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ABSTRACT
Amphibian populations have been declining globally over the past decades. The
intensification of agriculture, habitat loss, fragmentation of populations and toxic
substances in the environment are considered as driving factors for this decline. Today,
about 50% of the area of Germany is used for agriculture and is inhabited by a diverse
variety of 20 amphibian species. Of these, 19 are exhibiting declining populations.
Due to the protection status of native amphibian species, it is important to evaluate
the effect of land use and associated stressors (such as road mortality and pesticide
toxicity) on the genetic population structure of amphibians in agricultural landscapes.
We investigated the effects of viniculture on the genetic differentiation of European
common frog (Rana temporaria) populations in Southern Palatinate (Germany). We
analyzed microsatellite data of ten loci from ten breeding pond populations located
within viniculture landscape and in the adjacent forest block and compared these results
with a previously developed landscape permeability model. We tested for significant
correlation of genetic population differentiation and landscape elements, including land
use as well as roads and their associated traffic intensity, to explain the genetic structure
in the study area. Genetic differentiation among forest populations was significantly
lower (median pairwise FST= 0.0041 at 5.39 km to 0.0159 at 9.40 km distance) than
between viniculture populations (median pairwise FST= 0.0215 at 2.34 km to 0.0987
at 2.39 km distance). Our analyses rejected isolation by distance based on roads and
associated traffic intensity as the sole explanation of the genetic differentiation and
suggest that the viniculture landscape has to be considered as a limiting barrier for R.
temporaria migration, partially confirming the isolation of breeding ponds predicted
by the landscape permeability model. Therefore, arable land may act as a sink habitat,
inhibiting genetic exchange and causing genetic differentiation of pond populations in
agricultural areas. In viniculture, pesticides could be a driving factor for the observed
genetic impoverishment, since pesticides are more frequently applied than any other
management measure and can be highly toxic for terrestrial life stages of amphibians.
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INTRODUCTION
The survival of amphibian wildlife populations is threatened by habitat loss, fragmentation
of populations, diseases, invasive species, climate change and toxic substances (Stuart et
al., 2008). Underlying causes of habitat loss, fragmentation and habitat pollution with
toxic substances are the expansion and intensification of agriculture (Gallant et al., 2007;
Hartel et al., 2010) as well as built-up areas due to the development of traffic infrastructure,
urbanization and industrialization (Löfvenhaft, Runborg & Sjögren-Gulve, 2004). While the
hazard of built-up areas for amphibians is obvious (i.e., roads with car traffic as physical
barriers), the threat of agriculture is more complex. Beside habitat loss and fragmentation
of remaining suitable habitats or populations, agriculture often requires the development of
irrigation, drainage and/or retention systems, which can impact the availability and quality
of amphibian breeding sites. Yet despite their limited dispersal capacity compared with
other vertebrates (Hillman et al., 2014), amphibians have been able to persist in agricultural
landscapes by adapting to the altered availability of breeding sites (Mann et al., 2009). In
agricultural landscapes, breeding habitats are often completely surrounded by arable land
(Berger, Pfeffer & Kalettka, 2011). Thus, amphibians regularly have to cross agricultural
land during dispersal and seasonal migration (i.e., spring migration for reproduction) or
for foraging and are therefore likely exposed to field cultivation measures (Becker et al.,
2007; Lenhardt, Brühl & Berger, 2014; Joseph, 2016).

The expansion and intensification of agriculture also involves input of a wide variety of
agrochemicals into the environment. Pesticides play a crucial role in this context, since they
can be highly toxic to terrestrial life stages of amphibians (Brühl et al., 2013; Cusaac et al.,
2016). Additionally, a spatio-temporal overlap of pesticide applications with the terrestrial
activity phase of amphibians was demonstrated for some crops (Lenhardt, Brühl & Berger,
2014). In a terrestrial exposure scenario, application-relevant rates of fungicides caused
mortality rates of approximately 70% (Belden et al., 2010) and 100% (Brühl et al., 2013) of
amphibian test organisms. Also, the use of two or more pesticides in a mixture application
is very common and may cause higher toxicity compared to non-mixture applications
(Kumar, 2014; Brodeur et al., 2014). Furthermore, pesticides from different applications
may accumulate in surface waters (Ulrich et al., 2015), exposing adult amphibians and
their larvae to a diverse pesticide mixture. The demonstrated sublethal and lethal toxicity
of various pesticides on aquatic and terrestrial life stages of amphibians (Sparling &
Fellers, 2009; Relyea, 2011; Denoël et al., 2013; Ghose et al., 2014; Lau, Karraker & Leung,
2015) suggests a potentially strong selection effect on meta-populations in agricultural
landscapes. Furthermore, mortality or reduced locomotion capacity of amphibians due
to pesticide exposure may promote the fragmentation of breeding pond populations
(Lenhardt et al., 2013).

An indirect method to assess the effect of fragmentation on amphibian breeding pond
populations is the use of neutral molecular markers, such as polymorphic microsatellites,
i.e., non-coding DNA sequences consisting of tandem repeats and exhibiting highmutation
rates (Jehle & Arntzen, 2002). By combining several microsatellite markers it is possible
to estimate genetic differentiation among adjacent populations (Beebee & Rowe, 2008).

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 2/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.3520


Linear barriers, such as roads or major rivers, can cause a significant increase of genetic
differentiation among amphibian breeding populations (Arens et al., 2007; Marsh et al.,
2007). If agricultural fields function similarly as migration barriers or sink habitats, a
population differentiation within a meta-population could be expected.

In the present study, we analyzed the genetic differentiation of six Rana temporaria
LINNAEUS 1758 (European common frog) breeding pond populations from a viniculture
landscape, using ten polymorphic microsatellite loci. Also, we analyzed four populations
from the adjacent Palatinate Forest as a reference forwidely unhindered gene flow.We tested
for significant correlation of genetic population differentiation and landscape elements,
including land use and linear barriers (roads and their associated traffic intensity), to explain
the genetic structure in the study area. If viniculture acts as a migration limiting barrier
for amphibians, we would reject the null hypothesis of a meta-population in the study
area and rather expect a detectable genetic structuring among the analyzed R. temporaria
breeding pond populations. Also, we compared the estimated genetic differentiation with
the results of a landscape permeability model from the same study area (Lenhardt et al.,
2013). In this model, pesticides were considered to decrease the permeability of agricultural
land, causing a fragmentation or even isolation of amphibian breeding sites. The aim of the
present study was to test the model predictions for the common frog by applying landscape
genetic methods, i.e., whether the genetic differentiation of the examined breeding pond
populations would reflect the predicted population fragmentation of common frogs in the
vinicultural landscape.

MATERIAL AND METHODS
The study was conducted in Rhineland-Palatinate, Germany, between Neustadt/Wein-
strasse and Landau/Pfalz (Fig. 1; Figs. S1–S3). We sampled ten breeding pond populations
of R. temporaria during the breeding seasons 2012–2014. Six of these ponds (P1–P6) were
located in the vineyards of Southern Palatinate and four (P7–P10) were inside the adjacent
Palatinate Forest. The distance between the sampled ponds P1–P9 varied between about
0.9 and 15 km, whereas P10 was located about 40 km northwest of the core study area near
Kaiserslautern (Figs. S4). The waterbodies of breeding pond populations P3, P5 and P6
were directly connected to the Palatinate Forest by permanent or seasonal streams, whereas
for P1, P2 and P4 this was not the case.

