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Abstract

Background: Addressing genetic issues in the management of fragmented wild populations of threatened species
is one of the most important challenges in conservation biology. Nowadays, a diverse array of molecular methods
exists to assess genetic diversity and differentiation of wild populations such as allozymes, dominant markers and
co-dominant markers. However it remains worthwhile i) to compare the genetic estimates obtained using those
several markers in order to ii) test their relative utility, reliability and relevance and iii) the impact of these results for
the design of species-specific conservation measures.

Results: Following the successful isolation of 15 microsatellites loci for the cranberry fritillary butterfly, Boloria
aquilonaris, we analyzed the genetic diversity and structure of eight populations located in four different landscapes,
at both the regional and the landscape scales. We confront results based on microsatellites to those obtained using
allozymes and RAPDs on the same samples. Genetic population analyses using different molecular markers indicate
that the B. aquilonaris populations are characterized by a weak genetic variation, likely due to low effective population
size and low dispersal at the regional scale. This results in inbreeding in some populations, which may have detrimental
consequences on their long term viability. However, gene flow within landscape is limited but not inexistent, with
some long range movements resulting in low or no isolation by distance. Spatial structuring was detected among the
most isolated populations.

Conclusions: The use of allozymes and RAPD are of very limited value to determine population structuring at small
spatial (i.e. landscape) scales, microsatellites giving much higher estimate resolution. The use of RAPD data is also
limited for evidencing inbreeding. However, coarse-grain spatial structure (i.e. regional scale), and gene flow estimates
based on RAPD and microsatellites data gave congruent results. At a time with increasing development of new
molecular methods and markers, dominant markers may still be worthwhile to consider in organisms for which no
genomic information is available, and for which limited resources are available.

Keywords: Boloria aquilonaris, Genetic diversity, Genetic differentiation, Marker comparison, Neutral marker
Background
Addressing genetic issues in the management of frag-
mented wild populations of threatened species is one of
the most difficult challenges in conservation biology [1].
Indeed, there is now compelling evidence that inbreed-
ing and loss of genetic diversity compromise the viability
of populations [2]. Extinction risk is increased through
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loss of genetic diversity by inbreeding and genetic drift,
particularly in small, isolated populations. Accordingly,
to elaborate sound management plans, it is necessary
to delineate population units, to quantify gene flow, to
estimate effective population sizes and to relate genetic
diversity to individual fitness and population viability.
Nowadays, a diverse array of molecular methods exists
to obtain information about the genetic diversity and
differentiation of wild populations [3,4]. However it
remains worthwhile i) to compare the results obtained
using those several methods and ii) hence to test their
reliability and utility (e.g. [5-7]).
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Variants in amino-acid sequences of the same enzyme
due to mutation of genes, or allozymes, were one of the
first genetic marker systems used in molecular ecology
[8]. They are time and cost effective and have been effi-
ciently applied in population genetic and phylogeo-
graphic studies [9]. However, they necessitate invasive
sampling, might be subject to selection and may not
reveal much variation at small spatial scales and on short
time intervals, mainly in species characterized by iso-
lated populations and/or small population sizes [10].
This lack of neutrality is suited in the context of evolu-
tionary studies but can be particularly problematic to
test population differentiation. Dominant markers (i.e.
markers revealing only a single dominant allele [8]), such
as RAPDs (Random Amplified Polymorphic DNA), ISSR
(Inter-Simple Sequence Repeats) and AFLP’s (Amplified
Fragment Length Polymorphism) have demonstrated their
utility (e.g. [11,12]), even in population assignment tests
[13]. However, they remain of limited use in conservation
studies where genotypic data are necessary to guide
management practices aiming at avoiding inbreeding
(i.e. where it is necessary to distinguish heterozygous
from homozygous individuals). Although RAPD’s stud-
ies do not require much DNA, problems of reproduci-
bility resulted in difficulties to publish RAPD based
results [14]. Nonetheless, they remain the least expen-
sive population genetic markers for use on species for
which no other genomic information is available.
Co-dominant markers, such as RFLPs (Restriction

