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Genetic structure of Proclossiana eunomia
populations at the regional scale
(Lepidoptera, Nymphalidae)
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Populations of Proclossiana eunomia (Lepidoptera, Nymphalidae) occur in middle Europe in patchy
habitats of hay meadows along valleys or peat bogs. Samples of P. eunomia populations from the
Ardennes region (northern France and southern Belgium) were analysed by allozyme electrophoresis.
Patches isolated by more than 2 km of mature forests proved genetically distinct from their
neighbouring populations. Mantel tests and regression analysis showed that the degree of genetic
differentiation between the 26 studied populations is related to the geographical distances between
them. Autocorrelation analysis (Moran’s /) showed that allele frequencies are positively correlated
for populations up to 13 km apart and that the genetic neighbourhood of individuals is in the range of
0.9 km, which is in accordance with movement studies in this species conducted in the same area.
Analysis using Wright’s F-statistics revealed that the highest differentiation occurs between
populations of the same subregion, whereas the whole Ardennes region is not genetically partitioned
into subregions. This is probably because the connectivity of the network of suitable habitats has
significantly weakened only since the 1950s, and thus subregional differentiation has not yet occurred.
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Introduction

Following Sewall Wright’s research on the theory of
population differentiation (e.g. Wright, 1978), numerous
studies have dealt with the genetic structure of natural
populations (cf. reviews in Endler, 1977, 1986). Wright
suggested a population genetic structure in which the
main factors are population density and dispersal rates
within a large and continuous habitat. In this classical
model, the probability of mating with a given conspecific
is inversely proportional to the distance between the
potential mates, resulting in an isolation-by-distance
effect. Further developments of this model introduced
the hierarchical structure of populations, in which the
probability that two individuals will mate depends on
the relationship between the populations they belong to.
The genetic consequences of a given spatial population
structure depend on the dispersive power of individuals
(Slatkin, 1994).
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In butterfly species different types of population
structure can be found. Some species show an open
population structure and high observed dispersal (e.g.
Aglais urticae, Vandewoestijne et al., 1999); such species
may then comply with Wright’s isolation-by-distance
model, as has been shown for Pieris napi (Porter &
Geiger, 1995). Other butterfly species occur in discrete
populations showing restricted dispersal between neigh-
bouring patches (Ehrlich, 1984). Several species, espe-
cially those living in temporary habitats, have been
shown to have a balance of colonization/extinction
where, on average, the number of populations which go
extinct is balanced by the same number of new popu-
lations being founded (Thomas & Hanski, 1997).

Mark-release-recapture surveys have shown that
there are frequent exchanges between nearby popula-
tions of Proclossiana eunomia within the same valley,
and the analysis of the colonization process in Morvan
(central France) revealed that the (re-)colonization
ability of this species is high, with steps of up to 6 km
having been observed (Néve et al., 1996a). The combi-
nation of ecological and genetical approaches in this
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species confirmed the results of dispersal ability (Neve
et al., 1996b) and validated the genetics approach at a
higher scale (Bossart & Prowell, 1998).

The present paper addresses the question of genetic
structure and its relationship with the observed pattern of
movement and colonization. Are the populations of
P. eunomia from a given upland range organized genet-
ically in a hierarchical way, or are exchanges throughout
the area sufficient to counteract genetic differentiation?
Do geographical distances between populations deter-
mine the genetic differentiation of populations?

Methods

The species

Proclossiana eunomia is confined to mountain ranges of
southern Europe, and to the uplands of middle Europe;
these groups of populations are thus isolated from each
other by hundreds of kilometres of unsuitable habitats
(Néve et al., 1996a). Other subspecies occur from
Scandinavia through Siberia to North America. In
middle Europe, P. eunomia is a specialist butterfly
species restricted to wet hay meadows and peat bogs
where Polygonum bistorta is its only food plant. The
species is monovoltine; imagines are on the wing in
middle Europe from late May to the beginning of July.
Populations of this species are distributed patchily at

different scales. Within the Ardennes uplands, in south-
ern Belgium and nearby France, the species is distribu-
ted widely (Fig. 1), and suitable habitats are usually
spaced in an ‘archipelago’ fashion, in peat bog areas, or
along valleys with wet hay meadows.

