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ABSTRACT

The recent spread of the amphibian pathogenic fungi Batrachochytrium dendrobatidis (Bd) and Batrachochytrium salamandrivo-
rans (Bsal) is responsible for widespread population declines in many parts of the world. In Europe, Bsal was recently introduced in
the Netherlands from Asia through international trade. Since 2013, Bsal has also spread in Germany, Belgium, and Catalonia, NE
Spain, causing local declines in several species of salamanders and newts. Among the species sensitive to Bsal, the salamanders be-
longing to the genus Salamandra are highly susceptible. This research analyzed the peer-reviewed studies dealing with these species
and Bsal in field populations, laboratory experiments, and captive collections by using modeling approaches. Overall, we retrieved 53
papers from different online databases. The following species were analyzed in at least one study: Salamandra atra, S. algira, S.
corsica, S. infraimmaculata, S. lanzai, and S. salamandra. Overall, studies on wild populations were the most widespread, while those
conducted in the lab or on captive individuals were less frequent. Studies using ecological modelling are becoming more frequent over
time, suggesting an increasing interest in the possible future impacts of Bsal in geographical regions where the fungus is currently
absent.
Keywords: Bsal, chytridiomycosis, emerging infectious disease, fire salamander, population declines, salamandrivorans, Urodela.

Introduction

The latest International Union for Conservation of Na-
ture global assessment showed that amphibians are the
most threatened vertebrate class, with approximately
41% of species at risk of extinction (Luedtke et al.,
2023). The main global threats affecting amphibian pop-
ulations are associated with habitat loss, degradation, or
disturbance, climate change, invasive alien species, and
the recent diffusion of emerging infectious diseases
(Luedtke et al., 2023). Among these threats, the recent
spread of the amphibian pathogenic fungi Batra-
chochytrium dendrobatidis (Bd) and Batracho-chytrium
salamandrivorans (Bsal) is responsible for widespread
population declines in regions such as Central and South
America, Australia, and Central Europe (Martel et al.,
2014; Byrne et al., 2019; Scheele et al., 2019). Anura,
Urodela, and Gymnophiona are all susceptible to Bd, but
only Urodela (i.e., salamanders and newts) are lethally
affected by Bsal (Martel et al., 2014). This fungus is
endemic to Asia and was recently introduced into Cen-
tral Europe, probably through the international trade of
Asian amphibians for aquariology and herpetoculture
(Martel et al., 2014; Scheele et al., 2019).

In Europe, the first negative impact of Bsal, although
not yet recognized as a new fungus species, was ob-
served in the Netherlands, where local populations of the
fire salamander Salamandra salamandra were experi-
encing a steep decline (Spitzen-Van Der Sluijs et al.,
2013). In that study, the focal salamander population
living near the town of Bunderbos remained relatively
constant from 1997 to 2007, but starting from 2008, dead
individuals were found in the field (Spitzen-Van Der
Sluijs et al., 2013). Subsequently, a steep decline was
observed; a novel chytrid fungus was isolated from these
fire salamander populations and described as a new
species: Bsal (Martel et al., 2013). This fungus causes
lethal skin infections in many European salamanders and

newts, as reported by Martel ef al. (2014) and Gilbert et
al. (2020). Subsequent studies showed that Bsal was
already present in fire salamander populations found in
the wild in Germany at least since 2004 (Lotters et al.,
2020a, 2020b).

Currently, Bsal infection has been found in the wild
on different species of salamanders and newts from the
Netherlands, Germany, Belgium and Southern Spain
(Martel et al., 2020). It was also found in several private
herpetological collections maintained by private owners
in different European countries (e.g., Sabino-Pinto et al.,
2015; Lastra Gonzalez et al., 2020). In Central Europe,
it has been estimated that Bsal infection is spreading
naturally with an annual rate of 10—12 km (Akcakaya et
al., 2023). Conversely, the completely isolated 2018
Bsal outbreak in Catalonia, Northeast Spain, was prob-
ably caused by the release in the wild of exotic newts
kept in captivity by a local private owner (Martel ef al.,
2020). Therefore, considering the natural and anthro-
pogenic vectors facilitating the spread of Bsal, the pro-
jections of the future impact of this pathogen indicate a
high risk of extinction for several European salamanders
(Gilbert et al., 2020; Akcakaya et al., 2023).

