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Abstract

Revealing patterns of genetic diversity and barriers for gene flow are key points for successful conservation in endangered
species. Methods based on molecular markers are also often used to delineate conservation units such as evolutionary sig-
nificant units and management units. Here we combine phylo-geographic analyses (based on mfDNA) with population and
landscape genetic analyses (based on microsatellites) for the endangered yellow-bellied toad Bombina variegata over a wide
distribution range in Germany. Our analyses show that two genetic clusters are present in the study area, a northern and a
southern/central one, but that these clusters are not deeply divergent. The genetic data suggest high fragmentation among
toad occurrences and consequently low genetic diversity. Genetic diversity and genetic connectivity showed a negative
relationship with road densities and urban areas surrounding toad occurrences, indicating that these landscape features act
as barriers to gene flow. To preserve a maximum of genetic diversity, we recommend considering both genetic clusters as
management units, and to increase gene flow among toad occurrences with the aim of restoring and protecting functional
meta-populations within each of the clusters. Several isolated populations with especially low genetic diversity and signs
of inbreeding need particular short-term conservation attention to avoid extinction. We also recommend to allow natural
gene flow between both clusters but not to use individuals from one cluster for translocation or reintroduction into the other.
Our results underscore the utility of molecular tools for species conservation, highlight outcomes of habitat fragmentation
onto the genetic structure of an endangered amphibian and reveal particularly threatened populations in need for urgent
conservation efforts.
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Introduction loss, especially since most declines are due to anthropo-

genic activities (Allan et al. 2019). Amphibians appear

Despite conservation efforts, biodiversity of vertebrates is
declining worldwide with more than a fifth of species clas-
sified as threatened (Hoffmann et al. 2010). Since the trend
of population decline is increasing in many vertebrates,
urgent research is necessary to counteract this biodiversity
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particularly vulnerable to such anthropogenic activities. A
higher percentage of amphibians are threatened compared
to other vertebrates and conservation efforts have been
neglected compared to efforts allocated to birds and mam-
mals (Hoffmann et al. 2010). Amphibian populations suf-
fer from land-use change leading to habitat fragmentation
and loss, and associated contamination and spreading of
infectious diseases (Stuart et al. 2004; Scheele et al. 2019).
Thirty-two species of more than 6770 amphibian species
are already extinct and many other species (>2600) are
affected by population declines (IUCN 2019). In Europe,
amphibian populations mainly declined in areas where
suitable habitat is decreasing and where a high number of
alien species is present (Falaschi et al. 2018). An increasing
body of research reveals reduction of population size and
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depletion of genetic variation because habitat fragmenta-
tion reduces gene flow among populations. For example,
in the coastal dune meta-population of the natterjack toad
(Epidalea calamita) connectivity was negatively affected by
urbanization resulting in small isolated sub-populations with
low genetic diversity (Cox et al. 2017). For amphibians, the
reduction of genetic diversity significantly reduces fitness
especially under stressful conditions (reviews: Cushman
2006; Allentoft and O’Brien, 2010; McCartney-Melstad
and Shaffer 2015). Additionally, various landscape genetic
studies have shown that genetic variation within and among
amphibian populations depended on environmental hetero-
geneity of the surrounding landscape. Factors that can influ-
ence population genetics of amphibians include both natural
(e.g., slope, vegetative land cover; Mims et al. 2015; Winiar-
ski et al. 2020) as well as anthropogenic features (e.g., roads,
urban areas; Goldberg and Waits 2010; McKee et al. 2017).
Understanding such landscape impacts on genetic diversity
and structure is important for identifying populations facing
greatest risks of genetic depletion due to habitat destruction,
and for developing optimal conservation strategies.

In addition to identifying landscape effects on genetic
variation, it is also vital to consider the historical context
of remaining populations. Therefore, defining (sub-) spe-
cies and population boundaries for developing conservation
programs (McCartney-Melstad and Shaffer 2015; Coates
et al. 2018) is mandatory. Knowledge of historical lineages
is necessary to maintain fixed genetic differences involved
in processes for adaptive evolution (Storfer 1999). However,
within species or ancient lineages the loss of genetic connec-
tivity and diversity have been identified as two of the main
reasons for population declines (Frankham 2010; Coates
et al. 2018). Reconnecting demes that were originally linked
via gene flow can help to maximize genetic diversity, coun-
teract inbreeding and increase fitness (Madsen et al. 1999;
Cushman 2006; Beauclerc et al. 2010). Thus, reintroductions
or translocations can be conservation measures that maintain
long-term population viability as well as mixing of gene
pools of less diverged populations. Before developing such
management designs for endangered species, studies of gene
flow, population structure and evolutionary connections to
infer historical associations are necessary.

To inform conservation managers about genetic popula-
tion structure and how to use this knowledge for conserva-
tion measures two types of conservation units have been
developed: Evolutionary significant units (ESUs) and man-
agement units (MUs) (Moritz 1994, 1999; Shaffer et al.
2015; Coates et al. 2018). ESUs are considered as historical,
major genetic lineages within a species and are commonly
identified by phylogenetic structure through m/DNA. Man-
agement units in turn are subunits within ESUs and often
identified by divergence in allele frequencies at microsat-
ellite loci but lacking deep evolutionary isolation. In the
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western spadefoot (Spea hammondi), for example, two major
allopatric phylogenetic lineages have been defined based on
nuclear and mfDNA and these two lineages together with
ecological differences have been proposed to be considered
as ESUs and to be managed separately (Neal et al. 2018).
Indeed, some studies provided evidence that mixing gene
pools of such lineages might lead to outbreeding depression
(Burton 1990: copepods; Sagvik et al. 2005: frogs). Translo-
cations among populations that historically did not exchange
genes have not been recommended (Moritz 1999; Edmands
2007). In northern Spain, the agile frog Rana dalmatina is
structured into three main genetic (microsatellite) clusters,
each cluster harboring a meta-population in optimal habitat,
with more gene flow within and little gene flow among them.
In this case, each meta-population was recommended to be
treated as a management unit (Sarasola-Puente et al. 2012).

