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Abstract

. The genetic characteristics of neutral loci in natural populations are shaped by the

interplay between genetic drift and gene flow that themselves result from key eco-

logical and evolutionary processes.

. Because of their influence on population size, habitats characteristics may influence

substantially populations’ genetic characteristics. However, past studies focused
primarily on variables related to habitat quantity while habitat quality was largely

overlooked.

. We therefore combined genetic data to detailed habitat descriptions of three sym-

patric butterfly species having different ecological needs to quantify the relative
contribution of geographic distance and habitat quality/quantity on their genetic

characteristics.

. In all species, the genetic diversity was greater in larger and good quality patches.

The genetic differentiation of Lycaena helle (specialist species with limited dispersal)
was mostly explained by geographical distances. This effect was dampened by habi-
tat quality as populations inhabiting low quality patches had higher genetic differ-
entiations indicating that the constraints set by local environmental factors
increased genetic drift. In Boloria eunomia (specialist species with greater dispersal),
the genetic differentiation was only influenced by geographic distance. Finally, in
Brenthis ino (more generalist species with greater dispersal), isolation-by-distance

was weak and habitat characteristics were unrelated to genetic differentiation.

. The different effect of habitat quality on these species’ genetic characteristics sug-

gests that fundamental ecological traits underpin their response to habitat degrada-
tion. In L. helle, a species with major conservation concerns, these results show that
preserving habitat quality and connectivity among populations’ are important to

ensure the maintenance of fully functional metapopulations.
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INTRODUCTION

The genetic diversity and differentiation in natural populations result
from the interplay between gene flow and variations in effective popu-
lation size that underpin the rate of genetic drift. In systems where indi-
viduals' dispersal is constrained by geography, gene flow cannot
counter-balance as effectively the effect of random genetic drift in local
populations (Slatkin, 1993; Wright, 1943). This results in a decline in
the genetic diversity within small populations and the accumulation of
genetic differences between populations with geographic distance that
characterises patterns of isolation-by-distance. This process is strength-
ened when populations become isolated; in them, strong declines in
population size may result in increasing inbreeding rates and trigger
extinction vortexes (Frankham, 2010; Saccheri et al., 1998; Spielman
et al, 2004). Similarly, the genetic differentiation is greater and the
genetic diversity is lower in populations at the forefront of a range
expansion or in recently recolonised populations of a metapopulation
because of the small population size of these newly established
self-sustained populations, the genetic similarity of (re)colonisers
originating from a limited number of source populations, and their
partial isolation (Cosentino et al., 2012; Garroway et al., 2011; Haag
et al, 2005; Le Corre & Kremer, 1998; Peter & Slatkin, 2013;
Whitlock & McCauley, 1990).

In addition to the geographical constraints on gene flow, the levels
of genetic diversity and differentiation might also result from differences
in local environmental conditions acting either through local adaptations
(Hendry, 2004; Nosil et al., 2005; Wang & Bradburd, 2014) or a decline
in local effective population size (Prunier et al., 2017). More specifically,
adaptations to local environmental conditions can explain a substantial
amount of variance in genetic diversity and differentiation through natu-
ral or sexual selection against immigrants, reduced hybrid fitness, or
biased dispersal (Bradburd et al, 2013; Wang, 2013; Wang &
Bradburd, 2014). The effect of declining population sizes on their
genetic diversity and differentiation and the ensuing increase in extinc-
tion risks is at the heart of the field of conservation genetics
(e.g. Caplins et al., 2014; Frankham, 2010; Frankham et al., 2001;
Joyce & Pullin, 2003; Wellenreuther et al., 2011). However, the role of
the degradation of local habitats is often not directly tested while it has
been shown that habitat characteristics themselves can be associated
with increased genetic differentiation in birds (Edelaar et al., 2012;
Porlier et al., 2012), insects (Marcombe et al., 2013), and plants species
(Giles & Goudet, 1996; Vergeer et al, 2003; De Vere et al., 2009;
reviewed in Wang & Bradburd, 2014). In species with conservation con-
cerns, for which habitat degradation and fragmentation are major issues,
it is therefore important to quantify the relative contribution of geo-
graphic isolation and local habitat deterioration on their genetic diversity
and differentiation to identify the most relevant conservation measures
(i.e. focus on preserving habitat quality and/or favouring gene flow).

A major challenge to quantifying the relative contribution of geo-
graphic distance vs local environment on species genetic characteris-
tics is the need to quantify accurately species habitat quality and its
deterioration. Indeed, species’ habitats can be defined as the areas

containing all the biotic and abiotic factors enabling individuals’ of a
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given species to complete their life cycle (Dennis et al., 2003; Hall
et al, 1997). Degradations of these habitats are therefore
characterised by directional changes in these biotic and abiotic factors
over space and time that may result in a decline in individuals’ fitness
(Dennis & Eales, 1997; Thomas et al., 2001). While studies investigat-
ing functional resource-based habitats characterise individuals’ multi-
faceted needs over their entire lifespans (e.g Bruton et al., 2015;
Jugovic et al., 2017; Maes et al., 2014; Turlure et al., 2010), past stud-
ies linking local environmental conditions to spatial genetic structures
often used a limited set of environmental descriptors such as habitat
size (Caplins et al., 2014; Cushman et al., 2012; Sunny et al., 2014),
island size (Petren et al., 2005), time elapsed since the most recent
extinction (Giles & Goudet, 1996; Haag et al., 2005; Ingvarsson
et al., 1997; McCauley et al., 1995; Whitlock, 1992). Studies that used
a much more comprehensive set of habitat descriptors (Bradburd
et al., 2013; Wang, 2013) clearly showed that quantifying accurately
the relative contribution of geographic distances and local habitat
characteristics on species spatial genetic differentiation requires
understanding species multifaceted needs during their entire life.
These processes are often studied in single species because
understanding ‘habitat quality’ is by definition a species-specific task,
but using related species inhabiting the same area is key to under-
stand how slightly different ecological needs can lead to different
responses to the same constraints (Schwenk & Donovan, 2011). More
specifically, increasing isolation of patches of favourable habitats
and/or habitat deterioration might have major consequences for spe-
cialist species because of their more limited dispersal than generalist
species (Koivula et al., 2002; Krauss et al., 2003) and their narrow
diet/set of environmental conditions in which they can complete their
life cycle (PSyry et al., 2009; Thomas et al., 2001; Warren et al., 2001),
making them particularly sensitive to environmental variation (Krauss
et al., 2003). In metapopulation genetics, there has been much empha-
sis on founders’ effects and high genetic differentiation levels and low
genetic diversity have usually been found in newly (re)colonised habi-
tat patches (Castric & Bernatchez, 2003; McCauley et al., 1995;
Slatkin, 1977; Wade & McCauley, 1988). In specialist butterfly spe-
cies, habitat deterioration may act like the senescence of a subpopula-
tion, in which the decline in effective population size increases the
rate of genetic drift and hence increases genetic differentiation
(Blomgvist et al., 2010; De Vere et al., 2009; Malone et al., 2003;
Poyry et al., 2009). Conversely, more generalist species, thanks to the
wider range of resources and habitats that they can use and their
greater dispersal, can have larger population sizes and therefore may
be less prone to genetic drift (Dawson, 2012; Steele et al., 2009).
These processes might explain why generalist species have weaker
patterns of isolation-by-distance and isolation by environment than
specialist species (Krauss et al., 2003; Poyry et al., 2009) Recent com-
parative analyses supported this hypothesis (Dapporto et al., 2019;
Scalercio et al., 2020) but as these were based on mtDNA, there is a
clear need for studies using more variable genetic markers to confirm
these results. By carefully selecting species that are phylogenetically
close and experience the same geographical/environmental con-

straints, it would be possible to understand the relative sensitivity of
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each species to the environmental constraints acting on gene flow,
genetic drift, and effective population size.

