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Abstract While male mate choice behaviour has been
reported in many taxa, little is known about its plasticity
and evolutionary consequences. In the damselfly Ischnura
senegalensis, females exhibit colour dimorphism
(gynomorph and andromorph). The body colour of
gynomorphs changed ontogenetically in accordance with
sexual maturation, while little change occurred in
andromorphs. To test the male mate choice between sex-
ually immature and mature females of both morphs, binary
choice experiments were conducted. Virgin males that
were reared separately from females after emergence did
not show significant preference between sexually immature
and mature females for both morphs, indicating that virgin
males were unable to discriminate female reproductive
status. On the other hand, males that had experienced
copulation with gynomorphs preferred sexually mature
gynomorphs to sexually immature ones. However, males
that had experienced copulation with andromorphs could
not discriminate between sexually immature and mature
andromorphs, probably due to the absence of significant
ontogenetic change in their thoracic colour. Therefore,
female body colour is an important cue for males in dis-
criminating between sexual maturation stages. Learned
mate discrimination depending on copulation experience
might help males to detect potential mates effectively and
avoid sexually unreceptive immature female. We finally
discuss the adaptive significance of the ontogenetic colour
change in females.
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Introduction

Because females in most animal species make a greater
investment in each offspring than males (Trivers 1972),
selection would seem to favour the choice of males by
females in situation of direct (e.g. Boggs 1995) or indirect
(e.g. Bussiere et al. 2008) benefit. Therefore, the main
focus of studies on intersexual selection has been female
mate choice behaviour (Andersson 1994). However, male
mate choice behaviour is also widespread in many taxa
(e.g. Bateman and Fleming 2006; Bonduriansky 2001;
Clutton-Brock 2007). When females vary in quality, males
are expected to be choosy (Amundsen 2000), resulting in
male mate choice in relation to mate-encounter rate and
parental investment (Kokko and Johnstone 2002). Because
the number of matings and the amount of reproductive
investment of males are limited due to both energy and
time constraints, males exhibit pre- and/or post-copulatory
mate choice depending on female qualities such as body
size (Jones et al. 2001; Rutowski 1982), symmetry (Hansen
et al. 1999), willingness to mate (Andersson et al. 2000;
Van Gossum et al. 2001a; McLennan 1995) and so on.
Such male mate choice is suggested to lead to the evolution
of secondary sexual characteristics in females (Amundsen
and Forsgren 2001; Clutton-Brock 2009) and of mating
systems (Bonduriansky 2001), consequently resulting in
sexual dimorphism. Therefore, in order to understand the
evolution of sexual traits in females, the detailed behav-
ioural property of male mate choice, such as innate pref-
erence and its plasticity, must be proposed.
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In some coenagrionid damselflies, few females leave the
waterside during the sexually immature stages (Hinnekint
1987). Due to their relatively long flying season, females at
sexually immature and mature stages co-exist in the same
grasslands near water, where sexually mature males search
for suitable mating partners (Fincke 1987). Sexually
mature females mate repeatedly throughout their repro-
ductive stages (Robertson 1985; Takahashi and Watanabe
2009), while sexually immature females refuse male mat-
ing attempts (Hammers et al. 2009). They might try to
escape from the males or to show mate refusal posture in
response to the males (Cordero et al. 1998; Gosden and
Svensson 2009). Therefore, mating attempts with sexually
immature females are wastes of time for males, resulting in
a decrease in their mate searching efficiency (Stoks and De
Bruyn 1998). Males should discriminate the maturation
stage of females before trying to mate in order to avoid
sexually immature females.

Ontogenetic colour changes in relation to sexual matu-
ration are widespread traits in odonate species (Corbet
1999). In coenagrionid damselfies, both sexes achieve
sexual maturity at about a week after emergence when they
start reproductive activity (Cooper et al. 1996). Because
body colour is the most important visual cue for males in
mate recognition in Odonata (Gorb 1998), differences in
body colour between sexually immature and mature
females might help males to discriminate the sexual
maturity of females.

