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Abstract

Conflicts of interests between males and females over reproduction is a universal feature of sexu-
ally reproducing organisms and has driven the evolution of intersexual mimicry, mating beha-
viours and reproductive polymorphisms. Here, we show how temperature drives pre-reproductive
selection in a female colour polymorphic insect that is subject to strong sexual conflict. These spe-
cies have three female colour morphs, one of which is a male mimic. This polymorphism is main-
tained by frequency-dependent sexual conflict caused by male mating harassment. The frequency
of female morphs varies geographically, with higher frequency of the male mimic at higher lati-
tudes. We show that differential temperature sensitivity of the female morphs and faster sexual
maturation of the male mimic increases the frequency of this morph in the north. These results
suggest that sexual conflict during the adult stage is shaped by abiotic factors and frequency-inde-
pendent pre-reproductive selection that operate earlier during ontogeny of these female morphs.
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INTRODUCTION

Sexual conflict is a major force that shapes male and female
sexual interactions and in many species females incur fitness
costs of mating or mating harassment (Rice 1996; Arnqvist &
Rowe 2005). Experimental studies and comparative analyses
(Arnqvist & Rowe 2002a, 2002b, b) suggest that sexual con-
flict could promote the rapid evolution of female and corre-
sponding male traits, contributing to speciation (Arnqvist
et al. 2000; Gavrilets 2000), but sexual conflict could also ele-
vate extinction risk (Rankin et al. 2011), since female fitness is
closely linked to population performance and stability (Le
Galliard et al. 2005; Harts et al. 2014; Takahashi et al. 2014).
However, evidence for a strong link between sexual conflict
and speciation remains equivocal (Ritchie 2007). Theory also
shows that an alternative outcome of sexual conflict is the
evolution of distinct female (and sometimes also male) genetic
clusters (or morphs) (Gavrilets & Waxman 2002; Svensson
et al. 2005; Le Rouzic et al. 2015; Iversen et al., 2019). An
increasing number of examples of such polymorphisms that
have evolved as a response to sexual conflict have now been
demonstrated in several insect taxa (Svensson et al. 2005,
2009; Reinhardt et al. 2007; Karlsson et al. 2013).
One form of such mating polymorphisms is intersexual

mimicry, in which some male or female individuals express a
phenotype resembling the opposite sex (Gosden & Svensson
2009; Neff & Svensson 2013). Intersexual mimicry provides a
fitness advantage either for males to obtain ‘sneaky’ matings
through deception by looking like females (Neff & Svensson

2013), or, in the case of females, to avoid excessive male mat-
ing harassment by looking like males, especially when male
densities are high and mating harassment of females is intense
(Gosden & Svensson 2009; Svensson et al. 2009). Such
intraspecific and intersexual mimicry is expected to show neg-
ative frequency-dependency, similar to more well-known inter-
specific Batesian mimicry systems, where benefits of mimicry
are expected to break down if mimics becomes very common
(Finkbeiner et al. 2018).
Many genera of dragonflies and damselflies are charac-

terised by strong sexual conflict, intersexual mimicry and sev-
eral genetic female colour morphs that coexist locally within
populations (Svensson et al. 2009; Corbet 1999). In many spe-
cies of pond damselflies in the globally distributed genus Isch-
nura, for example, one male-like female morph (androchrome
females, hereafter called “male mimic”) almost always occurs
at lower frequency than the alternative female morph (gy-
nochrome females) (Sanchez-Guillen et al. 2011). Thus, most
species have two female colour morphs: a minority male
mimic (androchrome) and a majority female-like (gy-
nochrome) morph (Sanchez-Guillen et al. 2011). Some species
like the widely distributed common bluetail damselfly (Isch-
nura elegans) even has three such female colour morphs, of
which only one is a male mimic (Fig. 1) (Svensson et al. 2005;
Le Rouzic et al. 2015). In I. elegans, and in several other spe-
cies of Ischnura, colour morph development is governed by a
single autosomal locus with three alleles in a dominance hier-
archy and with sex-limited expression to females (Fig. 1) (San-
chez-Guillen et al. 2005; Svensson et al. 2009). However, such
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female morphs differ also in several other traits, apart from
colour, including parasite loads, female fecundity, cold accli-
mation ability, mating behaviours and resistance and toler-
ance towards male mating harassment (Gosden & Svensson
2009; Lancaster et al. 2017; Willink & Svensson 2017).
The maintenance of these female colour polymorphisms is

believed to be due to balancing selection (Svensson 2017),
with empirical evidence for negative frequency-dependent
selection in several species (Svensson et al. 2005; Takahashi

et al. 2010; Le Rouzic et al. 2015) and with some additional
and complementary role for density-dependent selection
(Gosden & Svensson 2009; Galicia-Mendoza et al. 2017).
However, all of the proposed mechanisms for how negative
frequency-dependent selection arises in these polymorphic sys-
tems rely on arguments for evolutionary change arising from
selection driven by male mating harassment on females during
the adult (reproductive) stage (Robertson 1985; Van Gossum
et al. 2001; Fincke 2004; Takahashi & Watanabe 2009; Iserbyt

