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Postglacial colonisation of western Central Europe by
Polyommatus coridon (Poda 1761) (Lepidoptera:
Lycaenidae): evidence from population genetics

T Schmitt, A Gieβl and A Seitz
Institut für Zoologie, Abt. V Ökologie, Saarstraβe 21, D – 55099 Mainz, Germany

The genetic population structure of Polyommatus coridon
(Poda 1761) over large regions of France, Italy and Ger-
many was studied by allozyme electrophoresis. The genetic
diversity within populations was high for all parameters ana-
lysed (number of alleles 2.72; observed and expected hete-
rozygosity 19.6% and 20.3%, respectively; percentage of
polymorphic loci: total: 76.4% and, with polymorphism if the
frequency of the commonest allele is below 95%: 53.1%),
whereas genetic differentiation between populations was
comparatively low (FST = 0.021 ± 0.002). The mean number
of alleles declined significantly from southern to northern
populations (r = −0.53, P = 0.0005). Similar effects were
found also for other parameters of genetic diversity. This is
interpreted as a loss of genetic diversity during postglacial
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Introduction
The distribution patterns of animals and plants has been
subjected to dramatic changes throughout time. Recent
changes in the distributions of species are frequently
discussed (eg, Parmesan et al, 1999). However, changes
in species’ distributions in Europe in the past appear to
have been far larger than recent ones (eg, Hewitt, 1996,
1999; Taberlet et al, 1998; Comes and Kadereit, 1999; and
references therein). The climate during the last ice-age,
the Würm, being totally different from today (eg, Frenzel
et al, 1992), forced nearly all plant and animal species to
change their European distribution ranges (Huntley and
Birks, 1983; Gliemeroth, 1995; Hewitt, 1996, 1999; Taberlet
et al, 1998; Comes and Kadereit, 1999). Species thought to
have been widely distributed throughout Central Europe
during the ice-ages, only survive in alpine or tundral
relict areas (Coope, 1970, 1994; Varga, 1977). Thermo-
philic species were restricted to the more temperate
regions of the Mediterranean during glaciations
(Hewitt, 1996).

As a consequence of global warming at the end of the
Würm, thermophilic species expanded and colonised
Central Europe (Hewitt, 1996, 1999). Expansions of tree
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expansion. However, samples from France and Italy had
similar patterns of genetic diversity indicating no significant
loss in this region. Populations from southern Germany were
genetically uniform, well differentiated from French popu-
lations and showed a significant loss of genetic diversity.
Probably, this is due to a bottleneck during passing through
the Burgundian Gap, which is a migration corridor from
north-eastern France to southern Germany. In contrast to
southern German populations, western German populations
were not well differentiated from French populations. Never-
theless, they were genetically impoverished, probably as a
result from local bottlenecks and post-expansion phenom-
ena.
Heredity (2002) 88, 26–34. DOI: 10.1038/sj/hdy/6800003

species can be studied by analysing pollen (eg, Huntley
and Birks, 1983; Gliemeroth, 1995). For animals, sufficient
remains only exist for some groups, such as beetles or
terrestrial gastropods (eg, Coope, 1970, 1994; Hertelendy
et al, 1992); for the great majority of invertebrates, hardly
any evidence of this kind is available.

The expansion routes can be followed in some cases,
particularly plants, through characteristic distribution
patterns (see Haeupler and Schönfelder, 1988). However,
such clear patterns only rarely are found in mobile
invertebrates. Most of these species are now more or less
widespread in their distribution ranges. Their presence
or absence in a location is mostly determined by their
habitat requirements. In such cases, genetic analyses can
be a useful tool for coming to a more detailed under-
standing of postglacial expansions, as has been shown
for several animal and plant species (Taberlet et al, 1998;
Comes and Kadereit, 1999; Hewitt, 1999; and references
therein). However, only very few of these studies have
concerned invertebrates (eg, Cooper et al, 1995). There-
fore, conclusions about the postglacial expansions of
invertebrates are still mainly based on their current distri-
bution patterns (eg, Sternberg, 1998).