Sampling

Between 1991 and 1996, 31 samples totalling 1236
individuals were collected in the Belgian and French
Ardennes (Fig. 1, Table 1); samples of fewer than 20
individuals were merged with nearby samples, when
exact tests (see below) showed that the relevant samples
did not differ significantly in their allele frequencies
(Table 2). In such cases the co-ordinates of the pooled
sample were considered as being the weighted mean of
the co-ordinates of each of its parts. Population ELS
(Elsenborn) was sampled annually from 1992 to 1996
(32, 20, 58, 66 and 53 individuals, respectively), and
populations TAI and ROC were sampled twice (1992
and 1994, and 1994 and 1995, respectively) in order to
control for any temporal variation.

Genetic analysis

Upon collection the specimens were deep-frozen in
liquid nitrogen (—196°C), and later transferred to a
—80°C freezer until analysis. When thawed, the wings
were kept for morphometric analysis, and the thorax

I

Fig. 1 Historically known range of Proclossiana eunomia in Belgium, based on 10 x 10 km UTM squares. The enlarged map
indicates the location of the studied populations; ellipses indicate the grouping into five subregions.

© The Genetical Society of Great Britain, Heredity, 84, 657-666.
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Table 1 Allele frequencies in Proclossiana eunomia Ardennes populations. Alleles are identified by letters, starting with the most frequent. Allele B of Pgi is not
present in the Ardennes. Exact tests for Hardy—Weinberg expectations (Raymond & Rousset, 1995a) are shown per population, and in cases of significant
deviation, individual significant loci tests are also given

Loci:alleles H-W test
Localities Code N Pgm-A Pgm-B Pgi-A Pgi-C 6Pgd-A 6Pgd-B 6Pgd-C Ak-A  Ak-B v df P Locus
Lierneux (¥) LIE 47 0.681 0.319 1.000 0.000 0.606 0.394 0.000 0.755 0.245 159 6 0.015 Pgm (P=0.041) and

Ak (P=0.016)

Bihain E BIE 57 0.754 0.246 1.000 0.000 0.509 0.465 0.026 0.711  0.289 90 6 0.171  6Pgd (P=0.015)
Bihain W BIW 48 0.792 0.208 1.000 0.000 0.500 0.479 0.021 0.760 0.240 25 6 0.867
Tailles TAI 55 0.645 0.355 1.000 0.000 0.573 0.391 0.036  0.800 0.200 164 6 0.012  6Pgd (P=0.0046)
Bovigny E BOE 54 0.750  0.250 1.000 0.000 0.843 0.157 0.000 0417 0.583 133 6 0.039 6Pgd (P=0.0013)
Bovigny W BOW 23 0.630 0.370 1.000 0.000 0.891 0.109 0.000 0.478 0.522 00 6 1.000
Sommerain SOM 45 0.678 0.322 1.000 0.000 0.344 0.622 0.033  0.511 0.489 74 6 0.289
Pont Colin PCO 63 0.698 0.302 1.000 0.000 0.825 0.175 0.000 0.365 0.635 119 6 0.065
Willerzie WIL 24 0.750  0.250 1.000 0.000 0.792 0.188 0.021 0.271 0.729 41 6 0.665
Thillay (*) TIL 54 0.537 0.463 0.954 0.046 0.685 0.315 0.000 0.657 0.343 1.2 8 0.997
Graide GRA 52 0.721 0.279 1.000 0.000 0.827 0.173 0.000 0.288 0.712 57 6 0.456
Libin LIB 28 0.732  0.268 1.000 0.000 0.625 0.250 0.125 0.607 0.393 11.8 6 0.067 6Pgd (P=0.012)
Mirwart MIR 34 0.794 0.206 1.000 0.000 0.676 0.309 0.015 0426 0.574 6.5 6 0.372
Elsenborn ELS 229 0.607 0.393 0.983 0.017 0.950 0.050 0.000 0.566 0.434 39.0 8 <0.001 6Pgd (P < 0.001)
Rocherath ROC 71 0.789 0.211 1.000 0.000 0.986 0.014 0.000 0.754 0.246 25.1 6 <0.001 Ak (P < 0.001)
Hockai HOC 43 0.442 0.558 1.000 0.000 0.791 0.209 0.000 0.721 0.279 49 6 0.560
Witry WIT 33 0.727 0.273 1.000 0.000 1.000 0.000 0.000 0.500  0.500 47 4 0.322
Fauvillers W FAW 40 0.775 0.225 1.000 0.000 0.712 0.287 0.000 0.500 0.500 54 6 0.497
Fauvillers E FAE 26 0.538 0.462 1.000 0.000 0.750 0.250 0.000 0.404 0.596 55 6 0.481
Anlier S (¥) ANS 23 0.543 0.457 1.000 0.000 0.783 0.217 0.000 0.348 0.652 39 6 0.690
Anlier N ANN 43 0.837 0.163 1.000 0.000 0.826 0.151 0.023  0.605 0.395 53 6 0.507
Tavigny TAV 27 0.796  0.204 1.000 0.000 0.889 0.093 0.019 0.463 0.537 89 6 0.179 6Pgd (P=0.017)
Recht (*) REC 37 0.757 0.243 0986 0.014 0.459 0.527 0.014 0.730 0.270 9.8 6 0.133 Ak (P=0.009)
Gaume (¥) GAU 30 0.783 0.217 1.000 0.000 0.700 0.300 0.000 0.600 0.400 129 6 0.044  6Pgd (P=0.006)
Louftémont LOU 27 0.778 0.222  1.000 0.000 0.889 0.111 0.000 0.444 0.556 57 6 0.452
Vlessart VLE 23 0.674 0326 1.000 0.000 0.957 0.043 0.000 0.478 0.522 29 6 0.820

