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Abstract

Despite increasing recognition of the importance of the multiple dimensions of
biodiversity, including functional or genetic diversity as well as species diver-
sity, most conservation studies on ecosystem service-providing insects focus on
simple diversity measures such as species richness and abundance. In contrast,
relatively little is known about the genetic diversity and resilience of pollinators
or natural enemies of crop pests to population fragmentation and local extinc-
tion. The genetic diversity and demographic dynamics of remnant populations
of beneficial insects in agricultural areas can be a useful indicator proving addi-
tional insights into their conservation status, but this is rarely evaluated.
Although gene flow between agricultural and seminatural areas is key to main-
taining genetic diversity, its extent and directionality remain largely unexplored.
Here, we apply a pan-European sampling protocol to quantify genetic diversity
and structure and assess gene flow between agricultural and nearby seminatural
landscapes in populations of two key ecosystem service-providing insect species,
the lady beetle Coccinella septempunctata, an important predator of aphids and
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other crop pests, and the bee pollinator Andrena flavipes. We show that
A. flavipes populations are genetically structured at the European level, whereas
populations of C. septempunctata experience widespread gene flow across the
continent and lack any defined genetic structure. In both species, we found that
there is high genetic connectivity between populations established in croplands
and nearby seminatural areas and, as a consequence, they harbor similar levels
of genetic diversity. Interestingly, demographic models for some regions support
asymmetric gene flow from seminatural areas to nearby agricultural landscapes.
Collectively, our study demonstrates how seminatural areas can serve as genetic
reservoirs of both pollinators and natural enemies for nearby agricultural land-
scapes, acting as sources for recurrent recolonization and, potentially, contribut-
ing to enhancing ecosystem service and crop production resilience in the

longer term.

KEYWORDS

1 | INTRODUCTION

With more than 80% of the world's land under the direct
influence of agricultural systems, conservation strategies
that include agricultural landscapes could potentially be
important to buffer and connect protected areas, but also
in the direct conservation of species that exist there
(Garibaldi et al., 2021; Kleijn et al., 2020). Indeed, protect-
ing those species is becoming particularly important in
providing ecosystem services such as enhanced crop yield
by pollinators (Klein et al., 2007) and control of pest spe-
cies by natural enemies (Garratt et al., 2011). Advances
have been made in transitioning to lower-intensity agricul-
ture and increasingly adopting an ecological intensifica-
tion approach (Kleijn et al., 2019), with most efforts
focused on halting the loss of species. For example, it has
been shown that actions such as planting flower strips can
increase pollinator richness and abundance (Scheper
et al., 2013), and reduced soil tilling regimes improve the
survival and numbers of arthropods in agroecosystems
(Thorbek & Bilde, 2004). However, in addition to restoring
and maintaining species diversity, it is necessary to main-
tain healthy and viable populations, that is, populations
with a sufficient number of individuals to maintain high
genetic diversity, which is key to responding to environ-
mental change, and therefore for the long-term persistence
of natural populations (Falconer & Mackay, 1996;
Frankham, 1995; Spielman et al., 2004). This calls for inte-
grating knowledge of population genetic diversity in the
management and conservation of biodiversity (Kardos
et al., 2021; Willi et al., 2022).

agricultural landscapes, conservation genetics, demography, gene flow, genetic diversity,
genetic structure, habitat fragmentation, service-providing insects

Although it is increasingly acknowledged that it is
important to consider multiple dimensions of biodiversity
in conservation, most studies to date focus on simple
diversity metrics at the level of species, such as richness
and abundance (Cerini et al., 2023; Kardos et al., 2021;
Willi et al., 2022). Although species diversity metrics have
been core for evaluating the effectiveness of conservation
and restoration measures, they cannot provide insights
into some of the more complex mechanisms underlying
biodiversity responses. Biodiversity comprises many
levels of organization, from community composition
and functional diversity to species metapopulation
dynamics and genetic diversity (e.g., United Nations
Convention on Biological Diversity; www.cbd.int). In
particular, genetic diversity is an often-neglected aspect
with far-reaching implications for long-term conservation
(Kardos et al., 2021; e.g., Saccheri et al., 1998; Spielman
et al., 2004). More genetically diverse populations may bet-
ter withstand global change pressures, as these popula-
tions have a larger genetic pool from which to adapt to
new environmental conditions (Frankham, 2005; Kardos
et al., 2021). However, the impact of land-use changes on
the genetic diversity of arthropods and the connectivity
between populations from seminatural and agricultural
landscapes in insect species that provide important ecosys-
tem functions and services are still poorly known
(Gonzédlez et al., 2020; Keyghobadi, 2007; Schlaepfer
et al., 2018; Webster et al., 2023).

Insects and other arthropods providing ecosystem ser-
vices are often highly mobile organisms that disperse and
forage across habitats in heterogeneous landscapes
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(e.g., Jaffé et al., 2016; Lecompte et al., 2016). This
implies that their persistence and conservation does not
only rely on local habitat quality but also on the
landscape-level habitat composition and configuration, in
particular, connectivity between suitable habitats
(Kremen et al., 2007; Martin et al., 2019). A generally
observed pattern is that croplands surrounded by a larger
proportion of natural habitats tend to support relatively
higher beneficial insect diversity and abundance, which
facilitates ecosystem services such as pollination and pest
control (Dainese et al., 2019). However, most insect con-
servation studies focus on a single habitat type (either
agricultural or seminatural habitats) and rarely integrate
different habitats within the same landscape (Marini
et al., 2019). In fact, our understanding of how source-
sink metapopulation dynamics work in agricultural sys-
tems is still very limited (e.g., Ballare & Jha, 2021; Dreier
et al., 2014; Jha, 2015; Ortego, Aguirre, et al., 2015). Many
species are able to maintain sustainable populations in
agricultural habitats, but other species may not be able to
persist in simplified agricultural habitats without contin-
uous immigration from nearby natural or seminatural
areas, that is, the agricultural habitats act as population
sinks and the (semi-)natural areas as population sources
(e.g., Ockinger & Smith, 2007a, 2007b). Either way, the
benefits of having bidirectional gene flow between natu-
ral and agricultural areas can be important, even when
populations would be able to persist in isolation; for
example, this would promote long-term persistence of
species if one area is subject to a major disturbance, as
the remaining populations in neighboring habitats can
repopulate and contribute to gene flow toward the dis-
turbed area. However, in what way natural areas contrib-
ute to the genetic diversity of ecosystem service providing
insect populations in nearby agricultural landscapes and
vice versa has, to our knowledge, not yet been explored
(Webster et al., 2023).