Two Bombina species occur in Europe; the fire-bellied
toad in the flat plains of Eastern and Northern Europe
(Bombina bombina), and the yellow-bellied toad (Bombina
variegata) in the uplands in Western, Eastern and Southern
Europe (Carparthian, Balkans and Apennine mountains).
Evidence of hybridization between both species exists in
a narrow zone in Eastern Europe (Voros et al. 2006). Sev-
eral phylogeographic analyses have tried to disentangle the
relationship among several Bombina lineages and identi-
fied refugial areas and expansion patterns back towards the
north after the glacial periods (Fijarzyk et al. 2011; Pabijan
et al. 2013). Using mfDNA, Firjarzyk et al. (2011) and Pabi-
jan et al. (2013) recognized three major clades within the
yellow-bellied toad: Balkano—Western B. variegata (toads
from the Balkan and Western Europe including), B. var-
iegata pachypus (geographically isolated on the Apennine
peninsula) and Carpathian B. variegata, however with con-
flicting evidence for relatedness among these lineages.

European Bombina are declining and are threatened by
extinction in parts of their distribution range (IUCN 2019).
Bombina variegata is still abundant in southern and eastern
parts of its distribution range and accordingly classified as
Least Concern (Kuzmin et al. 2009). However, the species
has undergone a steady decline since the 1990s (Nollert
1996), and is categorized as endangered in Germany and
threatened with extinction at the northern edge of its distri-
bution range (Kiihnel et al. 2009). Irrespective of inconclu-
sive previous phylogenetic patterns, identifying the genetic
affiliation within the species B. variegata managed in con-
servation projects is crucial. Unfortunately, the phylogeo-
graphic studies of European populations of B. variegata have
included few (Hofman et al. 2007; Fijarczyk et al. 2011) or
no samples from Germany (Pabijan et al. 2013). For this
reason, one of the main goals of this study was the analysis
of mt haplotype diversity within our study area and to verify
whether our B. variegata populations belong to the Balkano-
Western clade as earlier studies suggested.
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Several endangered amphibian species have been pro-
tected by connectivity measures and translocation projects
(e.g. European tree frogs, Hyla arborea: Angelone and
Holdregger 2009; Broquet et al. 2010; fire-bellied toads, B.
bombina: Schroder et al. 2012). The Nature and Biodiversity
Conservation Union (NABU) started a project to improve
habitat connectivity of yellow-bellied toad populations to
counteract declines from northern to southwestern Germany
(Nadjafzahdeh and Buschmann 2014). The species has lost
its original habitat (floodplains) nearly completely and
remaining toad groups rely on secondary habitats like stone
quarries and military zones in mountainous areas where they
find small, ephemeral ponds and puddles for survival and
reproduction (Szymura 1993). The aim of the conservation
project was to create new reproduction ponds, stepping-
stone habitats and perform resettlements or reintroductions
for reconnecting and strengthening the populations, which
are often isolated and small, especially in the northern dis-
tribution area.

In support of the species conservation program, our main
questions in this study were (1) Are the populations within
the studied areas genetically distinguishable to a level of
ESUs and MUs? (2) How genetically diverse is the whole
population as well as local occurrences and are there occur-
rences which are highly isolated and genetically depleted?
(3) Which landscape parameters influence the genetic diver-
sity within and differentiation among local sub-populations?

To answer these questions, we combine phylogeographic
information based on mt haplotypes with analyses of popula-
tion structure based on microsatellites and Bayesian statis-
tics, conventional population and landscape genetic analyses.
Based on our results, we suggest short- and long-term con-
servation actions that are most important for ensuring the
genetic integrity and long-term persistence of toad occur-
rences in our study area, including translocations, habitat
restoration, reintroductions and defragmentation measures
to increase connectivity.

Material and methods
Sampling

In spring and summer 2012 and 2013, we collected DNA
from buccal swabs (Medical ware swabs MW 100) of 7 to 45
yellow-bellied toad specimen from each of the 47 localities
throughout the region of the NABU conservation project in
Germany (Fig. 1; Table 1). Initially, toads were sampled in
additional 13 localities but sample size was too small (<7
individuals) so that they were discarded from population
genetic analyses. The DNA was extracted from buccal swabs
using the DNeasy Kit (QIAGEN, Hilden, Germany) follow-
ing manufacture’s protocol.

Phylogeography

Mitochondrial DNA was amplified for three genes:
Cytochrome B (Cyt b), Cytochrome oxidase I (COI) and
nicotinamide adenine dinucleotide dehydrogenase subunit 4
(ND4) by polymerase chain reaction (PCR) following Brusa
et al. (2013). The primers applied were MTAL forward
(Hauswaldt et al. 2011) and Cytb—c reverse (Bossuyt and
Milinkovitch, 2000) for Cyt b; LCO1490 forward (Folmer
et al. 1994) and COI-H reverse (Marchodom et al. 2003)
for COI; and ND4 forward and Leu reverse (Arévalo et al.
1994) for ND4. The sequences of the three genes were visu-
ally inspected, aligned, and edited using GENEIOUS 9.1
(Kearse et al. 2012). Haplotype network reconstructions
were performed by combining the sequence data and maxi-
mum likelihood trees MEGA X v10.0.5; Kumar et al. 2018)
with Haplotype Viewer (http://www.cibiv.at/~greg/haplo
viewer). Further sequences of B. variegata (Fijarczyk et al.
2011) were downloaded from GenBank (http://www.ncbi.
nlm.nih.gov/genbank/) to establish a molecular relationship
of the toads from our localities with toads from other Euro-
pean populations.

Population structure

Ten previously published microsatellite markers (Stuckas
and Tiedemann 2006; Hauswaldt et al. 2007) were applied
in this study. In total, 885 individuals from 47 localities
(with N >7) were genotyped for the ten markers (Auffarth
et al. 2020). Genotyping was performed on an ABI-3100
sequencer. Allele sizes were scored with GeneMapper 5.0
by using the size standard ROX-350 (Applied Biosystems
Inc.). Micro-Checker 2.2.3 (van Oosterhout et al. 2004) was
used to check for genotyping errors due to null alleles, allelic
dropout and stuttering. The program Fstat v. 2.9.3 (Goudet
1995) was used to test for genotypic disequilibrium of all
pairs of loci in each sample.

The genetic diversity was assessed with the software
ARLEQUIN v. 3.5 (Excoffier et al. 2005) by calculating
expected and observed heterozygosities (H,, H,) as well as
average allelic richness (Ag). The number of private alleles
(Ny) was calculated by using GeneALEX v. 6.502 (Peakall
and Smouse 2006, 2012). The inbreeding coefficient F';y was
calculated by sample site using Genetix v. 4.05 (Belkhir
et al. 2004). Significance was tested with a permutations
test (1000 permutations).

