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Abstract: Anthropogenic activities cause loss and fragmentation of natural habitats and have strong
effects on population maintenance by increasing their isolation. Pond ecosystems are scattered
waterbodies that can interact as a network connected by dispersal events of freshwater organisms.
Identifying local genetic differentiations and understanding how gene flow occurs across these
networks is essential to prevent risks associated with environmental perturbations. This study
aimed to investigate genetic diversity and structure of Anax imperator Leach, 1815 populations
at both regional and European scales using seven microsatellites markers. Seven populations of
A. imperator were sampled in northwestern France and four populations were sampled in Italy (Sicily),
Czech Republic, Switzerland and United Kingdom (U.K.). French populations presented a low
genetic differentiation indicating a high gene flow and confirming dispersal events of this species
between ponds at regional scale. No pattern of isolation by distance was found at the European
scale. The populations presented a low genetic differentiation and no pattern of isolation by distance,
suggesting historical or current movements of individuals. Only the U.K. population presented
a significant genetic differentiation from other European populations, suggesting that the English
Channel might act as a barrier to gene flow for A. imperator. However, Bayesian analysis showed that
some dispersal events could occur between the U.K. and France (Normandy), probably facilitated by
prevailing winds.

Keywords: dispersal barriers; dragonflies; genetic differentiation; pond networks; population structure

1. Introduction

The spatial structure of populations is generally conditioned by intrinsic life traits
(e.g., dispersal capacities), distances between sites and environmental factors such as
physical barriers or climate gradients [1–3]. Anthropogenic activities modify landscape
characteristics leading to loss and fragmentation of natural habitats [4]. Consequently,
many wildlife populations live in isolated habitat patches and often suffer a loss of genetic
diversity due to inbreeding [5,6]. Genetic studies are crucial to drive species conservation
measures because a low genetic diversity also increases the risk of population extinction
due to environmental perturbations and demographic stochasticity [7]. The local genetic
diversity can vary independently from the geographical distribution of the considered
species. Some wide-ranging species with high dispersal capacities can have different
genetic diversities at smaller scales [8], while other ones with low dispersal ability can
have low genetic differentiation at larger spatial scales [9,10]. In rare species, the genetic
diversity can also be constraint by specific habitat requirements that often induce isolation of
populations [11,12]. Overall, the genetic diversity depends on gene flow that is conditioned
by the frequency of dispersal events between populations [13].

Most dispersal events cover only short distances (i.e., short distance dispersal; SDD)
and take place within the boundaries of defined geographic or population limits [14].
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However, these SDD events may also allow distant populations to connect by a ‘step by
step’ dispersal process [15,16]. On the contrary, long distance dispersal (LDD) movements
are generally rare and difficult to detect [17,18], except in migratory species [19,20]. The
LDD often involve physical forces like wind and marine currents [21,22] or rely on organ-
isms with higher dispersal abilities [16,23]. Dispersal events have major consequences
on population dynamics. They enable species to colonize new patches and expand the
occupancy on their territory. They also allow the maintenance of population dynamics in
patches where species are already present and genetic mixing with other populations [14].
Both SDD and LDD are crucial for population maintenance because they limit the risk
of persistent extinction on one site by spreading local temporal dynamics of extinction
and colonization on multiple sites. Moreover, they preserve genetic diversity [13] which
increases the resilience of populations to environmental changes (e.g., climate change,
invasive species, habitat fragmentation) [24,25]. Estimating dispersal is often difficult in
the field because these events are rare at the individual scale. However, genetic techniques
can provide accurate estimates of gene flow between populations and therefore indirect
measurements of dispersal [26,27].

Ponds are small waterbodies with high conservation interest because of their high
biodiversity of aquatic plants, macroinvertebrates and amphibians [28,29]. Although ponds
are often scattered elements in the landscape, they are regularly considered as working
in networks. Interestingly, stepping-stone models (i.e., models in which individuals can
move among an infinite array of populations) [30] can be applied to these ecosystems to
investigate the genetic structure of pond populations [31,32]. The persistence of populations
is constrained by the availability of suitable breeding ponds, the distance between them,
as well as the nature of the habitats crossed, and the dispersal capacities of the considered
species [33]. Finally, pond populations can be threatened by perturbations like water
pollution or summer droughts [28,34,35]. Determining how gene flow is distributed across
pond networks and identifying potential local genetic differentiations is essential to assess
population decline and extinction risks associated with environmental perturbations and
habitat fragmentation.

