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Abstract. Emerging infectious diseases are one of the major drivers of the current worldwide amphibian decline. Bufonid
herpesvirus 1 (BfHV1) was recently described in 2018 in Switzerland following a mass-mortality episode in one Common
Toad (Bufo bufo) population. Since then, the disease has been reported in the UK, Luxembourg and Germany. We studied
the potential role of the emergence of BfHV1 in widespread, enigmatic toad declines in Belgium. During the spring migra-
tion of 2024 we compared body condition and herpesvirus compatible lesions in live Common Toads from 10 declining
and 10 non-declining populations. We then compared BfHV1 infection prevalence in livers from road killed toads collect-
ed in 2011 and 2024. The proportion of populations with BfHV1 significantly increased between 2011 and 2014, with 19 out
of 20 populations positive in 2024. Although no correlation was observed between viral presence and toad body condition
or population status, the simultaneous rise in infections alongside declining toad population trends in the study region
does not exclude herpesvirus as a potential contributor to toad declines.
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Introduction

Described for the first time by OriGaI et al. (2018), the
bufonid herpesvirus 1 (BfHV1) is a recently discovered
pathogen affecting the Common Toad, Bufo bufo (LIN-
NAEUS, 1758) and likely Bufo spinosus DAUDIN, 1803 as well
(BONING et al. 2025). The disease is caused by a herpesvi-
rus belonging to the family of Alloherpesviridae, and phy-
logenetic analysis positions it in the Batrachovirus genus
(OriGar et al. 2018, BOUTIER et al. 2021). Clinical signs in-
clude the manifestation of gross black-brownish skin le-
sions, sometimes accompanied by coalescing skin prolif-
erations (ORIGGI et al. 2018). The lesions manifest usually
on the back of the toads or on the belly, and can appear as
small dots, spots or even as extensive patches (ORIGGI et
al. 2021) (Supplementary material, Fig. 1). Sometimes, the
lesions can scab and crack, leaving the flesh of the animal
exposed and prone to secondary infections that can easily
enter the bloodstream (ORriGaI et al. 2018). The migrating
behavior of the toads and their mating strategy may play a
key role in the transmission of the disease (MILLER et al.

2011), as it is not unusual to witness males grappling each
other (MARCO & LINZANA 2002), trying to get to females.
This close contact facilitates the spreading of the patho-
gens (BRUNNER et al. 2007, VARGA et al. 2019), especially
those present on the skin (BRENES et al. 2014). In addition,
toads undertake the migration shortly after coming out of
hibernation (PEER et al. 2021, BLOMME et al. 2025), which
may leave them in a weakened state (READING & CLARKE
1995) and more prone to contract infections. Detected in
Switzerland, the UK, Luxembourg and in Germany as well
(OriGai et al. 2018, EISENBERG et al. 2021, BONING et al.
2025, LEINEWEBER et al. 2025), sightings from volunteers
involved in monitoring and toad crossing activities sug-
gest that clinical signs consistent with BfHV1 may have ap-
peared as early as 2014.

Common Toad populations are currently undergoing a
slow but steady decline (PETROVAN & SCHMIDT 2016, HER-
DER 2021), which commenced around 20 years ago (CAR-
RIER & BEEBEE 2003, BONARDI et al. 2011). This negative
trend is likely caused by a combination of environmental
and anthropic factors, like habitat fragmentation, pollu-
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tion, land management and pathogens (BEEBEE & GRIE-
FITHS 2005, BoscH et al. 2018, CAMPBELL GRANT et al.
2020). However, while the prevalence and distribution of
Batrachochytrium dendrobatidis and ranid herpesvirus
3 (RaHV3) in Common Toads are relatively well studied
(SPITZEN-VAN DER SLUTJS et al. 2010, MARTEL et al. 2012),
little is known about BfHV1 in Belgium. This lack of infor-
mation, coupled with the decline of a species so common
and widespread warrants for more research and an in-
depth analysis of the prevalence of the bufonid herpesvi-
rus across the region of Flanders (Belgium) and its impact
on the Common Toad’s populations. While in Switzerland
the disease was linked to a mass mortality episode (ORIGGI
et al. 2018), no other similar events have been reported in
Belgium or other countries where clinical signs consistent
with herpesvirosis have been observed. Moreover, while
some preliminary reports suggest that high BfHVipreva-
lence could be tied to the decline of toad populations, no
strong evidence of this has been found yet (OriGar et al.
2018).