To infer population structure, a Bayesian model-based
clustering algorithm was conducted using the software
STRUCTURE 2.3.3 (Pritchard et al. 2000). The program assigns
individuals to K clusters on the basis of their multilocus
genotypes, without prior knowledge of the sample origin.
The admixture model was chosen with correlated allele
frequencies between populations. We compared results of
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Fig. 1 Localities of buccal swab
sampling of yellow-bellied
toads in Germany of the NABU
conservation project

Map tiles by Stamen Design, under CCBY 3.0.
Data © OpenStreetMap contributors.

Map created by GPSVisualizer.com

oo S ) —

@ Springer



Conservation Genetics (2021) 22:513-529 517

Table 1 Sample localities of ID  Locality Abbreviation N Microsatellites

yellow-bellied toads, sample

size and indices for genetic N, NJN N, H, H, Ap Fig

diversity
1 Waunstorf-Kohlenfeld WUN 7 25 357 0 048 052 * 0.07
2 Steinbruch Liekwegen LIE 18 31 172 0 049 051 29 0.04
3 Alter Steinbruch AST 25 49 196 8 039 05 3.63  0.23
4 Alte Waldwiese AWW 11 41 373 3 059 0.66 394 0.16
5 Obernkirchener SSB OSB 15 53 353 5 038 0.60 4.69 037
6 Nato-Station Reinsdorf =~ NAT 10 36 360 1 051 0.68 3.53 0.27
7 Borsteler Hude BOR 12 36 300 2 054 054 338 0.01
8 Schlingmiihle SCH 7 30 429 0 0.4 0.5 * 0.22
9 Messingsberg MES 20 33 165 O 042 052 301 018
10 Brinkmeier/Edler BRM 30 40 133 2 0.52 057 3.11 0.09
11 Fuchsloch FUL 9 26 289 1 038 041 * 0.07
12 TUP Pétzen POT 23 29 126 1 042 045 25 0.05
13 Ochtersum OCH 9 14 156 0 0.19 026 * 0.27
14 Doberg/Duinger Wald DOB 33 35 106 1 0.3 041 271 0.27
15  Ahlen TUP AHL 20 36 180 2 035 047 313 027
16  Lippstadt LIP 15 28 187 2 037 054 265 032
17 Poppelsche POE 37 33 08 3 032 039 239 018
18  Ballertasche BAL 16 28 175 0 051 057 257 0.11
19 Grube Weil} GUW 15 24 160 O 025 038 229 034
20  Tongrube Oberauel TGO 16 25 156 0 044 052 233 0.16
21  Lorsfelder Busch LBK 30 16 053 0 0.36 037 151 0.02
22 Brander Wald BRA 45 25 056 O 033 039 213 0.16
23 NSG Indetal NAC 17 39 229 0 037 049 334 0.26
24 Tongrube Niederpleis NIE 18 34 189 0 042 054 293 0.22
25  Wimdeck Immhausen WIM 21 29 138 O 0.39 043 249 0.09
26 Ennert/Bonn EBN 18 30 167 1 0.37 051 281 0.27
27  Ennert/Bonn EN2 20 23 115 O 043 041 205 -0.04
28  Heckelsgasse HEC 15 24 160 O 0.4 044 223 0.08
29  Eitorf-Stein EIT 14 24 171 0 055 055 238 0
30 Kaolingrube Oedingen =~ OED 22 34 155 0 0.39 051 297 0.24
31  Kiesgrube Ockenfels OCK 11 23 20 0 033 043 226 0.25
32 Homberg Ohm HOM 17 21 124 0 029 044 201 0.36
33 Langgons LAN 20 25 125 O 0.3 036 226 0.18
34  Hammeraue HAM 20 24 120 O 034 039 216 0.13
35  Jagersburger Wald JAE 17 28 165 O 041 053 265 0.22
36  Steinbruch Hochstidten HOC 15 18 120 O 034 038 1.78 0.1
37  Kirchbrombach KIR 13 18 138 0 028 042 1.74 035
38  Heppenheim SB HES 19 28 147 1 0.39 041 257 0.05
39  Vatter Steinbruch VAT 12 28 233 1 054 054 269 0.01
40  Leferenz Steinbruch LEF 15 30 200 O 041 052 275 0.22
41  Kallenberg/Kaiserberg KAL 15 27 180 O 0.34 041 248 0.18
42 Neckarbischofsheim NBH 16 31 194 0 037 043 271 015
43 Diersheim Kiesgrube DIE 23 37 161 2 036 042 293 0.15
44 Forbach FOR 21 31 148 O 045 051 28 0.12
45  NSG Talebuckel TAL 25 29 116 2 048 056 251 015
46  Hechtsberg HEB 18 33 183 0 044 052 291 017
47  Istein IST 40 45 113 5 035 05 314 03

N sample size, N, number of alleles, N;, number of private alleles, H /H, observed/expected heterozygo-
sity, Ay allelic richness, Fg inbreeding coefficient

* value not calculated because of small sample size
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two estimation approaches, i.e., with and without sampling
locations as prior. The run length was set to 10> MCMC
iterations following a burn-in period of 10°. Ten replicates
were performed for every number of clusters (K), and the
corresponding AK ad hoc statistics was calculated (Evanno
et al. 2005). CLUMPP (Jakobsson and Rosenberg 2007) was
applied to align replicates by using the full search algorithm
and corresponding graphs were created with Distruct 1.1
(Rosenberg 2004). Hierarchical analyses were conducted
with each of the clusters most supported by Evanno’s AK.
Hereby, sample localities were restricted to those that
showed at least 80% of cluster affiliation in the previous
analysis (Dufresnes et al. 2013).

Our sample size was uneven among sample localities due
to sometimes very small sub-population sizes. STRUCTURE
might fail to recover the true population structure under
this condition when calculating AK statistics (Puechemaille
2016). Therefore, we followed recommendations given in
Puechemaille (2016): first we used a random subsample
of 15-20 individuals per sample site and removed sample
localities with less than 15 toads from the data set. Thus,
we repeated the STRUCTURE analysis with 655 toads from 36
sample localities. Secondly, we calculated further K estima-
tors (corrected AK, corrected posterior probabilities, Med-
MeaK, MaxMeaK, MedMedK and MaxMedK) with the R
scripts available at http://batlab.ucd.ie/~spuechmaille/. All
datasets were analyzed with parallel structure (Besnier and
Glover 2013), an R-based implementations of STRUCTURE
(Pritchard et al. 2000), at the CIPRES Gateway (Miller et al.
2010).