Odonates are insects with aquatic nymphal development and terrestrial (aerial)
adults [36]. While some rare dispersal events have been reported at the nymphal stage, the
vast majority of the movements are performed by flying adults [37]. Dispersal distances
are difficult to quantify and can vary a lot depending on the dispersal ability of the species.
For instance, most zygopteran species do not move over more than one kilometer dur-
ing their lifetime, whereas some large Anisoptera can fly over several kilometers within
minutes [38,39]. In many species, most individuals stay on the same pond during their
whole lifetime [40–42], whereas other species like Pantala flavescens Fabricius, 1798 can un-
dertake recurrent migration flights across the oceans [43]. Therefore, the degree of genetic
differentiation between odonate populations depends on dispersal traits like body size or
wing morphology, but also on their behaviour and ecological niche. For zygopteran species
with similar body size, a specialist species like Coenagrion mercuriale Charpentier, 1840 [44]
shows considerable genetic differentiation between populations at a local scale (i.e., within
a distance of 24 km), whereas a very weak genetic structure was found at European and
North-American scales for the generalist species Ischnura elegans Vander Linden, 1820 [45]
and I. hastata Say, 1839 [46], respectively. Several landscape features might also act as a
physical barrier to dispersal, limiting the gene flow between populations. For instance,
dispersal movements of C. mercuriale are hindered by small hills, or patches of trees and
shrubs [47,48].

Anax imperator Leach, 1815 is a large dragonfly species (i.e., body size between 7 and
8 cm). Its distribution ranges from South Africa to Sweden [49] and seems to expand very
quickly (ca. 88 km per year) in response to the global climate change [50]. No migration on
long distances is reported for this species [38] contrary to other Aeshnidae like A. junius
Drury, 1773 which is known to migrate along the Eastern coast of the USA [51]. Nymphs
and exuviae measure up to 5 cm [52] and can be found sometimes in high densities in large



Diversity 2022, 14, 68 3 of 17

sun-exposed ponds with well-developed aquatic vegetation [53]. Mature adults present
a territorial behaviour but are also very mobile around their mating sites. Movements of
individuals have been recorded over few kilometers only, whereas this species is expected
to undertake flights on much longer distances [54]. However, lack of information on long-
distance dispersal events of Anax imperator can be explained by the difficulty to track insects
during long periods with available capture-mark-recapture techniques.

The present study focused on eleven populations of Anax imperator from ponds in
two Western European countries (i.e., France (Normandy) and United Kingdom) and three
Central and Southern European countries (i.e., Switzerland, Czech Republic and Italy
(Sicily)). Thus, genetic diversity and gene flow were investigated at both the regional
(i.e., populations from Normandy) and the European scales. Samples consisted either of
adult legs, nymphal legs, fresh exuviae (i.e., collected within the 24 h after emergence)
or old exuviae (i.e., collected at an unknown date after ecdysis). Therefore, the DNA
exploitability between fresh and old exuviae was also compared. Since A. imperator is a
large dragonfly with high dispersal abilities between its breeding sites, only a weak genetic
differentiation was expected between populations at a regional scale. Nevertheless, higher
genetic differentiation was expected at the European scale. We also hypothesized that
geographical barriers, and especially the English Channel or mountain chains such as the
Alps, might limit gene flow between populations at the European scale.

2. Materials and Methods
2.1. Study Populations and Sample Collection

Samples were collected from seven localities in France (Normandy) and a single
locality in the other countries (i.e., United Kingdom, Switzerland, Czech Republic and
Italy (Sicily); Table 1. A total of 251 individuals (i.e., 6 to 39 per locality) was collected
at or near ponds for DNA analysis. Depending on localities, different types of samples
were collected: a hind-leg tarsus of adults, a hind-leg tibia of nymphs, fresh or old exuviae
(Table 1). Some exuviae used for the analyses were obtained from individuals that were
reared at the University of Rouen (Normandy, France). They were collected within the 24 h
following emergence and were therefore qualified as “fresh”. Other exuviae collected in
the field were qualified as “old”. Indeed, the date of emergence was unknown and since
this exoskeleton can persist over several weeks in the vegetation [55,56], we had no idea of
the delay between emergence and collection. After collection, all samples were stored in
99.5% ethanol until DNA extraction.

Table 1. Details on the 11 localities where populations of Anax imperator that were studied in Europe
and the number of collected samples according to their source of DNA. NAs indicate no information
on sex available.

Country Pop Site Name Coordinates (WGS84)

Sex Source of DNA

Males Females Adult
Legs

Nymphal
Legs

Fresh
Exuviae Old Exuviae

Italy 1 Sicily 37.086 N, 15.286 E NA NA 6
Switzerland 2 Neuchâtel 47.002 N, 6.741 E 12 4 16

Czech
Republic 3 Kyjov 49.010 N, 17.128 E 7 21 16 12

France 4 Beaussault 49.682 N, 1.555 E NA NA 33
France 5 Cerisy 49.199 N, −0.912 E NA NA 19
France 6 Heudreville 49.133 N, 1.198 E 18 22 36 4
France 7 Bois-Guillaume 49.480 N, 1.102 E 25 14 39
France 8 Marchésieux 49.178 N, −1.324 E 9 5 14
France 9 Paluel 49.835 N, 0.624 E 8 7 15
France 10 Bresle 49.914 N, 1.679 E 7 3 10
United

Kingdom 11 York 53.964 N, −1.086 E 15 16 31

Total (n = 251) 22 82 90 57
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2.2. DNA Extraction and Microsatellite Genotyping