To improve our understanding of the importance of
natural habitats for the conservation of population
genetic diversity of key ecosystem service-providing
insects, we used a pan-European sampling design to
characterize gene flow dynamics between populations
of the pest control agent Coccinella septempunctata
(Coleoptera: Coccinellidae) and the bee pollinator
Andrena flavipes (Hymenoptera: Andrenidae) in agri-
cultural areas and nearby seminatural landscapes.
These are two of the most common ecosystem service
providers in Europe, with A. flavipes ranking 7th in a
recent review of the most common bee crop pollinators
in Europe (Kleijn et al., 2015) whereas C. septempunc-
tata is a widespread predator of aphids (Jervis &
Kidd, 1996; New, 1991), a ubiquitous pest of several
crops. To this end, we sampled and genotyped
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populations of the two focal species in agricultural and
nearby seminatural areas across Europe (i.e., a paired-
replicated approach), quantified their respective levels
of population genetic diversity and structure, and
tested alternative models of gene flow. Specifically, we
first (i) tested the hypothesis that populations in semi-
natural areas sustain larger effective population sizes
and, thus, present higher levels of genetic diversity,
than those established in agricultural landscapes. We
then quantified spatial patterns of genetic structure
across the different European regions, and (ii) tested
the hypothesis that populations of mobile beneficial
insects from seminatural and agricultural landscapes
regularly exchange gene flow and show limited genetic
structure (e.g., Jaffé et al., 2016; Lecompte et al., 2016).
Finally, we used a coalescent-based model-testing
approach to evaluate alternative demographic scenar-
ios and (iii) test the hypothesis that seminatural areas
play a role as sources of gene flow for populations
established in agricultural landscapes (Figure 1). Our
study demonstrates how seminatural areas can serve as
genetic reservoirs of both pollinators and natural ene-
mies for nearby agricultural landscapes, acting as
sources for recurrent recolonization and, potentially,
contributing to enhance ecosystem services and crop
production resilience in the longer term. These results,
general across a network of European sites, directly
appeal to practitioners and policy makers—for exam-
ple, through the European Union's Common Agricul-
tural Policy (CAP)—and emphasize the importance of
implementing management actions aimed at preserving or
restoring seminatural habitats for the maintenance of
source populations of ecosystem service-providing insects in
agricultural landscapes.

2 | MATERIALS AND METHODS

2.1 | Population sampling

In spring and summer 2021, we sampled pairs of popula-
tions of C. septempunctata and A. flavipes in agricultural
landscapes (i.e., dominated by agriculturally managed
land for the last 100 years) and nearby seminatural areas
(i.e., dominated by seminatural habitat that was not
under agricultural management at least in the last
100 years) separated by <25 km (mean: 11.9 km; range:
4.6-24.0 km; Table 1; Figure 2; Figure S1). The selected
species are representative of generalist ecosystem service
providers within their guild and are often locally abun-
dant and widely distributed. In seminatural areas, speci-
mens were collected in patches of native vegetation,
whereas specimens from agricultural areas were collected
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(a) Schematic illustrating the hypothesis of unidirectional gene flow from seminatural to nearby agricultural landscapes for

populations of the pest predator Coccinella septempunctata (shown in panel a) and the pollinator Andrena flavipes. Panel (b) shows the four

alternative gene flow models tested using rFastsiMcoar2. Parameters include mutation-scaled ancestral effective population sizes (Oanc),

contemporary effective population sizes for populations from agricultural (6acr) and seminatural (6yxar) landscapes, timing of population

split (Tpyv), and symmetric (m) and unidirectional (may and my,) migration rates.

within crop fields and along paths and field margins. We
targeted to sample 8-10 specimens per species and site
area and aimed to replicate this sampling scheme in
seven European countries: Estonia, Denmark, the
Netherlands, Great Britain, Hungary, Switzerland, and
Spain (Figure 2; Figure S1). However, low population
densities in some areas often reduced our sample sizes
and one of the two focal taxa could not be collected in
some countries at a minimum sample size of n =75
in agricultural and/or seminatural sites (Table 1). Con-
sequently, our sampling scheme could be replicated in
six countries for C. septempunctata and four countries
for A. flavipes and final datasets included 5-10 geno-
typed specimens per species, country, and area
(mean = 8; mode = 8; Table 1). Our pan-European
sampling scheme, and the countries selected for our
study, frames within the context of a multipartner project
funded by the European Union's Horizon 2020 Research
and Innovation Programme H2020. We spread the sam-
pling across each site (<500 m of radius around sampling
coordinates; Table 1) to avoid collecting closely related
individuals (i.e., siblings or half-siblings). Specimens were
collected by hand (C. septempunctata) or sweep-netting
(A. flavipes) and preserved at —20°C in 1500 pL ethanol
96% until DNA extraction. We registered spatial coordi-
nates of each sampling plot using a Global Positioning
System (GPS). Further details on sampling locations are
provided in Table 1.