We collected eggs from all explicit distinguishable clutches (N = 7–10) of R. temporaria
per breeding pond (P1–P9; in total 71 clutches) and hatched them in 300 ml glass bottles
filled with tap water to Gossner stages 20–25. Sampling was approved by the Structure
and Approval Directorate South of Rhineland-Palatinate, department 42, Upper nature
conservation authority (approval number 42/553-254). Three tadpoles per clutch were
randomly selected for genetic analysis. Since females of R. temporaria typically lay a single
clutch per breeding season (Schlüpmann et al., 1996), we assumed only full-siblings existed
within clutches. Furthermore, we included genetic data of 21 adult R. temporaria from
P10 from a previous study (Müller, Lenhardt & Theissinger, 2013). We applied a high salt
DNA extraction protocol to obtain DNA from tissue samples of the tadpoles (Aljanabi &
Martinez, 1997).
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Figure 1 Schematic overview of the core study area in southern palatinate between ‘‘Neustadt an der
Weinstraße’’ (north of P1) and ‘‘Landau in der Pfalz’’ (south of P6) with median pairwise FST values for
selected pond population pairs. Pond labels of Lenhardt et al. (2013) in brackets. Pie charts of the pond
populations show the overall share of each cluster on the population, based on the STRUCTURE analysis
for clusters K = 4 (see Fig. 2 for cluster colors in pie charts).

We analyzed ten variable microsatellite loci (Table 1; Matsuba & Merilä, 2009) and
amplified the fragments in two multiplex PCRs using the QIAGEN Multiplex PCR Kit
(Hilden, Germany) followingMüller, Lenhardt & Theissinger (2013). The selected loci were
chosen from a number of tested loci due to their amplification success and polymorphism
in an earlier study (Müller, Lenhardt & Theissinger, 2013). Also, six of the selected loci were
located on different chromosomes (Table 1; see Cano et al., 2011). Amplification products
were run on a CEQ 8000 Sequencer (Beckman Coulter, Krefeld, Germany). Fragments were
analyzed with the software GeneMarker 1.95 (SoftGenetics, State College, Pennsylvania,
USA) and verified with Micro-Checker 2.2.3 (Van Oosterhout et al., 2004).

The main concern of larvae sampling is a potential bias of the results due to siblings in
the data set. Removing full-siblings most likely produces results that are closer to those
calculated from adult individuals and therefore improves the inference of population
genetic studies based on larval samples (Goldberg & Waits, 2010). We removed full-
siblings from the data by randomly selecting one tadpole per clutch, resulting in seven
to ten individuals per population. We calculated Hardy-Weinberg-Equilibrium over all
populations using GenePop 4.2 (Raymond & Rousset, 2004). We grouped individuals from
populations P1–P6 into a viniculture population (V) and individuals from P7 to P10 into a
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Table 1 Basic information on usedmicrosatellites: amplification success (AS) based on all data as well as the number of sampled alleles and al-
lelic richness for forest (F) and viniculture (V) populations. Physically unlinked loci are marked with an asterisk (see Cano et al., 2011).

Locus BFG130* BFG092* BFG066 BFG151 BFG090* BFG082 BFG099* BFG160* BFG145* BFG129

;Motif TCTT TATC AAG GAAA CTAT TATC ACTC TCTA TCTA CTAT
;AS [%] 100 84 87 93 78 96 99 100 96 96
;Number of alleles sampled
;F 7 22 17 20 16 21 5 23 16 25
;V 7 19 13 23 13 22 4 23 15 23
;Allelic richness
;F 6.924 21.759 16.195 19.762 16.000 20.665 4.928 22.578 15.928 24.638
;V 6.914 17.635 12.952 20.738 13.000 19.900 4.000 19.992 14.115 21.513

forest population (F) and calculated the number of sampled alleles (NA) and allelic richness
(NAR) using FSTAT 2.9.3.2 (Goudet, 2002).

The removal of full-siblings from data may improve the quality of the results, but causes
a low number of individuals per site, especially in small populations. This might introduce
a bias due to picking one individual over another. To compensate for this potential bias,
we applied the repeated randomized selection of genotypes (RRSG) approach (Lenhardt
& Theissinger, 2017). This approach for removing full-siblings from an offspring data set
produces population estimates which are closer to estimates calculated for the parental
data set, compared to estimates based on data containing siblings. Any potential bias due to
selection of one sibling over another is compensated by performing multiple estimates of
the genetic parameters. This RRSG approach was thus applied in all subsequent population
genetic analyses.

To examine the genetic structure of the sampled populations, the Bayesian clustering
software STRUCTURE 2.3.4 (Pritchard, Stephens & Donnelly, 2000) was used. Since the
presence of siblings can also bias the detection of genetic clusters (Anderson & Dunham,
2008; Rodriguez-Ramilo & Wang, 2012), we again applied a RRSG approach creating 500
subsets of genotypes without siblings, resulting in 71 individuals from the populations
P1–P9 per subset. Population P10 was excluded due to a possible isolation by distance
effect (see results; Pritchard, Wen & Falush, 2010).

As we expected some genetic exchange between populations, but an overall weak
population structuring, we chose the admixture model with imposed sampling locations
(LOCPRIOR). The model was calculated with an initial burn-in of 100, 000 and a Markov
Chain Monte Carlo (MCMC) of 500, 000 repeats for each subset and each predefined
cluster number K between 1 and 9. To determine the most likely number of clusters K,
the program STRUCTURE HARVESTER (Earl & VonHoldt, 2012) was used. Results were
combined with the LargeKGreedy algorithmwith 10, 000 random input orders in CLUMPP
(Jakobsson & Rosenberg, 2007) and visualised with DISTRUCT (Rosenberg, 2004).

For linkage disequilibrium over all populations, population pairwise FST and RST as
well as for observed (HO) and expected (HE) heterozygosity calculations we applied the
RRSG approach with 100, 000 calculations using GenePop. Only one individual genotype
per clutch was automatically selected in each calculation, thus producing results for
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linkage disequilibrium, FST,RST,HO andHE values based on data without full-siblings. For
interpretation, we usedmedian pairwise FST (MPF) andmedian pairwise RST (MPR) values
as well as median HO and HE values over all RRSG calculations. For the interpretation
of the linkage disequilibrium we, calculated a possibility of linkage for each loci pair by
forming a quotient of number of calculations where linkage was detected (p-value ≤ 0.05)
divided by total number of calculations of the RRSG approach. We considered a loci pair
linked when 5% or more of the 100, 000 calculations detected a statically significant linkage
disequilibrium for the respective loci pair.

We calculated a distance matrix for the breeding ponds and analyzed isolation by
distance for MPFs and MPRs over all breeding pond pairs using Genepop’s subprogram
ISOLDE (Rousset, 2008). We used MPF/(1-MPF) and MPR/(1-MPR) as the dependent
variable and the corresponding linear geographic distance, number of roads as well as the
cumulated traffic intensity of all roads (vehicles per 24 h; received from the Ministry of
the Interior, Sports and Infrastructure Rhineland-Palatinate in 2015; Tables S1 and S2)
between breeding ponds as the independent variable in a Mantel’s test with Spearman rank
correlation for matrix correlation with 10, 000 permutations (Rousset, 1997).

