








Batrachochytrium salamandrivorans in the Ruhr District, Germany

manders had been observed in Essen-Ruthertal; qPCR of
the preserved specimens did not yield Bsal-positive results,
but this could be due to suboptimal conditions of preserva-
tion. Two other citizens reported having seen several dead
fire salamanders in the winter of 2016 in their gardens or in
the surroundings of their houses (Hattingen-Niederweni-
gern and Essen-Byfang, both sites at just 1.2 km from each
other), and an absence or near-absence of fire salamanders
at these sites since that time. Since no samples had been
preserved, we could not confirm that the mortality at these
two sites was due to chytridiomycosis. However, it seems
possible that the pathogen was present already pre-2017 in
the Ruhr District, especially when combining those reports
with a photograph of a fire salamander in Bochum made
in 2004 that shows typical Bsal-related lesions and ulcer-
ations on the head (M. MASCHKA, pers. comm., March
2020; Fig. 3). No samples were taken of this salamander in
2004, and the population where it was photographed does
not exist anymore; a confirmation that this salamander
was indeed infected by Bsal therefore cannot be obtained.
However, it is striking that the first evidence of Bsal in Ger-
many, and in all of Europe, is also from 2004, referring to a
preserved fire salamander from the Eifel Mountains where
the pathogen was confirmed by histological examination
at Ghent University (DALBECK ET AL. 2018, LOTTERS et al.
2020Db in this issue).

Quantifying Bsal-related declines

As reported above, for two sites in the Essen area, indica-
tions for fire salamander population crashes became avail-
able in 2017-2018 (Fig. 1a, b): In the Stadtwald, 97 individu-
als had been swabbed and analysed by us in 2017, eight of
which turned out to be Bsal-positive and three had Bsal-
characteristic external ulcerations; surveys in 2018 yielded

Figure 3. Photograph of a European fire salamander individual
(Salamandra salamandra) taken in April 2004 in Bochum, Dahl-
hausen, by MARTIN MascHKA. The animal shows possibly Bsal-
related lesions and ulcerations especially on the head.

no observations of infected fire salamanders. In the Std-
westfriedhof graveyard, large numbers of dead individuals
were observed at the end of 2017 and beginning of 2018,
of which eight could be tested and resulted to be positive
(ScHULZ et al. 2019, WAGNER et al. 2019); afterwards, only
two observations of a single fire salamander each were
recorded by citizens during 2018 (Supplementary docu-
ment 1). The Stidwestfriedhof is highly frequented by prom-
enaders, and many of these confirmed to us that in previ-
ous years fire salamanders were a common sight. However,
given the secretive habits and not fully predictable activity
pattern of fire salamanders, it is problematic to confidently
assess the decline or disappearance of a population — a lack
of encounters may simply be due to climate-induced inac-
tivity or to a low overall activity in the respective night.

To obtain more reliable information on the status of
declines/extinctions of the fire salamander populations
at Stdwestfriedhof and Stadtwald, we conducted an ad-
ditional monitoring in spring 2019, along with standard-
ized comparisons with two reference populations. As ref-
erences, we chose two dense fire salamander populations
without known Bsal-positives in the vicinity, Sterkrader
Wald (Figs 1f, 2d, e) and Hiesfelder Wald in Oberhausen
(Fig. 1g). At all four sites, transects of ca. 2 km were defined
within suitable habitat, i.e. deciduous forest with mainly
beech trees and close to small streams used by fire sala-
manders for reproduction. Transect walks took place dur-
ing the night by a minimum of two observers, slowly walk-
ing along the transect and scanning the area left and right
of the transect with electric torches for active salamanders
and other amphibians. Because all encountered salaman-
ders were photographed and swabbed, time per transect
was not standardized.

At the two Bsal-positive decline sites, on five survey
nights a total of only three salamanders could be recorded
(Table 2): On April 2 and April 24, one individual each at
the Stdwestfriedhof site, on April 2, one individual at the
Stadtwald site. In contrast, the two reference sites yielded
8-232 (Sterkrader Wald) and 14-28 (Hiesfelder Wald) sala-
mander records per night (Table 2). On the two nights with
highest numbers of active salamanders at the two reference
sites (April 24 and May 2), surveys at all four sites were
conducted simultaneously. Data suggest a heavy impact of
the disease outbreak at the Bsal-positive sites, and consid-
ering the anecdotal observations from 2017 and 2018, it ap-
pears that the populations have drastically declined almost
to complete extinction within only one or two years.

The single fire salamander found in 2019 at the Stadt-
wald was tested negative for Bsal; of other amphibians
sampled at this site, two out of four alpine newts tested
Bsal-positive, confirming the presence of the pathogen
at this site. At the Stidwestfriedhof, two fire salamanders
were found during our five monitoring nights, and two ad-
ditional individuals at other nights in 2019; one of these
was found dead and tested Bsal-positive. Additionally, one
living fire salamander without any visible sign of infection
was recorded by a citizen during that time (Supplementary
document 1). All of the 21 alpine newts, ten smooth newts
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Table 2. Results of fire salamander surveys in the spring of 2019 at two Bsal-positive sites in Essen (Ruhr District) where declines were
detected or assumed in 2017/2018 and at two Bsal-negative reference sites. During the first two surveys, not all sites could be assessed
at the same day (* assessed on March 16; # assessed on April 3). NA = not assessed.

