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Abstract

Worldwide amphibian declines and species losses are global problems and emerging infectious diseases have been identified
as one of the major threats. The worst of these is chytridiomycosis, an amphibian disease caused by the chytrid fungus
Bartrachochytrium dendrobatidis (Bd). Here we review what is known of the distribution of Bd and chytridiomycosis in Italy.
We critically summarize the evidence in support of the hypothesis that Bd is an invasive pathogen in Italy. Last we provide

recommendations for immediate research needs, both for basic science and applied conservation.
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Introduction

Amphibian species are threatened worldwide, with
approximately one third of the 6000+ living and
described species in decline and more than one hun-
dred of these potentially extinct since the 1980s
(Stuart et al. 2004). Major threats that have been
identified include habitat destruction and alteration
(Alford & Richards 1999; Cushman 2006), environ-
mental contaminants such as UV-B irradiation and
chemical pollutants (Blaustein et al. 2001, 2003), the
global trade in amphibians (Schlaepfer et al. 2005),
the introduction of alien species (Kats & Ferrer
2003) and emerging infectious diseases (Carey et al.
1999; Daszak et al. 1999). The chytridiomycete fun-
gus Barrachochytrium dendrobatidis (henceforth Bd;
Berger et al. 1998; Longcore et al. 1999) is the cause
of chytridiomycosis, which is considered the infec-
tious disease that poses the greatest threat to amphib-
ian biodiversity. This is because Bd has been impli-
cated in numerous mass mortalities and population
declines and may be the cause of local extirpation

and global extinction of multiple amphibian species
(Daszak et al. 2000; Fisher et al. 2009b). Bd is known
to infect over 500 amphibian hosts and occurs on
all continents where amphibians are found (Daszak
et al. 2003; Rachowicz et al. 2006; Fisher et al.
2009b). The spatial distribution of Bd is highly
heterogeneous (Walker et al. 2010) and the fun-
gus is composed of multiple genetically distinct lin-
eages that exhibit variable virulence and distributions
(Fisher et al. 2009a; James et al. 2009; Farrer et al.
2011). In accordance with these findings, and due
to its ability to cause declines of amphibian popula-
tions and species, Bd is listed as a notifiable pathogen
by the World Organization for Animal Health (OIE
2008). However, the presence of Bd does not always
translate into an immediate threat to a host: impacts
of infection can vary from no or mild disease to severe
disease, mass deaths and population decline (Daszak
et al. 1999; Bosch et al. 2001; Lips et al. 2006, 2008;
Kriger & Hero 2007; Bielby et al. 2008; Fisher et al.
2009b; Vredenburg et al. 2010; Walker et al. 2010).
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Chytridiomycosis is commonly associated with
cutaneous infection of metamorphosed individuals,
while the infection of tadpoles is restricted to ker-
atinized mouthparts and unlikely to result in death
(Berger et al. 1998). Severe disease in metamor-
phosed animals can occur rapidly and has been
associated with the disruption of cutaneous func-
tion and other physiological imbalances, including
inhibition of electrolyte transport across the epider-
mis, reduction of sodium and potassium concen-
trations in cell plasma and asystolic cardiac arrest
(Voyles et al. 2007; Scott et al. 2010). The clin-
ical signs of Bd infection are often absent, tran-
sient and/or nonspecific and therefore insufficient for
diagnosis, but include lack of mobility and reflex-
ive responses to external stimuli and orientation,
skin shedding, deformed and depigmented tadpole
mouthparts and, in some species, ulceration and
necrosis of extremities (Densmore & Green 2007;
Duffus & Cunningham 2010). Confirmed diagno-
sis of infection usually requires an initial molecular
diagnostic followed by histological identification of
the presence of immature stages and/or intracellular
sporangia (Boyle et al. 2004; Hyatt et al. 2007).

