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Abstract

Background Open cast lignite mines, sand pits and military training areas represent human-made, secondary habitats for
specialized xerothermophilous and psammophilous species. Rare species, including the earwig Labidura riparia, are found
in high population densities in such sites. However, it is unknown from which sources colonisation took place and how
genetic variation compares to that of ancient populations on natural sites.

Methods Using nine microsatellite markers, we analysed genetic variation and population structure of L. riparia in 21 popu-
lations in NE Germany both from secondary habitats such as lignite-mining sites, military training areas and a potassium
mining heap, and rare primary habitats, such as coastal and inland dunes.

Results Genetic variation was higher in populations from post-mining sites and former military training areas than in popu-
lations from coastal or inland dune sites. Overall population differentiation was substantial (Fgr=0.08; F'qr=0.253), with
stronger differentiation among primary (Fgr=0.196; F'qr=0.473) than among secondary habitats (Fgp=0.043; F'y:=0.147).
Differentiation followed a pattern of isolation by distance. Bayesian structure analysis revealed three gene pools representing
primary habitats on a coastal dune and two different inland dunes. All populations from secondary habitats were mixtures
of the two inland dune gene pools, suggesting multiple colonization of post-mining areas from different source populations
and hybridisation among source populations.

Discussion Populations of L. riparia from primary habitats deserve special conservation, because they harbour differenti-
ated gene pools. The majority of the L. riparia populations, however, thrive in secondary habitats, highlighting their role
for conservation.

Implications for insect conservation A dual strategy should be followed of conserving both remaining natural habitat har-
bouring particular intraspecific gene pools and secondary habitat inhabited by large admixed and genetically highly variable
populations.

Keywords Earwig - Labidura riparia - Microsatellites - Restoration - Colonisation - Inland dunes - Conservation - Human-
made habitat
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In Central European glacial lowlands, sand is the most
frequent geological substrate. However, nutrient-poor, open
and mobile natural sand habitats are rare and confined to
marine coasts, river banks and a few unfixed inland dunes.
These habitats are naturally free of perennial vegetation due
to continuous physical disturbance by water or wind action.
Open sand habitats possess a typical fauna, adapted to the
special abiotic conditions. Due to the rarity of the habitat
type, specialist species of sandy sites find a very limited
number of isolated habitats often threatened by anthropo-
genic habitat destruction.

Lignite open cast mining in Central and East Germany
resulted in dumping nutrient-poor sandy substrates over
large areas (Hildmann and Wiinsche 1996; Wiegleb et al.
2000). Additionally, in military training areas large areas
of open sandy soils were created due to vegetation and top-
soil destruction by trucks and tanks. In the region of Lower
Lusatia open landscapes with a total area of 1000 km? were
generated by anthropogenic influence (Wiegleb and Felinks
2001; Anders et al. 2004). Thus, in Central Europe former
mining areas represent rare cases of allowing the study of
primary succession at larger scales, as the dumped substrates
are initially devoid of higher organisms or diaspores (Prach
1987; Bingemer et al. 2020). In former military training
areas secondary succession starting from non-sterile sub-
strates can be observed (Prach and Pysek 2001; Brunk
2007).

Large post-mining landscapes and other disturbed sites
offer new habitats for plant and animal species and are rap-
idly colonised (Meijer 1989; Mrzljak and Wiegleb 2000;
Brindle et al. 2003; Walker and del Moral 2003; Brunk et al.
2004; Heneberg et al. 2013). The colonisation of arthropods
on such sites and patterns of succession have been inten-
sively studied (e.g. Neumann 1971; Dunger 1991; Brunk
2007). Due to their mere size, the lack of ongoing anthropo-
genic impact small-scale heterogeneity of abiotic conditions,
post-mining landscapes can harbour a rich fauna and flora
and can be of high value for conservation (Brédndle et al.
2000; Tischew 2004; Dolezalova et al. 2012).

Colonization of previously unoccupied habitats critically
depends on the number of colonizing individuals (Bréndle
et al. 2003). It may involve only few individuals resulting
in founder effects, leading to demographic and genetic bot-
tlenecks and reducing genetic variation in founder popula-
tions. The genetic diversity of populations is furthermore
influenced by the population sizes in patches, the number of
patches, and the level of gene flow between patches (Whit-
lock and Barton 1997). The viability of newly founded popu-
lations may be affected negatively by reduced genetic vari-
ation (Amos and Balmford 2001; Hansson and Westerberg
2002), especially when environmental conditions change
(Reed and Frankham 2003). Therefore, genetic variation and
population structure allow both insights into the processes
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of colonisation and the conservation value of the genetic
resources relative to ancient populations on natural sites.