A recent paper compiled the host species and the in-
vasion-range data of Bsal up to 2021 (Castro Monzon et
al., 2022). In this paper, we specifically focus on the
genus Salamandra Garsault, 1764, reviewing the sci-
entific literature concerning the chytrid pathogen Bsal to
compile information on the geographic distribution,
temporal trends, and development of the different re-
search approaches (observational, experimental, or mod-
elling). Our main goal was to focus specifically on
analyzing the taxonomic and geographic range of these
studies. In addition, we were interested in better under-
standing the main scientific approaches to studying the
relationship between Bsal and the species of the genus
Salamandra and their development over time.
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Materials and Methods

In this paper, we are reporting on the six currently rec-
ognized species belonging to the genus Salamandra
(Bosch et al., 2021; Burgon et al., 2021). In addition to
these six full species, we also considered one subspecies,
the golden Alpine salamander S. atra aurorae, because
it is listed as a priority taxon in Annexes II and IV of the
European Union “Habitat” Directive 92/43/EEC.
Different online databases were used to compile this
preliminary review. The bibliographic search was com-
pleted in April 2026, but only papers published through
2025 were considered in our study. Scopus database was
searched by the means of this prompt: (TITLE-ABS-
KEY (salamandra) AND TITLE-ABS-KEY (chytrid-
iomycosis) OR TITLE-ABS-KEY (chytrid) OR TITLE-
ABS-KEY salamandrivorans)). Scholar Lab was
searched with: Find papers dealing with the genus “Sala-
mandra” and the chytrid “salamandrivorans”. In addi-
tion, the reference list of the retrieved papers was
consulted to obtain further scientific articles. We con-
sidered only papers in which Bsal was directly connected
to species belonging to the genus Salamandra, thus ex-
cluding reviews referencing the results of other studies.
For each paper, we recorded the study species, the coun-
try from which samples or individuals were obtained,
and whether the analyses were on wild, captive, or ex-
perimentally infected individuals in the laboratory.
Moreover, papers modelling the ecological niche or
projecting Bsal spreading rates if the starting parameters
were estimated from the fire salamander biological traits
were considered. We were interested in the temporal
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evolution of different research approaches and, there-
fore, if the same paper reported results from field, cap-
tive, and experimentally infected individuals, each
approach was counted once, potentially totalling three.

Temporal trends in the observed time series were an-
alysed with the Mann-Kendall non-parametric test
(Gilbert, 1987).

Results

Overall, we retrieved and analysed 53 papers dealing
with at least one of the species belonging to the genus
Salamandra and the chytrid fungus Bsal (Supplementary
Table I). In our analysis, we also included the first article
reporting the enigmatic decline of the fire salamander in
the Netherlands (Spitzen-Van Der Sluijs ef al., 2013). At
that time, Bsal was not yet isolated and described, but
the authors correctly suggested that “...the most likely
cause seems to be either an infectious agent or intoxi-
cation, possibly in combination with other causes”
(Spitzen-Van Der Sluijs et al., 2013).

Starting from 2013, the number of scientific papers
increased gradually and peaked at 10 in 2020, but sub-
sequently decreased to five or fewer (Fig. 1). Over the
entire period 2013-2025, no significant temporal trend
was observed (Mann-Kendall test, Z=1.064, p=0.2874).
The temporal analysis showed that Bsal field analyses
were continuous, while testing salamanders in captive
collections and experimentally in the laboratory was
more sporadic. The ecological modelling approach be-
gan in 2017 and has been frequently used since.
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Fig. 1. Distribution over time of different types of studies relating species of the genus Salamandra to the
emerging infectious disease Batrachochytrium salamandrivorans.

Bsal infection was assessed in wild populations of four
species and one subspecies, on all six species in captive
collections, and was tested experimentally on two species
(Tab. I). The sampling and testing for Bsal infection in
wild populations were conducted in 23 different studies
at times using multiple approaches. These studies con-

centrated in 14 European countries in addition to Israel
(Fig. 2). It is noteworthy that almost 60% (21/36) of
these studies were conducted in Germany, the Nether-
lands, Belgium and Spain, all countries in which Bsal
has been confirmed in wild amphibian hosts.



Tab. 1. Synthesis of the studies connecting Bsal and the species of the genus Salamandra Garsault, 1764.

Species Author Field | Laboratory | Captive
Salamandra algira Bedriaga, 1883 0 1 1
Salamandra atra Laurenti, 1768 1 0 1
Salamandra atra aurorae Trevisan, 1982 1 0 0
Salamandra corsica Savi, 1838 0 0 1
Salamandra infraimmaculata (Martens, 1885) 1 0 1
Salamandra lanzai Nascetti, Andreone, Capula & Bullini, 1988 1 0 1
Salamandra salamandra Linnaeus, 1758 1 1 1

Bsal, Batrachochytrium salamandrivorans.
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Fig. 2. Geographical distribution of field studies relating species of the genus Salamandra to the emerging in-

fectious disease Batrachochytrium salamandrivorans.