Collected legs were cut to smaller fragments using scissors. Then, DNA extraction
was performed using QIAamp Micro kits (QIAGEN, Courtaboeuf, France), following the
protocol provided with the kits. Collected exuviae were dried on a glass surface during the
night before extraction to allow alcohol evaporation. The exuviae were cut with scissors to
keep only the thorax, legs and the white tracheal lining from the abdomen. The material
was placed in a 5 mL Eppendorf tube with three steel beads and homogeneously grinded
with a MM400 mixer mill (Retsch, Éragny, FRance) for three minutes according to the
protocol proposed by [57]. Finally, DNA extraction was performed using DNeasy Blood
& Tissue Kits (QIAGEN, France), following the protocol provided with the kits except for
the following changes: quantity of proteinase K was 25 µL, quantities of buffer AL and
ethanol were 250 µL after incubation and as suggested by [57] and the elution step was
performed twice with 50 µL AE buffer. Individuals were genotyped using 12 microsatellite
loci previously developed for A. imperator [58]. Among these loci, two were derived from
the sister species A. parthenope and showed successful amplification with A. imperator.
Primers 5′-labelled with 3 fluorescent dyes (i.e., FAM, VIC and PET; Life Technologies
SAS, Villebon-sur-Yvette, France) were used for amplification reaction in four separate
PCR multiplexes in a thermocycler (Mastercycler nexus gradient Eppendorf, Montesson,
France). Polymerase Chain Reactions (PCRs) were performed in total volumes of 12.5 µL
containing 6.25 µL Qiagen Multiplex PCR Master Mix (QIAGEN, France), 4 µL RNAse-free
water, 1.25 µL of one of the four multiplexed primer combinations (concentration of each
primer: 2 µmol/µL) and 1 µL of DNA (10 ng/µL). PCR were performed using the following
thermocycler program (QIAGEN): first an initial denaturation step at 95 ◦C for 15 min,
then 35 cycles of denaturation consisting in 30 s at 93 ◦C, 90 s at an annealing temperature
of 52 ◦C or 57 ◦C depending on the multiplexes used and an elongation at 72 ◦C for 60 s,
and finally an extension at 65 ◦C for 30 min. Finally, 1 µL of each PCR product was added
to a solution of 8.8 µL of formamide (Applied Biosystems, Villebon-sur-Yvette, France)
and 0.2 µL of GeneScan 600 LIZ size standard (Applied Biosystems). Fragments were
analysed by capillary electrophoresis using an ABI Prism 3500 Genetic Analyzer (Applied
Biosystems). Then, results were analysed with the GeneMapper 4.1 software (Applied
Biosystems).

2.3. Genetic Diversity

All analyses were performed using the R software [59]. Means are given ± SD.
The presence of null alleles was checked using the R package “PopGenReport” [60].

Deviation from expected Hardy–Weinberg Equilibrium (HWE) conditions for each locus
and each population was tested using the R package “pegas” [61] and an exact test based
on 10,000 Monte Carlo permutations of alleles. Linkage Disequilibrium (LD) between all
locus-pair combinations was tested using the R package “genepop” (version 1.1.7) [62,63].
Markov chain parameters were 1000 dememorization, 100 batches and 1000 iterations per
batch for each test. p-values in the detection of HWE and LD were corrected with a False
Discovery Rate (FDR) procedure using Benjamini-Hochberg-Yekutieli method [64,65].

Observed heterozygosity (Ho), expected heterozygosity (He), numbers of alleles (Na),
allelic richness (AR), and inbreeding coefficients (FIS) for each population were calculated
using the R package “diveRsity” (version 1.9.90) [66]. The AR was calculated using the
rarefaction method to correct for variation in sample size [67] and to avoid having to
exclude a population from analyses. The 95% confidence intervals (CI) for FIS estimates
were calculated using 10,000 bootstrap iterations.

The global measures of FIS and FST, as well as pairwise FST-values between all
populations, were calculated using the diveRsity package. FST is considered as an effective
measure for population genetic differentiation when using relatively small data sets with
fewer than 20 loci [68,69]. All these F-statistics used the bias-corrected formulation of Weir
and Cockerham [70]. Estimate 95% confidence intervals for all measures of differentiation
were calculated using 10,000 bootstrap iterations.
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2.4. Population Genetic Analyses and Geographic Structure

We used the pegas package [61] to perform an analysis of molecular variance
(AMOVA) [71] based on Euclidian distances among individuals for all microsatellite loci.
The AMOVA was conducted to partition total genetic variation across three hierarchical
levels: among countries (i.e., U.K., France, Switzerland, Czech Republic and Sicily), among
populations within countries and within populations. The statistical significance of the
fixation indexes Φ was calculated using 10,000 permutations of data.

Genetic isolation-by-distance (IBD) is defined as a decrease in a genetic similarity
among populations as the geographical distance between them increases. It was investi-
gated considering a two-dimensional stepping-stone model and by studying the correlation
between FST/(1-FST) and the natural-log-transformed (ln) geographic distance [72]. A
Mantel test between a matrix of genetic differentiation between A. imperator populations
(i.e., using FST/(1-FST)) and a matrix of Euclidean distances between these populations
was performed using the package “ade4” with 10,000 permutations.