The earwig L. riparia (Pallas, 1773) (Dermaptera: Labi-
duridae) is an insect species confined to open sandy hab-
itats. In Central Europe, it was previously restricted to a
few locations of coastal and inland sand dunes as well as
river banks (Zacher 1917; Weidner 1941; Harz 1957). Local
populations seem to undergo frequent extinctions (Weidner
1941). However, during the twentieth century the species
successfully colonised a large number of secondary sites,
like sand pits (Heneberg et al. 2016) and lignite mines char-
acterised by open sand. In Central Europe, L. riparia cur-
rently maintains the majority of its population in mining
sites (Matzke and Klaus 1996) which thus are important
areas for the conservation of this endangered species (Wal-
laschek 2004). Three principal scenarios may be proposed
for the colonisation of anthropogenic sites by L. riparia,
given the presence of multiple spatially isolated and puta-
tively genetically differentiated natural populations. First,
colonisation of secondary sites could have happened from a
single source population resulting in high genetic similarity
and either reduced or equal levels of genetic variation in sec-
ondary habitats, depending on the strength of bottlenecks.
Second, colonisation could have happened from multiple
genetically differentiated source populations resulting in a
mixture and higher levels of genetic variation than in either
source region. Third, since the species is adapted to ephem-
eral sandy habitat, the newly established sites may have been
continuously colonised from a meta-population that existed
prior to mining activities, resulting in low levels of genetic
differentiation among both old and new populations.

In this study we analysed genetic variation and population
structure of L. riparia from primary and secondary habitats
in East Germany. We addressed the following questions: (1)
Does genetic diversity of earwig populations differ between
natural habitats and secondary sites? (2) Are the populations
genetically structured, and is genetic differentiation related
to geographic distance? (3) Can a single or multiple source
regions be identified for colonisation of secondary habitats?
(4) What are the consequences for conservation?

Materials and methods
Study species

The sand earwig L. riparia (Pallas, 1773) (Dermaptera:
Labiduridae) has a cosmopolitan distribution. It inhabits
sandy but damp sites with no or sparse vegetation (Beier
1959; Matzke 2001). In Central and Eastern Europe, the spe-
cies occurs naturally along the seacoasts, along rivers and on
inland dunes. Rivers with open sandy banks were postulated
as main former colonization routes in Central Europe. The
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species was rare and rated ‘highly endangered’ in Germany
(Binot et al. 1998). Its historical distribution was limited to a
few isolated locations (Fig. 1). Since the middle of the twen-
tieth century, L. riparia was repeatedly found in second-
ary habitats like open cast mines, dumps or sand and gravel
pits in Central and Eastern Germany (Jordan 1957; Donath
1988; Matzke and Klaus 1996; Oelerich 2000; Wallaschek
2004) (Fig. 1). Nowadays, the species also occurs on former
military training areas with sandy substrates (Matzke and

Klaus 1996). Labidura riparia displays large variation in
hind wing length (Weidner 1941). Although flying individu-
als are only rarely observed, it is assumed that winged indi-
viduals are able to disperse (Kleinow 1971; Matzke 1995).
Flight ability has also been assumed leading to the rather
rapid colonization of new habitats (Matzke and Klaus 1996;
Paill 2007). Wing length was measured in all individuals
collected in this study and ranged from 1.17 to 2.93 mm in
females and 1.20 to 3.55 mm in males. Although it is unclear

Fig. 1 Map of extinct (filled
triangle—pre 1941, open cir-
cle—1941-1989), recent (filled
circle—after 1989) and sampled
locations of Labidura riparia

in Northeastern Germany.
Sampling sites are numbered
according to Table 1. Note that
site 3 is an inland dune located
only 20 km from Baltic coast.
Occurrence data according to
Zacher (1917), Weidner (1941),
Miiller-Motzfeld et al. (1990),
Kohler and Renker (2001), Klatt
(2003), Wallaschek (2004),
Matzke (2011) and unpub-
lished recent observations of A.
Altenkamp, C. Blumenstein, W.
Funk, M. Giith, K. Handke, H.
Illig, T. Kappauf
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which wing length allows flying, the large observed length
range may indicate that at least some of the individuals are
able to fly.

