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INTRODUCTION

Genetic diversity is important for the long-term persistence of species
(Hoban et al., 2014). Despite the need for genetic diversity monitoring
being increasingly recognised (Boettcher et al., 2010), and genetic
diversity being regarded as a key measure of biodiversity (Pereira
et al.,, 2013), studies quantifying temporal changes in the genetic met-
rics of a population remain relatively limited outside of endangered or
socio-economically important species. However, technological
advances have allowed an increase in the frequency of such studies
over recent years (Hoban et al., 2014; Leroy et al., 2018), for exam-
ples, see Jangjoo et al. (2020) for Rocky Mountain Apollo butterfly,
Parnassius smintheus (Lepidoptera: Papilionidae); Nakahama and Isagi
(2018) for Melitaea protomedia (Lepidoptera: Nymphalidae).

In 2011, the Convention on Biological Diversity (CBD) stated
the aim that by 2020 there would be development and implementa-
tion of methods for maintaining the genetic diversity and minimising
the genetic erosion of cultivated plants, farmed and domesticated ani-
mals and of wild relatives, including other socio-economically and cul-
turally valuable species (CBD, 2011). In 2020, this aim to enhance
knowledge of the genetic diversity of the above species groups was
pushed back to 2030 but was also expanded to include 90% of spe-
cies by 2050 (CBD, 2020a, 2020b). These aims have come under criti-
cism, as most species globally do not fall into these narrow categories
and such knowledge is currently lacking for the vast majority of wild
species (Laikre, 2010; Laikre et al., 2020).

The ability to maintain genetic diversity is dependent upon a
baseline level of knowledge of how genetically diverse populations
are. This knowledge is severely lacking for the vast majority of wild
species. Here, we explore the potential for genetic monitoring of a
non-endangered, non-socio-economically important wild butterfly
species; the meadow brown butterfly (Maniola jurtina; L. 1758). Man-
iola jurtina is an ideal species for a pilot genetic monitoring scheme for
multiple reasons. First, long-term population monitoring data are avail-
able across Europe. Our sampling sites are co-located with long-term
abundance monitoring data (‘Pollard’ transect walks) from national

wider range of species.

and the European mainland, suggesting restricted geneflow between the two
. The monitoring of a wild species’ genetic diversity is an achievable aim, and one
that could be carried out for many species, particularly Lepidoptera. Future

approaches may aim to develop higher resolution genetic markers and cover a

8. The use of abundance data offers additional insight, and we find that concurrent,

dedicated genetic monitoring can provide effective tracking of biodiversity trends.

genetic diversity, Maniola jurtina, meadow brown, microsatellites, monitoring

partners within the framework of the European Butterfly Monitoring
Scheme (www.butterfly-monitoring.net), providing an opportunity to
link genetic and abundance biodiversity metrics. Although long-term
population monitoring data are available for other taxa, for example,
birds, the ability to sample genetic material is far more practical using
a common butterfly species, in addition to the fact that insects tend
to be under-represented in syntheses of biodiversity change (Titley
et al., 2017). Second, much is already known about M. jurtina biology
including evolutionary genetics (e.g., Brakefield & Shreeve, 1992 and
references within), ecology and life history (e.g., Brakefield, 1982a,
1982b; Greenwell et al., 2021; Lebeau et al., 2018), dispersal and
movement (e.g. Conradt et al., 2000; Delattre et al., 2013; Evans
et al., 2019, 2020; Merckx & Van Dyck, 2002; Schneider et al., 2003),
historical distributions (Dapporto et al., 2011) and spatial genetic
diversity and landscape genetics (Baxter et al, 2017; Richard
et al., 2015; Villemey et al., 2016). Third, a number of microsatellite
loci are already available for population genetics studies (Richard
et al.,, 2015). In combination, these factors mean we are able, not only
to determine levels of genetic diversity within this species, but also to
demonstrate how population abundances could be affected by
genetic diversity, through the direct comparison of trends in genetic
variability and population dynamics over time.

Previous studies into M. jurtina spatial genetic diversity and his-
torical distribution provide valuable information (Baxter et al., 2017;
Dapporto et al., 2011; Goulson, 1993; Habel et al., 2009; Kreuzinger
et al., 2015; Richard et al., 2015; Schmitt et al., 2005; Tauber, 1970;
Thomson, 1973; Thomson, 1987; Villemey et al., 2016). However, it is
not possible to infer changes in genetic diversity from multiple inde-
pendent studies over time due to differences in locations and differ-
ences in molecular technologies.

Here, we introduce the Butterfly Genetics Monitoring Scheme
(BGEMS), a pilot study investigating the feasibility of monitoring
annual changes in the genetic diversity of a target species (M. jurtina).
We report on the first 8 years of this study in the United Kingdom, as
well as results from a large-scale spatial investigation spanning over
2500 km across continental Europe. Specific long-term studies, using
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a consistent, comparable methodology, are required to monitor

genetic diversity and contribute towards addressing CBD

commitments.

MATERIALS AND METHODS
The BGEMS

The BGEMS (https://butterfly-monitoring.net/project/bgems) began
in 2012 in a partnership between the University of Reading and the
UK Centre for Ecology & Hydrology. The project aimed to develop a
spatially replicated, long-term genetic monitoring scheme linked with
population abundance data. Between 2012 and 2019 the scheme

expanded to include 12 institutions from 10 countries (Table S1).

Study species

Maniola jurtina is a Satyrine butterfly species with a western Palearctic
distribution (Tolman and Lewington, 1997; Figure S1), classified as
‘Least Concern’ under the Red Lists of British and European butterfly
species (Van Swaay et al., 2010; Fox et al., 2011). Individuals typically
move around an area with a radius of less than 500 m, although longer
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distance movements of up to 2.1 km have been recorded (Schneider
et al., 2003). Microsatellite studies in France determined that distance
has little effect on pairwise differentiation between M. jurtina popula-
tions (Richard et al., 2015) and that linear grassland elements enhance

M. jurtina gene flow between populations (Villemey et al., 2016).

Sample collection

Over the 8-year study period (2012-2019), a total of 1024 individual
M. jurtina samples were collected from 15 sites in the South of
England, UK (Figure 1, Table S1). Between 2017 and 2019, additional
samples were collected from 24 sites across 10 mainland European
countries (only the 2017 samples (n = 523) are used in this analysis),
with sampling carried out by trained volunteers and/or scheme coor-
dinators from 12 collaborating organisations (Figure 1, Table S1). Col-
laborators were engaged through the European Butterfly Monitoring
butterfly

monitoring schemes (BMSs). Lethal sampling was carried out to pro-

Scheme, a partnership of national abundance
vide redundancy in the analysis, in the event of DNA extraction fail-
ure. The samples remain stored at —80°C at the University of Reading
for future, additional analyses. This integrated approach provides a
link between genetic monitoring and long-term abundance time

series, enabling novel assessments of population dynamics.
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FIGURE 1 Site locations of 39 sites across Europe from which samples were collected for genetic analysis over the study period. Inset maps
show Estonian, German and UK sites in closer detail, with local towns and cities (red diamonds) for location reference. UK sites with coloured
rings are the three sites used for the time series analysis. Location data are available in Table S1.
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Population monitoring data

Abundance data from 1412 long-term monitoring sites (2012
onwards) of the United Kingdom Butterfly Monitoring Scheme
(UKBMS; Botham et al., 2020) were used to compare abundance with
genetic diversity at the UK sample sites over time. UKBMS data are
collected by volunteers using the ‘Pollard walk’ method (Pollard and
Yates, 1993). The UKBMS uses a two-step method, fitting General-
ised Additive Models to the data to produce fitted weekly counts and
an overall collated annual index as a relative measure of abundance at
each site (Dennis et al., 2013).

Molecular analysis

DNA extractions were carried out using only leg tissue. DNA from
samples collected in 2012 and 2013 were extracted using DNeasy
Blood and Tissue Kits (Qiagen), following the manufacturer's guide-
lines. DNA from samples from sites named ‘Aston Upthorpe’
(UK-AU), ‘Bowdown’ (UK-B) and ‘Crabtree Plantation’ (UK-C) from
2014 onwards and samples from all sites in 2017 were extracted
using prepGEM Universal (MicroGEM), following the manufacturer’s
guidelines, optimised by halving the reaction volumes resulting in
20 pL eluted DNA. Samples were genotyped over 2 years using the
following six microsatellites: Mj7232, Mj5522, Mj0247, Mj4870,
Mj7132 and Mj5331 (Richard et al., 2015). PCRs were carried out in
an Eppendorf Mastercycler nexus eco (for PCR conditions and reac-
tion concentrations see Data S2). All PCR products were diluted by
100x and run on a single Applied Biosystems 3730 DNA Analyser.
Allele peaks were then scored using GeneMarker® version 1.5
(SoftGenetics) using the standard default settings for animal frag-
ments. Any individuals for which there were more than two loci with
missing data were removed from the analysis (5.96% of samples). Fur-
ther samples were then removed to ensure that all populations had a
maximum of 5% missing data per locus, ensuring that no loci were

dropped in the analysis due to insufficient data.