Polyommatus coridon (Poda, 1761) is a model organism
for mobile invertebrates with strong habitat dependency.
These thermophilic animals are mostly restricted to bar-
ren grasslands of chalk slopes, and their myrmicophilic
larvae feed mainly on Hippocrepis comosa (eg, Ebert and
Rennwald, 1991).
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from 39 localities over major regions of France, Italy and
Germany. In a previous study, we showed that P. coridon
colonised our study area from an ice-age refugium in
Italy (Schmitt and Seitz, 2001a). Now, we present the
analysis of the genetic effects of the postglacial expansion
process and their consequences for the identification of
possible expansion corridors. Furthermore, the impor-
tance of regional geomorphologic structures for the
population genetic structure resulting from expansion
processes is discussed.

Materials and methods
Butterflies were collected at 39 sample stations (see Fig-
ure 1), and stored in liquid nitrogen immediately after
being captured. Allozyme electrophoresis on acetate
plates was performed for 20 loci using standard protocols
(Hebert and Beaton, 1993). The alleles were labelled
according their relative mobility. Details on enzymes and
running conditions are described in Schmitt and Seitz
(2001b).

The discrimination between some alleles of Ldh was
not always possible. Therefore, the results for this
enzyme were excluded from all calculations of genetic

Figure 1 Sampling localities of Polyommatus coridon. Sample num-
bers correspond to those in Table 1. The northern limit of distri-
bution (Tolman and Lewington, 1998, modified) is indicated by a
broken line, the border between the Adriato- and the Ponto-Medit-
erranean genetic lineages conforming phenotypic differentiation
(Schmitt and Seitz, 2001a) is indicated by a dotted line and the dis-
tribution range of the Adriato-Mediterranean lineage by a shaded
area.
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distances and identities and all further calculations based
on these values.

The allele frequencies, F-statistics (Weir and Cocker-
ham, 1984), Nei’s standard genetic distances (Nei, 1978)
and RxC �2-tests (Sokal and Rohlf, 1995) were calculated
with G-Stat (Siegismund, 1993). Hierarchical variance
analyses and F-statistics were done with ARLEQUIN
2.000 (Schneider et al, 2000). Autocorrelation was com-
puted for the most common allele of each locus with Le
Progliciel R 4.0d3 (Casgrain and Legendre, 2001). For the
computation of autocorrelation, the geographical dis-
tances were subdivided into 20 equidistant classes. Tests
on Hardy–Weinberg equilibrium (Louis and Dempster,
1987) and genetic linkage disequilibrium (Weir, 1991)
were performed with GENEPOP (Raymond and Rousset,
1995). PHYLIP (Felsenstein, 1993) was used for the cluster
analyses; we used the neighbour-joining (Saitou and Nei,
1987) and the UPGMA method. Differences between
means were tested with two-tailed U-tests, and corre-
lation analyses were calculated using STATISTICA (Stat
Soft Inc. 1993). Means are given with their standard devi-
ations.

Results

Genetic variability
All 20 loci analysed were polymorphic and showed band-
ing patterns consistent with known quaternary structures
(Richardson et al, 1986). The highest number of dis-
tinguishable alleles was 17 for Pgi; at Aat-1, Acon, Gpd
and Fum, only four alleles were distinguished. The mean
number of alleles per locus over all populations was 7.3
(±3.3 s.d.). The allele frequencies of all loci are available
on request from the authors.

The average number of alleles per locus per population
was 2.72 (±0.29 s.d.), ranging from 2.2 to 3.5. The percent-
age of polymorphic loci (Ptot) had a mean of 76.4% (±7.9
s.d.), ranging from 60% to 95%. The mean percentage of
polymorphic loci with the most common allele not
exceeding 95% (P95) was 53.1% (±6.4 s.d.), ranging from
45% to 70%. This high percentage of polymorphic loci
coincided with high observed heterozygosities (Ho),
ranging from 15.9% to 23.6%, with a mean of 19.6% (±1.8
s.d.). The mean expected heterozygosity (He) was slightly
higher (20.3% ±1.6 s.d.). All these data are presented in
more detail in Table 1.