Bd has been implicated in amphibian mortalities
and declines beginning in the 1970s in the Americas
and Australia (Skerratt et al. 2007 and references
therein) but the two initial records for Bd infections
in Europe occurred decades later. The first record of
Bd in wild European amphibians comes from the late
1990s and describes chytridiomycosis-related mass
mortalities in the Sierra de Guadarrama Mountains
of Spain (Bosch et al. 2001). The first record
in captivity describes infection of imported, wild-
collected animals as well as captive-reared amphib-
ians, both sampled in 1999 in Germany and Belgium
(Mutschmann et al. 2000). Since then our knowledge
regarding the distribution of infection in Europe and
European hosts has increased substantially (Garner
et al. 2005; Bosch & Martinez-Solano 2006; Garner
et al. 2006; Bosch et al. 2007; Bovero et al. 2008b;
Walker et al. 2008; Bielby et al. 2009; Garner et al.
2009b; Pasmans et al. 2010; Tobler & Schmidt 2010;
Walker et al. 2010; Ohst et al. 2011; Sztatecsny &
Glaser 2011). Bd was detected for the first time in
Italy in 2000 (as reported in Stagni et al. 2004),
but little is known regarding the impact of Bd on
Italy’s highly diverse amphibian fauna. This is a
concern, as some of Italy’s amphibians have expe-
rienced rapid declines that are similar to those due
to chytridiomycosis in the New World and Australia,
and two Italian endemics have experienced signif-
icant lethal chytridiomycosis (Stagni et al. 2004;
Bielby et al. 2009). In this review we summarize the
state of knowledge regarding the distribution of Bd

in Italy and the impact of chytridiomycosis on Italian
amphibians. The specific objectives of the review are:
(1) to summarize what is known of the distribution
of Bd in Italy and the host species that are infected;
(2) to hypothesize as to the origin of the pathogen
in Italy, and (3) to provide recommendations for fur-
ther research, both basic and applied, regarding Bd
in Italy.

The known distribution of Batrachochytrium
dendrobatidis in Italy and Italian amphibians

In Italy Bd has been detected in six species of anu-
rans: Bombina pachypus, Discoglossus sardus, Lithobates
catesbertanus, Pelophylax lessonae, Pelophylax Kl. esculen-
tus [note: species identification in Simoncelli et al.
(2005) may be inaccurate; water frog host species
may actually be P bergeri and P Kl. hispanicus] and
Rana latastei, and one species of caudate, Euproctuss
platycephalus (Table I; Figure 1), representing both
endemic and introduced species.

The first record of Bd in Italy is a report of
lethal chytridiomycosis affecting endemic and endan-
gered Apennine yellow-bellied toads (B. pachypus) in
the province of Bologna (Stagni et al. 2002, 2004).
In 2000 and 2001 juveniles that were part of a
head-starting project (Pritchard 1979) experienced
severe mortality and exhibited known clinical signs of
chytridiomycosis and unusual behaviour, including
skin shedding and anorexia, as well as the ten-
dency to leave water and hyperaemia of the digits
(Stagni et al. 2004). Infection with Bd was shown
retrospectively using both molecular and histological
analyses. Subsequent searches at the locations where
animals that experienced lethal chytridiomycosis had
been collected revealed little evidence of successful
recruitment in the years when mortality in cap-
tivity was observed. No direct evidence of lethal
chytridiomycosis or infection with Bd in the wild was
reported for these or any of the locations involved in
the head-starting project (Stagni et al. 2004).

The majority of other studies of Bd in Italy are
even more limited. Most reports involve extremely
small sample sizes haphazardly collected, only pro-
vide single or a few data points showing presence of
infection, and are inadequate for more general spatial
analyses or comparisons of prevalence amongst hosts
(Garner et al. 2006; Adams et al. 2008; Bovero et al.
2008b; Federici et al. 2008; Ficetola et al. 2011).
Somewhat more robust and targeted sampling by
Simoncelli et al. (2005) detected infection with
Bd in the nonhybrid member of a Pelophylax spp.
hybridogenetic complex, with no evidence of disease.
The low number of infections detected in their study
precludes making any statistical comparison of
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Figure 1. Map of Italy. Triangles represent Batrachochytrium dendrobatridis (Bd)-positive sites with the indication of amphibian species of the
area (Andreone & Sindaco 1998; Mazzotti et al. 1999, 2007; Carletti & Spilinga 2006; Bovero et al. 2008a). Species positive to Bd analyses
are underlined and in bold; species negative to Bd analyses are underlined; the other species in the area were not analysed.

prevalence amongst hybrid and nonhybrid species;
however, infection of water frogs without evidence
of disease or mortality is in broad agreement with
existing data from other parts of Europe (Ohst
et al. 2011). The only published evidence of lethal
chytridiomycosis in Italian amphibians outside of
captivity remains the study by Bielby et al. (2009).
Unusual mortality of D. sardus at three locations in
northern Sardinia was associated with Bd infections
detected in dead animals or infection of conspecifics
at the location where mortality was previously

observed. The species persists at all locations where
mortality was observed but, based on limited field
data, local frog and tadpole abundances are now low,
and evidence of breeding at these sites is extremely
limited when compared to the density of clutches,
tadpoles and metamorphs observed at some breeding
sites on the island (Zirichiltaggi — SWC, unpubl.
data). Robust breeding assemblages of Hyla sarda
or Euproctus platycephalus occur at two of these
locations, and co-occurring E. plarycephalus also
exhibit persistent, interannual infections without
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any observed evidence of unusual mortality (Bovero
et al. 2008a, 2008b; Zirichiltaggi — SWC, unpubl.
data).

