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Abstract

Background Describing geographical variation in morphology of organisms in combination with data on genetic
differentiation and biogeography can provide important information on how natural selection shapes such variation.
Here we study genetic structure using ddRAD seq and wing shape variation using geometric morphometrics in 14
populations of the damselfly Lestes sponsa along its latitudinal range in Europe.

Results The genetic analysis showed a significant, yet relatively weak population structure with high genetic het-
erozygosity and low inbreeding coefficients, indicating that neutral processes contributed very little to the observed
wing shape differences. The genetic analysis also showed that some regions of the genome (about 10%) are
putatively shaped by selection. The phylogenetic analysis showed that the Spanish and French populations were
the ancestral ones with northern Swedish and Finnish populations being the most derived ones.

We found that wing shape differed significantly among populations and showed a significant quadratic (but weak)
relationship with latitude. This latitudinal relationship was largely attributed to allometric effects of wing size, but non-
allometric variation also explained a portion of this relationship.

However, wing shape showed no phylogenetic signal suggesting that lineage-specific variation did not contribute
to the variation along the latitudinal gradient. In contrast, wing size, which is correlated with body size in L. sponsa,
had a strong negative correlation with latitude.

Conclusion Our results suggest a relatively weak population structure among the sampled populations
across Europe, but a clear differentiation between south and north populations. The observed geographic phenotypic
variation in wing shape may have been affected by different local selection pressures or environmental effects.
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Background

Spatial environmental heterogeneity is a key driver for
organismal trait variation in physiology, morphology
and behavior among populations [1, 2]. One challenge
for evolutionary biologists is to link local selective con-
straints within a particular habitat to observed trait
values. Well-studied examples for population medi-
ated differences in selection pressures are variation in
predation risk or sexual selection, as well as variation
in temperature or humidity [3-5]. Understanding such
variation among populations is not trivial because the
effects of selection may be counterbalanced by pheno-
typic plasticity, genetic drift, migration and organism’s
evolutionary history [2]. Thus, for a better understanding
of the observed phenotypic variation of a species across
its distribution range, analyses of trait values in relation
to genetic population structure are needed.

Understanding current phenotypic variation across a
species range can be facilitated with knowledge on the
current genetic structure among its populations, and
information about colonization history. Measures on
genetic divergence may provide information on which
populations are isolated from each other. Such isolation
may shape different trait values among populations via
distinctive local selection pressures [2, 6]. However, colo-
nization history may also affect trait values via founder
effects [7] or locally mediated adaptive selection along
the colonization route [8, 9]. By mapping trait values such
as morphology in a phylogeographical context, informa-
tion about a species colonization history and potential
adaptation across the geographical range of a species can
be understood [10].

One spectacular trait that has been shown to vary
among and within many species are wings. Most insect
species have wings, and variation in wing shape within a
species is an important component affecting fitness traits
such as mating success [11], dispersal [12], and predator
avoidance [13]. In addition, many species show variation
in wing shape across their geographical distribution [12,
14-16]. Large parts of this variation have been attributed
to temperature effects along latitudinal gradients [17,
18]. However, the majority of these studies are limited
to Drosophila and other dipterans which have one active
wing pair (reviewed in [18]). Besides temperature, biolog-
ical factors such as differences in predation risk and sex-
ual selection can affect wing shape [13, 19]. Key findings
in a species of damselfly revealed selection was mediated
by predation favoring a slender forewing shape and a
short and broad hindwing shape [13]. Moreover, data in
another damselfly species, Lestes sponsa (Hansemann),
exposed to sexual selection favored short and broad fore-
wings and narrow-based hindwings [19]. However, there
is a lack of studies exploring the differences in wing shape
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in insects across a large geographical scale, particularly
in combination with detailed data on genetic differentia-
tion among populations and their invasion history. Such
data provides valuable information on the presence or
absence of general trends in wing shape along latitudinal
gradients.

The damselfly L. sponsa is widespread throughout
Europe except for the Mediterranean and very northern
Fennoscandia [20] (Fig. 1). This species is well suited to
study wing shape variation along a latitudinal gradient.
Past studies have shown some evidence for local adap-
tation in populations along a latitudinal gradient. For
example, there is local adaptive variation in wing shape
[19] as well as genetic variation in wing shape and life his-
tory traits along the latitudinal gradient [21-23]. In addi-
tion, also body size varies across latitudes and one study
has shown a U-shaped latitudinal pattern [16]. However,
we lack detailed knowledge on how L. sponsa is geneti-
cally differentiated across a larger geographical area and
on its phylogeography. Such information is needed if we
want to confirm that wing shape variation is adaptive and
not a consequence of genetic drift or founder effects. Past
studies on other odonates have suggested glacial refugia
in the south-west and south-east of Europe with subse-
quent dispersal routes to the north following western and
eastern routes [24]. Such a dispersal route is probably
also present in L. sponsa and has the potential to affect
current patterns in wing shape along its latitudinal gradi-
ent. In damselflies, dispersal is probably favored by long
and slender wings [25], but no such evidence has been
shown for L. sponsa [16]. However, at the local scale,
sexual selection favors short and broad forewings and
narrow-based hindwings [19], while survival favors long
and slender forewings and short and broad hindwings
[19], which could counterbalance selection caused by dis-
persal. It is therefore interesting to further explore wing
shape along a latitudinal gradient in L. sponsa. Finally,
there are phenotypic differences in wing shape among
L. sponsa populations across the latitudinal gradient
in Europe, but we note that latitudinal effects account
for a low percentage of the total wing shape variation
across this gradient [16]. Since there was a low percent-
age of wing shape variation explained by the latitudinal
gradient in L. sponsa, it would be interesting to explore if
the absence of a strong latitudinal pattern in wing shape
is also reflected in an absence of a strong genetic struc-
ture along the latitudinal gradient in L. sponsa. If there
is a genetic structure along the latitudinal gradient this
would suggest genetic drift or genetic adaptation in traits
not necessarily related to wing shape. Here we use a com-
pletely new data set to examine how phenotypic wing
shape of L. sponsa varies across a large geographic area
in Europe and how this wing shape variation is associated
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Fig. 1 Distribution of Lestes sponsa in Europe (shaded area), and the 14 sampling locations. Forewing shape variation among populations is shown
as deformation grids, and grids are enhanced x10 times for ease of visualization (for hindwing shape variation, see Suppl. Fig. $6). Information

for creating the map was taken from [20]

with genetic structure and phylogeography. We explore
the genetic structure with an outlier analysis using SNPs.
There is no overlap with this new wing morphology data
set and the old one and the new data set includes DNA
sequencing data which allows us to analyze genetic struc-
ture. We predicted that: (1) wing shape should not show
a phylogenetic signal, because we expect local adaptation
in wing shape across the populations, not necessarily cor-
responding to genetic relationships; (2) a slender wing
shape in northern populations at range margins because
slender wings are beneficial for dispersal in damselflies
[25]; (3) the phylogeny of the sampled populations should
reflect dispersal from the glacial refuges so that the
ancestral population should be from the southern popu-
lations and the northern populations should derive from
it; and (4) if there is population differentiation this might
have been driven by adaptive differentiation.