Figure 1 Sexual conflict and female colour polymorphism in Ischnura damselflies. Upper picture: the common bluetail damselfly (I. elegans) is characterised

by strong sexual conflict over mating between males and females. During mating, the male (upper) and the female (lower; a male mimic, or “A-female”, see

below) can remain attached to each other for several hours. Lower picture: as a result of sexual conflict over mating, many species of Ischnura damselflies

exhibit female colour polymorphisms, with two or (in the case of I. elegans) three heritable female colour morphs. Such colour polymorphisms are

maintained by frequency-dependent sexual conflict among adult females, in which common females suffer from excessive male mating harassment, resulting

in lower female fitness. Females show age-related colour changes during the course of their ontogeny (Fig. S1), but the three adult female morphs at

maturity is the result of a single autosomal locus with three alleles in a dominance hierarchy, with expression limited to females (males are monomorphic

and do not express this polymorphism). Androchrome females (A-females) are male mimics and carry at least one p-allele, which is dominant over the q

and r-alleles. The three female morphs are denoted A, I and O throughout this paper.
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et al. 2011; Takahashi et al. 2010, 2014; Gering 2017).
We know little about how selection might operate on earlier
life stages, such as during the pre-reproductive development
period of females, in spite of the fact that we know that
opposing selection pressures during ontogeny is common in
populations of many other organisms (Schluter et al. 1991;
Barrett et al. 2008; Sinervo & McAdam 2008).
Recently, researchers interested in various forms of sexual

conflict have turned their attention to the role of temperature in
modulating such conflict in some laboratory insect systems (Ber-
ger et al. 2014; Garc�ıa-Roa et al. 2019). The aim of this study
was to investigate how temperature might influence and explain
geographic variation in female colour morph frequencies in the
polymorphic species I. elegans. Specifically, we combined field
studies of natural populations with mesocosm studies to investi-
gate how frequency-independent pre-reproductive selection
operating early in female colour development could influence
adult morph frequencies. Such frequency-independent pre-re-
productive selection could potentially oppose the well-known
and previously demonstrated frequency-dependent selection,
which is driven by sexual conflict and that is operating on the
adult female morphs later in ontogeny (Svensson et al. 2005;
Takahashi et al. 2014; Le Rouzic et al. 2015).

METHODS

Study organism

The common bluetail damselfly (Ischnura elegans) is a com-
mon insect in Europe with a broad geographic distribution,
ranging from the UK in the west to Japan and several other
countries in Asia (Indonesia, Malaysia, India and Pakistan) in
the east (http://www.iucnredlist.org/details/165479/0). In Eur-
ope, I. elegans occurs from Cyprus, Greece, Italy and Spain in
the south to Scandinavia in the north (Gosden et al. 2011;
Askew 1988). Southern populations of I. elegans are multi-
voltine with several generations per year, whereas populations
in northern Europe are generally univoltine, with only one
generation per year (Parr 1970; Shama et al. 2011; Fitt et al.
2019). I. elegans is characterised by three female-limited col-
our morphs, one of which is typically a male mimic (Fig. 1).
The genetic basis of female colour polymorphism in I. elegans
and its close relatives (I. graellsii and I. genei) has been
revealed in controlled breeding experiments over several gen-
erations and arises from genetic variation at a single autoso-
mal locus with three alleles in a dominance hierarchy and
with sex-limited expression to females (Cordero 1990;
Sanchez-Guillen et al. 2005; Sanmart�ın-Villar & Cordero-
Rivera 2016). In addition to fixed genetic colour differences
among adult female colour morphs (Fig. 1), there are also pro-
nounced ontogenetic colour changes within the three female
morphs during their sexual maturation period (Fig. S1).
The three female morphs can be distinguished during their

immature stage based on the melanin patterning on their blue
abdomen patches (Fig. S1). Specifically, the two female gyno-
chrome (female-like) morphs (I- and O-females) cover their
blue abdominal patch with pigment as they become sexually
mature, whereas the androchrome female morph (A-females,
male mimic) retains this blue abdomen patch (Fig. S1). This

blue abdomen patch is also present on males throughout their
entire lives (Fig. 1). Retaining of this male colour signal in
androchrome females is an important part of male mimicry as
it causes female resemblance to males and experimental phe-
notypic manipulations have revealed that the presence of this
blue patch reduces male mating harassment (Willink et al.
2019a). Thorax colour also changes in these morphs during
the course of their ontogeny (Cordero et al. 1998). Thorax
colour changes from violet to blue in A-females, from violet
to green in I-females and from pink to brown in O-females
(Fig. 1) (Cordero et al. 1998; Svensson et al. 2009). Female
colour maturation is tightly correlated with female reproduc-
tive maturity, as immature-coloured females of all morphs
have high levels of reproductive failure and lay few eggs, if
any at all, if given the opportunity (Willink et al. 2019a).

