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Abstract

Amphibians are particularly vulnerable to hydric stress due to their permeable skin, biphasic life
cycle, and strong dependence on aquatic and moist terrestrial environments. In the North-Western
Mediterranean Basin—one of Europe’s most climate-sensitive regions—the intensification of
droughts associated with climate change poses a critical threat to amphibian populations. Increased
aridification, either due to higher temperatures or to more frequent, prolonged, and severe drought
episodes can affect both aquatic and terrestrial life stages, directly altering breeding opportunities,
larval development, post-metamorphic survival, and dispersal capacity. This review aims to gather
and synthesize current knowledge on the ecological, physiological, and demographic impacts of
drought on amphibians of the North-Western Mediterranean across habitat types, including
ephemeral ponds, permanent water bodies, lotic systems, and terrestrial landscapes. Drought-
induced shifts in hydroperiod can drastically reduce reproductive success and accelerate larval
development with fitness consequences, while on land, desiccation risk and habitat degradation
could limit access to refugia and fragment populations by reducing structural connectivity. These
environmental constraints are compounded by the interactions between drought and emerging
infectious diseases. We discuss the current knowledge on how chytrid fungi (Batrachochytrium
dendrobatidis and B. salamandrivorans) and ranaviruses may respond to temperature and moisture
regimes, and how drought may affect their transmission dynamics, host susceptibility, and pathogen
persistence. In these cases, microbiome disruption, pollutant concentration, and increased contact
rates between species may amplify disease outbreaks under dry conditions, but a better
understanding of the multifactorial effects of drought on amphibian biology and disease ecology is
needed for predicting species vulnerability, identifying high-risk populations, and guiding future
conservation and management strategies in Mediterranean environments.

Keywords: drougths; Amphibia; lotic; lentic; emerging diseases; climatic change; North-Western
Mediterranean Basin; hydroperiod

1. Introduction

Climate change due to increases in human greenhouse gas emissions since the beginning of the
industrial revolution up to the present day is now considered one of the major threats to biodiversity
and one which underlies several reported extinction events [1-3]. Climate is rapidly changing, and
the trend towards increased global temperatures has been forecasted to continue for the coming
decades [4], together with the risk of droughts. Model projections for the 2090s indicate that the
proportion of the global land surface in extreme drought is predicted to increase by a factor of 10 to
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30. Although species have demonstrated resilience to important climate shifts throughout
evolutionary history, the current rate of global changes is challenging the ability of organisms to
adapt rapidly. This poses serious risks to wildlife communities, potentially driving biodiversity losses
[5]. Importantly, human-induced climate change is not only altering the mean temperature but also
the patterns of precipitation and evapotranspiration, including extreme weather events such as
heatwaves, floods, wildfires and droughts [6-9]. In addition, global trends towards aridification can
further compromise biodiversity through changes in land use and overexploitation of hydric
resources, leading to unpredictable changes in water variability and availability [10,11].

Droughts, characterized by anomalously low precipitation, abnormal soil moisture deficits, and
excessive evapotranspiration [8,12,13], are a major environmental stressor with diverse potential
effects on wildlife communities. They can impact wildlife directly by inducing physiological stress
that affects survival and fecundity. Additionally, they exert indirect effects by altering habitat
structure [14], resource availability [15], and interspecific interactions. These can include shifts in
microbial soil composition [16], forest die-offs [17], the proliferation of invasive species [18], and the
destabilization of species interactions due to changes in competition and trophic dynamics [19,20].
Drought effects depend on its duration and intensity [15-21]. In this sense, the percentage of land
under extreme drought, defined as the 1% most severe drought conditions that occurred between
1950 and 2000, is expected to rise from 1% today to 30% by the end of the 21st century according to
climate models [22]. Estimates for the southwestern United States [23] suggest that several ecoregions
will see large increases in drought exposure, with 29 out of 84 ecoregions being subject to increases
of over 200%, and 19 ecoregions being subject to increases over 400%. Concerning the effects of
extreme weather and climate events [15], increases in their frequency, severity and/or duration can
trigger resource bottlenecks that act as powerful demographic constraints on terrestrial fauna, often
exacerbating other anthropic pressures such as land use change and driving populations to local
extinction or marked declines. Bottlenecks caused by drought were found for most taxa, but
interestingly they accounted for all three recorded impacts on amphibians.

Climate change is impacting water availability in the regions surrounding the Mediterranean
Sea. The Western Mediterranean has been identified [8,24-27] as one of the regions with a moisture
deficit from of oceanic moisture source from the North Atlantic source. Most studies show negative
consequences of climate change in soil moisture, aquifer recharge, irrigation demand, hydrological
extremes (droughts, low flows), and water and soil quality (nutrient concentration, soil salinity, soil
erosion). Projections generally agree on an increased duration, frequency and severity of droughts in
the Mediterranean Basin [13,28]. However, recent studies [29] show that precipitation trends over the
past one and a half century are negligible, and that the precipitation in the area is dominated by high
temporal variability. Despite this, increasing aridity in the region is likely unavoidable and to be
driven primarily by rising temperatures and enhanced evapotranspiration. In this sense,
Mediterranean climate change has been observed at a magnitude exceeding global means [30]. The
regional temperature increase is higher than the global mean temperature increase, with a peak at
1.9°C above 1950 temperature in 2022. Thus, it is important to highlight that, regardless of the
presence, or not, of significant trends in precipitation in the Mediterranean Basin, the region is
undergoing a progressive process of climatic aridification. This trend is primarily driven by an
increase in atmospheric evaporative demand associated with rising temperatures and potentially
compounded by changes in precipitation patterns. As a result, the region is experiencing increasingly
severe ecological and agricultural droughts [8,12,13].

