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Abstract
In human-altered landscapes, species with specific habitat requirements tend to persist as metapopulations, forming colonies 
restricted to patches of suitable habitats, displaying mutually independent within-patch dynamics and interconnected by 
inter-colony movements of individuals. Despite intuitive appeal and both empirical and analytical evidence, metapopulations 
of only relatively few butterfly systems had been both monitored for multiple years to quantify metapopulation dynamics, 
and assayed from the point of view of population genetics. We used allozyme analysis to study the genetic make-up of a 
metapopulation of a declining and EU-protected butterfly, Euphydryas aurinia, inhabiting humid grasslands in western Czech 
Republic, and reanalysed previously published demography and dispersal data to interpret the patterns. For 497 colony x year 
visits to the 97 colonies known at that time, we found annual extinction and colonisation probabilities roughly equal to 4%. 
The genetic diversity within colonies was intermediate or high for all assessed parameters of population genetic diversity and 
hence higher than expected for such a habitat specialist species. All the standard genetic diversity measures were positively 
correlated to adult counts and colony areas, but the correlations were weak and rarely significant, probably due to the rapid 
within-colony population dynamics. Only very weak correlations applied to larval nests numbers. We conclude that the 
entirety of colonies forms a well-connected system for their majority. Especially in its core parts, we assume a metapopula-
tion structure with a dynamic equilibrium between local extinction and recolonization. It is vital to conserve in particular 
these structures of large and interconnected colonies.
Implications for insect conservation: Conservation measures should focus on considering more in depth the habitat 
requirements of E. aurinia for management plans and on stabilisation strategies for colonies, especially of peripheral ones, 
e.g. by habitat restoration.
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Introduction

Metapopulations are sets of populations inhabiting spa-
tially separated habitat patches and displaying mutually 
independent within-patch dynamics, including local 
extinctions, which are counterbalanced by recolonisa-
tion from occupied patches (Hanski 1999; Colombo and 
Anteneodo 2015). As many species persist in habitat rem-
nants within increasingly human-dominated landscapes 
(e.g. Slancarova et al. 2014; Nabielec and Nowicki 2015; 
Shuey et al. 2016), understanding the colonisation/extinc-
tion processes responsible for metapopulation persistence 
has become paramount for efficient conservation at the 
landscape level (Hill et al. 1996; Baguette et al. 2000; 
Baguette 2003; Kadlec et al. 2010; Hanski et al. 2017).

Originally, the metapopulation dynamics was inter-
preted with emphasis on demographic and environmental 
processes with little consideration of intraspecific genetic 
variation and natural selection (Hanski 1999), apart from 
inbreeding depression reducing population growth in small 
populations (e.g. Saccheri et al. 1998; Madsen et al. 1999). 
This has gradually changed, and genetic processes in meta-
populations are increasingly targeted (Habel and Schmitt 
2012, 2018; Hanski et al. 2017). For instance, isolation 
can decrease gene flow, and hence disrupt the processes 
maintaining within-population diversity (e.g. Madsen et al. 
2000; Újvári et al. 2002; Sigaard et al. (2008); Habel et al. 
2012, 2019), whereas dispersal among habitat patches 
maintains a high within-population diversity (Schmitt 
et  al. 2003, 2005a, b; Habel et  al. 2010; Kramp et  al. 
2016). Comparative studies of Louy et al. (2007, 2014), 
Habel and Schmitt (2009) and Habel et al. (2010) empha-
sised the importance of dispersal strategies and abilities. 
To maintain genetic diversity, sedentary species tend to 
build up high density populations, whereas mobile species 
can persist under lower local abundances (cf. Habel and 
Schmitt 2009; Konvicka et al. 2012; for an overview see 
Habel and Schmitt 2018). However, current population 
genetic patterns also may reflect past spatial structures 
in many cases, rather than recent landscape patterns (e.g. 
Schmitt et al. 2000; Orsini et al. 2008).

So far, a comprehensive understanding of the interac-
tion between demographic patterns, population genetic 
structures and species viability in landscapes remains 
limited to a few study systems, for which the necessary 
information (distribution of colonies and their occupancy, 
their viability, within-colony population structure) is avail-
able. One such system is the Czech metapopulation of the 
Marsh fritillary, Euphydryas aurinia (Rottenburg, 1775) 
(Lepidoptera: Nymphalidae), an EU protected butterfly 
inhabiting semi-natural nutrient-poor grasslands of Europe 
and temperate Asia (Tshikolovets 2011). This system, 

consisting of a minimum of 100 colonies distributed over 
1,500  km2 at the western fringe of the country, has been 
monitored for over a decade, and studied with focus on 
larval habitat requirements, adult population structure and 
dispersal (Konvicka et al. 2003; Fric et al. 2010). While 
most of the local colonies are rather small, harbouring 
dozens of adult individuals, several large colonies host 
thousands of butterflies, and the whole Czech population 
produces about 20,000 adults per year (Zimmermann et al. 
2011a). Despite sometimes long distances separating local 
populations, dispersal between colonies exists, and colo-
nies as distant as 10 km one from the other still have a 
chance to exchange dispersing females (Fig. 1; Zimmer-
mann et al. 2011a).

