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ABSTRACT

Habitat loss and agricultural intensification are major drivers of insect decline, yet their consequences for intraspecific ge-
netic diversity remain poorly understood. Here, we used landscape genomics to compare genome-wide diversity, population
differentiation and spatial patterns of gene flow in two butterfly species (Polyommatus icarus, Melanargia galathea) and one
bush-cricket species (Conocephalus fuscus) sampled across an agriculturally dominated landscape in southern Germany.
The study region consists of a heterogeneous mosaic of extensively managed open grasslands maintained through conser-
vation initiatives and embedded within intensively managed grasslands, arable fields and forest patches. High-resolution
genomic data combined with broad geographic sampling revealed pronounced interspecific differences. The highly mo-
bile, widespread and generalist P. icarus exhibited the highest diversity and weakest population genetic structure, the mod-
erately widespread M. galathea showed intermediate levels, whereas the comparatively less mobile orthopteran C. fuscus
displayed the lowest genetic diversity and strongest population subdivision. Across the three species, genetic diversity was
positively associated with edge density and showed a tendency to decline with increasing arable cover, indicating that land-
scape configuration influences genetic variation more strongly than habitat area alone. Effective migration surfaces showed
broadly shared spatial patterns, with lower effective migration in intensively farmed areas and higher effective migration
in grassland-rich parts of the study region. Together, our results highlight that landscape heterogeneity and species-specific
ecological characteristics jointly determine genetic resilience in insects. Our findings support conserving networks of struc-
turally diverse, well-connected grasslands and reducing homogeneous arable matrices to help maintain genetic diversity and
evolutionary potential in insect communities.

1 | Introduction undermining ecosystem functioning and threatening services

vital to human well-being (Sharma and Birman 2024). In re-
The ongoing degradation of natural habitats caused by anthro- sponse, conservation efforts increasingly emphasise the estab-
pogenic activities has led to unprecedented biodiversity loss, lishment of ecological networks designed to maintain or restore
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connectivity across fragmented landscapes (Langhammer
et al. 2024). In Europe, initiatives such as the Natura 2000
network and regional projects like the Biotopverbund Giinztal
in Bavaria aim to promote biodiversity by preserving or re-
establishing ecological continuity (Evans 2012; Hopfenmiiller
et al. 2015). However, the effectiveness of such conservation
strategies remains insufficiently evaluated, particularly from a
population-genetic perspective, where substantial knowledge
gaps persist (Coates et al. 2018; Starnes et al. 2021). Evaluating
these genetic outcomes is important because demographic pat-
terns alone may not reveal changes in genetic diversity, gene
flow or population isolation that can affect the long-term per-
sistence of populations (Hoglund 2009).

Insects, despite representing the majority of terrestrial bio-
diversity and playing essential roles in ecosystems (e.g.,
pollination, nutrient cycling and food-web dynamics), re-
main under-represented in conservation planning (Cardoso
et al. 2011; Chowdhury, Zalucki, et al. 2023; Goulson 2019).
This gap is particularly concerning given mounting evidence
for widespread declines in insect abundance, richness and
biomass across many regions (Cardoso et al. 2020; Fartmann
etal. 2021; Hallmann et al. 2017; Seibold et al. 2019; Van Klink
et al. 2020, 2024; Wagner 2020), including declines in formerly
common species (Brower et al. 2012; Van Klink et al. 2024).
These trends are driven by interacting pressures such as
habitat loss, fragmentation, agricultural intensification and
climate change (Wagner et al. 2021). Despite these threats,
insect conservation often relies on incidental protection
through umbrella effects or general habitat protection rather
than targeted strategies (Mordn-Lopez et al. 2020; Samways
et al. 2020). Consequently, the capacity of protected or exten-
sively managed landscapes to maintain the genetic health of
insect populations remains insufficiently tested (Chowdhury,
Jennions, et al. 2023). Genomic approaches offer consider-
able potential to address this knowledge gap by quantifying
genetic diversity, population connectivity and responses to
anthropogenic landscape change, yet they remain rarely in-
corporated into insect conservation practice (Suchackova
Bartoriova et al. 2023).

Anthropogenic land use nowadays dominates most temperate
landscapes (Ellis et al. 2021), and can strongly affect insect
population genetics by reducing habitat availability, increas-
ing isolation among populations and fragmenting previously
continuous habitats (Gaublomme et al. 2013; Hill et al. 2006;
Nolen et al. 2026). Reduced dispersal and gene flow can in-
tensify genetic drift and inbreeding, ultimately increasing
extinction risk (Jacobson et al. 2019; Jha 2015; Schleimer and
Frantz 2025). Among land use pressures, agricultural expan-
sion and intensification are among the most pervasive, gen-
erally exerting negative effects on insect populations (Brown
and Paxton 2009; Vanbergen and The Insect Pollinators
Initiative 2013). Intensification often simplifies landscapes, re-
moves semi-natural structures and disrupts resource continuity
(Arancibia et al. 2020; Benton et al. 2003; Landis 2017; Raven
and Wagner 2021; Shi et al. 2024), processes that can accelerate
the loss of intraspecific genetic diversity (Allendorf et al. 2022;
Andersen et al. 2004). These genetic consequences may depend
not only on landscape composition, such as the amount of suit-
able habitat or arable land, but also on its spatial configuration

(Balkenhol 2015). Landscape configuration can influence func-
tional connectivity through the spatial arrangement of habitat
patches, edges and potential movement pathways. Structurally
heterogeneous landscapes containing habitat edges and semi-
natural elements may therefore facilitate dispersal and gene
flow, whereas homogeneous agricultural matrices may increase
population isolation. Consequently, both landscape composition
and configuration can shape the maintenance of genetic diversity
in agricultural landscapes. Evidence of genetic erosion associ-
ated with anthropogenic land use change has been documented
in diverse insect taxa, including burnet moths, bush-crickets,
butterflies, bees and aquatic insects (Crossley et al. 2023; Della
Rocca et al. 2025; Habel et al. 2012; Nolen et al. 2026; Suni and
Hernandez 2023). Yet it remains unclear whether existing con-
servation tools, particularly protected areas, can effectively mit-
igate these genetic losses.

Protected areas are often assumed to support higher levels of
genetic diversity and connectivity (Martinez et al. 2002; Pérez-
Ruzafa et al. 2006), but empirical evidence for insects remains
limited and inconsistent (Thompson et al. 2021). For example,
Gonzalez-Castellano et al. (2023) found no detectable genetic
benefits of protection for the Spanish moon moth, Graellsia
isabellae (Lepidoptera: Saturniidae), highlighting the need to
evaluate when and for which species protected areas effectively
sustain population genetic health. Addressing this question re-
quires considering species-specific ecological traits. Insects vary
widely in dispersal ability, habitat specialisation, voltinism, body
size and resource use, traits that strongly influence both genetic
diversity and population structure (Lépez-Uribe et al. 2019;
Webster et al. 2023). Highly mobile habitat generalists typically
maintain larger effective population sizes and higher gene flow,
resulting in greater genetic diversity and weaker population
structure (Packer et al. 2005). In contrast, habitat specialists or
species with limited dispersal often occur in small, fragmented
populations that are more susceptible to genetic erosion and may
therefore benefit most from well-designed conservation net-
works (Packer et al. 2005). Consequently, the same landscape
may differ in its permeability among species, potentially result-
ing in contrasting population-genetic responses to agricultural
intensification and habitat configuration. Comparative studies
across species with contrasting ecological traits are therefore
essential for evaluating the effectiveness of landscape-scale con-
servation measures.