To address the spatial configuration of habitat types between breeding ponds, we
adjusted the linear geographic distance with respect to present habitat types. Therefore, we
obtained land cover data (ATKIS) of the study area from the State Office for Surveying and
Geobasisinformation Rhineland-Palatinate (2015). We calculated the area of habitat types
(settlements, viniculture, grassland, meadows, copse, forest and waterbodies) and length
of roads in a 200 m wide strip between breeding ponds. Since the vinicultural study area
has, apart from of the ponds and their surrounding areas, no mentionable hideout and
hibernation options for amphibians, we limited our analysis of the spatial configuration
to the most direct migration routes for amphibians between ponds. Assuming an average
daily migration distance of 100 m (Berger, Pfeffer & Kalettka, 2011), 200 m wide strips take
possible deviations from this average daily migration distance, resulting for example from
foraging, into account (see also Vos et al., 2001; Arens et al., 2007).

Positive habitat types like grassland, meadows, copse, forest and waterbodies may
increase the daily migration distance of amphibians due to favorable migration conditions
(such as food availability, humidity and protection against predators). On the other hand,
negative habitat types like settlements and viniculture may decrease the daily migration
distance due to unfavorable migration conditions. In a weighted distance model, such
positive and negative effects of habitat types on the migration of amphibians between
breeding ponds can be addressed. We adapted a weighted distance model (Vos et al., 2001;
Arens et al., 2007), which corrects the linear geographic distance based on the negative and
positive habitat types between breeding ponds. We introduced a habitat correction factor
into themodel (Table 2), since each habitat typemay impact the genetic differentiation with
a different magnitude. For each habitat type, we calculated the corrected linear geographic
distance using the weighted distance model with a habitat correction factor from 1 to 100
in steps of 0.1. We selected the relevant habitat correction factor based on the highest R2

of MPF as well as MPR and the corrected linear geographic distance. Afterwards, we used
ISOLDE to analyze isolation by distance for MPFs as well as MPRs and the corrected linear
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Table 2 Overview of all weighted distance models.

Weighted distance models Description

Linear geographic distance (LGD) weighted for the fraction
of negative area (NA). RNA being the negative area relative
to the total area (TA) in a strip of 200 m wide between two
ponds. Adjusted with the habitat correction factor (HCF)

LGD*RNA
RNA= (NA∗HCF+TA)/TA
Linear geographic distance (LGD) weighted for the fraction
of positive area (PA). RPA being the positive area relative
to the total area (TA) in a strip of 200 m wide between two
ponds. Adjusted with the habitat correction factor (HCF)

LGD*RPA
RPA=TA/(PA∗HCF+TA)

LGD*RNA*RPA Combined weighted distance for positive and negative area.

Table 3 Results of isolation by distance for median pairwise FST (MPF) as well as median pairwise RST

(MPR) and the linear geographic distance (LGD) corrected by the weighted distance models with habi-
tat correction factor (HCF).

MPFs MPRs

Weighted distance model HCF p-value R2 HCF p-value R2

LGD*RNA viniculture 10.8 <0.001 0.327 7.3 0.008 0.159
LGD*RNA settlements 88.5 0.125 0.107 1.0 0.153 0.040
LGD*RPA forest 8.8 0.005 0.303 4.0 0.016 0.079
LGD*RPA grassland 16.2 0.365 0.043 38.5 0.239 0.069
LGD*RPA meadows 11.6 0.165 0.302 10.3 0.092 0.140
LGD*RPA copse 1.0 0.288 0.031 1.0 0.143 0.040
LGD*RPA waterbodies 97.0 0.316 0.038 1.0 0.137 0.041

geographic distance with the relevant habitat correction factor provided by the weighted
distance model, for each habitat type separately. Finally, we combined all habitats (see
Tables 2 and 3) that showed statistically significant isolation by distance in the individual
weighted distance models into one weighted distance model and analyzed isolation by
distance for MPFs as well as MPRs using ISOLDE.

RESULTS
We detected deviation from Hardy-Weinberg-Equilibrium due to heterozygote deficits on
two loci (BFG082 and BFG129) over all populations. Forest populations showed higher
values for number of sampled alleles and allelic richness in comparison to population
viniculture (Table 1). Over all populations, we detected linkage disequilibrium for 27
out of 45 loci pairs (see Table S3). The highest percentage of linkage disequilibrium was
detected for the locus pair BFG66 & BFG90 (95%). Also, we detected linkage disequilibrium
for loci pairs that are physically unlinked (i.e., located on different chromosomes, Cano et
al., 2011), for example BFG90 & BFG145 (86%), BFG90 & BFG160 (78%) and BFG92 &
BFG145 (68%).
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Table 4 Expected and observed heterozygosity calculated with the repeated randomized selection of
genotypes (RRSG) approach over all loci for breeding pond populations P1–P10.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

HE 0.852 0.685 0.776 0.722 0.703 0.664 0.788 0.831 0.840 0.824
HO 0.757 0.600 0.643 0.560 0.629 0.514 0.657 0.771 0.778 0.738

Table 5 Results of the repeated randomized selection of genotypes (RRSG) approach for the median pairwise FST (MPF) andmedian pairwise
RST (MPR). Populations 1–6 were located within vineyards, populations 7–10 in the Palatinate Forest. Population 10 was about 40 km away from
the core study area.

MPR

Pop. 1 2 3 4 5 6 7 8 9 10

1 – 0.1137 0.0104 0.0471 0.0022 0.0333 0.0518 0.0449 0.0826 0.1403
2 0.0987 – 0.0851 0.0854 0.0577 0.0866 0.0277 0.0221 0.0000 0.0607
3 0.0559 0.0523 – 0.0006 0.0000 0.0016 0.0005 0.0405 0.0333 0.0176
4 0.0802 0.0781 0.0372 – 0.0000 0.1027 0.0975 0.0471 0.0355 0.0872
5 0.0532 0.0519 0.0215 0.0457 – 0.0108 0.0536 0.0018 0.0260 0.0640
6 0.0672 0.0383 0.0224 0.0540 0.0268 – 0.0093 0.0537 0.0572 0.0607
7 0.0575 0.0387 0.0223 0.0479 0.0266 0.0012 – 0.0000 0.0000 0.0000
8 0.0574 0.0418 0.0179 0.0459 0.0191 0.0123 0.0064 – 0.0000 0.0451
9 0.0441 0.0339 0.0135 0.0410 0.0084 0.0075 0.0159 0.0041 – 0.0103

MPF

10 0.0687 0.0708 0.0328 0.0751 0.0434 0.0374 0.0409 0.0212 0.0265 –

STRUCTUREHARVESTER identified K = 4 as the most meaningful number of clusters
in our data set (see Fig. S5 and Table 4). ForK = 4, we detected for the breeding pond popu-
lations P1, P2 and P4 separate clusters, whereas the remaining populations formed a joined
cluster.With an increasedK (K = 5 toK = 9), P1, P2 and P4 still formed individual clusters,
while the rest of the populations where assigned to the same cluster up to K = 7 (Fig. 2).