Statistical analysis

To conduct a temporal analysis of genetic diversity across UK popula-
tions, all analyses were undertaken separately for samples in 2012
(252 individuals, 14 sites), 2017 (287 individuals, 15 sites) and a sub-
set of samples from three sites (UK-AU, UK-B, UK-C) every year from
2012 to 2019 (432 individuals). These datasets are herein referred to
as ‘2012’, ‘2017’ and ‘All-Years’, respectively. The 2012 and 2017
datasets had the greatest number of sites and longest gap between
years available at the time of the analysis. Subsequent samples were
collected in 2018 and 2019, a subsample of which were included in
the All-Years dataset. All 39 sampling sites across Europe in 2017
were used to conduct a spatial analysis of contemporary genetic
diversity. This dataset is herein referred to as ‘Europe’. Unless other-

wise specified analyses were conducted in R (R Core Team, 2024).
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Microsatellite analysis

Genotyping errors, including stuttering and large allele dropout, were
computed using MICROCHECKER V223 (Van Oosterhout
et al., 2004) Linkage disequilibrium and null allele frequencies were
tested for in Genepop v4.7 (Rousset, 2008). Observed and expected
heterozygosities (H, and H) across each dataset, for individual loci
and averaged across all loci, were calculated using the R package Pop-
GenReport (Adamack & Gruber, 2014; Gruber & Adamack, 2015).
Deviations from the Hardy-Weinberg equilibrium (HWE) were also
calculated using PopGenReport, via a Chi-square test and Bartlett test
of homogeneity of variance used to compare observed versus
expected heterozygosity. Whereby a significant result indicates that
the population departs from HWE. For each locus, Wright's F statis-
tics (Wright 1965; Excoffier, 2007) were calculated across all sampling

locations using Genepop.

Population genetic diversity

The number of private alleles (A,) per site were calculated using Pop-
GenReport, as were the expected (H.) and observed (H,) heterozygos-
ity for each locus and the percentage differences between H. and H,.
H. for each site and across all sites were calculated using Arlequin v
3.5.2.2 (Excoffier and Lischer, 2010). Differences in genetic diversity
between the UK and mainland Europe were investigated by compar-
ing mean H, from the 2017 and Europe datasets using two-sample t-
tests. Additionally, to determine whether abundance had any effect
on genetic diversity over the study period a linear mixed effects
model was fitted using the All-Years data with H. as a function of
annual abundance. Site was included as a random intercept. To
explore possible lag effects, whereby multiple generations can occur
between an environmental perturbation occuring and a genetic
response being detected (Epps & Keyghobadi, 2015), two additional
models were fitted using the previous year's and 2 year's previous
abundances respectively instead of the current year's abundance.

Genetic structure, differentiation and geneflow

Population structure was investigated using STRUCTURE v.2.3.4
(Pritchard et al., 2000, Falush et al., 2003, 2007; Hubisz et al., 2009).
For all models, the parameter set used an admixture model and corre-
lated allele frequencies with a 100,000 burn-in and 1,000,000 Markov
Chain Monte Carlo (MCMC) replications per chain. To determine the
most probable number of clusters (K) in the different datasets,
20 chains were run. The most likely value of K within the sample sets
was estimated using STRUCTURE Harvester (Earl and VonHoldt,
2012) which estimates an ad hoc statistic, Delta K, to determine the
most likely value of K (Evanno et al., 2005).

For measures of genetic distance, only the data sets 2012, 2017
and Europe were analysed. Individuals were pooled on a per-site basis
and populations with fewer than 15 individuals were removed from
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the analysis. Weir and Cockerham's pairwise Fst values were calcu-
lated using FSTAT, followed by a correction for false discovery rates
(FDR), accounting for multiple testing, using the Benjamini and Hoch-
berg (1995) method. Fst was chosen over Gst to allow greater com-
parison with non-microsatellite analyses (Meirmans & Hedrick, 2011).
Euclidean distances between all sites were calculated from the GPS
coordinates of each site using the function distm in the R package
Geosphere (Hijmans, 2017). Estimates of isolation by distance (IBD)
via spatial autocorrelation were then calculated by plotting pairwise
Fst values against (log) Euclidean distances between sites, using Man-
tel correlograms using the mantel.correlog function from the R package
Ecodist (Goslee and Urban, 2007). Mantel correlograms were per-
formed using Pearson's correlations, 10,000 permutations with an
a = 0.05 and the Holm correction for testing multiple p-values. Five
distance classes were assigned per test with unequal distance inter-
vals to keep the pairs of populations per class similar (Diniz-Filho
et al., 2013). Owing to the unevenness of the distribution of distances
between sites in the Europe dataset (distance between sites:
u =728 km, min = 0.8 km, max = 2525 km, var. = 346,031), esti-
mates were also calculated with the UK sites removed, the Estonian
sites removed and again with the Spanish site removed (distances
between sites with Estonian sites removed: u = 501 km, min = 0.8 km,
max = 1742 km, var. = 121,266, distances between sites with Spanish
site removed: p=698km, min=0.8km, max= 1979 km, var.
= 335,279). A final test using only mainland European sites was also
run (U= 846 km, min = 14 km, max = 2525 km, var.= 359,002).
Breakpoints for distance classes were set to 2012 and 2017: O, 10,
20, 30, 40, 100; Europe (All), Mainland Europe and Europe with Spain
removed: 0, 250, 500, 1000, 1500, 3000; Europe with Estonia
removed: 0, 250, 500, 750, 1000, 2000.

An additional investigation into the effects of landscape on
M. jurtina geneflow across the UK populations in 2017 was carried
out via a resistance analysis using the R package ResistanceGA
(Peterman, 2018) (Data S3; Figure S2).

RESULTS
Microsatellite analysis

MICROCHECKER found no evidence for large allelic dropout, scoring
errors due to stuttering or null alleles. Alleles were randomly associ-
ated among loci, indicated by no evidence of linkage disequilibrium
between pairs of loci (Table S4). Most site locus combinations
(523 out of 552) displayed a low frequency (<0.2) of null alleles
(Table S5); however, Mj4870 displayed high levels of null
alleles within multiple populations, particularly in the Europe dataset
(Table S5d). This led to all analyses being re-done with the locus
Mj4870 removed. With the exception of the STRUCTURE analysis
(see below), this had no significant effect on the overall results there-
fore the locus was included. The microsatellites displayed high levels
of variability (Table 1), with the highest values of H, occurring at
Mj5331 (0.877, 0.902, 0.905 and 0.862 for 2012, 2017, All-Years and
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Europe respectively) and the lowest occurring at Mj4870 (0.262,
0.279, 0.277 and 0.237). Across each dataset, all loci showed a non-
significant level of heterozygote deficit. The greatest occurred at
Mj4870 with deficits of 31.4% (2012), 24.6% (2017), 24.3%
(All-Years) and 62.5% (Europe; Table 1).

Minimal genetic differentiation (Fst) occurred within the 2012,
2017 and All-Years datasets, suggesting high levels of gene flow
between populations (Table 1). However, Fst values were significantly
greater than zero at Mj7232 and Mj4870 in the Europe dataset sug-
gesting lower levels of gene flow and some differentiation. F;s values
were significantly greater than zero at multiple loci (Table 1), indicat-
ing some (low-level) inbreeding within populations.

Population genetic diversity

Full genetic diversity (H.) metrics for each dataset can be found in
Table Sé. In summary, genetic diversity was high across all datasets,
with He 0.772 (2012), 0.764 (2017), 0.764 (All-Years) and 0. 821
(Europe) (Figure 2). Expected heterozygosity (He) ranged from 0.704
(UK-B-2014) to 0.831 (B-B). Genetic diversity was significantly higher
across mainland European populations than UK populations (Europe
He = 0.804, UK H, = 0.764; p > 0.001 [Figure 2a]). Across all four
datasets (39 sites in total), five private alleles occurred at one site
(UK-PF-2017), two occurred at eight sites and one private allele
occurred at 23 sites (Table Sé). According to the LMM, site abundance
had no effect on genetic diversity (He: coef = 0.000006, SE = 00002,
p = 0.509), including when lagged by one (coef= 000009,
SE =0.00001, p=0.486) and (coef = 0.000005,
SE = 0.00002, p = 0.608).

2 years

Genetic structure, differentiation and gene flow

No evidence of spatial genetic structuring was found between popula-
tions for the UK datasets (2012, 2017) using the six microsatellites
described. No population was found to be genetically distinct from
any other population (Figure S3). Across Europe, initial STRUCTURE
analysis suggested four clusters as optimal (Figure 3). However, subse-
quent analysis using the Evanno method (Evanno et al., 2005) sug-
gested just two clusters (Figure 4; Figure S4). Re-running the
STRUCTURE analyses with the removal of locus Mj4870 resulted in
optimal Ks of K= 1 and K = 5 using the above methods respectively
(Figure S5). However, retaining Mj4870 and removing Mj5522 (low
frequency (<0.2) of null alleles within all populations) had the same
result. As such the differing results with the removal of Mj4870 are
likely due to a lack of power in the analysis with only five loci, rather
than locus Mj4870 driving the differentiation between populations
when included.