Site March 14,16  April 2,3  April24 May2 May 21
Bsal-positive

Stidwestfriedhof 1 1 0 0
Stadtwald 1 0 0 0
Bsal-negative (Reference)

Sterkrader Wald 8% 454 232 118 NA
Hiesfelder Wald NA 14 19 28 NA

Table 3. Results of monitoring of larvae of the European fire salamander (removal sampling) in streams in 2019, at two Bsal-positive
sites in Essen (Ruhr District) where declines had been detected or assumed in 2017/2018, and at two Bsal-negative reference sites.
Dates of surveys are listed with regard to the order of the sites. Numbers marked with (N) refer to nocturnal surveys.

Site March 29/29/ 20/26 ~ April 1 April 24/24/ 18/23  April 29  May 21/20/ 17/22  May 23/20
Bsal-positive

Stadtwald 0 2 (N) 1 5 (N) 0 1 (N)
Sudwestfriedhof 0 29 (N) 0 4 (N) 0 1 (N)
Bsal-negative (Reference)

Sterkrader Wald 43 - 78 - 177 -
Hiesfelder Wald 237 - 463 - 364 -

and five palmate newts swabbed at the Stiidwestfriedhof in
2019 tested negative.

To obtain further quantitative data on population sizes
in the Bsal-positive vs. reference sites, we performed mon-
itoring of salamander larvae via removal sampling in all
four sites. During diurnal sampling, we estimated num-
bers of 43-177 larvae (Sterkrader Wald) and 237-463 larvae
(Hiesfelder Wald) per 75 m of stream in the reference sites,
but only up to a maximum of one larva (Stadtwald) or no
larvae (Studwestfriedhof) could be found at the Bsal posi-
tive sites (Table 3). To ascertain whether indeed at the de-
cline sites larvae were absent, we sampled these sites three
times at night, considering that fire salamander larvae are
often more exposed and thus easier to spot in the streams
during the night. At each sampling event, we obtained at
least one larva at the Bsal-positive sites, with a maximum
of up to 29 larvae on April 1 at Stidwestfriedhof (Table 3).

Additionally, monitoring of the two Bsal-sites Stadt-
wald and Stidwestfriedhof was conducted in October 2019
which resulted in no fire salamander observations over a
period of five nights at the Stadtwald and one negatively
tested individual over a period of seven nights at the Stid-
westfriedhof. In total, three negative and one positive test-
ed fire salamanders were observed between March and Oc-
tober; only one per night out of 17 nights surveyed while
only one non-infected fire salamander was found in one
of 11 nights at the Stadtwald (Supplementary document 1).

Overall, these data confirm that the populations at the
Bsal-positive sites have undergone severe declines, with
only few females having deposited larvae in the respective
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streams in 2019. However, taking into account the results
of further opportunistic searches for conservation genetic
sampling, a total of 42 larvae from Stadtwald and 38 larvae
from Siidwestfriedhof were observed and sampled in 2019
(ScHuULZ et al. 2019), and therefore we cannot consider the
populations as being completely extinct yet.

Real-time history of a population crash

In late 2018, a large population of fire salamanders occur-
ring in the Kruppwald (Figs 2f-h), northwest of the Balde-
neysee, Essen-Bredeney, was selected for monitoring. Ini-
tially, this population was flagged as a Bsal-negative con-
trol site, based on the negative swabbing results of 30 fire
salamanders (April 11, 2018: 8 individuals; September 21,
2018: 22 individuals). A transect was defined along a small
stream serving salamanders for breeding, approximately
between the geographical coordinates 51.4012N, 6.9973E
and 51.4033N, 6.9957E.

In early 2019, two salamanders were found dead in this
forest and reported to us by a citizen (one salamander each
on January 3 and February 3). The site therefore offered the
unique opportunity to observe the progress of a Bsal out-
break in real time. Nocturnal transect walks in the Krupp-
wald (transect length ca. 2 km) were carried out from Feb-
ruary 28, 2019 to May 27, 2019 (plus three diurnal visits on
March 21, 26 and 28), and altogether 278 salamanders were
recorded during this time (including at least 20 individuals
recaptured once or several times).
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Table 4. Summary of individuals of European fire salamanders (Salamandra salamandra) from Kruppwald (Essen, Ruhr District)
sampled in 2019 which were recaptured on at least one occasion during the study period. N and P refer to negative or positive (in
boldface) results of qQPCR tests of Bsal infection. Individual numbering as used in the Amphldent project. * Infected salamander
subsequently taken into the lab and cured by heat treatment. t Fire salamander found dead at the site.

Individual Initial capture First recapture Second recapture  Third recapture
SA21 April 2 (N) May 2 (N) September 23 (P)*
SA61 April 2 (N) May 21 (N)

SA115 April 24 (N) May 21 (N)

SA118 April 24 (N) May 8 (N)

SA120 April 24 (N) May 8 (N)

SA122 April 24 (N) May 21 (N)

SA128 April 24 (N) May 2 (N) May 8 (N) May 21 (N)
SA186 April 27 (N) May 21 (N)

SA217 May 2 (N) May 21 (N)

SA231 May 2 (N) May 8 (N)

SA238 May 2 (N) May 8 (N)

SA243 May 2 (N) May 21 (N)

SA246 May 2 (N) May 21 (N) September 23 (P)
SA247 May 2 (N) May 8 (P)

SA265 May 8 (P) May 21 (P)

SA266 May 8 (N) May 21 (N) September 23 (N)
SA272 May 8 (N) September 23 (N) October 4 (N)
SA278 May 8 (N) May 27 (N)

SA289 May 8 (N) May 17 (N)

SA297 May 8 (N) May 17 (N)

SA323 May 21 (N) May 27 (N)

SA340 September 29 (N) October 6 (N)

SA343 October 4 (N) October 6 (N)

SA348 October 4 (N) October 6 (N)

SA352 September 23 (N)  September 29 (N)

SA359 September 29 (N) October 4 (N)

SA466 March 1 (N) April 2 (N)

SA517 April 2 (N) September 21 (N)

SA534 May 2 (P) May 8 (P) +

Data are summarized in Table 4, with trends of preva-
lence and Bsal load over time given in Figure 4 / Table 5.
Counting only the nights on which a regular transect walk
of several hours was carried out, between 8 and 47 sala-
manders were observed, with maximum activities usual-
ly coinciding with rainfall. Although a general decrease in
numbers of observed salamanders was observed during
the last three survey days in May 2019, this cannot neces-
sarily be interpreted as an indication of a major population
decline because during these days the activity of salaman-
ders decreased in general due to drier conditions, as also
observed in Bsal-negative control populations (see below).