In this study, we combine allozyme polymorphisms, 
as measure for genetic diversity and differentiation, with 
demography and dispersal information, obtained by ear-
lier field surveys, to obtain deeper insights into the Czech 

Fig. 1  Euphydryas aurinia colonies in western Czech Republic 
(Karlovy Vary region) and examples of inter-colony movements. a 
Positions of all local colonies known before 2010 (black triangles), 
including the 14 colonies sampled for allozyme analyses (circles), 
and the three clusters, I., II. and III., delimited according to geogra-
phy and genetic distances (Nei 1972). Continuous lines: geographic 
colony groups (distance between groups > 15  km); broken lines: 
genetic subgroups within the geographic group III. Dashed dart: 
the longest recorded individual movement. b, c Two detailed sec-
tions of the E. aurinia distribution area, with the longest male (solid 
lines) and female movement trajectory (dashed lines) recorded within 
these sections during the mark-recapture study of Zimmermann et al. 
(2011b)
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Republic E. aurinia metapopulation dynamics. We first 
summarise the evidence for a metapopulation dynamics of 
the system, based on a decade of monitoring. Second, we 
describe the spatial genetic structure of the metapopulation. 
Finally, we investigate if there is a detectable link between 
the local genetic make-up of individual colonies and demo-
graphic markers of the colonies´ viability (such as popula-
tion size, variation in population size, connectivity measures 
based on spatial distribution of colonies).

Material and methods

The species

Euphydryas aurinia (Rottenburg, 1775) is a polymorphic 
species (Junker et al. 2015; Korb et al. 2016), inhabiting a 
wide range in the Palaearctic temperate zones (Tshikolovets 
2011) and displaying multiple regional habitat and host plant 
specialisations (Singer et al. 2002; Junker and Schmitt 2010; 
Junker et al. 2010; Meister et al. 2015). However, the bulk 
of the populations in Central and Western Europe, less the 
Alps, inhabits nutrient-poor semi-natural grasslands, often 
developing on Succisa pratensis, a late summer to autumn 
flowering forb. Due to the loss of such grasslands, the spe-
cies is threatened in most of Western and Central Europe 
and has been listed on annex II of the EU Habitats Directive. 
Females of this univoltine butterfly lay egg batches at the 
underside of host plant leaves, preferring plants growing at 
short-sward patches within the grasslands (Konvicka et al. 
2003). Larvae develop in communal nests until overwinter-
ing and continue feeding solitarily in spring. Adult flight 
lasts three to four weeks from May to July, depending on 
climate, weather and altitude (Junker et al. 2010; Zimmer-
mann et al. 2010).

Study system

The Czech E. aurinia distribution is restricted to the Karlovy 
Vary region, the westernmost part of the country, where a 
sizeable proportion of semi-natural grasslands has remained 
unaffected by farming intensification owing to the existence 
of a military area, two freshwater accumulation reservoirs, 

numerous mineral water sources, and a depopulated border-
land separating former Eastern and Western blocks (Zim-
mermann et al. 2010). Within this region, three distinct sub-
areas are occupied by the butterfly (Fig. 1a).

From the West, the first sub-area adjoining Czech/Ger-
many borders is situated in Smrčiny/Fichtel Mts. (highest 
point: Schneeberg, 1051 m a.s.l.), gently rolling system of 
Variscan origin, built from crystalline rocks and mainly cov-
ered by Picea abies plantations (≈ 60% of the area, the rest 
are mainly hay meadows and pastures). The colonies are 
found on nutrient-poor humid grasslands adjoining streams 
separating the two countries; their average elevation is 577 m 
a.s.l. (± 27.4 SD, range 540–640). To the Southeast, a few 
colonies exist on boggy grasslands of the flat Chebská Pan 
(Soos nature reserve, 440 m a.s.l.), covered by marshland 
prehistorically but mostly intensively cultivated at present. 
Still further to the Southeast, following the SW-NE flow of 
the Ohře river, the bulk of the Czech distribution is situ-
ated, mostly on the elevated plateaux of the Tertiary volcanic 
Doupovské Mts. (maximum elevation: Hradiště, 934 m a.s.l.) 
and Slavkovský les Mts. (Lesný, 983 m a.s.l.), and some on 
the eastern slopes of crystalline Variscan Český les Mts. In 
this region, the colonies are found at mid-elevations of the 
mountains (average elevation: 683 m a.s.l. ± 72.1 SD, range 
520–810), at patches of nutrient-poor humid grasslands 
(≈5% of the entire area), preserved mostly at boggy water-
logged sites (springs, brook banks, banks of locally com-
mon fish ponds, etc.). Other land covers include improved 
grasslands (≈40%) used mainly as beef cattle pastures, or for 
intensive hay production, and woodlands (≈40%), with pre-
vailing P. abies plantations (Český les, Slavskovský les) and 
sparse Betula pendula—Sorbus aucuparia—Pinus sylvestris 
groves. The rest is settlements, arable land and water bodies.