In this study, we quantified the relative contribution of geo-
graphic distances and local habitat characteristics on the spatial
genetic differentiation of three butterfly species (the Violet copper
Lycaena helle, the Bog fritillary Boloria eunomia, the Lesser Marbled
fritillary Brenthis ino) that inhabit nutrient poor-wet meadows in the
Belgian Ardenne Region. These species differ in several ways. L. helle
is primarily found in mountains and in lowland nutrient poor wet
meadows (see Habel et al., 2011). This species is considered vulnera-
ble in Western Europe because its remnant populations have strongly
declined during the last decades (Van Swaay et al., 2010). Caterpillars
of L. helle in our study area feed on a single host plant, Bistorta off-
icinalis, while adults are opportunistic in their nectar use (Turlure
et al., 2009) and have limited dispersal behaviour (Bauerfeind
et al., 2009). B. eunomia is a larger specialist species also inhabiting
peat bogs and wet hay meadows (Turlure et al., 2011) whose local
populations have been declining in European countries and is listed as
vulnerable in Belgium (Rosés et al., 2019). B. eunomia has compara-
tively greater dispersal abilities than L. helle (Néve et al., 2008;
Schtickzelle et al., 2013) and caterpillars and adults of this species
feed on B. officinalis leaves and nectar, respectively. B. ino is a more
generalist species with broader habitat requirements and good dis-
persal abilities (Fric et al., 2010). Its range has slightly been expanding
in Western Europe because of the eutrophication of wet meadows
that led to the expansion of its main larval host plant Filipendula
ulmaria (Van Swaay & Warren, 1999; Zimmermann et al., 2005). The
population dynamics of B. ino differ substantially from the declines
observed in L. helle and B. eunomia in the studied area, making it par-
ticularly useful for comparative purposes. Using these three species,
we first characterised the quality of 24 nutrient poor wet meadows
using compound measures of vegetation plots and the chemical com-
position of B. officinalis leaves. We then quantified in each species:
the local genetic diversity in each patch, the overall genetic differenti-
ation, and the patterns of isolation-by-distance (hypothesising that
B. ino has a weaker genetic differentiation and isolation-by-distance
than the other two species). Finally, we tested the hypotheses that
the genetic diversity in each species is higher in large area and/or
good quality habitat patches, and that the genetic differentiation
increases in small patches of low quality. Obviously, three species can-
not enable us to directly quantify the effect of dispersal abilities
and/or generalisms on their genetic characteristics, but we expected
that the genetic differentiation of L. helle might be more strongly
affected by local habitat characteristics than the other species

because of its limited dispersal abilities and strong specialisation.

METHODS
Study sites and data collection

We selected 24 nutrient poor wet meadows that potentially hosted

populations of these three butterfly species. These meadows were
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FIGURE 1 Map of the study area with the location of the wet
meadows in which habitat quality was measured (see Table S1 for
coordinates). The presence of each species in each patch is denoted
as: Purple dots (Lycaena helle only); orange dots (Boloria eunomia only);
yellow dots (Brenthis ino only); red dots (B. eunomia and B. ino); pink
dots (L. helle and B. eunomia); blue dot (L. helle and B. ino); black dots
(L. helle, B. eunomia, and B. ino); white dots (none of the three species
present)

located along three different valleys of the Belgian Ardenne region
(eight sites in the Bellemeuse valley, nine sites in the Bihain valley, six
sites in the Lienne valley and one isolated site; Figure 1; Table S1).
During the flight period of each species, we visited each site approxi-
mately every third day under suitable weather conditions (i.e. no
strong wind, no or few clouds, and air temperature >16°C; flight
period for L. helle: early May-end of June; B. eunomia: end of May-end
of June; B. ino: early June-mid July). For each visit, we recorded the
date, site location, and the number of adults encountered (both males
and females); each encountered imago was captured with a net, mar-
ked with a unique identification number with a permanent pen, and
released immediately. We collected one leg for a subset of the
imagoes captured in each study population and placed them in an
individual 1.5 ml microtube filled with 90% ethanol. Individual samples
were stored in —20°C freezers until DNA extraction. We pooled sam-
ples collected over the three years to reach a greater statistical power
(305 samples collected for L. helle over 2009-2012; 673 samples col-
lected for B. eunomia over 2012-2014; 656 samples collected for
B. ino over 2012-2014; Table S1).
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Habitat and host plant characteristics

In each site, several vegetation plots (1 m? grid) were randomly placed.
Each plot was divided in 25 equal squares and plant abundance was
computed based on its presence on each square (i.e. on a 0-25 scale).
We summarised vegetation data of all 349 plots by using the first axis
of a Detrended Correspondence Analysis (DCA1) implemented in the
r-package ‘vegan’ (Oksanen et al., 2018); the analysis was based on
the abundance of the plant species. Vegetation plots from the
Pisserotte site were discarded from the analysis because this site is
very large and heterogeneous, making measures of species diversity
and abundance extremely variable and inaccurate using this sampling
scheme; this site was therefore given the average of all DCA1 values
measured across all sites.

Host plant quality can be defined as a set of chemico-physical attri-
butes that affects the growth rate of herbivorous insects and their subse-
guent fitness (Mevi-Schiitz & Erhardt, 2005; Teder et al., 2014). We
used two chemically based measures of host plant quality: the Carbon:
Nitrogen (C:N) ratio, and the concentration in two potentially harmful
heavy metals (Cadmium -Cd, and lead -Pb). The C:N ratio has been
linked to major changes in growth rates and fitness in multiple species
(e.g. in lepidopterans: Obermaier & Zwolfer, 1999; Han et al., 2014). Full
description of the methods used to quantify the C:N ratio and leaves’s
Cd and Pb concentrations can be found in Lebigre et al. (2018). Briefly,
we randomly collected 10-15 B. officinalis leaves in each study site
(B. officinalis and F. ulmaria being both moderately nitrophilic and the
small size of each habitat patch makes it unlikely that the C:N ratio would
differ substantially between species). These leaves were dried in the lab-
oratory and passed through a mill (Retsch SK100; grid size 0.25 mm).
The dried samples (10 mg) were then placed in an oven at 65°C for 24 h.
We measured samples’ chemical content using an elemental analyser fol-
lowing flash combustion (Thermo) and a spectrophotometer (Spectraa-
300 Varian). The amount of Nitrogen, Carbon, Cadnium, and Lead pre-
sent in the dried leaves was then measured in mg.g~ .

The last habitat characteristic we used was the log-transformed
larval host plant area of these species within each studied patch (the
area occupied by B. officinalis for L. helle and B. eunomia, and the area
covered by F. ulmaria for B. ino). This area was delineated using maps
on the field and the host plant area was measured in QGIS (QGIS
development team 2019) and used in the analyses following a log-
transformation. As DCA1, the C:N ratio, and concentrations of Cd and
Pb were correlated, we carried out a principal component analysis
(PCA) using these four variables. We then extracted the first axis of
this PCA, which explained 55% of the total variance, and used it as a
measure of habitat quality (hereafter ‘PC1’; host plant area was not
related to the other parameters and was therefore used directly as

explanatory variable).

Genotyping

DNA extraction was carried out using a phenol-chloroform-isoamyl
alcohol method (Vandewoestijne & Baguette, 2002). All DNA
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extractions were treated by RNase (2 pl of RNase 100 pg/mL; incuba-
tion: 30 min at 37°C). Microsatellite loci and their amplification condi-
tions are described for L. helle in Habel et al. (2008), for B. eunomia in
Legrand et al. (2014), and for B. ino in Lebigre et al. (2015). Multiplex
amplifications (Table S2) were carried out using QIAGEN Multiplex
PCR Kit (Qiagen, Venlo, Netherlands) with the following protocol:
denaturation step (95°C for 15 min), 25 DNA amplification 25 cycles
(94°C for 30 s, the annealing temperatures for 90 s, 72°C for 90 s),
and a final elongation step (72°C for 45 min). We then checked the
amplification by loading samples on 1% agarose gels. Forward primers
were labelled using Applied Biosystems’ dyes NED, 6-FAM, PET, and
VIC (Carlsbad, CA, USA). Individuals were genotyped using a Prism®
3100 genetic analyser and allele sizes were scored using GeneMapper
3.7® (both from Life Technologies). Allele sizes were scored using an
internal standard (600-LIZ, Life Technologies).

In total, we used six, ten, and 15 loci to genotype samples of
L. helle, B. eunomia, and B. ino, respectively (Table S2). Possible linkage
disequilibrium and the Hardy-Weinberg (HW) equilibrium were
assessed using FSTAT 2.9.3.2 (Goudet, 1995). We found no significant
linkage disequilibrium across all loci-site combinations (adjusted alpha
level for each species). In L. helle, there was a significant deficit of het-
erozygous individuals in three of the six loci (IheB06, lhe14, lheDO01,
Table S1). As IheBO06 fitted the Hardy-Weinberg expectations in most
sites (10 of the 12 sampled populations), we decided to analyse the
data including this locus. For B. eunomia and B. ino, there was a signifi-
cant deficit of heterozygous individuals in five and in six of the loci
genotyped, respectively (Boleun01, Boleun08, Boleun11, Boleun25,
Boleun33, Bi_112, Bi_115, Bi_125, Bi_128, Bi_131, Bi_135, Table S2).
All subsequent analyses were carried out without these loci. Across
the remaining loci, the overall mean number of alleles per locus was
relatively high in each species (L. helle: 14.25, B. eunomia: 10.20,
B. ino: 9.56; Table S2). We used the software POWSIM (Ryman &
Palm, 2006) to test the power of these loci to detect small genetic dif-
ferentiations (0.0050 and 0.0025) and risks of type | errors with these
genetic markers. These analyses showed that our markers in each spe-
cies enabled us to identify between 89%, 92%, and 99% of these
levels of genetic differentiation levels depending on the method and
species (Table S3) while the risks of type | error ranged between 5%
and 12% (Table S3).