Sampling and genotyping

We sampled 21 sites, 5 in primary habitats on coastal and
inland dunes, representing the few known natural popula-
tions in NE Germany (Table 1, Fig. 1). Note that site 3,
although close to the coast, is an inland dune located 20 km
from the Baltic coast without maritime influence (Jeschke
2003). Additionally, 16 sites were sampled in secondary,

man-made, habitats such as lignite mines, military training
sites and mine waste heaps. While the natural dunes origi-
nated in early postglacial times (around 10,000 BC), the age
of the secondary habitats was between 2 and 59 years after
dumping for the lignite mines and > 60 years for the military
training sites. Earwigs were collected in 2004-2006 using
one to four live soil traps per location baited with dry dog
food. The traps were exposed overnight. Earwigs were sam-
pled in the morning and stored in liquid nitrogen. Sample
size ranged from 18 to 38 individuals per site (mean=25.7).

In total, 539 L. riparia individuals were captured and
genotyped at nine microsatellite loci as described previously

Table 1 Sampling sites and No.

. o . Site Age Latitude  Longitude N H, A A,
genetic variation at nine
microsatellite loci Coast of Baltic Sea
1 Hiddensee 1 Natural = 54.579 13.157 27 0.569 32
2 Hiddensee 2 Natural  54.576 13.157 29 0.651 5.6 3.9
Inland dunes
3 Altwarp Natural ~ 53.738 14.225 38 0.672 5.2 3.8
4 Klein Schmoélen 1 Natural — 53.124 11.303 25 0.701 5.1 4.2
5 Klein Schmélen 2 Natural ~ 53.125 11.296 22 0.609 4.8 3.6
Lignite post-mining landscapes
6 Schlabendorf-Siid 1 1988 51.782 13.770 27 0.704 6.1 4.4
7 Schlabendorf-Siid 2 1988 51.783 13.756 29 0.745 6.6 4.6
8 Schlabendorf-Siid 3 1988 51.787 13.802 30 0.748 7 4.7
9 Schlabendorf-Siid 4 1988 51.766 13.778 26 0.679 6.1 4.4
10 Schlabendorf-Siid 5 1988 51.772 13.746 31 0.718 6.1 4.3
11 Schlabendorf-Siid 6 1988 51.810 13.798 29 0.691 6.1 4.2
12 Schlabendorf Nord 1975 51.821 13.879 26 0.698 6 43
13 Plessa 1 1946 51.493 13.629 20 0.681 4.9 3.9
14 Plessa 2 1946 51.492 13.630 30 0.731 5.7 43
15 Cottbus Nord 2003 51.783 14.417 29 0.672 5.1 39
16 Profen Siid 1975 51.181 12.184 18 0.665 53 4.1
Former military training areas
17 Lieberose 1 1942 51.935 14.390 31 0.745 7.2 4.8
18 Lieberose 2 1942 51.925 14.389 27 0.711 6.1 4.5
19 Déoberitz 1 1700 52.531 13.020 18 0.722 6.1 4.6
20 Déberitz 2 1700 52.500 13.034 20 0.693 6.1 4.6
Mine heap
21 Sondershausen 1890 51.401 10.819 7 0.651 39 39
Coastal sites Mean 28 0.610* 48 36"
SD 1.4 0.058 1.1 0.5
Inland dunes Mean 28 0.6614€¢ 508 30948
d SD 85 0.047 0.2 0.3
Post-mining landscape ~ Mean 27 0.703¢  59AB 4 3BC
SD 42 0.029 0.6 0.3
Military sites Mean 24 0.718%¢  64%B 47
SD 6.1  0.022 0.6 0.1

Means between habitat types were compared with Tukey-HSD-tests, values with identical superscript let-