Here, we investigate how human land use practices and the re-
sulting landscape composition and configuration are associated
with insect genetic diversity, population structure and spatial
patterns of effective migration in a predominantly intensively
managed agricultural landscape interspersed with areas of ex-
tensive management and conservation activity. We focus on
three insect species, two Lepidoptera (Polyommatus icarus and
Melanargia galathea) and one Orthoptera species (Conocephalus
fuscus), that differ in dispersal capacity, habitat specialisation
and ecological requirements. The study was conducted in a
heterogeneous agricultural landscape comprising arable fields,
intensively managed grasslands, forest patches and smaller
areas of extensively managed open grasslands within the
Biotopverbund Giinztal. This system provides an opportunity
to examine whether landscape characteristics associated with
extensive management and structural heterogeneity are related
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to population-genomic patterns across species with contrasting
ecologies.

Specifically, we tested the following three hypotheses: (1)
Genetic diversity will increase with the amount of extensively
managed grassland and with landscape heterogeneity, reflected
by greater edge density, because these landscapes may pro-
vide more habitat and facilitate movement among populations.
Conversely, increasing arable cover and fragmentation of exten-
sively managed grasslands are expected to be associated with
reduced genetic diversity. (2) Species-specific ecological traits
influence patterns of genetic diversity and population structure.
Species with limited dispersal are expected to show lower ge-
netic diversity and stronger population subdivision than more
mobile species, resulting in the strongest structure in C. fuscus,
intermediate structure in M.galathea and the weakest struc-
ture in P.icarus. Genetic differentiation among populations is
also expected to increase with geographic distance, consistent
with isolation by distance. (3) Despite differences in dispersal
ability, all species are expected to show broadly similar spatial
patterns of effective migration, with higher connectivity in the
structurally heterogeneous and extensively managed southern
part of the study region and lower connectivity in agriculturally
intensified northern and eastern areas.

2 | Material and Methods
2.1 | Study Area and Sampling Sites

Our study was conducted in the Giinz Valley in southwestern
Bavaria, Germany (Figure 1). The study area spans approx-
imately 77km in a north-south direction. Although the val-
ley's initial geomorphology was shaped by Pleistocene glacial
processes, anthropogenic influences, particularly agricultural

(A) (B) ©) (D)

Melanargia galathea

Polyommatus icarus

intensification and the long-standing dominance of dairy farm-
ing, have been the primary drivers of landscape change over
the last few centuries. Within this strongly anthropogenically
shaped landscape, the ‘Kulturlandschaft Giinztal’ foundation
and partner organisations have implemented conservation
measures aimed at establishing extensively managed mead-
ows. These meadows are typically characterised by two to three
mowing events per year and the exclusion of fertilisers and
mulching. Across the valley, a pronounced management gradi-
ent is evident: some sectors contain a relatively high density of
extensively managed open grassland patches, partly reflecting
a long history of coordinated conservation efforts, whereas the
majority of the valley remains dominated by intensive agricul-
tural use (Figure 1).

To capture variation in landscape composition and configuration
across the study region, we surveyed 16 sampling sites, although
not all species occurred at every site (Figure 1; Tables S1-S3).
Sampling sites for P.icarus and M. galathea were located in ex-
tensively managed meadows. For C.fuscus, some sampling lo-
cations were situated along edges or in the immediate vicinity
of the extensively managed meadows that were selected for the
other species (see Table S3 for exact GPS coordinates). Thus,
sampling was concentrated within or near extensively managed
grasslands while encompassing substantial variation in the
composition and configuration of the surrounding landscape.
To ensure statistical independence among populations, sites
were separated by a minimum distance of 2km (Figure 1).

2.2 | Study Species and Sampling
We selected two Lepidoptera species, P.icarus (common blue

butterfly) and M.galathea (marbled white butterfly), and
one Orthoptera species, C.fuscus (long-winged conehead

(E) (F) (G)

Conocephalus fuscus
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FIGURE1 | Location of the Giinz Valley within Germany (A). Also shown are the sampling sites (black circles) and effective migration surfaces
for Polyommatus icarus (B, C), Melanargia galathea (D, E) and Conocephalus fuscus (F, G). Orange coloured areas correspond to areas with less effec-
tive migration than expected under an isolation-by-distance model (negative log migration rates, log(m)), whereas blue coloured areas indicate higher

effective migration than expected (positive log migration rates). The base map was obtained from OpenStreetMap, the national borders of Germany

were sourced from a freely accessible repository (https://github.com/isellsoap/deutschlandGeoJSON). Data are licensed by the OpenStreetMap
Foundation (OSMF) under the Open Database License (ODbL) (https://opendatacommons.org/licenses/odbl/).
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bush-cricket), as focal taxa. These species were chosen because
they are widespread in Central European grassland ecosys-
tems and exhibit contrasting ecological traits, including dis-
persal ability, habitat specialisation and life-history strategies
(Bellmann et al. 2019; Tolman and Lewington 1997).

Polyommatus icarus is a multivoltine butterfly widely distrib-
uted across Europe and commonly found in open habitats,
including extensively managed meadows, semi-natural grass-
lands and roadside verges (Emmet and Heath 1989; Rivest
and Kharouba 2021; Tolman and Lewington 1997). Its larvae
feed primarily on leguminous host plants such as Coronilla
spp., Lotus corniculatus and Medicago lupulina (Tolman and
Lewington 1997), whereas adults consume nectar from a vari-
ety of Fabaceae, including L. corniculatus. The species exhibits
moderate to high dispersal ability, with mark-release-recap-
ture studies reporting movements ranging from several hun-
dred metres to maximum recorded movements of up to 1457 m
(Gutiérrez et al. 2001; Rivest and Kharouba 2021).

Melanargia galathea is a univoltine grassland specialist typically
occurring in nutrient-poor, semi-dry meadows and calcareous
grasslands (Terzer et al. 2024; Tolman and Lewington 1997;
Vandewoestijne et al. 2004). Within the study area, the spe-
cies is generally less abundant than P.icarus (Fumy et al. 2023;
Voith et al. 2016a; Tolman and Lewington 1997). Its larvae feed
on a range of grasses, including Brachypodium and Poa spp.,
whereas adults feed on a wide range of flowering plants, includ-
ing Centaurea, Knautia, Scabiosa and Cirsium spp. (Tolman and
Lewington 1997). Studies indicate high within-patch mobility
with extensive mixing of individuals within habitat patches,
whereas movements between habitat patches appear compara-
tively limited, with observed dispersal distances of up to approx-
imately 600 m (Habel et al. 2010).

Conocephalus fuscus is a long-winged bush-cricket commonly
found in moist grasslands, wet meadows, riparian zones, fallow
land and ruderal habitats (Bellmann et al. 2019). It is phytopha-
gous and partly omnivorous, feeding on grasses as well as small
invertebrates (Bellmann et al. 2019). The species uses acoustic
signalling for mate location, a behaviour that promotes active
movement within structurally complex vegetation (Avci and
Taylan 2023; Loffler et al. 2019; Aleksanov 2025). Conocephalus
fuscus is fully winged, indicating the ability to fly and disperse
between habitat patches. However, to our knowledge, no quan-
titative estimates of dispersal distances have been published for
this species. Based on its behavioural ecology and the generally
limited capacity of orthopterans for sustained flight, C. fuscus
is expected to exhibit lower effective dispersal across the land-
scape than the two butterfly species examined here.

Whenever possible, a minimum of 10 individuals per species
was collected at each sampling site. Insects were captured using
hand nets during species-specific sampling periods: P.icarus
from May to August 2020 (n=155; sampled at 14 sites), M. gal-
athea from July to August 2020 (n=77; sampled at 8 sites) and
C.fuscus from July to September 2020 (n=153; sampled at 15
sites) (Tables S1-S3). Species identification was carried out in
the field based on morphological characteristics. Sex was re-
corded based on morphological characteristics for P.icarus
and C. fuscus. Corresponding information was not available for

M. galathea (Tables S1-S3). All individuals were preserved in
96% ethanol in 5mL Eppendorf tubes and subsequently stored at
—20°C for long-term preservation.