Hardy–Weinberg equilibrium, linkage disequilibrium and
genetic structure
All loci (except 6-Pgdh) showed banding patterns consist-
ent with autosomal inheritance (Richardson et al, 1986).
Since all females analysed appeared homozygous at the
6-Pgdh locus, we conclude that this locus is located on
the z-chromosome. Thus, females were hemizygous for
this locus. It was therefore excluded from the calculation
of Hardy–Weinberg equilibrium and FIS.

Over all samples, neither significant deviation from
Hardy–Weinberg expectations nor linkage disequilib-
rium was observed. Therefore, further analyses applied
standard population genetical methods.

The genetic distances (Nei, 1978) among samples
ranged from 0.014 to 0.041 with an average of 0.020
(±0.004 s.d.). The highest average genetic distance from
all other samples was calculated for the population from
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Table 1 Average number of alleles per locus (Alleles), expected (He) and observed heterozygosity (Ho) and proportion of polymorphic loci
(total (Ptot) and at the 95%-level (P95)) for all samples analysed of Polyommatus coridon

1 G 2 G 3 G 4 G 5 G 6 G 7 G 8 G 9 G 10 G
Fechi Gersh Pepp Mim Perl Hilbri Haust Freu Nittel Wass

Alleles 2.70 2.45 2.55 2.65 2.40 2.20 2.85 2.40 2.65 2.45
He 0.228 0.181 0.203 0.209 0.192 0.180 0.204 0.188 0.208 0.191
Ho 0.219 0.175 0.205 0.205 0.185 0.159 0.199 0.195 0.189 0.180
Ptot 0.75 0.70 0.65 0.75 0.75 0.70 0.75 0.80 0.85 0.65
P95 0.65 0.45 0.50 0.50 0.60 0.50 0.70 0.55 0.60 0.55
n 42 43 41 45 40 41 50 40 40 43
capt 5 VIII 5 VIII 8 VIII 7 VIII 9 VIII 2/9 VIII 2 VIII 4 VIII 4 VIII 22 VIII

96 96 96 96 96 96 96 96 96 96

11 G 12 G 13 G 14 G 15 G 16 G 17 G 18 G 19 G 20 G
Dock Ingen Schö Wein Niede Böck Münst Griesh Blumb Hause

Alleles 2.50 2.45 2.65 2.50 2.75 2.70 2.60 2.70 2.80 2.40
He 0.194 0.174 0.214 0.190 0.194 0.199 0.211 0.187 0.203 0.191
Ho 0.197 0.164 0.194 0.171 0.198 0.181 0.215 0.195 0.185 0.185
Ptot 0.75 0.65 0.80 0.60 0.80 0.80 0.70 0.85 0.80 0.70
P95 0.50 0.45 0.55 0.45 0.55 0.45 0.45 0.45 0.55 0.50
n 40 43 43 45 45 41 38 49 43 40
capt 31 VII 31 VII 1/10 VIII 10 VIII 15 VIII 14 VIII 29 VII 3 VIII 4 VIII 4 VIII

96 96 96 96 96 96 96 97 97 96

21 G 22 G 23 G 24 G 25 G 26 G 27 F 28 F 29 F 30 F
Dapfe Impfi Craula Hessel Staad Zimm Lorry Chauv Nogen Velars

Alleles 2.80 2.75 2.75 2.65 2.60 2.45 2.95 2.65 3.25 3.30
He 0.216 0.187 0.211 0.193 0.182 0.193 0.218 0.213 0.201 0.201
Ho 0.215 0.176 0.203 0.177 0.181 0.190 0.206 0.202 0.193 0.195
Ptot 0.90 0.80 0.75 0.65 0.75 0.75 0.85 0.75 0.85 0.80
P95 0.50 0.50 0.50 0.50 0.45 0.50 0.55 0.55 0.60 0.45
n 39 45 43 50 50 40 40 42 50 50
capt 4 VIII 5 VIII 6 VIII 6 VIII 23 VIII 24 VIII 17 VII/2 VIII 2 VIII 31 VII 31 VII

