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Abstract Insects adapt commonly to seasonally changing
habitats and reproductive contexts. Individuals that mature
at different times during the year can show patterns of life
cycle or morphological variation, possibly associated with
changes in reproductive behaviour. Concerning mating
strategies of flying insects, wing morphology may be
related both to the outcome of male-male contests and to
the ability in acquiring females. Therefore, different mating
strategies (territorial vs. non-territorial) may have different
flight morphology optima that increase fitness in their
context. Males of Calopteryx splendens are mainly terri-
torial early in the season, but with the advancing season
and with increasing competition, more and more males
adopt a non-territorial pursuing strategy. Given that
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different mating tactics have different wing morphologies,
here we test whether the wing shape of males shifts from a
“territorial” to a “non-territorial morphology” during the
season. So, early in the season males show highly sexually
dimorphic wings, which allow for high manoeuvrability
and larger spots, while late in the season wing shapes of
males become less sexually dimorphic and more suit-
able when pursuing females. Additionally, we studied the
seasonal variation of other flight related traits, specifically
wing lengths, abdomen length and weight. We found that
these latter traits decreased along the season in both sexes
without altering sexual dimorphism. However, wing shape,
which resulted sexually dimorphic, showed a seasonal
variation, decreasing the level of sexual dimorphism. The
most probable determinant of this change is phenotypic
plasticity triggered by environmental cues, but other
explications of the observed pattern are discussed.

Keywords Damselflies - Morphometrics - Sexual -
Dimorphism - Season - Wing

Introduction

In seasonal habitats, many environmental variables change
predictably during the season, such as temperatures and
photoperiod, that signal the time available before the onset
of winter. As a consequence, insects have to adapt to these
environmental changes through life cycle regulations and/
or phenotypic plasticity, in order to maximize fitness
(Nylin 1994; Gotthard and Nylin 1995; Nylin and Gotthard
1998). Phenotypic plasticity could promote adaptive
changes in morphology (Nylin and Gotthard 1998) or
adaptive variation in development time or growth rate
(Gotthard et al. 1994), and these two aspects of adaptation
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often correlate (Nylin 1994; Nylin and Gotthard 1998).
Life cycle regulations determined by environmental chan-
ges may trigger morphological adaptations, generating the
most common kind of insect “polymorphism”, seasonal
polyphenism, in which different phenotypes predominate at
different times of the season (Shapiro 1976; Nijhout 2003).

Most studies investigating the effect of season have
focused on variation in size that generally decreases late in
the year in insect species with complex life-history shifts
(Sweeney and Vannote 1978; Rowe and Ludwig 1991;
Nylin and Gotthard 1998). Usually, this type of phenotypic
variation has been ascribed to an adaptation of growth rate
to variations in temperature or photoperiod, rather than
interpreted as a non-adaptive reaction (Rowe and Ludwig
1991). Other kinds of seasonal polyphenisms concern wing
colour changes, especially in butterflies (Brakefield and
Larsen 1984; Kingsolver and Wiernasz 1991; Kingsolver
1995), which mainly links with thermoregulation and
mimicry.

In some species, seasonal adaptation includes the
adoption of alternative conditions or phenotype-dependent
mating tactics which differ between early and late emergers
and which increase fitness under different environmental
conditions (Brockmann 2001). Commonly, in males, these
mating tactics can be divided in a territorial strategy, in
which individuals hold territories with female-relevant
resources and court females, and non-territorial strategies,
in which males do not defend territories and try to mate
with females without defending a resource (i.e. Gross 1996;
Plaistow et al. 2004). The adoption of such strategies may
be genetically determined, a product of phenotypic plas-
ticity or depend on male condition (Oliveira et al. 2008). In
flying insects, mating tactics are often associated with
different physiological (i.e. fat content, age or immuno-
competence: Marden and Waage 1990; Plaistow and Siva-
Jothy 1996; Kemp and Alcock 2003; Kemp and Wiklund
2004; Koskimiki et al. 2004) or morphological characters.
Specifically, flight morphologies, which are selected for
specific flight needs, are closely correlated with flight
performance (Dudley 2002; Berwaerts et al. 2002). This
flight performance is the key to the outcome of territorial
competition, to energy consumption necessary for locating
or chasing females, and to other fitness relevant behaviours
(e.g. predator avoidance). So, different behavioural strate-
gies have different flight morphology optima, and if
strategies change during the season, also optimal flight
morphology is expected to change accordingly in an
adaptive way. Evidence for this assumption has been
reported for the butterfly Parage aegeria, in which males
can be territorial perchers or non-territorial patrollers that
adopt a permanent searching flight. This species shows a
seasonal reduction in territoriality, which correlates with
morphological variation in males. They change from a
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territorial to a non-territorial flight morphology, an adap-
tive seasonal plasticity, probably triggered by environ-
mental cues (Van Dyck and Wiklund 2002).

