for Animal Health list of notifiable diseases (WOAH, 2024a,
2024b) (Supplemental Information: Table S2). Barplots of the selected
bacteria's relative abundance were built for Hm, Pp and water samples
with R software using the above packages.

Results

We collected a total of 95 skin swabs in duplicate from the two frog species
(Hm = 46 and Pp = 49). We found evidence of Bd infection via qPCR in 19
individuals, resulting in an overall infection prevalence of 20% (Clgsw:
13.19-29.14), and species prevalence of 26.09% (12/46, Clgsw: 15.60-
40.26) and 14.29% (7/49, Clgsw: 7.10-26.67) for Hm and Pp, respectively.
Differences in Bd prevalence among amphibian species were not
statistically significant. The median pathogen load was 39.25 copies (range
4.18 - 10,700.62 copies) and pathogen loads were significantly higher in
Hm than in Pp (p =0.0082, Supplemental Information: Fig. S1). Allanimals
were Bsal-negative and evaluated as clinically healthy.

The entire 16S rRNA gene of the skin microbiota was sequenced for 38
individuals, 24 Hm (12 Bd-positive, 12 Bd-negative) and 14 Pp (7 Bd-
positive and 7 Bd-negative), and 3 water samples (Supplemental
Information: Table S1). Long-read sequencing samples using the Nanopore
MinlON platform produced an average of 7.58 Gb of estimated bases and
5,120,000 raw reads. After filtering and quality control, sequence length
had an average of 1,485.40 bp and quality control of 10.23. Once the reads
were aligned against the Silva reference database, a total of 3,182 taxa
collapsed at the genus level. Furthermore, by filtering with a frequency
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greater than three and 20% prevalence among samples, a total of 500 taxa
were obtained at the genus level. The percentage of taxonomic assignment
at the genus level was an average of 99.3% between all three sample
groups (Supplemental Information: Table S1).

Taxonomic composition

Proteobacteria was the most abundant phylum (> 86%) in all frog species,
regardless of infection status, as well as in water samples (Fig. 1).
Cyanobacteria, Firmicutes, and Bacteroidota were also present at high
abundances across all groups, albeit to a different extent depending on the
type of sample (0.26 - 4.11%). Interestingly, Campilobacterota was the
second most abundant phylum in water (8.9%) but was only marginally
found in Pp (0.75%) and Hm (0.02 %) samples.

At the genus level (Fig. 2), remarkable differences were observed among
frog species. On one hand, Erwinia (23.63%), Bordetella (13.63%),
Achromobacter (9.91%), Advenella (9.6%), Pelistega (7.26%) and
Pseudomonas (7.05%) were the most abundant generain Hm. On the other
hand, Pseudomonas (31.91%) was the most abundant genus in Pp with all
other bacterial genera found at less than 5% of relative abundance. Water
samples showed a divergent pattern, being dominated by Limnohabitans
(52.36%), followed by Hydrogenophaga (12.21%), Pseudarcobacter
(6.92%), Rhodoferax (3.69%) and Pseudomonas (3.62%).
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Figure 1. Relative abundance of the top 15 most abundant bacterial phyla across frog species (Hyla meridionalis and Pelophylax perezi),
infection status (Bd negative and Bd positive), and in the water environment. BD = Batrachochytrium dendrobatidis.
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Figure 2. Relative abundance of the top 25 most abundant bacterial genera across frog species (Hyla meridionalis and Pelophylax perezi),

infection status (Bd negative and Bd positive), and in the water environment. Bd = Batrachochytrium dendrobatidis.
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Alpha diversity

Bacterial richness ranged from 92 to 664 reads per sample and Shannon
index values from 0.0897 to 4.3132. Observed feature index was
significantly different between Hm and Pp (Z=-2.7098, p =0.0101) (Fig. 3).
However, differences were non-significant between either frog species and
water and when testing Shannon diversity indices. Alpha diversity
measures were not significantly different between Bd-positive and Bd-
negative individuals within frog species and were not correlated with Bd
loads (Supplemental Information: Fig. S2 and S3).
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Figure 3. Alpha diversity measures of Hyla meridionalis, Pelophylax perezi, and
environmental (water) samples at the genus taxonomic level. The observed feature
index was used to measure bacterial richness (A) and the Shannon index was used as

a combined measure of richness and evenness (B). ** = statistically significant

differences (p £ 0.05); NS = non-significant differences (p > 0.05) (Kruskal-Wallis rest).
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Beta diversity

Beta diversity of bacterial communities was significantly different among
frog species (PERMANOVA F(1,36) = 16.90, R>= 0.3195, p = 0.001)(Fig. 4).
Frog species identity explained 31.95 % of the total variation in beta
diversity. Despite not being included in the statistical analysis,
environmental (water) samples consistently clustered together with Pp
samples. Bd infection did not influence the composition of bacterial
communities within either frog species.
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Figure 4. Principal Coordinate Analysis (PCoA) plot of skin bacterial communities of
Hyla meridionalis, Pelophylax perezi, and environmental (water) samples, based on
Bray-Curtis distances at the genus taxonomic level. Each point represents the bacterial
community of an individual amphibian or a water sample. PERMANOVA results showed
that species but not Batrachochytrium dendrobatidis infection status influenced
microbiome beta diversity. BD = Batrachochytrium dendrobatidis.
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Differential abundance analyses

Based on DESeq2 analysis, several bacterial genera were identified as
being significantly different among frog species (Fig. 5), and Bd-positive
and Bd-negative Hm (Fig. 6). In contrast, no differences were observed for
Bd-positive and Bd-negative Pp. Among frog species, 228 bacterial genera
were identified as the most significant contributors to explaining the
observed microbial community. Of these, 130 were differentially more
abundantin Pp, while 98 were more abundantin Hm. Alcaligenaceae (lLog2
fold change: 11.84), Pelistega (11.63), Advenella (11.48), Achromobacter
(11.12), Bordetella (10.87), and GKS98 freshwater group (10.63) were the
top differentially abundant genera in Hm. On the other hand, Rubrivivax (-
8.15) and Sphaerotilus (-7.69) were the most differentiated genera in Pp.
Within Hm, Dongia (5.27) and Bacillus (3.14) were more abundant in Bd-
positive individuals; while Vibrio (-5.33), Marinobacter (-5.07), Rickettsiella
(-4.85), Psychrobacter (-4.58), Pseudomonas (-4.52), Tatumella (-3.24) and
Chronobacter (-3.13) were more abundant in Bd-negative animals.
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Figure 5. Volcano plot of significantly differentially abundant bacterial genera (p adj < 0.01) between Hyla meridionalis and Pelophylax perezi.
The x-axis represents the magnitude of differences between the two species (Log2 Fold Change), with bacteria on the left being significantly
more abundant in P. perezi and those on the right in H. meridionalis. The y-axis represents the statistical significance of these differences (-
Log10 Adjusted P-value).

155



Bd negative Bd positive

4.0
o
Vibrio
[}
=35
©
3
o
E) Rigkettsiella
17}
=X Marinobacter
© o o
< Pseudomonas
© 39
()]
O
ad
1
Psychrobacter Cronobacter Bacillus Dongia
[e) o [e)
o
uncultured
2.5 Tatumella
-3 0 3

Log2 Fold Change

Figure 6. Volcano plot of significantly differentially abundant bacterial genera (p adj <0.01) between Batrachochytrium dendrobatidis (Bd)-
positive and Bd-negative Hyla meridionalis. The x-axis represents the magnitude of differences (Log2 Fold Change), with bacteria on the left
being more abundant in Bd-negative and those on the right in Bd-positive H.meridionalis. The y-axis represents the statistical significance of
these differences (-Log10 Adjusted P-value).
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Core microbiome

Core community analysis showed 461 genera shared across all four
sample types studied (Hm and Pp, Bd-positive and Bd-negative), while no
genera exclusive to one scenario were detected (Fig. 7). Five genera were
exclusive to Hm and four to Pp. No genera were exclusive to Bd-positive or
Bd-negative individuals across frog species.
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Figure 7. Venn Diagram of bacterial genera shared across and exclusive to each sample
type. Sample types include frog species (Hyla meridionalis and Pelophylax perezi) and
Batrachochytrium dendrobatidis (Bd) infection status (Bd-positive and Bd-negative),
resulting in four scenarios studied.