2.3 | DNA Extraction, Restriction-Site Associated
DNA (RAD) Sequencing and Sequence Assembly

To generate single nucleotide polymorphisms (SNP) markers
across the genome for the study species, high-molecular-weight
DNA was extracted from thoracic muscle tissue for P.icarus
and M. galathea and from a saltatorial leg for C. fuscus. DNA ex-
traction was performed using either the DNeasy Blood & Tissue
Kit (Qiagen) or a CTAB-based protocol with proteinase K diges-
tion, followed by chloroform:isoamyl alcohol extraction (24:1).
DNA quality was assessed using an Epoch spectrophotometer
(BioTek, Winooski, USA) and agarose gel electrophoresis, while
DNA quantity was quantified with a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). DNA extracts
were standardised to a final volume of 30 uL at a final concentra-
tion of 17 + 3ng/uL before sequencing.

Samples were submitted to SNPsaurus for Nextera-tagmented
reductively-amplified DNA (NextRAD) sequencing, a reduced-
representation sequencing approach that combines Nextera
tagmentation with selective PCR amplification to target a repro-
ducible subset of genomic loci for high-throughput SNP geno-
typing. Libraries were sequenced on an Illumina NovaSeq 6000
platform (University of Oregon) using one lane of 122bp single-
end reads. Sequencing output per sample averaged 3.25mil-
lion reads for P.icarus (SD=1.14; mean depth of 34x, SD=12),
3.31million reads for M. galathea (SD =1.00; mean depth of 22X,
SD =4.94) and 4.91 million reads for C. fuscus (SD=0.74; mean
depth of 16x, SD =2.37) (Tables S4-S6).

Quality filtering and adapter trimming of raw sequencing
reads were performed using BBDuk from the BBMap suite
(Bushnell 2014). Reads were processed to remove adapters, short
sequences and low-quality bases using the following parameters:
minlen=100, ktrim=r, k=17, mink=8, hdist=1, gqtrim=rl,
trimq=10 and ordered =t. Cleaned reads were assembled and
analysed using ipyrad v.0.9.102 (Eaton and Overcast 2020). For
P.icarus and M. galathea, reads were mapped to their respective
reference genomes (P.icarus: ilPollcarl.l, GCA_937595015.1;
M. galathea: ilMelGala2.1, GCA_920104075.1). Because no ref-
erence genome was available for C. fuscus, RAD loci for this spe-
cies were assembled de novo.

Within ipyrad, sequences were clustered using a sequence-
similarity threshold of 0.90 (clust_threshold =0.90). Reads
containing more than five low-quality or ambiguous bases
were excluded (max_low_qual_bases=5; Phred Q-score
offset=33). A minimum read depth of six was required
for both statistical and majority-rule consensus base call-
ing (mindepth_statistical=6; mindepth_majrule=6) and
the maximum within-sample cluster depth was set to 1000
(maxdepth =1000). Consensus sequences were restricted to
a maximum of two alleles (max_alleles_consens =2), a max-
imum proportion of 0.05 undetermined bases (max_Ns_con-
sens =0.05) and a maximum proportion of 0.05 heterozygous
sites (max_Hs_consens=0.05). During final locus filtering,
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loci were required to occur in at least four individuals (min_
samples_locus=4). Loci containing more than 20% SNPs
(max_SNPs_locus =0.2), more than eight indels (max_Indels_
locus =8) or more than 50% shared heterozygous sites (max_
shared_Hs_locus =0.5) were excluded; the latter criterion is
designed to identify potentially paralogous loci. The resulting
ipyrad assemblies contained 14,104,825 loci for 155 individu-
als of P.icarus, 8,074,859 loci for 77 individuals of M. galathea
and 20,608,081 loci for 153 individuals of C. fuscus.

2.4 | Genomic Dataset Preparation and Filtering

Following assembly and initial locus filtering in ipyrad, in-
dividuals with >50% missing genotype data were removed
from all subsequent analyses using the --missing-indv func-
tion in VCFtools v. 0.1.16 (Danecek et al. 2011). This resulted
in the removal of 17 individuals of P. icarus (n=138/155), one
individual of M. galathea (n=76/77) and six individuals of
C. fuscus (n=147/153). Using the remaining individuals, we
generated two datasets for downstream analyses: (i) a dataset
containing polymorphic SNPs for analyses of genetic differen-
tiation, population structure and effective migration; and (ii) a
dataset containing both polymorphic and monomorphic sites
for estimates of genome-wide genetic diversity. The number of
sites retained at each filtering step for each species is provided
in Table S7.

For P.icarus and M. galathea, for which reference genomes
were available, sites located on the sex chromosomes were
excluded from the ipyrad output prior to the preparation of
downstream analytical datasets to avoid potential biases in
estimates of genetic diversity, differentiation and population
structure. For comparison, all downstream analyses for both
butterfly species were repeated using datasets in which sex-
linked sites were retained, with the corresponding results
presented in the Supporting Information. Results were highly
consistent between datasets with and without sex-linked sites,
and their inclusion did not alter the statistical interpretation
of any analysis.

For analyses of genetic differentiation and population struc-
ture, SNPs were filtered using VCFtools v. 0.1.16 (Danecek
et al. 2011). SNPs were filtered using the following parameters:
--max-missing 0.85, --maf 0.05 and --remove-indels. After filter-
ing, and after exclusion of sex-linked SNPs for the two butter-
fly species, 6642 SNPs were retained for P.icarus, 22,493 SNPs
for M.galathea and 13,160 SNPs for C.fuscus. To account for
linkage disequilibrium (LD), SNPs were pruned using PLINK
v1.9 (Purcell et al. 2007) with --indep 50 5 0.5, which removes
markers in high LD (2> 0.5). To avoid potential biases caused by
family structure, we tested for highly related individuals using
--relateness2 in VCFtools (Manichaikul et al. 2010). Relatedness
values between 0.177 and 0.354 indicate second-degree relatives.
No highly related individuals were detected. As an additional
screen for potentially paralogous loci, loci with observed hetero-
zygosity (H_)>0.6 were excluded. No loci exceeded this thresh-
old in any of the three species and, consequently, this filtering
step did not reduce the number of retained loci. After filtering
and LD pruning, the final dataset used for analyses of genetic
differentiation and population structure contained 5038 SNPs

for 138 individuals of P. icarus, 15,561 SNPs for 76 individuals of
M. galathea and 9678 SNPs for 147 individuals of C. fuscus.

To estimate genome-wide genetic diversity, we used a second
dataset including both polymorphic and monomorphic sites.
This approach is less sensitive to variation in sample size and
allows more reliable comparisons of genetic diversity across spe-
cies than estimates based solely on polymorphic loci (Schmidt
et al. 2021; Sopniewski and Catullo 2024). For this dataset, ip-
yrad outputs were filtered to retain all SNPs and monomorphic
loci that passed quality filtering. Filtering criteria required that
at least 85% of individuals had genotype data for a given locus
(--max-missing 0.85) and indels were removed (--remove-indels).
As an additional screen for potentially paralogous sites, sites
with observed heterozygosity (H,)> 0.6 were excluded. No sites
exceeded this threshold in any of the three species, and therefore
this filtering step did not reduce the number of retained sites.
The final datasets used to estimate genome-wide genetic diver-
sity comprised 501,542 polymorphic and monomorphic loci for
138 individuals of P.icarus, 1,149,641 loci for 76 individuals of
M. galathea and 1,081,825 loci for 147 individuals of C. fuscus.