Within each of the UK datasets (2012, 2017) there was little
genetic differentiation among populations, indicated by Fst scores
being close to zero (2012: mean Fst = 0.004, variance = 0.00005,
2017: mean Fst = 0.002, variance = 0.00004; Tables S7 and S8).
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TABLE 1 Samples sizes, population-wide expected and observed heterozygosity and percentage differences ((E—O)/E x 100), Fir, Fis and Fst

at each locus.

Number of Number of H. versus H, %
Locus samples alleles H. H, difference Fir (p-Value) Fst (p-Value) Fis (p-Value)
2012 Mj7232 251 13 0.804 0.733 -8.8 0.091 (0.001) 0.006 (0.967) 0.085 (0.002)
Mj5522 251 11 0.860 0.813 -5.6 0.058 (0.007) 0.012 (0.700) 0.046 (0.057)
Mj0247 250 29 0.941 0.808 -14.2 0.144 (0.000) 0.003 (1.000) 0.141 (0.000)
Mj4870 248 5 0.382 0.262 -314 0.316 (0.000)  —0.015 (1.000) 0.326 (0.000)
Mj7132 248 10 0.768 0.758 -13 0.015(0.342) 0.002 (0.997) 0.014 (0.380)
Mj5331 252 26 0.894 0.877 -19 0.021 (0.186) 0.002 (1.000) 0.019 (0.211)
Mean 250 15.7 0.775 0.709 -10.5 0.107 (-) 0.002 (-) 0.105 (-)
2017 Mj7232 285 12 0.798 0.762 —-4.5 0.048 (0.035) 0.002 (0.999) 0.046 (0.049)
Mj5522 281 12 0.862 0.809 —6.2 0.064 (0.008) 0.000 (1.000) 0.064 (0.006)
Mj0247 283 31 0.941 0.842 -10.6 0.105 (0.000) 0.000 (1.000) 0.105 (0.000)
Mj4870 282 6 0.370 0.279 —24.6 0.252 (0.000) 0.000 (0.982) 0.252 (0.000)
Mj7132 282 10 0.741 0.752 1.5 —0.013 (0.692) 0.007 (0.911)  —0.020(0.770)
Mj5331 286 22 0.894 0.902 0.9 —0.007 (0.667) 0.002 (1.000)  —0.009 (0.692)
Mean 283 15.5 0.768 0.724 -7.3 0.075 (-) 0.002 (-) 0.073(-)
All Mj7232 426 14 0.819 0.719 -12.2 0.125 (0.000) 0.016 (0.429) 0.111 (0.000)
vears  Mj5522 426 12 0.865 0.806 69 0.071 (0.000) 0.012 (0.739) 0.059 (0.001)
Mj0247 424 31 0.936 0.758 -19.1 0.190 (0.000) 0.002 (1.000) 0.188 (0.000)
Mj4870 428 6 0.367 0.277 -243 0.247 (0.000) 0.006 (0.949) 0.243 (0.000)
Mj7132 427 10 0.737 0.707 -4.1 0.042 (0.048) 0.003 (0.999) 0.039 (0.064)
Mj5331 430 24 0.898 0.905 0.8 —0.006 (0.680) 0.008 (0.988)  —0.014 (0.808)
Mean 427 16.2 0.770 0.695 -11.0 0.112 (-) 0.008 (—) 0.104 (-)
Europe Mj7232 720 16 0.837 0.738 11.9 0.120 (0.000) 0.054 (0.000) 0.070 (0.000)
Mj5522 709 13 0.845 0.794 6.1 0.062 (0.000) 0.012 (0.818) 0.051 (0.000)
Mj0247 715 33 0.940 0.779 17.1 0.171 (0.000) 0.017 (0.232) 0.156 (0.000)
Mj4870 712 8 0.632 0.237 62.5 0.630 (0.000) 0.102 (0.000) 0.588 (0.000)
Mj7132 710 11 0.771 0.737 4.4 0.046 (0.008) 0.017 (0.241) 0.030 (0.070)
Mj5331 717 23 0.895 0.862 3.6 0.038 (0.002) 0.017 (0.124) 0.021 (0.060)
Mean 714 17.3 0.820 0.691 17.6 0.178 (-) 0.036 (-) 0.153 (-)

Note: Bartlett's K-squared: 2012 = 0.049, df = 1, p-value = 0.82; 2017 = 0.03, df = 1, p-value = 0.86; All years = 0.006, df = 1, p-value = 0.94;

Europe = 2.29, df = 1, p-value = 0.13.

Pairwise Fst scores were significantly greater than zero for seven site-
pair combinations in the 2012 dataset. No pairwise Fst scores were
significantly greater than zero for 2012 and 2017. More differentia-
tion among populations was observed within the Europe dataset
(mean Fst = 0.033, variance = 0.0007), with pairwise Fst being signif-
icantly greater than zero for 473 out of 630 pairwise combinations
across Europe (Table S9).

Testing for spatial autocorrelation in the data using mantel corre-
lograms it was possible to observe both negative and positive auto-
correlation in different distance classes (Figure 5). In 2012 and 2017
(UK) no spatial autocorrelation was found over any distance class.
Across Europe, when including UK sites, positive spatial autocorrela-
tion was found below 200km, but then negative spatial
autocorrelation between 300 km and 400 km and 700 and 800 km.
The exception to this was when Estonian sites were removed and

only positive spatial autocorrelation was found below 100 km.
Removal of the UK sites resulted in positive spatial correlation at all
points.

The results of the resistance analysis (Data S3; Tables S2 and S3)
found no evidence of either IBD or isolation by resistance (IBR) in
M. jurtina populations across the study area and suggest that land-

scape features do not affect M. jurtina gene flow at the study scale.

DISCUSSION

This work represents a contribution towards the aims of the CBD by
showcasing an example of genetic monitoring for a terrestrial insect
species in combination with population abundance data. Only through

monitoring genetic diversity can we determine if mitigation measures
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are required to maintain or minimise the erosion of genetic diversity,
as targeted by the CBD (CBD, 2011, 2020a, 2020b). Furthermore,
despite M. jurtina being extensively studied over the past century, pre-
vious investigations into the population genetics of M. jurtina (Habel
et al.,, 2009; Richard et al., 2015; Schmitt et al., 2005; Thomson, 1987;
Villemey et al., 2016), have not looked at temporal changes, as has
been done for other, well-studied Lepidopteran species (Han &
Caprio, 2002; Keyghobadi et al., 2013; Kim et al., 2009; Saarinen
et al, 2010, 2016; Vandewoestijne et al, 1999). By sampling
M. jurtina individuals yearly from the same sites, this study monitors
genetic diversity across a wide spatial extent. The addition of popula-
tion monitoring data offers a novel insight, assisting in understanding
the associations between genetic diversity and population abundance
in real-world natural systems. Such evidence is required to determine
if conservation actions are necessary or not.

As butterflies are a well-studied taxonomic group, with standar-
dised monitoring schemes in place across Europe (Brereton et al.,
2011, 2017; Van Swaay et al., 2008), combining traditional population
monitoring with genetic monitoring data opens the door for revealing
spatiotemporal patterns of biodiversity across multiple levels. For
example, average M. jurtina abundances show relatively stable trends
(Figure 2), with the UKBMS reporting a 36.5% increase in abundance
over the past 20 years (up to 2020; https://ukbms.org/species/
meadow-brown). Therefore, it is unsurprising that we found no signifi-
cant difference between genetic diversity (He) in 2012 and 2017.
However, obvious fluctuations are apparent at the single-site level.
Whilst sites UK-B and UK-C show little change in abundance, UK-AU
has two large peaks during the study period. The first of these peaks
(2013) matches with a peak in expected heterozygosity, whereas the
second matches with a trough. It is important, however, not to infer
causality with these observations, as many factors both contemporary
and historic affect butterfly abundance and genetic diversity
(Keyghobadi et al., 2005; Roy et al., 2001), and these comparisons are
limited by the number of years and sites in the study. Instead, a more
robust interpretation is the comparisons between 2012 and 2017
described above. It would be interesting to compare trends in the
genetic diversity of species with unstable population trends, for exam-
ple, species that are susceptible to population crashes due to extreme
events, such as the ringlet butterfly, Aphantopus hyperantus (Oliver
et al.,, 2013).

