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ABSTRACT: Amphibian chytridiomycosis, caused by infection with the non-hyphal, zoosporic
chytrid fungus Batrachochytrium dendrobatidis (Bd), is an emerging infectious disease recognised
as a cause of recent amphibian population declines and extinctions worldwide. The Dofiana
National Park (DNP) is located in southwestern Spain, a country with widespread Bd infection.
This protected area has a great diversity of aquatic habitats that constitute important breeding
habitats for 11 native amphibian species. We sampled 625 amphibians in December 2007 and Feb-
ruary to March 2008, months that correspond to the early and intermediate breeding seasons for
amphibians, respectively. We found 7 of 9 sampled species to be infected with Bd and found dif-
ferences in prevalence between sampling periods. Although some amphibians tested had higher
intensities of infection than others, all animals sampled were apparently healthy and, so far, there
has been no evidence of either unusually high rates of mortality or amphibian population declines
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in the DNP.
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INTRODUCTION

Amphibian chytridiomycosis, caused by the non-
hyphal, zoosporic chytrid fungus Batrachochytrium
dendrobatidis (Bd), (Longcore et al. 1999) is a highly
virulent, recently emerged infectious disease that
has caused amphibian population declines and
extinctions globally (Berger et al. 1998, Daszak et al.
1999, 2003, Bosch et al. 2001, Stuart et al. 2004, Bosch
& Martinez-Solano 2006, Lips et al. 2006). This dis-
ease has been described as the most important
emerging disease of vertebrates and the proximate
cause of rapid population declines of more than 200
amphibian species (Skerratt et al. 2007).

Bdinfects only the keratinized tissues of amphibians
(Berger et al. 1999). In anurans, these are found only
in the epidermis of post-metamorphic animals and in
the mouthparts of larvae (Marantelli et al. 2004). Clin-
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ical signs of infection often are inapparent until the
animal is close to death, but infected metamorphosed
animals may exhibit excessive epidermal sloughing;
i.e. epidermal hyperplasia and hyperkeratosis that are
evident on the microscopic examination of infected
skin (Berger et al. 1998, 1999, Nichols et al. 2001).
Death is thought to be due to disruption of water and
electrolyte exchange through the skin, which leads to
cardiac arrest (Voyles et al. 2009). Larval anurans can
be asymptomatic carriers of infection, although loss of
infected mouthparts can lead to death or reduced fit-
ness and may include increased time to reach meta-
morphosis and reduced survival rates of post-meta-
morphic animals (Garner et al. 2009).

Bd is extraordinary because it has such low host
specificity within the Amphibia and, among amphib-
ian species exposed to Bd, many populations have
declined, sometimes to extinction (Berger et al. 1998,
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Bosch et al. 2001, 2007, Bosch & Martinez-Solano
2006, Lips et al. 2006, Bielby et al. 2009), while others
have been apparently unaffected (McDonald &
Alford 1999, Kriger & Hero 2006a). A complex inter-
action of host species, animal behaviour, pathogen
strain and environmental (including humidity and
temperature) factors appear to influence the outcome
of Bd infection (Berger et al. 2004, Burrowes et al.
2004, Rollins-Smith et al. 2006, Kriger & Hero 2006b,
2007, Longcore et al. 2007, Fisher et al. 2009a,b). Fur-
thermore, recent studies have shown protective
effects of antimicrobial skin peptides and of certain
components of the commensal skin microbial flora
that may explain differential mortality within and
amongst amphibian populations and species (Rollins-
Smith et al. 2002, 2006, Harris et al. 2006, Woodhams
et al. 2006a,b, 2007a,b,c).