Putative Bd-inhibitory bacteria

Most samples, including animal and environmental (water) samples,
exhibited an approximate proportion of putative Bd-inhibitory taxa of 50%,
but the relative abundance of these taxa varied across samples, from
0.70% to 99.78% (Fig. 8; Supplemental Information: Fig. S4). The relative
abundance of Bd-inhibitory taxa was significantly higher in Hm than in Pp
(Z=2.7734, p =0.0083). Conversely, no significant differences were found
in relative abundance between either frog species and water and in the
proportion of Bd-inhibitory taxa. Neither the relative abundance nor the
proportion of putative Bd-inhibitory bacteria significantly affected the Bd
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infection status of the studied frog species. We identified a significant
correlation between Bd loads and the relative abundance of Bd-inhibitory
bacteria when both frog species were analyzed together (n = 19, R>= 0.24,
F(1,17)=5.415, p = 0.0326); however, this association was not significant
when analyzing the pathogen loads for each species separately
(Supplemental Information: Fig. S5). The relationship between Bd loads
and the proportion of Bd-inhibitory bacteria was not statistically significant
in either analysis.
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Figure 8. Boxplots showing the relative abundance (top) and proportion (bottom) of
putative Batrachochytrium dendrobatidis (Bd)-inhibitory bacteria in the skin
microbiome of Bd-positive and Bd-negative Hyla meridionalis and Pelophylax perezi
and in environmental (water) microbiome. Significant differences are only observed in
the relative abundance among amphibian species (p < 0.05).
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We identified 26 potentially pathogenic bacterial species in our study
samples, as well as unassigned species from the genera Aeromonas,
Bordetella, Citrobacter, Clostridium, Enterobacter and Serratia. Potentially

Abundance (%)

pathogenic bacteria represented 8.68% of Hm skin microbiome, whereas
only 1.54% of Pp skin microbiome and 0.24% of water microbiome (Fig. 9).
The most abundant bacteria in Hm were Bordetella sp. (4.06 %), B.
pertussis (1.52%) and Serratia fonticola (1.13%), followed by Enterobacter
sp. (0.44%), Serratia sp. (0.43 %) and B. bronchiseptica (0.3%). Conversely,
the most abundant bacteria in Pp were Clostridium sp. (0.62%) and
Aeromonas veronii (0.31%), with all other species <0.2% of relative

abundance. For water, Aeromonas veronii was the most abundant species
(0.11%), followed by other Aeromonas spp. (all <0.04% of relative
abundance).
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Figure 9. Relative abundance (%) of the potentially pathogenic bacteria identified in the
skin microbiome of Hyla meridionalis and Pelophylax perezi, and in environmental

(water) samples.
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Discussion

In this study, we evaluated the variation in skin microbiome among two
European frog species and its relationship with asymptomatic Bd
infection. Although high-throughput sequencing techniques are
increasingly used to investigate amphibian skin microbiome, most studies
focus on tropical species (Abarca et al., 2018; Bletzet al., 2017; Jiménez et
al., 2019; Mutnale et al., 2021; Rebollar et al., 2016; Schmeller et al., 2022),
or temperate species from North America (Goodwin et al., 2022; Kruger,
2020; Kueneman et al., 2014; Muletz Wolz et al., 2018; Ramirez-Barahona
et al., 2023). Many of these studies are starting to focus their attention on
non-susceptible hosts or populations in coexistence with Bd.
Nevertheless, little is known about skin microbiome variations among
European amphibian species and in response to Bd infection, with studies
only conducted on a single highly susceptible species (Bates et al., 2022).
For the first time, we report Bd infections without disease or mortality in
Hm and Pp from northeastern Spain. By exploring the differential
responses to asymptomatic Bd infection and variations in skin microbiome
among these species, we contribute to a better understanding of the
microbiome’s protective role in chytridiomycosis.

Skin microbiome varies with host species

We found distinctly different skin microbiomes between sympatric Hm and
Pp. In agreement with other studies, we show that the skin bacterial
communities of our study species were replete with Proteobacteria,
followed by Firmicutes and Bacteroidota (Abarca et al., 2018; Bletz et al.,
2017; Kueneman et al., 2014; Schmeller et al., 2022; Smith et al., 2023).
Moreover, the relatively high abundance of Pseudomonas, particularly in
Pp, is congruent with the findings reported f other frog species around the
world (Bletz et al., 2017; Kueneman et al., 2014; Schmeller et al., 2022).
While few bacterial taxa were exclusive to each species (5 genera exclusive
to Hm and 4 to Pp), we show significant differences in alpha diversity, beta
diversity and differentially abundant taxa among frog species. This
provides additional evidence that host species identity plays a crucial role
in shaping the skin microbiome’s community composition (Abarca et al.,
2018; Kueneman et al., 2014; McKenzie et al., 2012; Rebollar et al., 2016).
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Nevertheless, microbiome variation among species may be more
influenced by host ecology, behavior and microhabitat selection than by
host phylogeny (Bletz et al.,, 2017; Smith et al., 2023). Microhabitat
preferences may expose amphibians to different environmental microbial
pools, which affect the colonization and maintenance of the skin
microbiota. Across studies, arboreal frog species appear to have the least
bacterial diversity (alpha diversity metrics) compared to terrestrial or
aquatic species (Bletz et al., 2017; Kueneman et al., 2014). Similarly, our
aquatic species, Pp, harbored significantly greater bacterial richness than
the arboreal Hm. Although water was included in the statistical analysis,
the influence of the environmental pool appears evident in our beta
diversity study (Fig. 4), where water samples consistently cluster together
with Pp.

The differentially abundant genera in each frog species also suggest a
substantial influence of microhabitat on skin microbiota. In Hm, the main
significantly enriched genera belonged to the family Alcaligenaceae, which
has consistently been associated with arboreal frog species (Bletz et al.,
2017). Members of this family are found in water, soil and animal samples,
but there is evidence that genera such as Achromobacter and Advenella
have evolved in close association with plants (Kuzmina et al., 2022;
Nascimento et al., 2021). This could explain their enriched abundance in
the skin microbiota of arboreal frogs. Conversely, the differentially
abundant genera Sphaerotilus and Rubrivivax in Pp belong to the family
Comamonadaceae. This family was also abundant in the water samples of
our study (genera Limnohabitans and Hydrogenophaga), reflecting the
aquatic lifestyle and close association of Pp with stagnant water.

Both host and environmental factors probably drive the community
composition of the skin microbiome of amphibians. Unfortunately, our
study design did not allow us to investigate the influence of large-scale
climatic and ecological variation. Our study species are broadly
distributed across northeastern Spain, as well as other regions of the
Iberian Peninsula and France. Replicating sampling in different geographic
locations and habitats in the future would allow the examination of
patterns in community composition across sites and elucidate the natural
variation in skin microbiome within species. Additionally, environmental
sampling should be extended to include various sample types (e.g. water,
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sediment, soil) and measurements to assess their relationship with host
microbiomes. Regardless, our study lays the foundation for future research
on skin microbiomes of European amphibian communities.

Asymptomatic Bd infection is not associated with major shifts in skin
microbiome

Neither Bd infection status nor infection loads were linked to major
differences in the cutaneous bacterial community composition of our
study species. This was consistent across microbiome metrics, including
alpha and beta diversity and core microbiome analyses. While differential
abundance analysis was also unremarkable within Pp, significantly
enriched bacterial taxa were identified between Bd-positive and Bd-
negative Hm. However, these differential genera do not appear to follow a
distinct pattern of characteristics that would explain their abundance in
either infected or uninfected amphibians. Furthermore, we observed no
differences in putative Bd-inhibitory bacteria among infected and
uninfected individuals within a frog species. Overall, skin microbiome
showed little variation that could explain differential risk or response to Bd
infection at an individual level. Other studies found a similar lack of
association between Bd infection and bacterial communities in species
with asymptomatic infections or populations with a long history of
pathogen exposure (endemic infections)(Belden et al., 2015; Kruger, 2020;
Longo et al., 2015). Given that both host-associated microbiomes and Bd
infections are dynamic throughout seasons and over time (Estrada et al.,
2019; Longo & Zamudio, 2017), longitudinal studies may be necessary to
provide greater insight into these relationships.

On the other hand, variations in microbiome composition may explain
distinct responses or defense mechanisms against Bd infection among
host species. Animal defenses against infection involve two
complementary mechanisms: resistance and tolerance. Resistance refers
to the host’s ability to limit pathogen establishment or infection loads,
whereas tolerance defines the ability to minimize the resulting pathology.
Although Bd infections were asymptomatic in both of our study species, Pp
harbored significantly lower pathogen loads than Hm. Moreover, despite
aquatic species being generally more exposed to Bd infectious stages
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(Burrowes et al.,, 2017; Scheele et al., 2019), we observed similar
prevalence in both species. Altogether, this suggests that Pp exhibits
greater resistance to Bd, while the high pathogen loads coupled with the
absence of pathology in Hm point towards a greater tolerance. Differences
in resistance and tolerance among amphibian species can arise from
variations inimmune function, including both innate and acquired immune
components (Grogan et al.,, 2018). Skin microbiome is part of the
constitutive innate immunity against Bd and field studies have
demonstrated consistently different skin microbial communities between
Bd susceptible and resistant/tolerant species (Grogan et al., 2018;
Rebollar et al., 2016). Notably, skin microbiome has been proposed as a
major determinant of species resistance, as certain bacteria can prevent
colonization and inhibit Bd growth (Grogan et al., 2023).