With exception of P1 (HE = 0.852), all pond populations located in viniculture showed
lower levels of heterozygosity over all loci (HE = 0.663–0.776) than populations located
in the Palatinate Forest (P7–P10; HE = 0.788–0.840; Table 4). MPFs ranged from 0.0012
to 0.0987 and MPRs from 0.0000 to 0.1403 (Table 5). The highest MPF and MPR were
estimated between P1 and P2 at a linear geographic distance of 2.4 km (see Table S5 for
a matrix of all linear geographic distances). The lowest MPF was found between P6 and
P7 at a linear geographic distance of 7.9 km. On average, genetic differentiation between
population pairs in viniculture (average MPF= 0.0523, average MPR= 0.0425) was higher
than between population pairs in forest or forest and viniculture, whereas population pairs
in the Palatinate Forest showed the lowestMPFs andMPRs (averageMPF= 0.0192, average
MPR = 0.0092). In general, genetic differentiation among breeding pond populations in
viniculture was comparatively high, despite close proximity of the breeding ponds (e.g.,
linear geographic distance <1 km:MPF= 0.0467; linear geographic distance <2.5 km:MPF
= 0.0987 andMPR= 0.1027), as opposed to breeding pond populations in the forest (linear
geographic distances = 4.5–9.5 km; MPFs = 0.0064–0.0409 and MPRs = 0.0041–0.0648).
Yet populations at breeding ponds with a direct connection to the Palatinate Forest by
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Figure 2 Bar plots of combined STRUCTURE analysis for clustersK = 2 toK = 9 of the investigated
R. temporaria breeding pond populations in the study area. STRUCTURE HARVESTER identified K =
4 as the most meaningful number of clusters. Each vertical bar represents one individual, and the color
composition visualizes the probability to belong to one of the K clusters defined by STRUCTURE. P10 was
excluded from the analysis due to the different life stage of the samples.
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permanent or seasonal streams exhibited lower MPFs to forest pond populations (P3, P5
and P6) compared with agricultural pond populations not connected to the forest (P1, P2
and P4; see Table 5).

Over all breeding pond populations, ISOLDE detected no statistically significant relation
between MPFs or MPRs and linear geographic distance, number of roads or accumulated
traffic intensity between population pairs (p> 0.050). Isolation by distance was statistically
significant for MPFs of the four forest populations (p= 0.0320). However, when excluding
themost distant population P10, isolation by distance was no longer statistically significant.

When analyzing the linear geographic distances corrected by the weighted distance
model, isolation by distance was statistically significant (p-values < 0.050) for viniculture
and forest (MPF and MPR; Table 3). Corrected linear geographic distances of viniculture,
forest andmeadows showed an explained variance of more than 0.300 when correlated with
MPF, whereas explained variancewas significantly lowerwhen correlatedwithMPR (0.079–
0.159). Combining all distance corrections (RNA viniculture and RPA forest, see Tables 2
and 3) that showed statistically significant isolation by distance into one weighted distance
model resulted in statistically significant isolation by distance for MPF as well as MPR
(p-values < 0.005).

DISCUSSION
We analyzed the genetic differentiation of R. temporaria of breeding pond populations
within viniculture and the Palatinate Forest to investigate potential genetic population
differentiation due to agricultural land use. Our microsatellite data exhibited linkage
disequilibrium for 27 of the 45 loci pairs. However, high percentages (up to 95%) of
linkage disequilibrium were also detected for multiple loci pairs located on different
chromosomes and for which linkage is thus unlikely. Moreover, the linkage calculations
were performed over the whole dataset as onemetapopulation. This could have additionally
affected the linkage analyses due to the underlying population structuring, since specific
allele combinations might only occur in some fragmented populations, thus inferring
linked inheritage of respective loci. The vice versa assumption, that genetically linked loci
might have inferred the detected population fragmentation by structure as unreal signal in
our data, can be rejected, since our analyses for gene flow among all populations (MPFs
and MPRs, Table 5) also suggested that the fragmented populations P1, P2 and P4 were
more isolated compared to the other populations. Thus, we evaluated the detected linkage
disequilibrium as statistical artefact and decided to use all ten loci for subsequent analyses.

Our analysis showed structuring within the investigated breeding pond populations
and highlighted breeding pond populations P1, P2 and P4 (all located in viniculture) as
isolated from the meta-population (Fig. 2). Moreover, our data exhibited higher genetic
differentiation among breeding pond populations in the agricultural landscape compared
with breeding pond populations in the Palatinate Forest (Table 5). We observed the highest
genetic differentiation between breeding pond populations in viniculture, which were only
a few kilometers apart (e.g., P1 and P2 with a linear geographic distance of less than 2.5
km: MPF = 0.0987 and MPR = 0.1137). The most distant forest population P10 was
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responsible for a significant isolation by distance among the forest populations. However
the results for P10 have to be treated with caution, since we mixed different life stages
and generations, which may introduce some bias (Peterman et al., 2016). Still, even when
we exclude P10 from the data set, the genetic differentiation within the remaining forest
populations was lower compared with viniculture populations.

Breeding pond populations in the agricultural landscape with a direct connection to
the Palatinate Forest by permanent or seasonal streams exhibited lower MPFs to forest
pond populations compared with agricultural pond populations not connected to the
forest (Table 5), indicating the importance of waterbodies including the adjacent riparian
vegetation for the genetic connectivity in amphibian breeding pond populations. In 2012,
we observed the translocation of Rana temporaria clutches at P8, which were intentionally
moved into the nearby stream due to drought by staff of the ‘‘ModenbacherHof’’, a close-by
horse ranch. This stream is connected directly to P3. During major rain events, some of
the clutches could have been flushed into the pond at P3. Surviving amphibians could
then have contributed to the following reproduction phases, resulting in a one directional
genetic exchange and explaining the rather low MPF value of 0.0179 between P3 and P8.

Our population genetic results were similar to the differentiation of Rana arvalis
(FST= 0.06) in Noord-Brabant, Netherlands, where landscape permeability was low due
to farming intensity and urbanization (Van der Sluis & Vos, 1997; Arens et al., 2007).
Additionally, breeding sites in Noord-Brabant became polluted with agrochemicals
(pesticides and fertilizers) as a result of intensive agriculture (Hoogerwerf & Crombaghs,
1993). For R. temporaria, Safner et al. (2011) found FST values between 0.024 and 0.193 in
a human dominated landscape near Chambery, France, on a fine spatial scale (<20 km).
Negative effects of high agricultural intensity on the occurrence, abundance and genetic
diversity of amphibians on a regional and national scale were also found in several other
studies (Johansson et al., 2005; Trochet et al., 2016; Youngquist et al., 2016).

Our analyses in ISOLDE rejected isolation by distance based on roads and associated
traffic intensity as the sole explanation of the genetic differentiation of R. temporaria;
although, an effect of roads on amphibian population connectivity has been shown
in other studies (Buskirk, 2012; Beebee, 2013; Krug & Pröhl, 2013). However, the weighted
distancemodel showed significant isolation by distance for viniculture and forest, indicating
that these two habitat types are the most relevant parameters to explain the structuring
of breeding pond populations in the study area. Also, the introduction of the habitat
correction factor to the weighted distance model showed that applying habitat specific
permeability can improve the detection of isolation by distance remarkably. However, the
habitat correction factor has to be interpreted in context with the explained variance in
the isolation by distance analyses, since a high habitat correction factor not necessarily
translates into a high impact on population differentiation when explained variance is
low (<0.1). With exception of habitat type copse, introducing the habitat correction
factor to the weighted distance model did improve the explained variance of the corrected
linear geographic distance, when correlated with MPF. For MPR, settlements, copse and
waterbodies did not benefit from the introduction of the habitat correction factor.
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Lenhardt et al. (2013) assessed the potential fragmentation of breeding sites in the
same study area with a simplified expert based landscape permeability model. They
predicted fragmentation, and therefore a potential genetic differentiation, of agricultural
breeding ponds in close proximity, when pesticide applications were considered as a
migration limiting model factor. Our genetic data presented here confirmed the predicted
fragmentation of P1 from the other breeding pond populations (MPFs from 0.0553 to
0.0987; Table 5). However, the model in Lenhardt et al. (2013) overestimated the potential
fragmentation of breeding sites in a number of cases, especially when the breeding ponds
in viniculture (e.g., P3 and P6, Fig. 1) were directly connected to the Palatinate Forest via
permanent streams. Thus, permanent streams and their riparian vegetation may serve as
suitable migration or dispersal corridors within the agricultural landscape.