97 97 97 97 97 97 97 97 97 97

31 F 32 F 33 F 34 F 35 F 36 F 37 F 38 I 39 I Mean
Montg Barce Palud Vento Langu Trève Carol Baldo Sasso

Alleles 3.20 3.50 3.05 3.00 3.25 2.80 2.60 2.35 2.95 2.72
He 0.240 0.238 0.201 0.224 0.231 0.214 0.211 0.190 0.227 0.203
Ho 0.198 0.231 0.180 0.206 0.236 0.209 0.221 0.182 0.227 0.196
Ptot 0.85 0.95 0.85 0.85 0.80 0.75 0.75 0.60 0.75 0.764
P95 0.60 0.60 0.55 0.60 0.60 0.60 0.60 0.45 0.50 0.531
n 40 40 40 45 40 45 36 56 39 43.1
capt 18/22 VII 23 VII 23 VII 24/30 VII 26 VII 27 VII 29 VII 22/23 VII 4 VIII

97 97 97 97 97 97 97 96 98

n: number of individuals analysed; capt: date of capture; sample numbers (locations included in Figure 1) and country codes are given,
names of sampling localities are abbreviated; for full names see Figure 4).

Carol (Pyrenees) with 0.029 (±0.004). FST (0.021 ± 0.002
s.d.) and FIS (0.022 ± 0.008 s.d.) for all samples analysed
were each significantly different from zero.

Regional genetic structures
The mean number of alleles was negatively correlated
with the latitude of the sampling localities (r = −0.53, t
= 3.82, P = 0.0005, see Figure 2). Three samples showed
surprisingly low allele numbers (sample 37: Carol,
Pyrenees; sample 38: Monte Baldo, southern Alps; sample
6: Hilbringen, western Germany). Without these three
sites, the correlation was stronger (r = −0.67, t = 5.30, P
� 0.0001). A significant decline from the south to the
north was detected also for the other parameters of gene-
tic diversity. Only the relation between latitude and num-

ber of polymorphic loci at the 95% level was not signifi-
cant (P = 0.093). The genetic distances showed no
significant correlation with the geographical distances
between sample stations.

As can be seen from Figure 2, samples from the south-
ern group (consisting of the samples from France and
Italy) predominantly had 2.8 or more alleles per locus.
The remaining samples from western and southern Ger-
many usually had less than 2.8 alleles per locus. The
mean of the southern group was significantly higher than
that of both northern groups (U tests: P = 0.0007 and
0.0145, respectively). Similar results were also obtained
for the other studied parameters of genetic diversity.
Within each of these three geographical groups, no sig-
nificant correlation between the parameters of genetic
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Figure 2 Correlation between the latitude of the sample stations
and the mean number of alleles per locus for 39 populations of
Polyommatus coridon from France, Italy and Germany (r = −0.53; P =
0.0005). Within each of the three distinguished geographical groups
(triangles: France and Italy; open circles: southern Germany; filled
circles: western Germany) no significant correlation between lati-
tude and allele numbers was found. The samples marked by arrows
showed remarkably low mean numbers of alleles.

diversity and the latitude was found (eg, number of
alleles per locus: France and Italy: r = −0.01, t = −0.04, P
= 0.97; southern Germany: r = 0.12, t = 0.32, P = 0.76,
western Germany: r = 0.12, t = 0.47, P = 0.64).

Rare alleles (with an overall frequency less than 5.0%,
but present in at least three populations) were not equally
distributed over all sample stations. Thus, four rare
alleles were only found in southern France and Italy
(Figure 3a), and one more allele was found in France
(including north-eastern France) and Italy, but was
absent in Germany. Nine alleles were only found in
France/Italy and western Germany (Figure 3b), and
another nine alleles only in France/Italy and southern
Germany (Figure 3c). Eight alleles were not found in
southern France and Italy, however, none of these alleles
was found in more than eight populations. Two alleles
were restricted to Germany, however, none of these was
found in more than four populations.