One characteristic of the skin microbiome that may account for the higher
resistance of Pp to Bd infection observed in our study is bacterial richness.
Richer microbial communities are generally considered more resistant and
resilient to pathogen invasion (Lozupone et al., 2012; Rocca et al., 2019).
This principle also seems consistent in Bd-amphibian systems, with
studies demonstrating a correlation between higher microbial richness
and reduced Bd growth or enhanced host-pathogen coexistence (Jani et
al., 2017; Piovia-Scott et al., 2017). Higher microbial richness might confer
resistance by increasing competition for resources and space with Bd
and/or due to a greater probability that key protective bacteria are present.
However, we would also have expected a greater proportion or abundance
of Bd-inhibitory bacteria in Pp, whereas our results show that these
bacteria are significantly more abundant in Hm. Although this pattern may
be in response to Bd colonization as a mechanism to fight infection
(Muletz-Wolz et al., 2019; Walke et al., 2017), the lack of correlation with
Bd loads observed in our study suggests baseline differences in the skin
microbiome among these frog species rather than supporting this
hypothesis. More likely, our results highlight the limitations of using 16S
rRNA sequence similarity to predict Bd-inhibitory function. Woodhams et
al. (2015) database is based on antifungal properties detected on bacteria
cultured in vitro but this may not reflect the in vivo expression of inhibitory
functions. Further work will be required to determine how the putative Bd-
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inhibitory bacteria identified in the present study interact with Hm and Pp
in their natural environments.

Amphibian skin microbiome contains potentially pathogenic bacteria

By specifically searching for selected bacteria species, we show that
amphibians can harbor important potential pathogens of human and
animal health concern in their skin microbiome. Moreover, these bacteria
appear in greater abundance in amphibian hosts than in environmental
samples (water), highlighting their potential role as carriers. Of particular
concern is our finding that Hm carries B. pertussis and B. parapertussis
which can cause significant morbidity and mortality in children (Nieves &
Heininger, 2016). Nevertheless, most microbiome studies in amphibians
do not report the presence of such pathogens as they are solely focused
on amphibian health. Many amphibians thrive in urban and suburban
environments (Hamer & McDonnell, 2008; Konowalik et al., 2020),
increasing the opportunities for exposure to human and domestic animal
pathogens. Although amphibians may not be the primary hosts for such
pathogens, they may act as reservoir and spill-back hosts. Overlooking the
close interconnection between wildlife, domestic animals and human
health can hamper our ability to prevent and mitigate emerging diseases.
Based on our findings, we propose that amphibians can serve as indicators
of potentially pathogenic bacteria and anthropogenic disturbances in
ecosystems. Therefore, monitoring amphibian-associated microbiomes
can offer significant benefits beyond improving amphibian health. We
strongly encourage future studies to specifically document the presence
of potential pathogens to better understand and mitigate risks for wildlife,
domestic animal and human populations.
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Conclusions

In this study, we describe for the first time the skin microbiome and its
relationship with Bd infection in Hm and Pp, two widely distributed
amphibian species in Western Europe. Understanding the microbial
communities in different species and regions, as well as the intrinsic and
extrinsic factors that drive variation is the first step towards developing
strategies to mitigate chytridiomycosis. We show that skin microbiome
diversity and composition vary between our two frog species but not with
Bd infection in asymptomatic hosts. Moreover, we begin to elucidate the
role of Hm and Pp on chytridiomycosis dynamics by comparing their
relative resistance and tolerance to infection, linking these differences to
variations in microbiome diversity and composition. Given the protective
role of skin microbiome in chytridiomycosis, the study of resistant and
tolerant host species may be an effective approach to identifying key
bacteria taxa for probiotic candidate selection and bioaugmentation
approaches in succumbing species. Additionally, we highlight the utility of
tracking amphibian microbiomes as indicators of ecosystem health and
emerging public health threats. Further research should expand on the
factors driving variations in amphibian skin microbiome, test the Bd-
inhibitory function of different bacterial taxa in amphibian hosts and
natural environments through transcriptomic approaches, and develop
microbial therapies for species threatened by disease.

Data Availability

Sequence data that support the findings of this study have been deposited
in the National Center for Biotechnology Information with the primary
accession code PRINA1123624. Access link:
https://dataview.ncbi.nlm.nih.gov/object/PRINA11385407reviewer=1buf0
losg5rdrkaoj8a5dl78ir.

Full pipeline to perform the putative Bd-inhibitory bacteria analysis using
16S rRNA complete gene data sequenced through nanopore can be found
at: https://github.com/MarietteViladomat/Amphibian-Skin-Microbiome-
Bd-Inhibitory-taxa.

We have shared the rest of our data as Supplemental Information.
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Supplementary Information

Table S1. Samples used for microbiome analysis. For Hyla meridionalis and Pelophylax

perezi skin swabs were collected. and the presence of chytrid fungi DNA and skin

microbiome were assessed. Infection loads are expressed as gene copy nhumbers.

Environmental (water) microbiome was analyzed from filtered water samples. which

were not tested for chytrid fungi presence. Accession numbers correspond to the

sequence data deposited in National Center for Biotechnology Information.

ID Species Bd Status Bd Load Accession number
sample_02 | Hyla meridionalis Negative 0 SRR29928479
sample_04 | Hyla meridionalis Negative 0 SRR29928508
sample_09 | Hyla meridionalis Positive 208.297552 SRR29928486
sample_10 | Hyla meridionalis Positive 11.1741049 SRR29928513
sample_13 | Hyla meridionalis Negative 0 SRR29928512
sample_15 | Hyla meridionalis Negative 0 SRR29928501
sample_19 | Hyla meridionalis Negative 0 SRR29928490
sample_22 | Hyla meridionalis Negative 0 SRR29928477
sample_23 | Hyla meridionalis Negative 0 SRR29928476
sample_25 | Hyla meridionalis Negative 0 SRR29928475
sample_26 | Hyla meridionalis Negative 0 SRR29928474
sample_28 | Hyla meridionalis Negative 0 SRR29928473
sample_32 | Hyla meridionalis Negative 0 SRR29928511
sample_34 | Pelophylax perezi Negative 0 SRR29928510
sample_38 | Pelophylax perezi Positive 20.8998049 SRR29928509
sample_42 | Pelophylax perezi Positive 124.848497 SRR29928507
sample_43 | Pelophylax perezi Negative 0 SRR29928506
sample_47 | Pelophylax perezi Positive 12.8833937 SRR29928505
sample_55 | Pelophylax perezi Negative 0 SRR29928504
sample_60 | Pelophylax perezi Negative 0 SRR29928503
sample_65 | Hyla meridionalis Positive 4.18228161 SRR29928502
sample_66 | Pelophylax perezi Negative 0 SRR29928500
sample_68 | Pelophylax perezi Positive 4.55619614 SRR29928499
sample_69 | Pelophylax perezi Negative 0 SRR29928498
sample_71 | Pelophylax perezi Positive 39.2480569 SRR29928497
sample_73 | Pelophylax perezi Positive 5.56097949 SRR29928496
sample_76 | Pelophylax perezi Positive 6.8959684 SRR29928495
sample_79 | Hyla meridionalis Positive 81.1956108 SRR29928494
sample_81 | Hyla meridionalis Negative 0 SRR29928493
sample_82 | Hyla meridionalis Positive 35.3503368 SRR29928492
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sample_83 | Hyla meridionalis Positive 265.716349 SRR29928491
sample_84 | Hyla meridionalis Positive 28.4055597 SRR29928489
sample_85 | Hyla meridionalis Positive 582.471371 SRR29928488
sample_88 | Pelophylax perezi Negative 0 SRR29928487
sample_92 | Hyla meridionalis Positive 10700.6204 SRR29928485
sample_93 | Hyla meridionalis Positive 463.844533 SRR29928484
sample_94 | Hyla meridionalis Positive 220.928616 SRR29928483
sample_95 | Hyla meridionalis Positive 3455.04654 SRR29928482

water_1 Water NA NA SRR29928481

water_2 Water NA NA SRR29928480

water_3 Water NA NA SRR29928478

Table S2. List of potentially pathogenic bacteria used to search in our ASVs database.
Bacteria are classified by their relevance as recognized (R) or opportunistic (O) and by
their primary host as human (H) or animal (A). This list has been created based on the
bacterial diseases listed by the European Centre for Disease Prevention and Control
(ECDC. 2024). the bacterial priority pathogens list and bacteria of potential health
concern by the World Health Organization (WHO) (Lightfoot. 2003; WHO. 2024) and the
World Organization for Animal Health list of notifiable diseases (WOAH. 2024a. 2024b).

