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Abstract

Five microsatellite DNA markers were isolated and used to quantify population genetic
structure among a subset of UK populations of the Adonis blue (

 

Polyommatus bellargus

 

Rottemburg). Specifically, whether population size, degree of isolation or history of bottle-
necking in 1976–1978 can explain current patterns of genetic variation. The butterfly is at
its northern range limit in the UK, where it exists as a highly fragmented metapopulation
on isolated pockets of calcareous grassland. Most populations were affected by a severe
bottleneck in the late 1970s, when a drought caused the host plant (

 

Hippocrepis comosa

 

) to
wilt. Mantel tests and spatial autocorrelation analysis indicated a significant effect of iso-
lation by distance among the UK populations, a relationship that broke down at greater
geographical scales (> 23.85 km), probably because of large areas of unsuitable habitat pre-
senting barriers to gene flow. Similarly, 

 

AMOVA

 

 revealed that variation among geographical
regions was almost double that observed within regions. Larger populations were found to
support significantly higher levels of genetic diversity, suggesting that small populations
may lose genetic diversity through drift. If, as in other butterfly species, low genetic diversity
increases the probability of population extinction, then these populations are likely to be
under threat. Neither isolation nor a history of bottlenecks appeared to influence genetic
diversity. The results indicate that adequate population size a crucial factor in the conser-
vation of genetic diversity in 

 

P. bellargus

 

 in the UK.
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Introduction

 

Knowledge of butterflies greatly exceeds that of most other
invertebrate groups. For most palaearctic species we have
information as to their habitat preferences and larval food
plants, and in some regions, notably the UK, remarkably
detailed distribution maps and records of changing
abundance are available. For this reason, butterflies have
been used widely as a model system for examining the
population dynamics and genetics of species threatened by
habitat loss and fragmentation (Debinski 1994; Hanski &
Thomas 1994; Hanski 

 

et al

 

. 1994; Hill 

 

et al

 

. 1996; Neve 

 

et al

 

.

1996; Brookes 

 

et al

 

. 1997; Lewis 

 

et al

 

. 1997; Sutcliffe 

 

et al

 

.
1997; Saccheri 

 

et al

 

. 1998).
Despite the availability of such detailed population data,

most studies of genetic diversity in rare species have
focused on vertebrates, and here the general consensus is
that inbreeding can have a significant effect (reviewed in
Frankham 1995). However, the importance of inbreeding
as a factor threatening the long-term persistence of inver-
tebrate metapopulations remains controversial. No direct
evidence had been found for the importance of genetic
diversity in wild invertebrate populations prior to the work
of Saccheri 

 

et al

 

. (1998). These authors demonstrated that
populations of the butterfly 

 

Melitaea cinxia

 

 that had less
genetic variation were more likely to become extinct. Fur-
ther studies of wild invertebrate populations are needed to
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establish the effects of isolation and population size on
genetic diversity, and the relationship between genetic
diversity within populations and extinction rate. Butter-
flies would be ideal systems for such studies, were it not for
the difficulty in finding appropriate genetic markers. Unlike
many other molecular approaches, microsatellites are highly
variable selectively neutral markers, making them ideal for
studying intraspecific variation. However, they have
proved to be hard to isolate in Lepidoptera and often have
elevated levels of null alleles. (Palo 

 

et al

 

. 1995; Meglecz &
Solignac 1998; Keyghobadi 

 

et al

 

. 1999). Despite this, we
recently isolated five polymorphic microsatellite loci from
the butterfly 

 

Polyommatus bellargus

 

 (Harper 

 

et al

 

. 2000).

 

P. bellargus

 

 is at the northwestern edge of its range in
southern England, and is restricted to south facing escarp-
ments of unimproved calcareous grassland (Thomas 1983).
More than 90% of unimproved lowland grassland was lost
in Britain between 1932 and 1984, and the remaining area
of chalk grassland in England is < 40 000 ha (Fuller 1987;
Keymer & Leach 1990). Thus, 

 

P. bellargus

 

 underwent a
slow decline between the 1950s and 1970s, followed by an
acute decline in the late 1970s following the drought in 1976
(Thomas 1983; Emmet & Heath 1990; Asher 

 

et al

 

. 2001).
More than 90% of recorded UK populations had become
extinct by 1981, and many more underwent severe bottle-
necks in 1976–1978. The species has since recovered slowly,
but its status remains a cause for concern.