2.2 | Genomic library preparation and
processing

We extracted and purified DNA from each specimen
using NucleoSpin Tissue kits (Macherey-Nagel, Diiren,
Germany). We processed genomic DNA into different
genomic libraries using the double-digestion restriction-
fragment-based procedure (ddRAD-seq) described in
Peterson et al. (2012). In brief, we digested DNA with the
restriction enzymes Msel and EcoRI (New England Bio-
labs, Ipswich, MA, USA) and ligated Illumina adaptors
including unique 7-bp barcodes to the digested fragments
of each individual. We pooled ligation products, size-
selected them between 350 and 450 bp with a Pippin Prep
machine (Sage Science, Beverly, MA, USA), and ampli-
fied the fragments by PCR with 12cycles using
the iProofTM high-fidelity DNA polymerase (BIO-RAD,
Veenendaal, The Netherlands). Single-read 201-bp
sequencing was performed on an Illumina NovaSeq6000
platform. We used the different programs distributed as
part of the stacks v. 1.35 pipeline (Catchen et al., 2013) to
filter and assemble our sequences into de novo loci, call
genotypes, calculate genetic diversity statistics, and
export input files for all downstream analyses (Methods
S1). Unless otherwise indicated, all downstream analyses
were performed using datasets including only the first
single nucleotide polymorphism (SNP) per RAD locus
(180-bp length, see Methods S1) and retaining loci with a
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Geographical location, number of genotyped individuals (n), and genetic diversity statistics (z, Ho, and Hg) for populations of

Coccinella septempunctata and Andrena flavipes sampled in agricultural and nearby seminatural landscapes.

Country Code  Site Latitude Longitude

(a) Coccinella septempunctata
Estonia EE Agricultural ~ 58.82436 23.59144
Estonia EE Seminatural ~ 58.79168 23.51234
Denmark DK Agricultural  56.29121 10.40226
Denmark DK Seminatural  56.28052 10.46685
Netherlands NL Agricultural ~ 50.79752 5.79459
Netherlands NL Seminatural  50.82924 5.87514
Great Britain ~ GB Agricultural ~ 50.65034 —2.28968
Great Britain ~ GB Seminatural ~ 50.64681 —2.00065
Hungary HU Agricultural  46.93410 19.10340
Hungary HU Seminatural  47.11210 19.28140
Switzerland CH Agricultural ~ 47.06575 7.24068
Switzerland CH Seminatural ~ 47.19120 7.31626

(b) Andrena flavipes
Denmark DK Agricultural  56.29121 10.40226
Denmark DK Seminatural ~ 56.27405 10.46778
Netherlands NL Agricultural  50.79752 5.79459
Netherlands NL Seminatural ~ 50.82924 5.87514
Switzerland CH Agricultural  47.06575 7.24068
Switzerland CH Seminatural ~ 47.02291 7.31958
Spain ES Agricultural ~ 37.32987 —6.19802
Spain ES Seminatural ~ 37.23660 —6.18450

All positions Variant positions

n H, Hg r H, Hy

10  0.0003  0.0002 0.0003 0.0541 0.0299  0.0504
8 0.0003 0.0002 0.0003 0.0537 0.0298  0.0489
8 0.0003 0.0002 0.0003 0.0539 0.0318 0.0489

10  0.0003  0.0002  0.0003  0.0551 0.0310  0.0514
8 0.0003 0.0002 0.0003 0.0564 0.0309 0.0517
8 0.0003 0.0002 0.0003 0.0546 0.0311 0.0497
8 0.0003 0.0002 0.0003 0.0527 0.0288  0.0482
8 0.0003 0.0002 0.0003 0.0557 0.0308 0.0509
8 0.0003 0.0002 0.0003 0.0541 0.0297  0.0495

10  0.0003  0.0002 0.0003  0.0565 0.0309 0.0526
8 0.0003 0.0002 0.0003 0.0532 0.0326  0.0486
8 0.0003 0.0002 0.0003 0.0541 0.0308  0.0493
8 0.0003 0.0003 0.0003 0.0608 0.0493  0.0558
6 0.0003 0.0003 0.0003 0.0555 0.0482  0.0505
8 0.0004 0.0003 0.0004 0.0711 0.0557  0.0654
7 0.0004 0.0003 0.0004 0.0738 0.0599 0.0672
8 0.0004 0.0004 0.0004 0.0771 0.0652  0.0710
8 0.0004 0.0003 0.0004 0.0777 0.0625 0.0716

10 0.0004 0.0003 0.0004 0.0800 0.0572  0.0747
5 0.0004 0.0003 0.0004 0.0766 0.0561 0.0662

Note: Genetic diversity statistics were calculated in stacks for all positions (polymorphic and nonpolymorphic) and only variant (polymorphic) positions.
Average values across loci are presented for nucleotide diversity (), and observed (Ho) and expected (Hg) heterozygosity.

minimum stack depth >5 (m = 5) and that were repre-
sented in at least 75% of the populations (p =9 for
C. septempunctata and p = 6 for A. flavipes) and 50% of
the individuals within each population (r = 0.5).