Bacteria Pathogenic | Primary Main species List
relevance Host

Acinetobacter 0 H, A WHO, ECDC
baumannii
Aeromonas spp. R H, A A. caviae, A. hydrophila WHO
Anaplasma spp. R H, A A. marginale WOAH
Babesia spp. R A B. bovis, B. bigemina WOAH

. . WHO, ECDC,
Bacillus anthracis R H, A WOAH
Bonamia exitiosa R A (on.ly WOAH

aquatic)
Bonamia ostrae R A (on.ly WOAH
aquatic)
Bordetglla . R (O for H, A WOAH
bronchiseptica humans)
Bordetella . R H ECDC
parapertussis
Bordetella pertussis R H ECDC
Borrelia spp. R H, A B. burgdorferi ECDC
B. abortus, B. melitensis, | WHO, ECDC,

Brucella spp. R H, A B. ovis, B. suis WOAH
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Burkholderia mallei R H, A WOAH
Burkholderia ' R H, A WHO
pseudomallei
Campylobacter fetus R A WOAH
Campylobacter spp. R H, A C. coli, C. jejuni WHO, ECDC
Chlamydia abortus R(Ofor H, A WOAH
humans)
Chlamydia psittaci R H, A WOAH
Chlamydia R H WHO, ECDC
trachomatis
Citrobacter spp. o H, A C. freundii, C. koseri WHO
Clostridioides difficile R H, A ECDC
Clostridium botulinum R H, A WHO, ECDC
Clostridium tetani R H, A WHO, ECDC
Cgryneb?cter/um R H ECDC
diphtheriae
Corynebacterium R H, A ECDC
ulcerans
. .. ECDC,
Coxiella burnetii R H, A WOAH
Entercoccus faecium 0] WHO
Enterobacter spp. 0] H E. cloacae, E. aerogenes WHO
Escherichia coli R H, A WHO, ECDC
. . WHO, ECDC,
Francisella tularensis R H, A WOAH
Haemophilus R H WHO, ECDC
influenzae
. A (only
Hepatobacter penaei R . WOAH
aquatic)
Klebsiella pneumoniae R H, A WHO
Legionella R H WHO, ECDC
pneumophila
. ECDC,
Leptospira interrogans R H, A WOAH
Listeria R H, A WHO, ECDC
monocytogenes
Marteilia refringens R A (on.ly WOAH
aquatic)
Mellsogoccus R A (only WOAH
plutonius bees)
Morganella spp. 0] H M. morgani WHO
Mycobacterium R H, A WHO, WOAH

paratuberculosis
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. . WHO, ECDC,
Mycobacterium bovis R H, A WOAH
Mycobacterium caprae R H, A WOAH
Mycobacterium leprae R H WHO
Mycobacterium R H A WHO, ECDC,
tuberculosis ’ WOAH
Mycobacterium o H, A WHO
ulcerans
Mycobacterium xenopi R H WHO
Mycoplasma R A WOAH
agalactiae
Mycoplasma R A WOAH
capricolum
Mycoplasma R A WOAH
gallisepticum
Mycoplasma R H WHO, ECDC
genitalium
Mycoplasma mycoides R A WOAH
Mycoplasma synoviae R A WOAH
Neisseria gonorrhoeae R H WHO
Neisseria meningitidis R H WHO, ECDC
Paenibacillus larvae R A (only WOAH

bees)
Pasteurella multocida R H, A WHO, WOAH
Perkinsus marinus R A (on.ly WOAH
aquatic)
Perkinsus olseni R A (on.ly WOAH
aquatic)
Proteus spp. 0] H, A P. mirabilis, P. vulgaris WHO
Pseud.omonas R H, A WHO
aeruginosa
R (O some R. akari, R. bellii, R.
Rickettsia spp. ) H canadensis, R. felis, R. WHO
species) massiliae, R. slovaca
Salmonell? R A WOAH
abortusovis
Salmonella bongori R H, A WHO
Salmonella enterica R H, A WHO, WOAH
Salmonella paratyphi R H, A WHO, ECDC
Salmonella typhi R H WHO, ECDC
Salmonella R H, A WOAH
typhimurium
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Salmonella pullorum R A WOAH
S. fonticola, S.
Serratia spp. 0] H, A liquefaciens, S. WHO
marcescens
. S. boydii, S. dysenteriae, S.
Shigella spp. R H flexneri, S. sonnei WHO
Staphylococcus R H, A WHO
aureus
Streptos:occus 0 H, A WHO
agalactiae
Streptococcus
. R H WHO, ECDC
pneumoniae
SHEDOCOCCUS S S. equinus, S. gallinaceus,
p pp- R, O H, A S. iniae, S. pyogenes, S. WHO
(others) . ,
suis, S. uberis
Taylorella equigenitalis R WOAH
Theileria spp. R T. parva, T. annulata WOAH
Treponema pallidum R H, A WHO, ECDC
Trichomonas foetus R(O for H, A WOAH
humans)
Trichomonas vaginalis R WHO
Vibrio vulnificus R WHO
Vibrio . R H, A WHO
parahaemolyticus
Vibrio cholerae R H, A WHO, ECDC
Xerfohal'/ot/s. R A (on.ly WOAH
californiensis aquatic)
- . WHO, ECDC,
Yersinia enterocolitica R H, A WOAH
- . WHO, ECDC,
Yersinia pestis R H, A WOAH
Yersinia R H A WHO, ECDC,
pseudotuberculosis ’ WOAH

170



Chapter 3.2

S—
I
I
I
I
I
I
© |
I
I
I
I
I
I
I
L) I
®
O O —
—
©
m
o
oy E—— D
9 !
I
I
< — I
I
I
1 |
I
I
I
I
I
I
N : .
oy 0

[ I
Hyla meridionalis Pelophylax perezi

Figure S1. Boxplots showing logio-transformed Batrachochytrium dendrobatidis (Bd)
loads in Hyla meridionalis and Pelophylax perezi. Significant differences in Bd loads
among amphibian species are observed (t=2.9976. df=16.837. p=0.0082).
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Figure S2. Bacterial richness (A) and Shannon index values (B) in Batrachochytrium
dendrobatidis infected and non-infected Hyla meridionalis and Pelophylax perezi. NS =
non-significant differences (p > 0.05).
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Figure S3. Linear

regression

—— Hyla meridionalis

= Pelophylax perezi

log10-transformed Batrachochytrium

dendrobatidis (Bd) loads and observed operational taxonomic units (A) and Shannon
index values (B). Regression is performed for both species combined (left graphs) and
independently for each species (right graphs). Shaded areas show the 95% confidence

intervals.
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Figure S4. Relative abundance (top) and proportion (bottom) of putative
Batrachochytrium dendrobatidis (Bd)-inhibitory bacteria in study samples. grouped by

amphibian species. Bd status and water samples. Bd+ = B. dendrobatidis positive; Bd-
= B. dendrobatidis negative.
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proportion of taxa (B). Regression is performed for both species combined (left graphs)

and independently for each species (right graphs). Shaded areas show the 95%
confidence intervals.
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Chytridiomycosis, caused by Batrachochytrium dendrobatidis (Bd) and B.
salamandrivorans (Bsal), has had an unprecedented impact on amphibian biodiversity.
While Bd is globally widespread, Bsal is currently spreading, increasing the probability
that both pathogens will co-occur in individual amphibians. Interactions among
coinfecting parasites can have significant outcomes on disease dynamics and impact
and, therefore, may have important consequences for amphibian conservation. Here
we analyze the patterns of Bd-Bsal coinfections in two species of free-ranging urodeles
during an outbreak of chytridiomycosis in Spain. Our goals were to assess (1) the
probability of co-occurrence of both chytrid species, and (2) the correlation of
pathogen loads in coinfected hosts. We detected coinfections in 81.58% of Triturus
marmoratus (n=38) and in 18.75% of Ichthyosaura alpestris (n=16). Histopathological
lesions of chytridiomycosis were observed only in T. marmoratus. Our results
demonstrate a positive relationship between Bd and Bsal loads in . marmoratus
whereas the co-occurrence analysis showed a random association among pathogens
in both urodele species. Overall, we show that Bd-Bsal coinfections intensify pathogen
load in . marmoratus and could, therefore, increase disease severity and have
important consequences for the conservation of some amphibian species.
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Introduction

Amphibian chytridiomycosis, caused by Batrachochytrium dendrobatidis
(Bd) and B. salamandrivorans (Bsal) fungi, is responsible for the greatest
loss of biodiversity due to disease ever recorded (Fisher & Garner, 2020).
Both pathogens likely originated in East Asia and have been introduced into
naive amphibian populations through human activities and international
animal trade (Hanlon et al., 2018). Bd is now globally widespread, being
able to infect over 1000 amphibian species (Fisher & Garner, 2020).
Conversely, Bsal may be more host-specific, with infection and disease
more frequently reported in urodele species while many European anurans
appear tolerant and/or resistant to infection (Martel et al., 2014). Bsal has
only recently been introduced and spreading in Western Europe,
contributing to the near extirpation of Salamandra salamandra
populations (Martel et al., 2013). In 2018, Bsal was also associated with a
mortality event in Triturus marmoratus in Spain (Martel et al., 2020).