General field work procedures

We performed field work around Lund (southern Sweden) in
a series of natural populations of I. elegans that are part of a
long-term population study that was initiated in the year 2000
by E.I. Svensson (Svensson & Abbott 2005; Svensson et al.
2005; Abbott et al. 2008; Gosden & Svensson 2008, 2009; Le
Rouzic et al. 2015; Willink & Svensson 2017). Field work for
this study was carried out during three reproductive seasons
of I. elegans in the summers (June and July) of 2015–2017.
This field observational study was complemented with a meso-
cosm study at Stensoffa Ecological Field Station (see further
below). Field data on morph frequency variation and changes
in morph frequencies during generations come from a total of
16 populations that are part of our core long-term population
study (Le Rouzic et al. 2015). General field work routines are
described in detail elsewhere (Svensson & Abbott 2005; Svens-
son et al. 2005; Le Rouzic et al. 2015; Willink & Svensson
2017). Briefly, we visited and revisited each of our populations
at weekly intervals to catch and record densities, female col-
our morph frequencies, sex ratios and age class frequencies
(tenerals, immatures and adults) and used standardised (time-
recorded) sampling sessions to take into account total catch-
ing effort (Willink & Svensson 2017). By using data from
these standardised field-sampling routines, we quantified
morph frequency variation between populations and recorded
morph frequency changes during the course of ontogeny, from
the sexually immature stage to the adult reproductive stage
(Fig. S1). All populations were visited multiple times across
all field seasons in an effort to minimise any potential biases
due to possible morph differences in catchability or detectabil-
ity linked to specific weather conditions on specific days. Our
previous work has revealed that population densities esti-
mated using this approach are not biased by daily tempera-
ture fluctuations (Fitt & Lancaster 2017).
In addition to field work in southern Sweden, we also com-

piled a large biogeographic data set on female colour morph
frequency variation across a number of populations along a
latitudinal South-North gradient in Europe. We updated a
previous biogeographical survey which contained data on
adult female morph frequencies across all of Europe (Gosden
et al. 2011) by adding eleven more populations (three from
France, five from Cyprus) to this data set. This large
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biogeographic data set contained information from 129 popu-
lations across 11 countries in Europe with a total of 15 714
morphotyped adult females of I. elegans (Supporting Mate-
rial). All these populations were georeferenced and contained
longitudinal and latitudinal locality information. We used this
spatial information to extract temperature information from
bioclimatic data (Hijmans et al. 2005) for each locality and
relate such local temperature information to local morph fre-
quencies (Fig. 2). We used standard temperature measures
from the Bioclim database (Hijmans et al. 2005) and related
these to geographic variation in morph frequencies. Of these
temperature variables, Bio1 (“Annual mean temperature”) has
previously been shown by us to be the predictor with the
highest contribution in Maxent species distribution modelling
of the geographic range of I. elegans (62.1% contribution to
the model) (Lancaster et al. 2015), and both Bio1 and to an
even higher degree Bio5 (“Maximum temperature during the
warmest month”) are both associated with significant molecu-
lar genetic differentiation and local adaptation along a latitu-
dinal cline from southern Sweden, up to its northern range
limit (Dudaniec et al. 2018). However, we were also interested
in the effects of more temporally fine-grained temperature
measures that might be relevant to the sexual maturation per-
iod during summer and the timing of colour development of
the female colour morphs. We therefore investigated how all
the eleven temperature variables in Bioclim (Bio1-B11) per-
formed in explaining geographic variation in morph frequen-
cies of I. elegans. As these different temperature measures are
typically highly correlated with each other (see Supporting
Material), we only present the relationship with the variable
that performed best in explaining geographic variation in
morph frequencies, as judged by the lowest value of the
Akaike Information Criterion (AIC).