Fragment Length Polymorphism), microsatellites and
SNPs (Single-Nucleotide Polymorphism), (i.e. markers
for which all the alleles present at a particular locus can
be identified [8]) are nowadays the most widely used
molecular markers in population genetic and conser-
vation studies [14]. In particular, microsatellites have
become popular and versatile, because they are hyper
variable, neutral and reproducible molecular markers
[15,16]. However, developing these markers through
microsatellite enrichment followed by Sanger sequencing
is time consuming and costly. Genotyping errors and
difficulties in isolating microsatellite markers can ap-
pear in some groups, including butterflies [17], although
Lepidoptera are often considered as an ideal model for
conservation biology studies. Indeed, they respond rap-
idly to both habitat change and global warming [18] and
they are good indicators of habitat quality [19]. The
difficulty of isolating microsatellites in Lepidoptera [17]
has been associated to high similarity in flanking regions
between different microsatellites within a same species
[20] and/or the lack of conserved flanking regions leading
to unrepeatable banding patterns [21]. However, next-
generation sequencing offers the opportunity for more
efficient microsatellite isolation than was previously
possible [22,23]. The combination of a biotin-enrichment
protocol and high-throughput pyrosequencing has recently
resulted in the successful isolation of microsatellites
for several butterfly species, including the cranberry
fritillary Boloria aquilonaris [24], a butterfly species of
major conservation concern.
The cranberry fritillary is a glacial relict species whose

populations are more or less continuously distributed to-
wards the north of its range, whereas western European
populations are highly fragmented. Indeed, suitable habi-
tats are restricted to uplands where climatic conditions
are cold and wet. Over the past century, drainage and
afforestation of peat bogs (mainly by Norway Spruce
Picea abies) has resulted in the substantial decline of the
species in this part of its distribution range [25], which
has subsequently increased the isolation of the remnant
populations.
Intensive demographic and ecological work has been

carried out on the Cranberry fritillary in Belgium show-
ing i) a demographic decline in small local populations
[26], ii) a relatively high amount of dispersing individuals
between closely located populations [27] but iii) also some
very long distance dispersal movements [28]. Population
genetics has also been used to assess effective connectivity
between populations [29,30]. These studies were essen-
tially based on RAPD (Random Amplified Polymorphic
DNA) markers, because allozymes revealed very little
polymorphism in the study area. However, RAPD’s
revealed low population differentiation within the study
landscape, which confirmed that populations were func-
tionally connected, as expected from ecological studies.
The genetic structure of the populations inferred from
the RAPD data set was indeed remarkably congruent
with the geographic configuration of the populations
within the landscape and the observed movements
among populations [29].
Following the successful isolation of 15 microsatellites

loci for B. aquilonaris [24], here we analyze the genetic
diversity and structure of eight populations located in
four different landscapes. Analyses are hence carried out
at both the regional scale (i.e. between landscapes) and
the landscape scale (i.e. between populations located in
one landscape). We then confront results based on
microsatellites to those obtained using allozymes and
RAPDs on the same samples [29] and discuss the utility
and relevance of these three markers. We also discuss
the impact of these results for the design of species-
specific conservation measures.

Results
Genetic samples
All of the RAPD loci exhibited overall frequencies of
band presence of less than 1 – 3/N (where N is the
number of individuals sampled), reducing potential bias
in the allele frequency estimates stemming from low
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counts of band absence phenotype [31]. The results of
analyses based on biased and unbiased allele frequencies
were very similar, therefore, we only report results based
on the latter.
For the microsatellites data, Microchecker analyses in-

dicated the presence of null alleles at two loci in Grande
Fange and in Mirenne. However, it should be stressed
that no population – primer pair had null allele frequen-
cies of more than 0.001. Simulations showed that the
bias induced by null alleles is negligible at frequencies
below 0.2 [32]. After controlling for false discovery rate,
no primer pair – population combinations were in link-
age disequilibrium, nor were any primer – population
combinations in Hardy-Weinberg disequilibrium. How-
ever, global tests at the population level indicated signifi-
cant deviance from Hardy-Weinberg equilibrium for
four populations (Grande Fange, P =0.0293; Mirenne, P
=0.0003; Libin, P =0.0200; Grand Passage, P =0.0346).
Hardy-Weinberg disequilibrium in Grande Fange and
Grand Passage were due to significant heterozygote
deficiency (P =0.0173 and P =0.0057 respectively).
Significant heterozygote deficiency was also detected in
Pisserotte (P =0.0269).