2.5 | Genetic Diversity, Differentiation
and Population Genetic Structure

Genome-wide genetic diversity was quantified as unbiased, sam-
ple size-corrected expected heterozygosity (uH ), using the R
package dartR v. 2.9.7 (Gruber et al. 2018). Estimates were cal-
culated from both polymorphic and monomorphic loci to ensure
comparability across populations and species. Pairwise genetic
differentiation (Fg;) was estimated using StAMPP (Pembleton
et al. 2013) based on biallelic polymorphic SNPs. Confidence
intervals for Fq; estimates were obtained using bootstrap res-
ampling (n=1000). Isolation by distance (IBD) was assessed
using Mantel tests implemented in the R package ade4 v. 1.7-
22 (Dray and Dufour 2007), correlating linearised Fg, values
[Fq/(1—Fgyp)] with log-transformed geographic distances (km)
between population pairs for each species.

Population genetic structure was inferred by estimating indi-
vidual ancestry coefficients using SNMF implemented in the R
package LEA v. 3.14 (Frichot and Francois 2015). This method
applies matrix factorisation with sparse regularisation to cluster
individuals based on multilocus genotype data. For M. galathea,
values of K=1-9 were tested, whereas K=1-15 was evaluated
for P.icarus and C.fuscus, reflecting their broader geographic
sampling coverage. For each value of K, 10 replicate runs were
performed, and the most likely number of clusters was deter-
mined using the lowest cross-entropy criterion. As an addi-
tional approach to evaluate population structure, we conducted
a discriminant analysis of principal components (DAPC) using
the R package adegenet v. 2.10 (Jombart 2008; Jombart and
Ahmed 2011). The optimal number of retained principal compo-
nents was determined using a-score optimisation.

To assess whether multilocus genetic variation was associated
with sex, we additionally analysed P.icarus and C.fuscus, for
which sex information was available. Principal component anal-
yses (PCAs) were conducted separately for each species using
the filtered, LD-pruned SNP dataset, and individuals were
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visualised by population and sex to assess potential sex-specific
clustering. Differences in multilocus genetic variation between
males and females were additionally tested using permuta-
tional multivariate analysis of variance (PERMANOVA) with
the adonis2 function in the R package vegan v. 2.7-5 (Oksanen
et al. 2026). The effect of sex was tested using 999 permutations
restricted within populations to account for underlying popu-
lation genetic structure. Corresponding PCA ordinations are
presented in Figures S1 and S2. Consistent with this pattern,
PERMANOVA with permutations restricted within populations
detected no significant association between sex and multilo-
cus genetic variation in P.icarus (F=0.779, R>=0.005, p=1) or
C. fuscus (F=0.952, R?=0.006, p=0.985).

2.6 | Effective Migration Surfaces (EEMS)

To investigate spatial patterns of gene flow and identify re-
gions of restricted or elevated migration, we used the Estimated
Effective Migration Surfaces (EEMS) framework (Petkova 2025;
Petkova et al. 2016). EEMS models the relationship between ge-
netic and geographic distances by estimating spatial variation in
effective migration rates across a user-defined landscape. EEMS
analyses were run using 300 demes for P.icarus, 150 demes for
M. galathea and 300 demes for C. fuscus. The differing numbers
of demes reflect differences in spatial sampling extent among
species: species sampled more densely and across a broader
geographic range (P.icarus and C.fuscus) allow finer spatial
resolution, whereas more limited sampling (M. galathea) re-
quires a coarser mesh to avoid overparameterisation and unsta-
ble estimates. For each species, the Markov chain Monte Carlo
(MCMC) algorithm was run for 6,000,000 iterations, including
a burn-in of 3,000,000 iterations, with thinning every 999 steps.
These settings were determined through preliminary runs to
ensure adequate mixing and effective sampling of the posterior
distribution. Convergence of each chain was assessed visually
using posterior log-likelihood trace plots generated with the re-
emsplots2 R package (Petkova 2025; Petkova et al. 2016).

2.7 | Landscape Composition and Configuration

Landscape composition and configuration were analysed using
QGIS v.3.16.3, incorporating land cover data from Geofabrik
GmbH (OpenStreetMap-based data; http://www.geofabrik.
de/). To improve the accuracy of the Geofabrik land cover map,
anonymised IACS (Integrated Administration and Control
System) data provided by the Bavarian state government were
integrated. These data provided a more detailed representation
of land use surrounding the sampling sites. Remaining gaps in
land cover classification were manually verified using satellite
imagery from Google Earth Pro v.7.3.6.9750.

Landscape composition was quantified as the proportional
cover of four major land cover types: arable land, extensively
managed open grassland, intensively managed meadows and
forest. Landscape metrics were calculated in R version 4.2.2
(R Core Team 2024). Extensively managed open grassland in-
cluded hay meadows, litter meadows, low-intensity pastures,
green fallows, annual flowering fallows and all meadows
known to be managed extensively (two to three mowings per

year without fertilisation or mulching) under the supervision of
the Kulturlandschaft Giinztal Foundation or associated stake-
holders. Intensively managed meadows were characterised by a
higher input intensity (e.g., fertilisation), more frequent mowing
(five to seven mowings per year) and reduced structural hetero-
geneity compared with extensively managed open grassland.

Landscape configuration was quantified using two metrics.
First, edge density was calculated as the total length of land
cover boundaries divided by the total landscape area (m?)
within a given spatial scale. Edges represent boundaries be-
tween adjacent land cover patches (e.g., grassland-forest, grass-
land-arable field or between similar land cover types such as
extensively managed grasslands). Edge density was used as a
proxy for structural landscape heterogeneity and potential hab-
itat connectivity because it reflects the density of ecotones in
the landscape (Fahrig 2017; Martin et al. 2019). Second, we cal-
culated patch density as a metric of habitat fragmentation for
extensively managed open grasslands by dividing the number
of habitat patches by their total area within each buffer radius,
providing a measure of habitat subdivision independent of over-
all habitat extent (Fahrig 2017; Theodorou, Herbst, et al. 2020).
Because landscape variables may influence genetic diversity
at different spatial scales, all landscape metrics were calcu-
lated within buffer radii of 500, 700 and 1000m around the
centroid (midpoint) of each sampled meadow. To identify the
spatial scale with the most explanatory power for each predic-
tor, landscape metrics calculated at each scale were correlated
with uH, for each species. The spatial scale with the highest
correlation coefficient was retained for subsequent statistical
analyses (Table S8).

2.8 | Statistical Analyses

All statistical analyses were conducted in R v.4.4.2 (R Core
Team 2024). To test for differences in genome-wide genetic di-
versity among species while accounting for variation in sample
size, we fitted a linear model (LM) with uH,, as the response
variable and species identity and the number of individuals
per population (n) as predictors. Estimated marginal means
(EMMs) for each species were obtained using the emmeans R
package (Lenth and Piaskowski 2025), and pairwise species
comparisons were conducted using Tukey-adjusted contrasts.
To test whether F,. differed among species while accounting
for geographic distance, we first fitted a LM with F, as the re-
sponse variable and species identity and geographic distance as
predictors. Because inspection of model residuals indicated het-
eroscedasticity among species, we estimated species-specific re-
sidual variances and used their inverse as weights in a Weighted
Least Squares (WLS) model. EMMs were then calculated for
each species, and pairwise contrasts were performed to evaluate
differences in Fg;.

To investigate the effects of landscape composition and con-
figuration on uHgy,, we fitted species-specific LMs. Predictor
variables included the proportional cover of arable land, exten-
sively managed open grassland, intensively managed meadows
and forest, as well as edge density and the fragmentation index
for extensively managed open grassland. Prior to modelling,
all predictors were standardised (z-transformed) to a mean of
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zero and a standard deviation of one. Multicollinearity among
predictors was assessed using variance inflation factors (VIF),
applying a threshold of VIF <5 (James et al. 2013). No evidence
of problematic multicollinearity was detected. Given the rela-
tively large number of predictors, we fitted a global model for
each species and performed automated model selection using
the dredge function in the MuMIn package (Bartonn 2010). To
reduce the risk of overfitting, candidate models were restricted
to a maximum of three predictors for P.icarus and C. fuscus and
two predictors for M. galathea. Models within AAICc< 2 of the
top-ranked model were subsequently averaged to obtain model-
averaged parameter estimates.