In this study we tested whether a pattern of seasonal
adaptation in morphology, similar to that described above,
exists in the damselfly Calopteryx splendens (Harris 1780)
in relation to a variation in viability of the territorial
behaviour along the season that also occurs in this species.
This member of the family Calopterygidae (Odonata)
ranges from the European Atlantic coast to north-west of
China (Dijkstra and Lewington 2006) and shows sexually
dimorphic colouration, with a greenish blue body in males
and greenish brown body colour in females. Male wing
colouration in this species, and across the genus, is con-
dition-dependent since it correlates with several aspects of
individual condition such as immunocompetence and
competitive ability (Siva-Jothy 2000; Cérdoba-Aguilar and
Cordero-Rivera 2005; Rantala et al. 2010). Hardersen
(2010) showed that the area of wing spots in C. splendens
males decreases during the reproductive season.

A male of C. splendens can adopt either territorial or
non-territorial behaviour. When territorial, a male defends
a territory and actively courts females, displaying its wing
spots, the size of which acts as secondary sexual characters
signalling male’s quality to male competitors and to
females (reviewed in Cérdoba-Aguilar and Cordero-Rivera
2005). Territorial males experience high competitive costs
but have higher fitness than non-territorial ones (Plaistow
and Siva-Jothy 1996; Oliveira et al. 2008). When individ-
uals are unable to defend a territory, they adopt a non-
territorial strategy, and try to obtain opportunistic matings
by pursuing females. Since these strategies are usually
considered to be dependent on the physiological conditions
(e.g. fat content), males can adopt these sequentially, being
initially territorial and later switching to non-territorial
behaviour, when fat reserves are depleted (Forsyth and
Montgomerie 1987; Plaistow and Siva-Jothy 1996; Outo-
muro et al. 2014). Because of this, hereafter, when refer-
ring to non-territorial males, we intend males that are
currently adopting a non-territorial strategy, which can be
adopted after a period of territoriality (Outomuro et al.
2014). This switching to an alternative reproductive tactic
is interpreted as a behaviour which maximizes fitness. The
fraction of males adopting a non-territorial behaviour
during their lives increases with population density because
of the excessive competition for the fixed number of
available territories (Forsyth and Montgomerie 1987;
Cordero-Rivera 1999). Consequently, the percentage of
males showing non-territorial behaviour increases with the
advancing breeding season because population density
increases from early spring onwards. At high-population
densities, mating attempts largely depend on pursuing
flights and forced copulations (Hilfert and Riippell 1997,
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Cordero-Rivera 1999; Cérdoba-Aguilar and Cordero-Riv-
era 2005; Hilfert-Riippell and Riippell 2009) and females
perform convenience polyandry (Cordero-Rivera and
Andrés 2002).

Wing morphology in C. splendens is strongly sexually
dimorphic with shorter and more “rounded” wings in
males, probably subject to sexual selection (Outomuro and
Johansson 2011; Outomuro et al. 2012), and more tapered
wings in females, closer to the aerodynamic optimum for
less energetically demanding flight selected by natural
selection (Betts and Wootton 1988; Bots et al. 2009;
Outomuro et al. 2012; Sacchi and Hardersen 2013). Wing
shape differs between alternative reproductive tactics in
this species (Outomuro et al. 2014): territorial males have
shorter and broader wings than non-territorial ones, which
have wings slightly more similar to those of females. This
phenotypic difference might be related to improved
manoeuvrability in territorial males and/or to the co-evo-
lution between shape and wing spot size (Outomuro et al.
2014). Indeed, wing shape constrains the area available for
the deposition of pigments and consequently affects the
attractiveness of individual males to females (Outomuro
and Johansson 2011; Outomuro et al. 2013a). Furthermore,
a more tapered and less sexually dimorphic wing may
improve success rate when pursuing females thanks to a
flight morphology more similar to that of females,
increasing lifetime reproductive success as more oppor-
tunistic matings are obtained (Forsyth and Montgomerie
1987; Outomuro et al. 2014).