Although Bd infection of amphibians has been
reported from across much of western Europe (e.g.
Garner et al. 2005, Duffus & Cunningham 2010),
European amphibian declines caused by Bd have
been reported primarily in Spain (e.g. Bosch et al.
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Fig. 1. Batrachochytrium dendrobatidis. Sampling locations
in the Donana National Park to detect the presence of Bd in-
fection in amphibians. The Donana Biological Reserve is
outlined with a dashed line. Inset shows location of the park
in southern Spain (see ‘Introduction’ for latitude/longitude)

2001, 2007, Bosch & Martinez-Solano 2006). The
Donana National Park (DNP) is an important pro-
tected area covering 54 251 ha located in southwest-
ern Spain (centre coordinates: 37°00'N, 6°38'W).
Within the boundaries of the national park, a territory
designated as the Dofhana Biological Reserve consti-
tutes the core of the park (Fig. 1). The DNP is one of
the largest and most important wetlands in Europe
and the largest wetland in Spain as designated by
The Ramsar Convention or ‘Convention on Wetlands
of International Importance' (www.ramsar.org/). The
DNP includes a great variety of aquatic systems:
marshes, 2 large permanent ponds and a large net-
work of Mediterranean temporary ponds of natural
origin, of which more than 3000 of these water bodies
occur in very wet years (Diaz-Paniagua et al. 2010).
In addition, a large number of human-made perma-
nent ponds are scattered throughout the DNP to pro-
vide water for cattle or wild mammals during the dry
season. This great diversity of water bodies has made
the DNP an area with a wide availability of breeding
sites for 11 native amphibian species: Bufo bufo, B.
calamita, Pelobates cultripes, Pelophylax perezi,
Hyla meridionalis, Pleurodeles waltl, Pelodytes iberi-
cus, Discoglossus galganoi, Triturus pygmaeus, Lis-
sotriton boscai and Alytes cisternasii, the last 5 of
which are endemic to the Iberian Peninsula (Diaz-
Paniagua et al. 2005). In the DNP, amphibian repro-
duction is segregated through the annual period of
pond inundation. Some species may start breeding in
autumn (early breeders), others start breeding in
winter (intermediate breeders) and one species
delays breeding to late spring (late breeder) (Diaz-
Paniagua 1988).

The aim of this study was to carry out the first sur-
vey for Bd infection in this protected area by sam-
pling during different seasons in order to take into
account the influence of the temporal segregation of
the reproduction and the aquatic phase of amphib-
ians described in this area.

MATERIALS AND METHODS

Amphibians were captured and sampled in the
DNP during 2 periods: (1) from 10 to 22 December
2007 and (2) from 19 to 20 February and 3 to 5 March
2008, which correspond to the early and intermediate
breeding seasons, respectively, described for amphi-
bians in this area (Diaz-Paniagua 1988).

In December, we caught and swabbed 450 amphi-
bians (437 adults and 13 tadpoles) (see Table 1,
Fig. 1). Of this total, 300 animals were captured from
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16 water bodies (1 permanent large pond, 8 perma-
nent human-made ponds and 7 temporary ponds),
and 150 amphibians were captured on land. During
the second sampling period, 175 amphibians (172
adults and 3 tadpoles) were caught and sampled
from 8 water bodies (4 temporary ponds and 3
human-made permanent ponds, all of which had
been sampled during the early breeding season, and
1 intermittent stream) (see Table 1, Fig. 1). Each
amphibian species recorded in the DNP during the
first sampling period, apart from Alytes cisternasii
and Pelodytes ibericus, was sampled in the second,
although some were caught only in small numbers
(see Table 2). Bufo bufo was not captured during the
second sampling period.

Amphibians were caught by hand or by net. To
prevent cross-contamination between animals, a
new pair of disposable Sempermed® nitrile gloves
(DISPOLAB) was worn for the capture and handling
of animals of each site and the net was disinfected
with Virkon® (Antec International) and rinsed with
fresh water between each capture site. Each animal
caught was immediately sampled noninvasively with
a sterile rayon-tipped swab (MW100-100, Medical
Wire & Equipment). The mouthparts of larval anu-
rans and the ventral pelvic skin and skin of the plan-
tar area of the feet (known predilection sites for Bd
infection) of metamorphosed amphibians were
swabbed, as described by Hyatt et al. (2007).