As Bsal continues to expand into areas where Bd is present, coinfections
will be increasingly common in amphibian communities. Indeed, chytrid
fungi coinfection has already been reported in S. salamandra from
Germany (Lotters et al., 2018). However, the potential interactions among
coinfecting chytrid fungi and its consequences for amphibian hosts are
still largely unknown. Interactions among coinfecting parasites can be
synergistic or antagonistic and can have important consequences on host
susceptibility, transmission risk, infection duration and clinical outcome
(Pedersen & Fenton, 2007). Synergism in chytrid fungi could result in
increased prevalence and/or severity of disease, leading to further
population declines and amphibian extinctions. On the other hand,
antagonism between chytrid fungi could be protective for susceptible
species and even aid the recovery of declining populations. Therefore,
analyzing the patterns of coinfection is crucial to understanding disease
dynamics and designing effective management strategies. Here, we
analyze Bd-Bsal coinfections in two species of free-ranging urodeles at a
focal area suffering an outbreak of chytridiomycosis. Our goals were to
assess (1) the probability of co-occurrence of both chytrid species, and (2)
the correlation of the pathogen loads of the two parasites in coinfected
hosts.
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Methods

In March 2018, Bsal was detected in a small reservoir in Montnegre i el
Corredor Natural Park in Catalonia (NE Spain), associated with an outbreak
of mortality in T. marmoratus (Martel et al., 2020). As part of the mitigation
strategies, 38 native T. marmoratus and 16 introduced Ichthyosaura
alpestris were culled soon after the detection of the index case (Martel et
al., 2020; see online supplementary material at
http://dx.doi.org/10.7589/JWD-D-21-00170. Toe-clip samples were
collected and carcasses were fixed in 70% ethanol until histopathologic

analysis. DNA was extracted from toe-clip samples using DNeasy
Blood&Tissue Kit (Qiagen, Germany). Quantitative polymerase chain
reaction (QPCR) assays for Bd (Boyle et al., 2004) and Bsal (Blooi et al.,
2013) were run in duplicate for samples, positive and negative controls.
Samples were considered positive when both duplicates revealed
infection loads >0.1 zoospore genomic equivalents. Histopathological
analysis was performed in seven well-preserved T. marmoratus and three
I. alpestris to confirm the disease. Cross sections from each individual
were obtained after soaking the carcass in a quick softener solution for 120
min. Histological examination of tissues was done using microscopic
inspection of paraffin-embedded, 4-um sections stained with hematoxylin
and eosin. Due to overlap between Bd and Bsal infection patterns, no
attempt to differentiate both chytrids was made. Prevalences with Wilson
score confidence intervals (Cl) of 95% were calculated using “epiR”
package 2.0.19 (Stevenson et al., 2021). Pathogen prevalences and log-
transformed pathogen loads were compared among species using Fisher’s
exact tests and Student’s t-tests, respectively. We also explored whether
Bd and Bsal were positive, negative or randomly associated using “co-
occur” package 1.3 (Griffith et al., 2016). Finally, we assessed parasite
interaction using a regression analysis of pathogen loads (zeros excluded).
All statistical analyses were performed using R 4.0.3 (R Core Team, 2023).
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Results

Prevalences of Bd and Bsal infections and coinfections were significatively
higher in T. marmoratus than in I. alpestris (p< 0.05) (Table 1). Pathogen
loads were not significantly different among urodele species for Bd (t = -
1.0455, df =4.3849, p = 0.35) but were significantly higherin 7. marmoratus
for Bsal (t = -7.1336, df = 26.909, p< 0.05) (Table 2). Our co-occurrence
analysis showed a random association between Bd and Bsal infections in
both newt species (p_lt=1, p_gt=1for . marmoratus, and p_lt=0.82, p_gt
= 0.63 for I. alpestris). In T. marmoratus, when coinfections occurred in a
single host, pathogen loads were positively correlated (n = 31, R> = 0.16,
F(1,29)=5.36, p=0.028; Fig. 1). Correlation analysis was not performed in
I. alpestris as only three individuals were coinfected. Chytridiomycosis
was confirmed histopathologically in all seven T. marmoratus with
multifocal areas of epithelial necrosis associated to the presence of
sporangia (Fig. 2). Different degrees of inflammatory infiltrates associated
with chytrid colonization in the skin were seen in six individuals.
Interestingly, no inflammation was seen in the most severely affected
individual (almost continued colonization of the skin), which also had the
highest pathogen loads. The most intense inflammatory changes were
seen in the newt with the lowest burden. No fungal colonization or dermal
inflammation was detected in /. alpestris.
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Table 1. Prevalence of Batrachochytrium dendrobatidis and B. salamandrivorans infection and coinfection in
Triturus marmoratus and Ichthyosaura alpestris.

Triturus marmoratus Ichthyosaura alpestris Fisher’s exact test
Positive/n P (Clgsw) Positive /n P (Clgsx) p-value
Batrachochytri
atrachochytrium 4449 81.6 (66.6-90.8) 4/16 25(10.2-49.5)  1.338e™
dendrobatidis
Batrachochytrium — 4q, 44 100 (90.8-100)  11/16 68.8 (44.4-85.8) 1.3871e°
salamandrivorans
Coinfection 31/38 81.6 (66.6-90.8) 3/16 18.8 (6.6-43.0) 2.305e”

Clgsw, 95% confidence intervals; n, number of tested individuals; P, prevalence of infection
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Table 2. Summary of Batrachochytrium dendrobatidis and B. salamandrivorans loads (zoospore genomic

equivalents) in infected Triturus marmoratus and Ichthyosaura alpestris.

Triturus marmoratus Ichthyosaura alpestris Student’s t-test*
Median  Range Median  Range p-value
Batrachochytrium
dendrobatidis load 10.2 1.1-1146.2 13.9 1.2-26.5 0.35
Batrachochytrium 273.6  5.7-7941.9 122 0.9-76.5 1.159¢7

salamandrivorans load

*Student’s t-test were performed using log-transformed pathogen loads in

order to conform to normality assumptions of the test.
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Figure 1. Linear regression between logic-transformed Batrachochytrium dendrobatidis and B. salamandrivorans

loads in Triturus marmoratus; shaded area shows the 95% confidence intervals. Bd/Bsal Load: number of genomic
equivalents of zoospores.
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Figure 2. Microscopic lesions in the skin of Triturus marmoratus coinfected with Batrachochytrium dendrobatidis and B.
salamandrivorans. Sections stained with hematoxylin and eosin stain and visualized at 200x magnification. (A) Non-affected area
with intact epidermis (e) and compact dermal (d) tissue for comparison (Case AM051). (B) Extensive full thickness epithelial
colonization by sporangia (arrowheads) with none to minimal inflammatory infiltrates and mild dermal edema (Case AM032). (C)
Superficial invasion with sporangia (arrowhead), with epithelial cells jumbling and mild to moderate inflammatory infiltrates
(asterisks), mainly mononuclear cells, and edemain the dermis (Case AM051). (D) Smallulcer (arrowheads) with very few sporangia
at one of the margins, and a moderate mononuclear inflammatory infiltrate in the dermis (asterisks) (Case AM026).
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Discussion

In this study, we analyzed the patterns of Bd-Bsal coinfections in free-
ranging native . marmoratus and introduced /. alpestris in Spain. To our
knowledge, this is the first report of coinfection in these species and the
second detection of natural Bd-Bsal coinfections globally (Lotters et al.,
2018). Given the ongoing loss of biodiversity caused by Bd, its endemic
occurrence in many areas and the emergence of Bsal, understanding and
predicting the outcomes of coinfections is critical for amphibian
conservation. This is of particular concern in urodeles, since many
European species are highly susceptible to Bsal and coinfections may
influence disease outcomes (Gilbert et al., 2020; Martel et al., 2014).

