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Abstract. We report the genetic diversity and population structure of the Yellow-bellied Toad (Bombina variegata) at the
northern edge of its distribution range in northern Hesse, Germany. A total of 281 samples from 20 populations were ana-
lysed, using six polymorphic nuclear microsatellite markers (ncSSRs). Moderate genetic diversity (H, = 0.37-0.59) was
detected within these B. variegata populations. We found evidence of a distinctive population structure, with populations
at the edge of the study area showing lower degrees of diversity and higher degrees of isolation than more central popula-
tions. No genetic differentiation was found between populations from the middle Fulda and Werra river valleys, suggesting
that fragmentation, e.g., by the A4 highway that separates the two river valleys, has not yet had genetic consequences. Fur-
thermore, indications of an isolation-by-distance pattern was found, suggestive of restricted gene flow between the studied
populations. To ensure the long-term survival of the Yellow-bellied Toad in northern Hesse, we recommend continuous
management efforts that focus on the reconnection of isolated populations and continuation of demographic population
monitoring supplemented by population genetic analyses.
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Introduction

The Yellow-bellied Toad, Bombina variegata (LINNAEUS,
1758), is a small European anuran adapted to living within
networks of small, insolated, ephemeral water bodies for
reproduction (GOLLMANN & GOLLMANN 2012). Such habi-
tat networks are naturally found in floodplains of streams
and rivers, but the species’ predilection for mountainous
and forested landscapes of central and southeastern Eu-
rope may also indicate an adaptation to networks of small
and ephemeral water bodies in forest habitats, such as foot-
prints and wallows of large herbivores such as wild boar,
red deer and extinct mega-herbivores (e.g., VEITH 1996,
SCHLUPMANN et al. 2011, GOLLMANN & GOLLMANN 2012).
It is sister species to the lowland-adapted fire-bellied toad
Bombina bombina (LINNAEUS, 1761) (e.g., FROMHAGE et al.
2004, HOFMAN et al. 2007, PABIJAN et al. 2013), which is
distributed farther to the north and east.

In southern Lower Saxony, Germany, the Yellow-bel-
lied Toad reaches its northernmost distribution limits
(Bundesamt fiir Naturschutz 2014). Bombina variegata is

categorized as “Least Concern” in the IUCN Red List of
Threatened Species (IUCN 2015). In Germany, it has suf-
fered severe population declines during the last decades
and is considered Seriously Endangered (“stark gefahrdet”;
KUHNEL et al. 2009).

The most serious threats to the Yellow-bellied Toad are
seen in conjunction with anthropogenic alterations of their
aquatic habitats (GOLLMANN & GOLLMANN 2012). Habitat
loss, which in the past especially affected small and ephem-
eral water bodies, is considered the main reason for the de-
cline of B. variegata in Central Europe. Another problem
for population survival is that dynamic processes of nat-
ural river systems have to a large extent been suppressed
by anthropogenically reshaped riverbanks and the loss of
floodplains. Fragmentation of habitats through urbanisa-
tion, roads, railway lines, and agricultural land use have
led to the fragmentation and decline of formerly connected
populations and today inhibit genetic exchange between
populations. Consequently, most remaining populations
are confined to anthropogenic habitats such as quarries,
gravel pits, and military training grounds, and their sur-
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vival strongly depends on supportive measures (Bundes-
amt fiir Naturschutz 2014).

To improve the situation of the Yellow-bellied Toad in
Germany, conservation projects have been initiated, e.g.,
in Hesse, North Rhine-Westphalia, Bavaria, and Baden-
Wiirttemberg (Bundesamt fiir Naturschutz 2014). In north-
ern Hesse, population monitoring and conservation meas-
ures began more than 30 years ago. Conservation efforts
concentrate on habitat restoration, including establishing
artificial ponds for spawning, clearing of overgrown areas,
and creating hibernation sites. NICOLAY & NICOLAY (2013)
provide an up-to-date review of the status of the Yellow-
bellied Toad in one district within the projects range in
northern Hesse and comment on conservation strategies.
For the period of 2001-2007, the conservation status of the
populations of the Yellow-bellied Toad in Hesse was poor
(BUTEHORN et al. 2010). Therefore, the provincial govern-
ment initiated a species action plan in 2007 to improve this
situation, especially by managing the most important habi-
tats (MALTEN & STEINER 2008, GESKE 2009). For the long-
term survival of stable populations, revitalizing of flood-
plains, less extensive grazing, and reconnecting habitat
fragments may be most promising measures (Bundesamt
fir Naturschutz 2014).