Nucleic acid was extracted from the skin swabs fol-
lowing the protocol of Boyle et al. (2004). Briefly, 30
to 40 mg zirconium/silica beads measuring 0.5 mm in
diameter (Biospec Products) and 60 pl PrepMan Ultra
(Applied Biosystems) were added to the cotton tip of
each swab. The swab was then homogenised for 45 s
in a Mini Beadbeater 8 (Biospec Products) and cen-
trifuged twice for 30 s at 13000 x g. Subsequently,
samples were boiled for 10 min, cooled for 2 min and
centrifuged at 13000 x g for 3 min. A 40 pl volume of
supernatant of each sample was removed and diluted
(1:10) in distilled water. Dilutions were analysed by
means of the real-time Tagman PCR assay of Boyle et
al. (2004) with the 7300 Sequence Detection System
(v. 1.4.0, Applied Biosystems). The ITS1 and 5.8S
primers (Eurofins MWG Operon) and the TagMan
MGB2 probe were added to the samples in 96-well
plates. Each sample was tested in duplicate. A nega-
tive control and standards of 0.1, 1, 10 and 100
zoospore equivalents were included in each real-
time PCR plate.

A sample was considered to be positive for Bd if at
least 0.1 zoospore equivalent was detected in each
duplicate well. Quantification of Bd zoospores from

infected individuals is presented as the mean value
obtained from the 2 replicates.

Infection prevalence during each sampling period
was calculated by dividing the number of positive
individuals for Bd by the total number of amphibians
sampled. This assumes that all amphibians through-
out the DNP are in an epidemiologically contiguous
population, each amphibian tested (regardless of
life stage or species) was equally susceptible to Bd
infection, if exposed, and infection was equally
detectable, if present, across species and life stages.

RESULTS

There was a seasonal effect, and no infection was
detected in any of the 450 amphibians (including the
300 captured in water) sampled during the earlier
sampling period (December), but there was an over-
all 34 % prevalence (60 of 175) of Bd detected in the
second sampling period, which corresponded with
the intermediate breeding season (February to
March) (Table 1). All amphibians positive for Bd
were captured in 4 of the 8 water bodies sampled
during this period, 1 temporary pond and 3 human-
made permanent ponds (Table 1, Fig. 1).

Of the 8 species sampled during the second period,
all except Bufo calamita were positive for Bd infec-
tion (Table 2). However, the numbers of each species
caught were too small to calculate differences in the
prevalence of infection among species (Table 2).
Despite this, the urodele species tested (Triturus pyg-
maeus, Lissotriton boscai and Pleurodeles waltl) reg-
istered the highest prevalences of infection (around
60 %); however, the intensities of infection in these
species were very low in comparison with the levels
of infection detected in Hyla meridionalis, the spe-
cies with the highest intensity of infection (Table 2).

Bd was detected in most species at the positive
sites, regardless of sample size (Table 3). Except for
Pelobates cultripes, all infected amphibian species
were captured in both a temporary pond and in
human-made permanent ponds, although the high-
est diversity of amphibians was found in the tempo-
rary pond (Table 3).

DISCUSSION

We found Bd-infected amphibians in the DNP,
where at least 7 of the 11 amphibian species were
infected, including 3 species endemic to the Iberian
Peninsula (Discoglossus galganoi, Triturus pygmaeus
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Table 1. Batrachochytrium dendrobatidis. Prevalence of Bd

infection as a function of the time period and site types.

L:land (around temporary ponds); P: permanent large pond;

T: temporary pond; S: stream; HM: human-made perma-

nent pond. EBS: early breeding season; IBS: intermediate
breeding season; —: not applicable

Site Site —— Dec (EBS) —— ——Feb-Mar (IBS)——

ID type No. No. Bd- No. No. Bd-
sampled positive sampled positive

1 L 150 0 0 -

2 P 4 0 0 -

3 T 11 0 0 -

4 T 37 0 0 -

5 T 5 0 0 -

6 HM 30 0 0 -

7 HM 1 0 0 -

8 HM 1 0 0 -

9 HM 19 0 0 -

10 HM 13 0 0 -

11 S 0 - 28 0

12 T 54 0 3 0

13 T 15 0 39 0

14 T 11 0 2 0

15 T 36 0 48 33 (68.7%)

16 HM 10 0 9 3(33.3%)

17 HM 28 0 13 5 (38.5%)

18 HM 25 0 33 19 (57.6%)

Total 450 0 175 60

and Lissotriton boscai). We did not detect infection in
2 species, Bufo bufo and B. calamita, which are those
species with the most terrestrial habits and the short-
est aquatic phase in this region. However, only a sin-
gle B. bufo swab was tested, so no conclusions can be
drawn for this species.