The Western Mediterranean Basin is not only home to droughts but also to a great use of water
resources. For instance, Western Mediterranean countries are among the most productive
agricultural supplies mainly thanks to the combination of high temperatures and the irrigation of
water-consuming crops. Withdrawals for irrigation are high because of the evaporative demand for
crops grown in the Mediterranean climate [31]. The demand for irrigation water in the eastern and
southern countries is often over 50% and reaches almost 90% in some countries [32]. In these
countries, agriculture is the primary water-consuming sector, with high-demand crops. In addition,
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the great increase of tourism in the last decades [33], poses an added pressure in the consumption of
water resources for personal and recreational activities mainly in summer [33], which is not only the
driest and hottest season, but also it is the season whose climate is becoming even more arid [34].
Heatwaves and droughts interact with various water uses, sometimes creating a positive feedback
loop. For example, during droughts, agricultural water consumption often increases, further
exacerbating water scarcity [34]. Additionally, the increase in forest cover in non-cultivated areas can
also decrease the amount of water that reaches streams, ponds, and can become groundwater. In
Catalonia (North-Eastern Spain), the average annual temperature has already increased by 1.9 °C and
the average annual rainfall has decreased by about 104 mm compared to the middle of the 20th
century [35], with an increased duration and intensity of drought periods, while the increase in forest
cover has greatly increased. In fact, FOREStime report [36] estimates a 29% reduction of blue water
between 1990 and 2014 in the North-Eastern Iberian Peninsula, including Catalonia. All this leads to
a scenario of great water scarcity similar to other areas with a similar climate (e.g. California, see
[17,36], where less water will be available for different uses, while the increased vegetation cover will
demand more water to compensate for a warmer and drier atmosphere.

Amphibians are among the most threatened animal groups, and a recently updated assessment
[37] reports that their conservation status keeps worsening globally. Most species lay eggs in the
water, which hatch into aquatic larvae that metamorphose into land-living juveniles. Drought can
heavily impact amphibian species that rely on water availability for larval development, with direct
and indirect effects on larval survival and postmetamorphic fitness [38,39]. Soil moisture is important
also for most amphibian postmetamorphic age-classes which rely on underground microrefugia [40],
or for many amphibians’ species which obtain water directly from the substrate [41]. Thus, droughts
are related to increased mortality rates in amphibian populations [42], altered community
compositions [10,43,44], and even decreases in biodiversity and functional diversity [45]. Thus, while
amphibian species may have to endure smaller increases of drought episodes compared to the other
vertebrate groups [23], this may nevertheless imply much more detrimental effects in amphibians
than on other faunal groups.

Drought is expected to have the most severe consequences on amphibians [46]. According to
[47], drought events have increased in several areas with high amphibian diversity, including much
of the Amazon basin, the Atlantic Forest of Brazil, Madagascar, southwestern United States, northern
Mexico, and also continental Europe [47]. Despite this, surprisingly in amphibians the risks
associated with more intense or recurrent dry periods remain relatively understudied compared to
the other groups [48].

Concerning the North-Western Mediterranean Basin, while local species are adapted to survive
and endure these temporarily arid conditions, it remains uncertain whether they can adapt to an
increasing frequency and intensity of dry periods under changing water availability conditions [49].
In Europe, the frequency and magnitude of droughts and heatwaves have increased over the last 50
yr1, especially in the southern and western regions [50,51]. These events, in addition to the levels of
water demand by human activities, will drive water scarcity in the North-Western Mediterranean
Basin, determining an important part of the negative effects on the amphibian communities, which
will synergistically act together with other factors such as habitat loss and fragmentation, pollutants,
emerging diseases, and invasive species.

In this review, we assess the potential impact of the reduction of water availability and the
possible increase of severe droughts in the amphibian community of the North-Western
Mediterranean Basin, highlighting the risks for this crucial element of the fresh-water biodiversity in
the long-term. We focus on how the loss of superficial water and moisture can affect amphibian
assemblages in lentic, lotic and terrestrial habitats, and also on how it can interact with the spread of
emergent diseases, like chytridiomycosis and ranavirosis, which can be a very important
conservation issue in the future.
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2. General Susceptibility of the Amphibian Community to Drought

The amphibian community inhabiting North-Western Mediterranean basin is under the domain
of the Mediterranean climate with hot and dry summers, mild wet winters and high spatio-temporal
variability of precipitation, which is mainly concentrated in autumn and secondarily in spring.
Usually, the amphibian community in this area is subject to two well-characterised hydrological
phases. A wet period, mainly from autumn to spring, and a dry period concentrated mainly in
summer. However, there is great inter-annual variability in the duration and intensity of these
periods. The adaptability of the local amphibian community to changes in the wet-dry regime
probably depends on many intrinsic and extrinsic factors, determining different susceptibilities
(Supplementary Table S1). These different susceptibilities most probably imply a phylogenetic signal,
similar to the signal found in thermal tolerances [52].

Since aridity periods are predicted to increase in frequency and intensity [13,28], this will put a
strain on those species that are not plastic or adapted enough to face the diminished water availability
for the Mediterranean Region [24,26,47,53] identifies Western Europe as one of the regions in which
amphibian species are most exposed to droughts (Figure 1).

Droughts
Proportion of
exposed species

i
0 1.0

Figure 1. Proportion of amphibian species exposed to drought around the world according to [47].

By the end of the 21st century, the combined effects of rising temperatures, reduced
precipitation, and increasing pressure on water resources are expected to drive the expansion of the
Mediterranean region’s drier ecosystems into areas further north and at higher altitudes [54]. It has
been observed that many species of amphibians in the Iberian Peninsula have already moved up in
altitude towards cooler and more moist environments [55]. Changes in predicted water availability
to the end of XXI century for the Western Mediterranean (Figure 2, data extracted from [26]), predict
a general decrease in water availability and an increase of water demand.
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Figure 2. Predicted change in water resource category (in %) to 2050-2100, from low and high scenarios of
greenhouse emissions. AR: Aquifer recharge, R/LIL: Reservoir/Lake Inflow, R: Runoff, SM: Soil Moisture, OR:
Other Resources and ID: Irrigation Demand. The boxes indicate a confidence interval of 95%. The black
horizontal line is the mean. Data include only publications referred to Western Mediterranean Basin gathered

by [26], from Supplementary Materials, Tables S1 and S2.