In 2011, a conservation project titled "Die Gelbbauch-
unke als Leitart fiir Pionieramphibien in den Flussauen
Nordhessens - Naturschutzgenetik, Populationsékolo-
gie und Schutzmafinahmen” [“The Yellow-bellied Toad
as an indicator species for the revitalisation of submon-
tane floodplains in northern Hesse — conservation genet-
ics, population ecology, and conservation measures”] was
established to complement existing efforts for the con-
servation of the Yellow-bellied Toad in Hesse (NEUBECK
& BRAUCKMANN 2014). It was in the framework of this
project that we conducted a population genetic survey of
B. variegata based on nuclear microsatellite markers in or-
der to evaluate the genetic situation of B. variegata within
the study area and provide a basis for the conservation and
management of this endangered species in northern Hesse.
These data complement the only two other studies so far
published on conservation genetics of the Yellow-bellied
Toad in Lower Saxony, Germany (WEIHMANN et al. 2009)
and northern Italy (CORNETTI 2013), respectively.

More specifically, the objectives of our study were to
(1) describe the genetic diversity of populations of the Yel-
low-bellied Toad in northern Hesse, (2) identify popula-
tions that show indications of inbreeding or a recent bot-
tleneck, (3) examine how its genetic diversity is spatially
structured, and (4) delineate manageable units in the Yel-
low-bellied Toad in northern Hesse.

Material and methods
Sampling
A total of 307 individuals of B. variegata were sampled at

20 localities in northern Hesse, Germany, between May and
October of 2011 and during one day in June of 2012 (Fig. 1).
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Only animals larger than 2 cm were collected as this mini-
mized the risk of sampling young-of-the-year offspring at a
single pond that potentially represented full siblings whose
inclusion would compromise the population genetic results.
For tissue sampling, we followed the minimally invasive
method described by POSCHADEL & MOLLER (2004). The
animals were captured in the field, held between two fingers,
and the mouth was cautiously opened using a flat wooden
spatula. An ordinary cotton pad was used to swab the oral
cavity. Two samples were taken from each animal. The swabs
were immediately stored at -20°C in 1.5 ml Eppendorf tubes.

The ventral patterns of all animals were photographed
for individual identification and capture-recapture-anal-
yses (N. WAGNER et al. unpubl. data). All animals were
weighed and their sexes identified by checking for nuptial
pads characteristic of males.

For data analysis, animals from very proximal locali-
ties were pooled into a single population if their migra-
tion between localities was proven by capture-recapture
data. This was the case for the three localities Baumbach
Herrenwiese, Steinbruch Hergershausen, and Mergelgru-
be Baumbach, which were combined in a single popula-
tion Mergelgrube (MER+), and Alte Fulda Blankenheim,
Alte Fulda Blankenheim Randsenke, and Nasse Wiesen bei
Meckbach, which were combined in the population Blan-
kenheim (BLA+) (Fig. 1).

Laboratory analysis

Total DNA was isolated from the swabs using the DNeasy
Blood and Tissue Kit (Qiagen) following the manufactur-
er’s protocol. Extracted DNA was stored at -20°C until fur-
ther processing.

For population genetic analysis, ten autosomal mic-
rosatellite loci were analysed using primers as published
by Stuckas & TIEDEMANN (2006) and HAUSWALDT et
al. (2007) for Bombina bombina. We selected the same
ten markers (9H, F22, 12F, B14, B13, 5F, 1A, 10F, F2, 8A) as
WEIHMANN et al. (2009). Except for F2, these markers, and
two more from NURNBERGER et al. (2003), were also used
by CORNETTI (2013).

PCR amplification was performed in a 10 pl reaction
volume containing 10-100 ng of total genomic DNA,
0.4 UM each of forward and reverse primer, 0.2 mM of
each dNTP, 2.5 mM MgCl, 0.02 u/pl of DNA polymerase
(Phusion High Fidelity DNA polymerase F-530, Thermo
Scientific), and 1 x reaction buffer (F-518 Phusion HF re-
action buffer, Thermo Scientific). After an initial denatura-
tion step (94°C, 3 min), 35 cycles were performed at 94°C
for 30 s, the locus-specific annealing temperature for 30 s,
and 72°C for 30 s. A final elongation step at 72°C for 10 min
followed. Optimal annealing temperatures as determined
from a gradient PCR were 56.2°C for 9gH, F22 and 12F,
62.6°C for Bi4, 53.0 for B13, 58.9 for s5F, 60.9 for 1A, 60.3 for
F2, and 63.5 for 10F and 8A. The amplified products were
genotyped on an ABI Prism 310 Genetic Analyser (Ap-
plied Biosystems). Differential labelling of the primers al-
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lowed analysing three loci plus a size standard (350 TAM-
RA Size Standard; Applied Biosystems, GeneScan) in each
run. Data were collected with 310 Data Collection Software
V. 3.1.0, and allele lengths were measured with the help of
GeneScan Analyzer 3.7 and ABI Prism Genotyper 2.5.