Surviving populations vary greatly in size and degree
of isolation, although populations rarely exceed 1000 indi-
viduals (Emmet & Heath 1990; Bourn 

 

et al

 

., personal
observation; Stewart 

 

et al

 

. 2000). The species is markedly
sedentary, so that even where populations are in close
proximity, transfer of individuals is rare, with observed
dispersal distances generally < 25 m (Thomas 1983). Thus,
we would predict that more isolated populations should
receive little or no gene flow, and that smaller isolated
populations may suffer from a loss of genetic variation
through drift.

Here we report patterns of genetic variation across the
UK range of 

 

P. bellargus

 

 as measured from the five poly-
morphic microsatellite loci. In particular, we test whether
population size, degree of isolation or history of bottle-
necking in 1976–1978 explain current patterns of genetic
variation.

 

Materials and methods

 

Sample collection was carried out over two years, in 1998
and 1999 (four consecutive generations of the butterfly).
Twenty-six populations were sampled, comprising a total
of 1173 specimens, and spanning the geographical distri-
bution of the species in the UK (Fig. 1). The detrimental
effects of sampling were minimized by removing just a
small proportion of the spent male butterflies from each

population. Population data detailing annual population
size (see Table 3), historical bottlenecking (during 1978),
and identification of recently founded populations (colonized
since 1978) were obtained from numerous unpublished
detailed historical records compiled by Butterfly Con-
servation, The National Trust and English Nature.

Heads from 

 

Polyommatus bellargus

 

 specimens were used
as a source of DNA via a salt-extraction technique (after
Sunnucks & Hales 1996; Aljanabi & Martinez 1997). The
head was homogenized in the presence of 300 

 

µ

 

L TEN
(250 m

 

m

 

 NaCl, 50 m

 

m

 

 Tris–HCl, 10 m

 

m

 

 EDTA, pH 8.0)/
2% SDS and 30 

 

µ

 

L of 1 mg/mL proteinase K. This was
followed by incubation for 3 h at 55 

 

°

 

C. One hundred micro-
litres of 5 

 

m

 

 NaCl was added to each sample, which was
then shaken on a vortex prior to centrifugation at 16 000 

 

g

 

for 10 min. The supernatant was then aspirated and pipetted
into a fresh tube where the DNA was precipitated using
1 mL of absolute ethanol at 

 

−

 

20 

 

°

 

C. After precipitation,
the ethanol was decanted off and the DNA pellets were
washed twice in 1 mL of 70% ethanol. After both ethanol
washes, all the alcohol was removed and the samples air
dried and resuspended in 20–40 

 

µ

 

L of TE.
Five microsatellites were used. Primer sequences and

reaction conditions followed Harper 

 

et al

 

. (2000). The micro-
satellites were scored using a 5% denaturing polyacryla-
mide gel by vertical electrophoresis at 20–60 mA for 2 h on a
Perkin–Elmer ABI 377 automated sequencer running 

 

gene-
scan

 

 and 

 

genotyper

 

 2.5 software (PE-Applied Biosystems).

 

Statistical analysi

 

s

 

Samples collected from more than one generation at the
same collecting site (16 sites in total) were assessed for
differences between generations using the exact 

 

G

 

-test
advocated by Goudet 

 

et al

 

. (1996). A total of 5000 permu-
tations of genotypes among samples were performed to
assess the significance of temporal differentiation. Compu-
tations were performed using 

 

fstat

 

 2.9.1. (Goudet 2000)
updated from Goudet (1995).

Fig. 1 The study sites in southern England. For amova, popula-
tions were grouped into nine geographical regions: East Dorset
(BD, BH, HB, RH, RiH), West Dorset (MC, WHH, P), Isle of Wight
(V, B, M), Surrey (R), South Wiltshire (FO, HA, PD, MD), North
Wiltshire (A3, CL, BC, CH), Kent (FE, WYE, LY), West Sussex
(MH, DD) and East Sussex (W). Population groupings from NJ
consensus tree (Fig. 3) are also indicated.
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Departures from the Hardy–Weinberg equilibrium
(HWE) for all 26 populations at each locus were tested
using 

 

arlequin

 

 (Schneider 

 

et al

 

. 2000). Where a significant
heterozygote deficit was found, estimations of null allele
frequency (

 

n

 

) were made using the method of Brookfield
(1996).