To investigate the genetic structure of the 11 populations of A. imperator sampled, a
model-based clustering was performed using the STRUCTURE 2.3.4 program [73]. It uses
a Bayesian Markov chain Monte Carlo (MCMC) method to identify genetic clusters (K)
and assign individuals to these clusters. Each cluster is characterised by a set of allele
frequencies at each locus. Individuals are assigned to these clusters based on the likelihood
of their multilocus genotypes to belong to these genetic clusters by minimising deviations
from Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium (LD) [73]. We per-
formed runs for a number of clusters (K) ranging from two to eight and with a number of
20 independent runs for each K. Anax imperator was expected to have high dispersal abilities
leading to frequent exchanges of individuals between populations. Therefore, an admix-
ture model with correlated allele frequencies was considered. The LOCPRIOR parameter
was not considered, i.e., the geographic location of the individuals was not considered
as an additional information. For each model, a burn-in period of 100,000 followed by
1,000,000 iterations was used to ensure convergence of the MCMC. The optimum number
of clusters was identified using both the log-likelihood (lnP (K)) and the estimated ∆K for
each K following [74]. The CLUster Matching and Permutation Program (CLUMPP) [75]
was used to aggregate all STRUCTURE runs for the optimum identified value of K. STRUC-
TURE models, identification of K following the Evanno’s method, CLUMPP analyses and
visualisation of the individual Bayesian assignment probability for the optimum value of K
were performed using the R package STRATAG [76].

Since French populations sampled were geographically close, we also investigated
genetic structure in individuals using a Discriminant Analysis of Principal Components
(DAPC) performed with the R package ADEGENET 2.1.3 [77].

Spatial genetic structure was also investigated using a spatial model in the R package
GENELAND 4.9.2 [78]. Like STRUCTURE, GENELAND provides tools to identify clusters
of individuals using Bayesian MCMC inferences with genetic data by maximizing Hardy–
Weinberg equilibrium and minimizing linkage disequilibrium, but geographical coordinates
of individuals are also considered to inform prior distribution. This spatial clustering
method allows inference of the borders between inferred clusters and is a powerful method
for detecting linear barriers to gene flow between populations [79]. The GENELAND
analysis was performed using four independent runs and for each run, a number of
clusters K ranging from Kmin = 1 to Kmax = 8 with 1,000,000 MCMC iterations, a burn-in
period of 1000 and a thinning value of 100. We used a correlated allele frequency model
that considered account the potential presence of null alleles. The best run was selected
according to the highest average posterior probability given by GENELAND.

2.5. Migration Rates between Studied Populations

To estimate recent migration rates between populations (i.e., over the last several
generations), analyses using MCMC were conducted in BAYESASS 3.0.4 software [80]. The
model was first run considering default values of the mixing parameters for migration rates
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(i.e., 0.1), allele frequencies (i.e., 0.1) and inbreeding coefficients (i.e., 0.1). The acceptance
rates given by BAYESASS of each of these three mixing parameters must be comprised
optimally between 20% and 60% [81]. Since the acceptance rates were first higher than 60%,
the model used ran with higher values of the mixing parameters (i.e., 0.7 for migration
rate, 0.65 for allele frequencies and 0.8 for inbreeding coefficients) to ensure that all these
acceptance rates fall in the acceptable range, and a burn-in of 1 × 106 for 1 × 107 iterations.

3. Results
3.1. Genetic Diversity

Two of the 12 microsatellites considered by [58], i.e., AiK04 and AiG03, were not
retained because the first was monomorphic and the second was not successfully amplified.
Loci AiJ04, AiL04 and AiM04 had high frequencies of null alleles (0.25, 0.25 and 0.23,
respectively) and were also not retained. Then, individuals with more than three loci with
missing values were removed from the data. Ten samples from fresh exuviae were excluded
(i.e., 11.1% of the total number of fresh exuviae) and 18 samples from old exuviae were
excluded (i.e., 31.6% of the total number of old exuviae). No sample from adult or nymphal
legs had more than three missing loci. Finally, 223 individuals were considered for further
analyses on seven markers (Table 2) and the total remaining missing values represented
6.6% of the loci.

Table 2. Genetic diversity measures (mean ± SE) in the 11 sampled populations of Anax imper-
ator from Europe. Legend: n = number of sampled individuals, Ho = observed heterozygosity,
He = expected heterozygosity, Na = number of alleles, AR = allelic richness, FIS = inbreeding coef-
ficient. Bolded Ho indicate populations presenting a significant departure from HWE condition.
Bolded FIS indicate a bootstrapped 95% confidence interval that does not overlap zero.