In this study, we aim to clarify the impact of BfHV1 and
assess its potential role in Common Toad population de-
clines. We compared health characteristics and herpesvirus
infection in toads from 20 breeding sites across Flanders in
2024, 10 with stable or increasing population trends and
10 experiencing declines (BLOMME et al., in press). To es-
timate whether prevalence of BfHV1 has recently emerged
or is increasing, we analysed toad samples from 2011 for the
presence of the virus.

Materials and methods
Sites selection and locations across Flanders
for the 2024 sampling

Based on a previous analysis conducted by BLOMME et al.
(in press), 20 ponds with known toad population dynam-
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ics were selected from over more than 100 locations with
at least 10 years of historical data (represented on Fig. 1).
Among these twenty ponds, ten had an overall decreasing
trend (declining) while the other ten either had a stable or
increasing population trend (non-declining). Only ponds
for which no obvious reason for decline was present (e.g.
loss of breeding habitat, migration routes blocked) were in-
cluded in this study. A preliminary exploration of the se-
lected sites was undertaken prior to the beginning of the
field season (January 2024) to ensure that the ponds were
accessible and to ascertain the general conditions of the
surroundings. One additional pond was also sampled dur-
ing the field season. However, due to the lack of historical
data which made it impossible to ascertain its population
status, it was excluded from most of the analyses. The sam-
ples from this pond were only used in determining preva-
lence of BfHV1in the population, as well as to test its con-
nection with morphometrics factors like scaled mass index
(SMI) and snout vent length (SVL) (HALLIDAY & VERRELL
1988, LUNGHI et al. 2020).

Sample collection for the 2024 fieldwork

Fieldwork was conducted between the beginning of Febru-
ary 2024 and the first half of March 2024, during the peak
of the annual toad migration. For every location, we aimed
to sample at least 30 adult individuals. Toads were collected
by volunteers using provided nitrile gloves and placed indi-
vidually into pre-emptively prepared plastic containers for
no longer than 2 hours before the sampling. All individuals
were sexed, weighed and scaled pictures of both the belly
and the back were taken. During the same period and after
the toad migration peak, 191 road-killed toads found in the
vicinity of the selected pond were collected and stored at
-80 °C until further processing. Scaled pictures were taken
of the back of the dead toads. When the condition of the
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Figure 1. Geographical distribution and prevalence of skin anomalies consistent with herpesvirosis in living toads in 2024.
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carcass allowed it, liver samples were collected from every
individual for pathogen detection and stored at -20 °C for
further processing. Due to the conditions of the majority of
the carcasses it was impossible to visually detect any lesion
on the skin of the road-killed toads.

Pictures processing and SMI calculation

All pictures collected during the field season were as-
sessed for lesions compatible with herpesvirus infection
by a blinded observer and toads were measured using the
software Image] (SCHNEIDER et al. 2012). An individual
was considered “presumably infected” if one or more pic-
tures showed any gross lesions of herpesvirus infection, as
shown in Supplemetary Figure 1. The SMI was chosen as a
proxy for the body condition of the individuals measured
in the field (PEIG & GREEN 2010). SMI was calculated as
described by PEIG & GREEN (2009). To calculate the SMI,
only males where included when calculating the coefficient
as females might have skewed the measure depending on
the amount of eggs they contained. SVL was also meas-
ured using the Image]J software and used as a proxy for age
(LuNGHI et al. 2020)

PCR for bufonid herpesvirus 1(BfHV1)

DNA from the liver samples collected from the road-killed
toads was extracted following the protocol’s instructions
present in the Isolate II Genomic DNA kit from Meridi-
an Bioscience®. Tissue samples were first cut into smaller
pieces (~ 25 mg), to ensure that the same amount of tissue
was processed for each individual. During the same pas-
sage, the tissue samples were also partially homogenized
by using a scalpel blade. After that, samples were processed
according to the manufacturer protocol for cultured cells
and human or animal tissue. The only adjustment imple-
mented was to leave the sample to lysate overnight instead
of the 1-3 hours recommended at the pre-lysis step.