Since 2001, when only seventeen E. aurinia sites were 
known to conservationists within this region, intensive 
searches for colonies, plus annual counts of communal lar-
val nests in the first decade of September, a standard method 
for E. aurinia surveys (Hula et al. 2004; Schtickzelle et al. 
2005), had been carried out. By autumn 2010, a total of 97 
colony patches were known (Fig. 1a) and larval counts were 
available for 497 colony-year combinations (Table 1). Seven-
teen of these colonies were monitored for ten years, whereas 
eight for only one year (average number of monitoring years 

Table 1  Overview of E. 
aurinia colony monitoring 
data, situation in autumn 2009, 
with detected extinctions and 
recolonisations

From initial 17 colonies known in 2001, when the annual monitoring of larval nests started, further 80 
colonies were discovered until 2010. Hence, not all colonies were monitored for all years

Colony *years Detected 
extinc-
tions

Detected 
recolonisa-
tions

Repeated 
extinctions

Repeated 
recolonisa-
tion

All known colonies (n = 97) 497 40 15 4 1
Monitored since 2001 (n = 17) 96 17 6 3 1
Allozyme sampled colonies (n = 14) 98 2 2 1 1
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per colony: 4.5 ± 0.26 SD, median: 4.0). The total summed 
area of all known colonies was 389 ha (mean per colony: 
4.1 ha ± 0.63 SD; range 0.03–36 ha, median: 1.7 ha), the 
mean distance to the nearest colony was 128 m ± 249 SD 
(range: 10–2,320 m, median: 72 m) and the average patch-
to-patch distance, including the most distant colonies in the 
system, was 2,980 m ± 301 SD, median: 260 m.

To describe the local demography patterns, a single sys-
tem of patches was followed for eight years (2002–2010) 
using mark-recapture (MR) of adults, and practically all 
colonies occupied in 2007 (n = 83) were studied using MR 
in that year (Zimmermann et al. 2011a). Within the single 
system, adult female numbers fluctuated (with CV = 0.501) 
more than male numbers (CV = 0.428) (sexes combined: 
CV = 0.397). Adult density per hectare of habitat ranged 
from 90 to 120 individuals, exhibiting a density-dependent 
relationship to colony size from previous years. The begin-
ning and peak of the flight season varied by 18 days among 
sites and years, depending on weather and altitude. The esti-
mated total Czech population size was 25,000 individuals 
(16,000 males, 9,000 females) in 2007.

During the all colonies MR campaign, we detected sev-
eral long-distance movements: 51 individuals crossed 5 km 
(41 males, 10 females), and 14 crossed 10 km (13 males, 1 
female); examples in Fig. 1b, c. Fitting the inverse power 
dispersal kernels revealed a considerable variation among 
colonies and years in dispersal propensities, but predicted 

that all Czech colonies were within 0.1% dispersal probabil-
ity of both sexes (corresponding to 17 males and 9 females 
likely to move between the most distant colonies in 2007) 
(Zimmermann et al. 2011b). If the more stringent 1% prob-
ability of movements is considered, the colonies would form 
three distinct clusters: I.—Western, at the Czech–German 
border; II.—Central, the Soos reserve with its surroundings; 
and III.—Eastern, a unit that includes the Doupovské Mts., 
Slavkovský les Mts., and the northern part of the Český les 
Mts. (cf. Zimmermann et al. 2011b) (Fig. 1a).

Butterfly sampling and electrophoresis

We sampled 14 colonies (Table 2) out of the 83 occupied 
in 2007 for population genetic analysis. They included a 
balanced representation of large and small, isolated and con-
nected colonies from the entire Czech distribution. We sam-
pled a total of 336 males, all of them in the late flight season 
to minimise interfering with the concurrent MR campaign 
and to minimise the impact on colonies. As by the time 
the study was performed non-lethal methods in population 
genetic analyses were still not standard, we used a technique 
in need of using entire individuals; however, by the highly 
sensitive way of only sampling old males, we can guarantee 
that none of the studied populations was negatively influ-
enced by our study in the follow-up generations. Sample 
sizes per colony ranged from ten to 36 individuals (mean: 

Table 2  The 14 populations of E. aurinia in western Czech Repub-
lic sampled for this study, with their geographic positions, sample 
sizes (N), percentage of the sampled individuals from estimated total 
number of the respective colony (%Nest) and obtained parameters of 
genetic diversity: Expected heterozygosity (He), observed heterozy-

gosity (Ho), total percentage of polymorphic loci (Ptot), percentage 
of polymorphic loci with the most common allele not exceeding 95% 
(P95), mean number of alleles per locus (A), allelic richness regarding 
colonies with individual numbers being at least 23 (AR23), and allelic 
richness regarding all colonies (AR)

Values excluded for the calculations of means in the cases of Ptot and A (due to insufficient number of analysed individuals) are given in paren-
theses

Code Local name N %Nest Latitude Longitude He (%) Ho (%) Ptot (%) P95 (%) A AR23 AR