Maximum Bsal loads (in ITS/s) were relatively low until
the beginning of March, (7.90E+03 to 5.66E+05), reached
higher values at most sampling visits between the end
of March to the end of April, with a maximum value of
2.29E+09 recorded on March 28, and reached moderate
values in the last three visits in May, not exceeding a maxi-
mum value of 7.66E+06. The trend of mean Bsal loads of

infected individuals followed a similar trend, as did preva-
lences which reached a maximum of 50% on the last sam-
pling day, May 27, 2019 (Fig. 4). Both, Bsal loads and preva-
lences dropped towards the end of April 2019, with Bsal
loads reaching its lowest post-March value on April 24 and
prevalences dropping to 20% on April 24 and to 4% on
April 27. Individuals with visible ulcerations scored from
photographs peaked on May 2 and 8, 2019. Dead salaman-
der individuals were observed on six occasions from Janu-
ary to March 2019, and one additional individual in May.
Using data from Winter 2018 and Spring 2019, and or-
dering all sampling days chronologically, a non-parametric
Spearman correlation revealed a significant correlation be-
tween sampling day and prevalence (Spearman’s R = 0.721;
P = 0.019), and the relation between mean Bsal load and
time was close to significance (Spearman’s R = 0.486; P =
0.066). This suggests a probable overall trend of increas-
ing prevalence of Bsal infection, and possibly an increasing
Bsal load in infected individuals, in this population over
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Table 5. Number of European fire salamander individuals (Salamandra salamandra) encountered during nocturnal transect walks
at the Kruppwald (Essen, Ruhr District) in April and May 2019 (plus three salamanders encountered during diurnal visits in March
2019), and their Bsal load. Mean air temperature (Temp; °C) measured during the respective night or day. Note that the first two
records in 2019 refer to dead salamanders encountered by citizen science observers. Prevalence values were only calculated for nights
with > 2 individuals. Bsal loads were determined as numbers of ITS copies per swab, except in 2018 and early 2019 (zoospore genomic
equivalents, abbreviated GE, per swab — transformed into ITS copies per swab by x 100). NA, not applicable/data not taken.

Date Temp Negatives Positives With Prevalence Bsal load Bsal load Bsal load

(dead) lesions (%) mean mean positives maximum
April 4, 18 NA 8 0 NA 0 0 NA NA
September 21, 18 NA 22 0 NA 0 0 NA NA
January 3,2019  NA 0 1(1) NA NA  7.23E+04(723 GE) 7.23E+04 (723 GE) 7.23E+04(723 GE)
February 3,2019  NA 0 1(1) NA NA 3.00E+03(30 GE)  3.00E+03(30 GE)  3.00E+03(30 GE)
February 28,2019 NA 19 1(1) NA 50  2.83E+04(283 GE) 5.66E+05(5660 GE)  5.66E+05(5660

GE)
March 1, 2019 NA 30 6 (1) NA 16.7 7.79E+03 6.62E+04 1.37E+05
March 3, 2019 NA 0 1(1) NA NA 7.90E+03 7.90E+03 7.90E+03
March 21, 2019 15 1 0 NA NA NA NA NA
March 26, 2019 9 0 1(1) NA NA 1.58E+07 1.58E+07 1.58E+07
March 28, 2019 12 0 1 NA NA 2.29E+09 2.29E+09 2.29E+09
April 2, 2019 12 27 15 0 35.7 3.12E+07 8.73E+07 1.16E+09
April 8, 2019 11.5 1 1 1 NA 1.10E+06 2.20E+06 2.20E+06
April 24, 2019 10 16 4 0 20.0 8.53E+03 4.27E+04 6.29E+04
April 27, 2019 8 22 1 4.3 NA NA NA
May 2, 2019 10.5 29 17 8 37.0 3.58E+07 9.68E+07 1.05E+09
May 8, 2019 10.5 27 20 (1) 12 42.6 1.13E+07 3.05E+07 3.80E+08
May 17, 2019 11 4 3 0 42.9 3.53E+05 8.24E+05 1.83E+06
May 21, 2019 11.5 16 7 2 30.4 2.03E+05 6.65E+05 1.28E+06
May 27, 2019 11 4 4 2 50.0 1.38E+07 2.75E+07 7.66E+06
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Figure 4. Graph showing number of European fire salamanders (Salamandra salamandra) encountered, Bsal infection prevalences (in
percent of Bsal-positive individuals), average Bsal loads (ITS copies per swab) of positive individuals, and records of dead salamanders
(crosses; on each marked day, a single dead individual was found) at various survey days in 2018 and 2019 at the Kruppwald site,
along a ca. 2 km transect. Prevalences were calculated only for days with > 2 salamanders recorded; numbers of salamanders are only
reported for nocturnal transect surveys with > 5 individuals. Bsal loads for some survey days were not calculated due to the use of
different qPCR standards (see text).
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the study period, despite the temporary drop of both vari-
ables at the end of April.