Mesocosm study

Beginning in the summer of 2015 and continuing in 2016 and
2017, we performed mesocosm studies, in which we marked

individuals with unique numbers on their wings, recaptured
them daily and measured morph-specific female colour matu-
ration rates and survivorship from the immature stage to the
final colour stage that is reached at sexual maturity (Fig. 1;
Fig. S1) (Cordero et al. 1998; Svensson et al. 2009). These
mesocosm studies were performed in large outdoor insectaries
(3 9 3 9 3 = 27 m3) at Stensoffa Ecological Field Station,
outside Lund. These large outdoor insectaries mimicked nat-
ural conditions. Cages were covered with nets with a mesh
size that enabled small insects (primarily moths and flies) to
enter, which provided natural food in the form of live prey
for the damselflies (Takahashi et al. 2014; Svensson et al.
2018). Each cage also contained 2–3 small and shallow plas-
tic water tanks with resting substrate in the form of floating
vegetation, where the damselflies could perch and obtain
water.
We individually marked and released immature female I.

elegans of these three female colour morphs. All survivors
were recaptured every day until they either died or reached
the adult colour-maturation stage. We recorded time (in days)
until the different individuals of the three different morphs
reached the final colour-maturation stage or were no longer
found alive. In total, we marked and released 450 immature
individual I. elegans females from five populations in these
cages, during 2015–2017. Of these marked individuals, 144
(32%) belonged to the A-morph, 215 (48%) belonged to the
I-morph and 91 (20%) belonged to the O-morph, and a total
of 162 (36%) survived until sexual maturity. Males were not
present in these female-only mesocosms as we were interested
in intrinsic female morph differences in pre-reproductive
females and the presence of males might confound our find-
ings. This is justified as males do typically avoid mating with
such immature females, when given a choice in experimental
settings (Willink et al. 2019a). To ensure that males did not
affect our results, our mesocosm cages were not in the vicinity
of any natural pond, meaning that females did not encounter
any males, neither physically nor visually during their colour
maturation process.
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Figure 2 Biogeographic variation in female colour morph frequencies of I. elegans and local microclimatic factors. (a) Across Europe, the frequency of the

male mimic (A-females) increases at higher latitudes and near the northern range limit (Table S1) (b) Morph frequency variation in Europe divided in to

three latitudinal bands. Each corner in the ternary plot represents a hypothetical population fixed for one morph (100%), but no such populations have

been found, and the majority of populations are trimorphic, with a few dimorphic populations. (c) The local population frequency of the male mimic (A-

females) is negatively related to maximum temperature during the warmest month (Bio5; Table S2), suggesting that these females are more cold-tolerant (or

less heat-tolerant) than the two other female colour morphs.
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We compared the three female morphs with respect to
development time until maturity and survival until maturity
(binomial variable: 1 = survived, 0 = did not survive) using
previously published information about the colour develop-
mental stages (Cordero et al. 1998; Svensson et al. 2009; Will-
ink et al. 2019a). We incorporated information about the
daily mean temperatures during the entire colour development
period of individual females during the summers 2015–2017,
which we obtained from the closest weather station in Malm€o
(southern Sweden: http://opendata-download-metobs.smhi.se/
explore/). In addition to the daily mean temperatures that
females experienced during their colour development period,
we also incorporated information about the daily mean tem-
peratures they experienced the three days preceding their cap-
tures in the field, following our previous study in which we
found that this time period influenced individual acclimation
(Lancaster et al. 2017).

Quantifying pre-reproductive survival and estimating selection

coefficients of female colour morphs in field populations

We estimated relative fitness on a per-morph basis using a
cross-sectional selection analysis approach (Lande & Arnold
1983), where we compared the morph frequencies among
immature females (prior to sexual maturity) and sexually
mature females (judged by their colour maturation stage)
(Cordero et al. 1998; Svensson et al. 2009; Willink et al.
2019a) (Fig. 4a and b). An increase in the relative frequency
of one morph from the immature to the mature stage within
a local population would be consistent with higher pre-
reproductive survival, compared to morphs that decrease in

frequency (within-generation selection). Based on the within-
generation frequency changes for these three morphs, we cal-
culated two closely related parameters: relative morph fitness
and pre-reproductive selection coefficient on each morph,
using classical approaches in ecological genetics (Linnen &
Hoekstra 2009). We estimated these two parameters using
data from 2015 to 2017 in 16 intensively monitored field pop-
ulations, that are part of a long-term population study of I.
elegans initiatied in the year 2000 (Le Rouzic et al. 2015). In
total, we sampled and identified 4625 females to colour-
development category and morph. Of the total, 3078 were
A-females (67%), 1310 were I-females (28%) and 237 were
O-females (5%).