1.1 Lužni potok 23 19.33 50°17′ N 12°08′ E 15.7 13.6 58.8 41.2 2.00 2.00 1.76
1.2 Trojmezi 25 2.91 50°18′ N 12°06′ E 17.2 16.5 70.6 52.9 2.18 2.16 1.90
2 Soos 24 0.70 50°08′ N 12°25′ E 13.6 14.7 70.6 52.9 1.94 1.93 1.71
3.1 Ušovice 16 6.48 49°55′ N 12°49′ E 16.8 17.3 (52.9) 41.2 (1.77) – 1.67
3.2 Horní Kramolín 25 0.54 49°58′ N 12°48′ E 16.5 16.7 64.7 52.9 2.18 2.14 1.85
3.3 Ovesné Kladruby 25 1.87 49°57′ N 12°47′ E 12.0 12.8 58.8 47.1 2.00 1.99 1.75
3.4 Bezvěrov 30 4.17 49°56′ N 12°48′ E 12.8 12.4 64.7 52.9 2.12 2.02 1.70
4.1 Krásno 30 2.90 50°05′ N 12°44′ E 12.1 11.6 64.7 52.9 2.12 2.04 1.73
4.2 Dominova skalka 23 1.28 50°04′ N 12°46′ E 15.6 16.1 64.7 52.9 1.82 1.82 1.68
5.1 Horni Tašovice 10 9.71 50°10′ N 13°00′ E 12.3 12.4 (52.9) 52.9 (1.59) – 1.59
5.2 Kounice 18 0.98 50°07′ N 12°56′ E 9.3 9.8 (47.1) 35.3 (1.65) – 1.51
5.3 Údrč 25 10.68 50°08′ N 13°03′ E 12.2 12.0 58.8 41.2 1.82 1.81 1.63
5.4 Bochov 26 1.16 50°10′ N 13°01′ E 12.3 12.9 52.9 47.1 1.71 1.69 1.56
5.5 Znělec 36 0.54 50°12′ N 13°05′ E 15.6 14.9 64.7 58.8 2.12 2.00 1.78
mean 24.0 4.50 13.9 13.8 63.1 48.7 2.00 1.96 1.70
 ± SD 6.34 5.41 2.4 2.2 5.3 6.8 0.16 0.14 0.11
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24.0 ± 6.3 SD), and included, on average, 4.5% (± 5.4 SD) 
of the respective colonies` estimated adult abundance. Only 
three samples contained less than 20 individuals (Table 2; 
Fig. 1).

After netting in the field, the butterflies were immediately 
frozen in liquid nitrogen and stored until analysis. The whole 
abdomen of each imago was homogenized in Pgm buffer 
(Harris and Hopkinson 1978) with ultrasound and was cen-
trifuged 3 min at 10,000 g. For allozyme electrophoreses, 
we used cellulose acetate plates applying standard protocols 
(Richardson et al. 1986; Hebert and Beaton 1993). A total of 
17 allozyme loci were analysed (for details see Junker et al. 
2015); in general, allozyme patterns accorded with mito-
chondrial sequences, but the resolution of allozymes was 
more fine-grained than mitochondrial information (Junker 
et al. 2015).

Statistics

Alleles were labelled according to their relative mobility 
during electrophoresis, starting with “1” for the slowest. We 
used G-STAT (Siegismund 1993) to compute allele frequen-
cies and parameters of genetic diversity (i.e. mean number 
of alleles per locus A, expected heterozygosity He, observed 
heterozygosity Ho, total percentage of polymorphic loci Ptot 
and percentage of polymorphic loci with the most common 
allele not exceeding 95% P95). Colonies with less than 23 
individuals analysed were excluded for the calculation of 
means for Ptot and A for not being sufficiently representative 
for these two parameters for an entire colony. Additionally, 
we calculated the allelic richness (AR) with FSTAT (Goudet 
1995) to consider the different sample sizes of the locations. 
This analysis was redone excluding all samples with less 
than 23 individuals resulting in AR23.

Locus-by-locus analyses of molecular variance 
(AMOVA), hierarchical genetic variance analyses, test 
of Hardy–Weinberg equilibrium and linkage disequilib-
rium were performed with ARLEQUIN 3.01 (Excoffier 
et al. 2005), Nei’s standard genetic distances (Nei 1972), 
neighbour-joining phenograms (Saitou and Nei 1987) and 
bootstraps based on 1,000 replications were calculated with 
PHYLIP 3.5.c (Felsenstein 1993).

Linking genetic diversity to colony status

We used Pearson’s correlations to investigate the relation-
ships between the parameters of genetic diversity (Table 2) 
and demography characteristics of the 14 sampled colo-
nies. These characteristics were obtained from MR surveys 
(details: Zimmermann et al. 2011a, b) or from annual larval 
nests censuses (NC); see Appendix 1 (Supplementary).

(1) Adult numbers in 2007 (MR), estimated using the 
Jolly-Seber method, POPAN parametrisation in the MARK 

package (White and Burnham 1999), based on individuals 
marked in that year, and split into the number of (1a) males, 
(1b) females and (1c) total.

(2) Individual adult residency in 2007 (MR). Residency 
is one of the primary parameters computed by the POPAN 
method in MARK, which the program uses to estimate 
colony sizes. It combines mortality and emigration and is 
inversely related to the time an individual spends within a 
colony. We used separate estimates of (2a) male, (2b) female 
and (2c) combined residency.

(3) Larval nest count in 2007 (NC).
(4) Mean nest count over the monitoring period (NC).
(5) Coefficient of variation (CV) from larval nest counts, 

as an expression of colony stability at each site (NC).
(6) Colony area (hectares) (NC + MR).
(7) Colony connectivity, expressed using three measures: 

Con1—The average aerial distance to the three closest colo-
nies; Con2—the number of colonies within a 3 km diameter 
circle around the focal colony; Con3—aggregated connec-
tivity to all sites within the system, obtained following Moil-
anen and Nieminen (2002) as,

The formula weights the distances di to all known col-
onies by their areas Ai, using two of six parameters from 
the “virtual migration model” of Hanski et al. (2000). The 
model itself numerically parametrises mark-recapture data, 
returning the migration scaling coefficient, α (1/α ≈ average 
movement distance); and immigration scaling coefficient, 
ζim. For a segment of our system, these parameters were 
estimated from data collected in 2004 in the north-western 
corner of the central system I (see Fig. 1), and published by 
Fric et al. (2010). Here, we use α = 0.9 and ζim = 0.1, which 
are rounded averages from numbers originally obtained 
separately for males and females.