Additional surveys carried out in September 2019 re-
vealed a comparatively low number of salamanders per-
sisting in the population, many of which were subadults
with relatively low infection prevalence (18%). A number
of individual salamanders were recaptured on at least one
occasion, as revealed by analysis of colour patterns in
Amphldent. In 24 out of 30 cases, recaptured individuals
were tested Bsal-negative in the initial capture and all re-
captures. Of the six recaptured individuals that were tested
Bsal-positive on at least one occasion, three were already
positive at first capture. In two of these, the data allowed
comparing Bsal loads at two sampling dates: SA247 had
a load of 1.37E+04 ITS/s on May 2 and 8.39E+05 on May
8; and SA265 had a load of 3.39E+04 ITS/s on 8 May and
2.12E+06 on 21 May. In SA247, Bsal load thus increased
by one order of magnitude within a week; the individu-
al had no visible external ulcerations at first capture but
a few recognizable ulcerations at recapture. In SA265, the
load increase was almost two orders of magnitude within
2 weeks; from the photos, a few ulcerations were recogniz-
able at first capture but not at recapture, despite the higher
infection loads. The other individual that was positive on

the first sampling occasion (SA534) was observed on May
2 with a load of 1.05E+09 ITS/s, and was found dead on
May 8.

Bsal loads and external symptoms

Bsal was first discovered in a declining population of fire
salamanders in the Netherlands (MARTEL et al. 2013); ex-
ternal symptoms described consist of multifocal epidermal
erosions and deep ulcerations on the entire body (MAR-
TEL et al. 2013; see also VAN Rooij et al. 2015). Histolog-
ically, the periphery of these erosions is characterized by
keratinocytes each containing one centrally located thallus,
and the area of the lesions is often superficially colonized
by bacteria (MARTEL et al. 2013). The increase in relative
abundance of these opportunistic bacteria due to the de-
struction of the epidermis can contribute to septicaemic
events, these bacteria thus acting as pathogens (BLETZ et
al. 2018).

At the Kruppwald site, we observed 84 Bsal-positive
salamanders, of which 78 were alive. Many of these pre-
sented the typical ulcerations described previously for
Bsal-infected fire salamanders (Figs 5-7), allowing for an

Figure 5. A Bsal-positive European fire salamander (Salamandra salamandra) female with a few external ulcerations on the dorsum
(a, b), head (a, ¢) and venter (d) (indicated by blue arrows) detected at the Kruppwald site on April 2, 2019 (individual K0). This was
the first salamander with external symptoms discovered at this site, and it survived for 39 days at the Technische Universitit Braun-
schweig at a low temperature regime (ca. 15°C), with some of the ventral ulcerations and lesions healing, before it eventually died.
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extended (macroscopic) description of these symptoms By far, most salamanders with visible signs of disease had
which may prove important for future initial detection of ~ small ulcerations which were best visible on the yellow skin
the disease, e.g. in the course of citizen science projects.  patches but also exist on the black-coloured parts of the

Figure 6. A European fire salamander (Salamandra salamandra) male from Kruppwald with a large number of partly large-sized ulcera-
tions. (a) Dorsolateral view in life (snout-vent length 98.8 mm; voucher preserved under field number ZCMV 15514). This individual
was sacrificed for close examination of the ulcerations under a light microscope. (b—d) Lesions visible in the living animal on the paro-
toid gland and forelimb. (e) Scanning electron microscope showing one of the crater-like ulcerations. The individual tested Bsal-positive.
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Figure 7. Different individuals of European fire salamanders (Salamandra salamandra) from Kruppwald with externally visible Bsal-
related ulcerations. All these individuals tested Bsal-positive.
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body. Because in the Kruppwald population, salamanders
have only rarely yellow colour on the ventral side, the ven-
tral ulcerations are less readily detectable. In some individ-
uals only single ulcerations were present, and sometimes it
was not easy in such cases to macroscopically distinguish
tiny dorsal ulcerations from poison gland duct openings
(especially on the parotoid glands), small abnormal col-
oration phenomena (such as reddish pigment elements or
small black dots on yellow patches), or small ventral inju-
ries. Other individuals had multiple small ulcerations over
the whole body (Figs 5, 6), and often these were present
on the head, both in the region of snout and throat, and
in some individuals also in high density on the parotoid
glands (Figs 6d, 7g). In most cases, salamanders had a few
or many small-sized regular round ulcerations of 0.25-
1 mm in diameter, but in several individuals (Fig. 6) some
ulcerations were larger (up to ca. 2.5 mm) and confluent
with each other, giving the impression of outward growth
from the centre of each ulceration, similar to a ‘fairy circle’
The edge of the growth zone is brownish and in magnified
view consists of bulbous structures probably correspond-
ing to keratinocytes and maybe fungal thalli (Figs 6c, d).
Examined with a scanning electron microscope, the ulcer-
ations are revealed as deep crater-like formations in which
the original skin layer is completely destroyed (Fig. 6e).
In advanced stages of disease, these ulcerations become so
deep that they form bleeding lesions, often in the region of
the snout (Fig. 7e).