The reasons for the differences in wing shape between
territorial and non-territorial males are not known, and
phenotypic plasticity as well as genetic differentiation
between “morphs” is the possible cause (Outomuro et al.
2014).

Here, we test the hypothesis that average wing shape of
males shifts from a “territorial” morphology to “non-ter-
ritorial” wing shape, which should be less sexually
dimorphic, as population density increases during the
season and as ever less males are able to adopt a territorial
behaviour for most of their life time. This predicted shift
should allow for higher manoeuvrability and larger wing
spots when male density is low early in the season, and for
faster flight, more similar to females, when pursuing
females later in the season, when male density is high. This
pattern may result in wing shape phenotypic adjustment, in
which wing development adaptively changes, depending
on the more likely strategy males are going to adopt at the
specific time of the year when sexually active. Wing shape
in females is not expected to change to the same extent
because females do not show alternative mating strategies
and always benefit from having slender wing adapted to
reduce flight energy demand. Therefore, if males shift from

a territorial to a non-territorial strategy, we predict that the
extent of sexual dimorphism in wing shape will decrease as
the season advances.

Materials and methods
Sampling

Females and territorial males of C. splendens were sam-
pled from May to September in 2009 and 2010 from a
stream near Pavia (Northern TItaly: 45°10'04"N,
9°04'40"E). We sampled territorial males because these
males won at least some territorial contests and are likely
to have wings which are the most sexually dimorphic.
Therefore, any correlation between wings shape, sexual
dimorphism and season should be most obvious in this
group. Males were considered territorial only if they were
resident in a territory and defended it against intruders,
and if they were courting females. A total of 769 indi-
viduals were caught, 412 males and 357 females, during
six sampling sessions in 2009 and four in 2010 (Sample
details are given in Online Resource 1). Individuals were
classified as early, middle, and late depending on sam-
pling date as follows: early season, before the 3rd July
(2009: two sampling sessions for 110 males and 81
females; 2010: two sampling sessions for 71 males and 70
females), middle season from 4th July to 11th of August
(2009: two sampling sessions including 93 males and 78
females; 2010: one sampling session including 47 males
and 41 females), and late season encompassed all dates
after 12th August (2009: two sampling sessions including
51 males and 45 females; 2010: one sampling session
including 40 males and 42 females). Individuals were
weighed to the nearest 0.01 mg using a precision balance
(Sartorius research, R200D), and digital images of their
wings were obtained with a scanner (HP Scanjet G4010,
resolution of 600 DPI). One individual was not weighed
because it had lost its head. Damselflies were scanned
dorsally, while the wings were blocked by two pieces of
polyurethane foam held down with a weight of about 50 g
(Cigognini et al. 2014). This system prevented animal
movement. A strip of graph paper was included in the
scan to provide a scale. Three individuals had damaged
wings (one had damaged front wings and two damaged
hind wings); consequently, these were not used in further
analysis. After image acquisition, each individual was
marked prior to release at the site of origin in order to
avoid recapture. Several marked individuals were found
the days after they had been released, and this suggests
that handling did not interfere with short-term survival
and population viability.
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Image processing and analysis

Wing shape was quantified using geometric morphometrics
methods (Rohlf and Marcus 1993; Bookstein 1997; Adams
et al. 2004). These methods are a statistical framework for
shape analysis that allow for the quantification of shape
using Generalized Procrustes Analysis (GPA, Rohlf and
Slice 1990; Adams et al. 2004), which scales, translates and
rotates landmark configurations removing the effect of
non-shape variation (Rohlf and Marcus 1993; Bookstein
1997). Information about size is retained as centroid size
(CS) and is defined as the square root of the sum of the
squared distances between each landmark and the speci-
men centroid. Ten homologous landmarks located where
veins meet the edge of the wing (Fig. 1) were recorded on
the right front wing and on the right hind wing using
TpsDig2 software (Rohlf 2010). To test whether landmark
positioning was repeatable, front and hind wing landmarks
of a sub-sample of ten animals were digitalized three times,
with a day interval between measurements. Repeatability
resulted very high (ICC > 0.99, Fg,p > 1.6 x 10° and
p < 0.001 for all x and y coordinates of both front and hind
wing landmarks).