In the samples from the Pyrenees (sample 37: Carol),
the southern Alps (sample 38: Monte Baldo) and Central
Italy (sample 39: Gran Sasso), we did not find several of
the rare alleles. Four, five and four rare alleles, respect-
ively, that were found in the majority of all populations
were missing in these three populations. The number of
private alleles (rare alleles found in only one or two
samples) was significantly higher in samples from south-
eastern France (mean: 4.0 ± 1.8) than in all the other
samples (mean: 1.2 ± 1.3; U-test: P = 0.0046; Figure 3d).

Based on Nei’s (1978) genetic distances, we performed
neighbour-joining and UPGMA cluster analyses, each of
which showed similar results. The neighbour-joining
analysis was the most instructive (Figure 4): all samples
from southern Germany (all populations from Baden-
Württemberg, Bavaria and Thuringia (excluding Hessel))
clustered together. Within this southern German group,
a subgroup can be identified including the samples from
the Schwäbische Alb (samples 20 and 21), the Fränkische
Jura (samples 25 and 26) and south-western Thuringia
(sample 23) which did not differ significantly in their
allelic distribution applying an R × C �2-test.

In contrast, samples from western Germany clustered
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apparently randomly together with populations from
France. Ten of these 17 samples formed a group that
included only one additional sample from western Lor-
raine (sample 28: Chauvontcourt). The allelic distribution
within this cluster differed significantly between popu-
lations (R × C �2-test).

Hierarchical variance analyses (see Table 2) revealed a
high between group variance between France/Italy and
southern Germany as well as between western Germany
and southern Germany. The between-group variance
between France/Italy and western Germany was moder-
ate. The France/Italy group showed no significant vari-
ance between its two geographical subgroups southern
France/Italy and north-eastern France. Within southern
Germany, a relatively high between-group variance was
detected between the two major regional subgroups,
whereas no significant further substructuring of these
two regional subgroups was found. In western Germany,
there is no evidence for any such differentiation into
regional subgroups.

Significant FST values were calculated for the majority
of the geographical clusters analysed (Table 2). In
general, FST values of more geographically restricted
population clusters were smaller than those from geo-
graphically less restricted clusters. Only the four samples
from the continuous limestone area of southern Germany
(samples 20, 21, 25, 26) showed no significant differen-
tiation.

Autocorrelation analyses for the most common allele
of each locus showed significant positive autocorrelation
in the first distance group for Idh-1, Aat-2, Gpd, Fum,
Me and Acon, and monotonic decline of Moran I values
in the following distance groups till 170 to 400 km. The
Moran I values obtained for the first distance group did
not exceed 0.25. For the other 13 loci, no such autocorre-
lation was found.

Discussion

Genetic diversity within populations and differentiation
between populations
The P. coridon populations analysed showed intrapopul-
ational genetic diversity at a high level. The mean num-
ber of alleles per locus (2.72 ± 0.29 s.d.) was much higher
than in nearly all available data on butterflies and moths.
However, even higher allele numbers have been found
for Aglais urticae with 2.84 (Vandewoestijne et al, 1999)
and for Heliothis virescens with 3.00 (Sluss et al, 1978). The
values for observed and expected heterozygosity as well
as the percentages of polymorphic loci were also higher
than the average in Lepidoptera (Graur, 1985; Packer et
al, 1998). Such high levels of intrapopulational genetic
diversity are considered typical for populations with
large effective population sizes (Vanderwoestijne et al,
1999). For many species, large effective population sizes
result from rather moderate local densities in combi-
nation with high vagility and open population structure,
eg, Pieris napi (Porter and Geiger, 1995) and Aglais urticae
(Vanderwoestijne et al, 1999). P. coridon has a closed
population structure. Therefore, its large effective popu-
lation sizes, more likely result from unusually high local
population densities and not from mobility which is only
moderate in this species (Bink, 1992; Cowley et al, 2001).