Discussion and Conclusions

Our overview highlights the rapid development of sci-
entific research concerning the interaction between Bsal
and species of the genus Salamandra since the first doc-
umented population collapse of Salamandra salamandra
in the Netherlands (Spitzen-Van Der Sluijs ef al., 2013).
The publication temporal trend increased starting from
the discovery and description of Bsal in 2013, peaking in
2020 (Fig. 1).

The concentration of field studies in Germany, the
Netherlands, Belgium and Spain, all countries in which
the occurrence of Bsal was confirmed, stresses the need
to better understand its local epidemiology and the pos-
sible impacts on the local urodeles communities. How-
ever, several European and Caucasian areas hosting
endemic salamander taxa remain under-investigated
despite being potentially highly suitable habitats for Bsal
(Beukema et al., 2018; Beukema et al., 2021). Exper-
imental studies in the lab represented only a minor pro-
portion of the literature analyzed. This is because the
experimental use of live animals is strictly regulated by
national and international laws maximizing animal pro-
tection and welfare (EU Regulation 2019/1010), often
necessitating specific study permits and highly special-

ized research facilities. Recently, the use of experiments
with the use of Bsal on living salamanders appears de-
creasing, with only one study in the 4-year period
2022-2025. This may suggest that increasing ethical
concerns about animal welfare could possibly contribute
to the evaluation of the experimental approach to Bsal
testing on live salamanders (Boren ef al., 2026)

Finally, since 2017, ecological modeling has become
a regular component of Bsal research, reflecting growing
interest in forecasting disease spread and identifying
vulnerable areas at risk before pathogen arrival. Predic-
tive models are particularly valuable because Bsal is
currently absent from large portions of Europe where
many susceptible salamander hosts occur (Beukema et
al., 2018). To reduce the fungus introduction, biosecu-
rity measures and control of animal trade should be pri-
oritized by researchers and policymakers (Thomas et al.,
2020; Boning et al., 2026). However, model reliability
remains dependent on the quality of occurrence data of
both Bsal and its amphibian hosts and on evidence and
assumptions regarding specific host susceptibility, en-
vironmental suitability and transmission dynamics, all
issues that remain highly debated in the herpetological
community (e.g., Akcakaya et al., 2023; Canessa et al.,
2024).



RIASSUNTO

Batrachochytrium salamandrivorans: una minaccia per il
genere Salamandra

La recente diffusione dei funghi patogeni Batracho-
chytrium dendrobatidis (Bd) e Batrachochytrium salamandri-
vorans (Bsal) ¢ responsabile di un diffuso declino delle popo-
lazioni di anfibi in molte zone del mondo. In Europa, Bsal ¢
stato introdotto di recente nei Paesi Bassi dall’Asia attraverso
il commercio internazionale di animali da terrario. Dal 2013,
Bsal si ¢ diffuso anche in Germania, Belgio e nel sud della
Spagna, causando il declino locale di diverse specie di sala-
mandre e tritoni. Tra le specie sensibili a Bsal, quelle apparte-
nenti al genere Salamandra sono estremamente suscettibili. La
presente ricerca ha analizzato gli studi sottoposti a revisione
riguardanti queste specie e Bsal, su popolazioni in natura,
esperimenti di laboratorio, esemplari in cattivita e uso di mod-
elli ecologici. Complessivamente, sono stati reperiti 53 articoli
da diverse banche dati online. Le specie analizzate in almeno
uno studio sono state: Salamandra atra, S. corsica, S. infraim-
maculata, S. lanzai e S. salamandra. Nel complesso, gli studi
su popolazioni selvatiche sono risultati i piti numerosi, mentre
quelli condotti in laboratorio o su esemplari in cattivita sono
poco frequenti. Gli studi che utilizzano modelli ecologici
stanno diventando sempre pit comuni, suggerendo un cres-
cente interesse per i possibili impatti futuri di Bsal nelle regioni
geografiche in cui il fungo ¢ attualmente assente.
Parole chiave: Bsal, chitridiomicosi, malattia infettiva emer-
gente, salamandra pezzata, declino delle popolazioni, sala-
mandrivorans, Urodela.
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