After landmark digitalization, the abdomen length of all
individuals was measured using tools available in TpsDig2
software (Rohlf 2010), except for 27 individuals whose
abdomens were not completely visible. Repeatability of
abdomen measurements was checked using three replicates
with a day interval between measurements on a sub-sample
of ten animals was highly significant (F;73 = 4.9 X 10°
and p < 0.001).

Afterwards, a GPA was performed on digitalized land-
mark configurations, for front and hind wings, obtaining
aligned configurations. The natural logarithm of the cen-
troid size (LnCS) for front and hind wing was chosen as an
index of wing size instead of using wing lengths (for a
distribution of raw data of LnCS see Online Resources 2).
A principal component analysis (PCA) was carried on the

variance—covariance matrix of the landmark coordinates of
the aligned configurations (Claude 2008). Since the
dimensionality of the data is 2 xp—4 (ie.
2 x 10 — 4 = 16), where p is the number of landmarks
(Dryden and Mardia 1998), we used the scores of the first
16 PCs as a set of shape variables.

Statistical analysis

Body weight, abdomen length, the size of front and hind
wing, estimated as LnCS, were only weakly correlated
(Pearson’s correlation coefficient r, ranking from 0.33 to
0.63), whereas the size of front and hind wing were
strongly correlated (7, = 0.97). The variation of traits
along the breeding season was analysed using linear
models including the factors SEX, SEASON (with three
levels corresponding to early, middle and late season),
YEAR and all interactions among them as predictors. An
independent model was performed for each trait. In these
analyses, the main effect of SEX stands for sexual dimor-
phism, the main effect of SEASON is for the plastic
response to seasonal variation of environmental constraints
and the main effect of YEAR accounts for differences in
the environmental constraints among breeding seasons, the
SEX x SEASON interaction measures the context-depen-
dent effect on sexual dimorphism due to constraints within
the season, SEX x YEAR account for yearly variability of
sexual dimorphism due to yearly variability of ecological
factors. Also the SEASON x YEAR interaction was
included to account for possible not synchronous variations
of the traits in the 2 years. The SEX x SEASON x YEAR
interaction accounts for yearly differences in the variation
of sexual dimorphism between the three periods.

In order to assess whether sexual dimorphism in wing
shape varies with the season the set of shape variables was
used as dependent variable in a MANCOVA including the
three factors SEX, SEASON, and YEAR, and the covariate
SIZE as predictors. Additionally, all 2- and 3-way

8

Fig. 1 Locations of the 10 landmarks, defined by the intersection
between wing margin and: (/) nodus, (2) first radius, (3) third radius,
(4) third radius intercalary, (5) fourth + fifth radius, (6) medius, (7)
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first cubitus, (8) second cubitus, (9) proximal apex of anal triangle,
(10) Connection Costa—Subcosta. Nomenclature follows Dumont
(1991). The grey area represents the spot of males
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interactions between predictors were tested. Two inde-
pendent models were performed for front and hind wings,
respectively. In order to verify whether the models showed
a pattern of variation in sexual dimorphism of wing shape
consistent with our hypothesis, we computed the Procrustes
distances between mean shapes of males and females of
our sample for each period of the season.

All models in the analysis were simplified by removing
non-significant terms (significance threshold: « = 0.01)
starting from interactions (Zuur et al. 2009).

All statistical analyses were performed using the soft-
ware R, version 3.2.1 (R Development Core Team 2015).
Geometric morphometrics analyses were performed using
the R package “geomorph” (version 2.1.6, Adams and
Otarola-Castillo 2013).