ters are not significantly different at p=0.05

N sample size, H, gene diversity, A mean number of alleles, A, allelic richness based on seven individuals.
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(Gueth and Durka 2006) with the following modifications.
Microsatellite DNA amplifications were carried out in a vol-
ume of 10 pL using a multiplex protocol (Qiagen, Hilden,
Germany): ca. 20 ng DNA, 2 uL Qiagen multiplex PCR mas-
ter mix, 0.2 pM of each primer (1 pL) and 2 pLL H,0. Two
multiplex reactions were performed: Lari05 (label: FAM),
Laril0 (JOE), Laril4 (FAM), Laril7 (JOE) in the first
reaction and Laril8 (TAMRA), Lari37b (FAM), Lari39b
(FAM), Lari51 (FAM) and Lari77 (JOE) in a second reac-
tion. In each locus, some individuals (between 0.2% and
17.4%, average 3.5%, Table 2) did not amplify any fragment,
indicating the presence of homozygous null-alleles. Based
on the raw data, 15 of the 189 locus X site combinations
showed significant departure from Hardy—Weinberg-equilib-
rium, which also may be due to the presence of null-alleles.
Because undetected null-alleles would lead to biased allele
frequency estimates, we used the program MicroChecker
(Van Oosterhout et al. 2006) to adjust allele frequencies and
genotypes assuming Hardy—Weinberg equilibrium Micro-
Checker suggests for each locus and population a list of gen-
otypes in which null-alleles (“0”) are added to homozygous
genotypes according to the estimated null-allele frequency.
We subsequently for each locus renamed the suggested null-
allele and all homozygous null-alleles as additional allele
and thus included them in the analyses. While this adjusted
dataset is optimized for allele frequency, the manually modi-
fied genotype identities do not allow to calculate inbreed-
ing coefficients. Raw data and Null-allele corrected data are
publicly available at https://www.pangaea.de.

Genetic data analysis

Genetic variability at population level was quantified as
mean number of alleles across loci (A) and expected het-
erozygosity (H,, gene diversity), which were determined
using MSA 3.0 (Dieringer and Schlétterer 2003). Because
sample sizes differed among populations, we additionally

calculated allelic richness (A,), a measure of allelic diver-
sity that corrects for sample size, using the program Fstat
2.9.3 (Goudet 1995). Genetic variation among populations
was assessed with F-statistics using (Weir and Cocker-
ham 1984) estimators (¢) with the program Fstat. Because
microsatellites are highly polymorphic, measures of popu-
lation differentiation may be biased downward. We there-
fore used the method of Hedrick (2005) to standardize
estimates of population differentiation: Fg, = Fgy / Formax-
For estimation of Fgy,,, data were recoded so that each
population had a unique set of alleles, keeping the original
allele frequencies with the program RecodeData (Meir-
mans 2006). Arlequin 3.01 (Excoffier et al. 2005) was used
to perform analyses of molecular variance (AMOVA) to
assess the hierarchical genetic structure of alternative pre-
defined population groupings, i.e. Northern German vs.
Central German, primary vs. secondary habitat and old
vs. young mining sites. We tested whether genetic dif-
ferentiation among populations from primary sites dif-
fered from that among secondary sites with a permutation
procedure in Fstat using 500 permutations. A Mantel test
was performed to assess the relationship between genetic
differentiation and geographic distance using Arlequin. In
order to visualise the relationships among populations we
applied principal component analysis (PCA) with PCAGen
1.2 (Goudet 1999).

Furthermore, we applied a model-based Bayesian clus-
tering algorithm to identify gene pools using STRUC-
TURE 2.3.3 (Pritchard et al. 2000). We used the admixture
model with a burnin period of 50,000 and 100,000 itera-
tions and no prior information about population member-
ship. The most probable number of clusters was identified
by running the algorithm 20 times each with values of K
from 1 to 11 and calculating the posterior probability L(K)
and AK according to Evanno et al. (2005). Measures of
genetic variation were compared among groups of popula-
tions using a Tukey HSD-test in R (R Core Team 2018).

Table 2 Variation at

. . . L Locus Size range (bp)  Total #of H, H, Fig Fgr Null-allele frequency

microsatellite loci in L. riparia alleles

prior to adjustment of genotypes

to correct for null-alleles, and Lari77 100-114 8 0.727 0.720 0.018  0.063 0.02 (0-0.138; 0.014)

l‘f;ig;%‘ig‘ﬁg“&‘&?ﬁx Laril0  170-214 16 0.690  0.699 0025 0.107  0.041 (0-0.38; 0.029)

alleles within populations Laril8  112-128 0515 0592 0166 0.107  0.023 (0-0.184; 0.005)
Lari51 169-183 0561 0.594 0076 0.089  0.053 (0-0.389; 0.029)
Laril7  112-144 15 0443  0.651 0333  0.056  0.139 (0-0.4; 0.027)
Lari05 112138 12 0589 0.692 0.163 0.109  0.04 (0-0.19; 0.004)
Laril4  113-145 13 0404 0481 0158 0.051  0.017 (0-0.364; 0.004)
Lari39b  169-185 8 0.710 0741 0029 0.051  0.026 (0-0.275; 0.029)
Lari37b  266-290 13 0.573 0.687 0.140 0.090  0.256 (0-0.648; 0.174)
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Results
Genetic variation within populations