Country/Site Pop n Ho He Na AR FIS

Italy (Sicily) 1 6 0.71 ± 0.07 0.62 ± 0.05 29 4.14 ± 0.46 −0.17
Switzerland 2 16 0.65 ± 0.06 0.61 ± 0.06 42 4.02 ± 0.44 −0.06

Czech Republic 3 21 0.61 ± 0.07 0.65 ± 0.06 47 4.26 ± 0.57 0.06
France (Beau.) 4 33 0.61 ± 0.07 0.65 ± 0.06 56 4.39 ± 0.52 0.06
France (Cerisy) 5 19 0.59 ± 0.08 0.68 ± 0.05 46 4.40 ± 0.54 0.15
France (Heud.) 6 32 0.47 ± 0.06 0.67 ± 0.06 60 4.75 ± 0.54 0.30
France (Bois-G.) 7 34 0.59 ± 0.06 0.69 ± 0.05 54 4.63 ± 0.45 0.16
France (Marc.) 8 14 0.75 ± 0.07 0.72 ± 0.04 46 4.76 ± 0.47 −0.03
France (Paluel) 9 14 0.57 ± 0.06 0.66 ± 0.05 45 4.54 ± 0.38 0.15
France (Bresle) 10 9 0.43 ± 0.08 0.61 ±0.06 31 4.05 ± 0.53 0.25

United Kingdom 11 25 0.33 ± 0.11 0.63 ± 0.05 37 3.96 ± 0.35 0.51

Globally, populations showed substantial genetic variations. Estimates of observed
and expected heterozygosity were close and ranged from 0.33 to 0.75 and from 0.61 to 0.72,
respectively (Table 2). Only the population from U. K. presented an observed heterozygosity
(0.33) significantly smaller than the expected heterozygosity (0.63). The total number of
alleles over all loci ranged from 29 alleles in the population from Italy (Sicily), where the
sample size was also reduced compared to the other locations, to 60 alleles in the Cerisy
population (France; Table 2). A significant positive correlation was observed between
the number of sampled individuals and the total number of alleles over all loci (Pearson
correlation test: r = 0.84, p = 0.0013). Estimates of allelic richness per locus were similar
between populations (Table 2).

Most markers met HWE conditions in each population except in the two populations
showing departure from HWE conditions (i.e., U.K. and Heudreville, p < 0.05; Table 2).
Because these departures of markers from HWE were not systematic in all populations, all
markers were retained for further analyses. All other populations met HWE conditions
(p > 0.05). FIS values showed significant deviation from zero in the two populations that did
not meet HWE, indicating homozygosity excess in these two populations, and especially in
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the U.K. population (Table 2). Linkage disequilibrium (LD) tests for each pair of loci over
all populations indicated no evidence for significant disequilibrium (all p > 0.05).

3.2. Population Genetic Differentiation

Global FIS (0.1615, 95% CI = 0.1233–0.2000) and FST (0.0224, 95% CI = 0.0101–0.0366)
were greater than zero. Pairwise FST-values ranged between −0.0151 and 0.1297.

A moderate genetic differentiation (i.e., 95% bootstrapped CI) was particularly found
between U.K. and all other populations (all FST > 0.081). A moderate differentiation was also
found between the Swiss and one of the French populations (i.e., Marchésieux, FST = 0.046;
Table 3).

Table 3. FST-values between all populations. Bolded values indicate a bootstrapped 95% confidence
interval that does not overlap zero. The mean FST-value is 0.0306 ± 0.0051.

Italy
(Sicily) Switz Cz. Rep. France

(Beaus.)
France

(Cerisy)
France

(Heud.)
France

(Bois-G.)
France

(March.)
France

(Paluel)
France

(Bresle) U.K.

Italy (Sicily) - 0.0293 0.0307 −0.0079 0.0163 0.0047 0.0104 0.0097 −0.0132 0.0254 0.1055
Switzerland - 0.0128 0.0167 0.0111 0.0234 0.0192 0.0446 0.0126 0.0481 0.1220

Czech Republic - 0.0110 0.0232 0.0272 0.0206 0.0291 0.0164 0.0509 0.1148
France (Beau.) - 0.0037 0.0115 0.0143 0.0036 −0.0021 0.0191 0.1297
France (Cerisy) - −0.0059 0.0045 0.0049 −0.0063 −0.0055 0.0903
France (Heud.) - −0.0007 0.0019 −0.0031 −0.0151 0.0843
France (Bois-G.) - 0.0183 0.0009 0.0193 0.0841
France (Marc.) - 0.0052 0.0119 0.0920
France (Paluel) - 0.0043 0.1014
France (Bresle) - 0.0813

United Kingdom -

The AMOVA analysis showed that most molecular genetic variation resulted from
individual genetic variation within populations (92.73%; Table 4), the remainder (6.37%)
resulting from genetic variation among countries (p = 0.02). Variation among populations
within countries related only to French populations, since only one population was ana-
lyzed in the other countries. No significant genetic variation was found among populations
sampled in France (0.90%, p = 0.09).

Table 4. Results of the AMOVA performed for the 11 population of Anax imperator sampled in the
five European countries studied.