We calculated genetic distances between the sample
localities as pairwise Fg; (Weir and Cockerham 1984)
and D, (Jost 2008) values as implemented in Arlequin
(Excoffier et al. 2005) and DEMEtics (Gerlach et al. 2010).
Mean F¢; were calculated for each locality with the Pop-
GenReport in R available at http://www.popgenreport.org/.
The relationship between genetic (Fgy, D,,) and geographic
distance was analysed with a Mantel test implemented in
IBDWS 3.23 (Jensen et al. 2005). As recommended by
Rousset (1997), we performed logarithmic transformation
of geographic distances and expressed genetic distance as
F /(1 = Fgp), respectively D, /(1 —D,,,). The significance
for r <0 was estimated via 10,000 randomizations. The lin-
ear geographic distances were calculated in QGIS 2.12.2.
We further conducted Mantel Tests for each of the major
clusters defined by STRUCTURE for populations assigned with
a probability of at least 80%.

Landscape genetics
To assess whether genetic variation of sampling locali-

ties was influenced by characteristics of the surrounding
landscape, we conducted a multi-scale landscape genetic
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analysis, similar to McKee et al. (2017). Specifically, we
measured landscape heterogeneity in circles of varying radii
around sampling localities and used these data as covariates
in spatial regression models of genetic diversity and dif-
ferentiation. Radii were 625, 1250, 2500 and 5000 m, with
the smallest radius approximating average reported disper-
sal distances, and the largest radius reflecting maximum
reported dispersal distances of our study species (Jakob et al.
2009). We hypothesized that genetic variation would depend
on land cover, anthropogenic development and topography.
Hence, we measured the proportion of the land cover classes
agriculture, pastures, forests, and urban areas within the
different circles. Additionally, we measured road density
within the circles and assessed both topographic steepness
and ruggedness. For steepness, we calculated the mean, sum,
and maximum values of topographic slopes in the circles,
with higher values indicating steeper landscapes surrounding
the sampling localities. For ruggedness, we used the stand-
ard deviation of elevation, which increases with increasing
elevational variation. Land cover classes were derived from
2012 Corine Land Cover (CLC) data (EEA 2013), road den-
sities from an open-access layer provided by ESRI (2019)
and topography from a digital surface model provided by
the Copernicus Land Monitoring Service (EU-DEM, EEA
2017).

Since our data showed a significant IBD pattern (see
Results), we used a spatial-lag regression model (i.e., a
conditional autoregressive model, CAR) with geographic
distances among sampling localities as a spatial weight-
ing matrix. Using this weighting matrix, the CAR adds the
distance-weighted mean of the dependent variable at neigh-
bouring locations as a predictor to the model. This additional
predictor essentially accounts for IBD, because genetic vari-
ation at a sampling location is partially dependent on the dis-
tance to other sampling locations (Wagner and Fortin 2016).
Furthermore, since we detected two main genetic clusters
and IBD patterns were different for these two clusters, we
conducted all analyses using all occurrences, and also sepa-
rately for each cluster. Dependent variables for genetic dif-
ferentiation were Fg; and D, values, with pairwise values
averaged for each sampling locality (Balkenhol et al. 2013).
Genetic diversity was measured as allelic richness (Ay) cor-
rected for sampling size using rarefaction, calculated in R
package diveRsity (Keenan et al. 2013). Since we suspected
that local population sizes also influenced genetic variation,
we included sample size as an additional covariate. This is
a rather crude proxy of population size, but since sampling
intensity was the same across all sampling localities, it is
reasonable to assume that larger sample sizes stem from
larger populations. We implemented the CAR models in
software GeoDal.12 (Anselin 2018) and compared models
based on delta AIC values corrected for small sample sizes.
Specifically, we first used delta AIC values to find the most
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meaningful buffer size to measure each individual variable,
and then combined the best representation of each variable
in multi-variate models, which were again compared based
on delta AIC. Before constructing multi-variate models, we
first checked for correlations among covariates and only
included variables with Irl< 0.7 in the same model (Dor-
mann et al. 2013).

Results

Phylogeography and genetic diversity for mt genes

Sequencing mitochondrial DNA genes provided polished
fragment lengths of 780 bp for Cyzb (73 sequences from 46

M B. bombina N (B32)
B. bombina S (B31)
M B.v.v. Carpathian E (C41)
B.v.v. Carpathian W (C42)
B.
B.
B.
B.

PPy

v.v. Balkano-Western (BW31)
v.s. Balkano-Western (BW32)
v.s. Rhodopean (RD)
v.p. Apennine (A)

|
|
|
|

510 20 40

locations), 604 bp for COI (17 sequences from 17 locations),
and 814 bp for ND4 (20 sequences from 19 locations). For
our sampling area the mfDNA exhibited almost no variabil-
ity in the three tested markers (Cytb, COI & ND4). The alter-
nating haplotypes differed only by one mutation, which were
silent in all cases. At Cytb three haplotypes were present in
73 sequences from 46 localities with Forbach and Heppen-
heim showing unique haplotypes (For12, Hes13) besides the
main one; at COI two haplotypes were found in 17 sequences
from 17 localities, where Brander Wald presented a unique
haplotype (Bra34); ND4 exhibited only one haplotype in
20 sequences from 19 localities. When the Cyzb haplotypes
were compared with other European sequences of B. varia-
gata and B. bombina, phylogenetic analysis (Neighbor join-
ing and maximum likelihood trees) results showed that all

BN svi2 A B31

BW32 0.00518
0.03294 0.03178
A 0.05171 0.04774 0.04905
0.08744 0.08601 0.08356 0.09985
0.08363 0.08218 0.07980 0.09881 0.00876
B31 0.12337 0.12173 0.10676 0.11877 0.09448 0.09367
0.12566 0.12405 0.11215 0.11805 0.09685 0.09603 0.00919

Fig.2 Haplotype network and p-distances based on mitochondrial DNA (Cytb) of yellow-bellied toads in the study area (green with yellow bor-

der) and additional European Bombina samples from Genbank

@ Springer



520

Conservation Genetics (2021) 22:513-529

analyzed samples belonging to Germany were included into
the Balkano-Western clade (Fig. 2). Our haplotype network
revealed that the B. bombina sequence JF§98356 published
in Fijarczyk et al. (2011) is actually a sequence from B. v.
variegata. The genetic distances (p-distances) among the
five main Bombina lineages (B. bombina, B.v. Carpathian,
B.v. Rhodopean, B.v. Apennine, B.v. Balkano-Western) are
high and vary among 3% to 12% (Fig. 2).