2.3 | Quantifying genetic structure

We calculated genetic differentiation between each pair
of populations using the Weir and Cockerham weighted
fixation index (Fsr) (Weir & Cockerham, 1984) as imple-
mented in ARLEQUIN V. 3.5 (Excoffier & Lischer, 2010). We
determined statistical significance with Fisher's exact
tests after 10,000 permutations, applying a false discovery
rate (FDR) adjustment (5%, g < 0.05) to control for
multiple tests. We performed Mantel tests to analyze the
association between genetic differentiation (Fst) and geo-
graphical distances among populations of each focal spe-
cies using zr software with 10,000 permutations (Bonnet

& van de Peer, 2002). We quantified population genetic
structure and admixture using the Bayesian Markov
chain Monte Carlo clustering method implemented in
the program sTRUCTURE V. 2.3.3 (Pritchard et al., 2000). We
conducted structure analyses hierarchically, initially
analyzing data from all populations of each taxon jointly
and, subsequently, running independent analyses for
subsets of populations assigned to the same genetic clus-
ter in the previous hierarchical level analysis (e.g.,
Gonzalez-Serna et al., 2019). To make analyses computa-
tionally tractable, we ran STRUCTURE using a random sub-
set of 10,000 SNPs. We ran sTRUCTURE analyses assuming
correlated allele frequencies and admixture and without
using prior population information (Hubisz et al., 2009).
We conducted 15 independent runs for each value of
K (from K=1 to K=10) to estimate the most likely
number of genetic clusters with 200,000 MCMC cycles,
following a burn-in step of 100,000 iterations. We
retained the ten runs having the highest likelihood for
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each value of K and determined the number of genetic
clusters that best describes our data according to log
probabilities of the data (LnPr(X|K)) (Pritchard
et al., 2000) and the AK method (Evanno et al., 2005), as
implemented in STRUCTURE HARVESTER (Earl & vonHoldt,
2012). We used crumpr v. 1.1.2 and the Greedy algorithm
to align multiple runs of structure for the same K value
(Jakobsson & Rosenberg, 2007) and bpistrRuct v. 1.1
(Rosenberg, 2004) to visualize the individuals’ probabili-
ties of population membership in bar plots. Complemen-
tarily, we used the same datasets of 10,000 random SNPs
to perform principal component analyses (PCA) as imple-
mented in the r v. 4.2.1 (R Core Team, 2023) package
“adegenet” (Jombart, 2008). Before running PCAs, we
replaced missing data by the mean allele frequency of the
corresponding locus estimated across all samples
(Jombart, 2008). Results from PCAs were visualized using
the r package “scatterplot3d” (Ligges & Méchler, 2003).

2.4 | Testing alternative models of
gene flow

We used the simulation-based approach implemented in
FASTSIMCOAL2 to evaluate alternative migration models
and test the hypothesis of asymmetric gene flow between
populations from agricultural landscapes and nearby semi-
natural areas (Excoffier et al., 2013; Figure 1a). Specifically,
we tested four alternative migration models for each taxon
(C. septempunctata and A. flavipes) and spatial replicate

FIGURE 2
the location of study sites in

Map showing

seven European countries, each
b EE including an agricultural (brown

dots) and a nearby seminatural
(green triangles) plot.
Geographical coordinates are
given in Table 1 and satellite
images for each sampling site
are presented in Figure S1. CH,
Switzerland; DK, Denmark; EE,
Estonia; ES, Spain; GB, Great
Britain; HU, Hungary; NL,
Netherlands.

@ HU

N Agricultural sites

A A Seminatural sites

(i.e., country), including a null-model considering no gene
flow between populations from agricultural and seminatu-
ral areas (Model A), a model of symmetric gene flow
(Model B), and two models of unidirectional gene flow, one
fitting unidirectional gene flow from agricultural to semi-
natural areas (Model C) and another exclusively consider-
ing unidirectional gene flow in the opposite direction
(Model D) (Figure 1b). We used the site frequency spectrum
(SFS) and rastsiMcoar2 to estimate the composite likelihood
of the observed data given a specified model (Excoffier
et al., 2013). For each taxon and pair of populations, we
calculated a folded joint SFS considering a single SNP per
locus. Because we did not include invariable sites in the
SFS, we fixed the contemporary effective population size
for one of the demes (O5gr in all cases; see Figure 1b) to
enable the estimation of other parameters in FASTSIMCOAL2
(Excoffier et al., 2013). The effective population size fixed
in the model was calculated from the level of nucleotide
diversity (z) and estimates of mutation rates per site per
generation (u). Nucleotide diversity (z) was estimated
from polymorphic and nonpolymorphic loci using stacks
(Table 1). We used the mutation rate per site per genera-
tion (2.8 x 10™°) estimated for Drosophila melanogaster
(Keightley et al., 2014), which is similar to the spontane-
ous mutation rate estimated for the butterfly Heliconius
melpomene (2.9 x 10~%; Keightley et al, 2015). To
remove all missing data for the calculation of the SFS,
minimize errors with allele frequency estimates, and maxi-
mize the number of retained SNPs, each population group
was downsampled using a Python script written by Qixin He
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and available on Dryad (Papadopoulou & Knowles, 2015).
Note that this downsampling procedure necessarily results in
the number of SNPs retained in the SFS differ across each
pair of analyzed populations, as this depends on the number
of available samples and the pattern and amount of missing
data in each specific dataset (Table 2; e.g., Papadopoulou &
Knowles, 2015).

Each model was run 100 independent times consid-
ering 100,000-250,000 simulations for the calculation of
the composite likelihood, 10-40 expectation-conditional
maximization (ECM) cycles, and a stopping criterion of
0.001 (Excoffier et al., 2013; Excoffier & Foll, 2011). We
used an information-theoretic model selection approach

TABLE 2

Ajournal of the Society for Conservation Biclogy

based on the Akaike's information criterion (AIC) to
compare the set of candidate models and identify the
one that is best supported by the data (Burnham &
Anderson, 2002; e.g., Ortego et al., 2021; Thome &
Carstens, 2016). After the maximum likelihood was esti-
mated for each model in every replicate, we calculated
the AIC scores as detailed in Thome and Carstens
(2016). AIC values for each model were rescaled
(AAIC), calculating the difference between the AIC
value of each model and the minimum AIC obtained
among all competing models (i.e., the best model has
AAIC = 0). Point estimates of the different demo-
graphic parameters for the best supported model were

Alternative demographic models (detailed in Figure 1b) tested using rastsivcoar2 for pairs of populations of Coccinella

septempunctata and Andrena flavipes sampled in agricultural and nearby seminatural landscapes from different countries.