(*) Localities with merged samples (see Table 2).
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Table 2 Significance of exact tests for population differentiation (Raymond & Rousset, 1995b) within pairs of samples of
Proclossiana eunomia. Each of these pairs of samples was considered as one sample for further analyses

H-W test

. Differentiation test . Individual samples Pooled samples
Pairs of Sample Distance
populations size b P (km) e P e P
LIE 1 30 8.60 0.17 0.8 12.7 0.0483 15.9 0.015
LIE 2 17 8.4 0.21
TIL 1 41 12.93 0.11 2.1 1.9 0.98 6.0 0.65
TIL 2 13 4.0 0.85
ANS 1 7 0.61 0.99 1 6.2 0.40 3.9 0.69
ANS 2 16 3.2 0.79
REC 1 21 5.75 0.65 3.1 7.3 0.29 9.8 0.13
REC 2 16 7.0 0.32
GAU 1 13 10.88 0.09 4.7 9.0 0.18 12.9 0.04
GAU 2 17 10.3 0.11

and the anterior part of the abdomen were squashed in
0.5 mL of pH 7.1 buffer [15% (w/v) sucrose, 50 mm
Tris/HCI pH 7.1, 0.5% (v/v) Triton X-100, with one
drop of Bromophenol Blue as runner marker]. The
homogenate was then centrifuged at 2200 g for 3 min;
the supernatant was frozen as 10 uL droplets in liquid
nitrogen. One droplet per specimen was sufficient for
cellulose acetate electrophoresis, using the buffer and
staining recipes of Richardson et al. (1986) and Wynne
et al. (1992).

Ten presumptive polymorphic loci were tested: aden-
ylate kinase (4k; EC 2.7.4.3); phosphoglucomutase
(Pgm; EC 5.4.2.2.); glucose-phosphate isomerase (Pgi;
EC 5.3.1.9); 6-phosphogluconate dehydrogenase (6 Pgd,
EC 1.1.1.44); glucose-6-phosphate dehydrogenase (EC
1.1.1.49); aspartate aminotransferase, two loci (EC
2.6.1.1); mannose-6-phosphate isomerase (EC 5.3.1.8),
p-hydroxybutyrate dehydrogenase (EC 1.1.1.30); gly-
cerol-3-phosphate dehydrogenase (EC 1.1.1.8). Of these
loci, only the first four proved to be polymorphic in the
studied area.