Allelic richness, genetic differentiation, and their links
with local habitat characteristics

Estimates of the allelic richness (AR) in each population were calcu-
lated using a randomisation tests implemented in hierFSTAT
(Goudet, 2005) based upon the smallest number of individuals sam-
pled in a study site for each species. Hence, AR was calculated for
each site based on six, 11, and 23 individuals for L. helle, B. eunomia,
and B. ino, respectively (we did not estimate AR in Chapons and
Grande Fange for L. helle and Langlire B for B. ino because of their par-
ticularly small sample sizes: 4, 5, and 5 individuals genotyped). To test

this hypothesis that patch area and quality influenced each species’



Ecological
Entomology

846

AR, we used the AR calculated in each patch for each species’ as the
response variable in a linear regression with patch area (log-trans-
formed), patch quality (PC1), and species’ identities as explanatory
variables (we used species identities to account for species differ-
ences in mean AR). The full model consisted in all explanatory vari-
ables and the two-way interactions between patch area and quality
with species’ identities. We compared the performance of this full
model with a set of simplified models using AICc (the simplest model
consisted in only the species identities). Model-averaged coefficient
estimates with unconditional SE and unconditional 95%CI were calcu-
lated for models with differences in AlCc lower than 2. All these steps
were carried out using the r-package ‘MuMin’ v1.40.4 (Barton, 2018).
As spatial coordinates were not accounted for in these analyses, we
tested whether there was significant spatial autocorrelations of the
residuals of the best model using Moran tests (based on the two
nearest sampling sites) implemented in the r-package ‘spdep’ (Bivand
etal, 2013).

We quantified the overall population genetic differentiation within
each species using Jost's D (Des;) estimated via the r package “diveR-
sity” (Keenan et al., 2013). The significance of D was estimated using
permutation tests (1000 permutations). Patterns of isolation-by-
distance were quantified using a Mantel test implemented in the r
package ‘ade4’ (Dray & Dufour, 2007) with 999 randomisations using
standardised matrices of genetic distance (Desi/[1-Dest]) and the loga-
rithm of the Euclidean distances (Rousset, 2001). We tested whether
habitat characteristics influenced the genetic differentiation of L. helle

using a partial distance-based redundancy analysis to explain the
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genetic distances (Y) as a function of environmental variables (X) and
Euclidian distances (2) (partial db-RDA; Legendre & Andersson, 1999;
McArdle & Anderson, 2001). The pairwise D, values were used as
dependent matrices following principal coordinate analysis (PCoA) in
which the first two or three axes were retained, explaining 90%
(L. helle, 3 axes), 98% (B. eunomia, 2 axes), and 91% (B. ino, 3 axes) of
the total inertia (Legendre & Andersson, 1999). The X and Z matrices
consisted in five explanatory variables associated with habitat quality
and quantity for X (patch quality- PC1, patch area -larval host plant
area, log-transformed) and the first three axes of a PCoA using matrices
of Euclidian distances between all sampled populations of each species
for Z (log-transformed Euclidian distances). These axes explained 50%,
50%, and 63% of the total variation in Euclidian distances for L. helle,
B. eunomia, and B. ino, respectively. We followed the procedure out-
lined in Borcard et al. (2011) for these analyses. We therefore first car-
ried out a stepwise backward model selection procedure on the RDAs
relating Y ~ X (‘RDAT’) and Y ~ Z (‘RDA2’) to identify the most parsi-
monious models. We then estimated the variance explained by the
model Y ~ X + Z (‘RDA3’) parameterised only with the significant vari-
ables of X and Z, and calculated the adjusted R? for each these three
first RDAs. We then partitioned the overall variance due to (i) the sig-
nificant environmental variables (i.e. the difference in variance
explained by RDA3 and RDA2), (ii) the Euclidian distances (i.e. the dif-
ference in variance explained by RDA3 and RDA1), (iii) the shared con-
tributions of the environmental variables and the Euclidian distances
(calculated as  the explained by
RDA1-(RDA3-RDA2) or RDA2-(RDA3-RDA1)). Collinearity was limited
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FIGURE 2 Graphical representation of the Detrended correspondence analysis for plant species (panel A) and sites (panel B, mean DCA
scores across all quadrats and SEM). Study site identification numbers are explained in Table 1. Plant species abbreviations are: Angelica sylvestris
(ANGS), Cirsium palustre (CIRP), Deschampsia cespitosa (DESC), Filipendula ulmaria (FILU), Galium aparine (GALA), Holcus lanatus (HOLL), Juncus
acutus (JUNA), Juncus effusus (JUNE), Bistorta officinalis (POLB), Rumex acetosa (RUMA)
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TABLE 1 Relative performance of models explaining the variance
allelic richness (AR) as a function of wet meadows quality (patch
quality ‘PQ’; the first axis of a PCA), log-transformed area of each
species’ larval host plant (patch size: ‘PS’)

Models K AlCc  AAICc LogLik  w; Cum. w;
PQ + Sp 6 208 0.00 -277 042 042
PS + PQ + Sp 7 209 0.17 -1.23 038 0.80
Sp 5 244 3.62 -6.09 007 087
PS + Sp 6 250 4.25 -490 005 092
PQ + PS*Sp 9 253 4.51 027 004 096
PQ*Sp 8 268 6.06 —-242 002 098
PS + PQ*Sp 9 275 6.76 -085 001 099
PS*Sp 8 288 8.02 -340 001 1.00
PS*PQ*Sp 11 330 1226 0.77 000 1.00

Notes: Species (‘Sp’) were included in the models as a main effect to
account for systematic differences in allelic richness; sites’ identities were
used as a random effect to account for the non-independence of the AR
measured in the same sites in different species. Table entries: Number of
parameters (K), Akaike’s information criterion for small sample sizes (AlCc),
difference in AlCc values with the lowest AlCc model (AAICc), log likelihood
(LogLik), model weight (w;), and cumulative model weight (cum. w;).

Presence/Absence

FIGURE 3 Relationship between the quality of patches of
nutrient poor wet meadows (measured as the first principal
component of a PCA) and the presence/absence of Lycaena helle
(white box), Boloria eunomia (light grey box), and Brenthis ino (dark
grey box)

Y | a7
across variables used in these analyses as PCoA axes extracted from
the Euclidian distances between sites are orthogonal and the correla-
tion coefficients between patch area and patch quality was limited
(mean variance inflation factors across full models of RDA1: 1.05;
range: 1.01-1.15). All these analyses were performed using the R pack-
age ‘vegan’ and significance tests of the variance partitioning were
implemented using permutation test (999 permutations).

RESULTS

Nutrient poor wet meadows quality and species
occurrence

The first axis of the DCA (DCA1) explained 62% of the total variation
in plant species abundance and positive values of this axis were asso-
ciated with species often found in nutrient poor wet meadows or peat
bogs (e.g. B. officinalis and Deschampsia cespitosa, Figure 2a) and nega-
tive values were associated with plant species of enriched meadows
(e.g. F. ulmaria, Galium aparine). Therefore, DCA1 typically reflected a
gradient of enrichment of the wet meadows (Figure 2b). The first axis
of the PCA (PC1) performed with DCA1, the CN ratio, and the con-
centrations in Cd and Pb explained 55% of the total variation across
variables. This axis was positively related to DCA1 (r = 0.51) and the
CN ratio (r = 0.59), and negatively related to Cd (r = —0.43) and Pb
concentrations (r = —0.43, N = 23 in all cases). PC1 therefore cap-
tured the overall degradation of nutrient poor wet meadows. The sec-
ond axis explained 23% of the overall variation and was related to the
leftover variation in Cd and Pb concentrations independent of the first
axis. Given the low number of study sites, we decided to solely use
PC1 in the subsequent analyses. Across the 24 surveyed sites, L. helle,
B. eunomia, and B. ino occurred in 12, 12, and 11 sites (Table 1). While
there was no effect of PC1 on the presence/absence of B. eunomia
(logistic regression: g + SE = 0.06 +0.28, z = 0.22, p = 0.83;
Figure 3), L. helle was present in sites with high PC1 value (logistic
regression:  + SE = 0.78 + 0.36, z = 2.16, p = 0.03; Figure 3), and
B. ino was present in sites with low PC1 values (logistic regression:
p+SE=—-1.32 4+ 0.49,z= —2.68, p = 0.01; Figure 3).
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Species’ allelic richness and genetic differentiation significant over the entire study area in all species but such structure

