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Abstract. e Mediterranean region, consisting of, amongst other areas, three main southern European peninsulas (the
Iberian, Apennine, and Balkan) is known as one of the worlds biodiversity hotspots. e Iberian Peninsula was the rst
place in Europe where amphibians were con rmed to be infected by the amphibian chytrid fungus, Batrachochytrium
dendrobatidis (Bd). Whereas the Iberian and Apennine peninsulas have been subject to intensive chytridiomycosis re-
search, this study represents the rst large-scale Bd survey in the Balkans. Over a two-year period, skin swab samples
of amphibians were collected in Montenegro, Albania, and the Republic of Macedonia of which  samples (> . ) were
Bd-positive. Bd was detected in  out of »> sampled species (Bombina variegata, Hyla arborea, Lissotriton vulgaris, Pelo-
phylax sp., and Triturus macedonicus) at > out of  localities. Infection rates did not di er between countries but varied
greatly between species with a maximum in Pelophylax sp. (> ). Within positive Pelophylax samples, infection loads
were constant across areas and age groups. Considering the Balkans biodiversity and the potential threat to local endem-
ics and genetic richness, future monitoring is vital for assessing Bd presence, prevalence and infection trends in the region.
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Introduction

With its extraordinary species richness and high level of
endemism, the Mediterranean region is known as one of
the worlds biodiversity hotspots (cf. C  etal. ). Old
radiation centres and glacial refuges of various organisms,
including amphibians, in the Mediterranean (T
etal.> ,H etal. > ) have contributed to the
current species and genetic diversity in Europe. Compared
to the Iberian and Apennine peninsulas, the Balkans en-
compass a lower overall amphibian species diversity (C
etal. ). However, with its  species of amphibians (ex-
cluding the batrachofauna of Crete and the eastern Aegean
Islands), the region is nevertheless considered a centre of
species diversity and endemism of the European herpeto-
fauna (e.g., D K with respect to the re-
cent taxonomy sensu S etal. > ).

e greatest species diversity within the Balkans was re-
corded for the so-called Adriatic triangle in Montenegro

(D K ). isareas remarkable geologi-
cal, soil, and climatic diversity has shaped the highest di-
versity index recorded for all of Europe (number of spe-
cies/areaunit= . ; etal. > ). eBalkans
region has played an important role as a crossroad for spe-
cies entering Europe from eastern radiation centres (e.g.,
the Triturus karelinii complex, Hyla orientalis or Bufotes
viridis complex; W etal. > ,S etal. >,
etal. > ). Several amphibian species presently

express high phenotypic and especially unique genetic di-
versity or are endemic to the Balkans region (Proteus an-
guinus, Triturus spp., Ichthyosaura alpestris, Bombina spp.,
Hyla arborea, Pelophylax shqgipericus, Pelophylax epeiroti-
cus, Rana graeca; D K S -
etal. F etal. etal. >,

etal. »>).

Amphibians are presently facing a global decline that
is in many cases caused by invasive species and diseases
(B etal.> ,S et al. ). Knowledge of
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presence of the amphibian chytrid fungus, Batrachochytri-
um dendrobatidis (Bd), and its impact on amphibians in
the main Mediterranean peninsulas varies greatly, while
following a west-to-east gradient of scienti cinterest. e
Iberian region became the centre of European chytridio-
mycosis research due to the declining populations of three
species in the genus Alytes (B et al. >, B

R ,B etal. >,R etal. »>). eAp-
ennine Peninsula has been the subject of several local Bd
mapping projects (e.g., S etal. ,C et
al. >, T etal. > )thatalso included northern Italy
(S etal. ) and the island of Sardinia (B et
al. ). In the Balkans region, on the other hand, only
few samples have been analysed and published to date, of
which none (G et al. Y J ») or
only small numbers proved Bd-positive (V etal. »).
Asia Minor, meanwhile, has had a proven presence of Bd in
justasingle individual (G etal. > ).Giventhe low
surveying e ort, it is possible that even mass mortalities
with an intensity equivalent to that of Alytes obstetricans
in Spain (B et al. »>) or of Discoglossus sardus in
Sardinia (B etal ) have gone unrecorded in the
eastern Mediterranean region. e aim of our study was to
conduct the rst extensive survey of Bd occurrence in the
Balkan Peninsula.