Results

Colony occupancy turnover

During 497 annual colony visits from 2001 to 2008, we 
observed numerous colony extinctions (Table  1). The 
number of observed recolonisations was expectably lower 
because an extinction must be observed before a recoloni-
sation is detected. Despite this, the proportion of observed 
extinctions out of the colony-years monitored, and the pro-
portions of observed recolonisations of the colonies with 
previously detected extinctions, were roughly equal (extinc-
tions: 4.08% of colonies x years, recolonisations: 4.01%).

Si =
∑

j≠i

exp (−�di,j)A
� im

j
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Allozyme analysis

Thirteen of the 17 loci analysed were polymorphic and 
showed banding pattern consistent with known quaternary 
structures (Richardson et al. 1986); the four loci Mdh1, 
Mdh2, Gpdh and Fum were monomorphic. The number 
of distinguished alleles was highest in  PepPhe-Pro with six 
(mean 3.62 ± 1.33 SD). Allele frequencies for all polymor-
phic loci are provided on request. The great majority of loci 
did not deviate from Hardy–Weinberg equilibrium, and only 
 PepPhe-Pro deviated significantly in colony 4.1 after Bonfer-
roni correction. No significant linkage disequilibrium was 
observed. Therefore, we performed further analyses using 
standard population genetic approaches.

Based on the allele and genotype frequencies, we com-
puted the parameters of population genetic diversity men-
tioned in the materials and methods section. None of these 
values was significantly correlated with the number of indi-
viduals analysed per sample (Person correlation, all p ≥ 0.1). 
The values for all colonies with the overall means and stand-
ard deviations are given in Table 2.

The total genetic variance of the 14 analysed colonies 
was 1.255 with 0.070 genetic variance among colonies (FST: 
0.056; p < 0.001) and 0.009 genetic variance among indi-
viduals within colonies (FIS: 0.0076; n.s.) (Table 3). Hier-
archical variance analyses revealed a significant genetic dif-
ferentiation among the three major geographic clusters (FCT: 
0.0161; p < 0.001), but represented just 24.4% of the total 
variance among colonies; similar results were obtained when 
colony II is pooled with cluster I or cluster III (Table 4). 
Genetic distances (Nei 1972) among colonies ranged from 
0.0022 to 0.0309 (mean: 0.0130 ± 0.0068 SD). Based on 

these, a neighbour joining phenogram was constructed, in 
which the geographically marginal colonies had more mar-
ginal positions than the more central ones (Fig. 2).

Non-hierarchical variance analyses within cluster III 
within which dispersal among colonies might be less 
restricted than among clusters (cf. Zimmermann et  al. 
2011b) revealed an FST value of 0.052 (p < 0.001; Table 3). 
A more fine-grained analysis uncovered the highest genetic 
differentiation in the geographically marginal colonies 
of this cluster (i.e. IIIa and IIIc) (FST: 0.0705; p < 0.001; 
Table 3), while the differentiation was considerably lower in 
the central cluster IIIb (FST: 0.0238; p < 0.001).

Isolation-by-distance analyses revealed a significant cor-
relation between geographic and genetic distances for all 
colonies analysed (Mantel test: r2= 0.118; p = 0.002) and 

Table 3  Results of non-hierarchical variance analyses among differ-
ent groups of E. aurinia in western Czech Republic

Upper value = F value; lower value (in parentheses) = variance com-
ponent
*p ≤ 0.05; **p ≤ 0.001; remaining values not significant

Groups FST FIS Variance 
within indi-
viduals

Total 0.0560**
(0.070)

0.0076
(0.009)

(1.176)

 Group I 0.0381**
(0.056)

0.0862*
(0.121)

(1.281)

 Group III 0.0523**
(0.063)

− 0.0016
(− 0.002)

(1.151)

  Subgroup a + c 0.0705**
(0.093)

0.0011
(0.001)

(1.228)

  Subgroup b 0.0238**
(0.027)

− 0.0030
(-0.003)

(1.112)

  Subgroup c 0.0228
(0.028)

0.0094
(0.011)

(1.213)

Table 4  Results of hierarchical variance analyses among different 
groups of E. aurinia in western Czech Republic

Upper value = F value; lower value (in parentheses) = variance com-
ponent
*p ≤ 0.05; **p ≤ 0.001; remaining values not significant

Groups FCT FSC FIS Variance 
within 
individuals

Group I vs
Group II + III

0.0220**
(0.028)

0.0503**
(0.062)

0.0076
(0.009)

(1.176)

Group I + II vs
Group III

0.0155*
(0.020)

0.0505**
(0.051)

0.0076
(0.009)

(1.176)

Group I vs
Group II vs. group III

0.0161**
(0.020)

0.0499**
(0.062)

0.0076
(0.009)

(1.176)

4.1

5.5

0.01

Nei 1972

49.1

60.8

92.7

50.4

82.2

67.440.4
45.4

42.1

1.2

1.1

3.1

3.4

3.3

5.35.2
2

4.2

3.2

5.4

5.1

Fig. 2  Neighbour-joining dendrogram with bootstrap values > 40 
(1000 repetitions) for 14 colonies of E. aurinia in western Czech 
Republic based on genetic distances (Nei, 1972). Colour codes: 
green—colonies of the central IIIb cluster; yellow—marginal colo-
nies in cluster III (i.e. IIIa and c); red—colonies of cluster I; dark 
red—colony of cluster II
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for the colonies within cluster III (Mantel test: r2= 0.129; 
p = 0.006). However, no such correlation was observed for 
subgroup IIIb (Mantel test: r2= 0.0027; p = 0.832).