This work also highlights specific details about our pilot species,
M. jurtina. Our results show negligible differences in levels of genetic
diversity both spatially and temporally for UK populations. We found
no evidence to suggest a changing trend in the genetic diversity of
M. jurtina in UK populations over the eight-year study period. The
results from the 2012 and 2017 datasets are highly consistent, as are
the results for the three sites from 2012 to 2019. We also find mini-
mal effects of landscape composition on gene flow and no evidence
of IBD within the UK study landscape. The results from the UK land-
scape analysis are consistent with the other findings in this study. As
a result, we can conclude that populations within the study area can
be considered as one large population with high levels of gene flow

between them.
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FIGURE 2 (a) Changes in expected heterozygosites for Maniola
jurtina sample populations between 2012 and 2019 at three sites in
the UK: UK-AU, UK-B and UK-C (Table S1). Expected heterozygosites
for populations at 14 UK sites in 2012 and all sites (15 UK and

24 mainland Europe) in 2017 are also shown. (b) Changes in M. jurtina
yearly standardised abundance at three UK sites: UK-AU, UK-B and
UK-C. Mean M. jurtina yearly standardised abundance across all

15 sample sites are shown, as well as mean yearly standardised
abundance across all United Kingdom Butterfly Monitoring Scheme
(UKBMS) sites. Error bars show standard error.

Our results contribute to the body of evidence that shows
M. jurtina to have high levels of genetic diversity across much of its
European range (Goulson 1993; Habel et al, 2009; Richard
et al., 2015; Schmitt et al., 2005; Villemey et al., 2016). Genetic differ-
entiation was low at the continental scale, however, a large number of
population pairs displayed significant, moderate levels of differentia-
tion, many of these pairs including one UK and one mainland
European population. Examples of significantly greater than zero pair-
wise Fst scores between pairs of mainland European sites are distrib-
uted throughout the data. However, in most cases, pairwise Fst
scores were below 0.2, that is, differentiation can be deemed as negli-
gible (Freeland et al., 2011). The majority of cases occurred when one
population was from Estonia or Spain - the two most geographically
separated sampling areas. The Mantel correlograms for Europe sug-
gest that sites that are closer together exhibit higher levels of gene
flow, than those further apart. However, inferring IBD should be done
with caution, owing to the uneven distribution of sampling sites
(Wright, 1943), with our data being made up of clusters of nearby
sites separated from other clusters by large distances. Interestingly,
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FIGURE 3 Bayesian cluster analysis in STRUCTURE (a) Individual membership coefficients for Maniola jurtina across Europe where K = 4
(four clusters shown as red, blue, grey and orange) and (b) subsequent geographic distribution of these clusters. Initial estimation of K for
M. jurtina using median values of LnPr(X|K) (Pritchard et al., 2000) and estimation of Delta K (Evanno et al., 2005) can be seen in Figure S4.

the UK 2012 and 2017 data sets do not show any spatial autocorrela-
tion despite a more even sampling structure.

For the UK, we found no evidence to suggest any spatial pattern-
ing or population structuring, however, at the continental scale dis-
tinct population clustering was observed. The initial analysis using the
methods described in Pritchard et al. (2000) determined an optimum
of four distinct genetic clusters across Europe. However, the resultant
barplots (Figure 3) show high levels of admixture making it difficult to
distinguish clusters. Instead, the Evanno method (Evanno et al., 2005)
suggests that two clusters are optimal (Figure 5.), a result much easier

to interpret, with one cluster originating from the UK populations and

another from mainland Europe. Whilst this makes some biological
sense, with populations being separated by a sea barrier, it should be
noted that the Evanno method can be biased towards K =2 and
should therefore be interpreted with caution (Meirmans, 2015). In this
instance, K = 2 supports the other findings of the study indicating
some level of isolation between the UK and mainland Europe. Whilst
UK populations displayed significantly lower genetic diversity to the
mainland, as is often seen with island populations (Frankham, 1997),
levels in UK populations are still very high, possibly due to the rela-
tively minimal isolation and large size of the UK, reducing the effects
of inbreeding and genetic drift (Furlan et al., 2012).
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FIGURE 4 Bayesian cluster analysis in STRUCTURE (a) Individual membership coefficients for Maniola jurtina across Europe where K = 2
(two clusters shown as red and blue), and (b) subsequent geographic distribution of these clusters. Initial estimation of K for M. jurtina using
median values of LnPr(X|K) (Pritchard et al., 2000) and estimation of Delta K (Evanno et al., 2005) can be seen in Figure S4.

Limitations, considerations and recommendations

Despite the consistency of our findings, some limitations should be
noted. All analyses are restricted by the low number of microsatellites.
This is most apparent in the results of the STRUCTURE analysis of
European populations, where the removal of one locus resulted in the
removal of any meaningful population clustering. Additionally, low
sample numbers at some sites should be noted. Future studies would
benefit from either more microsatellites or the application of next-

generation sequencing techniques such as single nucleotide polymor-
phisms (Helyar et al., 2011; Pertoldi et al., 2021).

Collecting and archiving whole samples provides redundancy in
the case of failed DNA extractions, as well as further research oppor-
tunities, for example, wing pattern analysis, and future-proofing, but
whole sample collection is not always possible or practical (Hamm
et al, 2010). Instead, lower-impact methods could be employed
including the sampling of larvae as in Pertoldi et al. (2021) or the use
of non-lethal sampling techniques (De Ro et al., 2021; Hamm et al.,
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FIGURE 5 Mantel correlogram showing isolation by distance correlations across distance classes (distance classes in KM). (a) = 2012 data
set. (b) = 2017 data set. (c) = Full Europe data set. (d) = Europe data set with Estonian sites removed. (€) = Europe data set with Spanish site
removed. (f) = Europe data set with UK sites removed. Black squares indicate statistically significant spatial autocorrelation in that distance class.
Mantel correlation values >0 indicate positive spatial autocorrelation and mantel correlation values <O show negative spatial autocorrelation.

2010; Keyghobadi et al., 2009; Koscinski et al., 2011; Broeck et al.,
2017; Vila et al., 2009). In this study, DNA extractions were carried
out using leg tissue, with only a few samples requiring repeated
extractions. This suggests that the level of redundancy provided by
whole organism sampling may be unnecessary and a more conserva-
tive collection approach, for example, leg sampling could be employed.
This would allow the monitoring of genetic diversity in rare Lepidop-
tera species and could also increase public support and involvement
for similar monitoring schemes, as volunteer collectors are more likely
to engage with projects using non-lethal sampling. Biodiversity moni-
toring schemes depend on citizen scientists and therefore if genetic
diversity monitoring is to become a part of the standard monitoring
toolbox, the potential trade-off in increased training requirements

required for non-lethal sampling would likely be outweighed by an
increased number of volunteer samplers.

In addition to revealing spatiotemporal patterns in the genetic
diversity of M. jurtina, the BGEMS pilot has been successful in provid-
ing information that could inform future genetic monitoring schemes.
First, if genetic diversity monitoring schemes are to be established,
they should, where possible, utilise already existing monitoring net-
works. For example, the UKBMS has over 3000 monitoring sites and
genetic material, collected from just a fraction of these sites by the
same volunteers recording species, could have a huge impact on our
understanding of species’ genetic diversity. Additionally, current moni-
toring schemes have well-established communication and logistical
networks that if shared could reduce the effort needed to set up an
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additional scheme from scratch. A major, additional benefit to working
with pre-existing monitoring schemes is the availability of long-term
abundance data, allowing for direct comparisons between genetic
diversity and population abundance. Whilst combining with pre-
established schemes would be hugely beneficial, it would also bring
significant issues. Aside from the potential need to train volunteers,
expanding monitoring schemes will require dedicated lab protocols
and facilities, specifically funded for the purpose. Such facilities exist
for DNA barcoding (e.g., Bold Systems v4, 2024) and genome
sequencing (e.g., Darwin Tree of Life, 2024), suggesting a willingness
to fund genetic initiatives.

Assuming funding for a full genetic diversity monitoring scheme is
secured, the efficient use of these funds will be crucial. One element
to consider is the regularity at which samples should be collected. Our
analysis showed minimal changes in genetic diversity over time, there-
fore annual monitoring may not be required for a common species
with relatively stable population dynamics such as M. jurtina. Using
pre-existing monitoring data (e.g., UKBMS) to determine levels of
population fluctuations would be a valuable starting point, as species
with unstable population dynamics are more likely to show changes in
genetic diversity over shorter periods and therefore require more fre-
guent monitoring. Additionally, the choice of molecular marker should
be considered, not just in terms of cost, but required recorder effort.
The reducing costs of next-generation sequencing (Bruford et al.,
2017) means a wider range of molecular techniques could be imple-
mented, either through the characterisation of microsatellite markers
via methods including lllumina sequencing (e.g., Kroeze et al., 2022) or
the use of alternative markers such as Single Nucleotide Polymor-
phisms (SNPs) (Saarinen, 2015). SNPs offer a further advantage in that
fewer samples are required to attain reliable estimates of population
genetics (Nazareno et al., 2017).

A valuable addition to this work would be the inclusion of histori-
cal specimens, to allow the comparison of historical and contemporary
genetic diversity, as has been done for other Lepidoptera (Saarinen
and Daniels, 2012; Ugelvig et al., 2011). This would provide evidence
as to whether the perceived high levels of genetic diversity reported
here are an example of shifting baseline syndrome (Papworth
et al., 2009).