Based on the work of OriGaGr et al. (2018) we used
a PCR protocol specific to the DNA polymerase gene
of the BfHV1. We used two primers with the following
composition: BfHV-1F: CAAACTGAAGATACAGAA-
GGTTGGGG; BfHV-1R: GCGCGAGTGCTTTGTACG-
CAACC. The samples were then run on a PCR mastercy-
cler using the following amplification program: 3’ at 94 °C,
followed by 40 cycles of 30” at 95 °C, 30” at 55 °C and 30” at
72 °C; this was followed by 10 at 72 °C and finally the sam-
ples were kept at a stable temperature of 15 °C until stored
away or ready to be used.

Visual detection rate
Based on the data collected, we formulated the index “vis-

ual detection rate” (VDR). It was defined as the proportion
of sampled live animals with gross skin lesions consistent

with herpesvirosis, relative to the proportion of dead ani-
mals (road-killed) from the same location that tested PCR-
positive. This measure provides an index of how often in-
fection in the population is clinically apparent, assuming
that PCR prevalence in dead animals approximates infec-
tion prevalence in the population.

Analysis of toad samples, collected in 2011

We tested samples, collected in a previous study (MAR-
TEL et al. in 2011), for BfHV1. Carcasses from road-killed
toads were collected during the 2011 spring migration from
97 sites across all five Flemish provinces. Six sites were re-
included in the sampling effort of 2024. All liver samples
were tested for BIHV1 using the PCR described above.

Statistics

All statistical analysis were performed using the statisti-
cal software R (version 4.3.2) (R Core team 2023) and all
graphs were realized using either the ggplot2 R package
(WickHAM 2016). Models’ assumptions were checked us-
ing the R package performance’. We considered a test sta-
tistically significant when the p-value was below the sig-
nificance level of 0.05. Confidence intervals for prevalence
values were calculated using Wilson score confidence in-
terval with a 95% confidence (WiLSON 1927, NEWCOMBE
1998).

To investigate the relationship between the prevalence of
gross lesions in living toads and the populations trend, we
employed a Fisher’s Exact Test for Count Data. To inspect
the association between the BfHV1 infection and SMI,
statistical analysis were performed using a linear mixed
model (Imm) (formula: Imer(log(SMI) ~ herpes + (1 | la-
bel)), adding the sampling location as a random effect. All
the assumptions were checked and the log transformation
applied to the SMI values. For the SMI we restricted the
dataset to only male individuals to exclude any confound-
ing of the presence of eggs in females. Similarly, we tested
whether SVL, a measure employed as a proxy for age class
in other amphibians (HALLIDAY & VERRELL 1988, LUNGHI
et al. 2020) was correlated with the sex and the presence
of BfHV1 using a glmm with a binomial distribution (for-
mula: glmer(herpes ~ SVL X sex + (1 | label)), again using
the sampling location as the random effect. A generalized
linear model was also to investigate both the E-W gradi-
ent and the N-S gradient in relation to the infection preva-
lence (formula: glm(fraction ~ lat + lon)). Finally, a linear
model was used to check for any correlation between the
presence/absence of BfHV1 in the sampled locations be-
tween the years (formula: glm(presence ~ as.factor(year)),
and another linear model was employed to test for differ-
ences in BfHV1 prevalence between 2011 and 2024 (formu-
la: glm(tot.pos/tot.buf~ as.factor(year)), setting a thresh-
old to select locations with at least 14 sampled individuals
(VITTINGHOFE & McCULLOCH 2007, RILEy et al. 2019).
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Relatively to the VDR, after checking the groups for nor-
mality using Shapiro test (SHAPIRO & WILK 1965) as well as
the heteroscedasticity, linearity and independence, a linear
model (Im) (formula: Im (visual_detection_rate ~ trend))
was performed to determine whether populations in de-
cline are characterized by a higher VDR, reflecting a larger
fraction of infected animals with visible clinical signs.