Ourresults demonstrate a positive relationship between Bd and Bsal loads
in . marmoratus, suggesting a synergistic interaction, where one parasite
promotes the development of the other. Parasite synergism is often
mediated by host immune system, through pathogen-induced
immunosuppression, host tissue disruption and/or resource depletion
(Pedersen & Fenton, 2007). In fact, there is evidence that Bd induces
immune evasion, immunosuppression and immunopathology in some
species (Grogan et al.,, 2018), and Bsal probably exhibits similar
mechanisms (Farrer et al., 2017). A recent study described severely
dysregulated immune responses in Bd-Bsal coinfected newts, showing
that compounded immunopathology and immunosuppression could lead
to more severe disease outcomes (C. A. McDonald et al., 2020).
Nevertheless, few studies have evaluated the clinical course of
coinfections and mixed results have been obtained thus far (Greener et al.,
2020; Longo et al., 2019). In our study, most 7. marmoratus had dermal
inflammatory infiltrates consistent with an adaptive immune response
(Grogan et al., 2018). Although it is not possible to determine the outcome
of this inflammatory reaction (clearance or immunopathology) with only
seven newts, the apparent effective induced defense response warrants
further immunological studies in this species. In contrast, T. marmoratus
experienced disease-induced mortality at the study site (Martel et al.,
2020), suggesting that the existing immune response might not be entirely
effective against chytrid fungi.
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Chapter 4

On the other hand, we showed that Bd and Bsal infections co-occur
randomly in the species of urodeles studied. A random association
between coinfecting chytrid fungi may be observed when constitutive
defenses against first invasion remain unaltered. Despite both parasites
depending on the same host resources/niche (i.e. epidermal cells), none
of our analyses showed antagonistic interactions among chytrid fungi.
These results suggest that resource limitation is not a constraint for fungal
invasion and growth. Differences in chytrid fungi prevalence, load and
pathology between T. marmoratus and [. alpestris probably reflect
differences in species susceptibility as demonstrated experimentally
(Fernandez-Beaskoetxea et al., 2016; Martel et al., 2014). The lower
pathogen prevalences, reduced Bsal loads and lack of histological lesions
in l. alpestris are indicative of increased resistance and tolerance to chytrid
fungi infection. Indeed, this species is considered a potential reservoir for
Bsalin European amphibian communities (Gilbert et al., 2020).

Conclusion

We show that co-occurring Bd and Bsal elicit synergistic effects,
intensifying pathogen load, in at least one urodele species. Chytrid fungi
coinfections could, therefore, increase disease severity and have
important consequences for host survival and conservation in susceptible
amphibian species. A limitation of our study is the analysis of natural
infections since itis not possible to determine the timing and sequence of
coinfections. Experimental infections under controlled conditions are
needed in order to reinforce our conclusions. Further research on parasite
interactions, immune responses and clinical outcomes of chytrid fungi
coinfections will be crucial to predict and prevent future biodiversity
losses.
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He estat callat per dues raons: per pensar en la resposta i per
demostrar que quan un pensa, la gent el mira malament. Per que es
tan mal vist pensar? No és més censurable la gent que no reflexiona

les coses?

— Merli, Els peripatetics
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General discussion

Biodiversity in Catalonia is experiencing sharp declines, mirroring trends
observed across the globe. According to the 2020 report on the state of
biodiversity in Catalonia (Brotons et al., 2020), the region has lost 25% of
its species over the past two decades. This decline is particularly
pronounced in freshwater ecosystems, which are home to many
endangered and protected species, including amphibians. Despite this
alarming situation, current assessments largely overlook a fundamental
dimension of biodiversity: the health status of wild populations. As a
result, our understanding of endemic and emerging diseases — and their
potential contribution to species declines - remains limited. This is
particularly concerning for amphibians, the most threatened vertebrates,
with disease being a major driver of their population declines worldwide
(IUCN, 2024). Effective conservation requires evidence-based,
standardized methods for monitoring species not only in terms of
presence and abundance but also in terms of health. Understanding the
epidemiological dynamics of diseases is essential for accurately
determining conservation status and implementing appropriate
management strategies.

This thesis contributes a significant advancement in this context by
addressing one of the key gaps in the biodiversity framework of Catalonia:
the lack of health-based monitoring of amphibian populations. Across four
empirical chapters, we contribute to methodological advancements,
explore the interplay between host, pathogen, and environment, and
highlight the complexity of infectious disease dynamics in natural
systems. Chytridiomycosis, an emerging infectious disease caused by
chytrid fungi and known for its devastating impacts on amphibian
populations worldwide, forms the central disease system throughout this
work. Through validated methodologies and extensive field testing, we
provide the first epidemiological data on Bd in Catalonia, setting the stage
for future monitoring and research. This work lays the groundwork for
integrating disease surveillance into broader conservation efforts for
protected and declining amphibian species in the region. Moreover, the
approaches and findings developed here have broader applicability,
informing similar efforts in other countries facing comparable biodiversity
and wildlife health challenges.
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Beyond the PITfalls: toward ethical and evidence-based tagging in
amphibians

Reliable population monitoring is a cornerstone of conservation biology,
especially for assessing species’ conservation status and understanding
the impact of emerging threats such as infectious diseases. Without
robust data on population dynamics, making informed decisions about
when or where to intervene for conservation or disease management
purposes is nearly impossible. Moreover, disease impacts on wild
populations can be subtle and cumulative (Valenzuela-Sanchez et al.,
2017); thus, detecting changes in survival, recruitment, or abundance
depends entirely on a strong baseline of demographic data. Capture-
mark-recapture (CMR) methods are widely used in this context, but the
accuracy of demographic estimates is tightly linked to the reliability of the
marking method. If marks are lost or if they inadvertently affect individual
survival or behavior, population estimates can become biased or
misleading (T. L. McDonald et al., 2003; Nichols, 1992). Among these,
Passive Integrated Transponder (PIT) tags have gained popularity in
amphibian research due to their potential advantages over traditional
marking methods, such as increased durability, individual specificity, and
ease of data retrieval (Cooke et al., 2013; Gibbons & Andrews, 2004).
However, the use of PIT tags is not without challenges, as it is considered
a surgical procedure in veterinary medicine and may not be suitable for all
situations. Unfortunately, PIT tagging has not been sufficiently validated
under controlled conditions — particularly in urodeles — and assumptions
about their neutrality or effectiveness often go unchallenged.

To ensure that PIT tags yield valid population data while minimizing harm,
implantation techniques must be evidence-based, species-specific, and
aligned with ethical standards that prioritize animal welfare. As
demonstrated in Chapter 1, relatively few studies rigorously validate PIT
tagging methods for target urodele species, and many fail to report key
methodological details. This represents a concerning gap in amphibian
conservation, which can lead to the inappropriate application of marking
techniques, resulting in increased tag rejection, biased demographic
estimates, and undue suffering for the animals. Our findings in Chapter 1
also reveal high and unpredictable rates of PIT tag loss in urodeles, which
could inflate population estimates and downplay species’ threat levels,
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ultimately undermining conservation decision-making. Furthermore, the
lack of methodological transparency limits the ability to draw reliable
comparisons across studies and obscures important factors influencing
tag retention and animal welfare, thereby hindering the development of
robust, standardized guidelines (Lyon et al., 2019; Musselman et al.,
2017). These results underscore the necessity of conducting species- and
method-specific trials before using PIT tags in urodeles and other
amphibian populations.

To address these issues, in Chapter 1 we emphasize the need for
standardized, transparent reporting and the inclusion of veterinary
professionals in developing and applying marking protocols for
amphibians. This multidisciplinary approach would help ensure both
methodological rigor and adherence to animal welfare standards,
including considerations such as tag size, implantation site, anesthesia
use, and post-operative care. Our study contributes to this goal by
providing a validated, field-friendly, and cost-effective PIT tagging method
for Salamandra salamandra and Pleurodeles waltl that does not require
anesthesia and results in high tag retention with minimalimpact. However,
we also found that this method is not suitable for Calotriton asper,
highlighting that the effectiveness of PIT tags is highly species- and
context-dependent. Importantly, our methodological approach offers a
blueprint for future validations in other amphibian taxa.