Material and methods

e present Bd survey focused on Montenegro, Albania,
and the Republic of Macedonia (Fig. »). In > , samples
were collected haphazardly at one locality as a pilot study
to provide preliminary information on the presence of Bd
in the area. During spring of the following year, more in-
tense Bd sampling was conducted in Montenegro. At each
of > localities there, we endeavoured to sample aminimum
of individuals per species in order to ensure an accept-
able probability of Bd detection (D G K
> ). Overall, sampling was conducted in two consecutive
years ( > and > )at> localities in Montenegro (one
locality in > ,> in > ), > localities in Albania, and

localities in the Republic of Macedonia (Supplementary
Table »). Sample collection was performed by skin-swab-
bing live amphibians using sterile Dryswab® (MW> |
Medical Wire & Equipment Co, UK) or by collecting toe
clips (H etal ). A new pair of disposable gloves
was used for each specimen to prevent disease transmis-
sion between animals (F etal ). Each sampled
individual was recorded, photographed, and then returned
to the place of its capture.

e swab samples were stored dry and refrigerated af-
ter returning from the eld. e tissue samples were pre-
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Figure 1. Current distribution of Batrachochytrium dendrobatidis (Bd) in the Balkan Peninsula. Published localities according to

G et al. (2005), V J (201l)and V

et al. (2013).
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Table 1. Overview of amphibian taxonomic groups examined for
the presence of Batrachochytrium dendrobatidis (Bd) in Albania,
Montenegro, and the Republic of Macedonia. Total  overall
number of sampled animals; Bd+ number of Bd-positive ani-
mals; Prevalence proportions of Bd-positive samples in percent
with 95% con dence intervals (CI).

Prevalence [%]

Taxa Total/Bd+ (95% Cl)
Anura

Bombinatoridae

Bombina variegata 20/5 25 (10.4 47.5)
Bufonidae

Bufo bufo 45/0 0(0 83)
Bufotes viridis 7/0 0(0 37.7)
Hylidae

Hyla arborea 54/1 19(0.1 9.8)
Ranidae

Pelophylax sp. 218/57 26.1 (20.6 32.5)
Rana dalmatina 17/0 0 (0 19.6)
Rana graeca 4/0 0 (0 52.7)
Caudata

Salamandridae

Ichthyosaura alpestris 17/0 0 (0 19.6)
Lissotriton vulgaris 73/1 1401 7.3)
Salamandra salamandra 1/0 0 (0 95)
Triturus macedonicus 10/1 10 (0.5 44.6)
Total 466/65 13.9 (11 17.5)

served in pure ethanol. Swab tips or small pieces of skin
tissue were treated with PrepMan® Ultra Sample Prepara-
tion Reagent (Life Technologies), homogenised in MagNA
Lyser (Roche Diagnostics), and boiled for > minutes. e
prepared DNA samples were then diluted > times and
examined for the presence of Bd by the TagMan® probe-
based gPCR-assay developed by B etal ( ) with
bovine serum albumin (BSA) added to limit PCR inhibi-
tion (G etal. > ). eaddition of BSA prevents
bias caused by PCR inhibition amongst taxa and improves
the overall accuracy of the detection method (B et
al. > a). No additional means to control for false nega-
tive results, like internal positive controls, were used due
to budget limitations. e detection procedure was per-
formed in LightCycler Il (Roche Diagnostics) using
the LightCycler Probes Master in a manufacturer-recom-
mended total volume of I. Each sample was run in du-
plicates, and the samples were re-tested in cases of ambigu-
ous results. Aligquots of known concentration of Bd DNA
were provided by the Institute of Zoology, Zoological So-
ciety of London, and served as quanti cation standards in
the reaction, allowing quanti cation of the pathogen load
in genomic equivalents of a zoospore (GE). A sample was
considered positive if it produced a typical uorescence
growth curve and the resulting quantity was > > GE.
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e prevalence and its con dence intervals (
Sternes exact method) between species were computed
using the so ware Quantitative Parasitology (R et
al. ). eoccurrence of Bd in the three countries was
compared using Generalized Linear Models (GLMs) with-
in R statistical so ware, version . . (R Core Team > ).
Within each GLM, we used log-linear modelling with Pois-
son distribution of the response variable (frequencies of
Bd-positive and Bd-negative samples in each country).