Source of Variation df Sum of
Squares

Variance
Components

Percentage of
Variance Φ-Statistics p-Value

Among countries 4 138.79 0.78 6.37 ΦCT = 0.06 0.02
Among populations

within countries 6 82.21 0.11 0.90 ΦSC = 0.01 0.09

Within populations 212 2405.45 11.35 92.73 - -
Total 222 2626.45 12.24 100.00 - -

No evidence for isolation by distance was found among populations at the European
scale, since the correlation between genetic and geographic distance matrices was not
significant (Mantel test: r = 0.33, p = 0.17; Figure 1). However, three ellipses could be
visually drawn to delimitate three point clouds: the U.K. population versus all others (1),
French (Normandy) populations within each other (2) and populations from Central and
Southern European countries (i.e., Switzerland, Czech Republic and Italy (Sicily)) versus
French (Normandy) populations (3). Although no significant differentiation was found,
these point clouds show a higher genetic differentiation between U.K. populations and all
other populations (i.e., ellipse 1) than between French (Normandy) populations themselves
(i.e., ellipse 2) and between French (Normandy) and the three populations from Central
and Southern European countries (i.e., ellipse 3).
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Figure 1. Relationship between pairwise population differentiation (FST/1÷FST) and the geographic
distance (ln km) separating populations. Ellipse 1 represents pairwise differentiations between
U.K. and all other populations. Ellipse 2 represents pairwise differentiations between the French
(Normandy) populations. Ellipse 3 represents pairwise differentiations between the French (Nor-
mandy) populations and the three populations from Central and Southern European countries (i.e.,
Switzerland, Czech Republic and Italy (Sicily) and among these three populations.

3.3. Spatial Genetic Structure

STRUCTURE analyses identified three genetic clusters since values of lnP (K) and
∆K showed a peak at K = 3 (Figure S1a,b). A first group contained populations from
Switzerland, Czech Republic and Italy (Sicily) (Figure 2a,b). A second group contained the
U.K. population (Figure 2a,b). A third group contained all French populations (Figure 2a,c).

DAPC on French populations only was performed retaining 70 Principal Components
(PC) and two discriminant functions. It suggested three subclusters: one with the popula-
tion of Bresle, a second with the population of Marchésieux and a third with the five other
Normandy populations in which the population of Bois-Guillaume was slightly detached
from the four other populations (Figure S2).

All independent runs performed in the spatial model given by GENELAND cor-
roborated STRUCTURE results and identified three genetic clusters. The run with the
highest average log posterior probability was retained. The MCMC converged within
the 100,000 iterations. The U.K. and Bresle populations were assigned to one cluster with
a probability of at least 0.7 (Figure S3a). Most of other Normandy populations except
Beaussault were assigned to a second cluster with a probability of at least 0.7 (Figure S3b).
Normandy population from Beaussault and populations from Switzerland, Czech Re-
public and Italy (Sicily) were assigned to a third cluster with a probability of at least 0.7
(Figure S3c).
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3.4. Recent Migration Rates among Populations

Bayesian analyses clearly showed several directional gene flows between the studied
populations. The U.K. population was rather isolated from the other populations but it was
a donor site only for the Bresle population from France (Table 5). All the three populations
located in Central and Southern European countries (i.e., Switzerland, Czech Republic
and Italy (Sicily)) showed no migratory exchange between them and were not sources for
French populations. The French population from Beaussault, and especially the French
population from Cerisy, were sources for Swiss, Sicilian and Czech populations (Table 5).
In France especially, the population from Cerisy was identified as likely one of the main
donors for the other four French populations. The populations from Heudreville and
Beaussault seemed particularly implicated in source-sink processes, since they acted both
as donor and target populations. The French populations from Paluel and Bois-Guillaume
were identified as receivers only. The French population from Marchésieux seemed isolated
from all other populations since no exchange was identified (Table 5; Figure 3).
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Table 5. Bayesian modelling of potential bias in direction of dispersal (gene flow) among the
11 populations of Anax imperator in Europe. Numbers represent the proportion that disperses
between sites (bold indicates self-recruitment). Values <0.05 (5%) are in grey. Italic indicates pairs
of sites with ≥10% exchange. These values represent historical gene flow, and do not provide any
information about contemporary levels of dispersal among sites.

Target

Potential Donor Site

Italy
(Sicily) Switz. Cz. Rep. France

(Beaus.)
France

(Cerisy)
France

(Heud.)
France

(Bois-G.)
France

(March.)
France

(Paluel)
France

(Bresle) U.K.

Italy (Sicily) 0.68 0.02 0.02 0.05 0.10 0.02 0.02 0.02 0.02 0.02 0.02
Switzerland 0.01 0.68 0.02 0.07 0.12 0.01 0.03 0.01 0.01 0.01 0.01

Czech Republic 0.01 0.02 0.69 0.04 0.17 0.01 0.02 0.01 0.01 0.01 0.01
France (Beau.) <0.01 0.02 0.03 0.69 0.18 0.01 0.01 0.01 <0.01 <0.01 <0.01
France (Cerisy) 0.01 0.02 0.03 0.03 0.78 0.02 0.02 0.01 0.01 0.01 0.04
France (Heud.) <0.01 0.01 0.01 0.03 0.13 0.72 0.04 <0.01 <0.01 <0.01 0.02
France (Bois-G.) <0.01 0.01 0.02 0.02 0.12 0.06 0.73 <0.01 <0.01 <0.01 0.01
France (Marc.) 0.02 0.02 0.02 0.04 0.10 0.04 0.02 0.69 0.01 0.01 0.03
France (Paluel) 0.01 0.02 0.02 0.05 0.08 0.05 0.02 0.02 0.68 0.01 0.02
France (Bresle) 0.02 0.02 0.02 0.04 0.04 0.03 0.02 0.02 0.02 0.68 0.11