Because all recorded salamanders from April 2019 were
photographed for individual recognition, it was possi-
ble to score the presence of these externally visible ulcer-
ations and lesions for all individuals and relate the pres-
ence and intensity of these symptoms to Bsal presence and
loads determined by qPCR. We classified individuals into
four categories: (1) no recognizable ulcerations, (2) ulcer-
ations visible according to field notes only, not visible in
photos, (3) few/weak ulcerations, (4) moderate number of
ulcerations, (5) many ulcerations. These data revealed that
ulcerations were never found in Bsal-negative salaman-
ders (Fig. 8a), suggesting that in regions with qPCR-con-
firmed Bsal outbreaks the presence of the typical lesions
described here can be seen as a suitable indicator for indi-
viduals likely to be Bsal-infected. However, the majority of
infected salamanders showed no visible ulcerations (47 of
74 scorable, Bsal-positive individuals), and only three and
four individuals were observed in the highest categories of
a moderate and high number of ulcerations, respectively
(Fig. 8b). The median Bsal load for Bsal-positive individ-
uals was lowest for individuals without lesions and high-
est for individuals with many ulcerations (Fig. 8c), but the
differences among categories were not statistically signifi-
cant (Kruskal-Wallis-ANOVA, P > 0.5), which could be ei-
ther due to low sample sizes in the categories of moderate
number and many ulcerations, or to differences in individ-
uals regarding e.g. microbiome composition (BATAILLE et
al. 2016), genetic variation (HORNER et al. 2017), individual
thermal preference (SAUER et al. 2018) or immunogenetic
variation (SAVAGE & ZAMUDIO 2011).
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Clearing Bsal infection with heat treatment

Disease dynamics are linked to the pathogen virulence,
host factors and environmental determinants, and temper-
ature seems to be one key environmental factor for both
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Figure 8. Occurrence of externally visible lesions and ulcerations
in European fire salamanders (Salamandra salamandra) from
Kruppwald, based on photographs and field notes of living in-
dividuals recorded in April and May 2019. Panels (a) and (b)
show the distribution of categories of ulceration occurrence in
salamanders that tested positive and negative for Bsal in qPCR as-
says, respectively (no ulcerations were visible in any Bsal-negative
individual). Panel (c) shows boxplot of Bsal load (in ITS copy
number per swab) for the four categories, based on data from
Bsal-positive individuals only.
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fungi, Bd and Bsal (BERGER et al. 2004, KRIGER & HERO
2007, MARTEL et al. 2013, BLooTI et al. 2015a, b). Conse-
quently, heat treatment protocols were published to clear
infection in animals. However, since both fungi show dif-
ferent thermal growth characteristics most probably due
to differences in their host spectrum (OLsON et al. 2013,
MARTEL et al. 2014), different protocols need to be fol-
lowed for treating chytridiomycosis induced either by Bd
or Bsal (MARTEL et al. 2011, WOODHAMS et al. 2012, BLooI
et al. 20153, b). Here, we used the heat treatment protocol
published by Broor et al. (2015a) to cure Bsal-infected fire
salamanders.

May 9. 2019

First treatment in an irregularly heated room: Six
Bsal-infected fire salamanders with few (Box C), several
(Box K1) or many lesions (Box A, B) and two non-infect-
ed fire salamander (Box G, E) were transferred from the
field to the lab at Braunschweig. They were kept individu-
ally in plastic boxes on a moist tissue in a room with nor-
mal heaters and an additional electric heater. When the
animals arrived, the room temperature was about 15°C for
two days. After two days, the heaters were turned up slowly
until the temperature in the room reached 25°C after four
days, fluctuating between 25-27°C. At these temperatures,
all animals were intensively shedding their skin and ulcera-

May 12, 2019

May 16. 2019

May 20. 2019

May 22. 2019

Figure 9. Healing process during the heat treatment period 10-20 May 2019 at 25-27°C of the fire salamander that was kept in Box A
(see Fig. 12) and had a high amount of small ulcerations at the dorsal and ventral sides, as well as deep wounds at the head. Skin
recovered very fast during the treatment due to intensive skin shedding.
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tions became smaller and darker every day, and had almost
completely disappeared after seven days (Figs 9, 10). Dur-
ing the whole treatment period, the animals rejected food.
After the suggested 10-day treatment (BLooI et al. 2015a)
they were transferred to new plastic boxes with clay, wood
and moss, first at 20°C, and three days later at 15°C. After
the treatment, qPCR results revealed still very low amplifi-
cation values for Bsal regarding the animals in Box A, B and
C (below 100 ITS/s, mean Cq value 36.24 * 0.51), i.e. below

May 9. 2019

May 20. 2019

the suggested threshold of 1 GE (THOMAS et al. 2018) which
would correspond to an approximate Cq value around 33
(33.32 + 0.62 with BSA; 32.99 + 0.19 without BSA) (BLoor et
al. 2013). These animals tested negative by the second labo-
ratory. Approximately six weeks (40 days) after the end of
the treatment (animals kept at 15°C during this time), the
non-infected animals in Box G and E were still Bsal-neg-
ative. However, new skin ulcerations were observed in the
other four animals (Boxes A, B, C and K1), and all of them

May 12, 2019

May 16. 2019

[ & |

May 22. 2019

Figure 10. Healing process during the heat treatment period 10-20 May 2019 at 25-27°C in the fire salamander kept in Box B (see
Fig. 12) which had some small ulcerations at the dorsal and a high amount at the ventral side, including a deep wound at the chin.
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tested Bsal-positive again in qPCR. Although loads were
similar for all four (mean load 2.16E + o7 ITS/s), the form
and amount of ulcerations differed, suggesting an irregular
expression of symptoms. The infected fire salamanders were
transferred into new plastic boxes and placed into a climate
chamber for a second heat treatment, one day at 20°C, one
day at 23°C, and 21 days at 25°C (Fig. 11a). All three animals
tested Bsal-negative directly after the end of the treatment,
and again 19 days later (Fig. 12). It is of relevance to note
that initially Bsal-negative fire salamanders in Box G and E
had no indication of external symptoms of chytridiomyco-
sis, and consistently tested Bsal-negative in all qPCRs. This
confirms that transmission of Bsal spores among salaman-
ders kept in separate boxes in the same room can be avoid-
ed if working under strict hygiene protocol.