Material and methods

Study area and data collection

The study species L. sponsa has a one-year obligate life
cycle, overwintering in the egg stage, and showing a syn-
chronous hatching in the summer with a larval develop-
ment of 2-3 months [26]. Adult males of L. sponsa were
captured from 14 different locations along a latitudinal

gradient in Europe from June to August in 2020 (Fig.1,
Table 1). Our focus was on males because our past stud-
ies have found indication that male wing size is related
to fitness components [19], and we wanted to explore
how such wing shape variation varies with latitude. The
sampling area covered 42.161824-66.278367° latitude,
and — 6.974968 — 25.484802° longitude (Fig. 1). The dam-
selflies were preserved in 96% alcohol upon being caught
with a butterfly net, and thereafter sent to the Depart-
ment of Ecology and Genetics at Uppsala University.

Library preparation and ddRAD-sequencing

To examine genetic structure and phylogeography, we
randomly selected 7 L. sponsa individuals from each
of the 14 sampled localities (in total » =98) to prepare
double digest restriction associated DNA sequencing
(ddRAD) libraries. Genomic DNA was extracted by salt-
ing out method described by [27], with some modifica-
tions. The ddRAD libraries were created using a modified
version of protocols from [28-30]. DNA was digested by
the enzymes EcoRI-HF and Msel, individual barcodes
and primer sites were ligated with T4 DNA ligase, and
PCR was conducted with Q5 DNA polymerase (New
England Biolabs, Massachusetts, USA). After PCR, the
samples were pooled, and size selection was performed
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in agarose gel. The library was sequenced in a single lane
on an Illumina Novaseq 6000 machine from both direc-
tions (2 x 150bp) at SciLifeLab, Uppsala, Sweden.

Data filtering and SNP calling

Trimming of adapters/primers and demultiplexing of the
raw data were performed in CUTADAPT v4.0 [31]. All
the reads were trimmed to a uniform length of 100bp,
and the reads with quality score < phred33 discarded in
trimmomatic v 0.39 [32]. De novo pipeline in STACKS
v.2.52 [33] was used for SNP calling by running each step
of the pipeline (ustacks, cstacks, sstacks, tsv2bam and
gstacks) separately. A parameter search on 14 randomly
selected individuals (one individual from each locality)
was first performed as described in [34, 35] to identify the
optimum setup for the parameters m, M and »n. Param-
eter m is the minimum number of raw reads to form a
stack or putative allele within an individual, M is the max-
imum number of mismatches allowed between stacks to
form a putative locus, and # is the number of mismatches
allowed between individual loci across samples to build
a catalogue of loci across individuals. We decided to use
6 for all m, M and n parameters (Supplement: Figs. S1
and S2). We ran the de novo pipeline on 98 samples using
these parameters and otherwise default settings. The
resulting catalog contained 2,414,272 loci with a mean
coverage of 25.0x (standard deviation=10.2x) per sam-
ple. The catalog was further processed with the popula-
tions unit in sTACKS with R80 setup, where a locus was
retained if it was present in at least 80% of individuals.
We also chose a minimum minor allele frequency of 0.05,
a maximum observed heterozygosity of 0.7 and one ran-
dom SNP per locus. The populations step was repeated
after removing 6 samples with >50% missing data (4 from
Spain and 2 from Belgium). The final dataset contained
16,146 biallelic SNPs (Supplement: Table S1). This data-
set was used for most of the further statistical analyses.
A stricter filtering was applied whenever required by an
analysis.

Genetic structure

Multiple methods to study the genetic structure of the
L. sponsa populations were used. Molecular diversity
indices including observed heterozygosity (H,), expected
heterozygosity (Hg), and fixation index (Fis) were esti-
mated for each population in the software STACKS. The
violation of Hardy Weinberg equilibrium (HWE) was
also tested in the same software.

Pairwise differentiation among the sampling locations
was estimated using F; [36] in Arlequin v3.5.5 with 1000
iterations (16,146 SNPs). Principal Component Analy-
sis (PCA) through the package pcadapt [37] in R [38]
was performed to visualize the population structure. A
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haplotype-based approach implemented in fineRAD-
structure [39] for a formal clustering analysis was used
to evaluate shared ancestry among the individuals. STRU
CTURE v.2.3.4 [40, 41] was used as a Bayesian approach
to determine the most likely number of genetic clusters
(K) by running the analysis for each number of K (1-12)
with 10 iterations for each K. We used an admixture
model introducing sampling location as a priori infor-
mation and assuming correlated allele frequencies [41].
Lambda was set to 0.7009 after determined with a pre-
run. STRUCTURESELECTOR [42] was used to assess the
best K that explains the data using the method described
by [43], and to visualize the membership of the individu-
als at each K with CLUMPAK [44]. According to the first
method, an individual’s arithmetic mean (MedMeak
and MaxMeak) or median (MedMeDK and MaxMedK)
membership coefficient to a cluster should be greater
than the threshold used. To assess the performance of the
estimators, replicates of the Puechmaille method with a
threshold 0.5 were run. The differentiation between the
two populations needs to be larger than the threshold
for them to be assigned in different clusters. Due to high
computational demand of the software, a smaller dataset
of 833 SNPs was used for STRUCTURE analysis (Supple-
ment: Table S2). This dataset was obtained by repeating
populations in STACKS by keeping the loci that are pre-
sent in all populations and at least 80% of individuals in
each population.

Phylogenetic relationships among the populations
were investigated using two different approaches. First,
a maximum likelihood (ML) analysis in IQ-tree v2.2.0.8
[45] was performed after removing invariant sites in the
alignment data that resulted in 13,581 SNPs. The algo-
rithm ModelFinder Plus [46] built in 1Q-tree was used
to find the substitutional model. An ascertainment bias
correction (+ASC) was implemented to the model test-
ing. The best-fit model suggested by Bayesian Infor-
mation Criterion was TVMe+ASC+R4 (Transversion
model with equal frequency with FreeRate heterogene-
ity, and ASC). The model was then used to estimate the
maximum likelihood topology with 98 randomly built
parsimony trees as starting trees. Robustness of the phy-
logenetic hypothesis was assessed with 2000 replicates
of ultrafast bootstraps (UFB) [47] and 2000 replicates of
the SH-like approximate likelihood ratio test (SH-LRT)
[48]. The recommendation that clades with UFB >95 and
SH-LRT >80 can be considered as well supported was
followed [47]. The most parsimonious tree suggested by
the ML approach was visualized in FigTree v1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree/), and the tree was
rooted at SPA population.

Isolation by distance (IBD) was estimated and evalu-
ated by Mantel test (permutations=999) on matrices of


http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

Yildirim et al. BMC Ecology and Evolution (2024) 24:19

pairwise geographic distance (km) linearized genetic dis-
tance (Fy/[1—F]) in package ade4 [49].

Differentiation outlier scan

Since populations potentially could show adaptive genetic
differentiation, we complemented our analysis of genetic
structure with an analysis investigating genomic signa-
tures of selection by performing an outlier approach. We
did this by using pcadapt v.4.3.5 [37], which is a princi-
pal component-based analysis which identifies the SNPs
most associated with the PC axes related to population
structure. By using SNP z-scpres, pcadapt estimates the
Mahalanobis distances between z-scores, and the first
K principal components (PCs) related to population
structure.

We analyzed the first 20 PCs graphically to retain the
optimal K PCs (Fig. S3a). Based on the scree plot we
retained 3 PCs (Fig. S3b, c) to calculate the test statistic
and corrected for multiple testing using the Benjamini-
Hochberg Procedure [50] with a false discovery rate
(EDR) of 0.05.