It has been previously found that males have no innate
mating preference for female morphs in Enallagma spp.
(Fincke et al. 2007). They change their mating preference
in accordance with their prior experience (Van Gossum
et al. 2001b). In Ischunra senegalensis, Takahashi and
Watanabe (2010b) revealed that virgin males had no
preference in a binary choice experiment between dead
female morphs, and that mated males preferred to mate
with female morphs with which they had previously mated.
Mating experience rather than the experience of encounters
with females and rejection by females affected the
sequential mating preference of males (Takahashi and
Watanabe 2008). However, little is known about the effect
of copulation experience on the discrimination between
sexually immature and mature females. In the present
study, we quantified the ontogenetic colour changes in
females of I senegalensis, a species in which females
exhibit heritable colour dimorphism (Takahashi and
Watanabe, unpublished), appearing as either gynomorphs
or andromorphs. We also investigated innate mate choice
between sexually immature and mature females, and
learned mate choice in relation to their copulation experi-
ence. We then discuss the evolution of ontogenetic colour
change in females from the viewpoint of the plasticity of
male mate choice.
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Materials and methods
Insect

Ischnura senegalensis is a non-territorial damselfly inhab-
iting the edges of pond in the warm-temperate zone of
Japan. Sexually mature males attempt to mate with females
whenever they encounter them without any courtship
behaviour (Takahashi and Watanabe 2010b). The females
mate multiply throughout their life, and each copulation
lasts more than 3 h (Takahashi and Watanabe 2009). While
the males show monomorphism, the females exhibit colour
dimorphism (andromorph and gynomorph) which is
determined by one autosomal locus with two alleles with
sex-limited expression (Takahashi and Watanabe, unpub-
lished) as is the case of other female dimorphic damselflies
(Johnson 1964, 1966).

Preparation of test specimen

In order to obtain the test specimens, sexually mature
females were collected in the field in Ibaraki Prefecture in
the warm-temperature zone of Japan, and artificial ovipo-
sition was conducted in the laboratory. Females were
placed individually into a Petri dish (¢90 mm) with a piece
of wet filter paper as an oviposition substrate for several
days without food. Eggs laid on the filter paper were kept
in a Petri dish filled with water at room temperature, and
most of them hatched 1011 days after the oviposition. The
first instar larvae were moved to large plastic containers
(8 cm x 12 cm, height 5 cm) with submerged polypro-
pylene meshes (5 cm x 5 cm, weave size 1 mm) as their
perching sites. They were fed on live brine shrimps (Alt-
emia sp.) every day. When they had grown to approxi-
mately 3 mm in body length, they were placed individually
in plastic bottles (¢3.5 cm, height 5.8 cm) in order to
prevent cannibalism. Medium-sized larvae (>5 mm) were
fed on live Tubifex spp. as their main food for 3 months
until emergence. A twig about 10 cm in length was placed
in each bottle as a support for the emergence of the final
instar larva.

An individual identification code was marked on the
right hind-wing of each newly emerged adult using a fine
felt-tipped pen. The sexes were separated in respective
flying cages (40 cm x 40 cm x 50 cm) made of wooden
frames covered by polypropylene mesh (weave size
1 mm). In order to decrease the risk of cannibalism, fewer
than ten adults were reared in each cage. Adults fed on fruit
flies, Drosophila spp., which had been cultured. Four to
five days after emergence, females showed reproductive
activity such as copulation and oviposition, indicating that
they achieved sexual maturity (see Takahashi and Watan-
abe 2010c).
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Measurements of body colour

Digital photos were taken of sexually immature (1-3 days
old) and mature females (5-9 days old) of each morph that
emerged in the laboratory. Within each period, body colour
was relatively stable. According to the procedure of Joop
et al. (2007), each individual was scanned at a resolution of
300 dpi using an EPSON image scanner (GT-7000U) with
the same settings, i.e., the same illuminating condition, and
the digital photos obtained were imported into Adobe
Photoshop 7.0 (Adobe Systems, USA). An area for mea-
surement was selected on the mesothorax that did not include
the black area of the mesonotum. Mean red, green and blue
(RGB) values were measured in a square of 200 pixels
(10 x 20 pixels). Our data were not transformed to hue—
saturation-brightness (HSB) values, because these values
are adapted for human eyes (Fleishman and Endler 2000).