Genetic versus demography data

There were very few statistically significant correlations 
between genetic characteristics of the 14 sampled colonies 
and their demography characteristics. Still, directions of 
the correlation coefficients (Table 5) mostly agreed with 
population genetics predictions. Thus, adult numbers were 
positively related to all parameters of genetic diversity of 
the colonies (significantly in case of number of males and 
P95, marginally significantly in case of total number and 
P95). Colony area was also positively related to measures 
of genetic diversity (significantly in case of P95). Out of the 
three connectivity measures, only Con2, i.e. the number of 
colonies within a 3 km diameter circle, showed consistently 
positive relationships to genetic measures (significantly in 
case of AR). The correlations were usually negative with 
adult residency (marginally significant in case of Ptot), and 
with larval nest numbers in 2007 (marginally significant for 
He and Ptot), as well as non-existent (i.e. with very low cor-
relation coefficients) in case of mean nest numbers and its 
coefficient of variation.

Discussion

Colony occupancy turnover

During the decade of following the fates of known E. aurinia 
colonies in western Czech Republic, we found multiple 
colony extinctions, as well as subsequent recolonisations, 
suggesting a rapid colony occupancy turnover, although less 
rapid than in the textbook metapopulation case of Finnish 
Melitaea cinxia (Hanski et al. 2017). The similar propor-
tions of observed extinctions and recolonisations of extinct 
colonies indicated that over the 10-years monitoring period, 

the metapopulation system was rather stabilised, not under-
going major decline. Our monitoring data are admittedly 
much poorer than the meticulously monitored Finnish case, 
and even the Finnish authors admit such imprecisions as 
failures to detect larval nests in occupied colonies (Ojanen 
et al. 2013). There are other differences between ours and 
the Finnish situation. The majority of the Finnish colonies 
is very small (average size 0.18 ha, with just a handful of 
nests), whereas in our situation, the bulk of E. aurinia but-
terflies exist in relatively large colonies (Zimmermann et al. 
2011a). It is possible that we consistently failed detecting 
the very small colonies with presumably most rapid extinc-
tion-colonisation dynamics. The obtained difference may be 
partly due to the differences in the habitats used by these 
two butterfly species, with E. aurinia marshland being less 
accessible to larval monitoring than M. cinxia dry meadow 
patches. On the other hand, the Finnish landscape seems to 
be more heterogeneous, with many small farms and home-
steads, while the Czech one consists of much larger land 
use units (cf. Konvicka et al. 2016). Still, the data at hand 
allow the conjecture that the western Czech Republic colo-
nies of E. aurinia displays rapid extinction-recolonisation 
dynamics. How this metapopulation system is mirrored in 
its population genetic structures was the main goal of this 
study and will be discussed in detail below.

Genetic diversity and differentiation

The genetic diversity of E. aurinia at the studied regional 
scale is relatively high (Table 2) and even exceeds the aver-
age of colonies scattered all over Europe including the 
assumed glacial refuge areas (Junker et al. 2015). Further-
more, the average genetic diversity of western Bohemian E. 
aurinia colonies was nearly as high as normally observed in 
widely distributed and common butterfly species (cf. Vande-
woestijne et al. 1999; Wood and Pullin 2002; Schmitt et al. 
2003, 2005a, b; Habel et al. 2010, 2011; Wendt et al. 2021). 
It follows that despite strong decline of the species in Central 
Europe (van Swaay et al. 2010, Brunbjerg et al. 2017) and 

Table 5  Pearson’s correlation coefficients (r) between within-colony genetic diversity measures, and such colony properties as colony size 
(adult, larval), adult residence, colony area, and three measures of site connectivity

*and ):correlations significant at p ≤ 0.05 and p ≤ 0.1 levels, respectively

Adult colony 
size (2007)

Adult residence (2007) Larval nest counts Area Connectivity measures

♂♂ ♀♀ ♂♀ ♂♂ ♀♀ ♂♀ 2007 Mean (2002–10) CV (2002–10) Con1 Con2 Con3

He 0.256 0.041 0.210 − 0.045 − 0.301 − 0.210 − 0.472) 0.040 − 0.109 0.334 0.108 0.326 − 0.005
H0 0.302 0.170 0.280 0.013 − 0.310 − 0.180 − 0.389 0.251 − 0.102 0.325 0.222 0.159 − 0.115
Ptot 0.333 0.271 0.330 − 0.477) − 0.295 − 0.501) − 0.464) − 0.040 − 0.300 0.280 0.353 0.125 − 0.570)

P95 0.535* 0.349 0.507) − 0.021 − 0.119 − 0.086 − 0.452 − 0.090 − 0.390 0.518* 0.189 0.119 − 0.096
A 0.372 0.252 0.354 − 0.238 − 0.099 − 0.221 − 0.286 − 0.002 − 0.051 0.294 − 0.018 0.362 − 0.117
AR 0.318 0.143 0.284 − 0.156 − 0.263 − 0.264 − 0.364 0.059 − 0.185 0.291 − 0.039 0.548* − 0.085
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in contrast to earlier pessimistic views for the study region 
(Hula et al. 2004), no remarkable genetic erosion has taken 
place in western Bohemian colonies. This agrees with both 
the high number of known colonies and the high overall 
census numbers (Zimmermann et al. 2011a).