In a total of 539 L. riparia individuals we detected 102 dif-
ferent alleles at 9 microsatellite loci. The number of alleles
per locus ranged between 8 (Lari77, Lari51, Lari39b) and
16 in Lari10. Gene diversity ranged between 0.481 (Laril4)
and 0.741 in Lari39b (Table 2). All 539 specimens showed
different multilocus genotypes. The populations were highly
diverse with mean number of alleles ranging from 3.9 to
7.2, and mean A =5.7, allelic richness ranging from 3.2 to
4.8, with mean A, =4.2 and expected heterozygosity ranging
from 0.569 to 0.748 with mean H,=0.688.

When genetic variation was compared among habitats,
coastal and inland dune sites were less variable than post-
mining sites and military training areas with respect to gene
diversity and allelic richness (Table 1). Thus, earwig popula-
tions from human-made habitat were not genetically impov-
erished relative to natural habitats but in contrast showed
higher levels of diversity. Comparing populations from
young (< 17 years) to old (30-59 years) post-mining land-
scapes did not reveal significant differences in gene diversity,
number of alleles or allelic richness (p > 0.3).

Genetic population structure

Populations were significantly structured as revealed by an
overall Fgp value of 0.08 (SD 0.008, p <0.01). However, as
maximal possible differentiation was low due to high allelic
diversity (Fgrmax =0.316), the standardised measure of pop-
ulation differentiation indicated substantial overall differen-
tiation, F'g;=0.253. When this analysis was confined to the
primary habitats, the respective values were Fgp=0.169 and
F'sr=0.473, indicating pronounced genetic differentiation

among natural sites. When confined to secondary anthro-
pogenic sites, the respective values were Fgp=0.043 and
F'¢p=0.147, which differed significantly from primary
habitats (p =0.002), indicating that populations in human-
made sites are much less differentiated than natural popula-
tions. Analysis of molecular variance (AMOVA) similarly
indicated significant differentiation among populations
with 7.9% of molecular variance residing among popula-
tions (p=0.001). Further hierarchical AMOVAs were car-
ried out for different groupings of sites (Table 3). The most
pronounced differentiation was found for Northern German
(sites 1-3) vs. Central German (4-21) sites. A lower, but
significant differentiation was found for primary habitats
(coastal plus inland dunes) vs. secondary habitats. No dif-
ferentiation was found for post-mining sites vs. military
areas and young vs. old post-mining sites. In all these AMO-
VAs, differentiation among populations within groups was
stronger than differentiation among groups.

Out of 210 pairwise Fgr values, 202 were significant
(p <0.05). The population structure was consistent with a
model of isolation by distance as revealed by a significant
correlation between genetic differentiation and geographic
distance (Fig. 2, Mantel-test p <0.001), indicating equilib-
rium between gene flow and genetic drift and limited long-
distance dispersal.

Individual-based analyses

Principal component analysis showed that populations from
natural habitats on coastal and inland dunes were separated
from secondary sites in post-mining and military training
sites which formed one cluster (Fig. 3). Interestingly, pop-
ulation 3 (Altwarp) from an inland dune located near the
Baltic coast was clearly separated from the other coastal
populations (1, 2, Hiddensee). While these coastal popula-
tions where clearly distinct and separated from all inland

Table 3 Hierarchical (AMOVA)
of L. riparia for different groups
of sampling sites

Groups Variation Variation Variation within =~ ®gp
among groups  within groups  populations (%)
(%) (%)
Northern vs. Central Germany® 5427 6.15™ 88.43™ 0.121
Primary vs. secondary® 1.76" 7.30"" 90.94™ 0.091
Post-mining sites vs. military training areas® 0.33 ns 426" 95.40"" 0.046
Young vs. old post-mining sites® 0.71 ns 4,05 9523 0.048

“p<0.05
“p<0.01

p<0.001

“Northern German sites (1-3) vs. Central German sites (4-21)

PPrimary sites (1-3) vs. secondary sites (6-21)

“Post-mining sites (6—16) vs. military training areas (17-20)
4Young (6-11, 15, 16) vs. old post-mining sites (12—14)
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r=0.693 Mantel-p <0.001
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Fig. 2 Isolation by distance, pairwise genetic differentiation among L.
riparia populations as a function of geographical distances
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Fig.3 PCA of microsatellite allele frequencies of Labidura riparia
populations from natural, primary sites along the Baltic coast (filled
triangles), natural inland dunes (filled squares) and from secondary,
anthropogenic sites (open circles). Numbers refer to sites (Table 1)

populations along the first PCA axis, those from the two
inland dunes where both closer to the cluster of secondary
sites which took an intermediate position between these two
inland dunes.