In our study area, the intensification of viniculture started in the early 20th century.
Particularly in the last 50 to 80 years, the development of mechanical equipment and
the broad availability of pesticides have led to a further intensification and expansion
of viniculture, leaving amphibian species like Rana temporaria with small fragmented
breeding habitats within the agricultural landscape. Nowadays, typical application scenarios
in vineyards of Southern Palatinate consist of up to 12 (on average 8) fungicide applications
per year, within intervals of about 10–14 days between earlyMay andmid-August (Roßberg,
2009; Lenhardt et al., 2013). During this period, amphibians are in their terrestrial life stage
and juvenile individuals migrate away from the spawning waters. Furthermore, fungicide
applications are often applied before or after rain events of more than 3 mm precipitation
(Lenhardt et al., 2013). Such rain events may trigger amphibian migration and general
amphibian activity (Rothermel, 2004; Baldwin, Calhoun & DeMaynadier, 2006). Therefore,
the spatial and temporal overlap of amphibians and applied fungicides is very likely.

Since R. temporaria becomes sexually mature in the third (rarely second or first) year
of life (WestheideRieger, 2015), about 25–40 overlapping generations have passed since
the intensification of viniculture started. Due to the few passed generations, overall
population differentiation is still moderate (FST between 0.05 –0.15; Hartl & Clark, 2007;
Wright, 1978) but may increase due to time-delay in genetic differentiation (Bossart
& Pashley Prowell, 1998). Also, FST might already underestimate the current genetic
differentiation when polymorphic loci are used in highly structured populations, since
FST can’t distinguish between mutation and dispersal (Balloux & Lugon-Moulin, 2002).
The genetic differentiations identified by MPF values were supported by the estimated
MPR values (Table 5), which underlines a separation of breeding pond populations in the
study area.

Due to the temporal coincidence of amphibian activity and pesticide applications,
negative effects on meta-population dynamics could be expected in a viniculture
landscape, if fungicides are generally of high toxicity and exposure of amphibians is
high. Also, pesticide applications were the most frequent management measures in
viniculture (up to 12 applications) and can affect amphibians not only on the application
day, like tillage operations, but up to several days after application, depending on the
chemical decomposition of pesticides. Recent studies and surveys confirmed the presence
of pesticides in amphibian habitats and waterbodies in general (Smalling et al., 2012;
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Ulrich et al., 2015), as well as in amphibian tissues (Smalling et al., 2013; Smalling et al.,
2015; Battaglin et al., 2016; Cusaac et al., 2016). Furthermore, pesticide concentrations in
amphibian tissues were positively correlated with agricultural and urban land around
breeding sites (Battaglin et al., 2016). Therefore, pesticides may be a major factor for
the detected genetic differentiation within the investigated R. temporaria breeding pond
populations. Yet we can only assume this impact and want to highlight the need of more
detailed studies on the effects of pesticides on natural amphibian populations, taking
different life stages as well as different species into account.

We were not able to address differences between organic and conventional viniculture,
since reference breeding sites with noteworthy portions of organic viniculture were not
available in or nearby the study area. Also, it is currently unclear if the use of copper
and sulfur within organic viniculture would actually improve the overall situation for
amphibians (Mackie et al., 2013;Milanovi, Comitini & Ciani, 2013).

In contrast to our and others findings, some studies observed no impact of agricultural
land use on the genetic differentiation of amphibians, although the investigated amphibian
species were known to forage in intensively managed agricultural areas (Le Lay et al., 2015;
Frei et al., 2016). Also, some level of pesticide tolerance for amphibians from agricultural
breeding pond populations was detected (Hua, Morehouse & Relyea, 2013; Hua et al.,
2015). Yet such findings should not be generalized, since tested taxa and pesticides were
limited, and pesticides still may cause lethal or sublethal effects on amphibians, depending
on the path of exposure, exposure level and amphibian life stage.

Although R. temporaria is considered ‘not endangered’ in Germany (Kühnel et al.,
2009) and ‘least concerned’ in Europe (Temple & Cox, 2009), amphibian census indicated
that many breeding pond populations, especially in agricultural land, were rather small
(one to ten clutches) and populations with more than 150 clutches were generally
rare (Schlüpmann, Schulze & Meyer, 2004; Schlüpmann et al., 1996; Wolfbeck, Laufer &
Genthner, 2007). Consistent with these observations, amphibian surveys in the study area
counted between 1 and 60 clutches per breeding site during 2007–2010 (S Bischoff, pers.
comm., 2011; Table S6). We repeatedly counted ten or less clutches for all breeding
pond populations within viniculture (P1–P6) during our samplings from 2012 to 2014.
Considering the small size of breeding pond populations in viniculture, local extinction
may occur when breeding sites have a loose connectivity to surrounding terrestrial habitats
(Safner et al., 2011).

Based on our results, we are concerned about the persistence of amphibians in
agricultural areas, since we can recognize negative trends on the genetic diversity and
differentiation of breeding pond populations. Typical visible barriers like roads with
associated amphibian road mortality could not explain the genetic structuring of the
breeding sites. Yet we could identify viniculture as a barrier for genetic exchange. Since
pesticide applications are the most frequent management measure in viniculture and
pesticides can cause high mortalities in amphibians, pesticides may have a major impact on
amphibian dispersal and therefore on genetic exchange between breeding sites. Following
the precautionary principle it may be advisable to reduce or avoid pesticide applications
during amphibian migration phases and to mitigate pesticide contamination of amphibian
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breeding ponds.We recommend further research on the impact of pesticides on amphibian
individuals and populations in agricultural landscapes.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This project was partly financed by the Deutsche Forschungsgesellschaft (DFG-TH 1807-2).
There was no additional external funding received for this study. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Deutsche Forschungsgesellschaft: DFG-TH 1807-2.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Patrick P. Lenhardt conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, wrote the paper,
prepared figures and/or tables.
• Carsten A. Brühl and Kathrin Theissinger reviewed drafts of the paper.
• Christoph Leeb analyzed the data, reviewed drafts of the paper.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Field experiments were approved by the ’’Struktur- und Genehmigungsdirektion Süd
Referat 42- Obere Naturschutzbehörde’’ (Approval Number: 42/553-254).

Data Availability
The following information was supplied regarding data availability:

The raw data has been supplied as Supplemental Information 1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.3520#supplemental-information.

REFERENCES
Aljanabi SM, Martinez I. 1997. Universal and rapid salt-extraction of high quality

genomic DNA for PCR- based techniques. Nucleic Acids Research 25:4692–4693
DOI 10.1093/nar/25.22.4692.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 14/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.3520#supplemental-information
http://dx.doi.org/10.7717/peerj.3520#supplemental-information
http://dx.doi.org/10.7717/peerj.3520#supplemental-information
http://dx.doi.org/10.1093/nar/25.22.4692
http://dx.doi.org/10.7717/peerj.3520


Anderson EC, DunhamKK. 2008. The influence of family groups on inferences
made with the program Structure.Molecular Ecology Resources 8:1219–1229
DOI 10.1111/j.1755-0998.2008.02355.x.

Arens P, Sluis T, Van’t WestendeWPC, Vosman B, Vos CC, Smulders MJM. 2007.
Genetic population differentiation and connectivity among fragmented Moor frog
(Rana arvalis) populations in The Netherlands. Landscape Ecology 22:1489–1500
DOI 10.1007/s10980-007-9132-4.