Model assumptions, including linearity, normality, homogeneity
of variance and residual distributions, were assessed using the
DHARMa R package (Hartig 2024). To evaluate potential spa-
tial autocorrelation in model residuals, we calculated Moran's
I using the ape R package (Gittleman and Kot 1990). No signif-
icant spatial autocorrelation was detected in any of the final
models (p>0.05).

3 | Results
3.1 | Genome-Wide Genetic Diversity

Genome-wide genetic diversity measured as uHy, ranged from
0.0074 to 0.0077 for P.icarus, 0.0063-0.0067 for M. galathea and
0.0039-0.0044 for C. fuscus (Tables S1-S3). Genetic diversity dif-
fered significantly between species (uH . p: LM; EMM contrasts:
p<0.001; Figure 2). Conocephalus fuscus exhibited the lowest
genetic diversity, followed by M.galathea, whereas P.icarus

showed the highest genetic diversity (Figure 2A).

The effects of landscape composition and configuration on
genome-wide genetic diversity were assessed separately for
each species using LMs. For P.icarus, the best-supported model
(AAICc<?2)included edge density within a 500 m radius and the
proportion of arable cover within a 700 m radius (Table 1). Edge
density was positively and significantly associated with genetic
diversity (uHyp: LM; 2=2.356, p=0.038; Figure 3A), whereas
arable cover showed a significant negative association with
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genetic diversity (uHpyp: LM; z=-2.859, p=0.016; Figure 3B).
For M.galathea, two models fell within AAICc<2 (Table 1),
with the null model receiving the strongest support. The second
model included edge density at a 500 m radius, which showed a
positive but non-significant relationship with genetic diversity
(uHpyp: LM; 2=2.02, p=0.089; Figure 3C). For completeness,
we also present the relationship between arable cover and ge-
netic diversity in M. galathea (uHyp: LM; z2=-1.152, p=0.293;
Figure 3D), although arable cover did not appear in any sup-
ported models. For C. fuscus, two models fell within AAICc<2
(Table 1). Both included edge density within a 500m radius,
which showed a strong and significant positive association with
genetic diversity WHpyp: LM; 2=2.904, p=0.003; Figure 4A).
The second model additionally included the proportion of ara-
ble cover within a 1000 m radius, which exhibited a negative but
non-significant relationship with genetic diversity (uHyp: LM;
z=-1.129, p=0.258; Figure 4B).

Retaining sex-linked sites in P.icarus and M. galathea did not
alter the overall patterns of genome-wide genetic diversity or its
relationships with landscape variables (Figures S3 and S4).

3.2 | Genetic Divergence, Population Structure
and Effective Migration Surfaces

Genetic divergence between populations was low but sig-
nificantly different from zero in all species (P.icarus: mean
Fi:=0.004, 95% CI=0.001-0.007; M.galathea: mean
Fy=0.017, 95% CI=0.015-0.019; C.fuscus: mean F=0.069,
95% CI1=0.064-0.073; Tables S9-S11). Species differed signifi-
cantly in their levels of genetic differentiation. Polyommatus
icarus exhibited the lowest pairwise Fg. values, followed by
M. galathea, whereas C. fuscus showed the highest genetic dif-
ferentiation (Weighted Least Squares model; EMM contrasts:
p<0.001; Figure 2B).

Mantel tests revealed no significant correlation between ge-
netic and geographic distances for P.icarus (r=—0.083, p>0.05;
Figure S5) and C. fuscus (r=0.07, p>0.05; Figure S5), indicat-
ing no evidence of IBD in these species. In contrast, M. galathea
showed a significant positive correlation between population

0.15+

0.10+

FST

0.05-

0.00+

Polyon'7matus Melalllargia Conoc'ephalus
icarus galathea fuscus

FIGURE 2 | (A) Genome-wide genetic diversity, measured as unbiased expected heterozygosity (uHyy,), and (B) pairwise population genetic

differentiation, measured as F,

median. Different letters indicate significant differences between species.

for the three insect species studied. Boxes represent the interquartile range, with the horizontal line indicating the
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TABLE 1 | Model selection statistics and model-averaged coefficients (conditional average) for the genome-wide genetic diversity (uHp,,) of

Polyommatus icarus, Melanargia galathea and Conocephalus fuscus.

Response Model AICc AAICc Weight Predictor zvalue p R?
P.icarus uHgy, ~Edge density (500m  —221.53 0.00 0.29 Edge density 2.356 0.038* 0.17
radius) + proportion (500m radius)
of arable cover
(700 m radius)
Proportion of —2.859 0.016* 0.30
arable cover
(700 m radius)
M. galathea uHgy, ~NULL -116.35 0.00 0.480 Edge density 2.02 0.089™  0.305
(500m)
~Edge density —114.90 1.45 0.230
(500m radius)
C. fuscus uHpyp ~Edge density —224.62 0.00 0.350 Edge density 2.904 0.003**  0.407
(500 m radius) (500 m radius)
~ Edge density —222.66 1.97 0.130 Proportion of -1.129 0.258"  0.145
(500 m) + Proportion arable cover
of arable cover (1000 m radius)
(1000 m radius)
Note: Significance levels: ns = p > 0.05; *p < 0.05; **p < 0.01.
(A) ) (B) )
Polyommatus icarus Polyommatus icarus
0.00775+ o e
() . 0.0077 )
~ 0.00770- . A - .
5 &
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2 000755 2 000757
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0.00740 | ; ; . 0.0073*| : | : | | T
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. 0.0068-] 3 .
& T
T 0.0067- 5 0.0066 .
= z .
'§ 0.0066 g 0.0065
% 0.0065 g .
= S 0.0064+
£ 0.0064 E R
. 0.0063
0.0063

T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Proportion of arable cover
(700 m radius)

T T T T T T
0.030 0.035 0.040 0.045 0.050 0.055
Edge density (500 m radius)

FIGURE 3 | Relationships between genome-wide genetic diversity (uHy,) and edge density (500m radius) and arable cover for Polyommatus
icarus (A, B) and M. galathea (C, D). Solid lines represent predicted relationships from linear models and shaded areas indicate 95% confidence inter-
vals. Points represent partial residuals. Significance levels: ns=p>0.05; *p <0.05.
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genetic differentiation and geographic distances (r=0.623,
p=0.013; Figure S5), suggesting IBD.

Discriminant analysis of principal components, optimised
using a-score selection, retained 24 principal components
for P.icarus, 13 for M. galathea and 15 for C. fuscus. Together
with the sSNMF cross-entropy analyses, the results revealed
clear interspecific differences in population genetic structure

A
* Conocephalus fuscus
G) "

0.0044

g

T 0.0043

3

>

'g 0.0042 4

D

>

N

© 0.0041-

[} L]

z
0.00404 °

T T T T
0.030 0.040 0.050 0.060
Edge density (500 m radius)

(Figure 5). Polyommatus icarus showed very weak genetic
structuring, with substantial overlap among populations in
the DAPC and no distinct clusters, consistent with its low Fg
values (Figure 5A). In contrast, M. galathea exhibited more
pronounced structure, with several populations displaying
partial or clear separation from others. Nevertheless, SNMF
supported K=1, indicating little evidence for discrete ances-
tral population structure despite the differentiation observed
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FIGURE4 | Relationships between genome-wide genetic diversity (uHyyp) in Conocephalus fuscus and (A) edge density (500 m radius) and (B) the
proportion of arable cover (1000 m radius). Solid lines represent predicted relationships from linear models and shaded areas indicate 95% confidence
intervals. Points represent partial residuals. Significance levels: ns=p>0.05; **p <0.01.
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FIGURE 5 | Genetic structure analyses based on discriminant analysis of principal components (DAPC) and cross-entropy values for the range

of genetic clusters (K) tested with SNMF for (A) Polyommatus icarus, (B) Melanargia galathea and (C) Conocephalus fuscus. The value of K with the

lowest cross-entropy score was taken as the most likely number of population clusters for each species. In the DAPC plots, each population is shown

in a different colour. Axes represent the first two discriminant functions, with labels indicating the proportion of variance explained. Ellipses indi-

cate 95% confidence limits around population centroids.
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among sampling populations (Figure 5B). Conocephalus fus-
cus exhibited the strongest population structure, with several
sampling populations clearly separated in the DAPC and lim-
ited overlap among them (Figure 5C). This pattern was also
evident in SNMF, for which cross-entropy was lowest at K=6,
supporting substantially stronger population subdivision than
in either butterfly species.