Model InL k AIC AAIC
(a) Coccinella septempunctata

Estonia (EE) (3860 SNPs)

InL k AIC AAIC w;

Denmark (DK) (5127 SNPs)

A —4405.22 3 8816.44 108.65
B —4354.34 4 8716.67 8.88
C —4352.98 4 8713.97 6.17
D —4349.90 4 8707.79 0.00
Netherlands (NL) (2586 SNPs)
A —2852.51 3 5711.03 79.03
B —2813.05 4 5634.09 2.10
C —2813.02 4 5634.05 2.05
D —2812.00 4 5631.99 0.00
Hungary (HU) (5822 SNPs)
A —6373.50 3 12,753.00 170.70
B —6291.05 4 12,590.09 7.78
C —6289.01 4 12,586.01 3.70
D —6287.15 4 12,582.31 0.00
(b) Andrena flavipes
Denmark (DK) (3389 SNPs)
A —5262.58 3 10,531.16 6.09
B —5260.36 4 10,528.71 3.64
C —5258.54 4 10,525.07 0.00
D —5262.40 4 10,532.81 7.74
Switzerland (CH) (7492 SNPs)
A —8787.18 3 17,580.35 169.26
B —8703.52 4 17,415.04 3.95
C —8701.55 4 17,411.09 0.00
D —8703.21 4 17,414.42 3.33

0.00 —5498.61 3 11,003.21 156.03 0.00
0.01 —5423.18 4 10,854.36 7.17 0.03
0.04 —5425.60 4 10,859.20 12.01 0.00
0.95 —5419.59 4 10,847.18 0.00 0.97
Great Britain (GB) (2933 SNPs)
0.00 —3263.30 3 6532.60 47.78 0.00
0.21 —3239.54 4 6487.07 2.25 0.16
0.21 —3238.41 4 6484.82 0.00 0.50
0.59 —3238.81 4 6485.62 0.79 0.34
Switzerland (CH) (2769 SNPs)
0.00 —3046.27 3 6098.53 51.44 0.00
0.02 —3021.12 4 6050.24 3.15 0.15
0.13 —3021.22 4 6050.44 3.35 0.13
0.85 —3019.54 4 6047.09 0.00 0.72
Netherlands (NL) (6668 SNPs)
0.03 —8193.79 3 16,393.59 161.97 0.00
0.11 —8115.47 4 16,238.93 7.31 0.02
0.66 —8113.91 4 16,235.81 4.19 0.11
0.01 —8111.81 4 16,231.62 0.00 0.87
Spain (ES) (5623 SNPs)
0.00 —5389.38 3 10,784.75 103.39 0.00
0.10 —5339.27 4 10,686.54 5.17 0.06
0.75 —5339.14 4 10,686.27 491 0.07
0.14 —5336.68 4 10,681.36 0.00 0.86

Note: Best-supported scenarios are highlighted in bold. The number of variable single nucleotide polymorphisms (SNPs) retained to calculate the site frequency

spectrum is indicated in parentheses. Population codes as described in Table 1.

Abbreviations: AIC, Akaike's information criterion value; k, number of parameters in the model; InL, maximum likelihood estimate of the model; AAIC,

difference in AIC value from that of the strongest model; w;, AIC weight.
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selected from the run with the highest maximum com-
posite likelihood. Finally, we calculated confidence
intervals of parameter estimates (based on the percentile
method; e.g., de Manuel et al., 2016) from 100 parametric
bootstrap replicates by simulating SFS from the maximum
composite likelihood estimates and re-estimating parame-
ters each time (Excoffier et al., 2013).

3 | RESULTS

3.1 | Samples and genomic data

Overall, we obtained samples of C. septempunctata and
A. flavipes from six and four countries, respectively,
with three countries sampling both species (Table 1).
The average number of reads retained per individual
after the different quality filtering steps was 3,409,688
(range = 236,373-9,557,006 reads) for C. septempunctata
(Figure S2) and 2,103,765 (range = 420,468-6,255,835
reads) for A. flavipes (Figure S3). On average, this repre-
sented 86% (range = 64%-90%) and 73% (range = 60%—
81%) of the total number of reads recovered for each
individual of C. septempunctata and A. flavipes, respec-
tively. After filtering loci (see Methods S1), the final
dataset including all genotyped populations of C. septem-
punctata contained 10,896 SNPs, with a mean coverage
depth of 25x (mode = 35x; range = 12-42x) and an
average proportion of missing data of 23% (mode = 10%;
range = 0%-77%). For A. flavipes, the final dataset con-
tained 18,554 SNPs, with a mean coverage depth of 25x
(mode = 26x; range = 7-39x) and an average proportion
of missing data of 27% (mode = 24%; range = 17%-77%).

3.2 | Genetic diversity of populations

Levels of genetic diversity in populations of C. septempunc-
tata and A. flavipes are presented in Table 1. In C. septem-
punctata, individual genetic diversity (i.e., observed
heterozygosity) did not significantly differ among popula-
tions sampled in different countries (one-way ANOVA:
Fs96 = 0.99, p = .423) or between populations from agricul-
tural landscapes and nearby seminatural areas within
any of the countries (all p-values > .3). In A. flavipes,
individual genetic diversity significantly differed
among populations sampled in different countries
(one-way ANOVA: F; s = 5.85, p = .002) and post hoc
Tukey's tests revealed that such differences resulted
from comparisons involving populations from
Denmark, which showed lower levels of genetic diver-
sity than populations from the other countries (p < .06
in all cases; Table 1). As in C. septempunctata,

individual genetic diversity did not significantly differ
between populations of A. flavipes from agricultural
landscapes and nearby seminatural areas within coun-
tries (all p-values > .3).