Population structure and genetic diversity

All ten microsatellite markers were polymorphic, and the
total number of alleles per locus ranged from 9 (12F) to 19
(B13), with an average of 13.5. All loci were monomorphic
at least in one population (F12, F2) to 31 (1A) and 36 (F22)
populations, but showed more alleles in the other popula-
tions; no locus was monomorphic across the whole study
area. Most of the monomorphic loci were in LBK (5 loci)
and OCH (6 loci). There was no significant linkage disequi-
librium at any pair of loci after applying Bonferroni correc-
tions (Online Resource 1).

The test for null alleles (van Oosterhout et al. 2004)
uncovered null alleles in 75 of 470 locus-sampling sites com-
binations (i.e. 10 microsatellites X 47 sites). Therefore, we
reran STRUCTURE with two approaches, (i) discarding all loci
with high load of null alleles, (ii) considering null alleles as
missing data. In general, Bayesian analysis conducted with
STRUCTURE uncovered two major genetic groups, separating
northern and southern/central populations (K =2; Fig. 3a,
d, e). There was no considerable difference in the outcome
when sampling locations were used as prior information
or not. When loci with a high number of null alleles were
excluded from the analysis, results from STRUCTURE remain
unchanged (Online Resource 2). Both major genetic clusters
were further subdivided in two sub-clusters (Fig. 3b, c). In
the northern group BRM, and in the southern/central group
OCH+DOB, LBK +BRA as well as HOC + KIR seem to be
less connected by gene flow to the other localities.

The subsampled data set also resulted into the most likely
population structure of K=2 and no differences were found
in the assignment of sample localities or individuals to the
two clusters compared to the full data set (Online Resource
3). Also, the corrected AK indicated exactly the same popu-
lation structure (Online Resource 4). However, the other
estimators of K pointed to K=1 (for PPKCor0.8) to K=19
(for MaxMedKO0.5). We conclude that the B. variegata popu-
lation in our study area is indeed hierarchically structured
which is best represented with the AK statistic (Puechemialle
2016), but that both main clusters can be further subdivided.
However, neither of the clusters is genetically isolated, i.e.
gene flow occurred across clusters and sub-clusters as indi-
cated by the many admixtured individuals (Fig. 3).
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Genetic distances (Fg;) among sample sites varied from
0.005 between OSB and NAT in the north to 0.666 between
OCH and LBK. Among the 1081 pairwise comparisons most
F¢p values are significant (Online Resource 5), with only
four comparisons not being significant before Bonferroni
correction and 90 not significant after Bonferroni correction.
Fifty-four F; values are low (<0.01) while 52 F; values
are high (F¢;>0.40). We found two areas which seem to be
less fragmented, indicated by low (partly not significant) Fg,
values: the area in the Weser Hills with AST, AWW, OSB,
NAT, BOR, and SCH; and the same area in comparison
to two populations in the south: VAT and LEF. Addition-
ally, our analyses revealed that three localities are highly
differentiated from other localities: OCH, LBK and LAN.
Overall, the D, values showed the same geographic pattern
for genetic distances, even if in most cases they seem to be
smaller than the corresponding F; values (Online Resource
6).

We found a weak but significant correlation between
genetic differentiation (Fgy, D,,,) and geographical dis-
tance (Fgp: Z=756.27,r=0.14,p=0.003, D,;: Z=1545.59,
r=0.16, p<0.0001) indicating that genetic differentiation
among sites is only partially explained by geographical dis-
tance. When the two clusters were analyzed separately, the
correlation within each was more significant (North-Clus-
ter: Z=10.0, r=0.59, p=0.017 (Fgp), Z=11.0, r=0.57,
p=0.032 (D,,,) South/Central Cluster: Z=303.48, r=0.17,
p=0.036 (Fgp), Z=172.28, r=0.21, p=0.005 (D))
(Online Resource 7).

Overall, genetic diversity was low to moderate (Table 1).
The observed heterozygosity (H,) ranged from 0.19 (OCH)
to 0.59 (AWW), the expected heterozygosity (H,) from 0.26
(OCH) to 0.68 (NAT), and the allelic richness (Ag) from
1.51 (LBK) to 4.69 (OSB). At most sample sites, the H, was
lower than H,, indicating low genetic diversity and possible
inbreeding (Fig. 4). In eighteen sample sites, the toads had
private alleles (V;;), mostly one or two, but AST had eight,
and OSB and IST each had five private alleles (Table 1).

We detected ten localities in the north and 21 localities
in the south with a high inbreeding index (F/) significantly
differing from zero (Table 1); in all these cases the observed
heterozygosity was considerable lower than the expected
one. Most severe inbreeding was detected in OSB in the
northern cluster.

Landscape effects on genetic variation

Best CAR models explaining genetic diversity and differ-
entiation of the toad occurrences involved the three vari-
ables urban areas, road density, and topographic ruggedness
(Table 2). All of these three variables produced lowest delta
AIC values when measured in a radius of 2500 m. Since
the variables urban areas and road density were highly
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Fig.3 Population structure of yellow-bellied toads as outcome of the STRUCTURE analysis, a for the total study area, b for the northern genetic
cluster, ¢ for the southern genetic cluster, d mean likelihood for each K and e AK for each K for the total area

correlated (r=0.748), we could not include them in the
same model. Thus, we instead rescaled both landscape lay-
ers to range from O to 1 and then added them up, creating a
new landscape layer that had highest values when both the
amount of urban areas and road densities were high (‘Urban
areas + Road density’ in Table 2). Results for genetic differ-
entiation were congruent among both estimates of genetic
differentiation (Mean Fg; and D,,,), hence we here only
report values obtained from mean Fg; values. The relative
performance of the three explanatory variables differed
depending on the occurrences used and also on whether
genetic diversity (Ag) or genetic differentiation (Fg;) were
modelled.