Results
Flight related traits

Statistically significant sexual dimorphism was found in
weight and in the size of front and hind wings, males being
in general lighter and with smaller wings than females
(Fig. 2). A less clear pattern emerged in the abdomen
length, which did not differ between sexes (Table 1). The
extent of sexual dimorphism in wing size was independent
from year (Table 1), but it was less pronounced in 2009
with respect to 2010 in weight (Table 1; Fig. 2). The
advancing season resulted in a general reduction in size for

Table 1 Effects of the advancing season, sex and year on flight
related traits

F df p

Weight (mg)

Season 87.16 2.762 <0.0001

Sex 237.64 1.762 <0.0001

Year 106.66 1.762 <0.0001

Sex x year 20.96 1.762 <0.0001
Abdomen length (mm)

Season 64.56 2.735 <0.0001

Sex 4.83 1.735 0.03*

Year 10.55 1.735 0.0012

Season x year 18.62 2.735 <0.0001
Front wing LnCS

Season 141.99 2.764 <0.0001

Sex 1468.58 1.764 <0.0001

Year 0.27 1.764 0.60
Hind wing LnCS

Season 156.23 2.764 <0.0001

Sex 1206.26 1.764 <0.0001

Year 1.68 1.764 0.20

* Not significant at the threshold level a = 0.01 selected for this
study (see “Materials and methods” section)

all traits, individuals at the end of the breeding season
being lighter, having shorter abdomens and smaller wings
than those which had emerged earlier. The extent of vari-
ation of these characters was similar in males and females

@ Springer
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(interactions SEASON x SEX were never significant in
any model), resulting in a stable sexual dimorphism along
the breeding season for all traits.

Wing shape

The MANCOVAs performed on shape variables showed
that the deformation of front and hind wings were subject
to multiple factors (the minimum significant models are
reported in Table 2). All main effects were significant in
both analyses: SEX suggested that wing shapes were sex-
ually dimorphic, SEASON suggested that shapes varied
along the breeding season and YEAR accounted for yearly
differences in environmental constraints among breeding
seasons. The main effects of SIZE revealed the allometric
variation of wing shape (Outomuro and Johansson 2011),
thus accounting for the amount of shape variability
explained by the body size variation along the season,
because even small variations in size may cause modifi-
cations in wing morphology (Johansson et al. 2009;
Outomuro et al. 2013b). The SEASON x SEX interaction
was significant for front wings as well as for hind wings
(Table 2), which suggests that wing shape varied during
the season differently in the two sexes, thus affecting
sexual dimorphism. This is confirmed by the plot of Pro-
crustes distances between predicted mean shapes of males
and females, which showed that sexual dimorphism
decreased sharply between the first and the second period,
remaining relatively stable later in the season (Fig. 3). This
reduction in sexual dimorphism was mainly due to changes
in the shape of male wings, which became more similar to

Table 2 Effects of the advancing season, sex, year of sampling and
wing size (estimated by LnCS) on front and hind wing shape

Pillai’s trace df 2
Front wing
Season 0.281 2 <0.0001
Sex 0.519 1 <0.0001
LnCS 0.079 1 <0.0001
Year 0.176 1 <0.0001
Season x sex 0.108 2 <0.0001
Season x year 0.155 2 <0.0001
LnCS x year 0.050 1 0.001
Hind wing
Season 0.266 2 <0.0001
Sex 0.588 1 <0.0001
LnCS 0.125 1 <0.0001
Year 0.132 1 <0.0001
Season x sex 0.093 2 <0.0001
Season x year 0.137 2 <0.0001
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the wings of females later in the season (Fig. 3). Indeed,
the shape of the wings of males changed more during the
season, measured as Procrustes distances between mean
shape of each period (Table 3), when compared to changes
in the shape of the wings of females (Table 3). This vari-
ation in wing shape mainly involved the landmarks in the
hind margin and in the wing tip, corresponding to the area
of the greatest curvature of the wing (Fig. 3).