3.3 | Quantifying genetic structure

In C. septempunctata, all pairwise Fgr values were non-
significantly different from zero (Table S1). In contrast,
pairwise Fst values in A. flavipes ranged between 0 and
0.444, and several pairs of populations showed significant
genetic differentiation (Table S2). Except for comparisons
involving populations from the Netherlands and
Switzerland, all pairs of populations of A. flavipes from
different countries were significantly differentiated
(Table S2). Within most countries, populations of A. fla-
vipes from agricultural landscapes and nearby seminatu-
ral areas did not show significant genetic differentiation
(Table S2). The only exception was the comparison
involving the two populations from Denmark, albeit with
a small Fgr value (Fgr = 0.03; Table S2). Simple Mantel
tests revealed that genetic differentiation (Fsr) is posi-
tively correlated with geographical distances among
populations in A. flavipes (r = 0.96, p < .001, n = 8) but
not in C. septempunctata (r = 0.00, p = 1.000, n = 12).
STRUCTURE analyses for C. septempunctata showed that
LnPr(X|K) peaked at K=2 and decreased for higher
K-values (Figure S4a). For K= 2, all individuals and
populations of C. septempunctata presented a very low prob-
ability of assignment (g < 0.05) to one of the two genetic
clusters (i.e., a “fictive” or “ghost” cluster sensu Guillot
et al., 2005; see also Chen et al., 2007), which indicates a
lack of genetic structure across analyzed populations of this
taxon (Figure 3a). Clustering solutions for higher K-values
(from K=3 to K=15) did not reveal either any genetic
structure in C. septempunctata (Figure S5a). STRUCTURE ana-
lyses for A. flavipes considering all populations identified
the most likely number of clusters as K = 2 according to
the AK criterion and LnPr(X|K) reached a plateau at the
same K value (Figure S4b). For K = 2, the two genetic clus-
ters separated the populations of A. flavipes from Spain
from the rest of European populations (Figure 3b). sTruc-
TURE analyses at a lower hierarchical level, and excluding
Spanish populations, identified the most likely number of
clusters as K=2 according to the AK criterion and
LnPr(X|K) reached a plateau at the same K value
(Figure S4c). In this case, the two genetic clusters separated
the populations from Denmark from the populations from
the Netherlands and Switzerland, which grouped together
(Figure 3b). The new genetic clusters that arise for higher
K-values (from K = 3 to K = 5) were either similarly repre-
sented in all populations of A. flavipes assigned to the same
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genetic cluster for K = 2 or were circumscribed to certain
populations but showed very low probabilities assignment
in all individuals (g < 0.15; Figure S5b,c). Principal compo-
nent analyses (PCA) confirmed the results yielded by
STRUCTURE for the two taxa (Figure 4). For C. septempunctata,
PCA did not reveal any genetic clustering and individ-
uals collected in different countries and sites were
interspersed across the three first principal compo-
nents (Figure 4a). For A. flavipes, PCA separated

A journal of the Society for Conservation Biology

Spanish populations from the rest of European popula-
tions along the first principal component (PC1) (Figure
4b,c). The second principal component (PC2) separated
the populations from Denmark from those sampled in
the Netherlands and Switzerland, which also tended to
segregate along the third principal component (PC3)
(Figure 4b). Analyses for A. flavipes excluding Spanish
populations provided similar results, with PC1 separat-
ing populations from Denmark from those sampled in

X
%
b
%

FIGURE 3
(a) Coccinella septempunctata and (b) Andrena flavipes sampled in agricultural (agr.) and nearby seminatural (nat.) landscapes from different

Results of genetic assignments based on the Bayesian method implemented in the program structure for populations of

countries. sTRUCTURE analyses for A. flavipes were performed for all populations jointly (top) and excluding populations from Spain (bottom).
Analyses are based on a random subset of 10,000 single nucleotide polymorphisms (SNPs). Each individual is represented by a vertical bar,
which is partitioned into K colored segments showing the individual's probability of belonging to the cluster with that color. Thin vertical
black lines separate individuals from different populations. Population codes as described in Table 1.
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FIGURE 4 Principal component analyses (PCA) of genetic variation for populations of (a) Coccinella septempunctata and (b, c) Andrena
flavipes sampled in agricultural (agr.; dots) and nearby seminatural (nat.; triangles) landscapes from different countries. Principal component
analyses for A. flavipes were performed for (b) all populations jointly and (c) excluding populations from Spain. Analyses are based on a
random subset of 10,000 single nucleotide polymorphisms (SNPs). Population codes as described in Table 1.
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the Netherlands and Switzerland, which in this case
tended to segregate along PC2 (Figure 4c).

3.4 | Testing alternative models of
gene flow

Demographic analyses in FasTsiMcoAL2 supported unidi-
rectional gene flow from populations in seminatural
areas to those in agricultural landscapes (Model D;
Figure 1b) in five out of six C. septempunctata (EE, DK,
NL, HU, and CH) and two out of four A. flavipes (NL
and ES) pairwise comparisons (Table 2). In the rest of
the comparisons (C. septempunctata in GB and
A. flavipes in DK and CH), the best supported model
was a scenario of unidirectional gene flow from popu-
lations in agricultural landscapes to those in nearby
seminatural areas (Model C; Table 2). In the case of
populations of C. septempunctata from Great Britain
(GB), the second-best supported model (Model D) was
statistically indistinguishable from the best supported
model (Model C) (AAIC = 0.79), indicating that the
two alternative models of unidirectional gene flow are
similarly probable (Table 2). Estimates of migration
rates between populations were fairly similar across all
pairwise comparisons, ranging from 2.35 x 10~ to
5.79 x 10 *in C. septempunctata and from 2.27 x 10~*
to 5.67 x 10 in A. flavipes (Table 3). In both
C. septempunctata and A. flavipes, estimates of gene
flow from populations established in agricultural areas to
those in nearby seminatural areas (i.e., Model C) were

TABLE 3

smaller than estimates obtained when the most supported
model was the scenario of unidirectional gene flow in the
opposite direction (i.e., Model D) (Table 3).