Baldwin RF, Calhoun AJK, DeMaynadier PG. 2006. Conservation planning for amphib-
ian species with complex habitat requirements: a case study using movements and
habitat selection of the wood frog Rana sylvatica. Journal of Herpetology 40:443–454
DOI 10.1670/0022-1511(2006)40[442:CPFASW]2.0.CO;2.

Balloux F, Lugon-Moulin N. 2002. The estimation of population differentiation with
microsatellite markers.Molecular Ecology 11:155–165
DOI 10.1046/j.0962-1083.2001.01436.x.

BattaglinWA, Smalling KL, Anderson C, Calhoun D, Chestnut T, Muths E. 2016.
Potential interactions among disease, pesticides, water quality and adjacent land
cover in amphibian habitats in the United States. Science of the Total Environment
566–567:320–332 DOI 10.1016/j.scitotenv.2016.05.062.

Becker CG, Fonseca CR, Haddad CFB, Batista RF, Prado PI. 2007.Habitat split and the
global decline of amphibians. Science 318:1775–1777 DOI 10.1126/science.1149374.

Beebee TJC. 2013. Effects of road mortality and mitigation measures on amphibian
populations. Conservation Biology 27:1523–1739 DOI 10.1111/cobi.12063.

Beebee TJC, Rowe G. 2008. An introduction to molecular ecology. Oxford: Oxford
University Press.

Belden JB, McMurry S, Smith L, Reilley P. 2010. Acute toxicity of fungicide formulations
to amphibians at environmentally relevant concentrations. Environmental Toxicology
and Chemistry/SETAC 29:2477–2480 DOI 10.1002/etc.297.

Berger G, Pfeffer H, Kalettka T. 2011. Amphibienschutz in kleingewässerreichen Acker-
baugebieten. Rangsdorf: Natur & Text.

Bossart JL, Pashley Prowell D. 1998. Genetic estimates of population structure and
gene flow: limitations, lessons and new directions. Trends in Ecology & Evolution
13:202–206 DOI 10.1016/S0169-5347(97)01284-6.

Brodeur JC, Poliserpi MB, D’AndreaMF, SánchezM. 2014. Synergy between
glyphosate- and cypermethrin-based pesticides during acute exposures in tadpoles
of the common South American Toad Rhinella arenarum. Chemosphere 112:70–76
DOI 10.1016/j.chemosphere.2014.02.065.

Brühl CA, Schmidt T, Pieper S, Alscher A. 2013. Terrestrial pesticide exposure of am-
phibians: An underestimated cause of global decline? Scientific Reports 3:1135–1138
DOI 10.1038/srep01135.

Buskirk J. 2012. Permeability of the landscape matrix between amphibian breeding sites.
Ecology and Evolution 2:3160–3167 DOI 10.1002/ece3.424.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 15/20

https://peerj.com
http://dx.doi.org/10.1111/j.1755-0998.2008.02355.x
http://dx.doi.org/10.1007/s10980-007-9132-4
http://dx.doi.org/10.1670/0022-1511(2006)40[442:CPFASW]2.0.CO;2
http://dx.doi.org/10.1046/j.0962-1083.2001.01436.x
http://dx.doi.org/10.1016/j.scitotenv.2016.05.062
http://dx.doi.org/10.1126/science.1149374
http://dx.doi.org/10.1111/cobi.12063
http://dx.doi.org/10.1002/etc.297
http://dx.doi.org/10.1016/S0169-5347(97)01284-6
http://dx.doi.org/10.1016/j.chemosphere.2014.02.065
http://dx.doi.org/10.1038/srep01135
http://dx.doi.org/10.1002/ece3.424
http://dx.doi.org/10.7717/peerj.3520


Cano JM, Li M-H, Laurila A, Vilkki J, Merilä J. 2011. First-generation linkage map for
the common frog Rana temporaria reveals sex-linkage group. Heredity 107:530–536
DOI 10.1038/hdy.2011.39.

Cusaac JPW,Morrison SA, Belden JB, Smith LM,McMurry ST. 2016. Acute toxicity of
Headline R© fungicide to Blanchard’s cricket frogs (Acris blanchardi). Ecotoxicology
25:447–455 DOI 10.1007/s10646-015-1602-x.

Denoël M, Libon S, Kestemont P, Brasseur C, Focant J-F, De Pauw E. 2013. Effects of a
sublethal pesticide exposure on locomotor behavior: a video-tracking analysis in lar-
val amphibians. Chemosphere 90:945–951 DOI 10.1016/j.chemosphere.2012.06.037.

Earl DA, VonHoldt BM. 2012. STRUCTURE HARVESTER: a website and program for
visualizing structure output and implementing the Evanno method. Conservation
Genetics Resources 4:359–361 DOI 10.1007/s12686-011-9548-7.

Frei M, Csencsics D, Brodbeck S, Schweizer E, Bühler C, Gugerli F, Bolliger J. 2016.
Combining landscape genetics, radio-tracking and long-term monitoring to derive
management implications for Natterjack toads (Epidalea calamita) in agricultural
landscapes. Journal for Nature Conservation 32:22–34 DOI 10.1016/j.jnc.2016.04.002.

Gallant AL, Klaver RW, Casper GS, LannooMJ. 2007. Global rates of habitat
loss and implications for amphibian conservation. Copeia 2007:967–979
DOI 10.1643/0045-8511(2007)7[967:GROHLA]2.0.CO;2.

Ghose SL, Donnelly MA, Kerby J, Whitfield SM. 2014. Acute toxicity tests and meta-
analysis identify gaps in tropical ecotoxicology for amphibians. Environmental
Toxicology and Chemistry 33:2114–2119 DOI 10.1002/etc.2665.

Goldberg CS,Waits LP. 2010. Quantification and reduction of bias from sampling larvae
to infer population and landscape genetic structure.Molecular Ecology Resources
10:304–313 DOI 10.1111/j.1755-0998.2009.02755.x.

Goudet J. 2002. FSTAT v 2.9.3.2, a program to estimate and test gene diversities and
fixation indices. Available at http://Www2.Unil.Ch/Popgen/Softwares/Fstat.Htm.

Hartel T, Schweiger O, Öllerer K, Cogălniceanu D, Arntzen JW. 2010. Amphibian
distribution in a traditionally managed rural landscape of Eastern Europe: probing
the effect of landscape composition. Biological Conservation 143:1118–1124
DOI 10.1016/j.biocon.2010.02.006.

Hartl DL, Clark AG. 2007. Principles of population genetics. Sunderland: Sinauer
Associates, Inc.

Hillman SS, Drewes RC, HedrickMS, Hancock TV. 2014. Physiological vagility: corre-
lations with dispersal and population genetic structure of amphibians. Physiological
and Biochemical Zoology: PBZ 87:105–112 DOI 10.1086/671109.

Hoogerwerf G, Crombaghs B. 1993.Herpetofauna onderzoek. Voorkomen en verspreiding
van herpetofauna en kwaliteit van leefgebieden in het zuiden en oosten van Noord-
Brabant. Nijmegen: Limes Divergens adviesbureau voor Natuur and Landschap.