The genetic differentiation between the analysed P.
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Figure 3 (a–d) Distribution of several rare alleles (overall percentage less than 5%) in all analysed populations of Polyommatus coridon. (a)
Idh-2 allele 2; (b) Pgm allele 1; (c) Me allele 4; (d) number of private alleles (alleles found in only one or two populations). In the black
circles, the percentage of the respective allele is given. Populations with open circles lack the allele. For the private alleles, the number of
private alleles are given; white circle: no private allele; grey circle: one or two private alleles; black circle: three or more private alleles.
The northern limit of distribution is marked by a broken line and the border between the Adriato- and the Ponto-Mediterranean genetic
lineages conforming phenotypic differentiation is indicated by a dotted line.
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Figure 4 Neighbour-joining diagram of Polyommatus coridon popu-
lations based on genetic distances (Nei, 1978). Sample numbers cor-
respond to Table 1 and Figure 1. With one exception, all nodes are
significant at the 5% confidence level before Bonferoni correction.
Those not significant after Bonferoni correction are marked with a
filled circle. Abbreviations: First part: county code; Second part: BW:
Baden-Württemberg, BY: Bavaria, C: Central, NE: North-East, Pyr:
Pyrenees, RP: Rhineland-Palatinate, S: South, SL: Saarland, TH:
Thuringia; Third part (only for western Germany): CE: central Eifel,
Na: Nahe-Bergland region, SE: southern Eifel, SM: Saar-Moselle
region; last part: name of sampling locality.

coridon populations is comparatively low (mean genetic
distance (Nei, 1978) 0.020 (±0.004 s.d.); FST-value 0.021
(± 0.002 s.d.)). Highly differentiated species (eg, subspec-
ific differentiation) have much higher values such as
those seen in Parnassius apollo (Descimon, 1995), Parnas-
sius mnemosyne (Napolitano and Descimon, 1994), Euphy-
dryas editha (Britten et al, 1995) and Euphydryas gilettii
(Debinski, 1994). Therefore, the genetic differentiation of
the populations of P. coridon analysed appears too weak
for a splitting into different subspecies. For more detailed
information see Schmitt and Seitz (2001b).

Postglacial expansion
During the last ice-age, thermophilic animal and plant
species did not survive in Western and Central Europe
(cf. Hewitt, 1996). In the postglacial, many species colon-
ised this region from southern refugia (cf. Taberlet et al,
1998; Comes and Kadereit, 1999; Hewitt, 1999). This was
also postulated for P. coridon (eg, Varga, 1977). We
assume that the significant negative correlation between
latitude of the sampled populations and the mean num-
bers of alleles as well as other parameters of genetic
diversity is a consequence of the expansion from the
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Table 2 Genetic variance and FST for several hierarchical sets of
Polyommatus coridon populations

Total Percentage FST (± s.d.)
variance between

groups

F+I ↔ WG+SG 0.044 24.4%** 0.021 ± 0.002**
F+I ↔ WG 0.039 27.2%** 0.018 ± 0.003**
F+I ↔ SG 0.054 44.4%** 0.022 ± 0.003**
SF+I ↔ NEF 0.039 19.2%NS 0.017 ± 0.004**
SF without Carol 0.025 33.1%* 0.010 ± 0.002**
↔ NEF

WG ↔ SG 0.043 45.5%** 0.018 ± 0.002**
Alba+Craula ↔ 0.029 46.7%* 0.013 ± 0.003**
remaining SGb

western Albc ↔ 0.009 0.0%NS 0.005 ± 0.003*
eastern Albd+Craula
western Albc ↔ 0.004 0.0%NS 0.003 ± 0.004NS

eastern Albd
Moselle+Eifele ↔ 0.024 4.9%NS 0.013 ± 0.002**
Bliesgau+Nahef

NEF: north-eastern France; SG: southern Germany; SF: southern
France; WG: western Germany; country codes were used. FST values
are given with their standard deviations.
*Significant at the 5% level; **significant at the 0.1% level; NS:
not significant.
aSamples 20, 21, 25, 26; bsamples 18, 19, 22, 24; csamples 20, 21;
dsamples 25, 26; esamples 5 to 15; fsamples 1 to 4, 16, 17.

Adriato-Mediterranean refugium to Central Europe. This
phenomenon of genetic erosion during expansion pro-
cesses has also been frequently observed in other species
(cf. Stone and Sunnucks, 1993; Hewitt, 1996; Comes and
Kadereit, 1999; with references therein).