Statistical analyses

All statistical analyses in this paper were performed using var-
ious packages (nlme, lme4, MCMCglmm) in the “R” statisti-
cal environment (R Development Core Team 2014). We used
generalised linear mixed models when analysing geographic
variation in morph frequencies (Fig. 2c), differences in devel-
opment time between the morphs (Fig. 3a) and morph-specific
survivorship to maturity in relation to temperature in meso-
cosm cages (Fig. 3b; Tables 1, 2). In the mesocosm studies
(Fig. 3; Tables 1, 2), we included the year, population of ori-
gin and experimental cage as random factors, and female col-
our morph and temperature variables were fixed effects. When
we analysed geographic variation in androchrome frequencies
(Fig. 2a and b) and how local microclimatic variation (tem-
perature) affected androchrome frequencies (Fig. 2c), we also
used a mixed model with population (Table S1) and
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Figure 3 Mesocosm studies revealing differences between female colour morphs in development time and differential temperature sensitivity. The three

female colour morphs were kept in large outdoor cages from their immature stage and the colour development time to reach sexual maturity was recorded,

as well as temperature and the probability of reaching maturity. (a) The male mimics (A-females) had significantly shorter colour development time and

reached sexual maturity faster than the two other female colour morphs, which did not differ from each other (Table S2). (b) The male mimic is less

sensitive to temperature in terms of its probability of reaching sexual maturity (left panel), compared to the two other female morphs (middle and right

panels) whose survivorship increases with higher temperatures (Table 1). Data comes from 450 individually marked females that were followed throughout

their entire lives in these mesocosm cages. Temperatures ranged between 7.5 °C and 32.1 °C in these cages, and the average daily mean temperature

experienced by the individual females varied between 14.1 °C and 21.2 °C.
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population and latitude block (Table S2) to control for spatial
autocorrelation and statistical non-independence of closely
located populations within the same latitudinal band. Europe
was divided in to seven latitudinal blocks of equal length
(each block encompassing 5 °), ranging from Cyprus in the
south to Sweden in the north (Table S2).
Female morph frequencies at the pre-reproductive and

reproductive developmental stages were estimated using a cat-
egorical (i.e. multinomial) mixed-effect model fitted by
MCMC. We used a flat Kronecker prior for the two-way
marginal probabilities (i.e. A- vs. I-females, I- vs. O-females
and A- vs. O females) in each developmental stage (Hadfield
2015). In this model, we included a random interaction
between the latent morph-frequency variable and the sampling
population, thereby allowing natural populations to differ in
their morph frequencies. Relative fitness was calculated as the
frequency ratio between the reproductive and immature
stages, across the entire posterior distribution of morph fre-
quency estimates. Cross sectional selection coefficients (s) for
each morph were also calculated across posterior estimates
following standard ecological genetics literature (Linnen &
Hoekstra 2009) as:

S ¼ Dp
p0 � 1� pð Þ � p� q� rð Þ

where Dp is the change in frequency of the focal morph
between the immature and mature stages, p0 and p are the
focal morph frequencies at the reproductive and immature
stages respectively, and q and r are the frequencies of the two
other morphs during the immature developmental stage. We

considered the relative fitness and selection coefficients of two
female morphs as significantly different if the values for one
morph were higher than for the other in more than 95% of
the posterior distribution of model estimates. All data and
computer code behind the statistical analyses in this paper has
been made openly available and uploaded on the Dryad data
repository (Svensson et al. 2019).

RESULTS

Geographic variation in colour morph frequencies

Analysis of geographic variation in the local population fre-
quencies of the male mimic in I. elegans across Europe reveals
that the male mimics reach their highest frequencies near the
species’ northern range limit in Scandinavia, where they are
often the majority morph with 60–80% of all females (Fig. 2a
and b; Table S1). Although there is also considerable regional
variation between populations within latitudinal bands (Lan-
caster et al. 2017), this overall large-scale geographic pattern
is robust to such local deviations (Fig. 2a and b; Table S1).
We further found a strong and highly significant positive rela-
tionship between local temperatures and the frequency of the
male mimic across the biogeographic range in Europe
(Fig. 2c; Table S2). Of the different temperature variables, the

Table 1 Development time from the immature stage to final colour matu-

ration stage of the three female colour morphs in mesocosm experiments.

Significant effects are indicated in bold (P < 0.05)

Fixed effects D.f. SS F v2 P

Female colour morph 2 25.417 12.709 29.462 < 0.001***

Developmental temperature 1 8.454 8.454 8.454 0.004**

Random effects Levels Variance SD

Cage 7 0.02641 0.16251

Population 5 0.00000 0.00000

Year 3 0.00665 0.08155

Generalised linear mixed models were used to examine how the duration

and success of development to colour maturity (sexual maturity) depends

on female colour morph and temperature in our mesocosm experiments

with females of I. elegans (Fig. 3a and b). Experimental cage number,

population origin and year were included as random factors in these mod-

els (Tables 1, 2). In the analysis of development time, the interaction

between female colour morph and developmental temperature was not

significant, and a model that included this interaction had a higher AIC

than the present model, hence it is not shown here. We also constructed a

model incorporating past temperature temperature prior to capture as we

did in the next model (Table 2), but this variable was not significant on

its own or through any of the interactions with female colour morph and

developmental temperature, and hence this variable was not included in

the final model shown above. The male mimic (A-females) had signifi-

cantly shorter development time than the two gynochrome female morphs

(Fig. 3a; Tukey post hoc tests: A vs. I: P < 0.001; A vs. O: P = 0.003),

whereas these two gynochrome female morphs did not differ significantly

from each other (Tukey post hoc test: I vs. O: P = 0.23).