To test for evidence of a recent reduction in effective
population size (

 

N

 

e

 

), the microsatellite data were analysed
using 

 

bottleneck

 

 1.2.02 (Cornuet & Luikart 1996; Piry

 

et al

 

. 1999). This program applies the assumption that
within a well-defined population, e.g. with no immigration
or population substructure, allele numbers at selectively
neutral loci (

 

k

 

) will generally decline faster than observed
heterozygosity (

 

H

 

O

 

) (Hedrick 

 

et al

 

. 1986). Thus, recently
bottlenecked populations will display an excess of hetero-
zygosity relative to allele number (Cornuet & Luikart 1996;
Luikart & Cornuet 1998; Luikart 

 

et al

 

. 1998, 1999; Spencer

 

et al

 

. 2000). Statistics for all three models of mutation, step-
wise (SMM), two-phase (TPM) and the infinite allele
(IAM), were calculated. A Wilcoxon signed-rank test
was performed to test the hypothesis that the average

standardized difference across loci for each population is
not significantly different from zero (Spencer 

 

et al

 

. 2000). A
second indication of a bottleneck is a shift away from an L-
shaped distribution of allele frequencies, to one with fewer
alleles in the low frequency categories. This was also
assessed using 

 

bottleneck

 

 (Cornuet & Luikart 1996; Piry

 

et al

 

. 1999).
Estimates of gene diversity (Nei 1987) were made for

each of the 5 loci and 26 populations using 

 

fstat

 

 (version
2.9.1), and a mean value across loci was calculated. This
estimator is analogous to 

 

H

 

E

 

, and will give a measure of
population genetic diversity that is unbiased by confound-
ing factors such as sample size, the effects of null alleles,
breeding system or the Wahlund effect. Gene diversity was
analysed with respect to three potential explanatory fac-
tors: (i) population size (assigned as small, medium or
large); (ii) whether the population bottlenecked was the
result of a recent colonization event or had a stable history;
(iii) isolation from other populations, measured as the
number of other known populations located within
37.5 km (Table 1). The data were analysed in GLIM with

Table 1 Wilcoxon signed rank tests for excess heterozygosity for 26 Polyommatus bellargus populations across the UK. Details of population
size (small medium or large), number of sampled local populations (within 37.5 km), Nei’s (1987) gene diversity, sample size, numbers of
loci exhibiting an excess of heterozygosity, calculated P-value, population histories since 1976–1978 (R = recolonized, B = bottlenecked, S
= stable, ? = unknown); significance (P < 0.05) are all shown. IAM, infinite allele model; TPM, two-phase model
 

 

Pop’n
Sample 
size

% loci with an excess P-value

History pop’n size
 Local
pop’n

Gene 
diversityIAM TPM IAM TPM

A3 35 4 1 0.31 0.98 ? M 6 0.6702
BD 57 5 1 0.02* 0.98 S L 10 0.7056
BH 51 3 1 0.59 0.98 S L 8 0.5992
BC 16 3 0 0.69 1.0 B S 7 0.6448
B 46 3 1 0.41 0.97 S L 2 0.6878
CL 52 5 5 0.02* 0.02* R L 7 0.7114
CH 49 3 2 0.5 0.89 S M 7 0.637
DD 77 4 1 0.03* 0.95 ? L 2 0.7392
FE 74 5 2 0.02* 0.92 B L 2 0.7456
FO 11 5 4 0.02* 0.07 B M 13 0.7228
HA 42 4 2 0.07 0.92 B L 14 0.7422
HB 41 4 0 0.07 1.0 ? M 9 0.6506
LY 49 4 3 0.03* 0.5 B M 2 0.6994
MC 60 4 3 0.04* 0.67 R L 9 0.7292
MD 43 4 2 0.31 0.95 B S 10 0.6666
MH 36 3 2 0.11 0.92 B M 2 0.6902
M 49 3 1 0.41 0.97 S M 2 0.5972
P 25 2 1 0.59 0.97 ? S 7 0.6088
PD 43 4 3 0.04* 0.69 ? M 7 0.684
R 56 4 2 0.07 0.89 S L 0 0.76
RIH 16 5 2 0.02* 0.92 ? M 9 0.7106
RH 52 2 1 0.68 0.98 ? M 10 0.6524
V 43 3 2 0.31 0.95 S M 2 0.6646
WHH 57 3 1 0.31 0.95 S L 9 0.7022
W 47 4 2 0.11 0.59 ? L 2 0.7862
WYE 32 4 3 0.31 0.59 R M 2 0.664
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normal errors (equivalent to a three-factor 

 

anova

 

) (see
Crawley 1993). The categorizations of population size and
demographic change were based on various unpublished
surveys from Butterfly Conservation and English Nature.