Genetic diversity estimates
The average number of polymorphic loci (P95) was
0.50 ± 0.13 for allozymes, 0.763 ± 0.118 (ranging 0.526-
0.895) for RAPD and 0.895 ± 0.098 (ranging 0.692-1) for
microsatellites. The average expected heterozygosity
(He) was 0.188 ± 0.029 for allozymes, 0.315 ± 0.047 (ran-
ging 0.239-0.388) for RAPD and 0.485 ± 0.079 (ranging
0.294-0.576) for microsatellites. The mean number of
alleles per microsatellite locus (A) was 3.103 ± 0.615, the
allelic richness (AR) was 1.250 ± 0.171 and 89.5%
of microsatellite loci were polymorphic. Significant in-
breeding (f) was detected in Grand Passage and Pisserotte
Table 1 Genetic diversity and inbreeding estimated for B. aqu

Landscape Population N P95

μsat RAPD μsat

Tailles Grande Fange 26 19 1.000

Mirenne 25 21 0.933

Grand Passage 15 15 1.000

Logbiermé 9 9 0.933

Pisserotte 8 8 0.933

Recogne Libin 19 14 0.867

Saint-Hubert Pleine Hé 8 10 0.692

Hautes Fagnes Eichenbusch 2 6 0.800

Mean 0.895

SD 0.098

μsat: microsatellite based estimates, RAPD: Random Amplified Polymorphic DNA ba
criterion, He: unbiased expected heterozygosity, f: inbreeding coefficient, A: mean n
significance (P <0.05).
populations (f =0.125 and f =0.130, respectively). All values
per populations are presented in Table 1.
Ne estimates were obtained for the two populations

with the largest sample sizes: Mirenne and Grande
Fange. Bayesian and LDNe estimates were not signifi-
cantly different between populations. LD derived esti-
mates of Ne had infinite confidence intervals. Therefore,
the Ne:Nc ratio was calculated for Bayesian derived esti-
mates only. Ne:Nc ratios were consistently smaller for the
Grande Fange population, due to similar Ne estimates but
high Nc estimates (Table 2). No significant bottleneck was
detected, except for the Logbiermé population (Wilcoxon
test, P =0.012). However, due to the small sample size, the
validity of this significance is uncertain.

Structure of the populations
Population differentiation was high and statistically sig-
nificant for both RAPDs and microsatellites (Table 3).
Many population pairs were significantly differentiated
for both marker systems, especially at the regional scale
(Table 3). Mirenne population was also significantly dif-
ferentiated from many populations, even from those
within the same upland, confirming results from spatial
structure analyses. Previously, significant genetic differ-
entiation was observed for 16 out of the 28 population
pairs using allozymes [29]. Fst using microsatellites data
was estimated at 0.129 (SD: 0.018) at regional scale and
0.082 (SD: 0.016) at the landscape scale (i.e. populations
of the Tailles upland only). RAPD based Fst values were
very similar with 0.171 and 0.091 for the regional and
landscape scales, respectively.
Spatial genetic structure detected at the regional scale

previously identified i) two clusters (namely the Hautes
Fagnes upland vs. the other uplands) based on allozymes
and ii) three clusters (namely the Recogne upland vs. the
Saint Hubert upland vs. both the Hautes Fagnes and
ilonaris populations in four Belgian landscapes

He f A AR

RAPD μsat RAPD μsat μsat μsat

0.895 0.514 0.388 0.063 3.667 1.406

0.842 0.481 0.352 -0.072 3.400 1.276

0.789 0.544 0.337 0.125 3.867 1.445

0.789 0.576 0.293 0.054 3.333 1.277

0.895 0.505 0.355 0.130 3.200 1.289

0.684 0.466 0.276 -0.023 3.133 1.165

0.526 0.294 0.239 -0.131 2.154 NA

0.684 0.500 0.284 0.000 2.067 0.888

0.763 0.485 0.315 0.018 3.103 1.250

0.118 0.079 0.047 0.086 0.615 0.171

sed estimates, N: sample size, P95: number of polymorphic loci using the 95%
umber of alleles per locus, AR: allelic richness. Bold values indicate statistical



Table 2 Effective and consensus population size estimates on two B. aquilonaris populations