was substantially greater in both L. helle and B. eunomia than in B. ino
The levels of allelic richness (AR) differed substantially within species, (L. helle: Dest = 0.187; 95%Cl: 0.147-0.234; B. eunomia: Des; = 0.197;
ranging from 2.97 to 3.58 for L. helle (mean = 3.32; N = 11), 3.36 to 95%Cl: 0.169-0.228; B. ino: Dot = 0.062; 95%Cl: 0.041-0.091).
4.67 for B. eunomia (mean = 4.00; N = 12), and 4.61 to 5.54 for B. ino Standardised pairwise Des; values ranged from 0.000 to 0.326 for
(mean = 5.12; N = 10). The overall genetic differentiation was L. helle (Table S4), 0.000 to 0.753 for B. eunomia (Table S5), and 0.001
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FIGURE 5 Changes in allelic richness with the degree of habitat quality of nutrient poor wet meadows (PC1) and the area of the larval host
plant of Lycaena helle (black dots and line), Boloria eunomia (dark blue dots and line), and Brenthis ino (light blue dots and line). Lines represent the
predicted values of averaged models

TABLE 2 Results of the variable selection of the distance-based redundancy analysis relating pairwise genetic differentiation of three
butterfly species to their local habitats’ quality

Species Model Removed terms Retained terms Df Inertia (x10~3) F P Env. Var. Dist. Var. Shared var.
L. helle RDA1 PS 1 444 0.06 0.98

RDA2 Eucl2 1 0.07 0.68 0.59

RDA2 Eucll 1 0.09 0.96 0.44

RDA3 PQ 1 4.44 5.27 <0.01

RDA3 Eucl3 1 3.25 3.86 0.02 0.118 0.174 0.101
B. eunomia RDA1 PS 1 0.86 0.18 0.85

RDA1 PQ 1 3.05 0.71 0.52

RDA2 Eucl3 1 0.73 0.33 0.71

RDA3 Eucll 1 21.26 10.50 <0.01

RDA3 Eucl2 1 6.77 3.34 0.05 — 0.519 —
B. ino RDA1 PS 1 0.04 0.83 0.49

RDA1 PQ 1 0.04 0.85 0.41

RDA2 Eucll 1 0.04 1.09 0.38

RDA2 Eucl2 1 0.07 1.78 0.19

RDA2 Eucl3 1 0.10 2.38 0.11 — — —

Notes: Terms of the full models were sequentially removed according to their p-value. The RDA was carried out using the first axes of a PCoA loaded with
matrices of genetic distance.

Abbreviations for the terms entered in the db-RDA; ‘PS’, Log-transformed area of each species’ larval host plant; ‘PQ’, First axis of a PCA describing
habitat quality (PCA loaded with the first axis of a DCA, the C:N ratio and the leaves’ concentrations in cd and Pb); ‘Eucl1-3’, The first three axes of a
PCoA loaded with matrices of Euclidian distance for each species; Env. Variance: Adjusted R? for environmental effects alone; Dist. Var, Adjusted R? for
Euclidian distance effects alone; shared variance: Adjusted R for the shared effects of environmental and geographic variables. Models consisted in only
environmental variables (RDA1), only PCoA axes of Euclidian distances (RDA2), and a final model retaining only the significant effects of RDA1 and RDA2
to partition the variance explained by each component.
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FIGURE 6 Biplot of the distance-based redundancy analyses
quantifying the relative contributions of Euclidian distance (grey
arrow) and the quality of patches of nutrient poor wet meadows
(measured as the first axis of a PCA; black arrows) for Lycaena helle

to 0.061 for B. ino (Table S6). Geographic distance between pairs of
sites explained a substantial amount of the overall genetic variation in
B. eunomia (Mantel test, r = 0.589, p = 0.001), and L. helle, (r = 0.466,
p = 0.003) but was weaker in B. ino (Mantel test: r = 0.255,
p = 0.011; Figure 4). In L. helle, there are several cases of nearby sites
with strong genetic differentiation while some very distant sites have
low genetic differentiation (Figure 4) while in B. ino, there is a weak

but consistent increase in genetic differentiation (Figure 4).

Effect of the local environment on species’ allelic
richness and genetic differentiation

The model that best explained the variance in AR was the one with
patch quality and species identity as fixed effects (Table 1). Another
model with habitat size, habitat quality, and species identities had an
AlCc difference to the best model lower than 2 (Table 1). We there-
fore averaged their parameter estimates that showed that both patch
area and quality have positive effects on AR of these butterfly species
(Table S7; Figure 5), patch quality having a slightly greater effect on
AR than patch area. The magnitude of these effects was similar in
each species as none of the best models included the interaction
terms and there was no clear sign of spatial autocorrelation of the
residuals across species (I = 0.04, p = 0.27).

The stepwise backward selection procedure showed that both
the third PCoA axis of the Euclidian distance and habitat quality, but
not the host plant area, were significantly related to the genetic differ-
entiation in L. helle (Table 2). In this species, habitat quality explained a
substantial amount of the overall variation in genetic differentiation
among sites as 12% of the overall variance in pairwise D.s was
explained by differences in patch quality alone and 10% was explained
by the shared effects of habitat quality and Euclidian distance
(Table 2). Overall, patches with greater habitat quality had lower
genetic differentiations and degraded patches had higher genetic dif-
ferentiation (Figure 6). Only the Euclidian distance (first and second

- N

PCoA axes) between sites was significant for B. eunomia, explaining
52% of the overall variation of the genetic differentiation and none of
the explanatory variables was related to the genetic differentiation of
B. ino (Table 2).

DISCUSSION

Local populations of many butterflies inhabiting wet meadows have
strongly declined due to the effects of climate change and the degra-
dation of their habitat (Fischer et al., 1999). Here, we showed that
populations of L. helle and B. eunomia had a very strong local spatial
genetic differentiation at a relatively small spatial scale (20 x 20 km)
while the genetic differentiation of B. ino (preferring enriched/
degraded meadows) was limited. While the allelic richness increased
with both patch quality and area in all three species, the effect of local
habitat characteristics and geographic distance on species’ genetic dif-
ferentiation differed probably because of their different ecological
needs and mobility.

Generalist species often have greater genetic diversity and wea-
ker genetic differentiation than specialist species because of the
greater range of environmental conditions in which they can complete
their life cycle (Brouat et al., 2004; Habel et al., 2013). Our results
completely support the idea that the genetic differentiation is greater
in specialist species as there was a clear gradient of isolation-by-
distance in our three species (weak in B. ino, and strong in B. eunomia
and L. helle). Increases in genetic differentiation with distance
between sites are typically caused by individuals’ limited dispersal
and/or the presence of barriers to gene flow that result in the forma-
tion of isolated groups (Guillot et al., 2009). Hence, our results indi-
cate that gene flow is limited in L. helle and B. eunomia, even at a very
small spatial scale, and that dispersal is not sufficient to dampen the
effects of genetic drift. This is supported in L. helle by field studies that
showed that this species is highly sedentary, partly due to males’ terri-
torial behaviour (Fischer et al.,, 1999). In B. eunomia, dispersal dis-
tances are clearly greater than those of L. helle (Schtickzelle
et al., 2007) but the small perceptual range of this species makes it
particularly sensitive to the presence of landscape structures (this spe-
cies is able to locate favourable habitats at <30 m, Schtickzelle
et al., 2006). Therefore, dispersal in this species strongly declined in
fragmented habitats (Schtickzelle et al., 2007) and this pattern of
isolation-by-distance clearly shows that there are major costs to dis-
persal in this area as it has recently been shown (Legrand et al., 2021).
Finally, the effect of geographic distance on the genetic differentia-
tion of B. ino (more generalist species compared with L. helle and
B. eunomia) was very weak, suggesting substantial gene flow. This
result is consistent with past observations that showed the high emi-
gration propensity and rather large dispersal distances of this species
(Fric et al., 2010).

The loss of rare alleles in small and/or isolated populations is well
established theoretically and the relationship between population size
and genetic diversity is empirically well-supported (Leimu et al., 2006).