Front wing also showed a significant SIZE x YEAR
interaction, suggesting that the allometric relationship
between shape and size varied between the sampling years,
without affecting sexual dimorphism (the SEX X
YEAR x SIZE interaction was not significant). Finally,
the YEAR x SEASON interaction was significant in both
wings, accounting for unknown environmental factors
whose effects on wing shape are not consistent over years,
leading to a lack of synchrony in seasonal patterns between
years.

Discussion

Weight and size in both wings of C. splendens resulted
highly sexually dimorphic, but not the abdomen length, and
these traits decreased along the breeding season to the same
extent in males and females.

During their larval stage, animals are often confronted
with time stress imposed by seasonality and several other
stressors simultaneously (Stoks et al. 2008) which are the
likely driving forces for the observed patterns. Such envi-
ronmental factors may include water temperature but
especially photoperiod, which is a more stable cue for the
advancing season (Nylin and Gotthard 1998 and references
therein). Size and weight of both sexes resulted affected to
the same extent by this phenomenon, probably because
males and females need to emerge and reproduce before
winter, so they need to speed up development more and
more as winter approaches, shifting the trade-off between
size and age at metamorphosis (Rowe and Ludwig 1991)
that leads to reduced size at metamorphosis as the season
advances. This phenomenon has been observed in many
insect species (e.g. Chown and Gaston 2010), including
Odonata (e.g. Hardersen et al. 1999; Corbet 1999).

Also the shapes of front and hind wings were sexually
dimorphic and changed progressively along the season.
The observed size reduction in the other traits studied
probably affected the seasonal variation of wing shape,
because wing shape and size co-varied, but this allometric
relationship was independent from sex and advancing
season. Consequently, same-sized males collected in dif-
ferent months shared the same wing shape, and so did
females. This pattern is probably caused by the aerody-
namic constraints on wing morphology modifications
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Fig. 3 Variation of sexual
dimorphism in wings along the
season: arrows indicate
differences in wing shape from
females (grey line) to males

(black line) in the three periods
of the season (front wing: al,
a2, a3; hind wing: bl, b2, b3),
the effect is magnified 4 times
to better appreciate wing
changes. a4 and b4 show
variation of sexual dimorphism
measured as Procrustes distance
between males and females
mean wing shape of each season

20 22 24 26
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24 26 28 30
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(¢]
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Table 3 Procrustes distances

. Year Sex Wing Procrustes distance from Procrustes distance from
between mean wing shapes of . .
. . « . early to middle season middle to late season
studied periods (see “Materials
and methods” SeCtiOn) within 2009 Male F 0.014 0.009
years, sexes and front and hind i i
wings H 0.014 0.012
Female F 0.008 0.007
H 0.005 0.007
2010 Male F 0.015 0.017
H 0.012 0.010
Female F 0.010 0.016
H 0.008 0.010

imposed by body size variation during the season in both
sexes. These changes probably improve flight performance
when size, weight and wing dimensions change.

The main result of this study is that territorial males and
females underwent non-synchronous modifications in wing
shape along the season, which reduced the extent of sexual
dimorphism. This finding is in accordance with the pre-
dictions and resulted in a seasonal variation in wing shape.
At the beginning of the breeding season, males had more

rounded wings when compared with females. In this per-
iod the mating system is primarily territorial, so males
probably benefit from rounded “territorial” wings which
can bear wider spots (Outomuro et al. 2013a) and this
form also improves manoeuvrability and probably is more
attractive to females (Outomuro et al. 2014). This strategy
is highly profitable early in the season since territoriality is
generally associated with high fitness (Oliveira et al. 2008;
Plaistow and Siva-Jothy 1996) and the relative low
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number of males in relation to the abundance of available
territories favours territorial behaviour. As the season
advances and the population density increases, the com-
petition for territories becomes very high and only a small
fraction of males succeed in maintaining territories for
long. Consequently, the number of males adopting the
non-territorial strategy during their lives increases to
maximize fitness. This selective pressure leads to males
that emerge in different times of the season with different
wing shapes and that become ever more similar to that of
females as the season advances. Towards the end of the
season, males with rounded wings would incur high
energetic costs if they switched to non-territorial beha-
viour as this wing shape is optimized for the territorial
mating system (Berwaerts et al. 2006; Outomuro et al.
2014). When male density is highest, it becomes increas-
ingly difficult to defend territories for long, and territorial
males with short rounded wings, which are suited for
territorial behaviour might be unable to pursue females as
efficiently as males with more tapered wings. So, for late
emerging males, which are unable to defend a territory for
any length of time, is more profitable to have less
dimorphic wings that permit to switch to the non-territorial
strategy and maximize fitness by pursuing and mating
females opportunistically (Outomuro et al. 2014).