Population Bayesian Linkage Desequilibrium MRR 1995 Bayesian

Prior Ne 95% CL allele v Ne 95% CL Nc 95% CI Ne:Nc

Grande Fange 10-1000 17.135 14.355 - 25.408 0.05 54.50 21.00 - ∞ 1692 377 0.010

2-500 0.01 333.00 35.70 - ∞

2-100 18.624 15.143 - 23.654 0.011

Mirenne 10-1000 0.05 75.70 21.60 - ∞ 791 64

2-500 18.618 15.442 - 25.043 0.01 147.30 31.80 - ∞ 0.024

2-100 16.340 13.839 - 20.802 0.021

Bayesian estimates and linkage disequilibrium of effective number of breeder were calculated using OneSamp and LDNe softwares respectively, with CL the 95%
credible limits for the posterior distribution of Ne and allele ν the lowest allele frequency. Mark Release Recapture (MRR) estimates of consensus population size in
1995 (parental generation of Ne estimate) were inferred from Jolly-Seber models implemented in the Mark software [33].
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Tailles uplands) based on RAPD [29]. The structure based
on microsatellite data was similar between the Bayesian
and multivariate analyses. Indeed, the lowest BIC value
(multivariate analyses) and the highest likelihood lnP(D)
(Bayesian analyses) indicated the presence of five genetic
clusters with similar individual attribution to the respect-
ive clusters. The most distant uplands, namely Recogne
and Saint Hubert, formed separate clusters from Tailles
upland and the closely situated Hautes Fagnes upland
(Figure 1). However, at the landscape scale, the use of
microsatellites enabled the detection of a more fine-scale
spatial structure compared to RAPD. Indeed, using RAPD,
two genetically distinct clusters were detected, while three
clusters were detected using microsatellites (Figure 2). For
both markers, the Mirenne population formed a separate
genetic cluster. In addition, the microsatellite data identi-
fied the Logbiermé population as a distinct cluster from
the remaining populations of the Tailles upland. The
majority of the individuals in this last cluster (7 out of 9)
had a high probability of membership (>0.75).

Dispersal and gene flow
Genetic similarity decreased with increasing distance for
both the RAPD (Mantel test: r =0.706, P =0.004) and
microsatellite datasets (Mantel test: r =0.599, P =0.022)
Table 3 Pairwise estimates of Fst between populations of B. a

Landscape Tailles

Population Grande fange Mirenne Grand passage Logb

Grande fange / 0.084 0.039 0.046

Mirenne 0.103 / 0.169 0.090

Grand passage -0.005 0.114 / 0.049

Logbiermé 0.060 0.104 0.041 /

Pisserotte 0.047 0.180 -0.009 0.08

Libin 0.182 0.242 0.041 0.19

Pleine Hé 0.191 0.265 0.198 0.26

Eischenbush 0.012 0.168 0.009 -0.00

RAPD based estimates above de diagonal, microsatellite based estimates below. Bo
at the regional scale. It was similar for allozymes, despite
not significantly (Mantel test: r =0.414, P =0.092; [29]).
However, at the landscape scale (i.e. within the Tailles
upland) isolation by distance (IBD) was not significant
(PRAPD =0.189, Pmicrosatellite =0.223).
MRR-based estimates of dispersal at the landscape

scale were highly correlated to both the effective migration
rate estimate (r =0.919, P =0.015) and the maximum likeli-
hood estimate (r =0.912, P =0.019). Using the Akaike
information criteria (AIC) in the maximum likelihood
analyses of dispersal, the full model (i.e. dispersal be-
tween all populations) provided a significantly better fit
to the observed genetic data than both stepping stone
models. Indeed, the dispersal within 10 km and the be-
tween spatial genetic cluster models fitted the data less
well (AIC difference with the full model: ΔAIC =18350.17
and ΔAIC =53105.35, respectively). Number of migrants
per generation based on the full model were relatively im-
portant, with around 50 individual dispersers (Table 4).

Discussion
Genetic diversity in B. aquilonaris populations with DNA
markers
Genetic diversity based on microsatellites data measured
in B. aquilonaris populations (He =0.485) is low compared
quilonaris

Saint Hubert Recogne Hautes Fagnes

iermé Pisserotte Libin Pleine Hé Eischenbush

0.033 0.201 0.189 0.079

0.154 0.191 0.236 0.105

0.042 0.295 0.277 0.158

0.135 0.309 0.263 0.111

1 / 0.234 0.250 0.168

5 0.111 / 0.316 0.294

2 0.204 0.230 / 0.342

3 0.060 0.243 0.402 /

ld values indicate significant differences between populations (P <0.05).



Figure 1 Map of the study system. Black dots: B. aquilonaris populations. Dashed lines: limit of the plateaux. The insert shows the location of
the study system in Belgium.

Figure 2 Spatial population structure at the landscape scale (Plateau des Tailles). The probability of membership to hypothetical clusters
for a) microsatellite and b) RAPD data.