The welfare dimension of wildlife research and monitoring is increasingly
gaining prominence, and rightly so (C. Berg et al., 2020). Many traditional
marking methods in amphibians, including toe clipping and branding, are
no longer ethically justifiable given our evolving understanding of animal
sentience and suffering. Nevertheless, even some contemporary
alternatives such as PIT tags are not free from scrutiny, especially when
used in taxa like amphibians, where assessing pain, stress, or long-term
effects is particularly challenging due to the subtlety of behavioral cues
and a lack of species-specific welfare guidelines (Cortés Pérez &
Maldonado Reséndiz, 2023). In this light, emerging technologies such as
artificial intelligence and machine learning offer transformative potential.
Non-invasive individual recognition based on natural body patterns — a
method that eliminates physical marking entirely — can be a powerful tool,
especially for small-bodied species or larval stages where traditional
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marking is either infeasible or ethically problematic (Dalibard et al., 2021;
Takaya et al.,, 2023). These innovations can enhance welfare, reduce
handling time, and improve public acceptance of monitoring activities,
thereby aligning conservation goals more closely with ethical standards.

Amphibians are currently the most endangered group of vertebrates
worldwide, yet population monitoring and health surveillance schemes
remain alarmingly rare, even in regions where most species are legally
protected. In the European Union, biodiversity directives call for
conservation actions and recommend monitoring, but the absence of
binding legislation mandating such programs has resulted in a lack of
coordinated, long-term efforts. This gap is especially problematic in the
face of emerging threats such as chytridiomycosis, a disease listed as
reportable by the World Organization for Animal Health (WOAH). Without
reliable individual marking techniques and systematic CMR studies, we
are unable to assess population dynamics or disease impacts—
challenges we encountered in Catalonia, where insufficient monitoring
infrastructure prevented us from conducting longitudinal studies or
investigating chytridiomycosis impacts in the following chapters of this
thesis. We argue that establishing standardized, welfare-conscious
marking methods — such as species-validated PIT tagging —is a critical first
step toward enabling such studies. We encourage researchers and policy-
makers to recognize this potential and prioritize amphibian monitoring as
both a conservation and environmental health strategy. In Chapter 1, we
make this case and provide a methodological foundation to support the
development and implementation of standardized monitoring approaches
in future research.

Host identity matters: variation in host responses drives
chytridiomycosis dynamics

Host-specific traits play a fundamental role in shaping chytridiomycosis
dynamics. Amphibian species differ markedly in their susceptibility,
resistance, and tolerance to Bd, influencing both individual outcomes and
broader epidemiological patterns (James et al., 2015). Our findings
across Chapters 2, 3, and 4 reinforce the concept that variation in host
responses to infection may lead them to play different roles in the
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transmission and persistence of Bd. In endemic scenarios — such as the
one we described in Catalonia - it becomes particularly important to
identify both highly susceptible and potential reservoir hosts, in order to
effectively target surveillance and management strategies. Even under
endemic conditions, chytridiomycosis can cause mortality in susceptible
hosts, suppress population densities, and reduce long-term population
viability through increased vulnerability to other threats or stochastic
events (Phillott et al., 2013). On the other hand, pathogen-tolerant hosts
that sustain high levels of infection but exhibit low mortality may act as
reservoirs, maintaining pathogen transmission in multi-host communities.

In Chapter 2, which provides the most comprehensive and comparative
dataset across species, we observed pronounced interhost differences in
Bd infection prevalence, intensity and mortality. Alytes obstetricans larvae
showed the highest infection prevalence and high infection intensity
without apparent mortality. This is consistent with their suggested role as
tolerant reservoirs in other disease systems (Clare et al., 2016). However,
Bd prevalence in post-metamorphic A. obstetricans was substantially
lower, with the few infected individuals exhibiting high loads and, in some
cases, mortality, suggesting increased susceptibility and decreased
tolerance at the metamorphic stage. We also observed thatHyla
meridionalis and Pelophylax perezidisplayed distinct patterns of
resistance and tolerance: H. meridionalis exhibited high prevalence and
infection loads in the absence of clinical disease, suggesting tolerance,
while P. perezishowed lower loads, indicating possible resistance
mechanisms. These findings were supported in Chapter 3, where we
further explored these two species and their skin microbiomes under
asymptomatic Bd infection. Low Bd infection rates in other anuran and
urodele species may indicate that some are relatively resistant and
unlikely to function as effective reservoirs. In the case of urodeles, these
observations also align with broader evidence suggesting that they are
generally more resistant to Bd infection and disease (Scheele, Pasmans,
et al., 2019; Van Rooij et al., 2015). Conversely, urodeles are the only
amphibian taxa known to be susceptible to Bsal chytridiomycosis (Martel
et al., 2014). In Chapter 4, we presented new evidence that Triturus
marmoratus is susceptible to Bsal-induced disease and mortality and
demonstrated that host responses to Bsal also vary markedly across
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species. However, limited sample sizes in some cases and the lack of
longitudinal studies to assess individual infection dynamics call for
caution when interpreting our findings and warrant further research.

Multiple factors likely drive this variation in host responses, including
differences in innate and acquired immune responses, as well as
behavioral and life-history traits (Brannelly et al., 2021; Grogan et al.,
2018). In Chapter 3, we explored the potential role of skin microbiome as
part of amphibians’ constitutive immune defenses in such responses. Our
microbiome analysis revealed significant differences in bacterial richness
and composition between H. meridionalis and P. perezi, highlighting
species-specific microbial communities that may reflect underlying
ecological or physiological differences. Interestingly, P. perezi exhibited
greater bacterial richness and lower Bd loads, potentially pointing toward
a microbiome-mediated resistance, as previously proposed (Grogan et al.,
2023). In contrast, while H. meridionalis carried higher Bd loads, it also
harbored a higher relative abundance of putative Bd-inhibitory bacteria,
suggesting a more complex relationship between microbiome
composition and disease tolerance. Notably, we did not observe
significant differences in microbiome diversity or structure between Bd-
positive and Bd-negative individuals within species, possibly due to small
sample sizes, asymptomatic infections, or environmental uniformity.
Despite these limitations, our findings lay important groundwork for future
studies tracking microbiome shifts as potential early indicators of
susceptibility or disease risk. We emphasize that microbiome monitoring
holds promise as an early-warning tool, particularly when integrated into
long-term disease surveillance frameworks.

While amphibian species richness is often thought to play a crucial role in
regulating disease dynamics, our modeling approach in Chapter 2 shows
that it does not significantly influence Bd epidemiology in Catalonia.
Several authors have explored the concept of adilution effect, where
higher host diversity reduces disease risk, in the amphibian-Bd system.
This effect is thought to occur because more diverse communities may
limit the transmission of generalist pathogens by increasing the likelihood
of encounters between susceptible and resistant hosts (Keesing et al.,
2006). Laboratory studies generally support the occurrence of the dilution
effect in Bd systems (Searle, Biga, et al., 2011; Venesky, Liu, et al., 2014),
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but field studies have produced mixed results, likely due to the variation in
host composition, habitat complexity, and species-specific interactions
(Becker & Zamudio, 2011; Liu et al., 2013). Our findings add to the growing
body of evidence suggesting that the presence and identity of specific
species — rather than overall species richness — play a more decisive role
in shaping disease outcomes in complex natural systems. Thus, the
presence of a particular species in a community can either suppress or
amplify pathogen transmission depending on its susceptibility and
ecological interactions. Understanding community-wide transmission
dynamics and species-specific contributions is therefore essential for
predicting disease outcomes in multi-host systems like amphibian
chytridiomycosis.

Context is key: the role of environment and pathogen interactions

Batrachochytrium dendrobatidis is a globally distributed pathogen, with
confirmed presence in at least 94 countries and across a wide range of
environmental contexts (K. A. Murray et al., 2011; Olson et al., 2021; Ron,
2005). Its occurrence spans diverse climates and habitat types, from
tropical rainforests to temperate highlands and Mediterranean systems.
This ecological flexibility enhances its potential for spread and
persistence, especially in biodiverse and climatically variable regions
such as Catalonia. In line with this, in Chapter 2, we documented a broad
geographic distribution of Bd across Catalonia, with prevalence not
significantly associated with specific bioregions or habitat classifications.

Among environmental variables, temperature has consistently been
identified as the primary driver of Bd dynamics (Alvarado-Rybak et al.,
2021; K. A. Murray etal., 2011; Olson et al., 2021). Our findings support this
pattern, with maximum summer temperature emerging as one of the
strongest predictors of Bd prevalence in Catalonia. Interestingly, while
high temperatures are generally considered inhibitory to Bd, we found a
positive association, likely due to thermal buffering by microhabitats and
behavioral adaptations of hosts that allow the pathogen to persist even in
macroclimatically suboptimal conditions (Rohr & Raffel, 2010; Ron, 2005).
Although altitude and precipitation have often been proposed as relevant
predictors of Bd distribution (Alvarado-Rybak et al., 2021; Bacigalupe et
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al., 2019; Olson et al., 2021; Puschendorf et al., 2009; Walker et al., 2010),
neither variable was retained in our final models. These results reinforce
the idea that local thermal conditions are the most biologically meaningful
factor influencing Bd occurrence in our system. This finding is particularly
relevant in the context of climate change, which is expected to expand the
availability of thermally suitable microhabitats and thus facilitate the
persistence and spread of Bd (Venesky, Raffel, et al., 2014; Xie et al.,
2016).