Hua J, Jones DK, Mattes BM, Cothran RD, Relyea RA, Hoverman JT. 2015.
Evolved pesticide tolerance in amphibians: predicting mechanisms based on
pesticide novelty and mode of action. Environmental Pollution 206:56–63
DOI 10.1016/j.envpol.2015.06.030.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 16/20

https://peerj.com
http://dx.doi.org/10.1038/hdy.2011.39
http://dx.doi.org/10.1007/s10646-015-1602-x
http://dx.doi.org/10.1016/j.chemosphere.2012.06.037
http://dx.doi.org/10.1007/s12686-011-9548-7
http://dx.doi.org/10.1016/j.jnc.2016.04.002
http://dx.doi.org/10.1643/0045-8511(2007)7[967:GROHLA]2.0.CO;2
http://dx.doi.org/10.1002/etc.2665
http://dx.doi.org/10.1111/j.1755-0998.2009.02755.x
http://Www2.Unil.Ch/Popgen/Softwares/Fstat.Htm
http://dx.doi.org/10.1016/j.biocon.2010.02.006
http://dx.doi.org/10.1086/671109
http://dx.doi.org/10.1016/j.envpol.2015.06.030
http://dx.doi.org/10.7717/peerj.3520


Hua J, Morehouse NI, Relyea R. 2013. Pesticide tolerance in amphibians: induced
tolerance in susceptible populations, constitutive tolerance in tolerant populations.
Evolutionary Applications 6:1028–1040 DOI 10.1111/eva.12083.

JakobssonM, Rosenberg NA. 2007. CLUMPP: a cluster matching and permutation
program for dealing with label switching and multimodality in analysis of population
structure. Bioinformatics 23:1801–1806 DOI 10.1093/bioinformatics/btm233.

Jehle R, Arntzen JW. 2002. Review: microsatellite markers in amphibian conservation
genetics. Herpetological Journal 12:1–9.

JohanssonM, Primmer CR, Sahlsten J, Merila J. 2005. The influence of landscape struc-
ture on occurrence, abundance and genetic diversity of the common frog, Rana tem-
poraria. Global Change Biology 11:1664–1679 DOI 10.1111/j.1365-2486.2005.01005.x.

JosephM. 2016. Restored wetlands in mid-atlantic agricultural landscapes enhance
species richness of amphibian assemblages. Journal of Fish and Wildlife Management
DOI 10.3996/092015-JFWM-085.

Krug A, Pröhl H. 2013. Population genetics in a fragmented population of the European
tree frog (Hyla arborea). Amphibia-Reptilia 34:95–107
DOI 10.1163/15685381-00002875.

Kühnel K-D, Geiger A, Laufer H, Podloucky R, SchlüpmannM. 2009. Rote Liste und
Gesamtartenliste der Lurche (Amphibia) und Kriechtiere (Reptilia) Deutschlands.
In: Haupt H, Ludwig G, Gruttke H, Binot-Hafke M, Otto C, Pauly A, eds. Rote Liste
gefährdeter Tiere, Pflanzen und Pilze Deutschlands. Band 1: Wirbeltiere. Bundesamt
für Naturschutz: Naturschutz und biologische Vielfalt 70 (1). Bonn-Bad Godesberg:
Bundesamt für Naturschutz, 264–288.

Kumar S. 2014. Scope and relevance of using pesticide mixture in crop protection: a
critical reviw. International Journal of Environment Science and Toxicology 2:119–123.

Lau ETC, Karraker NE, Leung KMY. 2015. Temperature-dependent acute toxicity
of methomyl pesticide on larvae of 3 Asian amphibian species. Environmental
Toxicology and Chemistry 34:2322–2327 DOI 10.1002/etc.3061.

Le Lay G, Angelone S, Holderegger R, Flory C, Bolliger J. 2015. Increasing pond density
to maintain a patchy habitat network of the European Treefrog (Hyla arborea).
Journal of Herpetology 49:217–221 DOI 10.1670/13-056.

Lenhardt PP, Brühl CA, Berger G. 2014. Temporal coincidence of amphibian migration
and pesticide applications on arable fields in spring. Basic and Applied Ecology
16:54–63 DOI 10.1016/j.baae.2014.10.005.

Lenhardt PP, Schäfer RB, Theissinger K, Brühl CA. 2013. An expert-based landscape
permeability model for assessing the impact of agricultural management on amphib-
ian migration. Basic and Applied Ecology 14:442–451 DOI 10.1016/j.baae.2013.05.004.

Lenhardt PP, Theissinger K. 2017. Repeated randomized selection of genotypes for
reliable estimates of population differentiation in data containing siblings. European
Journal of Wildlife Research 63:1–5 DOI 10.1007/s10344-016-1061-6.

Löfvenhaft K, Runborg S, Sjögren-Gulve P. 2004. Biotope patterns and amphibian
distribution as assessment tools in urban landscape planning. Landscape and Urban
Planning 68:403–427 DOI 10.1016/S0169-2046(03)00154-3.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 17/20

https://peerj.com
http://dx.doi.org/10.1111/eva.12083
http://dx.doi.org/10.1093/bioinformatics/btm233
http://dx.doi.org/10.1111/j.1365-2486.2005.01005.x
http://dx.doi.org/10.3996/092015-JFWM-085
http://dx.doi.org/10.1163/15685381-00002875
http://dx.doi.org/10.1002/etc.3061
http://dx.doi.org/10.1670/13-056
http://dx.doi.org/10.1016/j.baae.2014.10.005
http://dx.doi.org/10.1016/j.baae.2013.05.004
http://dx.doi.org/10.1007/s10344-016-1061-6
http://dx.doi.org/10.1016/S0169-2046(03)00154-3
http://dx.doi.org/10.7717/peerj.3520


Mackie KA, Müller T, Zikeli S, Kandeler E. 2013. Long-term copper application in an
organic vineyard modifies spatial distribution of soil micro-organisms. Soil Biology
and Biochemistry 65:245–253 DOI 10.1016/j.soilbio.2013.06.003.

Mann RM, Hyne RV, Choung CB,Wilson SP. 2009. Amphibians and agricultural
chemicals: review of the risks in a complex environment. Environmental Pollution
157:2903–2927 DOI 10.1016/j.envpol.2009.05.015.

Marsh DM, Page RB, Hanlon TJ, Corritone R, Little EC, Seifert DE, Cabe PR. 2007.
Effects of roads on patterns of genetic differentiation in red-backed salamanders,
Plethodon cinereus. Conservation Genetics 9:603–613 DOI 10.1007/s10592-007-9377-0.

Matsuba C, Merilä J. 2009. Isolation and characterization of 145 polymorphic mi-
crosatellite loci for the common frog (Rana temporaria).Molecular Ecology Resources
9:555–562 DOI 10.1111/j.1755-0998.2008.02368.x.

Milanovi V, Comitini F, Ciani M. 2013. Grape berry yeast communities: influence
of fungicide treatments. International Journal of Food Microbiology 161:240–246
DOI 10.1016/j.ijfoodmicro.2012.12.019.

Müller ASAS, Lenhardt PPP, Theissinger K. 2013. Pros and cons of external swabbing of
amphibians for genetic analyses. European Journal of Wildlife Research 59:609–612
DOI 10.1007/s10344-013-0747-2.

PetermanW, Brocato ER, Semlitsch RD, Eggert LS. 2016. Reducing bias in population
and landscape genetic inferences: the effects of sampling related individuals and
multiple life stages. PeerJ 4:e1813 DOI 10.7717/peerj.1813.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure using
multilocus genotype data. Genetics 155:945–959.

Pritchard JK,Wen X, Falush D. 2010. Documentation for structure software: Version
2.3.

RaymondM, Rousset F. 2004.GENEPOP version 3.4—Population genetics software for
exact tests and ecumenicism. Montpellier: Laboratoire de Genetique et Environment.

Relyea RA. 2011. Amphibians are not ready for roundup R©. In: Elliott JE, Bishop CA,
Morrissey CA, eds.Wildlife ecotoxicology. Emerging topics in ecotoxicology. New York:
Springer New York, 267–300.