The genetic differentiation among all E. aurinia colo-
nies analysed (FST: 0.056; p < 0.001) was intermediate 
between the values obtained for strongly dispersing species 
(e.g. Melanargia galathea; FST: 0.033; Habel et al. 2009) 
and sedentary species with highly isolated colonies (e.g. 
Zygaena loti; FST: 0.136; Habel et al. 2012) in studies cov-
ering areas of similar size as ours. Furthermore, we obtained 
a correlation between genetic and geographic distances (i.e. 
isolation-by-distance), indicating frequent gene flow among 
closely situated colonies diminishing towards more distant 
colonies. However, the isolation by distance was rather weak 
if compared with other butterfly species (Schmitt et al. 2000; 
Louy et al., 2007; Habel et al., 2009), explaining only 11.8% 
of genetic differentiation. The sum of genetic patterns indi-
cates that the dispersal capacity of E. aurinia in the given 
landscape with its permeability and regionally high num-
ber of suitable sites was sufficient for a regular inter-colony 
exchange between nearby colonies, but not sufficient for 
large-scale gene-flow all over the study area.

The rapid recolonisation of vacant colony sites and the 
large-scale MR (Zimmermann et al. 2011b) also revealed 
that dispersal of the butterflies between these three larger 
clusters of colonies was considerably less likely than dis-
persal within them. Therefore, the observed genetic patterns 
might not be explained by a metapopulation structure all 
over the study region with more intense exchange of indi-
viduals among neighbouring sites. Rather, the isolation-by-
distance equilibrium including all 14 studied colonies may 
represent an artefact, as numerous geographically close colo-
nies with low genetic differentiation in cluster III contrast 
with the more distant and more differentiated colonies in 
clusters I and II. This setting then results in a correlation 
between genetic and geographic distances without the exist-
ence of a classical isolation-by-distance equilibrium.

The isolated cluster II near the city of Cheb (Soos nature 
reserve) is geographically located halfway between the 
western cluster I and the eastern cluster III. However, the 
mean genetic distances (Nei 1972) indicate that this colony 
is more closely related with the eastern cluster than with the 
western one (mean genetic distance against eastern cluster: 
0.007 ± 0.002 SD; against western cluster: 0.013 ± 0.007 
SD). This allows arguing that cluster II has formerly derived 
from the eastern cluster, in a time when suitable habitats still 
existed in the intermittent area, which is mostly intensively 
farmed at present.

Focusing the analysis on the eleven colonies of cluster 
III, they also show a moderate differentiation (FST: 0.052; 
p < 0.001) in the same order of magnitude as all 14 colonies. 

However, the strongest differentiation within this cluster is 
among the marginal colonies (sub-cluster IIIa and IIIc: FST: 
0.071; p < 0.001), while the FST value among the seven core 
colonies of IIIb is much lower (FST: 0.024; p < 0.001). This 
supports the idea of strong gene-flow among the colonies of 
the core group IIIb. The amount of gene-flow over this well-
connected area is so intense that no isolation-by-distance 
equilibrium is detected here. However, the more periph-
eral colonies of the sub-cluster IIIa and IIIc are not fully 
included in this panmictic area so that somewhat stronger 
differentiation could become manifested, but due to the 
relatively small geographic distances, we can assume gene-
flow among the peripheral and the central colonies within 
group III. This might be the reason for the establishment 
of a classical isolation-by-distance equilibrium all over this 
group of colonies, most likely well connected as one large 
metapopulation. However, the low but non-significant FST 
value (based on only three colonies analysed) of the north-
eastern sub-group IIIc, which is consisting of an at least as 
dense network of colonies as IIIb (Fig. 1), might also stand 
for an intensive exchange there, but more data is needed for 
a firm conclusion.

Genetics versus colony demography

We found only few significant correlations between meas-
ures of genetic variability and characteristics of the sampled 
colonies. This essentially negative result agrees with both 
the rapid turnover of individual colonies reported here and 
the frequent dispersal among them detected by Zimmer-
mann et al. (2011b). Both factors probably prevent estab-
lishing equilibria between the genetic make-up of individual 
colonies and their environment. The site parameters used 
in correlations with the genetic diversity measures varied 
in degrees of precision (e.g., the colony size estimates are 
within certain confidence intervals (Zimmermann et  al 
2011a), larval nest counts diminish in precision with increas-
ing site area (cf. Ojanen et al. 2013)). Still, the obtained 
results can be discussed in terms of the directions and mag-
nitude of the correlation coefficients.

All the genetic diversity measures responded positively 
to adult colony size and area occupied. The lack of statis-
tical significance may be due to year-to-year fluctuations 
in abundance, these patterns are well-known in Melitaeini 
butterflies (e.g. McLaughlin et al. 2002) and augmented by 
larval sociality (Peczenye et al. 2017; Kuussaari and Singer 
2017); this also applied for our colonies studied for multiple 
years (Zimmermann et al. 2011a). Moreover, the density 
dependence detected by Zimmermann et al. (2011a) and the 
rapid colony turnover suggest that these fluctuations are not 
synchronised across the system.