Second treatment in a climate chamber under fully con-
trolled conditions: An additional fire salamander collected
in September 2019 that showed Bsal-lesions followed by a
positive qPCR-result was directly transferred into a climate
chamber where the temperature could be kept constant at
25°C after the third day of acclimation. Considering our
previous experience we chose to treat the salamander for
14 days before lowering the temperature. Directly after
the treatment, the animal tested negative, and was then
transferred to a box with clay, moss and wood and kept
at 15°C and below. Surprisingly, also this fire salamander
again showed the first clinical signs of a Bsal infection af-
ter approximately 5 weeks (34 days) (Fig. 11b), confirmed
by qPCR. After the animal was taken back into treatment
(this time at 26°C), no immediate improvement could be
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Figure 11. Graphs showing heat treatment time frames used to cure the infected European fire salamanders (S. salamandra) found
in the wild in 2019. Panel a shows the ad-hoc treatment chosen for salamanders in boxes A, B, K1, C and E. Panel b shows the treat-
ment chosen for box Z. Each box was used to house a single salamander during this time. See Fig. 12 for qPCR loads of salamanders

subjected to these treatments.
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noticed after 3 days as seen in previous treatments. In con-
trast, extended wounds emerged on the head where lesions
were previously visible, almost certainly in concert with
secondary infections caused by bacteria and other fungi.
After 14 days of heat treatment (disinfecting wounds by
dabbing them with a tissue dipped in Bactine every two
days), Bsal could still be detected via qPCR (Fig. 12). The
detected loads (mean value around 50 ITS/s) remained be-
low the threshold, but positive curves were visible for more
than five weeks. Eight weeks after the treatment the gQPCR
detection was again positive above the threshold, with re-
currence of lesions and ulcerations especially at the head
and back. This demonstrates the presence of viable Bsal
when signals below the threshold are detected rather than
just residual DNA from dead fungal remains in this indi-
vidual. Since the wounds were still not healed and the ani-
mal obviously still infected by Bsal, we eventually decided
to euthanize this salamander (by MS222 overdose).

In conclusion, our experiences with the treatment of
Bsal-infected fire salamanders in principle agree with those
of BLooI et al. (2015a): heat treatment can be an effective
and low-cost option to heal Bsal-infected fire salamanders
if well monitored. However, we stress that (i) in some fire
salamander individuals infection may not be completely
cleared after a 10 days / 25°C treatment, highlighting the
importance of intensive monitoring during and after treat-
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ment, and the danger of missing post-treatment weak-in-
tensity infections by qPCR (i.e. signals below threshold or
even negative); and (ii) the possibility (as with the sala-
mander in our second treatment) that in heavily infected
animals with many external symptoms, the stressful heat
treatment even for 14 days may be insufficient, and may
even favour secondary infections.

This information might help private amphibian keep-
ers conducting the treatment at home where a continuous
monitoring of the infection status is not feasible. Animals
might not feed properly or not at all during the treatment
which needs to be considered. However, once the heat treat-
ment is started we do not recommend to interrupt it (except
if secondary infections occur that need specific treatment
by a veterinary), to prevent reinfection and further stress
for the fire salamander. Cured animals should be fed prop-
erly after treatment in combination with mineral and vita-
min supplement to facilitate full recovery. We also highlight,
once more that any material that came into contact with in-
fected animals must be either immersed in disinfectant (e.g.
1% Virkon S solution or 80% ethanol), autoclaved or burnt.

Last but not least, we appeal to all amphibian keepers
to test their individuals for detecting asymptomatic infec-
tions to prevent further passive spread of spores in captiv-
ity and into the wild. A few studies have already shown that
the pathogen occurs in captive collections (FITZPATRICK et

Pos Neg 7 83E+05 114E+04 : »-':E!

; 15 : 12| |16 b

23| g 2 o) : ©
Sept Oct Nov Dec Jan

Figure 12. Chronology of results of qPCR testing for Bsal infection in European fire salamanders (Salamandra salamandra) collected
from the wild in the Ruhr District and subjected to heat treatment to cure chytridiomycosis between April 2019 and January 2020.
Each light yellow bar represents one salamander individual. Numbers within light yellow bars are dates of the respective month; heat
treatment is indicated by magenta bars (see Fig. 11 for temperature regimes applied). Values above light yellow bars are qPCR results;
red values give Bsal load for samples that tested positive; Neg in green font marks Bsal-negative test results, and pink SBT marks pos-
sibly positive samples with qPCR curves below the threshold. In order to graphically fit all values, May occupies a disproportionally
wide part and June a disproportionally narrow part of the yellow bars. Salamander Z after January 2020 turned out to be reinfected

(RI) and was euthanized.
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al. 2018, SABINO-PINTO et al. 2018) although in other en-
couraging cases captive collections turned out to be ap-
parently free of Bsal despite intensive testing (JUNG et al.
2020 in this issue). Especially, reports about asymptomat-
ic infections in several, non-native species are of concern
(SABINO-PINTO et al. 2018), as are the recently document-
ed chronic, non-lethal Bsal infections in Anatolian crested
newts (Triturus anatolicus) invasive in Spain that may in-
dicate latency periods of undetectable infection and sub-
sequent flare-ups leading to spillover of infection to native
species (MARTEL et al. 2020).