All loci were tested for two-locus linkage disequilibrium
(LD). Indications of a possible LD were found for five locus
pairs in two or three out of 14 populations tested. Because the
few significant results were not consistent over populations
or loci, we assumed that genotypes at one locus were inde-
pendent of those at the other loci (see also WETHMANN et al.
2009, CORNETTI 2013). All loci were further tested for the
presence of null alleles, allelic drop-out and scoring errors
using MicroChecker 2.2.3 (VAN OOSTERHOUT et al. 2004).

Data analysis

Population genetic analysis of microsatellite data was per-
formed using various software packages. To examine with-

in-population genetic diversity, the mean number of alleles
per locus and allelic richness (a measure of the number of
alleles standardized for sample size, in our study, five; EL
MOUSADIK & PETIT 1996) were calculated with the soft-
ware Fstat 2.9.3.2 (GOUDET 2002). Mean observed and
expected heterozygosities (H, and H; NE1 1987) and the
inbreeding coefficient (F,) were obtained with Arlequin
3.5.1.2 (EXCOFFIER & LISCHER 2010). Private alleles were
detected with the software Convert 1.31 (GLAUBITZ 2004).
To detect recent genetic bottlenecks, the software Bot-
tleneck 1.2.02 (CORNUET & LUIKART 1997) was used with
default settings. We considered the results of a Wilcoxon’s
sign rank test, which is based on heterozygosity excess, us-
ing the stepwise mutation model (SMM) and the two-phase
model (TPM), as recommended by LUIKART & CORNUET
(1998), and results of the mode-shift test that evaluates the
allele frequency distribution (CORNUET & LUIKART 1997).
To assess the effective population size, N, we used an
approximate Bayesian computation analysis as incorporat-
ed in ONeSAMP 1.2 (TALLMON et al. 2004, TALLMON et al.
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Figure 1. Geographic locations of twenty sample populations of B. variegata in northern Hesse. Abbreviations: Werra-Meif3ner dis-
trict: Fir - Fiirstenhagen; BSA - Bad Sooden-Allendorf; BRE - Breitau; TRI — Trimberg. Hersfeld Rotenburg district, central Werra
region: OBE - Obersuhler Aue; HER - Heringen, Obere Aue. Hersfeld Rotenburg district, central Fulda valley: MER - Mergelgrube
Baumbach; STHER - Steinbruch Hergershausen; BAU - Baumbach Herrenwiese; BEB — Bebra Kiesgrube; AFB - Alte Fulda Blank-
enheim; BLARA - Alte Fulda Blankenheim Randsenke; NW - Nasse Wiesen bei Meckbach. Schwalm-Eder district: ELL — Ellenberg;
MEL - Melsungen; HOM - Homberg/Efze; REM - Remsfeld; TRE - Treysa, Hardtberg. Fulda district: HUE - Hiinfeld-Riickers;

KAL - Kalbach Deponie Schrimpf.
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2008). ONeSAMP cannot process multiple missing-data
instances per sample, for which reason all individuals with
data missing at more than one locus were excluded. The
presumed lower and upper limits of N_ were set to 2 and
100, respectively.

To identify the amount of genetic variation attributable
to within- and between-population variation, an analysis
of molecular variance (AMOVA; EXCOFFIER et al. 1992)
was calculated for unordered alleles with Arlequin 3.5.1.2,
including populations with N > 10. The same software was
used to estimate pairwise F_-values and test their signifi-
cance using 10,000 permutations. Because F . of WRIGHT
(1943) strongly depends on the observed within-popula-
tion diversity (CHARLESWORTH 1998, HEDRICK 1999), we
also calculated an unbiased standardized estimator G’y
(HEDRICK 2005) using GenAlEx 6.5 (PEAKALL & SMOUSE
2012). WHITLOCK (2011), however, showed that both esti-
mates of pairwise genetic differentiation may be mislead-
ing when calculated from markers with high mutation
rates such as microsatellites. While F usually underesti-
mates the differentiation when the mutation rate is high,
G'g, will overestimate it (WHITLOCK 2011).