Subsequent analyses were performed only for the data
set derived from our surveys in Montenegro during > .
at data set, originally consisting of samples from
speciesat> localities, was further restricted to species with
at least > sampled animals per species and locality.  us,
the nal data set consisted of samples from  species
(Bufo bufo, Hyla arborea, Ichthyosaura alpestris, Lissotriton
vulgaris, Pelophylax sp.) at > localities. Pelophylax sp. was
considered as a single taxon for reasons of di cult identi-
cation. By using a GLM, we compared the occurrence of
Bd expressed as a binary response variable (Bd-positive
vs. Bd-negative) between species and areas. Within the
data subset consisting of only positive Pelophylax samples,
we compared the mean GE values between areas (Supple-
mentary Table »), as well as between adult and subadult
animals. e response variable GE had a normal distribu-
tion following logarithmic transformation, and therefore a
Linear Model (LM) was used. Quantitative comparison of
GE was restricted to Pelophylax sp., because the numbers
of Bd-positive samples within other species were very low.
To test the signi cance of each explanatory variable in
the model, we used Chi-squared deletion tests in the case
of GLM and an F-test for the LM (C ). Each
minimal adequate model was checked in the end with
standard statistical diagnostics, i.e., by residuals and stand-
ardized residuals versus tted and predicted values, as well
as by Cooks distances (C ).

Results

Of our samples,  were Bd-positive (> . ), and Bd
was detected in  (Bombina variegata, H. arborea, L. vul-
garis, Pelophylax sp., and Triturus macedonicus) out of »
sampled species ( ) at > out of localities ( . )
across the three surveyed countries (Supplementary Ta-
ble >, Table »). We found no di erences between countries

in the proportions of Bd-positive samples (df= ,p= . ),
Montenegro:  Bd-positive samples out of the total
samples (i.e.,> . ), Albania: / (> . ), theRepublic of

Macedonia: /> ( ), probably due to the low numbers
of sampled animals in Albania and the Republic of Mac-
edonia.

Duringthe > pilotstudy, individuals of Pelophylax
sp. were sampled in Montenegro at one locality. Four of
these (> . ) were Bd-positive. During the more inten-
sive sampling in the following year, we sampled ani-
mals and found > of these (> . ) to be infected. Of the »
Montenegro localities examined in > , Bd was detected
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in  (Supplementary Table »). Fi y of the anuran sam-
ples (> . )and>of urodelan samples (>. ) tested in
> were positive for Bd. We recorded amphibian spe-
cies, three of which were Bd-positive (H. arborea, L. vul-
garis, and Pelophylax sp.) and  of which were Bd-negative
(Supplementary Table »). e fungus occurred mainly at
low infection intensity, with the GE values ranging from
to > . ,and no apparent behavioural or macroscopic
symptoms of disease were observed.
Across the selected species with su cient numbers
of samples (at least > samples per species and locality in
> ) B. bufo, H. arborea, I. alpestris, L. vulgaris, Pelo-
phylax sp.  we found marginally signi cant di erence in
the proportions of Bd-positive and Bd-negative samples
between veareas(df= ,p= . ). Whereas the propor-
tions of Bd-positive samples were about in the ar-
eas of Lake as ( outof samples), Lake Skadar ( / )
and Danilovgrad (> / ), we found only one and no posi-
tive samples in the areas toj and Durmitor, respectively.
e proportions of Bd-positive and Bd-negative samples
di ered greatly between species (df = , p <> -), and the
highest infection rate occurred in Pelophylax sp. ( out of
the > sampled animals, ). In another two species
with proven Bd occurrence (H. arborea and L. vulgaris), we
found only one positive sample per species (Supplementa-
ry Table »). Within the data set consisting solely of positive
Pelophylax samples, we found no di erences in GE values
either between adults and subadults (F = p= )
or between the four areas with Bd presence (F = ,p=
). Furthermore, the interaction between these two var-
iables was not signi cant(F= . ,p= . ), meaningthat
GE values did not di er within age groups across areas.

Discussion

e overall risk posed by the amphibian chytrid fungus
to European amphibians appears to be heterogeneous in
both geography and host taxonomy. While the Mediterra-
nean peninsulas contain several well-studied sites where
chytridiomycosis has a ected populations and caused
mortalities (B etal. > S etal. , W
et al. , B et al. , R etal. > ), nosuch
sites are known from central parts of Europe in spite of the
wide distribution of the fungus in various environments
(eg., O etal. »,S G »). s
geographic variability is boosted further by di erences
within taxonomic groups in the probability of carrying the
infection (B etal. > a).

e highest infection rate in Balkan species ( ) was
observed in Pelophylax sp. s result is particularly im-
portant with regard to the endemic water frog Pelophylax
shqgipericus (an endangered species according to the [IUCN
Red List of  reatened Species) whose distribution is lim-
ited to western Albania and southern Montenegro at alti-
tudes below m a.s.l. and whose populations are dimin-
ishing due to a variety of factors. e northernmost limits
of its range are at Lake Skadar where its continued existence

is signi cantly threatened by aquatic pollution and over-
collection for commercial purpose (pet trade and food in-
dustry; U C -1 ). erefore,
additional information about the role of chytridiomycosis
in the decline of P. shqgipericus is urgently needed.