Of the three connectivity measures, the number of col-
onies within a 3 km circle returned the strongest positive 
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correlations. The 3 km diameter is close to a background dis-
persal capacity of E. aurinia (Zimmermann et al. 2011b) and 
other Melitaeinae butterflies (e.g., Wahlberg et al. 2002; Fric 
et al. 2010; Vodičková et al. 2019). The genetic data also 
showed minimum differentiation on this scale, and isolation-
by-distance over larger distances. Average distance to the 
three nearest colonies probably conveys more limited infor-
mation on the whole system connectivity, as this measure is 
much influenced by the position of the focal colony within 
the entirety of colonies. Finally, the aggregated connectiv-
ity measure by Moilanen and Nieminen (2002) appears as 
useful for systems functioning as well interconnected meta-
populations, but failed in our case, which consisted of both a 
well-connected central cluster and relatively isolated periph-
eral colonies.

Unexpectedly, the relationships to larval nests counts 
were mostly negative and adult numbers did not correlate 
with nests counts (r = 0.308, t = 1.12, df = 12, p = 0.28). 
Arguably, adult numbers and nests counts may be influenced 
by different environmental factors (e.g., summer weather 
affecting adult abundance, autumn mowing affecting larval 
nests), and although causally interconnected, as there would 
be no nests without ovipositing females, these two dynamics 
may be decoupled.

The negative response of genetic diversity to residence 
is easily explained. This parameter of demographic models 
(e.g., Schtickzelle et al. 2002) expresses the probability that 
an individual stays within a colony. It increases with lon-
gevity, but decreases with emigration, and it is notoriously 
difficult to separate the two factors (but see Vlasanek et al. 
2009). Due to higher transfer of individuals among more 
interconnected colonies (i.e., emigration), such colonies (as 
those within the central cluster) would display lower resi-
dence values and would be more diverse genetically (Hanski 
2011).

Implications for conservation

The entirety of E. aurinia colonies in western Bohemia has 
maintained most of its original genetic diversity and is sur-
viving in a mostly well-connected system, supporting earlier 
conjectures based on mark-recapture surveys (Zimmermann 
et al. 2011a, b). It seems less threatened than in many other 
regions of Western and Central Europe (Schtickzelle et al. 
2005; Bos et al. 2006; Bulman et al. 2007; Brunbjerg et al. 
2017).

This generally positive situation, however, varies within 
the study region, depending on the density of adjoining 
colonies, and probably also on landscape context (cf. Slade 
et al. 2013; Coristine et al. 2016). Whereas the eastern 
cluster III and western cluster I contain a relatively high 
density of colonies within landscapes formed by mosaics 
of both semi-natural and intensively used grasslands and 

woodlands, and seem to be well permeable by dispersing 
individuals, the separate colony forming cluster II, and 
few other similarly isolated ones (cf. Figure 1), are sur-
rounded by intensive farmland, representing a probably 
poorly permeable matrix.

Even within the well-connected clusters I and III, many 
of the colonies are far from safe. While some are located 
at abandoned lands and are affected by overgrowth with 
bushes and trees, others are grazed too heavily, or mown 
too frequently, resulting in periodic destruction of the lar-
val nests (Hula et al. 2004, and unpublished observations). 
Additionally, many of the colonies contain only relatively 
low numbers of individuals hereby enhancing their risk of 
extinction in years with less favourable weather conditions 
or high pressure of parasitoids. This is particularly affecting 
the peripheral colonies of cluster III only linked by occa-
sional exchange events with the respective core, but rep-
resenting an important contribution to the regional genetic 
diversity due to their genetic differentiation. Future conser-
vation measures therefore should focus on two main aspects: 
(i) Considering more in depth the habitat requirements of E. 
aurinia for future management plans and (ii) stabilisation 
strategies for the peripheral colonies e.g. by enlarging their 
area via habitat restoration. By these means, the general sur-
vival capacity of the existing colonies with their important 
genetic resources could be enhanced in western Bohemia.

Furthermore, the integration of the isolated cluster II 
colony into the eastern metapopulation system should be 
envisaged as the risk of extinction is particularly high in 
such isolated colonies (cf. Hanski 1999). The establish-
ment of stepping-stone habitats should be an appropriate 
measure to re-establish and enhance the regular exchange 
of individuals and thus reduce the risk of a colony crash 
in unsuitable years.

Another approach appears recommendable for cluster I 
in the Czech-German border region. As two major genetic 
lineages are meeting in this region (Junker et al. 2015), 
it is still unresolved whether (i) this cluster belong to a 
western Central European genetic lineage, (ii) is of hybrid 
origin between these two genetic lineages as observed for 
other butterfly species in some parts of Bohemia (Schmitt 
and Müller 2007; Schmitt and Zimmermann 2012) or (iii) 
belongs to the same genetic lineage as the other west-
ern Bohemian E. aurinia colonies analysed. Therefore, 
it should be recommended to conserve these western-
most colonies as own management unit till this question 
could be finally resolved. Important information could be 
obtained by additional genetic analyses, ideally using more 
informative DNA markers and including also E. aurinia 
colonies from Saxony (eastern Germany).
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