The PCA results were fully corroborated by Bayesian
cluster analysis which revealed three gene pools (Fig. 4).
The three gene pools correspond to three groups of natural
populations, which were characterized by population level
membership coefficients >95% (Fig. 5). A fourth group was
made up by secondary populations which showed admixture
of gene pools. The first cluster included individuals from the
coastal populations (site 1/2) and the second and third cluster
those from the two inland dune systems 3 (Altwarp) and 4/5
(Klein Schmolen), respectively. Populations from secondary
habitats mostly showed mixture and individual admixture of
the gene pools of the two inland dune gene pools. The con-
tribution of these two inland dune clusters in the populations

14000 30
@ -14500 * 25 X
O -15000 120 =
- [}
3 -15500 - L 15 O
+ 16000 1 L 10 %

-16500 1 L5

-17000 + 0

1 2 3 4 5 6 7 8 9 10 11
Number of clusters, K

Fig.4 Mean posterior probability (Ln P(D)) and AK as function
of number of clusters, K, in STRUCTURE analyses according to
Evanno et al. (2005) resulting in K=3 as most probable number of
gene pools for 539 L. riparia individuals from 21 sites

on secondary habitat varied between 20.2-87.4% (site 3) and
9.9-78.3% (site 4/5) while the coastal gene pool contributed
to negligible extent (1.5-19.2%, mean 4.9%).

Discussion

We showed that genetic variation in L. riparia populations
was higher in secondary sites than in the natural primary
sites studied. The geographically isolated primary popula-
tions on coastal and inland dunes were clearly differentiated
from one another, while the populations on secondary sites
showed close relationships to those on the inland dunes. The
Bayesian cluster analysis showed that secondary sites were
of mixed origin suggesting colonization of post-mining areas
from multiple inland dunes and further internal spread.

Colonisation history

During the ice ages, L. riparia presumably withdrew into
refuges in East, Southeast and Southwest Europe (Weidner
1941). After the retreat of the glaciers, two colonisation
pathways to the north were possible. The melting water
rivers with southeast-north-western direction are generally
proposed routes on which earwigs and other biota migrated
starting from south-east Europe to northern Germany col-
onising suitable habitats on inland dunes and finally on
coastal regions (Harz 1957; Adis and Junk 2002). Although
our data do not provide clear evidence on postglacial migra-
tion routes, the genetic differentiation among coastal and
inland does not preclude the existence of several independ-
ent colonization pathways.

Open sandy habitats must have been much more com-
mon in early postglacial times and were important habitat
for many arthropod groups. During this period L. riparia
presumably formed large populations harbouring high levels
of genetic variation. Later on, the species presumably was
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Fig.5 Bayesian cluster analysis

with STRUCTURE at K=3 for

539 Labidura riparia individu-

als from 21 sites. Each column
corresponds to one individual
and its proportional affiliation
to three colour coded gene pools

repressed into isolated sites on coastal and inland dunes. The
strong genetic differentiation between the gene pools repre-
senting the natural populations in Germany (Fgr=0.196,
F's1=0.473) suggests strongly restricted gene flow among
these populations. In these isolated sites genetic drift may
have reduced genetic diversity which is lowest in the popu-
lations from the Baltic coast (Table 1). Therefore, prior to
increased mining activities starting in the second half of
the nineteenth century, L. riparia was rare and putatively
affected by genetic drift in spatially isolated or ephemeral
habitats. First recordings of single L riparia individuals in
Central German museum collections date back to this period
(Halle: 1869; Thuringia: 1873, Kohler and Renker 2001;
Wallaschek 2004). The species was found in secondary
habitats in the early twentieth century on military training
sites which existed for 200 years, but with lower impact on
habitat structures (Ramme 1911). Other early authors listed
single sites where Labidura had been observed, and simul-
taneously, where it was no longer found at that time (Zacher
1917; Weidner 1941). This indicates that suitable habitats
for the species must have been rare and unstable prior to
large scale anthropogenic disturbance. Only after open cast
lignite mining created large areas of open sandy soils start-
ing during the first half of the twentieth century, L. riparia
colonised the newly developed habitats, thereby drastically
increasing its population. Although two natural populations
from inland dunes were identified as putative source of the
secondary populations, we cannot rule out the existence of
additional source populations that may also have contributed
to the colonisation of secondary habitats.