To examine whether pairwise genetic distances and geo-
graphic distances are correlated between populations with
N > 10 (isolation-by-distance), the significance of the rank
correlation coeflicient was tested using the software Isolde
incorporated in Genepop (RAYMOND & ROUSSET 1995).

We used Structure 2.3.4 (PRITCHARD et al. 2000) to esti-
mate the number of distinct genetic clusters (K) by group-
ing individuals into 1-10 groups. The admixture model
without prior information on sample population infor-
mation was applied, and allele frequencies were allowed
to be correlated among clusters (FALUSH et al. 2003). Ten
independent runs were performed for each K (500,000 it-
erations per run with a burn-in of 50,000 iterations). The
most likely number of genetic clusters (K) was chosen by
calculating the AK statistic of EvaNNO et al. (2005) with
the help of Structure Harvester (EARL & VONHOLDT 2012).

Where called for, a sequential Bonferroni correction was
applied to correct for multiple statistical tests (RICE 1988).

Results
Microsatellite analysis

Four of the ten loci used by WEIHMANN et al. (2009) turned
out monomorphic in our study (loci B13, 1A, F22, and F2)
and thus were excluded from the analysis. The other six
loci (9H, Bi4, 12F, sF, 10F 8A) yielded 4 to 10 alleles per
locus (average 6.3 alleles per polymorphic locus, Table 1).
Analyses with MicroChecker yielded no indications of al-
lelic drop-outs. Possible null alleles were detected at locus
9H in Bad Sooden-Allendorf and Treysa, locus 8A in Kal-
bach, and locus Bi4 in Bad Sooden-Allendorf, Obersuh-
ler Aue, Heringen, Ellenberg, and Homberg/Efze. Scor-
ing errors due to stuttering might have resulted in an ex-
cess of homozygotes at locus Bi4, the only locus with a di-
nucleotide repeat motif (the other microsatellites consisted
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Table 1. Genetic diversity of ten ncSSR loci used for analysis in
B. variegata. Indicated are the locus names, number of alleles (A),
size range of alleles, and observed heterozygosities (H,) in our
study, the study of CORNETTI (2013) and the study of WEIHMANN
et al. (2009). Note that interpretation of the absolute fragment
lengths differed by one base pair at some loci between studies,
and that CorNETTI (2013) did not provide values for H .

B. variegata B. variegata B. variegata
in northern Hesse in Italy in Lower Saxony
(this study, N=281) (CorRNETTI  (WEIHMANN et al.
2013, N=200) 2009, N=150)

Locus A Sizerange H A Sizerange A Size range H_
F22 1 143 na. 2 142-148 6 137-169 0.04
B14 6 160-172 040 5 164-172 6 138-200 0.48
B13 1 115 na. 3 114-134 13 95-161 0.24
5F 9 115-163 0.54 3 116-148 10 91-163 0.52
9H 4 151-163 032 6 156-176 9 119-203 0.58
F2 1 468 n.a. 10 270-378 0.17
1A 1 323 na. 2 322-326 8 323-383 0.09
8A 10 283-339 0.53 6 291-331 11 291-363 0.48
10F 5 209-225 0.58 7 206-230 7 193-229 0.71
12F 4 143-163 0.37 8 219-247 6 213-233 0.50

of tetranucleotide repeat motifs). Due to the already low
number of polymorphic loci we decided to include all six
polymorphic loci in the analysis in spite of the mentioned
inconsistencies.

No PCR products could be obtained for three or more
loci from nine of the 307 animals sampled. Another 17
specimens turned out to be recaptures, as could be validat-
ed by comparing photographs of their individual-specific
ventral colour patterns. Therefore, data from a total of 281
animals were included in the final analyses.

A comparison of the allele lengths inferred during the
two typing approaches of 17 recaptured animals allowed
to estimate the genotyping error rate. Of the six loci typed
twice in 17 individuals, allele lengths were differently in-
terpreted in five cases, suggesting a genotyping error rate
of about 5%. Interestingly, none of these errors occurred at
the dinucleotide repeat locus B14, for which MicroChecker
suggested possible typing errors.