The role of newts as potential victims, reservoirs and
vectors in the Ruhr District

Beside the fire salamander, at least three of the four na-
tive German newt species are also affected by Bsal: alpine
newts, smooth newts and great crested newts died due to
artificially induced Bsal infection (MARTEL et al. 2014); the
fourth species, the palmate newt, could not be artificially
infected, but Bsal-infected wild palmate newts in the field
have been observed (DALBECK et al. 2018, LOTTERS et al.
2020a in this issue). While in fire salamanders, Bsal in-
fection is typically lethal, experimental infection of alpine
newts at low zoospore doses resulted in frequent shedding
for several months with fungal clearing and clinical cure
(STEGEN et al. 2017), suggesting newts may function as a
pathogen reservoir and vectors for Bsal.

Only a few of the Bsal-positive sites in the Ruhr District
are populated solely by newts. One affected alpine newt
population (Stadtwald, garden) occurs at a garden pond lo-
cated at a linear distance of only ca. 9oo m from a Bsal site
(Stadtwald, forest) populated by fire salamanders. In this
pond, used by at least 50 alpine newts for reproduction, a
citizen observed in April 2018 several dead newts and oth-
ers with ulcerations (Fig. 13). In the same month, 20 indi-

viduals were swabbed of which one newt was unambigu-
ously Bsal-positive while several others indicated very low
loads (< 1 GE) in one of two samples. In September 2018,
three tested alpine newts were Bsal-negative, and in May
2019, two out of 50 newts were Bsal-positive (mean load
5.00E + 03 ITS/s), and no decline of the newt population
was apparent since the number of animals was still as high
as in the previous year.

In Milheim an der Ruhr, another garden pond has
moved into focus after a Bsal-infected fire salamander was
discovered in the garden in September 2018. The pond is
used by both alpine and smooth newts for reproduction,
and in April 2019, six out of 33 alpine newts and five out
of 17 smooth newts tested Bsal-positive, while three dead
alpine newts tested negative. A month before, in the forest
surrounding this garden, we also detected three infected
out of 13 tested fire salamanders, one infected alpine newt
and, interestingly, one possibly Bsal-positive common frog
(Rana temporaria); however, given that the latter observa-
tion refers to a single individual only, we consider the pos-
sibility of Bsal infection in this anuran species to be in need
of confirmation by an independent method (e.g. histologi-
cally; see THOMAS et al. 2018). However, it is worth noting
that the possibility of a sample confusion can be excluded
as from the same swab used for Bsal detection, we also se-
quenced a fragment of the mitochondrial 16S rRNA gene of
the host which was confirmed as R. temporaria (Genbank
accession number MT408024). In the Hiesfelder Wald
in Oberhausen, a great crested newt population was also
screened in spring 2019, but all animals were Bsal-negative.

The current data are insufficient to flag newts as unaffect-
ed reservoirs and vectors of Bsal in the Ruhr District, and
we cannot exclude that they also undergo long-term popu-
lation declines. Although newts are at high risk of infection
when entering water bodies potentially infested by Bsal
zoospores, they may in many cases also have an advantage
over the almost purely terrestrial adult fire salamanders due

Figure 13. Garden pond in Essen-Stadtwald. The size of the pond (left) is 1 x 1.5 m and a depth of 30 cm. It represents the spawning
water for an alpine newt population (Ichthyosaura alpestris) of > 50 individuals. Five out of 75 newts were tested Bsal-positive (April
and September 2018 / May 2019). One individual showed ulcerations similar to those observed in infected fire salamanders (right).
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to their semiaquatic life cycle, alternating between aquatic
and terrestrial phases. In particular, in many populations
living in stagnant water bodies, aquatic-phase newts may
experience at least temporarily warm temperatures, poten-
tially implying a periodic, passive heat treatment that may
help them to clear Bsal infection. Additional factors may
include the drastic changes in skin structure and cutane-
ous microbiome that newts undergo in their transition be-
tween aquatic and terrestrial phases (PERROTTA et al. 2012,
SABINO-PINTO et al. 2017). Clearly, a further close monitor-
ing of the known newt sites, also including one pond in the
Stdwestfriedhof site, is warranted to understand the long-
term impact of Bsal on newt populations. This in particular
applies to the great crested newt, where in the Eifel Moun-
tains two monitored populations disappeared within two
years (LOTTERS et al. 2020a in this issue).

In areas of dense human population such as the Ruhr
District, habitat fragmentation and road mortality (FaH-
RIG et al. 1995, HELS & BUCHWALD 2001, ANDREWS et al.
2008) can impact amphibian populations, and temporary
drift fences with pitfall traps are widely used to maintain
connectivity between breeding sites and terrestrial habitats
and to monitor population trends and breeding phenology
(e.g. HOULAHAN et al. 2000, BONARI et al. 2011). As volun-
teers are often involved, an educational effect is often an
added benefit (SCHMIDT & ZUMBACH 2008). However, the
pitfall traps might also increase the risk of pathogen trans-
mission among amphibians, and volunteers handling the
animals may also contribute to the spread of the disease.
Of 24 randomly screened newts caught at a temporary drift
fence in Essen-Bergerhausen, about 2 km from the Bsal-
positive site Essen Stadtwald (forest) in March 2019, two
out of five alpine newts and six out of 17 smooth newts
tested Bsal-positive. Despite this evidence for Bsal-positive
newts at drift fences, we do not advocate abandoning the
drift fence activities to rescue migrating amphibians given
that (i) Bsal already seems to be widespread in the Ruhr
District, (ii) it is likely that the pathogen is further spread-
ing by multiple mechanisms, and (iii) anurans, which are
predominantly caught in pitfall traps, are not affected by
Bsal. However, next to the routine disinfection measures
suggested for shoes, dip nets or newt traps, at least in ar-
eas with known Bsal occurrence it may be recommenda-
ble to disinfect pitfall buckets each time they are controlled
(disinfection solution for effective exposure time: see VAN
Rooyy et al. 2017; then rinsing with water before next use);
furthermore, gloves may be used, and changed for each
bucket, to minimize the risk of transferring the pathogen.
Ideally, the drift fence equipment should be used in only
one area, and volunteers should not be in charge of multi-
ple, geographically distant drift fences.