When using all occurrences, best models involved the var-
iables road density and urban areas, but R? values were gen-
erally low with best models explaining about 14.5% of the
variation in F; values and about 9.8% in Ay values. Using
only occurrences from the southern/central cluster improved
R? values to 0.170 and 0.151 for Fg; and A, respectively.
Furthermore, topographic ruggedness was suggested as a
somewhat important predictor of genetic differentiation in
this cluster (R>=0.127, delta AICc=1.789). Highest R val-
ues were obtained for the northern cluster, where the com-
bination of urban areas and road density explained 60.5% of
the variation in F¢; values and 55.5% in the A, values. All
of best models shown in Table 2 with delta AICc values <2
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Table 2 Resu.lt§ for CAR, Dependent Explanatory variable(s) Northern cluster South/Central All
models gxplammg genetic variable cluster
differentiation (Fg;) and
diversity (Ag) of yellow-bellied R’ delta AICc  R? delta AICc  R? delta AICc
toad occurrences for a radius of
2500 m Fgr Urban areas 0.590 0.000 0.109 2.592 0.101 2.208
Urban areas + Road density  0.605 1.709 0.170 1.982 0.145 1.830
Road density 0.371 5.494 0.169 0.000 0.142  0.000
Ruggedness 0.199  8.005 0.127 1.786 0.088 2.860
AR Road density 0.536  0.000 0.054 4.505 0.085 0.000
Urban areas + Road density  0.555 1.575 0.151 2.108 0.098 1.499
Urban areas 0.437 1.647 0.143  0.000 0.037 2.591

Best models (i.e., models with a delta AICc <2) are shown in bold. Note that all other variables and mul-
tivariate models had delta AIC values>9 and R?><0.05 for both dependent variables, regardless of the

occurrences used

were also highly significant (p=0.001). All of the other
variables we tested had delta AICc-values > 9, led to low
R? values (< 0.05) and were insignificant (p > 0.05). Sample
size, as a proxy of population size, was almost significant
(p=0.066), and explained about 3% of the genetic diversity
(R?=0.029) when considering all occurrences.

Discussion

In this study, our goals were to determine whether the
occurrences of yellow-bellied toads in a project region
in Germany were genetically structured and, if this was
the case, whether different genetic units have to be taken
into consideration for conservation measures. Moreover,
we were interested to measure genetic diversity across the
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study region to identify genetically depleted populations
and anthropogenic habitat alterations that might hamper
dispersal and be associated with low genetic diversity.
Our molecular analyses revealed that our B. variegata
occurrences jointly fall into the previously described
Balkano-Western mtlineage, while microsatellites in com-
bination with Bayesian cluster analyses revealed the exist-
ence of two major genetic clusters whose geographic bor-
der runs from western Germany towards the Weser Hills
in the north. We recommend considering both clusters as
different management units even though some gene flow
is or was present. The genetic diversity of the toads is low
over the whole study area with significant inbreeding in
66% of the study localities (31 out of 47). Genetic depres-
sion can be primarily explained by habitat fragmentation
due to the presence of roads and urban areas, which likely
present important migration barriers for the toads.
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Phylogeography

Within our study area B. variegata exhibited almost no
variability at mitochondrial DNA genes (Cytb, COI,
ND4). For each mitochondrial gene we found only one
abundant haplotype in 96—-100% of the analyzed samples.
The few remaining unique haplotypes occurred within
one mutation step from the main haplotype. This lack
of polymorphisms indicates that populations of yellow-
bellied toads in Germany are not structured at the level
of mtDNA.

When the resulting mtDNA sequences were compared
with other European sequences of B. variagata obtained
from online databanks (GenBank and BOLD), phyloge-
netic analysis showed that all our samples were included
into the Balkano-Western clade, which was previously
described by other authors (Hoffman and Szymura 2007;
Fijarczyk et al. 2011). This low level of variation at mito-
chondrial markers can be explained by the loss of genetic
variation by repeated founder events and bottlenecks
during the post-glaciation expansion northwestward out
of the Balkan refugium (Hoffman et al. 2007; Fijarczyk
et al. 2011). Our haplotype network also supports the
earlier finding that four main lineages of B. variegata
exist in Europe: one lineage in the Carpathian (with 2
sub-lineages: W and E), one lineage in the Rhodopean,
one lineage at the Apennine peninsula (Italy) and one
lineage at the Balkan extending into western Europe
(with two sub-lineages “Western” and “scabra”) (see
Fijarczyk et al. 2011). Our data do not support the idea
that the lineage at the Apennine peninsula forms a sepa-
rate species (Lanza and Vanni 1991), nor do they support
the subspecies status “B.v. scabra” within the Balkano
Western clade. Instead the four main lineages could be
considered as subspecies. The genetic distances among
B. bombina and the four lineages of B. variegata how-
ever show that the distance between B. v. Carpathian and
Balkano-Western is as high as between B. bombina and
the Carpathian variegata lineage (~ 8%). Further phylo-
genetic studies including more genetic and ecological
information would be helpful discussing the taxonomic
and conservation status of European Bombina clades. The
5% threshold in sequence divergence is sometimes con-
sidered to be enough for species delimitation in amphib-
ians (e.g. Hagemann and Prohl 2007; but see Vences and
Wake 2007 for a critical discussion) and would justify
species status to the B.v. Carpathian and Balkano-Western
lineages. In terms of conservation issues, our results are
important because they demonstrate that yellow-bellied
toads all belong to one mt clade indicating the absence
of highly diverged evolutionary significant units (Moritz
1994) within our study area.

Population structure

Our Bayesian cluster analyses revealed two major genetic
clusters: a northern cluster and a southern/central cluster.
The border between the two groups runs in the northern
Weser Hills, particularly between POT at the easternmost
range of the Weser hills and all other localities from LIE
to FUL in the same forest (Fig. 1: top small panel; Fig. 3a:
red cluster). Interestingly, the geographic position between
the two clusters corresponds roughly with the course of an
ancient trade route the “Hellweg” (Leidinger 1999). It might
be possible that yellow-bellied toads used this route along
water filled traffic lanes for migration and colonization of
the northern area before and during the middle age. In the
northern cluster, BRM is genetically different from the other
localities. This isolation is probably due to limited gene flow
to the other localities in the study area since BRM is located
some km apart, outside of the Weser hills, where all other
yellow-bellied toads of the northern cluster are located. The
northern cluster is at the northernmost distribution of the
yellow-bellied toad in Europe.