EEMS analyses revealed spatial variation in effective migration
rates across the Giinz Valley for all three species (Figure 1C,E,G).
In P.icarus, elevated migration was detected mainly in the
southern part of the valley and along a corridor extending from
the southwest towards the central northeast and northwest,
whereas reduced migration occurred in the south-central-east-
ern region and in two northern areas (Figure 1C). In M. gala-
thea, elevated migration was inferred in the southern sector and
along a southwest-northeast corridor (Figure 1E). For C. fuscus,
elevated effective migration was observed in the north, central,
south-western, and south regions, whereas reduced migration
was identified in an area extending from the southeast to the
northeast and northwest (Figure 1G).

Analyses retaining sex-linked SNPs in P.icarus and M. galathea
yielded results consistent with the autosomal analyses across ge-
netic differentiation, isolation by distance, population structure
and effective migration (Figures S3 and S6-S8).

4 | Discussion

Understanding how landscape composition and configuration
shape genetic diversity and connectivity is essential for assessing
the resilience of insect populations in human-modified grass-
land systems, particularly in intensively managed landscapes
with local conservation initiatives such as the Biotopverbund
Giinztal. By analysing two butterflies (P.icarus and M.gala-
thea) and one bush-cricket (C. fuscus) across the same mosaic of
differently managed meadows and arable fields, we show that
co-occurring species differ markedly in their genetic patterns
yet also exhibit notable similarities. Both P.icarus and C. fuscus
exhibited higher genetic diversity in edge-rich areas, while in-
creasing arable cover was associated with lower genetic diver-
sity in P.icarus and showed a similar, although non-significant,
tendency in C. fuscus. Melanargia galathea exhibited effects in
the same direction but with weaker, non-significant relation-
ships. EEMS analyses also revealed some broadly similar spa-
tial patterns of high and low connectivity across the three taxa,
suggesting that the configuration of the Giinz Valley landscape
influences gene flow in a broadly consistent manner despite dif-
ferences in species’ ecology.

Because sampling sites consisted of extensively managed open
grasslands, local habitat conditions were broadly comparable
and represented suitable habitat for the focal species. Thus,
suitable habitat availability formed the baseline condition for
species occurrence, whereas variation in the surrounding land-
scape primarily shaped patterns of genetic connectivity and
genetic diversity among populations. This hierarchical perspec-
tive is consistent with landscape genetic theory, in which suit-
able habitat enables population persistence, whereas landscape
structure governs dispersal and gene flow, thereby influencing

patterns of genetic diversity among populations (Holderegger
and Wagner 2008; Manel et al. 2003). Together, these results
suggest that landscape heterogeneity and agricultural simpli-
fication leave shared genetic signatures across species, even
though the strength and detectability of these effects vary de-
pending on species ecology and sampling resolution. Below, we
evaluate these patterns in the context of our hypotheses and the
ecological characteristics of each species.

4.1 | Interspecific Differences in Genetic Diversity
and Genetic Divergence

The three species showed a clear gradient in genome-wide ge-
netic diversity and population differentiation: P. icarus exhibited
the highest diversity and weakest genetic divergence, M. gala-
thea intermediate values and C.fuscus the lowest diversity and
strongest differentiation. These differences likely reflect a com-
bination of regional abundance, distribution patterns and intrin-
sic life-history traits. Polyommatus icarus has a broad Palearctic
range, maintains dense regional populations and is the most
common of the three taxa in Bavaria, whereas C. fuscus occupies
patchier wet-meadow habitats and is only moderately common
(Detzel 1998; Voith et al. 2016b). Differences in abundance and
population continuity may translate into variation in effective
population size (N,), potentially contributing to the observed hi-
erarchy in genetic diversity.

The stronger differentiation and lower genetic diversity observed
in C. fuscus should nevertheless be interpreted with some cau-
tion because RAD loci for this species were assembled de novo,
whereas reads for P.icarus and M. galathea were mapped to ref-
erence genomes. De novo clustering and reference-based map-
ping can differ in the loci and alleles they recover, potentially
affecting estimates of heterozygosity, allele frequencies and pop-
ulation differentiation. Although large numbers of sites were
retained for all three species and stringent depth, missingness
and heterozygosity filters were applied, we cannot completely
exclude an influence of assembly strategy on the observed inter-
specific differences.

Despite this methodological difference, the observed interspe-
cific gradient is consistent with broader taxonomic and ecologi-
cal patterns. Comparative studies indicate that life-history and
ecological traits, rather than geographic range alone, are major
determinants of genetic diversity (Ellegren and Galtier 2016;
Romiguier et al. 2014). Butterflies generally disperse further, ex-
ploit more continuous habitat networks, and form larger meta-
populations than many orthopterans, and consequently tend to
exhibit higher genetic diversity and weaker structure (Reinhardt
et al. 2005). Grasshoppers and bush-crickets, particularly
those restricted to wet or semi-natural meadows, often occur
in smaller and more isolated populations, making them more
susceptible to genetic drift and stronger population subdivision
(Gardiner 2010; Streiff et al. 2006; Weyer et al. 2012).

Life-history traits of the focal species further reinforce these
patterns: P.icarus is multivoltine and has a long flight period,
whereas M. galathea and C.fuscus are univoltine, and M. gala-
thea has a relatively short adult activity window. Together, these
ecological and demographic differences provide a coherent
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explanation for the pronounced interspecific gradient in genetic
diversity and population differentiation observed in this study.
Future work including additional insect taxa could help clarify
how specific life-history traits shape genomic diversity patterns
across insect groups.

Potential effects of sex and sex-linked variation are also unlikely
to account for the observed interspecific differences. The in-
clusion of sex-linked sites did not influence the overall genetic
patterns in the two butterfly species, while no evidence of sex-
associated genome-wide genetic differentiation was found in
P.icarus or C. fuscus. Although sex-linked loci could not be spe-
cifically identified and excluded in C. fuscus because a suitable
reference genome was unavailable, the absence of detectable
genomic differences between males and females suggests that
sex-associated variation is unlikely to explain the stronger popu-
lation differentiation observed in this species.

4.2 | Effects of Landscape Composition
and Configuration on Genetic Diversity

Species differed in how strongly landscape features were associ-
ated with genome-wide genetic diversity, yet common directional
patterns emerged. All three taxa showed higher heterozygosity
in edge-rich areas, although the strength and statistical support
for this relationship varied across species. A positive associa-
tion between edge density and genome-wide heterozygosity has
also recently been reported in the solitary bee Andrena florea
(Baltz et al. 2026), suggesting that this relationship may extend
across insect taxa and landscape contexts. Ecotones, or tran-
sitions between habitat types, can support local populations
and facilitate short-distance movement by providing microcli-
matic refugia, foraging resources or linear movement pathways
(Brebner et al. 2021; Mallinoff et al. 2025; Theodorou et al. 2022;
Theodorou, Radzeviciaté, et al. 2020). Because larger or better-
connected populations tend to maintain higher genetic diversity
(Frankham et al. 2002), the positive association with edge den-
sity may reflect greater demographic stability and/or functional
connectivity in structurally heterogeneous landscapes. The oc-
currence of similar directional relationships in two butterflies
and one bush-cricket suggests that ecotone-rich, structurally
heterogeneous landscapes can promote genetic diversity in in-
sects with different ecological traits.