Genetic differentiation and mobility

Gene flow among insect populations and thus the degree of
genetic differentiation is determined, among others, by the
dispersal power of insect species. The overall genetic differ-
entiation of L. riparia (Fgp=0.08, F'qy=0.253) was similar
to that of other arthropod species with either high mobility
and/or large local population sizes, like e.g. common ground
beetles Carabus auronitens: Fgp=0.075 (Drees 2003) and
Pogonus chalceus, Fgr=0.041 (Desender et al. 1998)), but-
terflies like Maculinea nausithous: Fqr=0.068, F'q;=0.158
(Anton et al. 2007) or grasshoppers (Lange et al. 2010).
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Stronger genetic population structure was only found in
flightless habitat specialists confined to spatially isolated
habitat patches, e.g. in forest-dwelling Carabus-species
[e.g. Carabus variolosus, Fgr=0.465, (Matern et al. 2009)
C. auronitens, Fgr=0.49 (Desender et al. 2002)]. Genetic
differentiation of L. riparia was only slightly higher than
found in the common European earwig, Forficula auricu-
lata [Fgr=0.055, (Brown 2006)]. Both earwig species are
winged but have been observed flying very rarely. However,
despite their apparently poor ability to disperse by flight, F.
auriculata is very easily transported by human activity due
to its synanthropic crevice-seeking behaviour (Brown 2006).
Although such behaviour is uncommon in L. riparia, the role
of anthropogenic transport cannot be ruled out completely,
e.g. with transport of sand or mining and military equip-
ment. The comparison with other taxa and its cosmopolitan
distribution suggests that although being a habitat specialist,
L. riparia is relatively well dispersed thereby maintaining
gene flow. However, F values based on microsatellite data
depend on gene diversity and may strongly underestimate
genetic differentiation (Hedrick 2005). In fact, standardized
genetic differentiation in L. riparia was F'qr=0.253 overall
and F'gy=0.147 for the anthropogenic sites, which indicate
founder effects and suggest that colonisation of new sites
may be accomplished by only a small number of animals.

Implications for conservation

The natural habitats on coastal and inland dunes harbour-
ing L. riparia populations were small and spatially isolated.
There, populations probably are much smaller than in large
continuous secondary sites. The natural populations are
highly endangered by environmental stochasticity, demo-
graphic changes and genetic drift. This is underlined by the
extinction of populations on inland river banks during the
last century (Weidner 1941, Fig. 1). On the other hand, the
Baltic coast population on Hiddensee Island is known to
have persisted at the very same location since the 1950s
(Gtinther 1971). It is an open question whether the reduced
genetic variation in this population is responsible for the fact
that it does neither increase nor colonize new sites along the
Baltic coastline. The populations on primary coastal and
inland dunes formed three differentiated gene pools. These
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populations deserve special conservation in future as they
may represent locally adapted gene pools. It would be inter-
esting to investigate whether the low genetic variation in pri-
mary sites compared to admixed populations on secondary
sites has consequences for the fitness of these populations.
From the perspective of nature conservation, successional
post-mining areas, sand and gravel pits as well as military
training areas are refuge habitats for many threatened taxa
including xerothermo- and psammophilous species (e.g.
Brindle et al. 2000; Warren and Buttner 2008; Heneberg
et al. 2013, 2016). Labidura riparia has profited from the
expansion of such sites in the past and has developed large
and genetically diverse populations. Genetic variation was
higher in secondary sites due to admixture of genotypes
from several source populations. These newly established
populations in turn can act as source populations or stepping
stones during colonisation of new habitats. Early succes-
sional habitats will inevitably undergo changes and will be
overgrown by dense vegetation on the long run (Wiegleb and
Felinks 2001; Felinks and Wiegand 2008). Thus, popula-
tions on secondary sites are potentially endangered, unless
physical disturbance continues, creating new open habitats
and allowing for the development of a metapopulation struc-
ture with repeated extinction and recolonization events.
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