Estimates of genetic distance between populations were
obtained using Cavalli-Sforza & Edwards (1967) chord dis-
tance (D

 

C

 

) calculated in 

 

microsat

 

 1.5b (Minch 1997). This
Euclidean measure was shown to be the most relevant
method to calculate genetic distance between closely
related groups where heterozygosities are high (Takezaki
& Nei 1996). In particular, this measure outperformed dis-
tances designed for the IAM and SMM (Takezaki & Nei
1996). Neighbour-joining (NJ) trees were constructed
using D

 

C

 

. One thousand distance matrices from resampled
data sets bootstrapped over loci were created using 

 

micro-
sat

 

. These were analysed using the NJ tree subroutine in

 

neighbour

 

 within 

 

phylip

 

 3.57c (Felsenstein 1993). The
input order of populations was randomised to ensure that
the final tree topology was not dependent on the order the
samples were entered. The 

 

consense

 

 subroutine within

 

phylip

 

 was then used to produce a consensus NJ tree that
provided estimates of robustness at each node based on the
bootstrapping of the gene frequencies.

To establish whether any isolation by distance effect has
occurred, matrices of genetic distance data (D

 

C

 

) and the
logarithms of geographical distance data (in km) between
all the UK sample sites were constructed. These matrices
were analysed for their degree of correlation using a
Mantel test, with significance tests performed over 10 000
randomizations (Mantel 1967; Manly 1991, 1997). The analysis
was carried out using 

 

mantel

 

3. This program uses a
Pascal translation of the 

 

fortran

 

 code found in Manly
(1991). It is available free from J. Goudet (Université de
Lausanne).

The relationship between genetic and geographical dis-
tance was further investigated using a spatial autocorrela-
tion. For this analysis, the method of Smouse & Peakall
(1999) was used, an approach specifically designed for
multi-allelic codominant loci, such as microsatellites. Unlike
classical spatial autocorrelation analysis, which is calcu-
lated one allele at a time (e.g. Stone & Sunnocks 1993; van
Staaden 

 

et al

 

. 1996), the procedure is intrinsically multivari-
ate. Thus, avoiding the need for allele by allele, locus by
locus analysis. By combining alleles and loci, the spatial
signal will be strengthened by reducing stochastic noise
(Smouse & Peakall 1999; Peakall 

 

et al

 

. 2003). A pairwise
matrix of genetic distance (

 

F

 

ST

 

) and a pairwise geograph-
ical distance was used as input files, with distance classes of
even sample size. The resulting autocorrelation coefficient
generated, 

 

r

 

, is closely related to Moran’s 

 

I

 

. Tests for statis-
tical significance were performed by random permutation;
this generates an estimate of 

 

r

 

 around the null hypothesis
of no spatial structure (

 

rp

 

). After 1000 permutations, the 

 

rp

 

values are sorted, and the 25th and 975th 

 

rp

 

 values are

taken to define the upper and low bounds of the 95%
confidence interval. This analysis was performed using the
package 

 

genaiex

 

 V5 (Peakall & Smouse 2001).
The microsatellite data were subjected to a hierarchical

analysis of molecular variance (

 

amova

 

), as described by
Excoffier 

 

et al

 

. (1992), using three hierarchical levels; indi-
vidual, population and geographical region (Fig. 1). The
analysis was performed using 

 

arlequin

 

 2.000 (Schneider

 

et al

 

. 2000). Significance values for the covariance com-
ponents, , ,  and for the fixation index (

 

F

 

ST

 

 analogue)

 

Φ

 

ST

 

, were calculated using 10 000 permutations (of indi-
vidual genotypes) to produce a null distribution to which
the values were compared.

 

Results

 

Of the 16 populations tested for temporal variation in allele
frequencies, none showed any significant overall loci
differentiation between generations (exact 

 

G

 

-test, 

 

P

 

 > 0.05).
For subsequent analyses, samples from different generations
have been pooled.