Therefore, many studies have investigated the role of environmental
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factors on the distribution of species’ genetic diversity because of its
key role in populations’ evolutionary potential and extinction pro-
cesses (Lenormand, 2002; Spielman et al., 2004). Hence, the positive
relationship between patch area and quality on the genetic diversity
of our three butterfly species is not surprising as these two character-
istics likely underpin local population sizes in these species (Turlure
et al., 2009, 2010). It has been shown that the genetic diversity in
generalist species is less influenced by local habitat size or quality
because the broader range of environmental conditions in which they
can complete their life cycle enables them to have greater abundances
(Habel et al., 2009; Koivula et al., 2002; Krauss et al., 2003). The pat-
terns of increase in AR with patch area and quality were not statisti-
cally different between species even though they have clearly
different ecological requirements. This lack of difference might stem
from a lack of statistical power to detect small differences in these
relationships between species, the overall low abundance of all stud-
ied populations, and maybe a too narrow range of ecological needs
across species (B. ino in this area is a larval specialist species and more
generalist species might have been better suited to test these differ-
ences). Note that we are only interested here in the slopes of the rela-
tionships as the differences in AR between species—i.e. intercepts—
cannot be directly compared as AR was measured using different
number of individuals, and different loci with different number of
alleles. Finally, we found that the influence of patch quality was
greater than that of patch area, indicating that patch quality is really a
key determinant of local population sizes and is in itself a critical fac-
tor influencing their dynamics.

These effects of local habitat characteristics on species’ within pop-
ulation genetic diversity were partly translated into among populations
genetic diversity as the genetic differentiation decreased with habitat
quality in L. helle. This increase of genetic differentiation with habitat
degradation is consistent with the hypothesis that local habitat quality
underpins butterfly’s variation in population size (Dennis & Eales, 1997;
Dennis & Hardy, 2007) which in turns influences the magnitude of
genetic drift and the genetic differentiation among populations. Hence,
the gene flow from large populations with good habitat quality is proba-
bly not sufficient to dampen the effect of genetic drift in the small
populations of this species inhabiting degraded meadows. Habitat qual-
ity in L. helle is likely strongly associated with individuals’ fitness as we
have previously shown that strong enrichment of B. officinalis leaves
with nitrogen resulted in a decline in individuals’ growth in L. helle
(Lebigre et al., 2018) Finally, the measures of habitat quality we used
had no effect on the genetic differentiation among populations of
B. eunomia and B. ino. Overall habitat quality explains the variation in
B. eunomia population size but our measurement of habitat quality is
chemically based and we did not record specifically the amount of dense
cover of B. officinalis with tussocks of Deschampsia cespitosa (Turlure
et al.,, 2009, 2010). Hence, it is likely that the good dispersal abilities of
B. eunomia and B. ino led to lower variances in pairwise genetic distances
that effectively dampens any potential effect of local habitat quality.
Indeed, the main factor driving the genetic differentiation in B. eunomia
was the Euclidian distance between sites while in L. helle some particu-

larly distant patches had low genetic differentiation in spite of the
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overall pattern of isolation-by-distance. For instance for distances
>12 km, the smallest Des; value was 0.019 for L. helle and such particu-
larly low Deg; values enable the detection of the effect of habitat quality
on this species’ genetic differentiation while the strong overall increase
in genetic differentiation with geographic distance in B. eunomia, leaves
little room for habitat quality to influence its genetic differentiation. Lar-
val host plant area was not related to genetic differentiation in any of
the three species. This might seem counterintuitive as we found a posi-
tive relationship between AR and patch area and population size in but-
terflies is often related to the quantity of their host plant(s) (e.g. Turlure
et al., 2010). However, many studies have shown that patch quality
influences local abundances at least as much as habitat area (Mcintire
et al., 2007; Thomas et al., 2001) and the effect of patch quality on AR
in these species was greater than that of patch area. Altogether, these
results show that species’ ecological requirements determine their
genetic characteristics and that these effects can be particularly strong
in a specialist species with limited dispersal behaviours.

Defining and quantifying habitat quality precisely are challenging,
and many other environmental factors influencing local population sizes
(and hence genetic diversity and differentiation) could be considered.
For instance, individuals’ fitness can be affected by other host plant
chemicals compounds, the mean and variance in microclimatic condi-
tions, the altitude of habitat patches, the presence/absence of a key lim-
iting resource, host plant density, and the abundance of predators/
parasites. Yet, adding extra habitat descriptors should be associated with
an even more important increase in the number of investigated sites/
populations to be able to extract meaningful compound variables from
multivariate analyses. In L. helle, the shared effect of geographic distance
and habitat quality shows that it can be difficult to disentangle these
effects. Hence, it would be necessary to sample more sites of varying
quality at very short distances to reduce the strength of the autocorrela-
tion in habitat quality. When comparing species with different number
of loci, there is a risk that having more or fewer loci in one species
affects the ability to detect IBD and/or the effect of habitat quality on
their genetic differentiations. This is however unlikely in our case as the
species with the greater statistical power (B. ino) is the one with the
lower pattern of IBD and lower effect of habitat quality. Subsampling
this dataset to obtain quantitatively comparable measures of genetic dif-
ferentiation across species is therefore unlikely to change our conclu-
sions. When species habitat is or is becoming fragmented, the fitness
costs of crossing unfavourable environments lead to a decrease in gene
flow (Lawler et al., 2006; Vitousek et al., 1997). Landscape features, such
as patches of unsuitable vegetation types (e.g. Piertney et al., 1998) or
man-made structures (e.g. de Telles et al, 2007) can substantially
increase the costs of dispersal (Storfer et al., 2007, 2010), making such
measurements of functional connectivity more accurate than a simple
geographical distance. In a comparative context, this would require esti-
mating the costs of dispersal in each species (e.g. Engler et al., 2014) to
estimate the relative contribution of functional connectivity and local
environmental factors as this has been done for single species
(e.g. Cosentino et al., 2012). As we lacked accurate estimates of the
costs of crossing specific landscape features and there are clear risks of

using expert opinion in a comparative purpose, we could not determine
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the degree to which functional connectivity influenced the genetic dif-
ferentiation of these three species. Finally, using only three species is
not enough to quantify differences in species sensitivity to geographical
and environmental factors and extending the number of species sam-
pled in a given area and using nuclear markers would clearly enable us
to rigorously undertake a comparative study (e.g. using mitochondrial
DNA: Dapporto et al., 2019; Scalercio et al., 2020).

Overall, our study clearly showed that local habitat quality can
influence the genetic characteristics of butterfly species even at a
small spatial scale. This effect of habitat quality on species’ genetic
characteristics is particularly strong in L. helle, a species with major
conservation concerns. Current conservation attempts of this spe-
cies focus primarily on stopping habitat deterioration to limit the
declines in population sizes, and our results show that such measures
must be sustained to preserve local populations of this emblematic
glacial relict species. Moreover, other studies have shown that habi-
tat fragmentation can lead to the extinction of small and isolated
populations (Mattila et al., 2012), and that patch connectivity can
mediate genetic response to a demographic collapse (Caplins
et al., 2014). As the geographic distance explained most of the vari-
ance in genetic differentiation in L. helle, it is clear that improving the
level gene flow in addition to the preservation of local habitat quality
is critical if we are to maintain a fully functional metapopulation in
this species.

AUTHOR CONTRIBUTION

Christophe Lebigre, Camille Turlure, Jan Christian Habel, and Nicolas
Schtickzelle conceived the study; Christophe Lebigre, Camille Turlure,
Héléne Vandewalle, and Fabian Binard sampled the butterflies;
Camille Turlure and Fabian Binard collected the vegetation plots;
Christophe Lebigre Héléne Vandewalle and Jan Christian Habel col-
lected the genetic and chemical data; Christophe Lebigre and Héléne
Vandewalle analysed the data; Christophe Lebigre wrote the manu-

script and all co-authors provided feedback.

ACKNOWLEDGEMENTS

We thank the Belgian’s Fonds de la Recherche Scientifique (F.R.S.-
FNRS) for funding of post-doctoral fellowships to Camille Turlure and
Christophe Lebigre and the funding of the field and laboratory works
through CDR grant J.0143.13F. This work on legally protected species
and sites was undertaken with the permission of Service Public de
Wallonie SPW and Département de I'Etude du Milieu Naturel et
Agricole (DEMNA). We thank Viktoriia Radchuk, Quentin Dubois, and
Justine Vandendorpe for their help during the fieldwork, and we thank
Caroline Vanderbeken and Karine Hénin for their assistance in mea-
suring the chemical properties of Bistorta officinalis leaves. This is pub-
lication BRC392 of the Biodiversity Research Centre. Authors declare
no conflict of interest.