Table 2 Survivorship to maturity in mesocosm experiments in relation to

female colour morph and temperature during colour development. Signifi-

cant effects are indicated in bold (P < 0.05)

Fixed effects D.f. SS F v2 P

Female colour morph (FM) 2 2.548 1.274 2.806 0.25

Developmenta temperature

(DT)

1 3.961 3.961 4.153 0.041*

Past temperature (PT) 1 0.273 0.273 0.441 0.51

FM x DT 2 5.260 2.630 10.744 0.005**

FM x PT 2 11.005 5.503 13.518 0.001**

DT x PT 1 12.391 12.391 12.391 0.0004***

Random effects Levels Variance SD

Cage 7 0.04226 0.2056

Population 5 0.06402 0.2530

Year 3 0.16944 0.4116

We investigated how the probability of reaching maturity (binomial vari-

able: 0 = did not reach maturity; 1 = did reach maturity) depends on

female colour morph (FM), temperature during colour development (DT),

past temperature experienced prior to capture (“acclimation”; PT) and all

the three two-way interactions between these three variables. The three-

way interaction (FM 9 DT 9 PT) was not significant and such a com-

plete model had significantly higher AIC than the model presented above.

The significant interaction between female colour morph and temperature

during colour development in the mesocosm experiments is illustrated in

Fig. 3b, and shows that the survivorship of I-females increased signifi-

cantly with temperature, in contrast to the two other female morphs. Post

hoc tests (P-value adjustment method: holm) of morph differences in the

slopes of how probability of reaching maturity was affected by develop-

mental temperature showed that A-females differed significantly from I-fe-

males, which showed a positive relationship with temperature (Fig. 3b;

P = 0.003), whereas A- and O-females did not differ significantly from

each other (P = 0.37). There was a non-significant tendency for I-females

to have a steeper slope than O-females (P = 0.08).

© 2019 John Wiley & Sons Ltd/CNRS
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best predictor of the local frequency of the male mimic was
maximum temperature during the warmest month (Bio5:
Table S2), which probably best captures the temperatures that
females experience in the summers during colour maturation
(Fig. 3a and b). Notably, temperature during the warmest
month showed a better statistical fit to the data (as judged by
lower AIC-values) than the annual mean temperature (Bio1),
which also showed a highly significant relationship with the
local frequency of the male mimic (Table S2, Fig. S2). Inter-
estingly, mean temperature of the coldest month (Bio6) -
which reflects temperature during winter when these dam-
selflies are in their aquatic larval stage - was not significantly
related to the local frequency of the male mimic (Table S2).
This might suggest that thermal conditions during the adult
stage are more important than thermal conditions earlier in
ontogeny in shaping biogeographic variation in morph fre-
quencies.

Survivorship to maturity in mesocosms

We performed mesocosm studies in the northern part of the
geographic range of I. elegans, and complemented these stud-
ies by tracing within-generation morph frequency dynamics
across a series of populations that have been subject to a
long-term study, starting in the year 2000 (Svensson et al.
2005; Le Rouzic et al. 2015). We found that the male mimic
had significantly shorter development time to sexual maturity
than the two gynochrome morphs, which did not differ signifi-
cantly from each other (Fig. 3a, Table 1). We also found that
the rate and probability of reaching sexual maturity was
dependent on temperature, morph and the interaction between
morph and temperature (Fig. 3b, Table 2). Whereas the male

mimic showed evidence of being relatively canalised and less
sensitive to thermal conditions in terms of reaching sexual
maturity, the two gynochrome female morphs showed higher
thermal sensitivity with increasing survival at high tempera-
tures (Fig. 3b, Table 2).

Pre-reproductive selection in the field

We complemented our mesocosm experiments with a cross-
sectional selection study in our field populations, in which we
estimated the relative fitness of the three female morphs and
associated selection coefficients, based on morph frequency
changes during the ontogeny. This cross-sectional selection
analysis across three seasons and 16 populations revealed that
the male mimic increased in frequency from the sexually
immature to the sexually mature adult stage, and we thus
found evidence for positive pre-reproductive selection in
favour of the A-females (Fig. 4a and b).