United Kingdom <0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 <0.01 0.01 0.87
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4. Discussion

Anax imperator populations sampled in the Normandy region in France had a low
level of genetic differentiation (i.e., FST-values all below 0.03) compared to previous studies
on European odonates at a local or regional scale (i.e., FST up to 0.08, 0.10, 0.24 and 0.28
for Leucorrhinia dubia Vander Linden 1825, Coenagrion scitulum Rambur 1842, C. mercuriale,
respectively) [45,82–84]. Such results confirm the high mobility of A. imperator [85] and its
efficient dispersal between ponds at the regional scale [54]. However, at the European scale,
a moderate level of genetic differentiation was found between populations. In particular,
the population sampled in the United Kingdom presented the highest genetic differenti-
ation from the other populations sampled (i.e., FST up to 0.13). Moreover, movements of
individuals seem not to occur between all populations at local and European scales, mean-
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ing that all ponds may not play the same role in maintaining exchanges and a posteriori
population viability.

All populations presented an observed heterozygosity close to expected levels, except
the population sampled in the U.K. In this population, observed heterozygosity was lower
than expected heterozygosity and allelic richness was lower compared to other populations.
This lower genetic diversity was also associated with a significant degree of inbreeding.
Low genetic diversity and inbreeding suggest a possible isolation of this population with
only few exchanges of individuals with other populations from the same region. They
can also indicate a previous population bottleneck or a founder effect following a recent
colonization [7]. Indeed, the U.K. population of A. imperator was sampled near the city of
York, at the Northern margin of its distribution range. In the current context of climate
change [86], many species are shifting their distributions to higher altitudes or toward the
poles [87]. A northward shift of range margins was already reported for the distribution of
many odonates in England, including A. imperator that moved 85 km to the North between
1960–1970 and 1985–1995 periods [88]. Therefore, the observed low genetic diversity
might be a consequence of a recent colonization of that sampling site. The two French
populations from Bois-Guillaume and Heudreville also presented a significant degree of
inbreeding. This was quite unexpected because these populations were among the largest
that were sampled in the Normandy region. The pond in Bois-Guillaume is located in a
suburban landscape suggesting a possible negative effect of the surrounding urbanization
on exchanges between this population and the other ponds. Possible negative effects
of human activities movements were already reported for other insect species [89,90].
The population from Heudreville was sampled in a large well-vegetated pond and with
only few surrounding waterbodies [91] which may have prevented exchanges with other
populations.

In pond networks, exchanges of individuals are a determining factor for the persistence
of local populations. These networks are often referred to as metapopulations [92] in which
some ponds act as sources or other as sinks [93]. In this study, the genetic variation was
much higher within populations than between them, but a significant variation was found
among countries. Among French (Normandy) populations, the genetic diversity was very
similar. One of them (i.e., Bresle population) showed a genetic diversity very close to
the U.K population, and another (i.e., Beaussault population) was closely related to the
populations of Central and Southern European countries, especially the Swiss one. Within
the French (Normandy) populations, one population (i.e., Cerisy) was identified as the
main donor for all other populations, except the Bresle one, suggesting higher exchanges
of this population with the U.K. population than with other Normandy populations. The
Cerisy population was identified as a source of genetic variability for the rest of Normandy,
whereas three other populations were only receivers of gene flow. The populations studied
are probably supported by a network of many ponds. Therefore, we can hypothesize that
the density of ponds around the Cerisy forest or the large size of the pond in Heudreville
allows maintenance of large populations. From these source populations, some individuals
may leave to smaller sink populations in areas where pond density is lower. However, this
hypothesis requires further population demographic studies to be explored [94,95]. Overall,
the results indicate a high gene flow in A. imperator between all sampled populations from
continental Europe. These populations may be connected by long distance movements [96],
but also by high rates of short distance movements between ponds, leading to a stepping-
stone dispersal [97].

Increasing genetic isolation with distance is a common relationship that often shapes
the genetic structure of populations [2]. At the European scale, this pattern was already
reported for odonates (e.g., Ischnura elegans) [45], but also other flying insects (Operophtera
brumata Linnaeus, 1958) [27] or flying mammals (Myotis daubentonii Kuhl, 1817) [98]. In
the present study, this pattern was not found among the populations of A. imperator at the
European scale. For instance, even if the U.K. population presented a genetic differentiation
from the French (Normandy) populations located ca. 500 km away and populations
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situated further east, no differentiation was found between the French populations and the
populations of Central and Southern European countries. However, this result suggests
that the English Channel could act as a physical barrier to the gene flow of A. imperator [99].
No genetic difference due to the English Channel or the Baltic Sea was found in smaller
odonate species such as I. elegans [45]. This difference in results may be due to the fact that
the populations of I. elegans can reach very high densities at some sites, which increases the
observed intra-population variation and limits genetic drifts. For instance, in a survey of
20 ponds in Normandy, the larval density of I. elegans, was about 6 times higher than that
of A. imperator [100]. The small populations of A. imperator may, therefore, be more prone to
genetic differentiation in case of reduced gene flows [7].