The monotonic decline in Moran’s I up to distances of
400 km also supports the hypothesis of directional
migration with limited subsequent gene flow. Similar
results were obtained for the expansive gallwasp Andri-
cus quercuscalicis of which the expansion history is well
documented during the last 400 years (Stone and Sun-
nucks, 1993). However, the genetic differentiation of P.
coridon was too weak for the detection of this effect at
distances greater than 400 km.

Gradual and continuous expansion processes result in
linear loss of genetic variability. This was shown clearly
in Andricus quercuscalicis, where the dispersal distance
alone explained 79% and 85%, respectively, of the vari-
ance of the expected heterozygosity and the mean num-
ber of alleles per locus (Stone and Sunnucks, 1993). For
P. coridon, latitude, as an estimator of expansion distance,
only explained 28% of the geographic variance in the
mean number of alleles. For the other parameters ana-
lysed, the correlation was even less. Thus, a steady ero-
sion of genetic diversity during the postglacial expansion
process is unlikely: different types of dispersal (cf.
Ibrahim et al, 1996), acting during different phases of the
expansion process, have to be postulated.

The allele numbers and the other parameters reflecting
genetic diversity of the populations in or near the
assumed glacial refugium (Italy and maybe south-eastern
France) did not differ significantly from other more
northern French populations. The variance of allele fre-
quencies between these two groups was not significant.
Apparently, no major genetic modification or erosion
took place during the expansion toward large regions of
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eastern France. Possibly, a stepping stone expansion
without major losses of genetic diversity (as described in
Ibrahim et al, 1996) took place in the large eastern French
limestone regions that offer favourable conditions for
this species.

Similar effects were observed for Aedes albopictus, Pieris
napi and Aglais urticae at an even larger geographical
level (Kambhampati et al, 1990; Porter and Geiger, 1995;
Vanderwoestijne et al, 1999; respectively). One major
migration corridor of P. coridon in eastern France is
assumed to be along the warm Rhône-Saône river sys-
tems (Figure 5) as is also supposed for several dragonfly
species (Sternberg, 1998).

The sample from the Pyrenees (station 37: Carol)
showed by far the highest genetic differentiation com-
pared to all other populations. This population was gene-
tically depauperate in comparison with the others from
France. This might be due to the marginal geographical
position in the Pyrenees and a relatively great distance
from the assumed refugium so that a loss of diversity
happened during the expansion through southern
France. The low level of genetic diversity might, how-
ever, be partly explained by the low population density
at this sample station. The lack of genetic variation in
this sample also confirms the hypothesis that French and
German populations of P. coridon are not descended from
a glacial refugium in Spain. This is remarkable because
France was mainly colonised from Iberian and Balkan
refugia and not from Italy, because the Alps acted as
efficient dispersal barrier (Taberlet et al, 1998; Hewitt,
1999).

The population from the south-eastern Alps (sample
38: Monte Baldo) had a very low level of genetic hetero-
geneity compared to other populations from Italy or

Figure 5 Assumed postglacial migration routes of Polyommatus
coridon. The assumed refugium is shown as a hatched area and sup-
posed migration corridors by solid arrows; the Burgundian Gap is
marked by a circle. The northern limit of distribution is marked by
a broken line and the border between the Adriato- and the Ponto-
Mediterranean genetic lineages conforming phenotypic differen-
tiation is indicated by a dotted line. Mountain regions are shaded.

France. This might be a consequence of the relatively long
expansion distance along the southern slopes of the Alps.
An Adriato-Mediterranean origin for the south-eastern
Alps’ populations has frequently been found in previous
works as, for example, in the grasshopper Chorthippus
parallelus (Cooper et al, 1995).

The sample from Central Italy (station 39: Gran Sasso)
had a medium genetic diversity compared to samples
from southern France. However, four widely distributed
rare alleles were missing. This supports the hypothesis
that the refugium of P. coridon included also northern
parts of Italy and, eventually, south-eastern France. This
region is known to be one of the most northern arboreal
refugia (Huntley and Birks, 1983). However, it has gener-
ally been seen as been separated from the Adriato-Medi-
terranean region of Italy (eg, Konnert and Bergmann,
1995).