The STRUCTURE analysis also revealed that gene flow has
been present between the two clusters and is not completely
absent, indicated by the many individuals with mixed (red
and blue) genotypes. It is noticeable that in particular some
populations far in the south have higher proportions of red
(JAE, DIE, FOR) than the populations of the southern/cen-
tral cluster in close proximity to the northern cluster (DOB,
OCH, POT). Potzen (POT) belongs to the southern/central
cluster but is located within the Weser hills at the south-
eastern border and there is no obvious migration barrier to
all other populations in the Weser hills affiliated with the
northern cluster. Limited gene flow between both clusters in
this area might indicate that local and unique selection pres-
sures prevent pronounced admixture, though this warrants
further investigations using genetic markers under selection.
Indeed, nothing is known about local adaptation in yellow-
bellied toads in this area and whether it could impede gene
flow. Further, STRUCTURE and all other analyses also point to
further fragmentation of both genetic clusters. Since origi-
nal habitats of yellow-bellied toads are almost completely
destroyed, the toads rely on secondary habitats (mining
areas, stone quarries) which are largely isolated from each
other (Gollmann and Gollmann 2012; Nadjafzahdeh and
Buschmann 2014). The fragmentation of the toad’s gene
pool reflects the geographic separation of their secondary
habitats.

As mentioned above, defining conservation units is
mainly based on molecular tools, e.g. the population struc-
ture inferred from mt DNA and microsatellites. The appli-
cation of these tools is rather consistent across studies for
different vertebrate groups: divergent, reciprocally mono-
phyletic mt lineages have been interpreted as ESUs, which
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in some cases have been found to be ecologically divergent
(frogs: Neal et al. 2018; fish: Hutama et al. 2017). The
definition of management units mostly relies on the faster
evolving microsatellites for which the population structure
is calculated by using Bayesian cluster analyses, sometimes
in combination with information on the distribution and fre-
quencies of mt haplotypes (amphibian: Allentoft et al. 2009;
Dolgener et al. 2012; Sarasola-Puente et al. 2012; Keely
et al. 2015; mammals: Wiemann et al 2010; fish: Wetjen
et al. 2019). In these cases, microsatellite clusters are con-
sidered as management units and individual management
is recommended. We follow this practice and advise to
consider the northern and southern/central genetic cluster
of yellow-bellied toads as two different management units.
For conservation measures like reintroductions of toads into
suitable habitats or translocations, we recommend to not
mix toads from both genetic clusters, but instead use toads
from several geographically close and genetically related
subpopulations to enhance genetic diversity for increas-
ing fitness and the potential for adaptation (Allentoft and
O’Brien 2010). However, we do not recommend against the
establishment of connectivity measures as for example the
creation of swallow ponds to enable migration between both
genetic clusters. Both clusters are not genetically separated
and evidence of limited gene flow is present; thus in ear-
lier times the natural situation probably allowed some gene
flow. The presence of only one mt haplotype (with only two
exceptions) also indicates that the evolutionary divergence
between both groups is minor. In case animals migrate into
a new genetically distinct population four scenarios are pos-
sible: (1) immigrating animals enhance local diversity and
thereby improve the adaptability of the whole local popula-
tion or (2) genetically distinct animals cause outbreeding
depression in the new habitat (Edmands 2007), or (3) in case
habitat characteristics are very different from the original
one, migrating animals might avoid new habitats which do
not match their phenotype, and/or (4) they adapt to the new
environment by phenotypic plasticity (e.g. Lowe and Addis
2019). The relationships between inbreeding, outbreeding,
genetic distance and ecological differences between popu-
lations have not been tackled in yellow-bellied toads or its
relatives, and thus need further scientific attention.

Genetic diversity

The genetic diversity of yellow-bellied toads in the study
area is low: the mt haplotype diversity is nearly completely
invariant, diversity measures for microsatellites point into
the same direction (low H,, H, and Ay) and the inbreeding
coefficient (Fg) is significant in most occurrences. The sister
species of B. variegata, the fire-bellied toad B. bombina is
abundant in eastern Germany where its population genet-
ics have been studied by Dolgener et al. (2012). A direct
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comparison reveals a much higher genetic diversity in this
species: overall 19 mt haplotypes have been detected, and
genetic diversity indices for microsatellites are consider-
ably higher than in our study species (H,: 0.59-0.78, H :
0.44-0.74 and Ap: 3.5-5.3 for single localities). The low
genetic diversity in B. variegata is alarming since clear
genetic-fitness-correlations have been found in 34 stud-
ies on 17 amphibian species, especially in face of increas-
ing environmental pollution and infection with pathogens
(Allentoft and O’Brien 2010). For example, Johansson et al.
(2007) compared genetic diversity and fitness in the frog
Rana temporaria in continuous (forested) versus fragmented
(agriculture) landscapes. The tadpoles in the fragmented
habitats were smaller and genetically less diverse and had
lower survival than tadpoles from the continuous landscape,
indicating that fragmentation and loss of genetic diversity
reduce fitness. Similar findings are known from natterjack
toads and tree frogs (Rowe and Beebee 2003; Andersen et al.
2004). In tree frogs in France, low genetic diversity in iso-
lated populations was associated with increased froglet mor-
tality when tadpoles had been infected with an amphibian
parasite, the chytrid fungus (Luquet et al. 2012). This finding
is of concern since chytrid fungus infection is increasing
during the last decade in B. variegata (Ohst et al. 2013) and
first evidence exists that population isolation and low genetic
diversity enhances prevalence (Oswald et al. 2020) while the
infection reduces survival of juvenile yellow-bellied toads
(Spitzen-van der Sluijs et al. 2017).

Spatial and landscape effects on genetic variation

Our landscape genetic analyses revealed that both genetic
structure and diversity can be explained by landscape char-
acteristics in a 2500-m radius around occurrences. These
landscape variables explained genetic differentiation much
better than IBD, which explained about 35% of the varia-
tion in F¢; values in the northern cluster, but only about 3%
overall and in the south/central cluster. While topographic
ruggedness seems to influence genetic differentiation in the
southern/central cluster, best models were obtained with
the anthropogenic variables urban areas and road density,
regardless of which occurrences we used. Both variables
have a significantly negative effect on genetic diversity and
connectivity throughout our study area, and explain substan-
tial amounts of genetic variation.