Results
High prevalence of herpesvirus associated skin lesions
in living toads across Flanders in 2024

A total of 526 living toads (186 females, 340 males) were
sampled across 20 locations in 2024. Not all locations had
30 individuals sampled at the end of the season, with 5 out
of 20 having a number of sampled toads ranging from 12
to 18 (Supplementary material Table 1). An additional 125
living toads were sampled in an additional location (la-
beled “FP” in Supplementary material tables; Fig. 1) where
no population status data were available. Visual inspection
for external herpesvirus-associated gross lesions suggested
a high prevalence of bufonid herpesvirus in 19/20 locations
across Flanders, with a mean prevalence of 28.3% (CI 19.0—
37.7%, ranging from 9% to 69%; Fig. 2). Lesions were absent
in only one location, where the sample size was limited to
16 animals compared to the target of 30. Of the 125 toads
from the additional location, eleven toads presented gross
herpesvirus lesions (8.9% prevalence). No geographical
pattern was visually detected, as presented in Figure 1, but
statistical analysis detected an impact of latitude (estimate
3.136; SE 0.727; p-value < o0.001) and longitude (estimate
-0.728; SE 0.255; p-value 0.004) in the BfHV1 distribution.
This shows a spatial gradient in the prevalence of BfHV1

40 ‘ Population trend

E:'l declining

EI non declining

20

Herpesvirus prevalence (%) (lesions-based)

NEG POS

Locations trend

Figure 2. Boxplots representing the percentage of individuals
sampled in 2024 across populations showing clinical signs com-
patible with bufonid herpesvirus infection per population trend
(non-declining or declining). The black lines represent the mean
of each boxplot.
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compatible lesions across sampled sites, which increases
with latitude and decreases with longitude, thus indicating
a higher prevalence of BfHV1 in the North-West of Flan-
ders. Fisher’s Exact Test showed no relationship between
the prevalence of gross lesions suggestive of BIHV1 in living
toads and the population trend, with a p-value of 0.1849.
Further analysis also showed no significant associations be-
tween the prevalence of BfHV1 compatible lesions and the
SMI of the male individuals suggesting that the presence or
absence of lesions is not associated with the body condi-
tion of the individuals (estimate 0.130 + 0.416 SE; p-value
0.754). Results relative to the interaction between SVL, sex
and BfHV1 infection showed no significant interaction (es-
timate 0.052 + 0.083 SE; p-value: 0.533), nor effect of BfHV1
infection (estimate -0.016 + 0.068 SE; p-value 0.818), but a
significant effect of sex, with males having a lower SVL (es-
timate -0.985 + 0.057 SE; p-value < 0.001).

PCR results for bufonid herpesvirus 1(BfHV1)

Liver samples from 210 road-killed toads were analyzed
from 13 out of the 21 locations (Supplementary materi-
al Table 2) where living toads were sampled in 2024. The
numbers of individuals across locations varied significant-
ly, with some of them yielding up to 53 toads, while others
had few (1-4). Lowest numbers were available from loca-
tions with toads” populations in decline, showing a nega-
tive trend and a low population to begin with, or low traf-
fic. All samples were tested for BfHV1 in randomized or-
der. Overall, 47 toads (24.6%) were positive. Prevalence per
location ranged from o to 100%, as shown in Figure 3, with
an average of 36.4% (CI 17.3-55.5%) infected toads per lo-
cation. The prevalence varied widely across locations. No
geographical trend was detected by the aforementioned
spatial model, neither for latitude (estimate 0.11987; SE

100

Population trend

E:‘[ declining

ES non declining

Herpesvirus prevalence (%) (PCR-based)
8

0 ®

declining non declining

Population trend

Figure 3. Boxplots representing the percentage of bufonid herpes-
virus 1 PCR-positive road-killed individuals sampled across loca-
tions in 2024, grouped by population trend (declining vs. non-
declining). The black lines represent the mean of each boxplot.
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0.33504; p-value 0.725) nor for longitude (estimate 0.05715;
SE 0.10607; p-value 0.597).