We used BLAST to annotate the RAD-tags with SNPs
putatively involved in local adaptation against the non-
redundant protein database (blastx) restricting the
search to insects only, retaining matches if they passed an
e-value threshold of <107 and at least ~70% query cov-
erage (Supplement: Table S3).

We retrieved gene ontology terms for the identified
outliers using g:Profiler [51], searching against Dros-
ophila melanogaster GO terms, and using the native
algorithm to correct for multiple testing employing a
genome-wide threshold 0.05.

Morphological analyses of wing shape

The right fore- and hindwing were cut off as close to the
body as possible to obtain the whole wing. The wings
were then placed in between two glass slides and pho-
tographed on graph paper as a length reference. The
number of individuals used for the analysis are given in
Table 1. After some individuals were discarded due to
damage in the wing, we included 174 forewing and 196
hindwing samples for wing shape analyses.
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Wing shape variation was analyzed with geometric
morphometric techniques. Thirteen landmarks were
placed along the outline of the wing, where major veins
intersect the wing margin (Fig. 2). The landmarks were
digitalized using the software tpsDig v.2.31 [52]. One
of the coordinates (10) was a semi-landmark (Fig. 2). A
Generalized Procrustes Analysis (GPA) was run sepa-
rately for fore- and hindwings, thus removing the effects
of position, rotation and isometric size by minimizing
the total sums-of squared deviations of the landmark
configurations from all specimens to the average land-
mark configuration [53]. In other words, landmark con-
figurations were translated to the origin, scaled into unit
centroid size, and rotated to minimize the total sums-
of-squared deviations of the landmark coordinates from
all specimens to the average configuration. The semi-
landmark position was optimized by allowing it to slide
along its tangent direction to minimize the Procrustes
distance between the specimen’s landmark configuration
and the average landmark configuration [54]. The land-
mark configurations (Supplement: Table S4 and S5 for
forewings and hindwings, respectively) were also used to
estimate wing centroid size, i.e., the squared root of the
sum of squared distances between each landmark and
the centroid of the configuration. Wing centroid size was
log-transformed for further analyses and used as an esti-
mate of body size. Previous studies in odonates showed
a strong correlation between body size and wing size,
including L. sponsa [16, 55, 56]. Unless otherwise stated,
all geometric morphometric analyses were performed
using the package geomorph v. 3.3.2 [57] for R.

Possible phylogenetic signal on wing shape variation
was analyzed using the most parsimonious phylogenetic
tree with the highest branch support. Wings were not
available for all the tips of the phylogeny, so the tree was
pruned for fore- and hindwings separately, resulting in
68 tips for forewings and 77 tips for hindwings. Phyloge-
netic signal was assessed on the Procrustes coordinates
using the multivariate version of the K-statistic as pro-
posed by Adams [58], by comparing the degree of phy-
logenetic signal in the dataset relative to what would be
expected under Brownian motion. The significance of

Fig. 2 The 13 landmarks used to capture the shape on both the fore- and hindwings of the damselfly Lestes sponsa. Landmark 10 was a sliding

(semi) landmark
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the multivariate K-statistic was obtained by 1000 random
permutations of the shapes among the tips of the phy-
logeny. Phylogenetic signal was not significant for either
fore- or hindwings (see Results), so subsequent analyses
of wing shape did not consider the correlation with the
phylogeny.

We performed a number of tests to inspect wing shape
differences. First, the effects of population and wing cen-
troid size were tested separately in fore- and hindwing
shape. This was performed using Procrustes ANOVA on
the Procrustes shape variables, with population entered
as a factor and wing centroid size as a covariate. The
interaction effect between population and wing cen-
troid size was tested, and since it was not significant, the
interaction effect was removed from the final models.
The fitted models were also used to make pairwise com-
parisons of wing shape between populations. To obtain
graphic representations of wing shape variation among
the study populations, deformation grids were computed
comparing each population mean wing shape to the
wing shape of the entire dataset. The deformation grids
were computed separately for the fore- and hindwing
shape datasets and were enhanced X 10 times for ease of
visualization.

Second, the latitudinal variation of wing size and
shape was inspected. Latitude was log-transformed
before entered in the models. The relationship between
wing centroid size and latitude was studied using a lin-
ear model of wing centroid size on latitude, separately
for fore- and hindwings. The linear models were com-
pared to models including the quadratic effect of lati-
tude. However, the quadratic models did not significantly
explain more variation of wing centroid size (P >0.05),
so they were discarded. Procrustes ANOVA was used
to determine the effects of latitude on wing shape varia-
tion, separately for fore- and hindwings. Models includ-
ing only latitude were compared to models including
also the quadratic term of latitude. The models including
the quadratic term significantly explained more shape
variation than the models including only the linear term
(P <0.05). Thus, the models including the quadratic term
were retained. To graphically represent how overall wing
shape varies along latitude, the regression scores pro-
posed by Drake and Klingenberg [59] were used. Wing
shape variations at the most southern and northern
localities of our latitudinal gradient were visualized using
again deformation grids, which compare any point in the
morphospace to the average landmark configuration. The
deformation grids were magnified X 20 times for ease of
visualization.

Since a significant effect of wing centroid size was
detected on wing shape, and wing centroid size varied
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along latitude (see Results), the latitudinal variation of
the non-allometric component of wing shape was also
explored. The residuals of the multivariate regression of
wing shape on wing centroid size were used as the mul-
tivariate non-allometric component of wing shape. A
Procrustes ANOVA was used to analyze the effects of
latitude on the non-allometric component of wing shape
for fore- and hindwings separately. Following a similar
rationale as above, the model with the quadratic term of
latitude was compared to the model with the linear term
of latitude. Since the models including the quadratic
explained significantly more shape variation (P <0.05),
the models with only the linear term were discarded.
Further, to corroborate that wing shape differences due
to latitude were not entirely driven by allometric effects,
wing shape differences along the variation of wing cen-
troid size were also estimated as deformation grids.
Finally, the regressions of wing shape variation on F
values and geographic distance among populations were
inspected. This analysis included all wing shape variation
(allometric plus non-allometric component), because we
were interested in observing the effects of F; and prox-
imity on overall wing shape variation. To obtain an esti-
mate of dissimilarity of wing shape among populations,
the Mahalanobis distances among all populations were
computed using the function CVA in the Morpho pack-
age [60] for R. This was done separately for fore- and
hindwings. The Mahalanobis distances obtained were
then regressed separately on F values and geographic
distance among populations. In addition, we performed
pairwise comparisons of the Mahalanobis distances
between populations. The p-values among the Mahalano-
bis distances were estimated using 1000 permutations of
the pooled within-group covariance matrix. These p-val-
ues were estimated both uncorrected and corrected for
multiple comparisons using the Holm’s correction [61].

Results

Genetic structure and phylogeny

Molecular diversity indices for each population based
on 16,146 SNPs are presented in Table 1. HO ranged
between 0.13 and 0.22, HE between 0.11 and 0.22, and Fis
between 0.049 and 0.100.