Use of water-borne environmental DNA for Bsal
detection

The isolation and detection of amphibian pathogens via
DNA from environmental samples, so-called environmen-
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tal DNA (eDNA), is a promising tool for their early detec-
tion (e.g. PIERSON & HORNER 2016, HALL et al. 2016, Ka-
MOROFF & GOLDBERG 2017). In a pilot study, we here tested
the potential of eDNA for the detection of Bsal in 52 wa-
ter bodies located in the vicinity of either infected or non-
infected fire salamander populations. Bsal was confirmed
by eDNA analysis in two out of the 52 sample sites: from
a stream at the site Essen-Kruppwald with a Bsal load of
2.23E + 03 to 4.48E + 03 ITS copies per 500 ml of water;
and from a pond near the botanical Garden RUB/Kalwes,
with amplification products in all four 500 ml water sam-
ples. The qPCR products of both sites were verified as Bsal
by means of Sanger sequencing. Also, at both sites, several
animals were confirmed as Bsal-positive by qPCR analysis
from swabs, and many salamanders were observed along
the stream at the Essen-Kruppwald site during water sam-
pling. Therefore, it is possible that the detected Bsal-DNA
originated directly from infected fire salamanders, poten-
tially from females releasing larvae into the water.
Although only two of the water bodies showed positive
results, our study points to the potential of detecting the
pathogen Bsal based on DNA from environmental samples.
More data on the reliability of this eDNA approach (rates
of false positives/false negatives; sensitivity to low concen-
trations of Bsal DNA) are needed to understand which role
it could play for studying and tracking the spread of the
disease in the environment, and identifying potential res-
ervoirs. Potentially, it could be used alongside simultane-
ous amphibian detection via eDNA in a landscape-wide
approach (THoMaAs et al. 2019). However, little is known
about the persistence, mobility, position and infection po-
tential of the different stages of Bsal in water (ROSENBLUM
et al. 2010, GRAY et al. 2015, STEGEN et al. 2017). Also, differ-
ent sources of origin of the detected DNA have to be con-
sidered, as it can originate from infectious spores as well
as from degenerated and non-infectious DNA. Therefore,
further studies are needed to evaluate both the limitations
and the benefits of using eDNA as a tool for Bsal-detection.

Future perspectives for salamander conservation
management in the Ruhr District

This review is a testimony of the calamity that fire salaman-
ders are experiencing in forests across the Ruhr District. It
allows us a glance into a future with this once so abundant
amphibian gone from this area if we do not take action.
The fire salamander is a very charismatic species that en-
gages the sympathy of citizens regardless of their under-
standing of nature. To halt the ongoing loss of salamanders
due to Bsal infection, we aim to develop a broad conserva-
tion action plan.

The unpredictability of Bsal in terms of dispersal and
reservoirs renders in situ conservation difficult (STEGEN et
al. 2017, THOMAS et al. 2019), and the persistence of this
highly infectious pathogen in a habitat is still uncertain. It
is obvious, however, that with the decline and disappear-
ance of every population the species can lose valuable ge-
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netic adaptations. Our data illustrate once more how fast
Bsal-induced declines of salamander populations can pro-
ceed, thus demonstrating the urgency for conservation ac-
tions. At the short time, ex situ conservation (i.e, keeping
animals outside their natural environment) appears to be
the only viable solution to preserve the genetic diversity of
the fire salamander from areas with Bsal outbreaks. This
option is a last resort to save a species, subspecies or an im-
portant genetic lineage from extinction (PRITCHARD et al.
2012, McGowaN et al 2017). Several amphibian species that
can no longer survive in the wild due to habitat destruc-
tion, pollution or disease are currently bred in captivity to
preserve them until the natural conditions improve (VAL-
BUENA-URENA et al. 2017, LEWIS et al. 2019).

During the massive Bsal-related population declines in
the Netherlands, the remaining fire salamanders were res-
cued and are since then sheltered in a zoo (SPITZEN-VAN
DER SLUIJS et al. 2013). But an infectious pathogen like Bsal
ignores political borders. Saving the fire salamander by
means of ex situ breeding must be a joint effort of all af-
fected countries which is currently represented by the ‘Ex
situ Salamandra Group’ (ESG; SPITZEN-VAN DER SLUIJS et
al. 2018a). The ESG develops breeding guidelines, engag-
es zoos and private keepers, and holds a consultative role,
whereas the translation of ex situ conservation into prac-
tice should be a regional responsibility. By keeping fire sal-
amanders, zoos in the Ruhr District can conserve an im-
perilled local species while simultaneously engage the pub-
lic and conduct environmental education. As a further as-
pect, especially in a densely populated area like the Ruhr
District, where citizens are directly witnessing the mass
die-offs, it is crucial to also consider animal welfare as-
pects. Concepts for a temporary rescue centre for infected
fire salamanders may therefore be necessary to be able to
perform heat treatments of infected salamanders encoun-
tered by citizens.

As along-term perspective, animals from zoos or rescue
centres may be reintroduced to their natural habitats in a
stepwise procedure, first to outdoor enclosures that allow a
close monitoring of individuals and for periodically testing
for infection, and eventually — hopefully - into the wild if
the pathogen has disappeared. Only time can tell whether
this strategy can be successful — but without immediate ac-
tion we are at risk of losing the Ruhr District populations
of the charismatic fire salamander without any option for
return.
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