Local anuran larvae are typically primary consumers or opportunistic omnivores, whereas
urodela larvae tend to be primarily predatory [39]. More importantly, the length of the larval phase
frequently determines species-specific habitat requirements [39,56,57]. Pond drying is one of the main
risks for amphibians in these communities. Species have specific requirements regarding the
hydroperiod, which defines a trade-off between predation, competition, and desiccation risk [38]. For
instance, the preferred hydroperiod can be short to avoid potential predators like fish or large
dragonfly larvae but must be long enough to allow larval development to reach completion, if not
met, at the cost of high levels of larval mortality and reproductive failure. Thus, prolonged periods
of drought most probably will affect the rates of colonization and extinction, driving changes in
occupancy and metapopulation dynamics in some species [46,58,59], like for instance in the observed
fecundity and survival at different ontogenetic stages in Bombina variegata [60], where population
growth is strongly influenced by drought frequency. Decreases in fecundity can also be accompanied
by changes in larval survival, larval size, growth and time of metamorphosis [61,62]. At the landscape
level, droughts can alter amphibian ranges and breeding phenology with consequences for
reproductive success [63].

On the other hand, most pond-breeding adult amphibians spend little time in breeding ponds,
and most of their lifetime is spent in terrestrial habitats that may, or not, be directly adjacent to the
breeding site. Each species and age-class may show different strategies to survive during severe
droughts in terrestrial habitats. The intrinsic dispersal capacity of each species is important for
migrating to areas with water, even over large distances. Theoretically, high dispersal rates, high
fecundity, and a short lifespan are associated to metapopulations experiencing unpredictable
environments and presumably more adapted and resilient to droughts, while a very low dispersal
rate, low fecundity and a long lifespan are associated to populations occupying predictable
environments [60]. Accordingly, small toadlets and adults of Epidalea calamita migrate distances of
several hundred meters within a short time [64,65], which may significantly help prevent local
extinction in sink populations. Hyla molleri and Pelobates cultripes are capable of covering accumulated
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displacements up to 3.5 and 1.8 km respectively [66]. Similarly, Pelophylax perezi has high dispersal
capacities [67] that allows the species to maintain genetic structure between far waterbodies.
Contrarily however, other amphibian species have low dispersal capacities but may be very resilient
thanks to longer lifespans. It has been suggested that high survival of adult D. fuscus [68], coupled
with their temporary emigration, may compensate for the negative effects of drought on larvae and
facilitate resilience of this species to drought conditions. In fact, long lifespans were identified as the
main factor allowing long-term persistence of a population or marbled salamander under the stress
of occasional catastrophic reproductive failures due to low precipitation [69]. Similarly, urodeles in
the North-Western Mediterranean can live more than 10 years [70-73], which could be a crucial
feature to allow a population to overcome long droughts.

In most amphibian species only a small fraction of the individuals perform long-distance
dispersal events while short distance displacements are much more frequent [65,67,74,75]. Usually,
this small proportion of the population is enough to maintain genetic and metapopulational
structures. However, droughts also produce habitat loss and fragmentation [39], hindering the
connectivity along breeding sites, which is an important factor which could determine the survival
of metapopulations. Landscape configuration conditions colonization and extinction probabilities
and is very important for the persistence of “sink” populations [76,77].

Finally, changes in temperature or precipitation can potentially influence the timing of
amphibian reproduction [56,78]. An earlier onset of spring breeding behaviour correlated with a
warming climate has been observed among various pond-breeding frogs and toads in Europe [79-
83]. [84] through a meta-analysis of global amphibian phenological data, concluded that this group
is strongly influenced by climate change. Although they did not identify consistent patterns in
demographic parameters such as abundance, survival, breeding success, or morphology, they found
that drought and elevated temperatures can significantly alter amphibian phenology —advancing,
delaying, or even preventing the onset of breeding. Such shifts in breeding timing can disrupt
ecosystem processes and force larval development to occur under suboptimal conditions, leading to
increased intraspecific competition and reduced resource availability [83].

3. Potential Effects of Extreme Droughts

3.1. Lakes and Ponds

The hydrology of lakes and ponds, whether from natural or human origin, is generally
characterized by being dependent on the hydrological and rainfall regime in one small area. That is,
if we exclude large artificial reservoirs and the mountain lakes located in the main West European
mountain ranges, most of the lentic environments on the Western Mediterranean area are quite
sensitive to long periods of drought due to natural climate variations, anthropogenic climate change,
or water overexploitation.

Most amphibians present in the Western Mediterranean can reproduce in lentic environments.
It is usually assumed that these communities are structured along a series of abiotic and biotic
gradients that determine the abundance of each species [85-87]. Among all factors, hydroperiod is
arguably considered the most relevant. Studies on amphibian communities in temperate regions
agree that pond breeding amphibian communities are organized along the hydroperiod gradient,
ranging from permanent to temporary and ephemeral ponds (see e.g. [85,88,89]). While long
hydroperiods support more complex faunal communities and promote the selection of predator-
avoidance traits in amphibian larvae [58], ephemeral environments select for traits related to rapid
development and efficient foraging instead, as the risk of reproductive failure primarily depends on
hydroperiod length [90]. In an intermediate situation, temporary ponds show varying levels of
desiccation and predation risk, with potentially important competition levels. In Mediterranean
regions, temporary ponds are the main breeding habitats for several amphibian species [90,91]. In
these environments the alternation of dry and wet periods determines the resident community, as
both terrestrial and aquatic species need to have strategies to resist dry periods and droughts, such
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as the ability to migrate, advance metamorphosis, increase growth rate or resistance behaviours. This
combination of factors makes Mediterranean temporary ponds unique in its high biodiversity,
becoming specially protected systems listed as priority habitats by the Habitats Directive code 3170
[92].