Gene flows occurred from the U.K. population to one French population (i.e., Bresle)
and from several French (Normandy) populations to all populations from Central and
Southern European countries. These movements follow the same direction as the westerly
winds brought by the gulf stream across the English Channel and prevailing in a major
part of France. Whether by supporting active migrations of large species e.g., [101,102] or
blowing small species through long distances [96], the wind probably plays a major role
in the dispersal of odonates [38]. Anax imperator is a large and mobile dragonfly that was
never reported as a migratory species, i.e., as a species flying on long-distances between
emergence places and new habitats where reproduction take place [38]. However, we can
hypothesize that some individuals might occasionally be able to undertake long-distance
flights helped by wind currents, similarly to the regular migration movements described
for the sister species Anax junius in the U.S.A [51]. A few rare long-distance movements
supported by prevailing winds could cause some U.K. ponds to become sources of migrants
for some French (Normand) ones, and other Normand ponds to become migration sources
for further populations in Central and Southern European countries.

Genetic studies on odonates mostly use fresh material, especially legs of adults [43,44] or
sometimes heads of adults [45,102]. However, this collection method is relatively invasive.
It was recommended to avoid it for species with high conservation value [103] and negative
effects on survival were observed on small odonate species on which several legs were
lost [104]. Alternative methods based on DNA extraction from exuviae are, therefore,
increasingly used [82,84]. This non-invasive method has the advantage of ensuring that
individuals have grown in the studied site, while the origin cannot always be assessed for
adults [105]. For larger species, collecting exuviae is also easier than catching flying adults
that fly very fast over ponds during the reproductive period. Nevertheless, the persistence
of DNA in these exoskeletons is poorly known. Especially, prolonged exposure to sunlight
or enzymatic action on hydrated exuviae after rain may lead to a significant reduction of
DNA yields [106]. In this study, we were able to compare the DNA yields of fresh exuviae
reared at the laboratory with that of other ‘old’ exuviae sampled in situ. Although the total
amount of DNA was much lower in ‘old’ exuviae, most samples (i.e., 31.6% of ‘old’ exuviae
excluded versus 11.1% from ‘fresh’ exuviae excluded) could be used for this microsatellite
study. We therefore recommend this method for further studies, at least on large species
that are likely to contain more genetic material.

Legs of nymphs provide also a reliable source of DNA, but are still seldom used in
population genetic studies on dragonflies but see [12,107]. Contrary to adults or exuviae,
nymphs can be sampled during all weather conditions and all seasons of the year, a feature
that can simplify the schedule of field sessions. Moreover, in many species, high nymphal
densities ease the collection of a large number of samples, whereas flying adults may be
hard to catch, especially those of Aeshnidae. Although identification of some species may
be difficult in the field, we suggest that nymphal DNA sampling should be considered
more in further studies, especially those on large dragonfly species.

Overall, this study provides insights into gene flow of A. imperator populations at
both regional and European scales. Our results highlight the role of the English Channel
as a potential barrier to dispersal, especially for movements from France (Normandy) to
the U.K. They also suggest a probable role of the wind for long-distance movements of
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odonates (e.g., Gulf Stream). Only a small fraction of ponds harboring A. imperator in
Europe were sampled and more investigations would be useful to confirm the relationship
between individuals and major wind currents. However, a high gene flow was found
between continental populations, which may indicate that the distance between ponds at
the European scale do not prevent dispersal movements of this large dragonfly. Dispersal
probably occurs on a large spatial scale via successional movements from pond to pond at
local scales. Nevertheless, the current pattern of genetic diversity may also mirror historical
exchanges between populations rather than a contemporary gene flow [108]. Since the
number of European ponds underwent a dramatic decline during the last century [34], the
gene flow described in the present study may no longer be relevant today. Further studies
comparing genetic markers with different mutation rates would be needed to address this
question and disentangle historical and contemporary connectivity between European
ponds [109].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14020068/s1, Figure S1: Estimation of number of clusters (K) with STRUCTURE using
(a) mean of estimated Ln probabilities of data (±SD) for each K-value and (b) Delta K for each
K-value (Evanno’s method), Figure S2: Discriminant Analysis of Principal Components results of
Anax imperator individuals of sampled French populations, Figure S3: Results of spatial Geneland
analysis on the 11 populations of Anax imperator. Each figure corresponds to a cluster identified by
Geneland. Black dots indicate the position of the populations (see Figure 1). Black lines indicated
the posterior probabilities of membership in the three clusters, with darker colours (red) indicating
highest posterior probabilities of belonging to the cluster.
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