Conclusion

The approach used here has merit in revealing spatiotemporal pat-
terns of biodiversity change at multiple levels, however, many studies
of a similar nature are required if we are to develop the capacity to
track the progress of biodiversity targets over the next decade. The
refinement and upscaling of such initiatives are urgently needed if
the commitments of the Convention on Biodiversity are to be
fulfilled.

AUTHOR CONTRIBUTIONS
Matthew P. Greenwell: Investigation; writing - original draft; formal

analysis; project administration; data curation; methodology. Marc

e |

S. Botham: Conceptualization; data curation; writing - review and
editing; methodology. Michael W. Bruford: Conceptualization;
funding acquisition; methodology; writing - review and editing; super-
vision. John C. Day: Conceptualization; funding acquisition;
writing - review and editing; methodology; supervision; investigation.
Melanie Gibbs: Investigation; writing - review and editing. Toke
T. Hgye: Writing - review and editing; investigation. Dirk Maes:
Writing - review and editing; investigation. lan Middlebrook:
Writing - review and editing; investigation; data curation. Martin
Musche: Investigation; writing - review and editing. Lars
B. Pettersson: Investigation; writing - review and editing. David
B. Roy: Conceptualization; methodology; writing - review and editing;
data curation. Josef Settele: Investigation; writing - review and edit-
ing. Constanti Stefanescu: Investigation; writing - review and editing.
Tiit Teder: Investigation; writing - review and editing. Nia E. Thomas:
Writing - review and editing; formal analysis. Kevin Watts: Conceptu-
alization; investigation; methodology; writing - review and editing;
supervision; funding acquisition. Tom H. Oliver: Conceptualization;
investigation; funding acquisition; methodology; writing - review and

editing; formal analysis; supervision.

ACKNOWLEDGEMENTS

Thanks to Johan Broidioi, Anne Eskildsen, Luke Evans, Lisbeth Hord-
ley, Elisabeth Kihn, Xavier Mestdagh, Matthias Plattner, Chris van
Swaay, Pieterjan Vervecken and Irma Wynhoff for sample collection.
Thanks to David Greenwell for additional computational support.
Matthew P. Greenwell acknowledges PhD studentship funding from
the SCENARIO NERC Doctoral Training Partnership grant
NE/LO02566/1. Melanie Gibbs was funded through the UKCEH
National Capability Fund NEC05106 WP2: Mechanisms of Resilience
across ecological scales. Martin Musche was supported by the pro-
jects eLTER PLUS (Grand Agreement No. 871128) and EUROPABON
(Grand Agreement No 101003553) funded under the EU’s research
and innovation funding programme HORIZON 2020. Toke T. Hgye
Acknowledges funding from 15. Juni Fonden (grant no. 2023-0140)
and Aage V Jensens Naturfond (grant no. N2023-0017). Tiit Teder
was funded by the Estonian Research Council (grant no. PRG741) and
the Internal Grant Agency of the Faculty of Environmental Sciences,
Czech University of Life Sciences Prague (grant
no. 42900/1312/3141). The UK Butterfly Monitoring Scheme is orga-
nised and funded by Butterfly Conservation (BC), the UK Centre for
Ecology and Hydrology (UKCEH), the British Trust for Ornithology
(BTO) and the Joint Nature Conservation Committee (JNCC). The
UKBMS is indebted to all volunteers who contribute data to

the scheme.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available in
Mendeley Data at DOI: 10.17632/kfz2fbrkdx.1 and in the Environ-
mental Information Data Centre available at DOI: https://doi.org/10.

85U80| 7 SUOWWIOD 3AEaID 3|qedldde 8y Aq pauleob a1e 9 YO ‘SN JO S3|NJ o AXeiq 1 3UIIUO A8]IA L (SUO N IPUOD-PUe-SWLBYLI0D A8 | 1M Ae.d1)BUI|UO//SARY) SUORIPUOD PUe swile | 81 88S *[7202/TT/.2] uo ArlgTaulluo A8|IM ‘1581 Aq 98.2T Peol/TTTT OT/I0p/Wod A8 |Im Areiq 1 puljUO'S UINO a.//:SdNY WO} pepeo|umoq ‘0 ‘86572SLT


https://doi.org/10.17632/kfz2fbrkdx.1
https://doi.org/10.5285/6c6c9203-7333-4d96-88ab-78925e7a4e73

12 Insect Conservation
and Diversity

5285/6c6c9203-7333-4d96-88ab-78925e7a4e73 and DOI: https://
doi.org/10.5285/180a1lc76-bceb-4264-872b-deddfe67b3de.

ORCID

Matthew P. Greenwell "= https://orcid.org/0000-0001-5406-6222
Marc S. Botham "= https://orcid.org/0000-0002-5276-1405
Michael W. Bruford "2 https://orcid.org/0000-0001-6357-6080
John C. Day "' https://orcid.org/0000-0002-5483-4487
Melanie Gibbs "> https://orcid.org/0000-0002-4091-9789
Toke T. Haye ‘2 https://orcid.org/0000-0001-5387-3284

Dirk Maes ' https://orcid.org/0000-0002-7947-3788

lan Middlebrook "= https://orcid.org/0000-0002-0448-9144
Martin Musche "= https://orcid.org/0000-0002-9999-0838
Lars B. Pettersson ‘2 https://orcid.org/0000-0001-5745-508X
David B. Roy "2 https://orcid.org/0000-0002-5147-0331

Josef Settele "I https://orcid.org/0000-0002-8624-4983

Tiit Teder "= https://orcid.org/0000-0001-6587-9325

Nia E. Thomas "2 https://orcid.org/0000-0003-4412-4286
Kevin Watts \= https://orcid.org/0000-0002-1832-9475

Tom H. Oliver "=’ https://orcid.org/0000-0002-4169-7313

REFERENCES

Adamack, A.T. & Gruber, B. (2014) PopGenReport: simplifying basic popu-
lation genetic analyses in R. Methods in Ecology and Evolution, 5(4),
384-387. Available from: https://doi.org/10.1111/2041-210x.
12158

Baxter, S., Hoffman, J., Tregenza, T. et al. (2017) EB Ford revisited: asses-
sing the long-term stability of wing-spot patterns and population
genetic structure of the meadow brown butterfly on the Isles of
Scilly. Heredity, 118, 322-329. Available from: https://doi.org/10.
1038/hdy.2016.94

Benjamini, Y. & Hochberg, Y. (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society: Series B (Methodological), 57, 289-300.

Boettcher, P.J., Tixier-Boichard, M., Toro, M.A,, Simianer, H., Eding, H.,
Gandini, G. et al. (2010) Objectives, criteria and methods for using
molecular genetic data in priority setting for conservation of animal
genetic resources. Animal Genetics, 41, 64-77.

Bold Systems. (2024) Bold Systems v4. Available at: https://www.
boldsystems.org/

Botham, M., Brereton, T., Harrower, C., Middlebrook, I. & Roy, D.B. (2020)
United Kingdom Butterfly Monitoring Scheme: Site Indices 2019. NERC
Environmental Information Data Centre.

Brakefield, P.M. (1982a) Ecological studies on the butterfly Maniola jurtina
in Britain. I. Adult behaviour, microdistribution and dispersal. Journal
of Animal Ecology, 51, 713-726.

Brakefield, P.M. (1982b) Ecological studies on the butterfly Maniola jurtina
in Britain. Il. Population dynamics: the present position. Journal of
Animal Ecology, 51, 727-738.

Brakefield, P.M. & Shreeve, T. (1992) Case studies in evolution. In:
Dennis, R. (Ed.) The ecology of butterflies in Britain. Oxford: Oxford
University Press, pp. 197-209.

Brereton, T.M., Botham, M.S., Middlebrook, |., Randle, Z., Noble, D., Harris,
S. et al. (2017) United Kingdom Butterfly Monitoring Scheme Annual
Report 2017. Publication - Report. Wallingford: NERC/Centre for
Ecology & Hydrology.

Brereton, T.M., Cruickshanks, K.L., Risely, K., Noble, D.G. & Roy, D.B.
(2011) Developing and launching a wider countryside butterfly

Royal
@ Entomological
Saciety

GREENWELL ET AL.

survey across the United Kingdom. Journal of Insect Conservation, 15,
279-290.

Broeck, A.V., Maes, D., Kelager, A., Wynhoff, I., WallisDeVries, M.F., Nash,
D.R. et al. (2017) Gene flow and effective population sizes of the
butterfly Maculinea alcon in a highly fragmented, anthropogenic
landscape. Biological Conservation, 209, 89-97. Available from:
https://doi.org/10.1016/j.biocon.2017.02.001

Bruford, M.W., Davies, N., Dulloo, M.E., Faith, D.P. & Walters, M. (2017)
Monitoring Changes in Genetic Diversity. In: Walters, M. & Scholes,
R.J. (Eds.) The GEO Handbook on Biodiversity Observation Networks.
Cham: Springer International Publishing, pp. 107-128.