The data available from these few published stud-
ies make a definitive statement regarding distribu-
tion of Bd in Italy impossible. At a minimum, Bd
occurs in four provinces, distributed across half of
Italy’s continental land mass and including one major
island (Figure 1). Only 17 of Italy’s 49 amphib-
ian species have been tested for infection, and in
many cases species-level sampling efforts involve sin-
gle sites and insufficient replication to accept nega-
tive results as a reliable indication of disease status.
Some of the species that did not test positive in
Italy are infected in other parts of Europe (Garner
et al. 2009b; Ohst et al. 2011; Sztatecsny & Glaser
2011). Together these suggest that existing data sub-
stantially underestimate the actual distribution of
Bd in Italy. Notably, the study by Bielby et al.
(2009) is the first evidence in Europe of significant
adult anuran mortality linked with possible declines.
Other published studies of lethal chytridiomycosis
in European anurans report mortality primarily in
near- or recently metamorphosed juveniles (Bosch
et al. 2001; Bosch & Martinez-Solano 2006; Garner
et al. 2009b; Pasmans et al. 2010; Tobler & Schmidt
2010; Walker et al. 2010). Mortality and decline of
Salamandra salamandra involved some adult mortal-
ity, but even in this case the majority of dead animals
observed by Bosch & Martinez-Solano (2006) were
near- or recently metamorphosed juveniles.

What can be said about the origin of Bd in
Italy?

The debate regarding the global emergence of
Bd scales to the national level. Is Bd a newly
emerged pathogen recently introduced to areas by
animal (including human) or other vectors where
it is causing population declines (Novel Pathogen
Hypothesis), or is Bd an endemic parasite and recent
disease emergences are attributable to increased
virulence caused by (human-mediated) ecological
and environmental changes (Endemic Pathogen
Hypothesis; Rachowicz et al. 2005; Skerrat et al.
2007)? Some authors argue that both mechanisms
contribute to the existing distribution of presence,
prevalence and disease (Goka et al. 2009; Walker
et al. 2010) but the fundamental question regarding
introduction remains valid, as efforts to mitigate dis-
ease may differ based on whether a pathogen is intro-
duced or not. Evidence in support of introduction
includes the presence of infection in commercially
traded amphibian species both at source and in inva-
sive populations (Mazzoni et al. 2003; Weldon et al.
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2004; Fisher & Garner 2007). Africa is considered
a potential source of the original Bd vector (Xenopus
spp.; Weldon et al. 2004; Walker et al. 2008; Farrer
et al. 2011), as is North America (Lithobates cates-
biaenus; James et al. 2009), although the possibility
of an Asiatic source of Bd is currently under debate
(Fisher 2009; Goka et al. 2009). Italy has a rela-
tively rich and long history of commercial amphibian
species introductions, movement of regional species
for food, trade and other purposes, and the establish-
ment of introduced populations of both non-native
and native species (Lanza 1983; LLanza & Ferri 1997;
Lillo et al. 2005; Ficetola & Scali 2010). Introduced
populations of potential hosts do occur in all four
provinces where Bd is known to occur, and at least
one introduced species, the bullfrog Lithobates cates-
beianus, does carry infections in the wild in Italy
(Garner et al. 2006).

Recent comparative population genomics analy-
ses have shown that Bd comprises at least three
divergent lineages, one of which is recently evolved,
globally distributed, highly virulent and associated
with mass mortality events (Farrer et al. 2011).
The occurrence of a newly globalized, virulent form
(referred to as BAGPL in Farrer et al. 2011) strongly
implicates global trade mediating intercontinental
spread. Interestingly, the only continent where all
three lineages were detected is Europe, and a gen-
eral assumption of molecular epidemiology is that
the source of an emerging pathogen with a rapidly
expanding range should exhibit the greatest amount
of phylogenetic variability. Higher genetic variability
in Europe requires confirmation through extended
sampling outside of Europe, as the majority of iso-
lates used in the study were European. No Italian
isolates were included in the study by Farrer et al.
(2011), but several isolates of Bd have been collected
from Sardinia (Zirichiltaggr — SWC, unpubl. data),
all from D. sardus. Three isolates from two drainages
located within a disease cluster on Sardinia have been
sequenced and fall within the more virulent BdGPL
clade (R. Farrer, D. Henk, M. Fisher, unpubl. data).