Pairwise F, values among the populations were low
to moderate, ranging between 0.007 and 0.18, and the
majority of the comparisons yielded a significant differen-
tiation (81 out of 91 comparisons, P <0.05, Fig. 3A). The
highest differentiation was observed between the Spanish
population (SPA) and all the other populations, while dif-
ferentiation between the populations laying between the
latitudes 50.83758 and 60.99038 (BEL, POL, GER: middle
populations) and southern Scandinavia were the lowest.
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The population subdivision analysis in STRUCTURE
suggested that the most likely number of genetic clusters
(K) were 3 or 6 according to Evanno Method (Fig. S4).
According to the Puechmaille method [43] that uses four
different statistics (MedMeak, MaxMeak, MedMeDK
and MaxMedK), the K varied between 4 to 7 (Fig. S4).
We accepted K =5 as the most likely cluster (Fig. 3), since
that structure plot was mostly supported by also other
analyses, e.g., the PCA. Hence, the following more or less
geographic clusters were suggested: (1) Spain (SPA), (2)
some central European populations (FRA, BEL, POLI,
and GER), (3) the southern Scandinavian populations
(SWE1, SWE2 and SWE3), (4) northern Sweden and
central Finland (SWE 4, SWE 5, FIN 1 and FIN 2), and
finally (5) the northernmost Finnish population (FIN3).
GER and POL2 were an admixture between the central
European and the southern Scandinavian populations.
Admixture was also observed between southern and
northern Scandinavian populations (Fig. 3C, see Fig. S5
for clusters at other K values).

The PCA plot supported the structure patterns sug-
gested by both F; and STRUCTURE analysis. The SPA
population was the most distinct population, and FRA
population also formed a distinct cluster (Fig. 3B). The
central European and southern Scandinavian popula-
tions were almost indistinguishable from each other
(Fig. 3B). In addition, the northern Finnish populations

(FIN 2and FIN 3) and the northernmost Swedish popu-
lation (SWE 5) formed a cluster. FineRadStructure did
not find a strong genetic differentiation among the pop-
ulations, yet supported the results of the other analysis
(Fig. S6). The result of the phylogenetic analysis mirrored
that of the cluster and PCA analyses, and the majority of
the branches had high support (UFB>95 and SH >80)
(Fig. 4). The tree showed that the Spanish (rooted in
analysis), French and south Swedish populations were the
ancestral ones with northern Swedish and Finnish popu-
lations being the most derived ones. The tree also sug-
gested that population origin and phylogeny did not show
a perfect match. For example, some northern Swedish
individuals are in the clade with Central European popu-
lations and a Belgian individual is at the Swedish clade,
suggesting dispersal occurring between the populations.

Mantel test between linearized F and geographic dis-
tance showed a strong correlation between genetic and
geographical distance with high significance (R =0.68,
P =0.001) supporting a pattern of IBD (Fig. 5).

Differentiation outlier scan

Pcadapt identified 1598 SNPs passing the FDR cutoft (Fig.
S7a), with the test statistic and p-values following the
expected chi-square and uniform distribution (Fig. S7b-
d), putatively involved in local adaptation. Of the 1598
RAD-tags, 233 matched a unique insect protein, with 102
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of the hits matching uncharacterized, unknown or hypo-
thetical proteins. Significantly enriched GO terms had
biological processes involved in response to stimulus,
response to stress and cell morphogenesis (Table S6).

Wing morphology

There was not a significant phylogenetic signal for either
forewings (K =0.498, P =0.312) or hindwings (K =0.088,

P =0.686). Thus, subsequent analysis did not consider
phylogenetic relationships among individuals.

When we used the Procrustes distances, wing shape
differed significantly among populations and there
was a significant allometric effect of wing centroid size
(forewings: population Fy3 ;3 =2.947, P <0.001; wing
centroid size F) 3 =2.768, P =0.027; hindwings: F\3
195 =4.130, P <0.001; wing centroid size F) g5 =4.339,
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P =0.005; Fig. 1, Fig. S8). However, corrected pairwise
comparisons showed no significant differences among
pairs of populations (Table S7).

Wing centroid size significantly decreased with lati-
tude, both for fore- (adjusted R’ =0.317, P <0.001) and
hindwings (adjusted R? =0.319, P <0.001). Individuals
thus showed smaller sizes towards more northern popu-
lations (Fig. 6).

Forewing shape variation was significantly explained
by latitude and its quadratic term (latitude: R* =0.032,
Fy 173 =5.749, Z =2.952, P =0.001; latitude* R* =0.032,
Fy1;3 =5.807, Z =2.971, P =0.001), and the same
was true for hindwing shape (latitude: R?> =0.032,
Fy 105 =6.853, Z =2.966, P =0.002; latitude R* =0.033,
F) 195 =7.036, Z =2.990, P =0.002) (Fig. 7). Both for fore-
and hindwings, the extreme of wing shape variation at
the northernmost population showed wider wings that
were more compressed on the apical half along its length
(Fig. 7). On the contrary, at the southernmost population,

Forewings

Log Wing centroid size

6.85 6.90 6.95 7.00 7.05 7.10 7.15

T T T T T
3.8 3.9 4.0

Log Latitude

the extreme of wing shape variation showed more slender
wings with a more compressed first half along the length
(Fig. 7).

The allometric shape variation with wing centroid size
was significant (Fig. S9), but subtle compared to wing
shape variation along latitude (Fig. 7). Despite the effects
of size on wing shape, the non-allometric component of
wing shape (residuals of regression scores from the allo-
metric line) still showed a significant quadratic (although
weak) relationship with log latitude in both fore- (lati-
tude: R*>=0.032, F, ,,=5.645, Z=2.913, P =0.001; lati-
tude2: R?=0.032, F, ,3=5.681, Z=2.924, P=0.001) and
hindwings (latitude: R*=0.031, F, ;9;=6.316, Z=2.810,
P =0.003; latitude2: R*=0.031, Fy195=6.423, Z=2.827,
P=0.003).

Pairwise Mahalanobis distances showed significant dif-
ferences in wing shape among populations when inspect-
ing the uncorrected P-values, but not when inspecting the
Holm’s corrected P-values (Table S8). The Mahalanobis

Hindwings

Log Wing centroid size

6.80 6.85 6.90 6.95 7.00 7.05 7.10

3.8 3.9 4.0

Log Latitude

41

Fig. 6 Variation of log wing centroid size over log latitude for fore- (left) and hindwings (right). The regression line shows a linear fit (forewings

adjusted R =0.317, P <0.001; hindwings adjusted R? =0.319, P <0.001)
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distances were correlated to F,; and geographic distances
among populations, and linear regressions showed that
wing shapes were more different between populations
with longer the geographic distance between them (fore-
wings: adjusted R* =0.308, P <0.001; hindwings: adjusted
R* =0.392, P <0.001), and with higher F « values (fore-
wings: adjusted R* =0.349, P <0.001; hmdwmgs. adjusted
R?=0.301, P <0.001).

Discussion

We predicted that wing shape should not show a phylo-
genetic signal, because we expect local adaption in wing
shape across the populations. We found that wing shape
differed among L. sponsa populations in Europe and
that no phylogenetic signal was present in wing shape

variation. Our estimates of heterozygosity and inbreeding
coefficient suggested that none of the populations were
inbred and thus genetic drift is unlikely to have caused
the observed differences in wing shape among popula-
tions. The majority of the F, values between populations
were significant and the F showed an isolation by dis-
tance relationship. In addition, our outlier analysis on
SNPs suggested that some regions of the genome (1598
out of 16,146: about 10%) are putatively shaped by selec-
tion. This suggests that neutral processes such as genetic
drift are not driving 100% of the observed genetic dif-
ferentiation. Our GO enrichment analysis showed that
many of these are involved in stress and physiological
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processes. We speculate that many of these are associated
with the climatic and time stress conditions differences
experienced by the different populations. However, we
note that no specific wing morphology SNPs were found.