DATA AVAILABILITY STATEMENT
All the data necessary to replicate these analyses are available in the

supporting information of the article.

i -

ORCID

Christophe Lebigre "= https://orcid.org/0000-0001-6119-2534

REFERENCES

Barton, K. (2018) MuMIn: multi-model inference. R package version 1.42.1,
https://CRAN.R-project.org/package=MuMiIn

Bauerfeind, S.S., Theisen, A. & Fischer, K. (2009) Patch occupancy in the
endangered butterfly Lycaena helle in a fragmented landscape:
effects of habitat quality, patch size and isolation. Journal of Insect
Conservation, 13, 271-277.

Bivand, R.S., Pebesma, E. & Gomez-Rubio, V. (2013) Applied spatial data
analysis with R, 2nd edition. NY: Springer. https://asdar-book.org/

Blomqvist, D., Pauliny, A., Larsson, M. & Flodin, L.A. (2010) Trapped in the
extinction vortex? Strong genetic effects in a declining vertebrate
population. BMC Evolutionary Biology, 10, 1-9.

Borcard, D., Gillet, F. & Legendre, P. (2011) Numerical ecology with R.
Springer, New York.

Bradburd, G.S., Ralph, P.L. & Coop, G.M. (2013) Disentangling the effects
of geographic and ecological isolation on genetic differentiation. Evo-
lution, 67, 3258-3273.

Brouat, C., Chevallier, H., Meusnier, S., Noblecourt, T. & Rasplus, J.Y.
(2004) Specialization and habitat: spatial and environmental effects
on abundance and genetic diversity of forest generalist and specialist
Carabus species. Molecular Ecology, 13, 1815-1826.

Bruton, M.J., Maron, M., Levin, N. & McAlpine, C.A. (2015) Testing the rel-
evance of binary, mosaic and continuous landscape con-
ceptualisations to reptiles in regenerating dryland landscapes.
Landscape Ecology, 30, 715-728.

Caplins, S.A., Gilbert, KJ., Ciotir, C., Roland, J., Matter, S.F. &
Keyghobadi, N. (2014) Landscape structure and the genetic effects
of a population collapse. Proceeding of the Royal Society Series B, 281,
20141798.

Castric, V. & Bernatchez, L. (2003) The rise and fall of isolation by distance
in the anadromous brook charr (Salvelinus fontinalis Mitchill). Genet-
ics, 163, 983-996.

Cosentino, B.J., Phillips, C.A., Schooley, R.L., Lowe, W.H. & Douglas, M.R.
(2012) Linking extinction-colonization dynamics to genetic structure
in a salamander metapopulation. Proceeding of the Royal Society Series
B, 279, 1575-1582.

Cushman, S.A,, Shirk, A. & Landguth, E.L. (2012) Separating the effects of
habitat area, fragmentation and matrix resistance on genetic differ-
entiation in complex landscapes. Landscape Ecology, 27, 369-380.

Dapporto, L., Cini, A, Voda, R, Dinca, V., Wiemers, M., Menchetti, M.
et al. (2019) Integrating three comprehensive data sets shows that
mitochondrial DNA variation is linked to species traits and paleogeo-
graphic events in European butterflies. Molecular Ecology Resources,
19, 1623-1636.

Dawson, M.N. (2012) Parallel phylogeographic structure in ecologically
similar sympatric sister taxa. Molecular Ecology, 21, 987-1004.

Dennis, R.L.H. & Eales, H.T. (1997) Patch occupancy in Coenonympha tullia
(Muller, 1764) (Lepidoptera: Satyrinae): habitat quality matters as
much as patch size and isolation. Journal of Insect Conservation, 1,
167-176.

Dennis, R.L.H. & Hardy, P.B. (2007) Support for mending the matrix:
resource seeking by butterflies in apparent non-resource zones. Jour-
nal of Insect Conservation, 11, 157-168.

Dennis, R.L.H., Shreeve, T.G. & Van Dyck, H. (2003) Towards a functional
resource-based concept for habitat: a butterfly biology viewpoint.
Oikos, 102, 417-426.

Dray, S. & Dufour, A. (2007) The ade4 package: implementing the duality
diagram for ecologists. Journal of Statistical Softwares, 22, 1-20.
Edelaar, P., Alonso, D., Lagerveld, S., Senar, J.C. & Bjérklund, M. (2012)

Population differentiation and restricted gene flow in Spanish


https://orcid.org/0000-0001-6119-2534
https://orcid.org/0000-0001-6119-2534
https://CRAN.R-project.org/package=MuMIn
https://asdar-book.org/

852 Ecological @ Eepmological

Entomology Saciety

crossbills: not isolation-by-distance but isolation-by-ecology. Journal
of Evolutionary Biology, 25, 417-430.

Engler, J.O., Balkenhol, N., Filz, K.J., Habel, J.C. & Rédder, D. (2014) Com-
parative landscape genetics of three closely related sympatric
Hesperid butterflies with diverging ecological traits. PLoS One, 9,
€106526.

Fischer, K., Beinlich, B. & Plachter, H. (1999) Population structure, mobility
and habitat preferences of the violet copper Lycaena helle
(Lepidoptera: Lycaenidae) in Western Germany: implications for con-
servation. Journal of Insect Conservation, 3, 43-52.

Frankham, R. (2010) Challenges and opportunities of genetic approaches
to biological conservation. Biological Conservation, 143, 1919-1927.

Frankham, R., Gilligan, D.M., Morris, D. & Briscoe, D.A. (2001) Inbreeding
and extinction: effects of purging. Conservation Genetics, 2, 279-285.

Fric, Z., Hula, V., Klimova, M., Zimmermann, K. & Konvicka, M. (2010) Dis-
persal of four fritillary butterflies within identical landscape. Ecologi-
cal Research, 25, 543-552.

Garroway, C.J., Bowman, J., Holloway, G.L., Malcolm, J.R. & Wilson, P.J.
(2011) The genetic signature of rapid range expansion by flying
squirrels in response to contemporary climate warming. Global
Change Biology, 17, 1760-1769.

Giles, B.E. & Goudet, J. (1996) Genetic differentiation in Silene dioica
metapopulations: estimation of spatiotemporal effects in a succes-
sional plant species. The American Naturalist, 149, 507-526.

Goudet, J. (1995) FSTAT (version 1.2): A computer program to calculate F-
statistics. Journal of Heredity, 86, 485-486.

Goudet, J. (2005) HIERFSTAT, a package for R to compute and test hierar-
chical F-statistics. Molecular Ecology Notes, 5, 184-186.

Guillot, G., Leblois, R., Coulon, A. & Frantz, A.C. (2009) Statistical methods
in spatial genetics. Molecular Ecology, 18, 4734-4756.

Haag, C.R., Riek, M., Hottinger, JW., Pajunen, V.I. & Ebert, D. (2005)
Genetic diversity and genetic differentiation in  daphnia
metapopulations with subpopulations of known age. Genetics, 170,
1809-1820.

Habel, J.C., Finger, A., Meyer, M., Schmitt, T. & Assmann, T. (2008) Poly-
morphic microsatellite loci in the endangered butterfly Lycaena helle
(Lepidoptera: Lycaenidae). European Journal of Entomology, 105,
361-362.

Habel, J.C., Finger, A., Schmitt, T. & Néve, G. (2011) Survival of the endan-
gered butterfly Lycaena helle in a fragmented environment: genetic
analyses over 15 years. Journal of Zoological Systematics and Evolu-
tionary Research, 49, 25-31.

Habel, J.C., Meyer, M. & Schmitt, T. (2009) The genetic consequence of
differing ecological demands of a generalist and a specialist butterfly
species. Biodiversity and Conservation, 18, 1895-1908.

Habel, J.C., Rédder, D., Lens, L. & Schmitt, T. (2013) The genetic signature
of ecologically different grassland lepidopterans. Biodiversity and
Conservation, 22, 2401-2411.

Hall, L.S., Krausman, P.R. & Morrison, M.L. (1997) The habitat concept and
a plea for standard terminology. Wildlife Society Bulletin, 25,
173-182.

Han, P., Lavoir, A.-V., Le Bot, J., Amiens-Desneux, E. & Desneux, N. (2014)
Nitrogen and water availability to tomato plants triggers bottom-up
effects on the leafminer Tuta absoluta. Scientific Reports, 4, 4455.

Hendry, A.P. (2004) Selection against migrants contributes to the rapid
evolution of ecologically dependent reproductive isolation. Evolution-
ary Ecology Research, 6, 1219-1236.

Ingvarsson, P.K., Olsson, K. & Ericson, L. (1997) Extinction-recolonization
dynamics in the Mycophagous beetle Phalacrus substriatus. Evolution,
51, 187-195.

Joyce, D.A. & Pullin, A.S. (2003) Conservation implications of the distribu-
tion of genetic diversity at different scales: A case study using the
marsh fritillary butterfly (Euphydryas aurinia). Biological Conservation,
114, 453-461.