A total of 234 individuals of the 1707 toads sampled dur-
ing 2011 were positive for BfHV1, with an overall mean
prevalence of 13.7% (CI 12.1-15.4%) and 38 sites infected
out of 97. Across provinces, the one with the highest preva-
lence was Antwerpen (20.9%; CI 17.4-25.0%), followed by
Limburg (15.9%; CI 12.4-20.1%), West-V]aanderen (13.5%;
CI 8.6-20.5%), Oost-Vlaanderen (12.8%; CI 9.6-16.9%),
and Vlaams Brabant (6.1%; CI 4.3-8.7%). We found a sig-
nificant difference in the presence of herpesvirosis across
the years, with BfHV1 occurring at more sites in 2024 than
in 2011 (estimate 1.579 + 0.456 SE; p-value 0.0005), and
a tendency suggesting a higher prevalence of BfHV1 in
2024 (estimate 0.383 + 0.220 SE; p-value 0.082). Regarding
BfHV1 presence in the six sites sampled in both 2011 and
2024, the number of infected sites increased from two in
2011, to five in 2024, as shown in Figure 4.

Visual Detection Rate across populations was high-
ly variable, even when discarding locations with a low
number of samples (n < 4) to reduce any stochastic effect,
with values ranging from o to 2.3 and an average rate of

2011

Sites sampled in 2011
0
L I
Sites resampled in 2024
A0
Al
Belgium Regions
[ Bruxelles
[J Viaanderen
[ wallonie

0.98 * 0.8 across 8 locations. The results (estimate 0.732 +
0.589 SE; p-value 0.236) indicated no significant difference
between trends, as shown in Figure 5.

Discussion

Previously reported in Switzerland, UK, Luxembourg and
Germany (ORIGGI et al. 2018, ALLAIN & DUFFUS 2019, E1-
SENBERG et al. 2021), our study is the first to confirm and
characterize the presence and distribution of the BfHViin
Flanders, Belgium, as suggested in BONING et al. (2025).
Despite being described less than a decade ago, this patho-
gen appears to be widespread across Flanders. Our find-
ings confirm that BfHV1 has been affecting Common Toad
populations in Flanders for several years and its prevalence
is higher than initially suspected. One of the possible rea-
sons for this underreporting is that the virus does not ap-
pear to have an obvious negative impact on affected toads,
both at the individual (obviously sick animals, besides the
presence of colour anomalies) and at the population level
(no mass mortality events reported).

2024

Sites sampled in 2024
0
LI
Sites sampled
also in 2011
0
Al
Belgium Regions
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[ wallonie
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Figure 4. Geographical distribution of Bufonid herpesvirus 1 across Flanders, in 2011 (up) and 2024 (down), based on PCR analysis
from road-killed individuals. White symbols represent absence of detection, black symbols detection of herpesvirus.
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Nonetheless, despite the lack of an obvious adverse ef-
fect on the Common Toads, our results indicate an increase
over the years in the occurrence of BfHV1 in Flanders. Over
a 13-year period, the number of infected sites rose from 38
out of 97 in 2011, to 20 out of 21 in 2024, demonstrating a
significant increase in the presence of the infection within
the toad populations. In addition, although not statistically
significant (p = 0.082), our results suggest a possible in-
crease over time in the prevalence of BfHV1, indicating a
tendency toward a higher proportion of infected individ-
uals per site in 2024. Concerning the geographical distri-
bution of the infected animals and BfHV1 prevalence, the
infection appears to be widespread across Flanders. While
our analysis suggests the existence of an E-W and a S-N
gradient, the results are likely driven by the cluster located
in the North of Flanders, as shown in Figure 1, and results
may be skewed by the low number of locations. The preva-
lence of symptomatic animals, presenting black-brownish
skin lesions, also varies greatly (average site prevalence of
28.3%; CI 19.0-37.7%). The proportion of animals carry-
ing the virus (PCR-positive) appears to be similar, with an
average of 36.4% (CI 17.3-55.5%) infected animals per site.
The virus appears to affect post-metamorphic adult toads
of all ages (using SVL as a proxy) and both sexes equally,
while the impact on early life stages and thus recruitment
remains unknown. However, if herpesvirosis significantly
decreased recruitment, this should be reflected in the pop-
ulation dynamic. However, despite the widespread distri-
bution and high prevalence, we did not observe any impact
of the disease at population (population trend) or individ-