Genetic variation within populations

All populations showed moderate levels of within-popu-
lation genetic diversity. Total allele numbers over six loci
ranged from 13 to 25, and levels of expected heterozygos-
ity ranged from 0.37 to 0.59 (Table 2). The population with
the lowest diversity was the one from Homberg/Efze in the
west of our study area, while highest levels of population
diversity were found in Obersuhler Aue, Heringen, and
Mergelgrube, all living in the centre of our study area.
Kalbach, in the south of our study area, was the only
population with a significantly lower observed than ex-
pected heterozygosity and thus significantly elevated in-
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Table 2. Genetic diversity of 16 Bombina variegata populations in northern Hesse: sample size (N), number of alleles (A), allelic rich-
ness (AR; calculated for a minimum of five individuals per population), observed (H,) and expected heterozygosity (H ), inbreeding
coefficient (F (), number of private alleles (PA), frequencies of private alleles (Freq. PA), bottleneck test statistics: one-tailed Wilcoxon’s
test SMM (BN W1t ), one-tailed Wilcoxon’s test TPM (BN W1t , ), mode shift test (BN MS), estimates of effective population size,
N, (ONeSAMP) with 95% credible limits for the posterior distribution. Diversity estimates are shown as averages + standard devia-
tion. For bottleneck analysis, only significant statistics without Bonferroni correction are shown. ** significance level p < 0.01. - not

calculated due to very small N.

Population N A AR H H F, PA F;Zq' W?EMM Wﬁ‘im 11\3/11\; (ON;;IAMP)
FUR 3 - - - - - - - - - - -

BSA 24 19 2584062 041x0.18 050+0.15 011 1 021 13.8 (10.3-20.6)
BRE 20 16 2.31%0.63 0.4240.18 0.44%0.15 005 0 0 16.2 (11.7-27.5)
TRI 5 15 250+0.55 0.70£0.32 0.51%0.19 047 0 0 - - - -

OBE 3225 3.01£095 051+0.14 058+0.17 001 0 0 0.016 28.4 (22.0-47.2)
HER 18 25 313083 043023 056£020 010 2 0.09 17.0 (13.1-26.5)
MER+ 23 25 3.06+0.82 0.61+0.11 0.59+0.12 -0.07 1 0.02 17.8 (14.3-27.0)
BEB 6 16 258094 053025 050026 -005 1 008 - - - -
BLA+ 8 15 2424061 046026 052022 002 0 0 - - - -

ELL 30 20 2.36+0.61 0443031 0.41x020 -021 1 003 11.6 (8.9-16.3)
MEL 29 17 2.26%0.59 0.42+0.24 0.40:020 -0.06 1 0.03

HOM 26 13 2.01x078 0.38:026 0.37:023 -0.05 0 0 0031 0031  shifted 20.8 (14.3-35.2)
REM 2 - - - - - - - - - - -

TRE 9 19 260£049 046032 046017 003 0 0 - - - -

HUE 11 15 2324081 052024 045£0.22 -0.18 0 0 shifted 11.5 (8.8-16.6)
KAL 35 18 2.33+0.84 0.33:0.15 0.40+020 0.19** 1 001 16.6 (12.2-24.6)

breeding coefficient (F = 0.19, p > 0.01, Table 2). Few pri-
vate alleles were found, most of which occurred at low fre-
quencies. Only one private allele, found in the Bad Soo-
den-Allendorf population, showed a high frequency (21%),
suggesting reduced gene flow (Table 2).

Estimates of recent effective population size N, were
low, ranging from 11.5 (Hiinfeld-Riickers, Ellenberg) to 28.4
(Obersuhler Aue) (Table 2). The upper value of the 95%
credible limit for the posterior distribution did not exceed
50 in any of the populations examined. Consistent results for
the occurrence of a recent bottleneck detected over all three
tests employed were obtained only for the population in
Homberg/Efze (Table 2). Distortion from an L-shaped allele
frequency distribution in Hiinfeld and another significant
result revealed by the two-phase mutation model (TPM) of
Wilcoxon’s test in Obersuhler Aue were not supported by
the remaining tests and thus were regarded unreliable.

Population structure

An AMOVA was performed to estimate the relative con-
tribution of within- and among-population variation. The
AMOVA assigned 79.4% of the total variance to within-
population variation, and 20.6% to among-population
variation equivalent to a highly significant global F -val-
ue of 0.206 (p < 0.001), which indicated a high overall ge-
netic differentiation among populations. Pairwise F -val-
ues among populations ranged from 0.00 to 0.42 (Table 3)

and showed a positive correlation with geographic distanc-
es (p = 0.043, Fig. 2), indicating a weak isolation-by-dis-
tance pattern. Most pairwise F -values were relatively high
and significant, with the few exceptions referring to com-
parisons between populations from the Middle Fulda and
Werra river valleys (Bebra, Blankenheim, Obersuhler Aue,
Heringen). In the cases of these four populations, no clear
genetic differentiations were found, indicating genetic con-
nectivity, although we have to point out that this result is
based on small population sizes in Bebra and Blankenheim.