LEBIGRE ET AL.

Jugovic, J., Grando, M. & Genov, T. (2017) Microhabitat selection of Aporia
crataegi (Lepidoptera: Pieridae) larvae in a traditionally managed
landscape. Journal of Insect Conservation, 21, 307-318.

Keenan, K., Mcginnity, P., Cross, T.F., Crozier, W.W. & Prodéhl, P.A. (2013)
DiveRsity: an R package for the estimation and exploration of popu-
lation genetics parameters and their associated errors. Methods in
Ecology and Evolution, 4, 782-788.

Koivula, M., Kukkonen, J. & Niemela, J. (2002) Boreal carabid-beetle
(Coleoptera, Carabidae) assemblages along the clear-cut originated
succession gradient. Biodiversity and Conservation, 11, 1269-1288.

Krauss, J., Steffan-Dewenter, I. & Tscharntke, T. (2003) How does land-
scape context contribute to effects of habitat fragmentation on
diversity and population density of butterflies? Journal of Biogeogra-
phy, 30, 889-900.

Lawler, J.J., White, D., Neilson, R.P. & Blaustein, A.R. (2006) Predicting
climate-induced range shifts: model differences and model reliability.
Global Change Biology, 12, 1568-1584.

Le Corre, V. & Kremer, A. (1998) Cumulative effects of founding events
during colonisation on genetic diversity and differentiation in an
Island and stepping-stone model. Journal of Evolutionary Biology, 11,
495-512.

Lebigre, C., Turlure, C. & Schtickzelle, N. (2015) Characterisation of sixteen
additional polymorphic microsatellite loci for the spreading but
locally rare european butterfly, Brenthis ino (Lepidoptera:
Nymphalidae). European Journal of Entomology, 112, 389-392.

Lebigre, C., Vanderbeken, C., Turlure, C. & Schtickzelle, N. (2018) Host
plant nitrogen enrichment has both positive and negative effects on
the larval growth of a specialist butterfly. Ecological Entomology, 43,
494-505.

Legendre, P. & Andersson, M.J. (1999) Distance-based redundancy analy-
sis: testing multispecies responses in multifactorial ecological experi-
ments. Ecological Monographs, 69, 1-24.

Legrand, D., Baguette, M., Prunier, J.G., Dubois, Q., Turlure, C. &
Schtickzelle, N. (2021) Congruent genetic and demographic dispersal
rates in a natural metapopulation at equilibrium. Genes, 12, 1-16.

Legrand, D., Chaput-Bardy, A., Turlure, C., Dubois, Q., Huet, M,
Schtickzelle, N. et al. (2014) lIsolation and characterization of
15 microsatellite loci in the specialist butterfly Boloria eunomia. Con-
servation Genetics Resources, 6, 223-227.

Leimu, R., Mutikainen, P., Koricheva, J. & Fischer, M. (2006) How general
are positive relationship between plant population size, fitness, and
genetic variation? Journal of Ecology, 94, 942-952.

Lenormand, T. (2002) Gene flow and the limits to natural selection. Trends
in Ecology and Evolution, 17, 183-189.

Maes, D., Jacobs, |., Segers, N., Vanreusel, W., van Daele, T., Laurijssens, G.
et al. (2014) A resource-based conservation approach for an endan-
gered ecotone species: the ilex hairstreak (Satyrium ilicis) in Flanders
(North Belgium). Journal of Insect Conservation, 18, 939-950.

Malone, C.L., Knapp, C.R., Taylor, J.F. & Davis, S.K. (2003) Genetic conse-
quences of Pleistocene fragmentation: isolation, drift, and loss of
diversity in rock iguanas (Cyclura). Conservation Genetics, 4, 1-15.

Marcombe, S., Paris, M., Paupy, C., Bringuier, C., Yebakima, A., Chandre, F.
et al. (2013) Insecticide-driven patterns of genetic variation in the
dengue vector Aedes aegypti in Martinique Island. PLoS One, 8,
e77857.

Mattila, A.L.K., Duplouy, A., Kirjokangas, M., Lehtonen, R., Rastas, P. &
Hanski, 1. (2012) High genetic load in an old isolated butterfly popula-
tion. In: Proceedings of the National Academy of Sciences, 109, E2496-
2505.

McArdle, B.H. & Anderson, M.J. (2001) Fitting multivariate models to com-
munity data. Ecology, 82, 290-297.

McCauley, D.E., Raveill, J. & Antonovics, J. (1995) Local founding events
as determinants of genetic structure in a plant metapopulation.
Heredity, 75, 630-636.



ISOLATION-BY-ENVIRONMENT IN THREE BUTTERFLIES

Mcintire, E.J.B., Schultz, C.B. & Crone, E.E. (2007) Designing a network for
butterfly habitat restoration: where individuals, populations and
landscapes interact. Journal of Applied Ecology, 44, 725-736.

Mevi-Schitz, J. & Erhardt, A. (2005) Amino acids in nectar enhance butter-
fly fecundity: A long-awaited link. American Naturalist, 165,
411-419.

Néve, G., Barascud, B., Descimon, H. & Baguette, M. (2008) Gene flow rise
with habitat fragmentation in the bog fritillary butterfly (Lepidoptera:
Nymphalidae). BMC Evolutionary Biology, 8, 1-10.

Nosil, P., Vines, T.H. & Funk, D.J. (2005) Immigrants From Divergent Habi-
tats. Evolution; International Journal of Organic Evolution, 59,
705-719.

Obermaier, E. & Zwéolfer, H. (1999) Plant quality or quantity? Host exploi-
tation strategies in three Chrysomelidae species associated with
Asteraceae host plants. Entomologia Experimentalis et Applicata, 92,
165-177.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R, Legendre, P,
McGilinn, D. et al. (2018) Vegan: community ecology package. R pack-
age version 2.5-3.

Peter, B.M. & Slatkin, M. (2013) Detecting range expansions from genetic
data. Evolution, 67, 3274-3289.

Petren, K., Grant, P.R, Grant, B.R. & Keller, L.F. (2005) Comparative
landscape genetics and the adaptive radiation of Darwin's
finches: the role of peripheral isolation. Molecular Ecology, 14, 2943~
2957.

Piertney, S.B., Mac Coll, AD.C., Bacon, PJ. & Dallas, J.F. (1998)
Local genetic structure in red grouse (Lagopus lagopus scoticus):
evidence from microsatellite DNA markers. Molecular Ecology, 7,
1645-1654.

Porlier, M., Garant, D., Perret, P. & Charmantier, A. (2012) Habitat-linked
population genetic differentiation in the blue tit Cyanistes caeruleus.
Journal of Heredity, 103, 781-791.

Péyry, J., Luoto, M., Heikkinen, R.K., Kuussaari, M. & Saarinen, K. (2009)
Species traits explain recent range shifts of Finnish butterflies. Global
Change Biology, 15, 732-743.

Prunier, J.G., Dubut, V., Chikhi, L. & Blanchet, S. (2017) Contribution of
spatial heterogeneity in effective population sizes to the variance in
pairwise measures of genetic differentiation. Methods in Ecology and
Evolution, 8, 1866-1877.

Development Team, Q.G.L.S. (2019) QGIS geographic information system.
Open Source Geospatial Foundation Project. http://qgis.osgeo.org

Roses, C., Baltus, H. & Sevrin, D. (2019) Monitoring des papillons diurnes au
sein des Réserves Naturelles Natagora: résultats des inventaires 2018.
Natagora, Rapport du Département Conservation, Namur, 114pp.

Rousset, F. (2001) Genetic differentiation and estimation of gene flow
from F-statistics under isolation by distance. Genetics, 145, 1219-
1228.

Ryman, N. & Palm, S. (2006) POWSIM: a computer program for assessing
statistical power when testing for genetic differentiation. Molecular
Ecology, 6, 600-602.

Saccheri, I, Kuussaari, M., Kankare, M., Vikman, P., Fortelius, W. &
Hanski, 1. (1998) Inbreeding and extinction in a butterfly
metapopulation. Nature, 392, 491-494.

Scalercio, S., Cini, A., Menchetti, M., Voda, R., Bonelli, S., Bordoni, A. et al.
(2020) How long is 3 km for a butterfly? Ecological constraints and func-
tional traits explain high mitochondrial genetic diversity between Sicily
and the Italian peninsula. Journal of Animal Ecology, 89, 2013-2026.

Schtickzelle, N., Joiris, A., Van Dyck, H. & Baguette, M. (2007) Quantitative
analysis of changes in movement behaviour within and outside habi-
tat in a specialist butterfly. BMC Evolutionary Biology, 7, 1-15.