The position of a pond along this gradient each year largely depends on short- and long-term
rainfall patterns, creating an unpredictability to which many species have adapted. This includes
showing several types of phenotypic plasticity in larvae, and an important ability to optimize
selection of oviposition sites and flexible strategies in the timing of the onset of breeding in adults
[56,90,93-97]. For instance, most temperate amphibians can show antipredator morphologies if there
are predators present [98] or accelerate the timing of metamorphosis to escape drying waters.
However, all these shifts have trade-offs, and in the case of premature metamorphosis developmental
acceleration comes at the cost of reduced body size, altered body proportions, and possible
impairments of the immune function in the recently metamorphosed individual [38,58,88], which
may even have downstream effects on susceptibility to disease [63,99].

Worryingly, prolonged droughts will directly and repeatedly affect the hydroperiod gradient
that underpins this diversity and structures most amphibian communities, and plasticity not only
entails costs but also has limits, meaning that several species may be pushed beyond their adaptive
capacity if droughts become more frequent and intense [100]. While the Western Mediterranean basin
is characterized by pronounced interannual variability in both the amount and timing of rainfall, it
is already known that extreme events can strongly shape community composition. During a
prolonged period of abnormally low rainfall in Dofiana Natural Park (2011-2022), an exacerbated
unpredictability in the onset of inundation of the temporary ponds led to interannual differences in
amphibian community composition [39]. In the long term, an increased frequency or length of
droughts either tend to favour the most dominant species [57,101,102], or leads to a direct loss of the
available habitats and to a reduction of abundance and diversity of amphibians [39,59,103,104].

On the positive side, droughts can lead to the disappearance of invasive fish species from many
sites, often without subsequent recolonization, which are associated with reduced amphibian
occupancy in areas where these exotics are present. This suggests that droughts may offer a window
of opportunity for invasive species control which may be one of the main problems for amphibian
population dynamics [10,105]. For instance, [106] modelled the effects of various threats on the larval
development of Epidalea calamita—a species that breeds mainly in ephemeral and temporary ponds—
and found that predation pressure from invasive species had a stronger negative impact on tadpole
guilds than changes in temperature or precipitation. This highlights that the presence of invasive
predators poses a greater threat to the species than climate change itself. Supporting this, recent
monitoring in Catalonian natural parks showed this species increased both in abundance and
occupancy during the 2021-2024 drought period [107]. Conversely, if droughts do not reduce the
presence of invasive fish and the remaining aquatic habitats continue to host these species, the
combined stressors may lead to sharp declines in several amphibian populations. The same study
[107], along with others, found that species dependent on longer hydroperiods were negatively
affected in the short term by the reduced availability of suitable habitats, in some cases resulting in
local extinctions [10,69,108].

Beyond the direct effects of altered hydroperiods (Figure 3), many other ecological factors
associated with drying habitats can indirectly affect amphibian behaviour, physiology, and fitness
[109]. Amphibians that breed in ephemeral or temporary ponds are especially exposed to fluctuations
in temperature and precipitation, which can alter larval density, food availability, and host—pathogen
interactions [46,63]. When these changes lead to metamorphosis at smaller body sizes [38,59,89], this
will most probably entail costs in terms of survival in the first terrestrial life stages [110]. Shifts in
reproductive phenology can also influence the outcome of competitive and predatory interactions,
thereby potentially altering community dynamics in assemblages of co-existing species, beyond
direct effects on individual mortality and survival [111,112].If multiple species that previously
segregated temporally are increasingly forced to breed synchronously, this may intensify both
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interspecific competition and predation pressure — particularly if predators are also constrained to
breed or forage within the shortened periods of inundation — potentially leading to unpredictable
shifts in community dynamics.

In coastal freshwater ecosystems, the effects of drought can be particularly severe due to
salinization. Proximity to the sea can lead to increased salt concentrations in aquatic habitats during
drought periods [113-115]. Although salinization also occurs inland —mainly as a result of aquifer
overexploitation and prolonged droughts [116,117] in coastal wetlands, it is especially exacerbated
by decreasing precipitation, rising temperatures, and seawater intrusion. Drought periods disrupt
the balance and dynamics between fresh and saltwater in coastal areas, a process that can drive
significant changes in amphibian and aquatic communities [118]. Most amphibians in Western
Europe have complex life cycles that include aquatic stages —eggs, larvae, and in some species, even
adults—that are frequently exposed to increasingly saline conditions. Some species can reproduce in
slightly brackish or low-salinity coastal habitats [114], but amphibians are generally highly
susceptible to elevated salinity due to their permeable skin and limited osmoregulatory capacity
[119]. Salinity can negatively impact reproductive performance, reducing sperm viability, fecundity,
and embryo survival, with early life stages being particularly vulnerable [115,120,121]. Even
moderate salinity can prolong development and alter hormone activity in larvae, depressing thyroid
function, affecting osmoregulatory hormones, and altering antioxidant responses [119,122-124].
These physiological disruptions can lead to slower growth, reduced activity and foraging efficiency,
and ultimately extended larval periods [125-131]. Larvae exposed to salinity may also exhibit
reduced swimming performance and speed, increasing their susceptibility to predation [131-134]. As
a result, repeated increases in salinity can compromise the normal survival of cohorts because saline
and drought-stressed conditions will coincide with shorter hydroperiods and increased predator
density. In Western Europe, certain populations of Pleurodeles waltl, Triturus marmoratus, T. cristatus,
Lissotriton helveticus, Discoglossus pictus, D. galganoi, Pelobates cultripes, P. fuscus, Hyla meridionalis,
Epidalea calamita, Bufo spinosus, Bufotes balearicus, B. viridis and Pelophylax perezi have demonstrated a
degree of physiological adaptation to osmotically stressful environments, allowing some populations
to persist in mildly or occasionally saline habitats [113,115,125,135-139], but no amphibian species is
known to permanently inhabit highly saline environments.