The presence of infected invasive amphibians,
along with the localized occurrence of the global
panzootic lineage BAGPL on the island of Sardinia,
are indicative of recent introduction to Italy through
amphibian trade. More careful review of the exist-
ing evidence shows that this conclusion is not yet
fully justified. Infected invasive amphibians are only
reported for the Po Plain (Garner et al. 2006) and
all efforts to detect Bd infection of invasive species
on Sardinia (e.g. water frogs; Li Vigni et al. 2011)
have returned negative results (Bovero et al. 2008a).
Infection of native Sardinian species occurs predom-
inantly in mountain areas which are subject to sport
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fish introductions (Orru et al. 2010), a proposed
route for Bd introduction outside the amphibian
trade (Johnson & Speare 2005), but a range of human
activities occur in areas where infection has been
detected on the island. BdGPL is widespread across
Europe and is expanding its range in some locations
in a wave-like fashion, a pattern that can be explained
by natural movement of infected hosts (Walker et al.
2010; Farrer et al. 2011). It is reasonable to hypoth-
esize that at least part of the Italian distribution of
the fungus is the result of introduction of some sort.
Determining what part will require careful investi-
gation of not only how introduced amphibians may
have been responsible for the spread of Bd in Italy,
but how all potential routes of disease introduction
may have contributed. Furthermore, without struc-
tured Bd spatial data collected on a national scale
and investigations of how environmental factors may
correlate with infection and disease, Bd endemicity
cannot be ruled out.

Is there cause for concern? Recommendations
for further research

The Italian batrachofauna is composed of 49 dif-
ferent species, 21 of which are endemic along
with six endemic subspecies. Three species are
listed as endangered by the International Union for
Conservation of Nature (IUCN); two of them, E.
platycephalus (Romano et al. 2009) and B. pachypus
(Andreone et al. 2009a), are known to be infected
with Bd and the third, Speleomantes supramontis
(Andreone et al. 2009b), occurs on Sardinia where
BdGPL infects native amphibian species. All three
species occupy small ranges, a trait that predisposes
species to declines due to chytridiomycosis (Bielby
et al. 2008). These facts alone are cause for concern
and should act as a call for increased national and EU
funding supporting research and, where warranted,
conservation interventions. Regional investment in
Bd research has been made, albeit rarely: screen-
ing for Bd infection of E. platycephalus carried out
in 2010 by Zirichiltaggi — SWC was in part funded
by Ente Foreste delle Sardegna. While this project
increased understanding and awareness of infection
in a threatened Italian amphibian, it is only a small
part of the regional and national efforts that will be
required to gain relatively comprehensive insight into
the distribution of Bd in Italy and where the risks to
the Italian amphibians may lie.

Initial research efforts should first expand our
understanding of the distribution of Bd in Italy, both
geographically and in terms of host species range.
This will require structured, statistically defensible
sampling based on hypothesis testing. Studies have

shown that Bd exhibits temporal as well as spatial
variation and both prevalence and disease are influ-
enced by environmental factors (Fisher et al. 2009b).
Substantial gains of insight into infection and dis-
ease dynamics have been achieved by sampling focal
species and life history stages (Bosch et al. 2007;
Kriger & Hero 2007; Briggs et al. 2010; Vredenburg
et al. 2010; Walker et al. 2010). Most of these and
other informative studies of Bd have involved site,
species and life history stage-specific sample sizes
exceeding 20 individuals or more. We recommend
researchers take advantage of existing data regard-
ing infection of European species, both native and
introduced, and how prevalence may vary, to design
their initial survey strategy. Sampling species that
are known to be infected and exhibit higher preva-
lence increases the likelihood that infection will be
detected in another survey, data will be amenable to
statistical analyses, and comparisons are more easily
made with other European study systems. We also
strongly recommend that those intending to embark
on Bd research first consult the epidemiological lit-
erature and develop a robust sampling strategy that
is suitable for spatial epidemiological statistical anal-
yses. The optimal strategy is to work with researchers
experienced in spatial epidemiology, wildlife diseases
and host/parasite dynamics. Continued opportunis-
tic sampling will only add a few points to an already
scant distribution map without helping us to under-
stand if Italy’s amphibian assemblages are under
threat from this infectious disease. To our knowledge,
several studies of Bd in Italy are currently ongoing
(see Table II).