In addition to climatic factors, our results demonstrate that anthropogenic
disturbances significantly predict Bd occurrence. Human-altered
landscapes may facilitate the introduction and spread of Bd, whether
through increased movement of amphibians and fomites (Fisher & Garner,
2020; Liuetal., 2013; O’Hanlon et al., 2018) or through habitat degradation
that compromises hostimmunity (Jiménez & Sommer, 2017; Rollins-Smith
et al., 2011). Habitat fragmentation and contaminants such as pesticides
have been shown to alter the amphibian skin microbiome, a key barrier to
infection, potentially increasing host vulnerability to chytrid fungi (Becker
et al., 2017; Jiménez et al., 2020; McCoy & Peralta, 2018). These findings
highlight how environmental conditions — both natural and human-driven
— interact with host traits and pathogen biology to shape infection
dynamics and disease outcomes.

Batrachochytrium salamandrivorans dynamics appear to be shaped by
similar ecological drivers as Bd, with temperature and anthropogenic
impacts emerging as key predictors in the few models developed to date
(Beukema et al., 2021; Katz & Zellmer, 2018). However, given Bsal’s
narrower and cooler thermal tolerance range (Martel et al., 2013), its
environmental suitability is expected to be higher in temperate regions,
and its response to climate change may diverge considerably from that of
Bd. In Chapter 2, we did not detect Bsal in Catalonia, preventing a direct
evaluation of its environmental associations. Further research in Bsal-
endemic areas will be essential to refine ecological models, improve our
understanding of its disease dynamics, and inform targeted mitigation and
conservation strategies.

Taken together, these insights suggest that environmental management
represents a viable strategy to reduce Bd prevalence and disease risk.

200



General discussion

Mitigation of climate change, restriction of human access and activity in
high-risk areas, and preservation of environmental refugia that disrupt
pathogen life cycles or enhance amphibian resilience represent promising
conservation interventions (Garner et al., 2016; Scheele, Foster, et al.,
2019). By targeting both abiotic and anthropogenic risk factors, such
measures may reduce the burden of chytridiomycosis on vulnerable
amphibian populations.

However, single-pathogen perspectives alone are insufficient to capture
the full complexity of disease dynamics in free-ranging populations. An
integrated approach must also account for interactions among multiple
coinfecting pathogens. Coinfections can substantially alter infection
dynamics and clinical outcomes, raising conservation concerns. This is
particularly relevant for chytridiomycosis, as Bd and Bsal are increasingly
co-circulating in European amphibian populations following Bsal’s recent
emergence. Yet despite this growing risk, very few studies have explored
the effects of coinfection. To date, only two field studies have documented
natural Bd-Bsal coinfections (Lotters et al., 2018; this thesis), and
experimental studies remain scarce, lacking European species under
realistic ecological conditions (C. A. McDonald et al., 2020). This highlights
a critical gap in our understanding of pathogen interactions in amphibian
communities.

In Chapter 4, we present one of the first documented cases of natural Bd-
Bsal coinfection in Europe, and the first in Iberian urodeles. We observed
a high prevalence of coinfections in two urodele species, one endemic and
one introduced in Catalonia. Our results demonstrated a synergistic
interaction between the two chytrid fungi that likely contributed to
increased infection intensity and disease-induced mortality. Mechanisms
such as pathogen-mediated immunosuppression, tissue disruption, or
reduced efficiency of immune responses due to compounded pathogen
pressures may explain these outcomes. Similar interactions have been
observed under experimental conditions, where coinfected individuals
showed more severe clinical outcomes and dysregulated immune
responses compared to single infections (Longo et al.,, 2019; C. A.
McDonald et al., 2020)
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The implications for amphibian conservation are substantial. Synergistic
interactions may accelerate disease progression, increase transmission
potential, and reduce the effectiveness of natural or adaptive host
defenses. As our study also showed, even in the presence of immune
activation (e.g., inflammatory infiltrates), coinfections can lead to lethal
outcomes, suggesting that coinfections can overwhelm host resilience.
Therefore, there is an urgent need for controlled experimental infection
studies to evaluate how Bd-Bsal coinfections influence pathogen load
dynamics, disease progression, host survival, and immune responses.
Additionally, understanding infection sequence, timing, and dose will be
critical to designing effective conservation strategies and forecasting
disease outcomes under realistic ecological scenarios.

Future perspectives

This thesis advances our understanding of amphibian disease ecology by
highlighting the multifactorial nature of chytridiomycosis and the
importance of integrating host traits, microbial defenses, environmental
conditions, and pathogen interactions. Across its four empirical chapters,
the work addresses crucial gaps, from validating field methods to
investigating microbiome-pathogen dynamics and revealing the
potentially compounding effects of co-infections. By situating these
findings within the regional context of Catalonia, yet linking them to
broader global trends, the thesis not only offers actionable insights for
local conservation but also contributes to the wider field of wildlife health
and emerging infectious disease ecology. To strengthen future research
and conservation action, we offer the following recommendations:

o Adopt ethical and standardized marking methodologies: rigorous
validation of marking techniques is essential, and such studies are
still needed for many amphibian species, especially for those that
are threatened. Methods must balance data reliability with animal
welfare.

o Invest in long-term, health-based monitoring: robust, long-term
population data are essential for accurately assessing conservation
status and detecting the impacts of emerging threats such as
disease. Equally important is the development of systematic health
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surveillance schemes, which remain rare for most wildlife, including
amphibians. Without baseline demographic and health data, it is
difficult to evaluate population trends, understand species’
vulnerability, or implement effective management strategies.

Prioritize microbiome-informed approaches: given the role of the
skin microbiome in host defense, future research should explore its
causal relationship with chytridiomycosis resistance and tolerance,
and evaluate its potential for conservation interventions, such as
probiotic applications. Microbiome monitoring also holds promise
as an early-warning tool for identifying shifts in host susceptibility or
disease risk, particularly when integrated into long-term health
surveillance frameworks.

Incorporate a multispecies, multi-pathogen perspective:
effective disease management mustaccount forthe ecologicalroles
and susceptibility of individual host species, including their
potential to act as reservoirs or amplifiers. Community-level
approaches should incorporate host-pathogen interactions and the
presence of co-infecting pathogens to better predict disease
dynamics and inform targeted interventions.

Expand experimental coinfection studies: controlled studies
examining the effects of Bd-Bsal coinfection on infection load,
immune response, disease progression, and host survival are
urgently needed.

Implement proactive conservation strategies: management
efforts should target both abiotic (e.g., temperature regulation,
climate refugia) and anthropogenic (e.g., habitat protection,
movement restrictions) drivers to reduce disease risk in sensitive
habitats.

In conclusion, this thesis highlights the urgency of adopting integrative,

ethically grounded, and ecologically informed approaches to amphibian

conservation. As amphibians continue to face unprecedented threats

from habitat loss, climate change, and emerging diseases, only a holistic

understanding of host—-pathogen—environment interactions will allow us to

develop effective and sustainable responses.
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Conclusions

No m’estranya que sigui més bona, la gent aqui dalt, més autentica,
meés humana, si respiren cada dia aquest aire. | beuen aigua d’aquest
riu. | contemplen cada dia la bellesa que fa mal a ’'anima d’aquestes
muntanyes.

— Irene Sola, Canto jo i la muntanya balla

205



206



Conclusions

. The reliability of passive integrated transponder tags for marking
urodeles is highly dependent on the species and implanting method,
and it should be tested in controlled studies and reported appropriately
before its use in field research.

. Batrachochytrium dendrobatidis infection is broadly distributed and
endemic in amphibian communities across Catalonia, while
Batrachochytrium salamandrivorans is presumably absent.

. Atleast seven native amphibian species in Catalonia are susceptible to
Batrachochytrium dendrobatidis infection. However, only Hyla
meridionalis and Alytes obstetricans larvae exhibit characteristics of
potential reservoir hosts.

. Batrachochytrium dendrobatidis occurrence in Catalonia is positively
associated with maximum summer temperatures and anthropogenic
disturbance.

. The skin microbiome of amphibians does not necessarily shift in
response to Batrachochytrium dendrobatidis infection in asymptomatic
hosts but may contribute to species-specific mechanisms of tolerance
and resistance.

. Coinfection with Batrachochytrium dendrobatidis and

Batrachochytrium salamandrivorans is synergic, increasing pathogen
load in Triturus marmoratus and potentially other urodeles.
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