3.2. Rivers, Streams, and Brooks

Under Mediterranean climate conditions, most watercourses exhibit a seasonal flow regime,
with a wet phase occurring during late autumn, winter, and spring, and a dry phase that typically
takes place in summer [140,141]. While permanent rivers in the region experience substantial
fluctuations in discharge, they rarely dry out completely —the dry phase in these systems usually
corresponds to reduced flow or water volume. In contrast, temporary rivers may break into a series
of disconnected pools or even dry up entirely for part of the year. At the most extreme end of the
gradient, ephemeral streams flow only briefly, typically following rainfall events [141,142]. Most of
the research has historically focused on permanent rivers, despite that temporary rivers are common
watercourses throughout the world [142-144]. They are especially abundant in the Mediterranean
basin, where they are currently more studied [145].
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Figure 3. Schematic diagram of the main pathways via which drought may change tadpole and toadlet fitness.
A: Drought reduces hydroperiod forcing tadpoles to modify growth or larval development by means of
phenotypic plasticity. B: Drought increases predation and intra- and interspecific competition. C: Increase of
water temperatures can favor the outbreak of emergent diseases. D: Drought directly causes amphibian
mortality when ponds or stream pools dry out, leading to the loss of entire cohorts. E: The decrease of water

volume increases the pollutant concentration. E also has effects on B, C and D.

It is commonly accepted that temporary rivers support lower overall biodiversity than
permanent ones, as the latter tend to exhibit more complex physical structures and contain a wider
variety of microhabitats [146]. Temporary rivers are characterized by marked interannual variation
in the onset and duration of their dry phases, which can jeopardize the survival of species not adapted
to endure prolonged droughts or flash floods. Due to these constraints, temporary rivers can host
unique biodiversity and often act as refugia for specialized species [147]. Their intermittent nature
may also make them more resistant to biological invasions, such as those by exotic fish [148,149], but
see [150,151]. Similarly to temporary ponds, these systems can be frequently considered ‘hotspots’ of
regional biodiversity and can play a key role in maintaining the ecological integrity of river networks
[147]. Nevertheless, many are under significant pressure due to water overexploitation [152,153].
Climate change models predict a global increase in the extent of intermittent rivers, with formerly
perennial rivers in some regions already transitioning to temporary flow regimes [142,154]. However,
in this context temporary rivers themselves are becoming increasingly vulnerable. The combined
effects of reduced precipitation and growing human water demands are intensifying the frequency
and duration of no-flow periods in many areas [155,156]. Intensifying drought conditions are
expected to reduce hydrological connectivity, limiting species dispersal and disrupting
metapopulation dynamics [157]. Even species typically regarded as resilient may be at risk if
extended dry phases—or shifts in their seasonal timing —become decoupled from species’ life-history
strategies [158,159].

Although the Western Mediterranean does not host a high number of stream-specialist
amphibians, those that do occur typically have high conservation value and occupy unique ecological
niches. Newts of the genera Calotriton and Euproctus are typically protected under national or regional
conservation frameworks, yet they face increasing threats — that similarly affect other stream-
dwelling anurans, such as Rana pyrenaica — from rising water temperatures, more frequent extreme
rainfall events, the introduction of non-native fish species into the few stream sections that still retain
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water , and water overexploitation [160-162]. In contrast to species inhabiting lentic habitats, those
adapted to lotic environments tend to have more limited dispersal abilities [163-165]. This is likely
because riverine systems are geologically more stable, and thus, evolutionary pressures have not
favoured long-distance dispersal [165-167]. As running waters are generally more persistent than
small lentic water bodies, populations within them are less reliant on dispersal for survival, often
resulting in higher levels of genetic isolation, even in small distances [163,168]. Conversely, species
from lentic environments tend to exhibit greater dispersal capabilities due to the unpredictable
hydroperiods associated with rainfall dependency and, on average, occupy larger geographical
ranges than species restricted to more stable lotic systems [166]. As a result, the increasing disruption
of water continuity within and among river systems — primarily driven by more frequent droughts—
may have severe consequences for the diversity and persistence of lotic-adapted species. A notable
example is the Montseny Brook Newt (Calotriton arnoldi), listed as Critically Endangered, which is
currently facing an extremely vulnerable situation in parts of its already restricted range due to
markedly reduced stream flows [162]. This decline in water availability is likely the result of
interacting pressures, including climate change, land-use transformations, and excessive water
abstraction [162]. Moreover, the situation is exacerbated by the species” extremely limited dispersal
capacity and the near-total absence of connectivity among its fragmented populations [168], creating
a highly precarious scenario for the long-term survival in some brooks.

On the other hand, for more generalist amphibian species that inhabit both lentic and lotic
environments, the main stressors and ecological trade-offs across biotic and abiotic gradients in river
systems may broadly mirror those observed in ponds. In lentic habitats, permanent waters typically
harbour a higher density of amphibian predators and competitors, while temporary systems are
associated with greater desiccation risk [169]. However, unlike the more predictable gradient found
in ponds, temporary rivers can also support fish species that are adapted to survive in isolated pools
during dry periods [147,170]. Moreover, due to their limited baseflow and rapid hydrologic response
to rainfall, temporary streams often experience more pronounced flood peaks than perennial systems
[171-173]. In a recent study on the distribution of generalist amphibians in a Mediterranean stream
system, [169] identified water availability as the primary factor driving both abundance and
diversity. Although water availability was positively correlated with fish presence, the study
suggests that in temporary rivers, amphibians that tend to avoid fish in pond environments may
successfully evade predation by exploiting microhabitats shaped by natural river dynamics—
features that are largely absent in ponds. While this points to a potentially favourable scenario for
amphibians able to inhabit temporary river systems, the study also found that water availability
clearly determined the presence of species typically associated with permanent aquatic habitats,
pointing that droughts may affect these species in a manner similar to how they impact fish
populations, in some cases even leading to local extinctions [108].