Of the five microsatellites analysed, there were devi-
ations from HWE in at least a subset of the 26 populations
(75% of locus/population combinations). Deviations were
all heterozygote deficiencies. When the frequencies of null
alleles were calculated and averaged across all sites, the
frequencies were 0.2 

 

±

 

 0.025, 0.18 

 

±

 

 0.026, 0.03 

 

±

 

 0.013,
0.09 

 

±

 

 0.023 and 0.07 

 

±

 

 0.022 for loci 

 

Lb1/41

 

, 

 

Lb1/57

 

, 

 

LbG2

 

,

 

Lb4/18

 

 and 

 

Lb4/19

 

, respectively (means 

 

±

 

 SE). Most popu-
lations that deviated from HWE displayed null allele fre-
quencies of around 0.15–0.3; these frequencies are similar
to those in other published studies where frequencies have
been calculated (Neumann & Wetton 1996; Van Treuren
1998).

Of the 26 populations analysed for evidence of a bottle-
neck, the TPM indicated that one population showed
evidence of a heterozygote excess (Table 1). However, under
the IAM, estimates of heterozygosity excess were signi-
ficant for nine populations (Table 1). Under the SMM, no
populations indicated heterozygosity excesses (results not
shown). None of the allele distributions showed a depar-
ture from the standard 

 

L

 

-shape in the mode-shift test.
Of the populations known to have undergone a founder

event or population bottleneck, 60% showed a significant
excess of heterozygosity under the IAM, indicating the
occurrence of a recent population bottleneck. Under the
TPM, this is reduced to 10%. Of the populations where no
bottleneck has been recorded, 12.5% showed a significant
heterozygosity excess under the IAM, with none under the
TPM (Table 1).

The GLIM analysis revealed significantly higher popu-
lation gene diversity in larger populations (means ± SD;
0.64 ± 0.02, 0.67 ± 0.01 and 0.72 ± 0.01, for small, medium
and large populations, respectively) (F2,23 = 6.34, P < 0.01).

σa
2 σb

2 σc
2
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There were no significant differences in gene diversity
according to a history of bottlenecking or degree of isolation.

Phylogenetic reconstructions using Cavalli-Sforza &
Edwards’ (1967) chord distance resulted in a consensus NJ
tree that was only weakly supported at a large number of
nodes (< 50%). However, the general trends apparent in
this dendogram (Fig. 2) comply well with the geographical
distribution of the populations sampled. There were some
anomalies, notably the positioning of population ‘R’ from
Surrey in the Isle of Wight clustering. Similarly, two popu-
lations from southern Dorset, ‘RiH’ and ‘P’ were grouped
with populations from northern Wiltshire. After the tree
was made more robust, by collapsing nodes supported by
< 50% of bootstraps, all unexpected relationships were
broken down and five major groupings of populations
were revealed, located in the Isle of Wight, Sussex, Wilt-
shire, Kent and Dorset (Fig. 3). The relationships between
the remaining samples on the dendogram remain poorly
resolved, showing low bootstrap support (< 50%). This
may be attributable to the fact that many of these popula-
tions are not in the immediate vicinity of any other popu-
lation included in this study.

The Mantel test results gave an r-value of 0.3516 (P =
0.0007, for 20 000 randomizations), indicating that there is
a strong isolation-by-distance effect present among the
populations. However, on further investigation using
spatial autocorrelation analysis, this relationship is not of a

linear nature (Fig. 4). The correlogram shows a sharp, non-
linear decline in r across a short geographical distance,
with r positive and significant at 4 and 8 and 13 km, and an
x-intercept at 23.85 km. Beyond this point, the relationship
remains nonsignificant.

Under the amova analysis, 87% of the variance was
explained by within population variation (variance com-
ponent 1.30). The remainder is partitioned between vari-
ation among populations within regions (4.5%, variance
component 0.067, P < 0.0001), and variation among regions
(8.18%, variance component 0.122, P < 0.0001). There is
almost twice the amount of variance between regions as
there is among populations within them, an indicator that
there is limited gene flow between regions.

Fig. 2 Consensus tree based on Cavalli-Sforza & Edwards’ (1967)
chord distances derived from allele frequencies at five micro-
satellite loci (NJ method of tree construction). Bootstrap values
are indicated at each node.

Fig. 3 NJ consensus tree based on Cavalli-Sforza & Edwards’
(1967) chord distance. Branches not supported by a bootstrap
value of at least 50% have been collapsed.