Turlure et al. BMC Genetics 2014, 15:114 Page 5 of 11
http://www.biomedcentral.com/1471-2156/15/114



Table 4 Number of migrants per generation based on maximum likelihood method

Populations Outgoing populations

Grande fange Mirenne Grand passage Logbiermé Pisserotte

Incoming populations Grande fange / 3.74 3.47 2.04 2.99

Mirenne 0.63 / 0.87 1.01 0.93

Grand passage 5.38 4.09 / 1.23 3.34

Logbiermé 0.86 1.32 1.35 / 2.78

Pisserotte 3.58 1.58 4.67 2.03 /
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to many species, such as the co-occurring specialist
butterfly Lycaena helle (He =0.75 in the Pisserotte popula-
tion; [33,34]) or as the common butterfly Pararge aegeria
(He =0.828; [34]). Genetic diversity based on RAPD data
(He =0.315) was also low and similar to another co-
occurring and conservation-targeted species Boloria euno-
mia (He =0.368; [35]) and to that of the calcareous grass-
land specialist butterfly Polyommatus coridon (He =0.321,
based on ISSR dominant markers; [11]). The lowest gen-
etic diversity estimate was given by allozymes (He =0.188).
This low genetic diversity may result from recurrent
bottlenecks, a low effective population size Ne and/or a
genetic isolation of the populations.
Possible bottleneck was detected for only one out of

the 8 studied populations. Given the uncertainty of this
result (see above), it is hard to conclude that the low
genetic diversity emerged or not from recurrent bottle-
necks in this case. However, the really low Ne and Ne:Nc

ratios estimated in the two investigated populations let
us think that low Ne is one of the source of the genetic
paucity for B. aquilonaris. Ne:Nc ratios for B. aquilonaris
populations were smaller than the typical average values
of the ratio, i.e. between 0.1 and 0.5 [2]. It is although
worth mentioning that the high variance in reproductive
success typical for invertebrates may result in highly
fluctuating Ne:Nc ratios [36]. Therefore, it would be of
interest to investigate the temporal fluctuations of the
Ne:Nc ratio in this species on large temporal scale. Con-
versely, Saarinen et al. [37] obtained very high Ne:Nc

values (>1.0) in the endangered Miami blue butterfly
and attributed this to genetic compensation, i.e. changes
in biological interactions at low abundance and hence
reduced variance in reproductive success. Higher Ne:Nc

in smaller populations was also attributed to genetic
compensation in an endangered damselfly [38]. Finally,
it should be mentioned that sample size was low in this
study, and may explain the large confidence intervals
observed for LD estimates of Ne. Initially, destructive
sampling was necessary because of associated allozymes
studies, therefore limiting the number of samples.
Whatever its origin, genetic paucity is often associated

with reduced individual fitness (e.g. [11,39], but see a
contradictory example with Drosophila flies: [40]) and may
have negative consequences on the long-term viability of
the metapopulation (e.g. [41]). Genetic diversity is also
considered as an important asset allowing organism to
adapt to climate change, although some confusion still
exists as to the relationship between neutral genetic di-
versity, as measured here, and adaptive genetic diversity.
Significant inbreeding was detected in two out of the
five populations in the Tailles landscape. Recent popula-
tion size estimates based on MRR indicate that these
two populations decreased dramatically in Nc, while
the populations without significant inbreeding did not
(Turlure et al. unpublished data).

Gene flow and population structure with DNA markers
Gene flow is important to avoid local inbreeding. Conse-
quently, quantifying gene flow enables landscape manage-
ment so as to maintain viable metapopulations through
recolonization and demographic rescue. Despite high
differentiation of the populations, results on DNA markers
suggest that some gene flow still occurs between popula-
tions of B. aquilonaris, especially within landscapes.
At the regional scale, the degree of genetic differenti-

ation is high, whatever the marker used. Based on the
microsatellite data it is very similar to the co-occurring
species L. helle [33]. This differentiation is largely influ-
enced by distance, as shown by the significance of the
IBD. Note that the IBD was positive but not significant
while using allozymes (r =0.414; P =0.092). These results
suggest that gene flow is relatively rare at regional scale.
This is not surprising as there is not a single population in
between the Tailles upland and the Recogne/Saint-Hubert
uplands that are separated by c.a. 40 km, which is out of
the dispersal range of most specialist butterflies [42].
At the landscape scale, the significance of IBD is lost

for both DNA markers. Absence of IBD at relatively
small scales has been observed for other butterfly species
(e.g. B. eunomia, [43]; and P. coridon, [11]). Absence of
IBD at the landscape scale and maximum fit of data to
the full migration model together suggest that dispersal
is possible between all populations localized within the
Tailles upland, and that geographic distance is no longer
the principal factor determining the amount of gene flow
at this spatial scale. MRR data confirm this, with detection
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of movements by B. aquilonaris of more than 10 km
within the studied landscape ([28]; Turlure unpublished
data). Dispersal estimates based on the inverse likelihood
function fitted to MRR data and microsatellite data were
highly correlated, as it was the case for previously pub-
lished RAPD data. The ratio of migrants based on demo-
graphic estimates versus genetic estimates are respectively
0.765 (SD 1.249) and 0.339 (SD 0.168) for Slatkin’s effect-
ive migration rate and the maximum likelihood estimate
based on microsatellite data. This indicates that (1) disper-
sal success is high, with mortality within the matrix
remaining limited and (2) immigrants have a high mating
success. Spatial analyses with both DNA markers illustrate
that the populations of Grande Fange, Grand Passage and
Pisserotte are more connected with each other, i.e. they
form one genetic cluster, than with the other populations
within the Tailles upland. Logbiermé (for microsatellite
data only) and especially Mirenne (for both microsatel-
lites and RAPD data) are genetically very different from
the other sampled populations. This spatial structure
likely results from the geographic isolation of the latter
two populations within the Tailles upland.