Arable cover showed the opposite pattern: genetic diversity de-
clined with increasing arable dominance in all three species,
although the relationship was statistically significant only for
P.icarus. Intensive agriculture reduces habitat continuity and
resource availability and can constrain dispersal, thereby low-
ering effective population sizes and increasing the influence of
genetic drift (Clarke et al. 2024; Habel et al. 2019; Hemberger
et al. 2023; Jauker et al. 2009; Waples 2025). Although the effect
of arable land cover was statistically strongest in P.icarus, the
consistently negative trend across species suggests a general vul-
nerability of grassland insects to agricultural homogenisation.
These results likely reflect the historical land use intensification
and current landscape configuration of the Giinz Valley, where
large contiguous arable areas, especially in the northern part
of the valley, may hinder movement and reduce demographic
stability.

The weaker statistical signal in M. galathea warrants cautious
interpretation. Although this species showed the same direc-
tional responses as the other two taxa, positive with edge den-
sity and negative with arable cover, neither relationship was
statistically significant. The most likely explanation is limited
analytical power; M.galathea had a smaller sample size and
occurred within a much narrower landscape gradient, partic-
ularly with respect to arable cover, which varied only weakly
among its sampling sites. Restricted environmental variation
can mask landscape-genetic effects even when biological re-
sponses are present (Balkenhol 2015). Thus, limited sample size
and environmental variation may have reduced our ability to de-
tect landscape associations in M. galathea. However, we cannot
distinguish this possibility from genuinely weaker landscape
effects in this species. Additional sampling across a broader
landscape gradient would be required to differentiate between
these explanations.

Extensively managed open grassland did not appear in any of
the best-supported models, indicating that, within the range
of conditions represented in our survey area, its explanatory
power for genome-wide genetic diversity was weaker than that
of edge density or arable cover. Importantly, this should not be
interpreted as evidence that extensive management is unimport-
ant. All sampling sites were located within extensively managed
open grasslands, providing a common local habitat condition,
while the amount of extensively managed grassland and the
composition and configuration of the surrounding landscape
varied among sites. Our results therefore indicate that variation
in the amount of extensive grassland surrounding sampling
sites did not explain detectable among-population variation in
genetic diversity within the landscape gradient studied.

From an ecological perspective, extensively managed grasslands
are known to support higher abundance and species richness
of Lepidoptera and Orthoptera by reducing mowing frequency,
limiting fertilisation and maintaining structural heterogene-
ity (Chisté et al. 2016; Fumy and Fartmann 2023; Guariento
et al. 2023; Hannappel and Fischer 2020; Jerrentrup et al. 2014;
Schwarz et al. 2023). Higher local abundance is expected to in-
crease effective population size and buffer populations against
genetic drift (Frankham et al. 2002), thereby contributing to
the maintenance of genetic diversity. Such benefits would not
necessarily generate detectable differences among populations
in our study, however, because all sampled populations occu-
pied extensively managed grasslands. This interpretation is
consistent with the limited empirical evidence showing that
extensive management or protected-area status does not neces-
sarily translate directly into higher genetic diversity in insects.
For example, Gonzélez-Castellano et al. (2023) found no genetic
differences between Graellsia isabellae populations inside ver-
sus outside protected areas. Genetic responses to contempo-
rary conservation management may also depend on population
connectivity, effective population size and historical land use,
and may occur only after demographic and evolutionary time
lags. Consequently, contemporary landscape-genetic patterns
may integrate both current landscape structure and historical
processes.

From a conservation perspective, our findings highlight the
importance of maintaining or restoring fine-scale habitat
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transitions within agricultural landscapes. Increasing edge den-
sity, particularly at boundaries between extensively managed
grasslands, semi-natural habitats and riparian zones, may
help sustain genetic diversity even in species with moderate
mobility. Because structurally heterogeneous landscapes ben-
efited all three species, promoting ecotone-rich mosaics rep-
resents a promising multi-species conservation strategy for the
Biotopverbund Giinztal. Conversely, high and spatially aggre-
gated arable cover may pose a genetic risk by reducing local pop-
ulation sizes and limiting functional connectivity. Maintaining
extensively managed grasslands while increasing structural het-
erogeneity and incorporating additional semi-natural landscape
elements may therefore help support the long-term genetic resil-
ience of grassland insect populations in the Giinz Valley.

4.3 | Genetic Divergence, Isolation by Distance
and Effective Migration Surfaces

Despite the modest geographic extent of the study area, pair-
wise Fg, values were significantly greater than zero in all
species, indicating some degree of restricted gene flow and self-
recruitment. Even P.icarus, the most mobile species, exhibited
low but detectable population differentiation, suggesting subtle
demographic processes and incomplete genetic homogenisation
across the landscape. Conocephalus fuscus, with its patchy dis-
tribution and lower mobility, showed the strongest differentia-
tion, consistent with its ecological constraints (Detzel 1998).

Patterns of IBD differed notably among species. Melanargia gal-
athea showed a clear positive correlation between genetic and
geographic distance, indicating that dispersal is spatially con-
strained and that gene flow declines with increasing distance.
In contrast, neither P.icarus nor C.fuscus exhibited significant
IBD. For P.icarus, the absence of IBD is consistent with its ca-
pacity for relatively widespread dispersal (Cowley et al. 2001;
Schmitt et al. 2003; Tolman and Lewington 1997), which likely
homogenises genetic variation across the study area. The lack
of IBD in C. fuscus likely reflects a different mechanism: rather
than high mobility, populations may be shaped by localised
recruitment and patch-specific demographic histories. Such
dynamics can generate heterogeneous Fg,. values unrelated
to geographic distance, particularly when unsuitable matrix
habitats restrict movement in spatially heterogeneous ways
(Frankham et al. 2002).

Spatial patterns of effective migration inferred from EEMS
further illustrate how landscape structure shapes connectiv-
ity in all three species across the Giinz Valley. Despite their
contrasting dispersal abilities, the species shared broadly sim-
ilar migration landscapes. Elevated effective migration was
consistently inferred in the southern Giinz Valley, which is
characterised by high habitat heterogeneity, a long history of
extensive meadow management, lower agricultural intensi-
fication and smaller proportions of arable land. In contrast,
reduced effective migration occurred primarily in the cen-
tral-eastern and northern parts of the valley, regions domi-
nated by intensive agriculture and lower structural diversity.
These congruent migration patterns across species suggest
that certain areas of the landscape systematically facilitate
or impede movement, largely independent of species-specific

traits. Notably, the southern sector of the Giinz Valley appears
to function as a multi-species connectivity zone, whereas in-
tensively cultivated northern and eastern sections represent
recurrent barriers to gene flow.

From a conservation perspective, these results highlight two
priority actions: (1) the protection and maintenance of the
southern connectivity corridor, where gene flow remains high
across all taxa; and (2) the restoration of habitat heterogene-
ity in northern and eastern agricultural areas, where reduced
migration suggests that current land use constrains functional
connectivity. Overall, the combined Fg;, IBD and EEMS results
reveal differing levels of genetic differentiation among species
but a remarkably consistent spatial pattern of connectivity bar-
riers and corridors, underscoring the central role of landscape
configuration in shaping multi-species gene flow in fragmented
agricultural landscapes.