Genotypic data were studied using different software.
The GENEPOP population genetics software (version 3.1;
Raymond & Rousset, 1995a): (i) assessed differentiation
between pairs of samples (Raymond & Rousset, 1995b);
(i1) calculated pairwise Fgt values between populations,
using Weir & Cockerham’s (1984) method; (iii) tested
compliance to Hardy—Weinberg expectations in the
sampled populations using Fisher’s exact test; and (iv)
tested for isolation by distance, using a Mantel permu-
tation procedure according to Rousset (1997). For a
hierarchical analysis, populations were grouped as five
subregions, all within the Ardennes region, according
to the geographical distance between samples (Fig. 1);
this analysis was performed using the Biosys-1 software
(version 1.7; Swofford & Selander, 1981). A dendrogram

of the 26 studied populations was produced by boot-
strapping among the loci and calculating a consensus of
100 trees obtained using the neighbour-joining algo-
rithm on Nei’s genetic distances; a 30-individual sample
collected in June 1993 in Targassonne (French Pyrenees,
42°30’N, 1°58’E) was used as an outgroup. This dendro-
gram was constructed using the PHYLIP program
(Felsenstein, 1993). Autocorrelation analyses of allele
frequencies were computed using Moran’s [ index, by
the ‘R’ package (Legendre & Vaudor, 1991), on the
geographical distance data divided into 20 equifrequent
classes of distances between all possible pairs of popu-
lations. Slatkin (1993) showed that effective migration
between populations (Nm) may be estimated by the
relationship

1/ 1
Nm=-(— 1).
" 4(1175T >

Neighbourhood area may then be estimated by
the intercept of the function of the pairwise
Fst = a + b/(4x + 1), where x is the geographical
distance between populations (Porter & Geiger, 1995).

Results

Pairwise comparisons of allele frequencies, using Ray-
mond & Rousset’s (1995b) exact test, were performed
when a sample amounted to fewer than 20 individuals;
such samples were compared to the nearest other
sample. In none of these cases was there a significant
difference between the allele frequencies, and the paired
samples were pooled (Table 2).

In the resulting 26 populations, allozyme frequencies
varied greatly (Table 1). Pgi was polymorphic in only
three of the 26 populations. 6 Pgd showed fixation in one

© The Genetical Society of Great Britain, Heredity, 84, 657-666.
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case, population WIT, which occurs in a forest clearing
3.7 km from the nearest other population.

Exact tests showed a significant deviation from
Hardy—Weinberg expectation in six of the 26 studied
populations (Table 1), always with a deficit of hetero-
zygotes. In the remaining 20 populations, four showed a
significant deviation from H-W expectation at one
locus, but in each case Fisher’s exact test was nonsig-
nificant for the four loci studied together (Table 1). The
allele frequencies of populations ELS and ROC did not
show significant temporal differentiation (x3 = 12.63,
P=0.11 and 72 =4.07, P=0.68, respectively). How-
ever, deviation from Hardy—Weinberg expectation
occurred in the ELS population only at the 6Pgd
locus, and only for two of the five-year samples,
each time with a deficit in heterozygotes, and hence an
excess of rare homozygotes (1994: 1 observed, 0.026
expected, P=0.0261; 1995: 3 observed, 0.16 expected,
P < 0.001).

In population TAI, both samples (1992 and 1994)
agreed with HW expectations (2 =9.2, P=0.16 and
72 = 6.7, P=0.34). However, these samples had differ-
ent allele frequencies for both 6 Pgd (P=0.037) and Ak
(P=0.047), but not for Pgm (P=0.549), giving an
overall significant difference when considering the three
loci together (y2 = 13.9, P=10.0296). The deviation from
H-W expectation for the pooled sample resulted from
a Wahlund effect caused by two samples from a
population which had undergone a temporal variation
in allele frequency between the sampling sessions.

In both LIE and GAU, the merging of samples of
slightly different allele frequencies caused the significant
departure from H-—W expectation. Exact tests on the
individual samples indicated that only LIEl showed a
significant deviation from H-W expectation (Table 2).