Data supporting the universal role of Pelophylax frogs as
Bd reservoirs are on the increase. Bd infections in this ge-
nus have been recorded across most of Europe (summary
in B etal. > b), as well as in Turkey (G et
al. > ). Showing low variability of Bd prevalence in Pelo-
phylax frogs between di erent sites, our results imply that
the water frog is itself the most important factor in the oc-
currence of Bd while environmental factors have second-
ary e ects. Combined with the realisation that these frogs
are immune to the disease itself (W etal. >),
this information points to the water frogs as an important
object of study for understanding the dynamics of Bd in-
fection. e detection of Bd infections in amphibians from
our dataset adds evidence to the presence of this patho-
gen in multiple areas of the northern Balkans (Carpathi-
ans; see V etal. > ), and improves our knowledge
of its current distribution. We detected Bd in several spe-
cies (B. variegata, H. arborea, L. vulgaris, Pelophylax spp.,
and T. macedonicus) that express high genetic variability
and contain lineages endemic to the area. e identi ed
positive areas (central and southern Montenegro, south-
ern Albania and eastern Macedonia) are known as a Plio-
Pleistocene refuge for many vertebrate taxa. As for am-
phibians, four Balkans-endemic species occur (P. epeiroti-
cus, P. shqipericus, Rana graeca, and T. macedonicus) and
unique haplotypes of B. variegata and L. vulgaris were de-
tected here (H etal. F etal. »,P -

etal. »>).

Based on the published works on the historical biogeog-
raphy of amphibians in the Balkans and our current results,
we suggest the following areas as important for study of Bd
(besides the Adriatic triangle ): Carpathians (B. variega-
ta, I. alpestris; H etal. , F etal. »),
northern Balkan Mts. (l. alpestris), northwestern Adriat-
ic (H. arborea, L. vulgaris, D etal. > ,P
etal. > ), Pindos Mts. (B. variegata, H. arborea, L. vul-
garis, T. macedonicus, Pelophylax ridibundus; L
et al. , W et al. > ), Peloponnese (L. vul-
garis), and Crete (Pelophylax cretensis). However, there are
many white areas on the map where further sampling
is required to assess the actual prevalence of Bd in local
amphibians. Furthermore, sampling should cover multi-
ple seasons, because the prevalence and intensity of infec-
tion are strongly a ected by climatic conditions and may
vary seasonally (S etal. »)and chytrid prevalence
could be higher than suggested by our data. Badly chosen
seasonality and poor sampling is probably the reason why
Bd has yet not been found in, and published for, other re-
gions of the Balkans (e.g., in Greece). It may be assumed
that Bd is broadly distributed in the Balkans for which rea-
son surveys at local and regional scales could provide valu-
able information about the spread and impact of the path-
ogen and help optimise potential conservation strategies.
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In this study, we present the rst regular survey of the
occurrence of Bd in the Balkan Peninsula with the main fo-
cus on Montenegro. As the Mediterranean peninsulas are
hotspots of diversity richness and endemism (C et al.

), it is important to conduct intensive research there
as to the presence, prevalence, and infection trends of Bd.
Our results support the importance of the Pelophylax spe-
cies group as a Bd reservoir host. In the evolutionary past
of the European fauna, the Mediterranean peninsulas have
played roles as safe havens for biodiversity, including the
batrachofauna. Today, these regions deserve to be the sub-
jects of intense scienti ¢ and conservation measures in or-
der to describe, understand, and save what is le before
some of the unique species and lineages are lost to the pres-
sure of invasive organisms, including pathogens.
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Supplementary Table 1. Summary of a Batrachochytrium dendrobatidis (Bd) survey in Albania, Montenegro and the Republic of
Macedonia during 2013 and 2014. Habitat type of habitat; Lat. N northern latitude; Long. E  eastern longitude; Alt.  altitude
[m]; Total overall number of sampled animals at a certain locality; Bd+ number of Bd-positive animals.