In addition to reductions in water quantity, climate change also poses significant threats to water
quality. During dry spells, the capacity of temporary streams and rivers to dilute pollutants is
substantially reduced, impairing their ability to buffer the effects of continuous wastewater
discharges. While effluent volumes typically remain stable throughout the year, the dilution potential
of receiving water bodies is highly variable leading to sharp increases in pollutant concentrations
during drought events [174]. This issue is not adequately addressed in current water management
frameworks [175]. Among pollutants, glyphosate has received particular attention in amphibian
research, with sublethal effects documented across all developmental stages [176]. However, the
extent to which glyphosate-based herbicides and other pesticides contribute to amphibian declines
remains unclear, largely due to a lack of data on actual exposure levels in natural populations [176].
Although the dynamics of pesticide presence and concentration in Mediterranean freshwater systems
are not yet fully understood [177], there is growing concern that prolonged droughts may exacerbate
the accumulation and persistence of these substances, thereby intensifying their ecological impact
[178].
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Finally, it is important to note that even though amphibians also use temporary rivers and in
most cases are more able to colonize them than fish, they are not considered yet in the environmental
quality indices of rivers and streams (Ecological Quality Ratios -EQRs-), based on ecological status
classifications of the Water Framework Directive (WFD), Directive 2000/60/EC of the European
Parliament and of the Council of 23 October 2000 (https://eur-lex.europa.eu/eli/dir/2000/60/0j).

3.3. Terrestrial Habitat

Most adult amphibians in the Western Mediterranean spend the majority of the year in
terrestrial habitats, returning to aquatic environments only during the breeding season. In terrestrial
settings, they are particularly vulnerable to water scarcity due to their permeable skin and reliance
on moist microhabitats for hydration and cutaneous respiration. During droughts or extended dry
periods, dehydration stress increases, compromising physiological processes such as gas exchange,
locomotion, and aerobic activity [41]. Reduced soil moisture and the desiccation of terrestrial refuges
can lower survival rates of post-metamorphic and adult individuals. For instance, in Bombina
variegata, a severe drought led to a 12% and 10% reduction in juvenile and adult survival, respectively
[60]. Similarly, in Rana sylvatica, adult survival was positively correlated with monthly rainfall [61].
In Ambystoma tigrinum [179], male survival during a drought year in breeding ponds was up to 54%
lower compared to survival in adjacent forest habitats. Recent modelling studies further underscore
the impact of climate change on amphibian activity levels. [46] showed that, under future scenarios
combining increased temperatures and drought conditions, the potential activity of different frog
ecotypes was markedly reduced. Notably, reduced rainfall had a greater negative effect on activity
than temperature increases alone. Stream-dwelling and semiaquatic ecotypes were particularly
assessed to be susceptible to desiccation stress, likely due to their higher dependency on continuous
water availability compared to arboreal or fossorial species. Droughts will likely also reduce dispersal
opportunities by limiting surface activity, thereby decreasing the probability of successful emigration
and colonization of new habitats [108].

Beyond the immediate limitation posed by reduced atmospheric moisture, extreme droughts
can have long-term impacts on the terrestrial habitats inhabited by adult amphibians. Severe and
recurrent drought events lead to widespread tree mortality and alter forest structure [44,180,181]
which can significantly affect survival and activity during the most vulnerable life stages of some
species [182-184]. Certain terrestrial microhabitats —such as dead logs, woody debris, and fallen trees
that retain soil moisture—can function as hydrological refuges, reducing mortality among both
juveniles and adults [184]. Thus, on a more positive note, some drought episodes may increase the
volume of deadwood, a key component of forest maturity. e.g. [185,186]. This deadwood contributes
to soil moisture retention and enhances the forest’s capacity to withstand future droughts, while
supporting the diversity of understory organisms [187]. However, the broader trend in a context of
increasing drought and fire frequency is the replacement of moist forest ecosystems by scrublands,
or the shift from drought-sensitive to drought-adapted tree species. These changes typically result in
more open habitats, where amphibians are more exposed to desiccation stress [188-190]. Among the
habitats most critical in this changing landscape are riparian environments, which represent ecotones
between terrestrial and aquatic systems and maintain unique moist conditions even within a fully
Mediterranean context [191]. These areas provide essential terrestrial refuges for both adults and
juveniles, as well as foraging and dispersal routes for many amphibian and non-amphibian species.
Riparian habitats are therefore crucial for amphibian persistence during drought periods [192,193]
and help buffer the impacts of increasing droughts by enhancing connectivity and ecosystem
resilience [194]. In fact, such environments now serve as the last refuges for several populations of
Atlantic or montane amphibian species persisting under Mediterranean climatic conditions, such as
several locations of Rana iberica or low-elevation populations of Calotriton asper and deserve special
attention from a conservation perspective.

Droughts also increase the risk of forest fires. Drier and hotter conditions, combined with the
expected accumulation of forest deadwood, are likely to raise the frequency and severity of wildfires
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[4,195-197]. In the Western Mediterranean Basin, before 1970, wildfires were primarily driven by fuel
accumulation resulting from farmland abandonment and rural depopulation [196]. However, since
1970, wildfires have become more strongly linked to climatic variables associated with drought,
particularly high temperatures and low precipitation, with significant fire-climate relationships in
the same region in recent decades [198]. The effects of wildfires on amphibian populations have been
studied worldwide, but mainly in biomes classified as temperate forests [184,198,199]. Interestingly,
in a review in 2021 [199], no evidence of a predictable response to anuran communities to fire in any
biome is reported, finding that 20% of studies reported positive effects, 26% observed negative effects
and the majority of 47% of the studies did not detect a significant effect of fire on anuran assemblages.
Thus, while fire can impact amphibian communities through both direct and indirect mechanisms,
the final outcomes may depend on fire- and species-specific singularities. Thus, the impact of
wildfires on amphibians should be assessed separately for short- and long-term on individuals,
species and habitats [200,201]. While direct mortality occurs during the fire, the main long-term
effects result from rapid changes in habitat structure [202]. Fires cause direct mortality of amphibians
in their terrestrial phase, indirect mortality or displacement due to sudden habitat alteration, larval
mortality due to chemical changes in breeding ponds, or by direct loss of breeding sites through
siltation caused by slope erosion [201]. After these initial effects, forest fires reduce soil water
retention capacity and interception (green water), and increase soil erosion and evaporation [203],
which collectively create a post-fire environment which is similar to aridification or drought
conditions. In the Western Mediterranean this usually promotes expansion of scrubland at the
expense of forest cover [188]. If fires are occasional, this can lead to an interesting spatial mosaic of
burned and unburned habitats hosting different faunal communities [204,205]. However, if fires are
repeated or larger in extension, a shift in dominant species may occur, a fact that has already been
hinted in amphibian communities of the area, in which Mediterranean amphibian species are
promoted by fires in areas limiting with the Atlantic bioregion [202]. This is supported by the close
link between vegetation structure and faunal assemblages in burned landscapes [206,207]. For
instance, the decline in the number of pond-breeding species in a Mediterranean Area which hosted
some vegetation-associated species, was inversely related to the percentage of vegetation burned
[201]. Conversely, an increase in species richness and larval densities was observed in unburned
areas, likely due to adult migration from nearby burned zones. In the longer term, if the reduction in
vegetation cover is permanent can lead to decreased soil moisture, which is detrimental to
amphibians that rely on moist environments [48,207-209]. Therefore, most probably the main effect
of fire in the Western Mediterranean amphibian communities will be to act synergistically with
droughts [188,189], accelerating the substitution of habitats and facilitating or accelerating
community shifts. In this context, Atlantic or sub-mediterranean species marginally inhabiting the
Mediterranean biome might be the most impacted by the increase of forest fires. Species like
Lissotriton helveticus or Rana iberica [202], which are of Atlantic affinity but maintain populations
under Mediterranean climate, or vegetation- or forest-associated species like Hyla meridionalis [210],
or for instance Salamandra salamandra [201], will probably be the most severely affected.