Table 2. Batrachochytrium dendrobatidis. Prevalance and intensity of Bd
infection as a function of the amphibian species analysed during the second
sampling period. (zoospore equivalent counts = geometric mean number of Bd
zoospores detected on each infected amphibian species, 1:10 dilution factor).
EBS: early breeding season; IBS: intermediate breeding season; — not applicable

Owing to the physiological limitations of Bd, which
cannot survive desiccation (Johnson et al. 2003), it is
likely that amphibians in the permanent ponds act as
reservoirs for the fungus when temporary ponds dry
out during the summer season. In Australia, Kriger &
Hero (2007) found that frogs breeding in permanent
water bodies were significantly more likely to be
infected with Bd than those breeding in ephemeral
or terrestrial habitats. This could also be the case in
the DNP, where we found that all 3 of the permanent
ponds and only 1 of 4 temporary ponds contained Bd-
positive amphibians during the intermediate breed-
ing season. This temporary pond in which amphib-
ians tested positive (Site 15) is a large pond that
usually dries out in summer, but in very wet years, as
in the year previous to our study, a small pool of
water may remain until the next wet season. Tad-
poles in these remnant small pools may overwinter
and act as reservoir hosts for Bd, as has been previ-
ously reported in Australia for Bd-positive tadpoles
of Mixophyes shevilli and Litoria nannotis (Wood-
hams & Alford 2005). Fewer than 5 individuals were
sampled from each of the 2 Bd-negative temporary
ponds during the second sampling period, so it is pos-
sible that infection was missed in these other tempo-
rary water bodies.

Apart from 2 permanent ponds, human-made
ponds are scattered throughout the DNP to supply
water for cattle and wild mammals (Diaz-Paniagua et
al. 2010), and these could also be Bd reservoirs. How-
ever, owing to the small size of these ponds during
the summer, they probably reach temperatures close
to or above lethal values for Bd (Johnson et al. 2003,
Berger et al. 2004).

We did not detect Bd infection
during the first sampling period, but
did detect it in the second period,
when most of the species had
already started their annual repro-
duction and adults had spent weeks

Species ——Dec (EBS}—— —Feb-Mar (IBS)—
No. No. Bd- No. No. Bd-
sampled positive sampled positive
Triturus pygmaeus 96 0 54 37 (68.5%)
Lissotriton boscai 55 0 3 2 (66.7 %)
Pleurodeles waltl 51 0 11 7 (63.7%
Hyla meridionalis 99 0 15 7 (46.7 %
Pelophylax perezi 41 0 5 2 (40.0%
Discoglossus 4 0 23 4(17.4%
galganoi
Pelobates cultripes 69 0 24 1(4.2%
Bufo bufo 1 0 0 -
Bufo calamita 34 0 40 0

or months (depending on the spe-

Zoospore . . .
equivalent cies) in the ponds. Owing to the
counts aquatic requirements of Bd (Berger
et al. 1998, Johnson et al. 2003), it
1.70 would be expected that prevalence
(1);; of infection would increase over the
363.71 period that amphibians are in the
0.81 ponds and, hence, become easier to
40.29 detect with the sample sizes tested
1.87 in the present study. This is sup-
_ ported by the finding that Bd infec-
_ tion was more likely to be detected
in those species for which the adults
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Table 3. Batrachochytrium dendrobatidis. Presence of Bd infection as a function
of the sampled species in each of the 4 sites in which amphibians tested positive.
EBS: early breeding season; IBS: intermediate breeding season; —: not applicable

Despite the apparently high overall
prevalence (34 %) of infection de-
tected in the intermediate breeding