Country Year Locality Habitat Lat. N Long. E Alt. Species Total Bd+
Albania 2013 Fitore waterhole 395217 20 06.17 32 Rana dalmatina 2 0
Gramos Mts meadow 40 21.99 20 46.20 2244 Rana dalmatina 1 0

Kod°r waterhole 39 49.27 20 06.63 55 Pelophylax sp. 1 0

Rana graeca 1 0

Rana dalmatina 5 0

Korab Mts waterhole 41 40.94 2031.26 1776 Bombina variegata 1 0

Ichthyosaura alpestris 3 0

Triturus macedonicus 3 0

Shal°s river 394341 2008.11 38 Pelophylax sp. 10 0

Shkall® waterhole 39 40.85 20 08.05 62 Pelophylax sp. 1 0

Suke® stream 40 22.22 20 09.29 247 Pelophylax sp. 1 0

Syri i Kalter lake, swamps 39 55.17 20 11.11 158 Lissotriton vulgaris 2 0

lake, swamps 39 55.38 20 11.48 174 Pelophylax sp. 1 0

Rana graeca 2 0

Trebeshin® Mts pond 40 20.58 20 06.28 1893 Bombina variegata 1 0

Bufotes viridis 3 0

pond 40 20.90 20 06.14 1835 Triturus macedonicus 1 1

waterhole 40 20.90 20 06.14 1844 Bombina variegata 4 3

Trochuza waterhole 42 30.99 2000.56 1929 Ichthyosaura alpestris 1 0

Albania 2014 Banj° river, swamps 40 14.61 20 25.85 362 Bombina variegata 1 0
Pelophylax sp. 1 0

Lin pond 41 03.82 20 36.61 951 Bombina variegata 1 0

Schendli Mts waterhole 40 22.77 20 01.83 766 Bombina variegata 3 0

waterhole 40 21.33 20 03.07 1600 Bombina variegata 2 2

Syri i Kalter lake, swamps 39 55.56 20 11.51 193 Pelophylax sp. 2 0

Trebeshin® Mts waterhole 40 2148 20 05.60 1813 Bombina variegata 4 0

waterhole 40 21.19 20 05.62 1884 Bombina variegata 1 0

Republic of 2014 Baba Mts, NP Pelister  forest 41 0240 211376 1286 Rana dalmatina 1 0
Macedonia forest 410199 211317 1626 Rana dalmatina 1 0
(FYROM) Babuna river 414121 214837 172 Pelophylax sp. 2 2
Bibaj waterhole 414371 2037.86 1178 Bombina variegata 1 0

Matka river bank 41 5747 21 17.75 302 Bombina variegata 1 0

forest 4156.81 21 18.13 316 Salamandrasalamandra 1 0

Nikolich stream 41 1511 22 4422 160 Pelophylax sp. 5 2

Pretor, Prespansko Lake swamps 40 57.70 21 04.04 854 Pelophylax sp. 1 0

Montenegro 2013 Pothum lake 42 18.78 19 21.22 Pelophylax sp. 32 4
Montenegro 2014 Lake as lake, wetland 41 58.76 19 20.16 15 Hyla arborea 1 0
Pelophylax sp. 32 7

Moromish swamp 42 31.66 19 11.89 35 Hyla arborea 2 0

Lissotriton vulgaris 30 0

Pelophylax sp. 7 3

Triturus macedonicus 1 0

Plavnica river channel 42 16.38 19 12.06 14 Pelophylax sp. 6 0

Provalija depression 43 04.14 19 06.37 1443 Bufo bufo 217 0
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Country Year Locality Habitat Lat. N Long. E Alt. Species Total Bd+
Montenegro 2014 Ichthyosaura alpestris 10 O
Rana dalmatina 1 0
Slap ooded valley 42 37.05 19 03.12 33 Bufo bufo 17 0
Pelophylax sp. 31 14
Rana dalmatina 1 0
abov Krug pools 42 3252 19 09.84 35 Hyla arborea 2 0
Pelophylax sp. 2 2
toj meadow 40 54.42 19 16.02 1 Bufotes viridis 4 0
Hyla arborea 5 1
pools 41 5444 19 16.06 1 Hyla arborea 32 0
Lissotriton vulgaris 1 0
Pelophylax sp. 1 0
drainage ditch 41 5453 19 16.33 3 Hyla arborea 8 0
Lissotriton vulgaris 31 0
Pelophylax sp. 9 0
Vranjna lake 42 16.32 19 08.65 20 Pelophylax sp. 3 1
river channel 42 16.70 19 08.03 20 Pelophylax sp. 33 8
Virpazar lake 42 1468 19 05.40 10 Hyla arborea 1 0
Pelophylax sp. 3 0
wetland 42 1488 19 05.40 19 Bufo bufo 1 0
Hyla arborea 3 0
Lissotriton vulgaris 9 1
Pelophylax sp. 3% 14
Rana dalmatina 1 0
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