4. Emerging Diseases and Drought

Currently, fifteen emerging diseases have been described in European amphibians [211]. Among
these, two are of fungal origin — Batrachochytrium dendrobatidis (Bd, [212]) and Batrachochytrium
salamandrivorans (Bsal, [213]) — which cause the disease chytridiomycosis, and one is of viral origin
(Ranavirus, [214]). Together, these three pathogens account for the majority of mortality events
associated with emerging diseases in European amphibians. In the Western Mediterranean, several
chytridiomycosis outbreaks have been historically recorded, related to either Bd (e.g., [215,216]), Bsal
[217], or Ranaviruses [218]. The intensity, prevalence, and lethality of these pathogens depend on
both intrinsic species-related factors—such as individual susceptibility, microbiota composition, and
immune status—and environmental factors, including temperature, precipitation, altitude, and
drought, among others (Figure 4). These factors can act independently, but they are often interrelated,
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acting simultaneously and sometimes synergistically or in a mutually dependent manner. This is not
only for the direct effects of diseases but also for the possible synergies with other stressors. For
instance, an increase of death rates in adult specimens could result in a truncated age structure, which
may erode the capacity of populations to overcome consecutive recruitment failures during long
droughts [219]. To date, few studies have investigated how environmental stressors such as drought
may interact with infectious diseases to amplify amphibian declines [220].

4.1. Batrachochytrium dendrobatidis (Bd)

The growth and survival of Batrachochytrium dendrobatidis (Bd) are strongly temperature-
dependent. Its optimal growth range lies between 17 °C and 25 °C, while temperatures below 10 °C
and above 28 °C significantly reduce or halt growth. Zoospores die within 4 hours at 37 °C [221-225].
Bd is also highly sensitive to desiccation, exhibiting 100% mortality after just 3 hours of complete
drying. In addition, the pathogen poorly tolerates salinity; exposure to a 5% NaCl solution is lethal
[221,226]. Beyond these physical constraints, other environmental factors may influence Bd virulence,
prevalence, and host susceptibility [219]. These characteristics, together with intraspecific variability
(e.g., [227]) and interspecific or individual differences in host response (e.g., [228]), make it
particularly challenging to predict the pathogen’s effects on individual fitness and population
dynamics.

Theoretically, ephemeral and temporary ponds should remain free of Bd during extended dry
periods, whereas permanent ponds can act as pathogen reservoirs [229]. From this perspective, severe
droughts could limit Bd dispersal and persistence. However, zoospores may survive in microscale
moist environments—or even in fog or cloud layers under very humid conditions [230,231] —and,
most importantly, the fungus can persist on the skin of amphibians during their terrestrial phase, or
in/on other aquatic or semi-aquatic animal structures [230,232,233]. This allows Bd to recolonize
ponds once water becomes available again, often from nearby aquatic habitats [232]. For instance,
recently the painted frog (Discoglossus pictus)—an introduced species in north-eastern Spain and
south-eastern France —has been identified as a potential Bd reservoir for ephemeral and temporary
aquatic habitats, potentially facilitating the persistence of Bd in such environments in which this
species usually breeds. Very high infection loads have been reported in the species [234], and
according to [235], the usually syntopic Natterjack toad Epidalea calamita exhibits higher zoospore
loads (as estimated by qPCR) when in sympatry with D. pictus.

Interestingly, the dynamics of Bd may differ in lotic systems (streams and rivers) and in more
aquatic species, where the pathogen appears to spread more effectively during summer, when
anurans concentrate in and around the remaining water sources [236]. Under these conditions, the
probability of zoospore transmission increases due to higher animal density, and mass mortality
events are more likely, as infection intensity is usually elevated [236,237]. Conversely, during wetter
periods, increased water flow in streams may dilute zoospore concentrations, thus reducing
transmission efficiency [238]. Nevertheless, the effect of dilution may be counteracted by humid
conditions, which could enhance transmission through alternative infection routes [236].

In addition to the pathogen’s capacity to persist and recolonize, the host’s ability to mount an
immune response adds further complexity to future disease dynamics. For example, infection load
in individuals of Bufo spinosus was positively correlated with the time individuals spent in aquatic
environments [239]. Moreover, drought conditions may reduce the abundance of Bd-inhibiting
bacteria in the amphibian skin microbiome, rendering toadlets more vulnerable to infection, [240].
Finally, similar to the trade-offs seen with premature metamorphosis —such as smaller body size or
reduced immune function—early emergence may increase susceptibility to pathogens [63]. These
findings highlight the complex, multifactorial responses of native amphibians to severe drought
events in relation to Bd (see e.g., [241]), underlining the need to evaluate multiple, interacting
stressors when assessing the drivers of amphibian reproductive and disease patterns.