Fig. 4 Correlogram showing the combined genetic correlation (r)
as a function of distance, 95% CI about the null hypothesis of a
random distribution of genotypes, and 95% confidence error bars
about r as determined by bootstrapping.
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Discussion

Heterozygote deficiency and null alleles

Genetic data obtained from natural populations of outbreed-
ing organisms usually indicate agreement between observed
and expected genotype frequencies according to HWE
(Nei 1987). Where heterozygote deficiencies are found
consistently across loci, this may be ascribed to a variety
of factors including inbreeding and population substruc-
turing (Lade et al. 1996; Paxton et al. 1996). However,
because consistency across loci was not present in our data,
it is unlikely that these processes are the sole cause of the
observed disequilibrium. Another explanation for hetero-
zygote deficiency is the presence of null alleles. The
observation that a small subset of individuals failed to
amplify from each locus would support this conjecture.
Significant heterozygote deficiency has been found in
similar studies of Lepidoptera (Palo et al. 1995; Meglecz &
Solignac 1998; Meglecz et al. 1998; Keyghobadi et al. 1999),
suggesting a high mutation rate in the regions immediately
surrounding Lepidopteran microsatellite repeats.

This widespread presence of null alleles will tend to
confound the calculation of many heterozygosity-based
genetic distance estimators. In this situation, the applica-
tion of a Euclidean genetic distance estimator, such as Cavalli-
Sforza & Edwards’ (1967) chord distance (DC), may be
more appropriate. These measures have also been shown
to be more efficient at reconstructing evolutionary rela-
tionships using microsatellite data (Takezaki & Nei 1996;
Lugon-Moulin et al. 1999).

Recent genetic bottlenecks and inbreeding

A consistent excess of heterozygosity, indicating a recent
bottleneck, was detected under the IAM in 60% of popu-
lations in which documented evidence suggested that
a bottleneck had occurred, whereas only 12.5% of popula-
tions documented as having remained stable displayed
these effects. Although these sample sizes are too small to
carry out a statistical test, our data suggest that this approach
for detecting past bottlenecks in the absence of direct
population data is reasonably effective. However, both
TPM and SMM appeared to be rather poor at detecting
past bottlenecks in this system.

When gene diversity values were analysed with respect
to various aspects of the chronicled population data, no
significant effects from population isolation, past bottle-
necks or extinction/recolonizations were found. This is
somewhat surprising, because theoretical predictions sug-
gest that these kinds of demographic changes will strongly
affect the genetics of remnant populations (Wright 1931;
Gilpin 1991; Lande 1995; Lynche et al. 1995; Brookes et al.
1997), and studies have indicated an increased likelihood

of extinction in isolated butterfly populations (Saccheri
et al. 1998; Nieminen et al. 2001). However, population size
was strongly and positively related to genetic diversity.
This effect has been hinted at in previous studies. For
example, in Plebejus argus, allozyme and mitochondrial
DNA data implied the loss of diversity from small popula-
tions with rapid turnover rates (Mallet 1997). Similarly in
Maculinea teleius a relationship was inferred between small
effective population size and low heterozygosity (Figurny-
Puchalska et al. 2000). A relationship between population
size and genetic diversity may seem trivial, but it has pro-
found implications. It suggests that natural populations of
butterflies can be sufficiently small for loss of alleles
through drift. If so, then they may suffer from deleterious
effects of inbreeding, and the probability of local extinction
(already high in small populations) is raised. It would be
valuable to follow up this work with a study of the rela-
tionship between extinction rate and genetic diversity.

Population substructuring, gene flow, and isolation 
by distance

The dendograms, Mantel and amova analyses all indicate
a pattern of connectivity among populations that relates to
the geographical distance separating them, in accordance
with Wright’s (1943) model of isolation by distance.
Although the initial phylogram reconstruction resulted in
a topology that reflected the geographical distribution of
populations, in a few places it was only weakly supported
by the bootstrap data. When this tree was made more
robust, by collapsing the nodes with low bootstrap values
(< 50%), many of the relationships broke down, leaving
only a few very strong population clusters. These groupings
consistently represented ‘local’ populations, separated by
short geographical distances (< 20 km). This suggestion
of ‘isolation by distance’ appeared to be confirmed by both
the Mantel and spatial autocorrelation analyses, where
genetic and geographical distances were significantly corre-
lated over short distances, with no significant relationship
found between populations separated by > 13 km, suggest-
ing that isolation is complete for distances greater than this.