Implication for B. aquilonaris conservation measures
Genetic population analyses using different molecular
markers indicate that the B. aquilonaris populations are
characterized by a weak genetic variation, likely due to
low effective population size and low dispersal at the
regional scale. This results in inbreeding in some popu-
lations, which may have detrimental consequences on
their long term viability. However, gene flow within
landscape is limited but not inexistent, with some long
range movements resulting in low or no isolation by dis-
tance. Spatial structuring was detected among the most
isolated populations. Gene flow between B. aquilonaris
populations within landscape is generally superior to
one migrant per local population per generation, a gen-
etic rule of thumb to insure the maintenance of genetic
diversity and prevent inbreeding depression in fragmen-
ted populations [44]. Despite this, significant inbreeding
was detected in several populations. Wang [45] sug-
gested that the one migrant per generation rule may be
violated when there is variation in size among subpopu-
lations and the number of subpopulations is small. This
is the case in this study and it may explain the observed
inbreeding despite a number of migrants per generation
superior to one. Mills and Allendorf [44] also prescribed
more than one migrant per generation when, amongst
others, Ne is much less than the total population size. It
should be added that too many migrants per generation
are not favorable because it may hinders the emergence of
local adaptations [46]. In this vein, Mills and Allendorf
[44] suggest that up to 10 migrants per generation should
not cause uniformity of allele frequencies across
subpopulations. In their review, Tallmon et al. [47]
highlighted that immigrants may have both positive (i.e.
rescue effects) and negative (i.e. outbreeding depression)
impacts on the population. Therefore, genetic popula-
tion analyses of all existing populations on the Tailles
upland on multiple generation time series should pro-
vide a more detailed picture of gene flow between popu-
lations of B. aquilonaris, and is currently underway.
Besides, the conjugation of those results with the

knowledge accumulated on the species habitat require-
ment [48,49], mobility [50,51] and dispersal [28] could
smoothly guide conservation measures for this species.
As the recreation of bog habitat patches in between the
current patches is no option, managers may be encour-
aged 1) to maintain and restore local habitat quality in
order to keep suitable census population sizes and 2) to
favour the presence of nectar plants along the roads and
the rivers as both linear elements are used during dis-
persal (Turlure, personal observation).

Conclusions
As previously mentioned, allozymes remain of very lim-
ited value at small spatial scales; microsatellites giving
much higher estimate resolution (e.g. [52]). This is espe-
cially true in species such as B. aquilonaris where en-
zyme variation is extremely limited and hence impedes
the correct and accurate estimate of genetic population
parameters ([29]; but see contradictory results in [53,54]).
However, here we show that dominant markers may still
be worthwhile to consider in organisms for which no
genomic information is available, and for which limited
(financial and technical) resources are available. Indeed,
coarse-grain spatial structure, genetic diversity, and gene
flow estimates based on previously published RAPD data
gave congruent results with both demographic data and
microsatellite-based estimates. Congruent results of popu-
lation structure and/or differentiation at broad scale while
comparing RAPD and microsatellites have also been
reported for fishes (e.g. [55]), snakes (e.g. [56,57]) or ants
(e.g. [58]), among other organisms. The use of RAPD data
remain however limited for evidencing inbreeding and
population structuring at small spatial scale (e.g. [56]).
Also, RAPD suffer from poor reproducibility and their use
is consequently nowadays limited in ecological studies
[59]. New technologies for robust and less expensive
genetic polymorphism detection are continuously devel-
oped [4], making valuable “new markers” more access-
ible for population genetics. This is especially possible
since the use RAD- and next-generation sequencing
generating large amount of DNA sequence or even
complete genome sequencing from small amount of
genetic material in a relative cost-effective way [60-62].
However, their price and accessibility is not always com-
patible with local conservation issues, as well as the
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storage and analysis of the volume of sequences pro-
duced. Therefore, “old markers”, such as microsatellites
or AFLP, may still be valuable markers to answer ques-
tions related to species conservation.