Conradt, L., Bodsworth, E.J., Roper, T.J. & Thomas, C.D. (2000) Non-
random dispersal in the butterfly Maniola jurtina: implications for
metapopulation models. Proceedings of the Royal Society of London
Series B: Biological Sciences, 267, 1505-1510.

Convention on Biological Diversity. (2011) Key elements of the strategic
plan 2011-2020, including Aichi biodiversity targets. Secretariat of
the Convention on Biological Diversity. Available at: https://www.
cbd.int/sp/elements

Convention on Biological Diversity. (2020a) Zero draft of the post-2020
global biodiversity framework. Addendum. Available at: https://
www.cbd.int/doc/c/3539/9fe5/d7f2e35051986addbadec258/
wg2020-02-03-add1-en.pdf

Convention on Biological Diversity. (2020b) Zero draft of the post-2020
Global Biodiversity Framework. Available at: https://www.cbd.int/
doc/c/efb0/1f84/a892b98d2982a829962b6371/
wg2020-02-03-en.pdf?fbclid=IwAR2Ajf56fA8szfZP1FcFRIXejAHO
Ae9XKuGiBc24c0lGgllgiiSJ1watalo

Dapporto, L., Habel, J.C., Dennis, R.L.H. & Schmitt, T. (2011) The biogeog-
raphy of the western Mediterranean: elucidating contradictory distri-
bution patterns of differentiation in Maniola jurtina (Lepidoptera:
Nymphalidae). Biological Journal of the Linnean Society, 103,
571-577.

Darwin Tree of Life. (2024) Darwin tree of life. Available at: https://www.
darwintreeoflife.org/

Delattre, T., Vernon, P. & Burel, F. (2013) An agri-environmental scheme
enhances butterfly dispersal in European agricultural landscapes.
Agriculture, Ecosystems & Environment, 166, 102-109.

Dennis, E.B., Freeman, S.N., Brereton, T. & Roy, D.B. (2013) Indexing but-
terfly abundance whilst accounting for missing counts and variability
in seasonal pattern. Methods in Ecology and Evolution, 4, 637-645.
Available from: https://doi.org/10.1111/2041-210X.12053

De Ro, A., Vanden Broeck, A., Verschaeve, L. et al. (2021) Occasional long-
distance dispersal may not prevent inbreeding in a threatened but-
terfly. BMC Ecology and Evolution, 21, 224. Available from: https://
doi.org/10.1186/s12862-021-01953-z

Diniz-Filho, J.A.F., Soares, T.N., Lima, J.S., Dobrovolski, R., Landeiro, V.L.,
de Campos Telles, M.P. et al. (2013) Mantel test in population genet-
ics. Genetics and Molecular Biology, 36, 475-485.

Earl, D.A. & vonHoldt, B.M. (2012) Structure Harvester: a website and pro-
gram for visualizing STRUCTURE output and implementing the
Evanno method. Conservation Genetics Resources, 4, 359-361. Avail-
able from: https://doi.org/10.1007/512686-011-9548-7

Epps, C.W. & Keyghobadi, N. (2015) Landscape genetics in a changing
world: disentangling historical and contemporary influences and
inferring change. Molecular Ecology, 24, 6021-6040.

Evanno, G., Regnaut, S. & Goudet, J. (2005) Detecting the number of clus-
ters of individuals using the software STRUCTURE: a simulation
study. Molecular Ecology, 14, 2611-2620.

Evans, L.C., Sibly, R.M., Thorbek, P., Sims, I., Oliver, T.H. & Walters, R.J.
(2019) Quantifying the effectiveness of agri-environment schemes
for a grassland butterfly using individual-based models. Ecological
Modelling, 411, 108798.

85U80| 7 SUOWWIOD 3AEaID 3|qedldde 8y Aq pauleob a1e 9 YO ‘SN JO S3|NJ o AXeiq 1 3UIIUO A8]IA L (SUO N IPUOD-PUe-SWLBYLI0D A8 | 1M Ae.d1)BUI|UO//SARY) SUORIPUOD PUe swile | 81 88S *[7202/TT/.2] uo ArlgTaulluo A8|IM ‘1581 Aq 98.2T Peol/TTTT OT/I0p/Wod A8 |Im Areiq 1 puljUO'S UINO a.//:SdNY WO} pepeo|umoq ‘0 ‘86572SLT


https://doi.org/10.5285/6c6c9203-7333-4d96-88ab-78925e7a4e73
https://doi.org/10.5285/180a1c76-bceb-4264-872b-deddfe67b3de
https://doi.org/10.5285/180a1c76-bceb-4264-872b-deddfe67b3de
https://orcid.org/0000-0001-5406-6222
https://orcid.org/0000-0001-5406-6222
https://orcid.org/0000-0002-5276-1405
https://orcid.org/0000-0002-5276-1405
https://orcid.org/0000-0001-6357-6080
https://orcid.org/0000-0001-6357-6080
https://orcid.org/0000-0002-5483-4487
https://orcid.org/0000-0002-5483-4487
https://orcid.org/0000-0002-4091-9789
https://orcid.org/0000-0002-4091-9789
https://orcid.org/0000-0001-5387-3284
https://orcid.org/0000-0001-5387-3284
https://orcid.org/0000-0002-7947-3788
https://orcid.org/0000-0002-7947-3788
https://orcid.org/0000-0002-0448-9144
https://orcid.org/0000-0002-0448-9144
https://orcid.org/0000-0002-9999-0838
https://orcid.org/0000-0002-9999-0838
https://orcid.org/0000-0001-5745-508X
https://orcid.org/0000-0001-5745-508X
https://orcid.org/0000-0002-5147-0331
https://orcid.org/0000-0002-5147-0331
https://orcid.org/0000-0002-8624-4983
https://orcid.org/0000-0002-8624-4983
https://orcid.org/0000-0001-6587-9325
https://orcid.org/0000-0001-6587-9325
https://orcid.org/0000-0003-4412-4286
https://orcid.org/0000-0003-4412-4286
https://orcid.org/0000-0002-1832-9475
https://orcid.org/0000-0002-1832-9475
https://orcid.org/0000-0002-4169-7313
https://orcid.org/0000-0002-4169-7313
https://doi.org/10.1111/2041-210x.12158
https://doi.org/10.1111/2041-210x.12158
https://doi.org/10.1038/hdy.2016.94
https://doi.org/10.1038/hdy.2016.94
https://www.boldsystems.org/
https://www.boldsystems.org/
https://doi.org/10.1016/j.biocon.2017.02.001
https://www.cbd.int/sp/elements
https://www.cbd.int/sp/elements
https://www.cbd.int/doc/c/3539/9fe5/d7f2e35051986addba4ec258/wg2020-02-03-add1-en.pdf
https://www.cbd.int/doc/c/3539/9fe5/d7f2e35051986addba4ec258/wg2020-02-03-add1-en.pdf
https://www.cbd.int/doc/c/3539/9fe5/d7f2e35051986addba4ec258/wg2020-02-03-add1-en.pdf
https://www.cbd.int/doc/c/efb0/1f84/a892b98d2982a829962b6371/wg2020-02-03-en.pdf?fbclid=IwAR2Ajf56fA8szfZP1FcFRIXejAH0Ae9XKuGiBc24c0lGgJIgiiSJ1wata1o
https://www.cbd.int/doc/c/efb0/1f84/a892b98d2982a829962b6371/wg2020-02-03-en.pdf?fbclid=IwAR2Ajf56fA8szfZP1FcFRIXejAH0Ae9XKuGiBc24c0lGgJIgiiSJ1wata1o
https://www.cbd.int/doc/c/efb0/1f84/a892b98d2982a829962b6371/wg2020-02-03-en.pdf?fbclid=IwAR2Ajf56fA8szfZP1FcFRIXejAH0Ae9XKuGiBc24c0lGgJIgiiSJ1wata1o
https://www.cbd.int/doc/c/efb0/1f84/a892b98d2982a829962b6371/wg2020-02-03-en.pdf?fbclid=IwAR2Ajf56fA8szfZP1FcFRIXejAH0Ae9XKuGiBc24c0lGgJIgiiSJ1wata1o
https://www.darwintreeoflife.org/
https://www.darwintreeoflife.org/
https://doi.org/10.1111/2041-210X.12053
https://doi.org/10.1186/s12862-021-01953-z
https://doi.org/10.1186/s12862-021-01953-z
https://doi.org/10.1007/s12686-011-9548-7

MONITORING BUTTERFLY GENETIC DIVERSITY

Insect Conservation
and Diversity

Evans, L.C, Sibly, R.M., Thorbek, P., Sims, I., Oliver, T.H. & Walters, R.J.
(2020) The importance of including habitat-specific behaviour in
models of butterfly movement. Oecologia, 193, 249-259.

Excoffier, L. (2007) Analysis of Population Subdivision. In: Balding, D.J.,
Bishop, M. & Cannings, C. (Eds.) Handbook of Statistical Genetics.
Chichester: John Wiley & Sons, Ltd, pp. 980-1020.