Taken together, these findings suggest that local selec-
tion pressures differ among populations. Wing shape
variation was also found to increase with geographic dis-
tance among populations, and with F, values. Moreover,
our results also showed that wing shape variation corre-
lated very weakly with latitude (explaining just about 3%
of the total wing shape variation, even when accounting
for allometric effects), suggesting that local selection
pressures do not seem to follow a latitudinal gradient.
These results agree with a previous study in the same
species, albeit using another dataset [16]. However, we
note that other aspects of wing morphology, like wing
size, showed a strong correlation with latitude (explain-
ing about 32% of wing size variation), mirroring earlier
findings of a negative relationship of structural body size
and latitude in L. sponsa [62], but note that Outomuro
et al. [16] found a U-shaped pattern.

We estimated phenotypic wing shape of wild caught
individuals and hence the observed wing shape variation
was probably affected by a combination of genetic and
environmental effects. In our study species, photoperiod
imposes time constraints impacting larval growth, devel-
opmental time, and adult morphology [21, 23, 63, 64].
In a recent study, Johansson et al. [23] showed that wing
shape differences between northern and southern popu-
lations of L. sponsa were composed of genetic and plastic
responses to photoperiod and temperature in the larval
rearing environment. However, that study [23] was only
investigating two populations (north and central), which
makes it difficult to compare the observed latitudinal pat-
terns of wing shape to the present study. Nevertheless,
the two major abiotic variables that differ along the lati-
tudinal range and that potentially could affect wing shape
in this study are photoperiod and temperature. Our
results suggest that these variables do not have a strong
impact on phenotypic wing shape, because latitude only
affected a small amount of the variation in wing shape
(see also [16] for a similar result). Instead, other unex-
plored variables seem to be more important.

The absence of a clear latitudinal wing shape pattern in
our study differs from that found in many other insects,
where a latitudinal cline in wing morphology has been
found [15, 65]. In addition, in insects, temperature per
se has been shown to impact wing shape via optimiza-
tion of flight under different thermic conditions [66]. For
example, laboratory studies in Diptera have shown that
a large part of the wing shape variation observed along
latitudinal gradients is shaped by temperature [17, 18].
However, we note that some studies in dipterans do not
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follow that pattern [14]. We also note that our wing shape
analysis did not distinguish between genetic and environ-
mental variation including plasticity. A recent meta-anal-
ysis showed a moderate relationship between genomic
differentiation and phenotypic differentiation [67], and
in another study we found an alignment between phe-
notypic plasticity and genetic variation [23]. These two
studies suggest that some of the observed wing shape
variation may have been caused by phenotypic plasticity
that might be adaptive.

Besides photoperiod and temperature, dispersal is
another important factor that can impact wing shape
variation along latitudinal gradients. Since many insects
including odonates [68] have expanded their range in
the last decades, we might predict dispersal phenotypes
at northern expanding populations [25, 69-71]. We
expected a slender wing shape in northern populations at
range margins because a slender wing might be beneficial
for dispersal in damselflies [25], but we did not find sup-
port for this. Indeed, the wing shape pattern with regard
to latitude was in the opposite direction with slender
wings in the south and wider wings in the north, although
we note the regression only explained 3% of the variation.
In addition, visual inspection of wing shape showed large
variation among populations in the north as well as in the
south. One explanation for the lack of support for our
hypothesis is that the adaptive benefit of an optimal wing
shape for dispersal might be selected against very effec-
tively once a population is established at a latitude [72,
73]. Since L. sponsa has a one-year life cycle in Europe
[26], adaptation to local selection on wing shape could
work fairly fast across the studied populations.

Certain local selection pressures might also contribute
to the observed wing shape variation among populations.
Previous studies showed that sexual selection and pre-
dation risk can impact wing shape in L. sponsa [19], and
other species of damselflies [13, 74]. There is certain evi-
dence that sexual selection is stronger at higher latitudes
[75-77], and that predation is lower at higher latitudes
[78, 79]. Our results did not show variation in wing shape
following a clear latitudinal pattern that would support
such an expectation. However, local sexual selection and
predation pressures could still impact the observed dif-
ferences in wing shape among populations, just not fol-
lowing a latitudinal cline. In summary, we suggest that
the variation in wing shape among population is prob-
ably a result of spatial and or between year variation in
local selection pressures such as e.g., sexual selection and
predation, different from factors correlated with latitude
such as time constraints or temperature. Some fraction of
this variation could also be due to environmental effects,
e.g., variation in temperature during the larval stage
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which has been shown to affect insect wing morphology
[66].

In contrast to wing shape, wing centroid size which
is correlated with body size in L. sponsa [16, 55, 56],
showed a strong correlation with latitude suggesting that
phenotypic body size is much smaller at higher latitudes.
Studies on body size gradient of insects show a mixture
of positive and negative size relationship with latitude
[80]. One reason for this mix of results is probably a con-
founding effect of voltinism. Considering univoltine spe-
cies such as L. sponsa, the general pattern is a decrease in
size with latitude [16, 62], which we also found here. The
main reason might be time constraints, that is, a shorter
growth season at higher latitudes, which results in less
time available for growth and development and thus
emergence at a smaller size [63]. In contrast, semivoltine
species are less affected by seasonal time constraints due
to a prolonged development time, and might therefore
show different patterns in size with regard to latitude.

Our analyses suggested a significant, but relatively
weak population structure and a moderate degree of
genetic variation within the area investigated. The
observed weak population structure matches findings
in other well dispersed damselfly species across Europe
[81, 82]. Our structure analysis suggested five clusters
of populations. We rooted our phylogeny in Spain, since
many studies have suggested that a refugia during the
last ice age occurred in southern Europe. Within the
clusters identified, the Spanish and the northernmost
Finnish populations came out as two clear clusters. The
Spanish population seemed to be very isolated as was
also suggested by the PCA analysis and the Fvalues.
This is not surprising since the Pyrenees might work as a
strong dispersal barrier. Studies on other species, includ-
ing odonates, have shown a similar isolation pattern of
Spanish populations [81-83]. The northernmost Finnish
population was also distinct from the other populations,
including the close north Scandinavian populations. One
reason for this distinct cluster could be that this popu-
lation might be a result from an eastern migration route
since the last ice age [83]. An eastern invasion route of
north Scandinavian species has been found in other
species such as frogs [84] and shrews [85]. However,
sampling regime covering a wider geographical range
towards the east including the Balkans is needed to con-
firm such hypothesis. Finally, our phylogeny and PCA
analyses supported the structure with French, German
and Polish populations being most closely related to the
Spanish ones. Thus, we found some support for our pre-
diction that the phylogeny of the sampled populations
should reflect a dispersal from the glacial refuges: the
ancestral population stems from the southern latitudes,
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whereas the northern populations derive from it. How-
ever, some Swedish individuals were closely related to the
Spanish population and in addition some Polish, Belgian
and German individuals were situated in between Swed-
ish and Finnish individuals in the phylogeny. This sug-
gests again significant gene flow within the large study
area.