4 | DISCUSSION

Our data support contrasting patterns of genetic structure
and gene flow in two key ecosystem service providing
insect species, the natural enemy C. septempunctata
and the pollinator A. flavipes. A panmictic structure
characterizes populations of C. septempunctata across
both local and regional scales. Conversely, populations
of A. flavipes present a marked structure at a European
scale, but a very limited or null genetic differentiation
between nearby agricultural and seminatural land-
scapes within each country. We found no support for
the hypothesis of higher levels of genetic diversity in
populations from seminatural areas with respect to
those established in agricultural landscapes. However,
demographic model testing and coalescent-based esti-
mates of migration rates lent partial support to the
hypothesis of increased gene flow from seminatural to
agricultural landscapes (Figure 1a). For C. septempunc-
tata, models considering anisotropic gene flow in the
predicted direction received comparatively higher sta-
tistical support than the rest of the scenarios across
most landscape replicates (i.e., countries), while the
evidence on this respect for A. flavipes was limited to
50% of the regions. Collectively, these results empha-
size the occurrence of gene flow from seminatural to

Parameters inferred from coalescent simulations with rastsiMcoar2 under the most supported demographic model (Model C

or Model D, as indicated in Table 2) for pairs of populations of Coccinella septempunctata and Andrena flavipes sampled in agricultural and

nearby seminatural landscapes from different countries.

Oanc OnaT Tprv mya/Man

Code Point 95% CI Point 95% CI Point 95% CI Point 95% CI

(a) Coccinella septempunctata
EEP 6579 5637-7291 24,889  19,358-33,796 6661 5626-8002 557 x107* 417 x 1074-7.08 x 10*
DKP 8191 6885-8985 82,132  67,815-109,399 10,385 9313-12,554 2.81 x 107*  2.34 x 107%-3.41 x 107*
NLP 5519 4383-6360 29,795  22,444-40,894 7090 5913-8789 534 x 107*  4.03 x 107*-7.31 x 10°*
GBS 13,077 10,278-16,041 113,536  88,194-169,780 10,098 7670-13,554 235 x 107*  1.95 x 107%-2.91 x 10™*
HUP 8179 6804-9029 61,597  51,126-75,089 9830 8959-11,936 2.76 x 10°*  2.35 x 10" *-3.12 x 10~*
cHP 5419 4551-6369 21,203 13,913-30,169 4445 3927-5945 579 x 107* 390 x 107%-8.21 x 107*

(b) Andrena flavipes
DK® 118,487 59,169-126,548 51,303  20,647-66,866 8338 1857-17,100 227 x 10°*  1.67 x 107*-2.86 x 107
NLP 13,751  11,544-14,635 39,466  31,734-51,439 15,015 12,642-18,271 4.79 x 10°* 3.91 x 10 *-5.73 x 10~*
CH® 18,113 13,911-21,774 127,634 99,263-170,344 12,537 10,399-16,085 3.74 x 10 * 3.04 x 10 *-4.42 x 10°*
ESP 4381 3832-4712 20,900 15,414-26,253 4847 4376-5551 567 x 10°*  4.46 x 10 *-7.42 x 10°*
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cultivated areas and confirm the importance of pre-
serving seminatural habitats at the landscape level for
the maintenance of source populations of ecosystem
service-providing insects (Garibaldi et al., 2021).

4.1 | Genetic diversity and structure at
regional and landscape scales

Analyses of genetic differentiation (Fsr) and structure (STRUC-
TURE and PCAs) revealed marked differences in the spatial
distribution of genomic variation in the two focal taxa
(Figures 3 and 4). Populations of C. septempunctata were
panmictic and presented no evidence for genetic differentia-
tion at both European and landscape scales, a phenomenon
likely explained by the long-distance migratory behavior
linked to seasonal aggregations characterizing many cocci-
nellids (Hagen, 1962). Long-distance dispersal in this taxon
is exemplified by unrestricted gene flow between British and
mainland European populations, which indicates the lim-
ited effects of seawater as a barrier to dispersal (i.e., The
English Channel is 34 km at its narrowest). These results
are in line with the findings of a previous microsatellite-
based study covering the entire distribution of the species
(Lecompte et al., 2016). This study revealed a lack of genetic
structure, very limited differentiation (Fgr < 0.05), and a
weak pattern of isolation-by-distance across populations
sampled from Portugal to India. Only eastern Asia (China,
Japan) and some North African populations (Algeria) were
assigned to different genetic clusters and presented a signifi-
cant genetic differentiation (Fst = 0.10-0.30), which sug-
gests either long-term isolation of these peripheral
populations (e.g., in different glacial refugia) or the evolu-
tion of reproductive isolation and an incipient process of
cryptic speciation (Lecompte et al., 2016).