Rodriguez-Ramilo ST,Wang J. 2012. The effect of close relatives on unsupervised
Bayesian clustering algorithms in population genetic structure analysis.Molecular
Ecology Resources 125:873–884 DOI 10.1111/j.1755-0998.2012.03156.x.

Rosenberg NA. 2004. Distruct: a program for the graphical display of population struc-
ture.Molecular Ecology Notes 4:137–138 DOI 10.1046/j.1471-8286.2003.00566.x.

Roßberg D. 2009.NEPTUN 2009—Weinbau. Braunschweig: Julius Kühn Institute,
Federal Research Centre for Cultivated Plants, Braunschweig, Germany.

Rothermel BB. 2004.Migratory success of juveniles: a potential constraint on con-
nectivity for pond-breeding amphibians. Ecological Applications 14:1535–1546
DOI 10.1890/03-5206.

Rousset F. 1997. Genetic differentiation and estimation of gene flow from F-statistics
under isolation by distance. Genetics 145:1219–1228.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 18/20

https://peerj.com
http://dx.doi.org/10.1016/j.soilbio.2013.06.003
http://dx.doi.org/10.1016/j.envpol.2009.05.015
http://dx.doi.org/10.1007/s10592-007-9377-0
http://dx.doi.org/10.1111/j.1755-0998.2008.02368.x
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.12.019
http://dx.doi.org/10.1007/s10344-013-0747-2
http://dx.doi.org/10.7717/peerj.1813
http://dx.doi.org/10.1111/j.1755-0998.2012.03156.x
http://dx.doi.org/10.1046/j.1471-8286.2003.00566.x
http://dx.doi.org/10.1890/03-5206
http://dx.doi.org/10.7717/peerj.3520


Rousset F. 2008. genepop’007: a complete re-implementation of the genepop
software for Windows and Linux.Molecular Ecology Resources 8:103–106
DOI 10.1111/j.1471-8286.2007.01931.x.

Safner T, Miaud C, Gaggiotti O, Decout S, Rioux D, Zundel S, Manel S. 2011. Com-
bining demography and genetic analysis to assess the population structure of an
amphibian in a human-dominated landscape. Conservation Genetics 12:161–173
DOI 10.1007/s10592-010-0129-1.

SchlüpmannM, Günther R, Bitz A, RehW. 1996. Grasfrosch—Rana temporaria. In: Die
amphibien und reptilien in rheinland-pfalz. Landau: Gustav Fischer Verlag, 195–312.

SchlüpmannM, Schulze M, Meyer F. 2004. Rana temporaria (LINNAEUS, 1758).
In: Petersen B, Ellwanger G, Bless R, Peter B, Schröder E, Ssymank A, eds. Das
europäische Schutzgebietssystem Natura 2000. Ökologie und Verbreitung von Arten
der FFH-Richtlinie in Deutschland. Band 2: Wirbeltiere. Bonn - Bad Godesberg:
Bundesamt für Naturschutz, 165–173.

Smalling KL, Fellers GM, Kleeman P, Kuivila KM. 2013. Accumulation of pesticides in
pacific chorus frogs (Pseudacris regilla) from California’s Sierra Nevada Mountains,
USA. Environmental Toxicology and Chemistry 32:2026–2034 DOI 10.1002/etc.2308.

Smalling KL, Orlando JL, Calhoun D, BattaglinWA, Kuivila KM. 2012. Occurrence
of pesticides in water and sediment collected from amphibian habitats located
throughout the United States, 2009–2010. In: Data series report 707. Reston: US
Department of the Interior.

Smalling KL, Reeves RA, Muths E, Vandever M. 2015. Pesticide concentrations in frog
tissue and wetland habitats in a landscape dominated by agriculture. Science of the
Total Environment 502:80–90 DOI 10.1016/j.scitotenv.2014.08.114.

Sparling DW, Fellers GM. 2009. Toxicity of two insecticides to California, USA, anurans
and its relevance to declining amphibian populations. Environmental Toxicology and
Chemistry 28:1696–1703 DOI 10.1897/08-336.1.

Stuart SN, HoffmannM, Chanson JS, Cox NA, Berridge RJ, Ramani P, Young BE.
2008. Threatened amphibians of the world . Barcelona: Lynx Edicions Gland: IUCN;
Arlington: Conservation International.

Temple HJ, Cox NA. 2009. European red list of amphibians. Luxembourg: Office for the
Official Publications of the European Communities.

Trochet A, Dechartre J, Chevalier HL, Baillat B, Calvez O, Blanchet S, Ribéron A. 2016.
Effects of habitat and fragmented-landscape parameters on amphibian distribution
at a large spatial scale. The Herpetological Journal 26:73.

Ulrich U, Krüger C, Hörmann G, Fohrer N. 2015. Datenlage zur Belastung der
Kleingewässer durch Pestizide in Deutschland: ein Statusbericht. Hydrologie Und
Wasserbewirtschaftung 59:227–238 DOI 10.5675/HyWa.

Van der Sluis T, Vos CC. 1997. Scenario studie verstoring heikikker door wegverkeer
Noord-Brabant.. In: Farjon H, Hazendonk NFH, Hoefnagel WJC, eds. Verkenningen
natuur en verstedelijking 1995–2020. Wageningen: SC-DLO, IKC- Natuurbeheer,
IBN-DLO, 1–27.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 19/20

https://peerj.com
http://dx.doi.org/10.1111/j.1471-8286.2007.01931.x
http://dx.doi.org/10.1007/s10592-010-0129-1
http://dx.doi.org/10.1002/etc.2308
http://dx.doi.org/10.1016/j.scitotenv.2014.08.114
http://dx.doi.org/10.1897/08-336.1
http://dx.doi.org/10.5675/HyWa
http://dx.doi.org/10.7717/peerj.3520


Van Oosterhout C, HutchinsonWF,Wills DPM, Shipley P. 2004.Micro-Checker:
software for identifying and correcting genotyping errors in microsatellite data.
Molecular Ecology Notes 4:535–538 DOI 10.1111/j.1471-8286.2004.00684.x.

Vos CC, Antonisse-De Jong AG, Goedhart PW, Smulders MJM. 2001. Genetic similarity
as a measure for connectivity between fragmented populations of the moor frog
(Rana arvalis). Heredity 86:598–608 DOI 10.1046/j.1365-2540.2001.00865.x.

WestheideW, Rieger G (eds.) 2015. Anura, Froschlurche. In: Spezielle Zoologie - Teil 2
Wirbel- oder Schädeltiere. Berlin: Springer Berlin Heidelberg 327–333.

Wolfbeck H, Laufer H, Genthner H. 2007. Grasfrosch—Rana temporaria. In: Die
amphibien und reptilien baden-württembergs. Stuttgart: Ulmer Verlag, 431–450.

Wright S. 1978. Variability within and among natural populations (Vol. 4). In: Evolution
and the genetics of populations. Chicago: The University of Chicago Press.

Youngquist M, Inoue K, Berg DJ, BooneMD. 2016. Effects of land use on population
presence and genetic structure of an amphibian in an agricultural landscape.
Landscape Ecology 32:147–162 DOI 10.1007/s10980-016-0438-y.

Lenhardt et al. (2017), PeerJ, DOI 10.7717/peerj.3520 20/20

https://peerj.com
http://dx.doi.org/10.1111/j.1471-8286.2004.00684.x
http://dx.doi.org/10.1046/j.1365-2540.2001.00865.x
http://dx.doi.org/10.1007/s10980-016-0438-y
http://dx.doi.org/10.7717/peerj.3520