Schtickzelle, N., Mennechez, G. & Baguette, M. (2006) Dispersal depres-
sion with habitat fragmentation in the bog fritillary butterfly. Ecology,
87, 1057-1065.

Ecological Entomological 853
Entomology @g‘cww '

Schtickzelle, N., Turlure, C. & Baguette, M. (2013) Temporal variation in
dispersal kernels in a metapopulation of the bog fritillary butterfly
(Boloria eunomia). In: Clobert, J., Baguette, M., Benton, T.G. &
Bullock, J.M. (Eds.) Dispersal ecology and evolution. Oxford, UK:
Oxford University Press.

Schwenk, W.S. & Donovan, T.M. (2011) A multispecies framework for
landscape conservation planning. Conservation Biology, 25, 1010-
1021.

Slatkin, M. (1977) Gene flow and genetic drift in a species subject to fre-
quent local extinctions. Theoretical Population Biology, 12, 253-262.

Slatkin, M. (1993) Isolation by distance in equilibrium and non-equilibrium
populations. Evolution, 47, 264-279.

Spielman, D., Brook, B.W. & Frankham, R. (2004) Most species are not
driven to extinction before genetic factors impact them. Proceedings
of the National Academy of Sciences of the United States of America,
101, 15261-15264.

Steele, C.A., Baumsteiger, J. & Storfer, A. (2009) Influence of life-history
variation on the genetic structure of two sympatric salamander taxa.
Molecular Ecology, 18, 1629-1639.

Storfer, A., Murphy, M.A,, Evans, J.S., Goldberg, C.S., Robinson, S.,
Spear, S.F. et al. (2007) Putting the “landscape” in landscape genet-
ics. Heredity, 98, 128-142.

Storfer, A., Murphy, M.A,, Spear, S.F., Holderegger, R. & Waits, L.P. (2010)
Landscape genetics: where are we now? Molecular Ecology, 19,
3496-3514.

Sunny, A., Monroy-Vilchis, O., Fajardo, V. & Aguilera-Reyes, U. (2014)
Genetic diversity and structure of an endemic and critically endan-
gered stream river salamander (Caudata: Ambystoma leorae) in
Mexico. Conservation Genetics, 15, 49-59.

Teder, T., Vellau, H. & Tammaru, T. (2014) Age and size at maturity: A
quantitative review of diet-induced reaction norms in insects. Evolu-
tion, 68, 3217-3228.

de Telles, M.P., Diniz-Filho, J.A.F., Bastos, R.P., Soares, T.N., Guimaraes, L.
D.A. & Lima, L.P. (2007) Landscape genetics of Physalaemus cuvieri in
Brazilian Cerrado: correspondence between population structure
and patterns of human occupation and habitat loss. Biological Conser-
vation, 139, 37-46.

Thomas, C.D., Bodsworth, E.J., Wilson, R.J., Simmons, A.D., Davies, Z.G.,
Musche, M. et al. (2001) Ecological and evolutionary processes at
expanding range margins. Nature, 411, 577-581.

Turlure, C., Baguette, M., Stevens, V.M. & Maes, D. (2011) Species-and
sex-specific adjustments of movement behavior to landscape hetero-
geneity in butterflies. Behavioral Ecology, 22, 967-975.

Turlure, C., Choutt, J., van Dyck, H., Baguette, M. & Schtickzelle, N. (2010)
Functional habitat area as a reliable proxy for population size: case
study using two butterfly species of conservation concern. Journal of
Insect Conservation, 14, 379-388.

Turlure, C., Van Dyck, H., Schtickzelle, N. & Baguette, M. (2009) Resource-
based habitat definition, niche overlap and conservation of two sym-
patric glacial relict butterflies. Oikos, 118, 950-960.

Van Swaay, C. & Warren, M. (1999) Red data book of European butterflies
(Rhopalocera). In: Nature and environment, no. 99. Strassbourg,
France: Council of Europe Publishing.

Van Swaay, C., Cuttelod, A., Collins, S., Maes, D., Munguira, M.L,,
Settele, J. et al. (2010) European red list of butterflies. Luxembourg:
Publications Office of the European Union.

Vandewoestijne, S. & Baguette, M. (2002) The genetic structure of endan-
gered populations in the cranberry fritillary, Boloria aquilonaris
(Lepidoptera, Nymphalidae): RAPDs vs allozymes. Heredity, 89,
439-445.

De Vere, N., Jongejans, E., Plowman, A. & Williams, E. (2009) Population
size and habitat quality affect genetic diversity and fitness in the
clonal herb Cirsium dissectum. Oecologia, 159, 59-68.


http://qgis.osgeo.org

854 Ecological
Entomology

Vergeer, P., Rengelink, R., Copal, A. & Ouborg, N.J. (2003) The
interacting effects of genetic variation, habitat quality and population
size on performance of Succisa pratensis. Journal of Ecology, 91,
18-26.

Vitousek, P.M., Mooney, H.A., Lubchenco, J. & Melillo, J.M. (1997)
Human domination of Earth’s ecosystems. Science, 277,
494-499.

Wade, M.J. & McCauley, D.E. (1988) Extinction and recolonization: their
effects on the genetic differentiation of local populations. Evolution,
42,995-1005.

Wang, 1.J. & Bradburd, G.S. (2014) Isolation by environment. Molecular
Ecology, 23, 5649-5662.

Wang, 1.J. (2013) Examining the full effects of landscape heterogeneity on
spatial variation: a multiple matrix approach for geographic and eco-
logical isolation. Evolution, 67, 3403-3411.

Warren, M.S., Hill, J.K., Thomas, J.A., Asher, J., Fox, R., Huntley, B. et al.
(2001) Rapid responses of British butterflies to opposing forces of
climate and habitat change. Nature, 414, 65-69.

Wellenreuther, M., Sanchez-Guillén, R.A., Cordero-Rivera, A., Svensson, E.
I. & Hansson, B. (2011) Environmental and climatic determinants of
molecular diversity and genetic population structure in a
coenagrionid damselfly. PLoS One, 6, €20440.

Whitlock, M.C. & McCauley, D.E. (1990) Some population
genetic consequences of colony formation and extinction:
genetic correlations within founding groups. Evolution, 44,
1717-1724.

Whitlock, M.C. (1992) Temporal fluctuations in demographic parame-
ters and the genetic variance among populations. Evolution, 46,
608-615.

Wright, S. (1943) Isolation by distance. Genetics, 28, 114-138.

Zimmermann, K., Fric, Z., Filipova, L. & Konvicka, M. (2005) Adult demog-
raphy, dispersal and behaviour of Brenthis ino (Lepidoptera:
Nymphalidae): how to be a successful wetland butterfly. European
Journal of Entomology, 102, 699-706.

[ —
omologlcal
@ Soiaty

LEBIGRE ET AL.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version
of the article at the publisher’s website.

Table S1 Location of the habitat patches and number of adults gen-
otyped of Lycaena helle, Boloria eunomia, and Brenthis ino

Table S2 Characteristics of the loci genotyped for the three species
used in this study

Table S3 Summary of simulations testing the power and risks of type |
errors based on the genetic markers used in the analyses

Table S4 Standardised pairwise genetic distances (D..) between study
sites for Lycaena helle

Table S5 Standardised pairwise genetic distances (Dest) between study
sites for Boloria eunomia

Table S6 Standardised pairwise genetic distances (D) between study
sites for Brenthis ino

Table S7 Averaged parameter estimates with unconditional standard
errors and 95% unconditional confidential intervals (Cl) obtained for
the three best models (AAICc <2) linking environmental parameters

with species’ allelic richness

How to cite this article: Lebigre, C., Turlure, C., Vandewalle,
H., Binard, F., Habel, J.C. & Schtickzelle, N. (2022) Diverging
effects of geographic distance and local habitat quality on the
genetic characteristics of three butterfly species. Ecological
Entomology, 47(5), 842-854. Available from: https://doi.org/
10.1111/een.13174



https://doi.org/10.1111/een.13174
https://doi.org/10.1111/een.13174

	Diverging effects of geographic distance and local habitat quality on the genetic characteristics of three butterfly species
	INTRODUCTION
	METHODS
	Study sites and data collection
	Habitat and host plant characteristics
	Genotyping
	Allelic richness, genetic differentiation, and their links with local habitat characteristics

	RESULTS
	Nutrient poor wet meadows quality and species occurrence
	Species' allelic richness and genetic differentiation
	Effect of the local environment on species' allelic richness and genetic differentiation

	DISCUSSION
	AUTHOR CONTRIBUTION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