To estimate the number of genetic units within B. varie-
gata in northern Hesse, a Bayesian cluster analysis was per-
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Figure 2. Relationship between geographical and genetic distanc-
es between populations with N > 10 of B. variegata in northern
Hesse.
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Table 3. Geographical distances (km) (above diagonal) and pairwise genetic divergence between populations (Fy, values above, G’
values below) (below diagonal). Significant F_ values are shown in bold, non-significant values are shown in italics.

BSA BRE TRI OBE HER MER+ BEB BLA+ ELL MEL HOM TRE HUE KAL

BSA 140 235 370 425 325 360 420 360 330 475 630 670 990

BRE gg 95 140 190 200 180 230 400 315 420 550 445 770

R1 012 008 225 285 230 235 285 355 275 430 570 550  87.0
019 012
012 013 0.7

ope g2 0% 0V 60 275 170 190 490 395 465 580 350 650
019 019 023 005

HER 017 0B 023 099 275 160 165 500 410 430 535 270 570
0.10 013 008 006 0.1

MER: 010 073 908 996 00 120 140 230 135 200 340 400 700
013 009 019 000 004 008

BEB  ood 000 019 000 oot 008 40 355 250 280 420 320 620
013 019 024 000 007 006 0.04

BLA+ 003 009 024 000 00m 000 00 370 270 285 420 290 590
028 030 021 019 029 016 030 0.19

ELL 044 044 030 031 047 026 045 030 100210 330 615 895
033 041 031 030 034 024 042 034 026

MEL 054 062 046 052 054 040 066 056 036 185330 510 810
013 023 024 021 027 016 024 025 038 033

HOM 18 030 031 032 039 023 031 039 053 044 160 445 695
015 025 014 022 028 010 026 027 032 025 021

TRE 022 036 023 039 049 016 044 045 048 034 026 480 670

qup 025 027 028 012 022 018 017 016 031 034 030 026 200
041 040 048 020 038 032 026 029 045 049 040 041 :

KAl 032 028 029 017 024 023 028 025 027 027 035 036 026
050 041 042 029 038 039 040 042 038 036 049 053 037

formed using the software Structure. The highest likeli-
hoods and AK statistics were obtained for K=2and K= 6
clusters (Fig. 3). As for K = 2, most populations exhibited a
clearly admixed origin, with only the individuals from Bad
Sooden-Allendorf and Melsungen being referrable to one
of the two clusters (Fig. 3). As for K = 6, the relative pro-
portions of each cluster varied widely among populations.
Populations in Melsungen, Ellenberg, and Kalbach at the
edge of our study area appeared clearly isolated in that their
individuals were predominantly assignable to a single clus-
ter that was not strongly represented in other populations.
The remaining populations, especially in the central part of
our study area (Mergelgrube, Bebra, Blankenheim, Ober-
suhler Aue, Heringen Hiinfeld-Riickers), comprised a mix
of genetic clusters and similar patterns of cluster affiliation,
indicating at least some degree of genetic connectivity.

Discussion
Genetic diversity of populations, inbreeding,
and bottlenecks

Genetic diversity of a population is dependent on popu-
lation size, including historical demographics, the extent

of gene flow between populations, the reproductive sys-
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tem, and natural selection (LOWE et al. 2004). The Yellow-
bellied Toad in central Germany descended from animals
that survived the last Pleistocene cold period in refugia on
the Balkans (HOFMANN et al. 2007, FIJARCZYK et al. 2011).
Successive bottlenecks during postglacial northward range
expansion, as well as small population sizes, and reduced
gene flow through isolation at the northern edge of the dis-
tribution range, are likely to have resulted in reduced ge-
netic variation (TABERLET et al. 1998, HEWITT 2004).

Genetic investigations of B. variegata in northern Hesse
revealed within-population diversities with expected
heterozygosities in the range of 0.37-0.59 (Table 2). WEIH-
MANN et al. (2009) reported a slightly lower range of ex-
pected heterozygosities (0.31-0.53) in the isolated popu-
lations in Lower Saxony, and CORNETTI (2013) reported
values of expected heterozygosities in the range of 0.34-
0.54 for northern Italian B. variegata. Also, ranges of ef-
fective population sizes, N, were similarly low in north-
ern Hesse and Italy (CORNETTI 2013). Most estimates of N
were smaller than 20, suggesting very low effective popula-
tion sizes as compared to many other anuran species (e.g.,
SCHMELLER & MERILA 2007, PHILLIPSEN et al. 2011).