Inevitably, studies of some species will not be
compatible with strict sampling designs because so
many of Italy’s amphibians are endemic and there
are no preliminary data available regarding suscepti-
bility to infection (data on congeners may exist, and
be informative). Many of these species are also cryp-
tic and difficult to sample in numbers appropriate
for any quantitative biological study. Those intend-
ing to undertake Bd research on such species should
expect to spend more time and expend more effort
before seeing academic returns on their investment
even though their efforts may contribute to conser-
vation. Alternatively, research on a difficult-to-study
amphibian species of conservation concern may be
coupled with a parallel study of another species that
is easier to sample meaningfully and has the strong
potential to interact with the threatened species.
In this way robust, highly publishable science perhaps
need not be sacrificed for the sake of conservation.
As an example, S. supramontis is a cave-dwelling
species that is not encountered in numbers com-
parable to most pond-breeding amphibian species.
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Because it occurs on Sardinia and because infection
is known to occur in plethodontids (Weinstein 2009),
chytridiomycosis could pose a real threat to this
already endangered species. Caves may act as refuges
for a proven host for Bd, D. sardus (Zirichiltagg: —
SWC, unpubl. data). Field surveillance investigat-
ing the proximity of D. sardus populations to known
S. supramontis populations, determining the preva-
lence of Bd in those frog populations and searching
for frogs in caves where S. supramontis occurs could
test this hypothesis. Additionally, these results would
contribute to the growing database on Bd distribu-
tion in D. sardus populations on Sardinia. Similar
approaches can test if populations of invasive hosts
near threatened species include infected individuals,
the relationship between fish stocking and infec-
tion and if other human activities are related to
infection.

In the event infection is shown to be a risk, the
question remains what approaches are appropriate
for mitigating the effects of Bd. Existing treatments
for infection all suffer from various shortcomings.
Applying antifungals to wild populations is in all like-
lihood impossible, establishing antifungal bacteria
stably in wild populations is problematic, and there
are questions as to the appropriateness of introducing
bacteria to counter the effects of a fungus. Elevated
temperature may be as lethal to the amphibian host
as to Bd but as with antifungals may also prove diffi-
cult to apply to a wild population (Woodhams et al.
2012). These types of mitigation are conceivably
appropriate for control of disease in smaller popu-
lations and communities but it is unlikely they can
be rolled out at a larger spatial scale (Garner et al.
2012). Instead, treatments may best be applied to
captive populations and the study by Stagni et al.
(2004) clearly illustrates the need for developing safe,
effective treatments for species involved in captive
programs intended to increase wild abundance (also
see Walker et al. 2008). All such programs should
include a comprehensive infection-testing scheme,
including screens for Bd. If infection is detected, it
is essential that any existing treatment be tested for
each species before being applied. Effectiveness in
one amphibian species is not evidence of effectiveness
in another species and when applied inappropriately,
exposure to treatments can cause serious tissue and
organ damage, sterility and death (Garner et al.
2009a; Martel et al. 2011). Infection and disease
monitoring and treatment in captive animals are the
purview of veterinary science and are regulated at the
national and European level. All captive conserva-
tion programmes must involve the input of certified
veterinary surgeons, and treatment for infection with
Bd requires consultation with veterinarians familiar

with amphibian health and treatment of fungal dis-
eases. In situ captive breeding centers can directly aid
the study of Bd dynamics by providing animals for
experimental assessments of disease processes and
anti-Bd treatments (e.g., Garner et al. 2009b).

But what of amphibians in the wild? Is it possible
to mitigate Bd in wild amphibian populations and
communities? If yes, this will not be accomplished
without first having a sound understanding of what
factors lead to the emergence of Bd in the commu-
nity and how infection and disease are transmitted
and maintained within it. Our increasing understand-
ing of the epidemiology of Bd already has shown
how one parameter, the proliferation of infection,
can determine if a population will persist or suffer
extirpation (Briggs et al. 2010). This finding suggests
that by controlling factors that elevate the probabil-
ity of proliferation (e.g., rate of intrusion of vectors,
the reproductive rate of Bd, the density of highly
susceptible hosts) it may be possible to reduce infec-
tion to a level where host populations are sustained.
Infection elimination may be impossible, but as much
of medical history has shown, epidemics that cannot
be prevented can be managed.
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