Excoffier, L. & Lischer, H.E.L. (2010) Arlequin suite ver 3.5: a new series of
programs to perform population genetics analyses under Linux and
Windows. Molecular Ecology Resources, 10, 564-567. Available from:
https://doi.org/10.1111/j.1755-0998.2010.02847 .x

Falush, D., Stephens, M. & Pritchard, J.K. (2003) Inference of population
structure using multilocus genotype data: linked loci and correlated
allele frequencies. Genetics, 164, 1567-1587. Available from:
https://doi.org/10.1093/genetics/164.4.1567

Falush, D., Stephens, M. & Pritchard, J.K. (2007) Inference of population
structure using multilocus genotype data: dominant markers and null
alleles. Molecular Ecology Notes, 7, 574-578. Available from: https://
doi.org/10.1111/j.1471-8286.2007.01758.x

Foc, R., Warren, M.S., Brereton, T.M,, Roy, D.B. & Robinson, A. (2011) A
new red list of British butterflies. Insect Conservation and Diversity, 4,
159-172. Available from: https://doi.org/10.1111/j.1752-4598.
2010.00117.x

Frankham, R. (1997) Do island populations have less genetic variation than
mainland populations? Heredity, 78, 311-327.

Freeland, J., Kirk, H. & Petersen, S. (2011) Molecular markers in ecology.
In: Molecular Ecology. John Wiley & Sons, Ltd, pp. 35-75.

Furlan, E., Stoklosa, J., Griffiths, J., Gust, N., Ellis, R., Huggins, R.M. et al.
(2012) Small population size and extremely low levels of genetic
diversity in island populations of the platypus, Ornithorhynchus ana-
tinus. Ecology and Evolution, 2, 844-857.

Goslee, S.C. & Urban, D.L. (2007) The ecodist package for dissimilarity-
based analysis of ecological data. Journal of Statistical Software, 22(7),
1-19. Available from: https://doi.org/10.18637/jss.v022.i07

Goulson, D. (1993) Allozyme variation in the butterfly, Maniola jurtina
(Lepidoptera: Satyrinae) (L.): evidence for selection. Heredity, 71,
386-393. Available from: https://doi.org/10.1038/hdy.1993.153

Greenwell, M.P., Botham, M.S., Bruford, M.\W., Day, J.C, Evans, L.C,,
Gibbs, M. et al. (2021) The influence of chalk grasslands on butterfly
phenology and ecology. Ecology and Evolution, 11, 14521-14539.

Gruber, B. & Adamack, A.T. (2015) Landgenreport: a new r function to sim-
plify landscape genetic analysis using resistance surface layers.
Molecular Ecology Resources, 15, 1172-1178. Available from: https://
doi.org/10.1111/1755-0998.12381

Habel, J.C., Dieker, P. & Schmitt, T. (2009) Biogeographical connections
between the Maghreb and the Mediterranean peninsulas of southern
Europe. Biological Journal of the Linnean Society, 98, 693-703.

Hamm, C.A., Aggarwal, D. & Landis, D.A. (2010) Evaluating the impact of
non-lethal DNA sampling on two butterflies, Vanessa cardui and
Satyrodes eurydice. Journal of Insect Conservation, 14, 11-18. Avail-
able from: https://doi.org/10.1007/s10841-009-9219-0

Han, Q. & Caprio, M.A. (2002) Temporal and spatial patterns of allelic fre-
quencies in cotton bollworm (Lepidoptera: Noctuidae). Environmental
Entomology, 31, 462-468.

Helyar, S.J., Hemmer-Hansen, J., Bekkevold, D., Taylor, M.l., Ogden, R.,
Limborg, M.T. et al. (2011) Application of SNPs for population genet-
ics of nonmodel organisms: new opportunities and challenges. Molec-
ular Ecology Resources, 11, 123-136. Available from: https://doi.org/
10.1111/j.1755-0998.2010.02943.x

Hijmans, R.J., Williams, E., Vennes, C. & Hijmans, M.R.J. (2017) Package
‘geosphere’. Spherical trigonometry, 1(7), 1-45.

Hoban, S., Arntzen, J.A., Bruford, M.W., Godoy, J.A., Rus Hoelzel, A,
Segelbacher, G. et al. (2014) Comparative evaluation of potential
indicators and temporal sampling protocols for monitoring genetic
erosion. Evolutionary Applications, 7, 984-998.

. | 1

Hoban, S.M., Hauffe, H.C., Pérez-Espona, S., Arntzen, J.W., Bertorelle, G,,
Bryja, J. et al. (2013) Bringing genetic diversity to the forefront of
conservation policy and management. Conservation Genetics
Resources, 5, 593-598.

Hubisz, M.J., Falush, D., Stephens, M. & Pritchard, J.K. (2009) Inferring
weak population structure with the assistance of sample group infor-
mation. Molecular Ecology Resources, 9, 1322-1332. Available from:
https://doi.org/10.1111/j.1755-0998.2009.02591.x

Jangjoo, M., Matter, S.F., Roland, J. & Keyghobadi, N. (2020) Demographic
fluctuations lead to rapid and cyclic shifts in genetic structure among
populations of an alpine butterfly, Parnassius smintheus. Journal of
Evolutionary Biology, 33, 668-681.

Keyghobadi, N., Crawford, L.A. & Maxwell, S.A. (2009) Successful analysis
of AFLPs from non-lethally sampled wing tissues in butterflies. Con-
servation Genetics, 10, 2021-2024. Available from: https://doi.org/
10.1007/s10592-009-9884-2

Keyghobadi, N., Koscinski, D., Weintraub, J.D. & Fonseca, D.M. (2013) His-
torical specimens reveal past relationships and current conservation
status of populations in a declining species: the regal fritillary butter-
fly. Insect Conservation and Diversity, 6, 234-242.

Keyghobadi, N., Roland, J. & Strobeck, C. (2005) Genetic differentiation
and gene flow among populations of the alpine butterfly, Parnassius
smintheus, vary with landscape connectivity. Molecular Ecology, 14,
1897-1909.

Kim, K.S., Bagley, M.J., Coates, B.S., Hellmich, R.L. & Sappington, T.W.
(2009) Spatial and temporal genetic analyses show high gene flow
among European corn borer (Lepidoptera: Crambidae) populations
across the central U.S. corn belt. Environmental Entomology, 38,
1312-1323.

Koscinski, D., Crawford, L.A., Keller, H.A. & Keyghobadi, N. (2011) Effects
of different methods of non-lethal tissue sampling on butterflies.
Ecological Entomology, 36, 301-308. Available from: https://doi.org/
10.1111/j.1365-2311.2011.01272.x

Kreuzinger, A.J.,, Fiedler, K., Letsch, H. & Grill, A. (2015) Tracing the radia-
tion of Maniola (Nymphalidae) butterflies: new insights from phylo-
geography hint at one single incompletely differentiated species
complex. Ecology and Evolution, 5, 46-58. Available from: https://doi.
org/10.1002/ece3.1338

Kroeze, S.L., Brewster, A, Linton, J.E., Norris, D.R., Otis, G.W., Young, Y.
et al. (2022) Microsatellites for the at-risk mottled Duskywing butter-
fly, Erynnis martialis. Conservation Genetics Resources, 14, 387-388.

Laikre, L. (2010) Genetic diversity is overlooked in international conserva-
tion policy implementation. Conservation Genetics, 11, 349-354.

Laikre, L., Hoban, S., Bruford, M.W., Segelbacher, G., Allendorf, F.W.,
Gajardo, G. et al. (2020) Post-2020 goals overlook genetic diversity.
Science, 367, 1083-1085.

Lebeau, J., Wesselingh, R.A. & Van Dyck, H. (2018) Impact of floral nectar
limitation on life-history traits in a grassland butterfly relative to nec-
tar supply in different agricultural landscapes. Agriculture, Ecosys-
tems & Environment, 251, 99-106.

Leroy, G., Carroll, E.L., Bruford, M.W., DeWoody, J.A, Strand, A., Waits, L.
et al. (2018) Next-generation metrics for monitoring genetic erosion
within populations of conservation concern. Evolutionary Applica-
tions, 11, 1066-1083.

Meirmans, P.G. (2015) Seven common mistakes in population genetics and
how to avoid them. Molecular Ecology, 24, 3223-3231.

Meirmans, P.G. & Hedrick, P.W. (2011) Assessing population structure:
FST and related measures. Molecular Ecology Resources, 11, 5-18.

Merckx, T. & Van Dyck, H. (2002) Interrelations among habitat use, behav-
ior, and flight-related morphology in two Cooccurring Satyrine but-
terflies, Maniola jurtina and Pyronia tithonus. Journal of Insect
Behavior, 15, 541-561.