4.2. Batrachochytrium salamandrivorans Bsal
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In Europe, Bsal has been detected in captive Salamandra salamandra populations in Belgium,
Germany, Spain, the Netherlands, and the United Kingdom, and in wild populations in some regions
of Belgium, Germany, and the Netherlands. In the Western Mediterranean basin, Bsal has so far only
been detected in wild populations of Triturus marmoratus and Salamandra salamandra at a single
locality in Spain, likely introduced via exotic species [217]. The Western Mediterranean hosts a high
diversity of urodeles, many of which show high susceptibility to Batrachochytrium salamandrivorans
(Bsal), at least under laboratory conditions (see Table 1).

The outlook for Bsal under rising temperature conditions is less favourable than for Bd, as Bsal’s
optimal growth occurs between 10 °C and 15 °C, and its zoospores die at temperatures of 25 °C or
higher [242,243]. Under global warming scenarios, it is assumed that under both realistic (+2 °C) and
extreme (+4 °C) warming conditions, Bsal will exhibits minimal growth rates during the summer
[244] —the driest period in the Mediterranean. Thus, in principle extremely hot and dry periods will
be the most detrimental to Bsal survival. However, Bsal has a dual transmission, with
environmentally resistant non-motile encysted spores in addition to the motile zoospores which are
similar to B. dendrobatidis’ [242,245]. It is still unclear if the resistant encysted spores may display
resistance to dry periods, but some data suggests that the pathogen may be a relatively poor disperser
[246]. Bsal infection is transmitted through direct contact between individuals or via water. [243]
found that the probability of transmission upon contact between infected and uninfected newts was
very high (>90%), even at early stages of infection. Although reducing host density and increasing
habitat complexity may help reduce transmission, such conditions are rarely met during drought
periods, when individuals tend to aggregate in limited moist refuges. For example, [247] modelled
Bsal growth for Salamandra salamandra, predicting that optimal pathogen proliferation should occur
in summer and autumn—precisely when Mediterranean amphibian activity is typically minimal
until the first autumn rains. Under this scenario, species- or population-specific responses to Bsal
infection during droughts remain uncertain, and the timing and intensity of possible dispersion
events and outbreaks under a Mediterranean climate will likely depend on the composition and
connectivity of the local amphibian community, plus the duration and onset of rainfall or drought
conditions.

4.3. Ranaviruses

Ranaviruses are also considered emerging pathogens, meaning their impact on amphibian
populations is recent and mostly linked to increases in host range, geographic spread, or incidence
(e.g., [248]). There is strong evidence of host switching between vertebrate classes, including
amphibians, reptiles, and fish [248-250], with reports of simultaneous infections in sympatric fish
and frog populations [251,252]. In the Iberian Peninsula, the Common Midwife Toad Virus (CMTV),
together with Frog Virus 3 (FV3), has caused mass mortality events since the late 1980s. Climate
warming may be triggering CMTV outbreaks [253], supporting the hypothesis of its endemic status
in the region.
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Figure 4. Schematic diagram of the pathways via which droughts may change host response to disease. A:
Drought produces changes in pond communities and alters skin microbiomecompromising host response to the
pathogen. B: Higher density of tadpoles increases infection rates. C: Drought increases pollutant concentration
affecting host AMP (Antimicrobial peptides) production and host immunity, D: Drought reduces host immunity
by means of increased corticosterone. E: The increase of water temperature produced by drought facilitates the

outbreak of emerging diseases. Modified from Blaustein et al 2018.

Climate change is widely recognised as a driver of disease emergence, particularly in regions
where host—pathogen associations were well established [254,255]. Rising temperatures, increased
frequency of droughts, and shifts in seasonal rainfall patterns can significantly alter ranavirus
transmission dynamics. Higher temperatures have been associated with increased virus replication,
incidence, and mortality [255], and outbreaks have become more frequent during historic warming
events such as those in the 1990s. Modelling studies predict that future warming and more frequent
droughts will expand the temporal and spatial extent of ranavirus outbreaks, potentially affecting
larval recruitment severely [253-255]. Interestingly, although outbreaks are generally more frequent
at high temperatures [253], some studies report greater lethality of infections at lower temperatures
[256,257], indicating that temperature effects may vary depending on host species, life stage, and
strain.

Environmental stressors associated with climate change —such as drought, contamination, and
altered microbial environments —may further increase susceptibility to ranavirus. Amphibian larvae
exposed to pesticides in water are more likely to contract and develop severe infections than those in
uncontaminated habitats [258]. Reduced water levels concentrate contaminants, potentially leading
to immunosuppression and heightened infection risk [259-263]. In parallel, drought can alter skin
microbiome composition, which plays a key role in immune defense. Studies have shown that the
stability of the amphibian skin microbiome depends on the environmental microbial reservoir, which
can be disrupted by climatic and anthropogenic pressures [264,265]. This disruption may increase
inter- and intraspecific variation in susceptibility to ranavirus — or other pathogen — infections across
different populations.

Similarly to chytrid fungus, drought may also indirectly promote or hinder host contact by
concentrating amphibians in fewer aquatic habitats — thereby facilitating interspecific interactions
and increasing the likelihood of host switching — or either diminishing amphibian stays in the water
and reducing infections. In Mediterranean regions desiccation risk in temporary and ephemeral
ponds can induce premature metamorphosis in most species, but this could increase disease
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vulnerability in tadpoles at Gosner stages 44—46 stages, which are shown to be particularly vulnerable
to ranavirus infection due to intrinsic immunosuppression during metamorphosis [266,267].

Finally, climate warming is also expected to facilitate ranavirus spread to higher altitudes. Rana
temporaria, a species living near the southern limit of its range in Mediterranean mountain areas, has
been shown to be highly susceptible to ranavirus, and could experience an increase of disease linked
mortality in future warming scenarios [268]. Despite well-documented outbreaks and severe
population declines in Iberia in recent years [217], the long-term epidemiology of ranavirus is a
complex interaction among phenology, population dynamics, habitat heterogeneity, and climate
change [218,219,262], which deserves to be further studied.
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