Spatial autocorrelation analyses of the frequencies of
the most common alleles of 6 Pgd, Pgm and Ak (Fig. 2)
showed that: (i) 4k and 6Pgd allele frequencies are
positively correlated within the first distance class, i.e.
up to 5.6 km (P < 0.05 and P < 0.01, respectively);
6Pgd is also positively correlated in the second distance
class, i.e. from 5.6 to 8.0 km; (ii) significant negative
correlation is shown in the 17th (73.0-78.2 km,
P < 0.001) and 20th classes (92.5-121.1 km, P < 0.01)
for Ak and in the 3rd (8.0-12.6 km), 8th (38.2-42.7 km)
and 9th (42.7-45.0 km) for 6Pgd;, (i) Ak is also
positively correlated at the 5th and 8th distance classes,
i.e. from 18.6 to 26.6 and from 38.2 to 42.7 km. In the
case of 6Pgd, the sequence of positive and negative
values may be interpreted as originating from a general
spatial pattern of waves or bumps, with no overall
gradient. For Ak, the sequence of significant positive
values in the first half of the graph and the significant
negative values in the second part of the graph may be
interpreted to have originated from an overall gradient
(Legendre & Legendre, 1998). The allele frequency
variation at the Pgm locus does not show any significant
spatial pattern. The autocorrelation analysis was
repeated for Ak and 6Pgd with different numbers of
distance classes in order to estimate the upper length of
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Fig. 2 Spatial autocorrelation analysis
of the most common allele at the 6 Pgd, -1

——6Pgd
—o— Ak
——Pgm

Ak and Pgm loci in Proclossiana 0
eunomia. Filled symbols indicate an
associated P < 0.05.
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—o— Ak
1.0 {
—— 6Pgd
0.8
»
= 0.6}
o
o
=
0.4
02 | Fig. 3 Moran’s [ for varying upper limit
of the first distance class for the most
common alleles of 6 Pgd and Ak. The
0.0 _ : . : : . : open circle at 13.3 km indicates a
0 5 10 15 20 25 30 35 40 nonsignificant (P =0.09) I-value; all
the other values are significant at the
Geographical distance (km) 0.05 level.

the first autocorrelation class for which a significant
I-value would still be obtained (Fig. 3). In both cases the
value of Moran’s I decreased from a length for the first
class at 1.8 km up to 13.3 km, then levelled off at a low
value (Moran’s I < 0.25, Fig. 3). For Ak, the 0.05
significance level was not met at the first distance class
within 13.3 km (P =0.09).

The absolute number of migrants, Nm, between
populations was estimated from the pairwise Fst, and
log(Nm) was regressed against the geographical distances
between populations, to detect any isolation-by-distance
effect (Slatkin, 1993). Discarding meaningless negative
values of Nm (25 cases), the linear relationship between
log(Nm) and the geographical distance (x, measured
in km) was estimated as log(Nm)=1.617-0.0050x
(F1297=4.757, P=0.030), giving a significantly negative
slope (95% CI: —0.0005, —0.0096). As the geographical
distance data are not independent, a Mantel test was
also applied, using GENEPOP 3.1, between the matrix of
pairwise Fgt and the log of the distances; the results also
proved significant (2000 iterations; P=0.012).

The relationship between pairwise Fsr and the geo-
graphical distance between populations gave a best fit
with Fgr=0.0841 — 0.394/(4x + 1) (Fi33=11.17,P =
0.0009), which has an intercept at x =0.92 km, thus giv-
ing the estimated average local genetic neighbourhood.

A consensus dendrogram constructed by the neigh-
bour-joining method on Nei’s genetic distance shows a
limited congruence with the geographical distance
between the populations (Fig. 4). For example, popula-
tions LIE, TAI, BIE, BIW, SOM and REC make up
a geographically sound set, but BOE and BOW ought
to have been included in the same branch. Most other
groups do not cluster according to their relative
geographical proximity.

Table 3 Hierarchical Wright’s F-statistics, combined over
the four loci for all 26 sampled Proclossiana eunomia
populations in the Ardennes

Comparison

X Y Fxy
Population Subregion 0.074
Subregion Region 0.006
Population Region 0.080

The hierarchical analysis of F-statistics shows that the
highest differentiation is between localities within sub-
regions, whereas the whole Ardennes region is not
partitioned into subregions (Table 3).

Discussion

In the Ardennes region, populations of P. eunomia
situated close together within a river basin or a peat bog
area usually show strong genetic inter-relationships
(Néve et al., 1996b). Direct observation of emigration,
including up to 6 km colonization steps, had suggested
such patterns (Neve et al., 1996a). Geographically
isolated populations, however, may show more distinct
allele frequency patterns from their neighbours because
of genetic drift.