Nakahama, N. & Isagi, Y. (2018) Recent transitions in genetic diversity and
structure in the endangered semi-natural grassland butterfly,

85U80| 7 SUOWWIOD 3AEaID 3|qedldde 8y Aq pauleob a1e 9 YO ‘SN JO S3|NJ o AXeiq 1 3UIIUO A8]IA L (SUO N IPUOD-PUe-SWLBYLI0D A8 | 1M Ae.d1)BUI|UO//SARY) SUORIPUOD PUe swile | 81 88S *[7202/TT/.2] uo ArlgTaulluo A8|IM ‘1581 Aq 98.2T Peol/TTTT OT/I0p/Wod A8 |Im Areiq 1 puljUO'S UINO a.//:SdNY WO} pepeo|umoq ‘0 ‘86572SLT


https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/genetics/164.4.1567
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/j.1752-4598.2010.00117.x
https://doi.org/10.1111/j.1752-4598.2010.00117.x
https://doi.org/10.18637/jss.v022.i07
https://doi.org/10.1038/hdy.1993.153
https://doi.org/10.1111/1755-0998.12381
https://doi.org/10.1111/1755-0998.12381
https://doi.org/10.1007/s10841-009-9219-0
https://doi.org/10.1111/j.1755-0998.2010.02943.x
https://doi.org/10.1111/j.1755-0998.2010.02943.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1007/s10592-009-9884-2
https://doi.org/10.1007/s10592-009-9884-2
https://doi.org/10.1111/j.1365-2311.2011.01272.x
https://doi.org/10.1111/j.1365-2311.2011.01272.x
https://doi.org/10.1002/ece3.1338
https://doi.org/10.1002/ece3.1338

14 Insect Conservation
and Diversity

Melitaea protomedia, in Japan. Insect Conservation and Diversity, 11,
330-340.

Nazareno, A.G., Bemmels, J.B., Dick, CW. & Lohmann, L.G. (2017) Mini-
mum sample sizes for population genomics: an empirical study from
an Amazonian plant species. Molecular Ecology Resources, 17, 1136-
1147.

Oliver, T.H., Brereton, T. & Roy, D.B. (2013) Population resilience to an
extreme drought is influenced by habitat area and fragmentation in
the local landscape. Ecography, 36, 579-586. Available from: https://
doi.org/10.1111/j.1600-0587.2012.07665.x

Papworth, S.K.,, Rist, J., Coad, L. & Milner-Gulland, E.J. (2009) Evidence for
shifting baseline syndrome in conservation. Conservation Letters, 2,
93-100. Available from: https://doi.org/10.1111/j.1755-263X.2009.
00049.x

Pereira, H.M., Ferrier, S., Walters, M., Geller, G.N., Jongman, RH.G,,
Scholes, R.J. et al. (2013) Essential biodiversity variables. Science,
339, 277-278.

Pertoldi, C., Ruiz-Gonzalez, A., Bahrndorff, S., Renee Lauridsen, N.,
Nisbeth Henriksen, T., Eskildsen, A. et al. (2021) Strong isolation by
distance among local populations of an endangered butterfly species
(Euphydryas aurinia). Ecology and Evolution, 11, 12790-12800. Avail-
able from: https://doi.org/10.1002/ece3.8027

Peterman, W.E. (2018) Resistance GA: an R package for the optimization
of resistance surfaces using genetic algorithms. Methods Ecol Evol., 9,
1638-1647. Available from: https://doi.org/10.1111/2041-210X.
12984

Pollard, E. & Yates, T.J. (1993) Monitoring Butterflies for Ecology and Conser-
vation: The British Butterfly Monitoring Scheme. Springer Science &
Business Media.

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000) Inference of population
structure using multilocus genotype data. Genetics, 155, 945-959.

R Core Team. (2024) R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Richard, M., Villemey, A. Stevens, V., Blanvillain, G., Dardenne, S. &
Baguette, M. (2015) Fifteen new polymorphic microsatellite loci for
the meadow brown butterfly, Maniola jurtina. Biochemical Systematics
and Ecology, 63, 165-169.

Roy, D.B., Rothery, P., Moss, D., Pollard, E. & Thomas, J.A. (2001) Butterfly
numbers and weather: predicting historical trends in abundance and
the future effects of climate change. Journal of Animal Ecology, 70,
201-217.

Rousset, F. (2008) genepop’007: a complete re-implementation of the
genepop software for Windows and Linux. Molecular Ecology
Resources, 8, 103-106. Available from: https://doi.org/10.1111/j.
1471-8286.2007.01931.x

Saarinen, E. (2015) Butterfly conservation genetics. In: Daniels, J.C. (Ed.)
Butterfly conservation in North America: efforts to help save our charis-
matic microfauna. Netherlands, Dordrecht: Springer, pp. 75-101.

Saarinen, E.V., Austin, J.D. & Daniels, J.C. (2010) Genetic estimates of con-
temporary effective population size in an endangered butterfly indi-
cate a possible role for genetic compensation. Evolutionary
Applications, 3, 28-39.

Saarinen, E.V. & Daniels, J.C. (2012) Using museum specimens to assess
historical distribution and genetic diversity in an endangered butter-
fly. Animal Biology, 62, 337-350.

Saarinen, E.V,, Reilly, P.F. & Austin, J.D. (2016) Conservation genetics of
an endangered grassland butterfly (Oarisma poweshiek) reveals his-
torically high gene flow despite recent and rapid range loss. Insect
Conservation and Diversity, 9, 517-528.

Schmitt, T., Réber, S. & Seitz, A. (2005) Is the last glaciation the only rele-
vant event for the present genetic population structure of the
meadow brown butterfly Maniola jurtina (Lepidoptera: Nymphali-
dae)? Biological Journal of the Linnean Society, 85, 419-431.

Royal
@ Entomological
Saciety

GREENWELL ET AL.

Schneider, C., Dover, J. & Fry, G.L.A. (2003) Movement of two grassland
butterflies in the same habitat network: the role of adult resources
and size of the study area. Ecological Entomology, 28, 219-227.

Tauber, AF. (1970) Glaziale Reliktformen der Gattung Maniola (Lep. Satyri-
dae) in Vorderasien. Zeitschrift der Arbeitsgemeinschaft Osterrei-
chischer Entomologen, 22, 101-119.

Thomson, G. (1973) Geographical variation of Maniola jurtina (L.) (Lepidop-
tera, Satyridae). Tijdschrift Voor Entomologie.

Thomson, G. (1987) Enzyme variation at morphological boundaries in Man-
iola and related genera (Lepidoptera: Nymphalidae: Satyrinae). Stirling:
University of Stirling.

Titley, M.A.,, Snaddon, J.L. & Turner, E.C. (2017) Scientific research on ani-
mal biodiversity is systematically biased towards vertebrates and
temperate regions. PLoS One, 12, e0189577.

Tolman, T. & Lewington, R. (1997) Collins Field Guide Butterflies of Britain
and Europe. London: Harper Collins.

Ugelvig, L.V., Nielsen, P.S., Boomsma, J.J. et al. (2011) Reconstructing eight
decades of genetic variation in an isolated Danish population of the
large blue butterfly Maculinea arion. BMC Ecology and Evolution, 11,
201. Available from: https://doi.org/10.1186/1471-2148-11-201

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M. & Shipley, P. (2004)
Micro-checker: software for identifying and correcting genotyping
errors in microsatellite data. Molecular Ecology Notes, 4, 535-538.

Van Swaay, C., Cuttelod, A., Collins, S., Maes, D., Lépez Munguira, M.,
Sasi¢, M. et al. (2010) European Red List of Butterflies. LU: Publications
Office of the European Union.

van Swaay, C.A.M., Nowicki, P., Settele, J. & van Strien, A.J. (2008) Butter-
fly monitoring in Europe: methods, applications and perspectives.
Biodiversity and Conservation, 17, 3455-3469.

Vandewoestijne, S., Néve, G. & Baguette, M. (1999) Spatial and temporal
population genetic structure of the butterfly Aglais urticae
L. (Lepidoptera, Nymphalidae). Molecular Ecology, 8, 1539-1543.

Vila, M., Auger-Rozenberg, M.A., Goussard, F. & Lopez-Vaamonde, C.
(2009) Effect of non-lethal sampling on life-history traits of the pro-
tected moth Graellsia isabellae (Lepidoptera: Saturniidae). Ecological
Entomology, 34, 356-362. Available from: https://doi.org/10.1111/j.
1365-2311.2008.01084.x

Villemey, A., Peterman, W.E., Richard, M., Ouin, A, van Halder, I.,
Stevens, V.M. et al. (2016) Butterfly dispersal in farmland: a repli-
cated landscape genetics study on the meadow brown butterfly
(Maniola jurtina). Landscape Ecology, 31, 1629-1641.

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

Wright, S. (1965) The interpretation of population structure by F-statistics
with special regard to systems of mating. Evolution, 19, 395-420.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Data S1: Site location data and collaborating organisations.
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Figure S1. M. jurtina European distribution (reproduced from Tolman,
1997) and sampling locations.
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the resist.boot function from ResistanceGA.
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