In contrast, analyses for A. flavipes revealed a marked
genetic structure and differentiation (Fst = 0.10-0.44) at
a European scale, with more peripheral populations from
Jutland (DK) and Iberian (ES) peninsulas forming dis-
tinct genetic clusters with limited gene flow between
them as well as with the rest of analyzed populations
(Figures 3 and 4). Likewise, although central European
populations from NL and CH (separated by >400 km)
clustered together in sTrRucTURE analyses (Figure 2;
Figure S5) and showed nonsignificant genetic differentia-
tion (Fsy = 0; Table S2), they tended to segregate in PCAs
(Figure 4). These results reveal more limited gene flow in
A. flavipes than in C. septempunctata at a continental scale,
which has likely resulted in the development of genetic
structure across populations from most studied regions. In
contrast, populations from agricultural and nearby seminat-
ural landscapes within countries presented weak genetic
differentiation in A. flavipes (Fst < 0.03). Only the two sites
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within Denmark showed significant differentiation, albeit
with a very low estimate (Fgr = 0.03). Remarkably, popula-
tions of A. flavipes from Denmark showed the lowest levels
of genetic diversity compared to the rest of European popu-
lations, which suggests that demographic stochasticity,
founder effects, genetic drift, and low effective population
sizes characterizing leading-edge peripheral populations
could have contributed to fine spatial-scale (<5 km) genetic
structure between populations from agricultural and nearby
seminatural landscapes within Jutland Peninsula (Hampe
& Petit, 2005; Lira-Noriega & Manthey, 2014). Weak genetic
structure at local and landscape spatial scales has been pre-
viously reported in other Andrenidae (e.g., Andrena fus-
cipes: Exeler et al., 2010; Andrena vaga: Cerna et al., 2013;
Exeler et al., 2008), bumblebees (e.g., Bombus terrestris; Silva
et al, 2020), stingless bees (e.g., Trigona spinipes; Jaffé
et al., 2016), and carpenter bees (e.g., Xylocopa virginica;
Ballare & Jha, 2021).

Collectively, these results are in line with the findings
of spatially explicit landscape genetic studies suggesting a
limited impact of habitat fragmentation and structure on
the distribution of spatial patterns of genetic variation in
different pollinators (Barbosa et al., 2022; Exeler
et al., 2010; Jackson et al., 2018; Jha & Kremen, 2013).
Aligned with inferences from analyses of genetic struc-
ture, testing of alternative demographic models strongly
rejected the scenario of strict isolation (i.e., total lack of
gene flow; Model A) between populations from agricul-
tural and natural areas in the two focal taxa (Table 2).
Connectivity between nearby areas of different land use
is expected to contribute to prevent genetic drift and loss
of genetic diversity through time, which can explain simi-
lar levels of genetic variation across populations from
natural and agricultural landscapes (Table 1).

4.2 | Anisotropic gene flow between
agricultural and seminatural landscapes

Asymmetric gene flow has been previously documented
linked to passive dispersal in the direction of prevailing
winds or ocean currents (e.g., Bertola et al., 2020; Kling &
Ackerly, 2021) and associated to differences in the pro-
duction of propagules in the context of central-peripheral
and source-sink metapopulation dynamics (Kirkpatrick
& Barton, 1997; e.g., Hauser et al., 2019; Holliday
et al., 2012). Our model-based approach provided mixed
support to the hypothesis of directional gene flow from
populations in seminatural areas to those sustained in
nearby agricultural landscapes (Figure 1). Coalescent-based
model testing in the natural enemy C. septempunctata
largely supported unidirectional gene flow in the predicted
direction (Model D), suggesting that seminatural areas
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genetically subsidize conspecific populations established in
nearby croplands. These results are in line with previous
capture-mark-recapture and observational studies pointing
to the role of seminatural landscapes as population sources
for beneficial insects (Ockinger & Smith, 2007a, 2007b).
Although analyses in A. flavipes consistently supported
models fitting asymmetric migration rates over those
considering symmetric gene exchange, the scenario of
unidirectional gene flow from seminatural to agricul-
tural landscapes was the most supported one in only
half of our spatial replicates. Remarkably, the bidirec-
tional migration model received low statistical support
in all spatial replicates for both C. septempunctata and
A. flavipes, suggesting that asymmetric gene flow and
source-sink dynamics govern the demography of the
focal taxa in natural-agricultural mosaic landscapes
(Hanski, 1998). Under this scenario, source popula-
tions with a net growth supply individuals to sink
populations, reducing the chances of extinction of
small populations and contributing to increasing the
stability and maintaining the levels of genetic diversity
of the whole metapopulation (Howe et al., 1991;
e.g., Ortego et al., 2008; Saccheri et al., 1998). It must
be noted, however, that source-sink dynamics in highly
anthropized landscapes are only expected to be estab-
lished among generalist taxa with relatively high
dispersal ability (e.g., Keller et al.,, 2013; Ortego,
Garcia-Navas, et al., 2015), such as the two widespread
ecosystem service-providing species analyzed in our
study (Jervis & Kidd, 1996; Kleijn et al., 2015;
New, 1991). Rare species with more limited dispersal
or increased sensitivity to population subdivision
(e.g., pools of regionally threatened species) will likely
experience dispersal depression, population isolation,
reduced levels of genetic diversity, and increased
chances of local extinction under the severe fragmenta-
tion of natural habitats that characterize most agricul-
tural landscapes (e.g., Jauker et al., 2009; Ortego,
Aguirre, et al., 2015; Schtickzelle et al., 2006).

5 | CONCLUSIONS

Collectively, our results support high genetic connectivity
between populations established in agricultural and
nearby seminatural landscapes, indicating that (i) the lat-
ter may serve—at least in some cases—as reservoirs of
both natural enemies and pollinators for surrounding
agricultural areas, (ii) act as sources for recurrent recolo-
nization, and (iii) potentially contribute to enhance eco-
system services and crop production. This highlights the
importance of conserving complex agricultural systems
which embed seminatural areas within productive

regions, as those can boost gene flow exchange and con-
tribute to demographic reinforcement of populations of
ecosystem service-providing insects and increase the
chances that they persist and maintain their important
functional role through time.
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