We did not find any direct evidence of movements
between river basins in any of our mark-release—
recapture studies. Colonization patterns in Morvan
have shown, however, that movement to adjacent river
basins does occur, albeit rarely (Néve et al., 1996a).
Hierarchical F analysis suggests that each of the five
subregions studied contains most of the genetic diversity
present at the regional level. Differentiation between
populations occurring on European mountain ranges

© The Genetical Society of Great Britain, Heredity, 84, 657-666.
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PYR

ROC

LIE

Fig. 4 Neighbour-joining dendrogram:
consensus tree built from 100 trees
obtained by bootstrapping on Nei’s
distance between 26 Proclossiana
eunomia populations from the Ardennes
region. Population codes follow

Table 2 and Fig. 1; PYR indicates the
population from Targassonne (French
Pyrenees), used as an outgroup. The
numbers at the forks indicate the num-
ber of times the group consisting of the
populations which are to the right of
that fork occurred among the 100 trees.

(Ardennes, Pyrenees, Cantabricous mountains, Balkans,
Czechia) within Europe is much higher, with a mean Fgst
for the four loci considered here of 0.177 (Barascud,
Descimon & Neéve, unpubl. data), which indicates a
‘great’ genetic differentiation (Wright, 1978).

The  practical use of the  relationship
Fsr=a + b/(4x + 1), with x as the distance between
the pairs of populations considered, in inferring the
genetic neighbourhood size leads to problems linked with
the autocorrelation of geographical and genetic distance
data sets. From a sample of n populations, a total of
n(n — 1)/2 points arise in the regression test. To avoid
this pseudoreplication problem autocorrelation analyses

© The Genetical Society of Great Britain, Heredity, 84, 657-666.
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were performed, revealing a positive correlation between
populations up to about 13 km apart. This distance does
not correspond to the radius of Wright’s (1978) genetic
neighbourhood area, i.e. the area from which individual
matings occur at random, but rather to the way allele
frequencies are correlated between populations according
to the geographical distance between them.

Our mark-release—recapture data suggest a genetic
neighbourhood in the order of several hundred metres
(Néve et al., 1996a), well in accordance with the
neighbourhood radius estimated here (0.9 km). The
pattern of the autocorrelation for the most common
allele of the locus Ak shows significantly positive values
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at small distances and negative values at the longest
recorded distances. This is typical of clinal variation,
with long-distance differentiation (Sokal ez al., 1989).
Endler (1977) showed that movements between adjacent
populations are sufficient to induce clines, which involve
correlation of populations that do not exchange indi-
viduals directly.

Heterozygote deficiency in several populations may
result from nonpanmictic pairing having occurred in at
least partly divided populations, from recent immigra-
tion having not yet reached equilibrium or from natural
selection (Endler, 1986). Our data are not sufficient to
test these hypotheses.

Despite an isolation-by-distance effect within the whole
studied area, the consensus dendrogram constructed from
Nei’s distance between populations does not fit the
geographical distribution of the samples. This suggests
that factors other than geographical distance may be
responsible for population differentiation (Slatkin, 1994).
These may include recent colonization (Meglécz et al.,
1999), especially if dispersal, which is related to sexual
behaviour and density in P. eunomia (Baguette et al.,
1998), is variable in time. For this species, a colonization
process within Morvan (France) over a 25-year period has
led to significant differentiation between populations
(Barascud et al., 1999). Genetic drift occurring by
chance in the same way in different populations, regard-
less of the relative locations of these populations, may also
obscure the differentiation-by-distance effect. This has
also been shown to occur in the Western Seep Fritillary
(Speyeria nokomis apacheana), a butterfly confined to
isolated mesic areas in the American Great Basin region,
in an area roughly 300 x 400 km (Britten et al., 1994).

Small populations which have long been isolated are
usually subject to genetic drift and founder effect, both
of which may obliterate the isolation-by-distance effect
(Slatkin, 1993). In Morvan, P. eunomia colonized the
region from a small number of females originating from
a single population. Within a 25-year period, significant
population differentiation occurred, but no isolation-by-
distance effect could be detected, suggesting a stepping-
stone colonization process (Barascud et al., 1999). In the
Great Basin area, with distances ranging from 12 to
500 km, independent genetic drift occurred in long-
isolated populations of Euphydryas editha, and a low
level of isolation-by-distance could be detected. By
contrast, in populations of E. editha which have not
experienced such a long isolation, as in the Rocky
Mountain Cordillera, the isolation-by-distance effect is
significant for a similar range of distances (300—400 km;
Britten et al., 1995).