Methods
Study system and genetic samples
The cranberry butterfly, Boloria aquilonaris, is a bog
specialist butterfly species of conservation interest (listed
as ‘vulnerable’ on the Red Data Book of European
Butterflies, [63]). It is a glacial relict of acid peat bogs.
Adults fly in one generation a year in July and females
lay their eggs singly on the host plant Vaccinium oxycoc-
cos. Samples were collected from eight populations in
the Belgian Ardenne in 1996, including four different
landscapes, namely the uplands of the Hautes-Fagnes,
Tailles, Saint-Hubert and Recogne (Figure 1). Samples
analysed in this study are identical to those in Vande-
woestijne and Baguette [29] with the exception of a few
samples for which sufficient DNA was lacking (Table 1).
Genomic DNA was extracted using a phenol-

chloroform-isoamyl alcohol method (as described in
Vandewoestijne and Baguette [29], followed by RNase
treatment. Detection of enzyme polymorphism was car-
ried out as in Vandewoestijne et al. [64]. Only four out of
17 enzyme systems proved to be polymorphic [29]. Due to
this extremely low level of polymorphism (e.g. only four
polymorphic loci with a mean number of 2.31 alleles), the
allozyme data was not re-analyzed in this study; results ob-
tained previously being included for the sake of a broader
comparison of markers. Four RAPD primers produced 28
reproducible bands of which 18 were polymorphic. Ana-
lyses were carried out as in Vandewoestijne and Baguette
[29], i.e. allele frequencies were calculated from null
homozygote frequencies assuming panmixia and cor-
rected for dominance according to Lynch & Milligan
[31] using TFPGA 1.3 (http://www.marksgeneticsoft-
ware.net/tfpga.htm). Fifteen microsatellite loci were
amplified in three multiplex reactions [24]. Multiplex
amplifications were conducted using QIAGEN Multi-
plex PCR Kit (QIAGEN) on Veriti Thermal Cycler (Ap-
plied Biosystems) with the following protocol: 95°C for
15 min, followed by 32 cycles (94°C for 30 s, 56°C for 90
s, 72°C for 90 s), and 72°C for 30 min, terminating at
25°C. Allele sizes were scored against the internal stand-
ard ROX-400SD (Applied Biosystems) using GeneMap-
per 3.5® (Applied Biosystems). Hardy Weinberg (HW)
equilibrium was tested for all microsatellite primer –
population combinations, as well as for each population.
Probability values were estimated using the Markov chain
method implemented in GENEPOP 4.0.10 (http://gene-
pop.curtin.edu.au/). Linkage disequilibrium was tested for
all primer pair – population combinations in GENEPOP
using the log likelihood ratio statistic. Significance levels
were corrected for false positives (i.e. false discovery rate)
following the procedure of Benjamini and Hochberg [65].
In the case of departure from Hardy-Weinberg equilib-
rium, the data was analysed with Micro-Checker ver.
2.2.0.3 [66]. FREENA [67] was used to calculate null allele
frequency whenever detected.

Genetic diversity estimates
Genetic diversity of the sampled populations was character-
ized through the number of polymorphic loci using the 95%
criterion (P95) and unbiased expected heterozygosity (He),
calculated using TFPGA 1.3 for RAPD data and GENETIX
4.05 (http://www.genetix.univ-montp2.fr/genetix/intro.htm)
for microsatellites data. From microsatellites data, we also
calculated i) Wright’s inbreeding coefficient f and its signifi-
cance by permutating alleles within each population (1000
permutations) using GENETIX 4.05, ii) the mean number of
alleles per locus (A) using GENETIX 4.05 and iii) the allelic
richness (AR) using FSTAT 2.9.3.2 (http://www2.unil.ch/
popgen/softwares/fstat.htm).
Effective population size (Ne) was only calculated for

populations with a sample size greater than 25 individ-
uals with microsatellites data (as Luikart et al. stated that
at least 25 individuals with 10–20 microsatellite loci and
5–10 alleles/locus are required to obtain precise estimates
of Ne; [68]). Tallmon et al.’s bayesian computational
method was used to estimate Ne [69]. This method used
multiple summary statistics and hence has improved
accuracy and precision compared to other Ne estimators
because it uses more information from the data [68]. A
second point estimator, using linkage disequilibrium
information among alleles at different loci caused by
genetic drift, LDNe [70] was also used. However, it
should be noted that recent simulations have shown at
least 60 individuals are necessary to have non biased es-
timates with the latter estimator [71]. Hence, caution
should be used when interpreting LDNe population size
estimates. The Ne:Nc ratio was calculated with estimates
of the census population sizes (Nc) in 1995 (i.e. the par-
ental generation). Nc for each population was estimated
using Jolly-Seber models fitted on MRR data imple-
mented in the Mark software [72] as in Baguette [28]
and following the method described in Schtickzelle
et al. [73]. Finally, we tested for a disproportional de-
crease in allelic diversity compared to heterozygosity
due to founder effects following population bottlenecks
with BOTTLENECK 1.2.02 [74].