The existence of an Adriato-Mediterranean refugium
extending as far north as south-eastern France is further
supported by the large number of private alleles found in
south-eastern France, where the great majority of alleles
found in the postglacial expansion area are present.
These patterns could be explained if expansion into
Central Europe took place from the northern edge of the
refugium and if this leading edge of the Adriato-Mediter-
ranean refugium was located in south-eastern France (cf.
Hewitt, 1993). A similar situation was shown for the
grasshopper Chorthippus parallelus in the Balkans (Cooper
et al, 1995).

In Germany, we found less genetic variability than in
France and Italy. However, remarkable differences exist
between the southern and western German populations.
The southern German samples are well differentiated
from the French and Italian samples (over 40% of the
total variance was between these two groups) and the
southern German samples clustered in a separate branch
of the neighbor-joining tree. Probably, this is a conse-
quence of the colonisation of this region through the Bur-
gundian Gap between the Jura in the south and the
Vosges in the north (see circle in Figure 5). This passage
might have caused a genetic bottleneck, unifying south-
ern German populations. However, eight rare alleles
passed through this gap from France but are absent from
western Germany, hereby showing this colonisation
route. The Burgundian Gap is generally suggested an
important migration corridor from north-eastern France
to southern Germany, for example for dragonflies
(Sternberg, 1998).

Within southern Germany, we observed no further sig-
nificant loss of genetic diversity. Perpaps dispersal con-
ditions in this area were so favourable for P. coridon that,
as in eastern France, continuous stepping stone expan-
sion occurred without genetic erosion. However, a
division into a more north-western (samples 18, 19, 22,
24) and a more south-eastern group (samples 20, 21, 23,
25, 26) was detected by hierarchical variance analyses
(more than 40% of the total variance was between these
two groups). This might reflect two main colonisation
routes within southern Germany (Figure 5).

For the eastern group, we found a very low level of
differentiation between populations: FST values are some-
times not significant, the variance between populations
is very low and no hierarchical structure exists. All these
populations are linked via a large limestone mountain
region extending from the eastern Black Forest to the
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33Basin of Thuringia. This mountain area offers a high
density of well suited habitats for this species and likely
represents a migration corridor. We suggest that the
north-western group used the warm Rhine river valley
as an expansion corridor as is well known, for example,
from the distribution patterns of many plants (Haeupler
and Schönfelder, 1988).

In contrast to the samples from southern Germany, the
western German samples (west of the river Rhine) are
not well differentiated from the French and Italian
samples (only little more than 20% of the total variance
was between these two groups). The western German
samples clustered in the neighbour-joining diagram
apparently at random, together with samples from
France and Italy, and eight rare alleles that are absent
from southern Germany exist in western Germany and
France/Italy. We assume that, during their expansion
west of the Vosges (Figure 5), western German popu-
lations were not subjected to such a unifying bottleneck
as occurred in crossing the Burgundian Gap.

Western and southern German samples showed similar
FST values, although the sampled area in western Ger-
many was smaller and the density of sample stations
higher than in southern Germany; this indicates a higher
level of differentiation between western German popu-
lations than between southern German ones. Hierarchical
variance analyses revealed no significant hierarchical
structure within western Germany. This might result
from the relatively unfavourable environmental con-
ditions in western Germany for P. coridon, maybe causing
(i) leptokurtic long distance expansion patterns with local
losses of genetic diversity (cf. Ibrahim et al, 1996) and /or
(ii), genetic erosion in established populations after the
expansion process. Comparable results were shown for
the gallwasp Andricus quercuscalicis that had much lower
genetic differentiation between populations in its favour-
able native range than in its less favourable expansion
area (Stone and Sunnucks, 1993). Station 6 (Hilbringen)
apparently is the clearest example for in situ genetic ero-
sion: this geographically isolated sample station has a
rather small population size compared to the other popu-
lations studied, and it is genetically the most depauperate
sample. This phenomenon of genetic erosion of small
populations is frequently reported (eg, Buza et al, 2000;
Hudson et al, 2000; Jäggi et al, 2000; Madson et al, 2000).
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