In summary, we found phenotypic differences in wing
shape amongst L. spomsa populations across Europe.
These differences might be a result of local selection pres-
sure since F,, differed among the majority of the popula-
tions, and since our outlier analyses on SNPs identified
signature of selection. However, more analyses such as
a Q/F,, comparison are needed to confirm this sugges-
tion. This phenotypic difference in wing shape difference
was not an effect of phylogeny, and it is also probably
not driven by latitudinal effects such as photoperiod or
temperature. The absence of a clear latitudinal gradient
in wing shape adds to many recent studies that also have
not found a clear relationship between wing shape and
latitude in insects [86].

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-024-02207-4.

Additional file 1.

Additional file 2: Table S1. Description of the data and file structure: This
VCF file includes the final dataset (16,146 SNPs) for 92 individuals from 14
populations. The content of each column is described in the beginning

of the file.

Additional file 3: Table S2. Description of the data and file structure: This
VCF file includes the final dataset (833 SNPs) for 92 individuals from 14
populations. The content of each column is described in the beginning

of the file.

Additional file 4: Table S3. Results from BLAST to annotate the RAD-tags
with SNPs putatively involved in local adaptation against the non-
redundant protein database (blastx) restricting the search to insects only,
retaining matches if they passed an e-value threshold of < 10 and at
least ~70% query coverage.

Additional file 5: Table S4. Description of the data and file structure:
This file in TPS format contains data for 174 forewing samples, and each

13 landmarks for each forewing. "ID" represents the sample name. Only a
subset of the samples were used in the genetic analyses. Those names can
be tracked using the additional file 1 or 2.wing.

Additional file 6: Table S5. Description of the data and file structure:
The TPS file contains 196 hindwing samples, and 13 landmarks for each
hindwing. "ID" represents the sample name. Only a subset of the samples
were used in the genetic analyses. Those names can be tracked using the
SNP (additional file 1 and 2). If needed, we can provide the researchers
with the picture of each wing.

Additional file 7: Table S6. List of enriched GO terms that had biological
processes involved in response to stimulus, response to stress and cell
morphogenesis.

Additional file 8.
Additional file 9.



https://doi.org/10.1186/s12862-024-02207-4
https://doi.org/10.1186/s12862-024-02207-4

Yildirim et al. BMC Ecology and Evolution (2024) 24:19

Acknowledgements

Thanks to Gunilla Engstrom for help in the laboratory; Peter Halvarsson,
Jacob Héglund, and Lois Rancilhac for advice on DNA extraction and analysis.
Sequencing was performed by the SNP&SEQ Technology Platform in Uppsala.
The facility is part of the National Genomics Infrastructure (NGI) Sweden and
Science for Life Laboratory. The SNP&SEQ Platform is also supported by the
Swedish Research Council and the Knut and Alice Wallenberg Foundation.
Finally, we would like to thank Julie Verheyen, Phillipe Lambret, Jukka Salmela,
Ida-Maria Huikkonen, Viktor Nilsson-Ortman, and Adolfo Cordero-Rivera

and Anna Rychta for collecting the damselflies. Their effort made this study
possible.

Authors’ contributions

FJ conceived and designed the experiment. DK and DO analyzed the
morphology, DO performed the final statistical analyses, YY designed and per-
formed analyses of the ddRAD sequences. PRD performed the outlier analyses.
FJ.and DO wrote the first draft of the manuscript and YY wrote the first draft of
the ddRAD sequence part. All authors, YY, DK, DO, DM, PRM, SS, FJ contributed
to the writing of the final version.

Funding

Open access funding provided by Uppsala University. FJ was supported by
grant 2016-04015 from the Swedish Research Council (VR). SS was supported
by funding from the Norwegian Financial Mechanism 2014-2021, project no.
2019/34/H/NZ8/00683 (ECOPOND), National Science Centre Poland, project
no. 2019/33/B/NZ8/00521, and Institute of Nature Conservation, Polish Acad-
emy of Sciences.

Availability of data and materials

Demultiplexed raw DNA sequences are archived in the NCBI Sequence Read
Archive (BioProject ID: PRINA971006), link: https://www.ncbi.nlm.nih.gov/
bioproject/PRINA971006. Wing morphology is provided in Supplementary
Table S4 and S5.

Declarations

Ethics approval and consent to participate

The research has been carried out within an appropriate ethical framework.
The study organism is neither protected by law nor endangered in coun-
tries where the field sampling was done. No permits for field sampling was
required in Spain, Belgium, Poland, Germany, Sweden, and Finland. Field
sampling in France was under the permit of the Camargue Regional Nature
Park, France.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Ecology and Genetics, Animal Ecology, Uppsala University,
Uppsala, Sweden. “Department of Biological Sciences, University of Pittsburgh,
Pittsburgh, PA, USA. 3Institut fur Biologie, Freie Universitat Berlin, Berlin, Ger-
many. ‘Department of Ecosystem Conservation, Institute of Nature Conserva-
tion, Polish Academy of Sciences, Krakéw, Poland.

Received: 5 April 2023 Accepted: 25 January 2024
Published online: 03 February 2024

References

1. Endler JA. Natural selection in the wild. First ed. Princeton, N.J: Princeton
University Press; 1986.

2. KaweckiTJ, Ebert D. Conceptual issues in local adaptation. Ecol Lett.
2004;7:1225-41.

3. Reznick D, Bryga H, Endler J. Experimentally induced life-history evolu-
tion in a natural-population. Nature. 1990;346:357-9.

22.

23.

24.

25.

26.

27.

Page 14 of 16

Klepsatel P, Gélikovd M, Huber CD, Flatt T. Similarities and differences
in altitudinal versus latitudinal variation for morphological traits in
Drosophila melanogaster. Evolution. 2014;68:1385-98.

Fujimoto S, Miyake T, Yamahira K. Latitudinal variation in male competi-
tiveness and female choosiness in a fish: are sexual selection pressures
stronger at lower latitudes? Evol Biol. 2015;42:75-87.

Edelaar P, Alonso D, Lagerveld S, Senar JC, Bjérklund M. Population
differentiation and restricted gene flow in Spanish crossbills: not isola-
tion-by-distance but isolation-by-ecology. J Evol Biol. 2012;25:417-30.
Cosentino BJ, Phillips CA, Schooley RL, Lowe WH, Douglas MR. Linking
extinction-colonization dynamics to genetic structure in a salamander
metapopulation. Proc R Soc B Biol Sci. 2012;279:1575-82.

Keller SR, Sowell DR, Neiman M, Wolfe LM, Taylor DR. Adaptation and
colonization history affect the evolution of clines in two introduced
species. New Phytol. 2009;183:678-90.

Luquet E, Rodin Morch P, Cortazar-Chinarro M, Meyer-Lucht Y, Hoglund
J, Laurila A. Post-glacial colonization routes coincide with a life-history
breakpoint along a latitudinal gradient. J Evol Biol. 2019;32:356-68.
Zamudio KR, Bell RC, Mason NA. Phenotypes in phylogeography: spe-
cies' traits, environmental variation, and vertebrate diversification. Proc
Natl Acad Sci. 2016;113:8041-8.

. Menezes BF, Vigoder FM, Peixoto AA, Varaldi J, Bitner-Mathé BC. The

influence of male wing shape on mating success in Drosophila mela-
nogaster. Anim Behav. 2013;85:1217-23.