A notably reduced genetic diversity was found in Hom-
berg/Efze, the only population that also exhibited indica-
tions of a recent population bottleneck (Table 2). It is locat-
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Figure 3. Results of a Bayesian cluster analysis of B. variegata in northern Hesse. Above: Pie charts show the geographic distribution
of relative proportion of ancestry in each of K = 6 genetic clusters for the 16 study populations. Below left: Delta K plot as obtained
from Structure Harvester. Below right: Bar plots of proportion of ancestry of each sampled individual for two (K = 2) and six (K = 6)
genetic clusters.
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ed in former military training grounds. It has always been
rather small and greatly suffered when the area was aban-
doned by the German armed forces in the early 1990s (D.
ScHMIDT pers. comm.). Possibly due to the lack of ephem-
eral water bodies for reproduction, which had previously
formed in the tracks of tanks, the population had drasti-
cally declined to less than 100 adult animals in five isolated
subpopulations by 2001 (D. SCHMIDT pers. comm.). It was
only after habitat restoration measures had been initiated
that the population slowly started recovering. Until today,
only two of formerly five reproduction sites within the area
are re-used for spawning (D. SCHMIDT pers. comm.). Thus,
the reduced genetic diversity and the inferred population
bottleneck of this population are in line with field obser-
vations.

The Kalbach population was the only one to exhibit a
significant deviation from the Hardy-Weinberg equilib-
rium, which is indicative of a possible inbreeding effect.
Kalbach is the southernmost population of our study and
supposed to be the most important population of Yellow-
bellied Toads in middle Hesse (MALTEN & STEINER 2008).
The population in Kalbach has benefited from massive
support by voluntary field conservationists and is regarded
as increasing in size (MALTEN & STEINER 2008). This infor-
mation seems to contradict our finding of a significant in-
breeding coefficient. As a sampling effect of closely related
animals can be excluded, because only adult animals were
sampled (see above), the most likely explanation for the
significantly elevated F -value of the Kalbach population
is the occurrence of null alleles at locus 8A. When exclud-
ing this locus, the F-value of Kalbach will drop to 0.04
and no longer be significant.

Population structure

Landscape fragmentation and the drainage of floodplains
and other suitable habitats for semiaquatic animals such as
the Yellow-bellied Toad have a major impact on their pop-
ulation structure. In northern Hesse, fragmentation of toad
populations due to roads, railways, and urban areas is ap-
parent, and re-establishing the connectivity between most
relict populations is considered problematic (MALTEN &
STEINER 2008). Fragmentation of toad populations clearly
resulted in reduced population sizes and decreased gene
flow between populations and would gain increasing im-
portance if no mitigating measures were undertaken.

With a global F = 0.21 and pairwise F -values between
o and o0.42, we found high levels of population differentia-
tion in northern Hesse. In southern Lower Saxony, a glo-
bal F of 0.19 was observed for B. variegata (WEIHMANN
et al. 2009). The maximum pairwise F -value in northern
Hesse (F . = 0.42) was higher than in other studies (F . =
0.32 in Lower Saxony and Italy, respectively; WEIHMANN et
al. 2009, CORNETTI 2013). The structure analysis supported
these findings by emphasizing the isolation of populations
at the edge of our study area compared to more central lo-
calities.
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In contrast to the study by WEIHMANN et al. (2009), we
found indications for a weak isolation-by-distance pattern
in northern Hesse, suggesting restricted gene flow between
populations. CORNETTI (2013) also found a weak correla-
tion between geographic and genetic distances in northern
Italian B. variegata populations. This is probably a conse-
quence of the generally reduced dispersal ability of the Yel-
low-bellied Toad (maximum dispersal distances observed
range around 2.5 km and possibly 4.5 km; JEHLE & SINSCH
2007). However, it is worth mentioning in this context that
in years with substantial rainfall and extensive floodings,
toads and tadpoles may be washed to more distant locali-
ties with effluent water. While no such drifting could as yet
be proved for B. variegata by field observations, respective
observations have been made in Bufo bufo (H. WACKER
pers. comm.). SCHADER (1983) likewise assumed that
translocation of Yellow-bellied Toads over long distances
along the river Rhine flood plain occurred during flooding
events. At least in the direction of the main water drain-
ages, gene flow may therefore occasionally occur over very
long distances, counteracting the differentiation and estab-
lishment of an isolation-by-distance pattern.