In the context of metapopulation dynamics and
genetics (cf. Hedrick & Gilpin, 1997), dynamics of the
colonization/extinction of populations at the landscape

scale may maintain a high genetic diversity between
populations. The lack of subregional differentiation in
Ardennes populations of P. eunomia may result from: (i)
a comparatively recent colonization or (ii) occasional
stepping-stone movements across the whole regional
distribution of the species, at least until recently; or (iii)
a combination of both factors. Variation of the Dia-
mond-back Moth (Plutella xylostella) follows a similar
pattern of differentiation within Oahu and Maui on the
Hawaiian archipelago, where it was introduced in the
19th century: low variation between subregions (islands)
and a higher level of population differentiation between
subpopulations (Caprio & Tabashnik, 1992). These
authors conclude that ‘there has probably been sufficient
time since its [Plutella xylostella’s] introduction for local
populations to have differentiated, but it is less likely
that enough time has passed for larger regional popu-
lation units to have differentiated from each other.’
A similar pattern has been shown for the P. eunomia
colonization of Morvan (France) from 1970 to the 1990s
(Barascud et al., 1999).

Lack of correlation between geographical distance
and genetic distance is a characteristic of species with
high dispersal power, such as in the migratory butterfly
Aglais urticae (Vandewoestijne et al., 1999). Given the
fact that the increase in fragmentation of P. eunomia’s
habitats in Belgium is recent (since the 1950s; Goffart
et al., 1992), the connections between the populations of
the subregions have only weakened recently, and sub-
regional differentiation has not yet occurred. In the
closely related Boloria improba, studied in the Rocky
Mountain Cordillera by Britten & Brussard (1992), most
of the differentiation is also displayed at the population
level (Fpopulation—region = 0.379) whereas the regional dif-
ferentiation is weaker (Fregion-totat =0.172). The higher
within-differentiation of B. improba within the Rocky
Mountain Cordillera, compared with the within-
Ardennes nil differentiation of P. eunomia, is probably
caused by stronger barriers to dispersal and to the much
larger area of the Rocky Mountain range of B. improba,
from the Yukon Territory to Colorado (over 3000 km),
compared with the Ardennes populations of P. eunomia.
Gene flow within large areas is generally the case for
either generalist species, such as Pieris napi (Porter &
Geiger, 1995), or for species linked with a widely
distributed host species, such as Aglais urticae feeding
on Urtica dioica (Vandewoestijne et al., 1999).

Populations of specialist butterflies have often been
described as ‘closed’, mainly from ecological studies
recording the smallest patches in which the species have
been reported as occurring in a viable population (e.g.
Thomas, 1984). However, several studies have demon-
strated that low-frequency emigration/immigration
events and founders may have a strong impact on the
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genetic structure of populations. Brussard & Vawter
(1975) were the first to show that a seemingly highly
sedentary butterfly, Euphydryas phaeton, for which no
recaptures over 100 m from release locations were
observed, still had a high level of gene flow between its
seemingly ecologically separated populations. It seems,
therefore, that an ecological description of the long
survival of a small population is not sufficient to assess
its effective genetic isolation.

The low genetic differentiation of P. eunomia popu-
lations within the Ardennes region seems to be a result
of emigration/immigration occurring within the whole
area up to a recent time. In the perspective of the
conservation of P. eunomia, the present work shows that
several levels are implied, in particular a spatial one.
Maintenance of a habitat network seems to be essential
to avoid the loss of gene diversity through drift in overly
small, isolated populations. The ways of maintaining
significant connectivity between the colonies are subject
to debate, however. Managing or restoring habitat
corridors allowing the exchange of individuals and,
hence, gene flow should be the best way, even if it may
look unrealistic under present socio-economic condi-
tions. Translocation of individuals between colonies
could be a lower-cost solution, but this raises problems
of genetic management that should be carefully studied,
and would preserve the genetic diversity only of the
target species, without considering other species sharing
the same habitat requirements.
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