Flockhart DTT, Fitz-gerald B, Brower LP, Derbyshire R, Altizer S, Hobson
KA, et al. Migration distance as a selective episode for wing morphol-
ogy in a migratory insect. Mov Ecol. 2017;5:7.

Outomuro D, Johansson F. Bird predation selects for wing shape and
coloration in a damselfly. J Evol Biol. 2015;28:791-9.

Hoffmann AA, Shirriffs J. Geographic variation for wing shape in Dros-
ophila serrata. Evolution. 2002;56:1068-73.

Schéfer MA, Berger D, Rohner PT, Kjaersgaard A, Bauerfeind SS, Guil-
laume F, et al. Geographic clines in wing morphology relate to coloni-
zation history in New World but not Old World populations of yellow
dung flies. Evolution. 2018;72:1629-44.

Outomuro D, Golab MJ, Johansson F, et al. Body and wing size, but not
wing shape, vary along a large-scale latitudinal gradient in a damselfly.
Sci Rep. 2021;11:18642. https://doi.org/10.1038/541598-021-97829-9.
Azevedo RB, James AC, McCabe J, Partridge L. Latitudinal variation of
wing: thorax size ratio and wing-aspect ratio in Drosophila mela-
nogaster. Evolution. 1998;52:1353-62.

Rohner PT, Roy J, Schafer MA, Blanckenhorn WU, Berger D. Does ther-
mal plasticity align with local adaptation? An interspecific comparison
of wing morphology in sepsid flies. J Evol Biol. 2019;32:463-75.
Outomuro D, Séderquist L, Nilsson-Ortman V, Cortazar-Chinarro M,
Lundgren C, Johansson F. Antagonistic natural and sexual selection on
wing shape in a scrambling damselfly. Evolution. 2016;70:1582-95.
Boudot J-P, Kalkman V. Atlas of the European dragonflies and damsel-
flies. The Netherlands: KNNV Publishing; 2016.

. Sniegula S, Golab MJ, Drobniak SM, Johansson F. Seasonal time con-

straints reduce genetic variation in life-history traits along a latitudinal
gradient. J Anim Ecol. 2016,85:187-98.

Johansson F, Watts PC, Sniegula S, Berger D. Natural selection mediated
by seasonal time constraints increases the alignment between evolv-
ability and developmental plasticity. Evolution. 2021;75:464-75.
Johansson F, Berger D, Outomuro D, Sniegula S, Tunon M, Watts PC,

et al. Mixed support for an alignment between phenotypic plastic-

ity and genetic differentiation in damselfly wing shape. J Evol Biol.
2023;36:368-80.

Johansson F, Halvarsson P, Mikolajewski DJ, Hoglund J. Genetic dif-
ferentiation in the boreal dragonfly Leucorrhinia dubia in the Palearctic
region. Biol J Linn Soc. 2017;121:294-304.

Hassall C, Thompson DJ, Harvey IF. Wings of Coenagrion puella vary in
shape at the northern range margin (Odonata: Coenagrionidae). Int J
Odonatol. 2008;11:35-41.

Corbet PS. The life-histories of Lestes sponsa (Hansemann) and
Sympetrum striolatum (Charpentier)(Odonata). Tijdschr Voor Entomol.
1956;99:217-29.

Aljanabi SM, Martinez I. Universal and rapid salt-extraction of high
quality genomic DNA for PCR-based techniques. Nucleic Acids Res.
1997;25:4692-3.


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA971006
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA971006
https://doi.org/10.1038/s41598-021-97829-9

Yildirim et al. BMC Ecology and Evolution

28.

29.

30.

31.

32.

33.

34
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2024) 24:19

ParchmanTL, Gompert Z, Mudge J, Schilkey FD, Benkman CW, Buerkle
CA. Genome-wide association genetics of an adaptive trait in lodgepole
pine. Mol Ecol. 2012;21:2991-3005.

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE. Double digest
RADseq: an inexpensive method for De novo SNP discovery and geno-
typing in model and non-model species. PLoS One. 2012;7:€37135.
Mastretta-Yanes A, Arrigo N, Alvarez N, Jorgensen TH, Pifiero D, Emerson
BC. Restriction site-associated DNA sequencing, genotyping error
estimation and de novo assembly optimization for population genetic
inference. Mol Ecol Resour. 2015;15:28-41.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10-2.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114-20.

Catchen JM, Amores A, Hohenlohe P, Cresko W, Postlethwait JH. Stacks:
building and genotyping loci De novo from short-read sequences. G3
GenesGenomes Genet. 2011;1:171-82.

Paris JR, Stevens JR, Catchen JM. Lost in parameter space: a road map for
stacks. Methods Ecol Evol. 2017;8:1360-73.

Rochette NC, Catchen JM. Deriving genotypes from RAD-seq short-read
data using stacks. Nat Protoc. 2017;12:2640-59.

Weir BS, Cockerham CC. Estimating F-statistics for the analysis of popula-
tion structure. Evolution. 1984;38:1358-70.

Luu K, Bazin E, Blum MGB. Pcadapt: an R package to perform genome
scans for selection based on principal component analysis. Mol Ecol
Resour. 2017,17:67-77.

R Development Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna. 2022. https://
www.R-project.org.

Malinsky M, Trucchi E, Lawson DJ, Falush D. RADpainter and fineRAD-
structure: population inference from RADseq data. Mol Biol Evol.
2018;35:1284-90.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure
using multilocus genotype data. Genetics. 2000;155:945-59.

Falush D, Stephens M, Pritchard JK. Inference of population structure
using multilocus genotype data: dominant markers and null alleles. Mol
Ecol Notes. 2007;7:574-8.

LiY, Liu J. STRUCTURESELECTOR: a web-based software to select and
visualize the optimal number of clusters using multiple methods. Mol
Ecol Resour. 2018;18:176-7.

Puechmaille SJ. The program structure does not reliably recover the
correct population structure when sampling is uneven: subsampling and
new estimators alleviate the problem. Mol Ecol Resour. 2016;16:608-27.
Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose |.
Clumpak: a program for identifying clustering modes and pack-

aging population structure inferences across K. Mol Ecol Resour.
2015;15:1179-91.

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phy-
logenies. Mol Biol Evol. 2015;32:268-74.

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates.
Nat Methods. 2017;14:587-9.

Minh BQ, Nguyen MAT, von Haeseler A. Ultrafast approximation for phylo-
genetic bootstrap. Mol Biol Evol. 2013;30:1188-95.

Guindon S, Dufayard J, Lefort V, Anisimova M, Hordijk W, Gascuel O. New
algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst Biol. 2010;59:307-21.

Dray S, Dufour A-B. The ade4 package: implementing the duality diagram
for ecologists. J Stat Softw. 2007,22:1-20.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B Methodol.
1995:289-300.

Raudvere U, Kolberg L, Kuzmin |, Arak T, Adler P, Peterson H, et al.
Geprofiler: a web server for functional enrichment analysis and conver-
sions of gene lists (2019 update). Nucleic Acids Res. 2019;47:W191-8.
Rohlf FJ. tpsDig, Digitize Landmarks and Outlines, Version 2.05. Stony
Brook: Department of Ecology and Evolution, State University of New
York; 2006.