Interestingly, Hilfert-Riippell and Riippell (2009) found
evidence that males that pursue females also try to signal to
females, using their wing spots. Thus, also in situations
where the territorial system is disrupted, secondary sexual
characters might still be positively selected for.

It seems that the selective pressures imposed by the
seasonal modification of the mating system promoted and
maintains phenotypic plasticity which adjusts wing shape
during the season and results in the observed variation in
average wing shape of the population. The reduction in
sexual dimorphism is additive to, but independent from, the
allometric effect formerly recognized; indeed, the effects
of sex and size in our models were always independent.
This reduction in sexual dimorphism was mostly caused by
changes in the shape of male wings. The handicap principle
states that secondary sexual traits evolve as honest signals
of the bearer’s quality because only individuals of higher
quality can meet the costs needed to produce and maintain
them (Zahavi 1975; Andersson 1982; Grafen 1990) and
thus the degree of condition dependence should be greater
in sexually selected traits than in non-sexual traits (e.g.
Cotton et al. 2004). If time constraints induced by the
advancing season are interpreted as stress, it follows that
wing shape, which showed a higher condition dependence
when compared to size and weight, is likely to be a sex-
ually selected character. This is a further indication that
wing shape acts as a sexual character in Calopteryx (Ou-
tomuro et al. 2012, 2014). So far it had been shown only
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for spot size of the wings of Calopteryx that they are
sexually selected traits (e.g. Hardersen 2010; Outomuro
et al. 2013a).

In contrast, females showed smaller changes in wing
shape with respect to males, and the observed pattern of
variation for wing shape in females during the season can
be attributed to allometric variation in response to the
decrease in size and weight. These two distinct patterns
resulted in a clear decrease of sexual dimorphism of wing
shape during the season.

We interpreted our data in the light of phenotypic
plasticity of individuals to season, but we cannot exclude
that the observed pattern of shape variation in males might
result also from genetic differentiation between early and
late emergers, and both constitutive expression and plas-
ticity may co-operate to drive wing shape development
(Outomuro et al. 2014).

Even if wing shape of males is mainly selected through
male—-male competition, females also may apply a selective
pressure on territorial male wing shape through courtship,
since the exhibition of wing ornamentation needs manoeu-
vrability and a correlation between wing pigmentation and
shape (Outomuro et al. 2012, 2013a). As population density
becomes higher later in the season mating attempts largely
depend on pursuing flight and forced copulations (Hilfert
and Riippell 1997; Cordero-Rivera 1999; Cérdoba-Aguilar
and Cordero-Rivera 2005; Hilfert-Riippell and Riippell
2009). In this context, females suffer male harassment and
become less choosy, performing convenience polyandry
(Cordero-Rivera and Andrés 2002), consequently relaxing
the selective pressure on male ornaments and on sexually
selected rounded wing shape. Thus, males with wings more
similar to the aerodynamic optimum for fast and long flight
(Betts and Wootton 1988; Outomuro et al. 2012; Sacchi and
Hardersen 2013), promoted by natural selection for predator
avoidance and predation, are advantaged. The mechanisms
proposed, which result from a reduced level of sexual
selection by females, and the one determined from the direct
effect of the advancing season on larval development, are
not mutually exclusive but may work together in shaping the
wings of male C. splendens.

In conclusion, wing shape of male C. splendens shows a
clear pattern of adaptive variation along the season, in
response to a predictable variation in environmental factors
as well as in predictable changes in mating strategies
adopted by both sexes. Obviously, our results are only
correlative, and further studies, under environmentally
controlled conditions of genetically homogeneous indi-
viduals, are needed to determine whether the phenotypic
change and the reduction in sexual dimorphism observed is
caused by phenotypic plasticity induced by environmental
factors or primarily a product of heritable wing shape
expression.
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