To mitigate a further loss of genetic diversity through
fragmentation, management efforts should concentrate
on stabilizing individual populations as well as reconnect-
ing them. This has worked successfully, e.g., in Melsun-
gen, where conservation measures have focused not only
on the local Yellow-bellied Toad population, but also the
entire Kehrenbach (stream). The population at Melsungen
now has good future prospects and is regarded as a possi-
ble source population for reintroduction projects at other
sites of the Kehrenbach (SCHMIDT & ZITZMANN 2012).

The only case where no differentiation was observed
between populations refers to the localities Obersuhler
Aue, Heringen, Bebra, and Blankenheim in the centre of
our study area. This result highlights the importance of
genetic exchange between populations of the Middle Ful-
da and Werra river valleys, the two largest river valleys
in our study area. While our genetic data suggest a good
connectivity of the populations, field observations have
not yet proved an exchange of animals between the river
valleys of the Fulda and Werra (until now, no specimens
have been observed in the Seulingswald at the watershed
between Fulda and Werra; H. WACKER pers. comm.). In
addition, we have no information on possible anthropo-
genic translocations of Yellow-bellied Toads in this area.
The highway A4, which runs in a north-south direction
between the Fulda and Werra, might not act as an absolute
barrier to gene flow, because the connecting river valleys
are all traversed by sufficiently large bridges and tunnels
for streams (H. WACKER pers. comm.). To further facilitate
a genetic exchange between Fulda and Werra populations,
establishing stepping stone habitats is envisaged, and sup-
portive measures for the largest population of the region in
Obersuhler Aue will enhance the emigration of animals to
surrounding populations (H. WACKER pers. comm.).

Given the high level of genetic divergence between
several of the studied populations, we suggest defining
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separate management units for conservation purposes.
Populations in Melsungen, Ellenberg, and Kalbach (in-
cluding Hiinfeld) should be considered distinct manage-
ment units. Another management unit should comprise
the highly interconnected populations at Obersuhler Aue,
Heringen, Bebra, and Blankenheim. The populations at
Breitau, Trimberg and Bad Sooden-Allendorf are inter-
connected by streams and show little genetic divergence,
thus these three populations may also be managed collec-
tively.

Conclusions

The main goal of our study was to provide a first assess-
ment of the genetic situation of the endangered Yellow-bel-
lied Toad in northern Hesse, Germany, and provide guide-
lines for its conservation. To facilitate interpretability of
our results, we compared our data to studies on B. varie-
gata in Lower Saxony, Germany (WEIHMANN et al. 2009),
and the Alps in northern Italy (CORNETTI 2013).

In northern Hesse, the Yellow-bellied Toad has experi-
enced a dramatic fragmentation of its habitats and reduc-
tion in population size due to anthropogenic alterations of
habitats (MALTEN & STEINER 2008). Management meas-
ures to counteract these processes have been initiated more
than 30 years ago, but no data on the genetic composition
of the Yellow-bellied Toad populations in northern Hesse
have been available until now.

Our analysis shows that levels of genetic diversity of
the Yellow-bellied Toad in northern Hesse are similar
to those of other populations at the edge of the distribu-
tion range in Lower Saxony and northern Italy. Howev-
er, the Yellow-bellied Toad has suffered local extinctions
and population declines in all three regions in the recent
past (DGHT-AG Feldherpetologie und Artenschutz 2014;
BARBIERI et al. 2004). To evaluate the observed level of
genetic diversity in terms of long-term survival, it would
be desirable to obtain comparable data from less affected
populations, preferably from the centre of the species’ dis-
tribution range.

Population fragmentation and isolation may result in a
loss of genetic variability and, consequently, higher suscep-
tibility to environmental changes in the near future (e.g.,
VEITH & SCHMITT 2009). Particularly, populations at the
edge of our study area exhibited reduced levels of diversity
and a higher degree of isolation. Continuous management
efforts should focus on the reconnection of isolated popu-
lations and ensure self-sustaining population sizes. Where
gene flow between isolated populations cannot be re-estab-
lished, deliberate translocation of tadpoles between local-
ities may be feasible to maintain gene exchange between
populations. To ensure the long-term survival of the Yel-
low-bellied Toad in northern Hesse, we recommend con-
tinuation of a demographic population monitoring supple-
mented by population genetic analyses that may be more
sensitive to recognize a detrimental loss of genetic variabil-
ity at an early stage.
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