DISCUSSION

Our analyses of the large-scale geographic variation in female
morph frequencies of I. elegans across its range in Western
Europe (Fig. 2; Table S1 and S2) strongly suggested that the
male mimicking female morph is better adapted to cooler
microclimates than the two other female morphs. Consistent
with this interpretation, male mimics have a higher acclima-
tion ability in response to recent cold spells than the two
other female morphs (Lancaster et al. 2017). A similar latitu-
dinal geographic pattern with a higher frequency of the male
mimic at higher latitudes has also been documented in the clo-
sely related subtropical species I. senegalensis in Japan
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Figure 4 Pre-reproductive survivorship and selection prior to sexual maturity in natural populations of I. elegans in northern Europe, near the species range

limit. (a) Probability density functions of relative fitnesses of the three female morphs, based on a cross-sectional selection analysis where we compared the

frequency changes between the immature age class and the sexually mature females. Shown are the posterior densities of the estimates based on a

MCMCglmm analysis. (b) The same data set as in A, but expressed as selection coefficients. The relative fitnesses and selection coefficients differ

significantly between the morphs, with the male mimics experiencing positive survival selection prior to sexual maturity, resulting in a higher frequency

among the adult females than the two other morphs (see Methods and Results).
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(Takahashi et al. 2011). These observational data in combina-
tion with our mesocosm studies (Fig. 3) suggest that the col-
our morph locus might interact with other loci influencing
thermal adaptation in this ectothermic insect species. Our
recent experimental gene expression studies have revealed that
genes governing the production of heat shock proteins (Hsp)
are differentially upregulated in relation to heat- and cold
shocks, and in complex and different ways depending on geo-
graphic range position (Lancaster et al. 2016). Furthermore,
our recent gene expression studies performed during ontoge-
netic colour maturation of these female colour morphs
(Fig. 1, Fig. S1) have revealed that the morph locus shows
extensive pleiotropy and interacts with many other genes
behind vital physiological and reproductive functions during
development (Willink et al. 2019b). This previous work of
ours in combination with the novel results in this study sug-
gests that the morph locus might also be involved in epistatic
relationships with loci for thermal adaptation, something that
we plan to investigate in the future. We also note that the best
predictor of geographic variation in local morph frequencies
was the maximum temperature during the warmest month
(Bio5; Fig. 2c), rather than annual mean temperature (Bio1;
Fig. S2) or mean temperature during the coldest month
(Bio6), which was not significant (Table S2). This suggests
that it is temperature conditions during the adult stage, rather
than during the much longer larval stage, that are most
important in affecting morph frequencies, consistent with the
results from our mesocosm and field studies (Figs 3 and 4).
The biogeographic patterns we present here and the link to

local temperature suggest that the male mimic has increased
in frequency at higher latitudes due to higher physiological
and reproductive performance in colder climates, whereas it is
kept at low frequency at lower latitudes where temperatures
are higher (Fig. 2). The morph differences in the rate of sexual
development and colour maturation (Fig. 3a) might partly
reflect the costs of pigment production such as pterins and
maybe also melanin (Roff & Fairbairn 2013; Henze et al.
2019), since the male mimicking females do not deposit as
much pigment on their abdomen tips as the gynochrome
morphs (Fig. S1). Thus, the male mimicking females may
become sexually mature more quickly and reach their final
reproductive colour stage faster, compared to the gynomorphs
(Table 1). We note, however, that there are also many other
physiological, developmental and reproductive differences
between the male mimicking females and the gynomorphs,
making it difficult to exactly pinpoint the mechanism behind
the faster development of the A-females (Gosden & Svensson
2009; Willink & Svensson 2017; Willink et al. 2019b).
Consistent with the large-scale biogeographic link between

the frequency of the male mimic and mean temperature of the
warmest month (Fig. 2c), both the rate and probability of
reaching maturity depended on temperature, morph and their
interaction in our mesocosm studies (Fig. 3b; Table 2). Specif-
ically, the probability of reaching maturity for the male mimic
was independent across a broad temperature range, whereas
the two gynochrome female morphs showed higher thermal
sensitivity and increasing survivorship with higher temperature
(Fig. 3b; Table 2). Taken together, these data suggest that low
temperatures at high latitudes have favoured the male mimic

and its frequency has increased in the north, due to its shorter
development time, lower developmental sensitivity to tempera-
ture, and greater acclimation ability in response to cold
weather (Lancaster et al. 2017).
If low temperatures at high latitudes in combination with