The amova analysis indicates that approximately twice
the amount of population variance was identified between
regions than was present among populations within regions.
Both of these variance components were highly significant,
again suggesting significant genetic structuring among
populations. The overall estimate of FST (0.127) is compar-
able to estimates achieved from other Lepidopteran spe-
cies via allozyme electrophoresis, such as the sedentary
fritillaries Euphydryas chalcedona FST = 0.090 and E. editha
FST = 0.120 (McKechnie et al. 1975), Melitaea didyma FST = 0.10
(Johannesen et al. 1996), the mountain species Oeneis chryxa
FST = 0.081 (Porter & Shapiro 1991), Polish populations of
Maculinea nausithaus FST = 0.153 (Figurny-Puchalska et al.
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2000) and French populations of Parnassius mnemosyne
FST = 0.135 (Napolitano & Descimon 1994). Other studies
using microsatellites have also obtained similar values
for Hungarian populations of P. mnemosyne FST = 0.070
(Meglecz et al. 1998) and for Militaea cinxia FST = 0.20 (Palo
et al. 1995).

Our analyses unequivocally implicate geographical dis-
tance as an important barrier to gene flow. Thus popula-
tions that are in close proximity to one another, or linked
by stepping-stone populations, are typically more genetic-
ally similar to one another than populations from separate
geographical regions. Such genetic differentiation gener-
ally results from stochastic events, such as genetic drift and
local selection, exacerbated by the diminished exchange of
individuals among populations (gene flow) (Wright 1931;
Leberg 1991). This corresponds with the ecology of Polyo-
mmatus bellargus, where mark–release–recapture studies
have inferred that the exchange of individuals among col-
onies is extremely rare (Thomas 1983). Even in Dorset,
where populations are in close proximity, no direct trans-
fer of individuals was observed, and although 2–8% of
adults were identified outside their main flight areas, they
were generally within 25 m and on the same side of any
putative barriers (such as unsuitable habitat) (Thomas
1983). This kind of closed population structure, taken
alongside the butterfly’s specific requirement for south-
facing calcareous grassland, results in clusters of colonies
that are often separated from others by distances across
which dispersal is unlikely. This presumably explains the
sharp increase in genetic differentiation across short geo-
graphical scales, beyond which no relationship remains
between the two variables. The slight contrast between the
inferences from the dispersal studies and the microsatellite
data, where no transfer of individuals was observed, but
short distance gene flow was indicated, can be attributed to
the failure of most dispersal studies to detect either rare but
consistent long-distance dispersal or infrequent mass dis-
persal events (Slatkin 1987). It has been postulated that
even as few as one migrant every second generation can
be enough to prevent genetic drift between populations
(Slatkin 1995), events which are extremely unlikely to be
directly observed. The butterfly has been able to recolonize
sites in Dorset that are 10–15 km from the nearest popula-
tion (Bourn et al., personal observation), indicating a higher
dispersal ability than that suggested by Thomas (1983).

In a review of gene flow and isolation by distance in a
variety of other insects, similar trends have been identified
for many sedentary species, where isolation-by-distance
relationships become weak for distances greater than
tens of kilometres (Peterson & Denno 1998). For example,
in Melitaea didyma, habitat partitioning prevented gene
flow among regions, whereas exchange between local
populations remained high (Johannesen et al. 1996). In the
sedentary lycaenid butterfly, Euphilotes enoptes, gene flow

appeared to occur over spatial scales much greater than
possible for dispersing individuals; a discrepancy the
author attributed to stepping-stone gene flow, via inter-
mediate populations (Peterson 1996). This observation has
parallels with our data for P. bellargus, where gene flow
has been inferred over distances of up to 37.5 km, yet the
butterfly has never been observed to stray much more than
25 m from its home range (Thomas 1983). It is likely that
stepping-stone gene flow is playing a part here, but that the
structure of the habitat in the UK limits this to ≈ 40 km,
because stepping-stone gene flow cannot traverse areas
where no populations are present.

Although this work has obvious relevance to the conser-
vation of P. bellargus, the results are also relevant to other
arthropods, particularly sedentary species with a closed
population structure. Conservation effort is often concen-
trated only on maintenance of corridors between suitable
habitats. Our data suggest that population size is another
crucial factor in maintaining high levels of genetic divers-
ity, whereras connectivity between populations had a less
discernible affect in this study. Thus the preservation of
blocks of habitat able to sustain large populations should
also be given high priority.
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