Even though other studies have shown that gene flow
among amphibian populations can sometimes be predicted
by natural landscape characteristics such as topography, veg-
etation or moisture indices (e.g., Murphy et al. 2010; Gutié-
rre-Rodriguez et al. 2017; Lenhardt et al. 2017) our results
are congruent with other studies that have demonstrated
negative effects of anthropogenic land-use on amphibians
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in human-dominated landscapes (e.g., Goldberg and Waits
2010; Safner et al. 2011; Cox et al 2017).

The fact that we obtained best models when measur-
ing variables in a 2500 m radius might indicate that most
multi-generational gene flow occurs across this distance.
Generally, amphibians are poor and short-distance dispers-
ers (Smith and Green 2005), but long distance dispersal has
been reported in several species in the absence of substan-
tial barriers to movement (reviewed in Fonte et al. 2019).
For example, Smith and Green (2006) reported a dispersal
distance of 34 km for a Fowler’s toad (Bufo fowleri) in Can-
ada. Reports for yellow-bellied toads are variable, however
according to most studies the observed dispersal distance
was lower than 300 m within two years for most individuals
(Beshkov and Jameson 1980; Barandun and Reyer 1998). A
mark-recapture study in northern Rhineland-Palatinate (Ger-
many) aimed to estimate migration among four yellow-bel-
lied toad habitats in close proximity (0.5-2.4 km distance;
Hantzschmann and Sinsch 2019). However, no single migra-
tion event from one to another sub-population was detected.
The authors assumed earlier connection but recent isola-
tion and ongoing genetic differentiation despite the short
geographic distance. The overall longest migration distance
reported was 5138 m for a yellow-bellied toad female recap-
tured after 3 years (Jacob et al. 2009). Thus, yellow-bellied
toads might migrate distances as far as 5 km when migration
barriers are absent. However, the presence of urban areas
and associated roads surrounding toad habitats can present
severe impediments to amphibian movement and gene flow
(Cushman 2006), and jeopardize the genetic diversity and
persistence of local populations (Shaffer et al. 2015). Based
on our results, we conclude that the isolation of sampled
toad occurrences is strongly dependent on the amount of
urban areas and road densities in the surrounding landscape.

Implications for conservation

In our study area, yellow-bellied toad occurrences are
divided into two genetic main clusters, which show fur-
ther sub-structuring. Together with low genetic diversity at
two molecular markers (microsatellites and mtDNA) and
strong negative effects of urban areas and road density, our
results point to considerable, human-caused fragmentation
with associated loss of genetic diversity. We recommend
that conservation measures should first aim at enhancing
local and overall genetic diversity. While the restoration of
the original habitats, i.e. course of rivers and floodplains
should be a long term goal, a short term goal should be
to protect occurrences with very low diversity and high
inbreeding (Table 1: OCH, OSB, DOB, GUW, HOM,
LAN, KIR), as well as those that are most isolated (high
F¢; values: BRM, OCH, LBK, HOM, LAN, KIR) which
are the same in four cases. These toad populations should

receive genetic refreshment by introducing toads from
other localities. Translocating individuals from genetically
or environmental different source populations however
might disrupt locally adapted gene complexes and lead to
outbreeding depression. Frankham et al. (2011) developed
a decision tree for the probability of outbreeding depres-
sion between two populations that we can directly apply
to our situation. Outbreeding depression is expected when
two populations — or two genetic clusters—have fixed
chromosomal differences, gene flow was absent during the
last 500 years, live in substantial different environments
and have been separated by more than 20 generations.
While it is unlikely, that toads from both clusters have
fixed chromosomal differences and gene flow was absent
during the last 500 years, environmental factors (climate,
habitat type ect.) have not been assessed systematically
in this study. Moreover, we do not know whether the two
cluster have been separated by more or less than 20 gen-
erations. Many subpopulations are also extremely small
(N <50 toads; Buschmann pers. obs.). Because of the lack
of genetic diversity, small populations are less likely to
be locally adapted than larger populations. Therefore they
should benefit from “genetic capture or genetic rescue” by
the introduction of individuals from larger populations. It
is further recommended, mixing individuals from several
source occurrences while limiting the introduced propor-
tion to 5-20% of the size of the recipient occurrence to
guarantee genetic variation and minimize potential harm-
ful consequences of outbreeding depression (Weeks et al.
2011; Aitken and Whitlock 2013). Probably the easiest
way to enhance genetic diversity at critical yellow-bel-
lied toad occurrences is to release tadpoles from other
occurences that are geographically close, belong to the
same genetic cluster and are ecologically similar (Dol-
gener et al. 2012). This latter point is important, because
divergence in fitness-related traits as a consequence of
local adaptation has been found in amphibians (e.g. Rogell
et al. 2011) including yellow-bellied toads (Dittrich et al.
2016). Regular monitoring should accompany such tadpole
translocations to ensure that occurrences benefit from this
conservation action. Where possible, we further recom-
mend establishing stepping stone habitats to improve con-
nectivity and mitigate the negative impacts of roads and
other urban infrastructures. However, this is only meaning-
ful when occurrences are no more than 2—5 km apart from
each other because of the short dispersal distances of the
toads. Reintroductions might help to improve connectivity
in case appropriate habitats are available. For this purpose,
we advise mixing of tadpoles from several, genetically
more diverse source populations to obtain relatively high
numbers of alleles for improving the potential of adapta-
tion to the new local environment. For translocations and
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reintroductions, the northern and southern/central genetic
cluster should be considered as two management units, but
connectivity between them via natural gene flow should
not be restrained. Finally, efforts to reduce the isolating
effects of urbanization and roads should be increased, for
example via amphibian tunnels, modified drainage culverts
or overpasses specifically designed for amphibians (Woltz
et al. 2008; Smith and Sutherland 2014). In an ideal case,
all of these conservation actions should continue until
several meta-populations (network of a number of sub-
populations connected via dispersal) harboring an effective
population size (Ne) of > 1000 toads in each cluster are re-
established and maintained for safe-guarding a maximum
of genetic diversity and adaptive potential (Frankham
et al. 2014). Finally, more research is necessary. We need
to know how local adaptation, phenotypic plasticity and
genetic diversity interact to increase or decrease fitness in
yellow-bellied toads and other amphibians. For instance,
toads from different genetic clusters and from different
ecological habitats should be crossed and the fitness of
offspring measured and compared to matching pairs. In
future, adaptive components of genetic diversity should
also be included in conservation genetic studies for effi-
ciently protecting populations that are adapted to divergent
local environments (Bonin et al. 2006).
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