Structure of the populations
Population differentiation for microsatellite loci was
estimated using Fst sensu Weir & Cockerham [75].
Genotype data was used to derive Fst from the variance
components (AMOVA) using ARLEQUIN for RAPD
data [76].

http://www.marksgeneticsoftware.net/tfpga.htm
http://www.marksgeneticsoftware.net/tfpga.htm
http://genepop.curtin.edu.au/
http://genepop.curtin.edu.au/
http://www.genetix.univ-montp2.fr/genetix/intro.htm
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm
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Discriminant analysis of principal components (DAPC;
[77]) and the Bayesian clustering method implemented
in STRUCTURE [78] were used to identify and describe
clusters of related individuals on both the RAPD and
microsatellite data sets. The DAPC method has the
advantage that it does not make any assumptions about
the underlying population genetic model, although most
conservation geneticists are acquainted with, and use the
Bayesian clustering method. DAPC analyses were imple-
mented in R 2.12.2 (R Development Core Team 2009)
using the adegenet package [79]. A principal component
(PCA) was carried out on the genetic data sets. The
number of PC’s maintained in the discriminant analyses
was determined so as to retain 90% of the genetic vari-
ation. The number of clusters was chosen based on the
lowest BIC value. STRUCTURE analyses were run with
admixture and correlated allele frequencies, 300.000 iter-
ations after an initial burn-in of 100.000 iterations and
10 repetitions for each K. The number of clusters K was
determined based on the probability ln P(D)parameter
[78]. The second order rate of change of lnP(D) with
respect to K [80] was also used to determine the number
of clusters using the Structure-sum 2010 package [81] in
R 2.12.2 (R Development Core Team 2009). For both
clustering approaches, analyses were run on the entire
data set to detect the regional structure (i.e. structure
between the landscapes) and on populations of the
Tailles upland only to detect the landscape structure (i.e.
structure within the Tailles upland landscape).

Dispersal and gene flow
In a first step, a Mantel test was used to assess the cor-
relation between the genetic differentiation of the popu-
lations (Fst as described above) and the geographic
distances between populations, at both regional and
landscape scales (i.e. under the classical isolation by dis-
tance hypothesis, IBD). Geographic distances between
populations were calculated as the Euclidian distances
between populations’ pairs (using “HawthTool” Analysis
Tools in ArcGIS). Significance levels were tested based
on 10000 permutations.
In a second step, the correlations between the MRR-

based number of migrants and the several genetic-based
dispersal estimates were tested through Mantel tests.
Dispersal probability was estimated using an inverse
power function fitted to Mark Release Recapture (MRR)
data as in Vandewoestijne and Baguette [30]. Those MRR
data were collected in populations of the Tailles upland
only in 1997. Number of migrants based on MRR data
was calculated by multiplying the probability of dispersal
by the estimated population size. This dispersal measure
was compared with several genetic estimates of gene flow.
First, the effective migration rate [82] between site pairs
was calculated as Fst ≈ 1/(4 Nm +1), where N is the
effective population size of each population and m is
the migration rate between populations. It should be
mentioned that this island model makes a large number
of simplifying assumptions. Nonetheless, performance
evaluations using both simulations and analytical theory,
suggest that the approach gives reasonable estimates of
Nm even when certain assumptions are violated [10].
Next, a maximum likelihood estimator based on the co-
alescent for unequal migration rates and different sub-
population sizes was used [83], using the Brownian
motion microsatellite data model, as implemented in
MIGRATE v2.1.3. To test which model (stepping stone
or island) fitted the observed genetic populations struc-
ture the best, the difference (Δi) between their respective
AIC value (Akaike Information Criterion) was calculated.
Dispersal was possible between all pairs of populations in
the full matrix model while, in the stepping stone model,
dispersal was only possible between populations separated
by less than 10 kilometres. We also tested a second step-
ping stone model based on the results of spatial genetic
analyses, i.e. dispersal was possible between populations
within a cluster, but not between clusters. Finally, the
number of migrants per generation was calculated as
(4Neμ) × (m/μ) where Ne is the effective population size, μ
the mutation rate and m the immigration rate [83].
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