] season, no evidence of disease, un-
Species NODec (EEIE)—Bd *?E‘Mar 1(\111381)3(1 usually high mortality or population
sampled  positive sampled  positive declines has been detected in the
DNP. In fact, amphibians have been
Site 15 (temporary pond) extensively studied in this area over
Discoglossus galganoi 0 - 2 1 the last 2 decades and no evidence of
Hyla meridionalis 1 0 6 5 s
: . ; adult or larval mortalities has been
Lissotriton boscai 1 0 2 1 T )
Pelobates cultripes (adults) 0 - 1 0 detected. Although chytridiomycosis
Pelobates cultripes (tadpoles) 9 0 3 1 has caused mass mortalities, and
Pleurodeles waltl (adults) 2 0 9 5 even extinctions, of amphibian spe-
Pleurodeles waltl (tadpoles) 4 0 0 - cies globally, the DNP might be an
Pelophylax perezi 0 - 3 2 ! o ) .
Triturus pygmaeus 19 0 22 18 example of a locality in which Bd is
Site 16 (human-made permanent pond) present without an apparent patho-
Discoglossus galganoi 0 - 9 3 genic effect on amphibian popula-
Li;sotriton boscai 9 0 0 tions. Further work, however, is re-
Tflt“r us pygmaeus 1 0 0 - quired to determine if this is truly the
Site 17 (human-made permanent pond) case or if effects on the DNP amphib-
Hyla meridionalis 1 0 7 . . h d d
Lissotriton boscai 9 0 0 _ ians are cryptic, such as decrease
Pleurodeles waltl 4 0 0 - fecundity or longevity, rather than
Pelophylax perezi 1 0 1 0 exhibited as overt mortality events.
Triturus pygmaeus 20 0 5 4 Alternatively, Bd might be a recent
Site 18 (human-made permanent pond) introduction to the DNP, although
Hyla meridionalis - 2 1 th id d detected
Lissotriton boscai 1 0 1 1 e_W1 esprea occurrencle € ec'e
Pleurodeles waltl 2 0 2 2 during the second sampling period
Pelophylax perezi 0 - 1 0 would suggest otherwise.
Triturus pygmaeus 22 0 27 15 Some bacterial species that live on

are known to have a longer aquatic phase during
the breeding season: the 3 urodeles (Triturus pyg-
maeus, Lissotriton boscai and Pleurodeles waltl)
and the anurans (Hyla meridionalis and Pelophylax
perezi) (Diaz-Paniagua et al. 2005). In contrast,
detection of infection was low or zero in the species
that have a short aquatic adult breeding phase,
Pelobates cultripes and Bufo calamita (Diaz-
Paniagua et al. 2005). Adult amphibians might be
infected at a low prevalence (and possibly also a
low infection intensity) outside the breeding season,
and prevalence (or infection intensity) may be too
low for reliable detection when sample sizes are
small. In this study, the largest numbers of amphib-
ians sampled from a single water body during the
first visit (early breeding season) were 28 and 37
(Sites 17 and 4, respectively). A sample size of 30
animals would provide a 99 % chance of detecting
a 15% prevalence, but only a 26% chance of
detecting a 1% prevalence; thus, it is also possible
that a low prevalence of infection was present, but
not detected, at that time.

the epidermis of amphibians produce
antibiotics that inhibit the growth of
Bd (Harris et al. 2006, Woodhams et al. 2007c) as do
some antimicrobial peptides produced by granular
glands in amphibian skin (Rollins-Smith et al. 2002,
2006, Woodhams et al. 2006a,b, 2007a,b). The pres-
ence of such antifungal bacteria and skin peptides
has been reported to explain differences in the occur-
rence of disease amongst Bd-infected amphibian
species and populations (Woodhams et al. 2006Db,
2007a,b). Differences in host response to Bd infection
also could be related to differences in virulence
among Bd strains, as has been recently proposed by
Fisher et al. (2009Db).

In summary, we detected Bd infection in 7 of 9
amphibian species tested in the DNP. The amphibian
populations of the DNP have been closely studied
over many years, but no evidence of unusually high
levels of mortality or of population declines has been
detected. This may be because the species comple-
ment the Bd strain present, or the environmental
characteristics of the DNP do not favour a negative
impact of Bd infection on the extant amphibian pop-
ulation. Although this has been the case so far, we
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recommend continued monitoring of both amphibian
populations and their Bd status in the DNP in order to
further investigate this host-parasite relationship
and determine if any ecological factors, such as pro-
longed wet periods or periods of drought, may alter
the current situation.
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