20
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E:El declining
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Visual Detection Rate

05 2 =

declining non declining
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Figure 5. Boxplots representing the visual detection rate of bu-
fonid herpesvirus across locations sampled in 2024 per popula-
tion trend relative to bufonid herpesvirus 1. The visual detec-
tion rate (VDR) was defined as the proportion of live animals
with gross skin lesions consistent with herpesvirosis, relative
to the proportion of dead animals from the same location that
tested PCR-positive. The black lines represent the mean of each
boxplot.
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ual animal (health indicators) level. In fact, no significant
correlations were found between BfHV1 presence and pop-
ulation trends, nor between BfHV1 infection and individ-
ual-level variables such as sex or body condition. While
proxies for age and body condition can be useful, they may
lack precision. More accurate methods, like toe-clipping
for age estimation, could improve reliability but are also
more invasive, time-consuming, and resource-intensive. In
contrast with the mass mortality episodes reported in Swit-
zerland (ORIGGI et al. 2018), no outbreaks were detected in
our study region, despite the presence of an early warning
system that examines amphibian die-off events. Our results
suggest infections in Flanders with bufonid herpesvirus to
be relatively benign, probably posing a far lower risk than
for example ranavirus (GREY et al. 2009, PRICE et al. 2014,
Rijks et al. 2016, HARTMANN et al. 2022) or chytridiomy-
cosis (LAURENCE et al. 1996, BoscH et al. 2001, SCHEELE
et al. 2019). Within population transmission could be pro-
moted during toad conservation activities such as toad pa-
trols. During such activities, toads are collected in buckets
and handled, facilitating pathogen spread. Widespread oc-
currence of infections in amphibians stresses the impor-
tance of biosecurity measures, also during such activities.
For example, the use of materials should be restricted to a
single location, unless thorough disinfection protocols are
applied.

VDRs did not differ between stable and declining pop-
ulations, suggesting the proportion of clinically apparent
infections is comparable across population trends. How-
ever, some caution is necessary in the interpretation of the
results due to the low number of locations employed in its
calculation (n = 8). Both the presence of visible lesions and
PCR identified similar proportions of infected animals in
the populations. While it is important to consider that the
visual detection of lesions may not be sufficiently specific
and might overlook cases where the infection is not clini-
cally evident, skin lesions may be used as a quick and effec-
tive field technique for a presumptive herpesvirus diagno-
sis. The ability to estimate the occurrence of the infection
in a population without the need for laboratory techniques
would promote early detection.

Disease prevalence and distribution are key compo-
nents to assess the impacts and effects of a pathogen on its
host (ZHENG 2023). This is especially true for newly dis-
covered pathogens such as BfHV 1, where baseline data
are limited. Despite the lack of obvious impact on toad in-
dividual health or population status, the marked increase
of herpesvirus infections over the 13-year period and high
prevalence of herpesvirus associated skin anomalies coin-
cides with a general trend of toad declines in the study re-
gion (BLOMME et al. 2025). We thus cannot exclude that
BfHV1 contributes to the decline, perhaps as one of sev-
eral stressors in a changing environment (WILKINSON et
al. 2018, SMITH et al. 2009, BREARLEY et al. 2013). The in-
terplay of a widespread herpesvirus infection with pollut-
ants, a shifting climate, and fragmented and altered habi-
tats could produce a cumulative impact, amplifying the de-
cline of this species.
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Supplementary data

The following data are available online:

Supplementary Figure 1. Picture collected in Flanders during
spring 2024 of the back of a toad heavily infected by bufonid
herpesvirus 1 showing gross black-brownish lesions.
Supplementary Table 1. Fieldwork results of living toad sampling
during spring 2024.

Supplementary Table 2. Labwork results of PCR conducted on
liver samples from road-killed toads collected during spring 2024.
Supplementary Table 3. Visual detection rate (VDR) of bufonid
herpesvirus 1 across locations sampled during spring 2024.