Rohlf FJ, Slice D. Extensions of the Procrustes method for the optimal
superimposition of landmarks. Syst Biol. 1990;39:40-59.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

Page 150f 16

Rohlf FJ. tpsRelw File Utility Program. Version 1.49. Stony Brook: Depart-
ment of Ecology and Evolution, State University of New York; 2010.
http://life.bio.sunysb.edu/morph/.

Outomuro D, Adams DC, Johansson F. Wing shape allometry and aero-
dynamics in calopterygid damselflies: a comparative approach. BMC
Evol Biol. 2013;13:118.

Outomuro D, Adams DC, Johansson F. The evolution of wing shape in
ornamented-winged damselflies (Calopterygidae, Odonata). Evol Biol.
2013;40:300-9.

Adams DC, Collyer ML, Kaliontzopoulou A, Baken E. Geomorph: Soft-
ware for geometric morphometric analyses. R package version 3.3.2.
2021. https://cran.r-project.org/package=geomorph.

Adams DC. A generalized K statistic for estimating phylogenetic signal
from shape and other high-dimensional multivariate data. Syst Biol.
2014,63:685-97.

Drake AG, Klingenberg CP. The pace of morphological change: histori-
cal transformation of skull shape in St Bernard dogs. Proc R Soc B Biol
Sci. 2008;275:71-6.

Schlager S. Morpho and Rvcg-shape analysis in R: R-packages for
geometric morphometrics, shape analysis and surface manipulations.
In: Statistical shape and deformation analysis. Elsevier; 2017. p. 217-56.

. Holm S. A simple sequentially rejective multiple test procedure. Scand

J Stat. 1979;6:65-70.

Sniegula S, Golab MJ, Johansson F. A large-scale latitudinal pattern of life-
history traits in a strictly univoltine damselfly. Ecol Entomol. 2016;41:459-72.
Sniegula S, Drobniak SM, Golab MJ, Johansson F. Photoperiod and
variation in life history traits in core and peripheral populations in the
damselfly Lestes sponsa. Ecol Entomol. 2014;39:137-48.

Sniegula S, Golab MJ, Johansson F. Time constraint effects on phenol-
ogy and life history synchrony in a damselfly along a latitudinal gradi-
ent. Oikos. 2016;125:414-23.

Gilchrist GW, Huey RB. Plastic and genetic variation in wing loading as
a function of temperature within and among parallel clines in Dros-
ophila subobscura. Integr Comp Biol. 2004;44:461-70.

Frazier MR, Harrison JF, Kirkton SD, Roberts SP. Cold rearing improves
cold-flight performance in Drosophila via changes in wing morphol-
ogy. J Exp Biol. 2008;211:2116-22.

Wood ZT, Wiegardt AK, Barton KL, Clark JD, Homola JJ, Olsen BJ, et al.
Meta-analysis: congruence of genomic and phenotypic differentiation
across diverse natural study systems. Evol Appl. 2021;14:2189-205.
Termaat T, van Strien AJ, van Grunsven RHA, De Knijf G, Bjelke U, Bur-
bach K, et al. Distribution trends of European dragonflies under climate
change. Divers Distrib. 2019,25:936-50.

Wootton RJ. The functional morphology of the wings of Odonata. Adv
Odonatol. 1991;5:153-69.

Dudley R. The biomechanics of insect flight: form, function, evolution.
Princeton University Press; 2002.

. Sacchi R, Hardersen S. Wing length allometry in Odonata: differences

between families in relation to migratory behaviour. Zoomorphol.
2012;132:23-32.

Dytham C. Evolved dispersal strategies at range margins. Proc R Soc B
Biol Sci. 2009;276:1407-13.

Polechova J, Barton NH. Limits to adaptation along environmental
gradients. Proc Natl Acad Sci. 2015;112:6401-6.

Kuchta SR, Svensson El. Predator-mediated natural selection on the
wings of the damselfly Calopteryx splendens: differences in selection
among trait types. Am Nat. 2014;184:91-109.

Botero CA, Boogert NJ, Vehrencamp SL, Lovette IJ. Climatic patterns
predict the elaboration of song displays in mockingbirds. Curr Biol.
2009;19:1151-5.

Kaluthota C, Brinkman BE, Dos Santos EB, Rendall D. Transcontinental
latitudinal variation in song performance and complexity in house
wrens (Troglodytes aedon). Proc R Soc B Biol Sci. 2016;283:20152765.
Golab MJ, Johansson F, Sniegula S. Let’s mate here and now - seasonal
constraints increase mating efficiency. Ecol Entomol. 2019;44:623-9.
Freestone AL, Torchin ME, Jurgens LJ, Bonfim M, Lépez DP, Repetto MF,
et al. Stronger predation intensity and impact on prey communities in
the tropics. Ecol. 2021;102:e03428.

Roslin T, Hardwick B, Novotny V, Petry WK, Andrew NR, Asmus A, et al.
Higher predation risk for insect prey at low latitudes and elevations. Sci-
ence. 2017;356:742-4.


https://www.R-project.org
https://www.R-project.org
http://life.bio.sunysb.edu/morph/
https://cran.r-project.org/package=geomorph

Yildirim et al. BMC Ecology and Evolution (2024) 24:19 Page 16 of 16

80. Zeuss D, Brunzel S, Brandl R. Environmental drivers of voltinism and
body size in insect assemblages across Europe. Glob Ecol Biogeogr.
2017,26:154-65.

81. Wellenreuther M, Sanchez-Guillen RA, Cordero-Rivera A, Svensson El,
Hansson B. Environmental and climatic determinants of molecular diver-
sity and genetic population structure in a Coenagrionid damselfly. PLoS
One. 2011:6.

82. Johansson H, Stoks R, Nilsson-Ortman V, Ingvarsson PK, Johansson F.
Large-scale patterns in genetic variation, gene flow and differentiation in
five species of European Coenagrionid damselfly provide mixed support
for the central-marginal hypothesis. Ecography. 2013;36:744-55.

83. Hewitt G. Post-glacial re-colonization of European biota. Biol J Linn Soc.
1999,68:87-112.

84. Cortazar-Chinarro M, Lattenkamp EZ, Meyer-Lucht Y, Luquet E, Laurila
A, Hoglund J. Drift, selection, or migration? Processes affecting genetic
differentiation and variation along a latitudinal gradient in an amphibian.
BMC Evol Biol. 2017;17:1-14.

85. Lundqvist A-C, Alstrom-Rapaport C, Tegelstrom H. Fennoscandian phy-
logeography of the common shrew Sorex araneus. Postglacial recolo-
nisation—combining information from chromosomal variation with
mitochondrial DNA data. Acta Theriol (Warsz). 2011;56:103-16.

86. Dellicour S, Gerard M, Prunier JG, Dewulf A, Kuhlmann M, Michez D. Dis-
tribution and predictors of wing shape and size variability in three sister
species of solitary bees. PLoS One. 2017;12:¢0173109.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Phylogeography and phenotypic wing shape variation in a damselfly across populations in Europe
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Material and methods
	Study area and data collection
	Library preparation and ddRAD-sequencing
	Data filtering and SNP calling
	Genetic structure
	Differentiation outlier scan
	Morphological analyses of wing shape

	Results
	Genetic structure and phylogeny
	Differentiation outlier scan
	Wing morphology

	Discussion
	Acknowledgements
	References