5 | Conclusion

This study shows that landscape composition and configu-
ration are associated with genetic diversity and connectivity
in insects inhabiting an agriculturally dominated landscape.
Across species, genome-wide genetic diversity was consistently
higher in edge-rich landscapes and tended to decline with in-
creasing arable cover. Spatial patterns of effective migration
also showed similarities across taxa, with comparatively high
migration repeatedly observed in the more heterogeneous
southern Giinz Valley and reduced migration in several more
intensively cultivated parts of the landscape. Together, these
findings suggest that structurally heterogeneous agricultural
landscapes containing extensively managed grasslands and
abundant habitat transitions may contribute to maintaining
genetic diversity and connectivity across insect species with
contrasting ecological traits. Maintaining such heterogeneous
landscapes while limiting agricultural homogenisation may
therefore help support the long-term genetic resilience of in-
sect populations in fragmented grassland systems.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Population-specific principal compo-
nent analyses (PCAs) of multilocus genetic variation in Polyommatus
icarus. Individuals are distinguished by sex. No apparent separation
between male and female individuals was observed across populations.
Figure S2: Population-specific principal component analyses (PCAs)
of multilocus genetic variation in Conocephalus fuscus. Individuals are
distinguished by sex. No apparent separation between male and female
individuals was observed across populations. Figure S3: (A) Genome-
wide genetic diversity, measured as unbiased expected heterozygosity
(uH ), and (B) pairwise population genetic differentiation, measured
as Fy, for the three insect species studied. For Polyommatus icarus
and Melanargia galathea, analyses shown here were conducted with
sex-linked sites retained. Boxes represent the interquartile range, with
the horizontal line indicating the median. Different letters indicate
significant differences between species. Figure S4: Relationships be-
tween genome-wide genetic diversity (uHy,) and edge density (500m
radius) and arable cover for Polyommatus icarus (A, B) and Melanargia
galathea (C, D), with sex-linked sites retained. For Polyommatus icarus
and Melanargia galathea, analyses shown here were conducted with
sex-linked sites retained. Solid lines represent predicted relationships
from linear models and shaded areas indicate 95% confidence inter-
vals. Points represent partial residuals. Significance levels: ns=p>0.05;
*p<0.05. Figure S5: Relationship between pairwise genetic distance,
measured as Fq./(1-Fg;), and log-transformed geographic distance for
populations of (A) Polyommatus icarus, (B) Melanargia galathea and (C)
Conocephalus fuscus. For Polyommatus icarus and Melanargia galathea,
sex-linked SNPs were excluded from the analyses; this was not possi-
ble for Conocephalus fuscus because a suitable reference genome was
unavailable. Black lines represent fitted relationships and shaded areas
indicate 95% confidence intervals. Significance levels: ns=p>0.05;
*p<0.05. Figure S6: Relationship between pairwise genetic distance,
measured as Fq./(1-Fg;), and log-transformed geographic distance for
populations of (A) Polyommatus icarus and (B) Melanargia galathea,
with sex-linked SNPs retained. Black lines represent fitted relationships
and shaded areas indicate 95% confidence intervals. Significance lev-
els: ns=p>0.05; *p <0.05. Figure S7: Genetic structure analyses based
on discriminant analysis of principal components (DAPC) and cross-
entropy values across the range of K values tested with sSNMF for (A)
Polyommatus icarus, (B) Melanargia galathea and (C) Conocephalus
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fuscus. For Polyommatus icarus and Melanargia galathea, analy-
ses shown here were conducted with sex-linked SNPs retained. For
Conocephalus fuscus, sex-linked SNPs could not be identified and ex-
cluded because a suitable reference genome was unavailable. The K value
with the lowest cross-entropy score was taken as the best-supported num-
ber of ancestral populations. In the DAPC plots, sampling populations
are shown in different colours. Axes represent the first two discriminant
functions, with labels indicating the proportion of variance explained.
Ellipses indicate 95% confidence regions around population centroids.
Figure S8: Location of the Giinz Valley within Germany (A), sampling
sites (black circles), and effective migration surfaces for Polyommatus
icarus (B, C), Melanargia galathea (D, E) and Conocephalus fuscus (F,
G). For Polyommatus icarus and Melanargia galathea, analyses shown
here were conducted with sex-linked SNPs retained. For Conocephalus
fuscus, sex-linked SNPs could not be identified and excluded because
a suitable reference genome was unavailable. Orange areas indicate
lower effective migration than expected under an isolation-by-distance
model (negative log migration rates, log(im)), whereas blue areas indicate
higher effective migration than expected (positive log migration rates).
The base map was obtained from OpenStreetMap; national borders
of Germany were sourced from the deutschlandGeoJSON repository.
OpenStreetMap data are licensed by the OpenStreetMap Foundation
(OSMF) under the Open Database License (ODbL). Table S1: eva70326-
sup-0001-Supinfo.docx. Polyommatus icarus population ID, geographic
coordinates, sample size before and after individual filtering, number
of males and females, genome-wide unbiased expected heterozygosity
(uHgyp) and landscape variables used in the genetic-diversity analyses.
uHpy, is shown for the main dataset excluding sex-linked sites and,
for comparison, for the dataset retaining sex-linked sites. Table S2:
eva70326-sup-0001-Supinfo.docx. Melanargia galathea population 1D,
geographic coordinates, sample size before and after individual filtering,
genome-wide unbiased expected heterozygosity (uHpy) and landscape
variables used in the genetic-diversity analyses. uHy, is shown for the
main dataset excluding sex-linked sites and, for comparison, for the
dataset retaining sex-linked sites. Individual sex was not recorded for
this species. Table S3: eva70326-sup-0001-Supinfo.docx. Conocephalus
fuscus population ID, geographic coordinates, sample size before and
after individual filtering, number of males and females, genome-wide
unbiased expected heterozygosity (uHpy,) and landscape variables
used in the genetic-diversity analyses. Table S4: eva70326-sup-0001-
Supinfo.docx. Polyommatus icarus sequencing summary for individuals
retained after individual-level missingness filtering, including number
of reads, number of RAD loci and average sequencing depth per indi-
vidual. Table S5: eva70326-sup-0001-Supinfo.docx. Melanargia gala-
thea sequencing summary for individuals retained after individual-level
missingness filtering, including number of reads, number of RAD loci
and average sequencing depth per individual. Table S6: eva70326-sup-
0001-Supinfo.docx. Conocephalus fuscus sequencing summary for indi-
viduals retained after individual-level missingness filtering, including
number of reads, number of RAD loci and average sequencing depth per
individual. Table S7: Number of genomic sites retained during prepara-
tion of the analysis-specific datasets for each species. The genome-wide
genetic diversity dataset contained both polymorphic and monomorphic
sites, whereas the dataset used for genetic differentiation and popula-
tion structure analyses contained only polymorphic SNPs. For P.icarus
and M. galathea, the reported numbers correspond to datasets after ex-
clusion of sex-linked sites. Counts are reported for filtering stages for
which retained-site numbers were recorded. Table S8: Correlation co-
efficients between landscape predictors and genome-wide genetic di-
versity (uHpy,) for the three focal species. Highlighted values indicate
the spatial radius with the largest absolute correlation coefficient for
each predictor and species. Table S9: eva70326-sup-0001-Supinfo.docx.
Polyommatus icarus estimated pairwise Fy; between all location pairs
(below diagonal). p-values from 1000 bootstrap replicates (above diag-
onal). Table S10: eva70326-sup-0001-Supinfo.docx. Melanargia gala-
thea estimated pairwise F; between all location pairs (below diagonal).
p-values from 1000 bootstrap replicates (above diagonal). Table S11:
eva70326-sup-0001-Supinfo.docx. Conocephalus fuscus estimated pair-
wise Fg between all location pairs (below diagonal). p-values from 1000
bootstrap replicates (above diagonal).
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