shorter development time of the male mimic has increased its
frequency (Figs 2 and 3), we predicted that there should be a
within-generation selective increase in frequency of the male
mimic in these cool northern field populations, due to the
higher probability of A-females to reach the adult reproductive
stage. Our cross-sectional selection analysis strongly supported
this prediction, as the male mimic increased in frequency from
the sexually immature to the mature adult stages and hence
experienced significant and positive pre-reproductive survival
selection (Fig. 4a and b). Such pre-reproductive selection and
conflicting selection pressures between different ontogenetic
stages of the life-history has been documented in other organ-
isms (Schluter et al. 1991; Barrett et al. 2008; Sinervo & McA-
dam 2008) and might be a general feature of many natural
populations, including I. elegans.
Female morphs in I. elegans and other taxa often differ in

multiple traits apart from colour, including thermal physiol-
ogy, fecundity, behaviour and parasite loads (Gosden & Svens-
son 2009; Lancaster et al. 2017; Willink & Svensson 2017). For
instance, the male mimic has lower fecundity than the two
gynochrome female morphs (Willink et al. 2019a), which could
reflect costs of mimicry due to the more male like shape of
these male mimics (Gosden & Svensson 2009). The lower
fecundity of the male mimic could also be a cost of their earlier
sexual maturity and faster colour development that we have
demonstrated in this study (Fig. 3a). These and other pheno-
typic morph differences might have partly evolved as a result
of correlational selection for different adaptive trait combina-
tions in the different morphs (Sinervo & Svensson 2002). When
the benefits of different trait combinations in the different
morphs differ across geographic space, frequency-independent
directional selection in favour of one trait (such as thermal
physiology) can interfere with or can even partly counteract
frequency-dependent selection on the female polymorphism at
the adult stage, especially when colour is genetically or pheno-
typically correlated with other traits (Lancaster et al. 2017).
When such episodes of frequency-dependent selection that
operate early in the ontogeny either opposes or is aligned with
the direction of the later frequency-dependent selection during
reproduction, it can have large consequences for population
mean fitness, maladaptation and the prospects of evolutionary
rescue (Svensson & Connallon 2019). In the case of I. elegans
in northern Europe, the male mimic has apparently increased
to higher frequencies than in any other Ischnura species or pop-
ulation that has been studied to date (Sanchez-Guillen et al.
2011). This increase of male mimics is most likely the result of
its higher cold weather-responsive acclimation capacity and
shorter maturation time, although this thermal benefit and
shorter development advantage might be partly counteracted
by their lower fecundity (Willink et al. 2019b).
The high frequency of the male mimic in the north might

also decrease the efficacy of male mimicry, as expected from
theory and from research on interspecific mimicry systems
(Finkbeiner et al. 2018). As a consequence, we expect higher
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male mating harassment on male mimics and potentially also
higher population extinctions rates in the north. Our previous
manipulations of morph frequencies in mesocosm experiments
did indeed show evidence for reduced population fitness when
female morph frequencies become very biased (Takahashi
et al. 2014) and population morph frequencies are also
increasingly biased at the range limits of I. elegans (Gosden
et al. 2011), consistent with such a scenario. Our data suggest
that these high-latitude populations are not at their evolution-
ary equilibrium but are torn between the opposing forces of
directional and frequency-independent selection for thermal
adaptation that favours the male mimic (Fig. 4a and b). This
pre-reproductive selection is in a tension against negative fre-
quency-dependent selection at the adult stage that maintains
the polymorphism and which prevents the male mimic from
going to fixation (Svensson et al. 2005; Le Rouzic et al. 2015).
As a result of these opposing selection pressures, our popula-
tions might experience a fitness load due to a conflict between
pre-reproductive frequency-independent selection that
increases the frequency of the male mimic with the progress
of ontogeny, but where male mating harassment among adults
might ultimately prevent the fixation of this morph. These
results suggest that abiotic factors experienced during develop-
ment might influence the dynamics of sexual conflict among
adults and illustrates that adopting a biogeographic perspec-
tive can be fruitful to understand such evolutionary dynamics.
The study of sexual conflict has been heavily dominated by
laboratory studies of model organisms in controlled and
stable laboratory environments (Rice 1996; Arnqvist & Rowe
2005) but recently the role of temperature, climate and other
ecological factors in modulating various forms of sexual con-
flict has gained increased attention (Berger et al. 2014; Perry
et al. 2017; De Lisle et al. 2018; Garc�ıa-Roa et al. 2019). The
novel results in this study suggest that temperature can also
influence the morph frequency composition among adults
through frequency-independent pre-reproductive selection
operating earlier in ontogeny.

CONCLUSIONS

Our integrative study links climatic factors and biogeographic
patterns to this female colour polymorphism with strong
implications for the dynamics of sexual conflict and fre-
quency-dependent selection on the adult morphs. Our results
underscore the need to incorporate abiotic factors and pre-re-
productive selection that operates earlier in development and
the possibility of conflicting selection pressures during the
course of ontogeny, which can have profound consequences
for the evolutionary dynamics of sexual conflict among adults.
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