Colour should be evaluated based on the property of
visual perception of the object (male damselfly, in this
case), but the property of the visual perception of this
species (or closely related species) has not been clarified.
For various species including damselflies (Joop et al.
2007), in which there is no information on the property of
the visual perception, RGB analyses have been tradition-
ally used, and are suggested to be qualitatively correct
methods to assess colour (Villafuerte and Negro 1998).
Although RGB analysis is not the best way, we are con-
vinced that the evaluation of colour using RGB is one of
the possible methods to compare the body colour.

Procedure of binary choice experiment

Because males achieve sexual maturity 4-5 days post-
emergence (Takahashi and Watanabe, unpublished), binary
choice experiments between sexually immature and mature
females were conducted for 6- to 9-day-old (sexually
mature) males in the laboratory. Since the male’s mate
choice behaviour was affected by the activity of females,
such as mate refusal behaviour and face-to-face hovering
(e.g. Cordero et al. 1998; Cordero Rivera and Andrés
2001), it was necessary to use immotile specimens in the
binary choice experiment for testing the effect of female
colour on the male mate choice (Takahashi and Watanabe
2009, 2010b). In our experiments, the virgin females of
each morph in sexually immature (1-3 days old) and
mature stages (5-9 days old) were placed in a freezer for
2 min to inhibit their activity, and dying females were used
as the test specimens. Their abdomens were straightened,
and their wings were kept closed. Two specimens were
pinned with a micro-needle (¢0.18 mm) on the upper
frame in the experimental cage (30 x 30 x 30 cm wooden
frames covered by polypropylene mesh, weave size 1 mm)
which was placed by a window and exposed to the sun. To

evaluate the mating preference between sexually immature
and mature females, both types of females were pinned
next to each other (3 cm apart). The site of each specimen
was changed in every trial. Since the body colour of the
specimen deteriorates several hours after killing, dying
specimens were used within 4 h after the refrigeration. We
confirmed that there were no colour changes in the dying
specimens.

To investigate an innate mating preference, a binary
choice experiment was conducted using a virgin male that
was reared separately from females after emergence. In the
morning (0700-0900 hours), the male was introduced
into an experimental cage in which a pair consisting of
a sexually immature gynomorph and a sexually mature
gynomorph, or a sexually immature andromorph and a
sexually mature andromorph, was presented. In each binary
choice experiment, every male attacked the dying speci-
men presented immediately upon being introduced into
the experimental cage. Although males normally attack a
female from behind, form a tandem, and then copulate with
her in the natural condition, each binary choice experiment
was stopped when the male attacked one specimen, i.e., it
dashed to a female and tried to form a tandem with it. The
males’ attacking behaviour in the direction of a specimen
was judged as an indicator of the male choice.

In order to determine the effect of the copulation
experience of the male on its ability to discriminate
between sexually immature and mature females, a single
virgin male was introduced into the experimental cage with
a new virgin sexually mature female, either a gynomorph
or an andromorph, in the morning. All virgin males
enclosed with a single virgin female in the morning
repeatedly tried to attack it, and each female accepted the
males after several mating attempts. All copulation lasted
for about 3—4 h, and terminated around noon. Just after the
removal of the coexisting female at noon, the binary choice
experiment between a sexually immature and a sexually
mature gynomorph or between a sexually immature and a
sexually mature andromorph was conducted for the males.
The specimens in the binary choice experiments were
newly prepared from the rearing cage. In the experiment,
each male attacked the dying specimen immediately upon
being introduced into the cage.

Statistical analyses

All statistical analyses were performed using R version
2.9.0 (R Development Core Team 2009). All values are
presented as mean £+ SE. Differences in RGB value
between sexually immature and mature individuals were
analyzed by the Mann—Whitney U test. Before the U test,
we confirmed the plausibility of homoscedasticity by
performing F tests at the probability of p > 0.05. The
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Fig. 1 Ontogenetic changes in the brightness of red, green and blue
in the thoraxes of gynomorphs (a) and andromorphs (b) of Ischunra
senegalensis. The sample size of sexually immature gynomorphs,
sexually mature gynomorphs, sexually immature andromorphs and

outcomes of the binary choice experiments were analyzed
by performing binominal tests. The o-level in binomial
tests was adjusted by Bonferroni correction to account for
multiple comparisons (p = 0.05/2 = 0.025). Changes in
mating preference of males (difference in the proportion of
males that chose each presented female between virgin and
experienced males) were analyzed by Fisher’s exact test.
All statistical tests were two-tailed.

Results
Changes in body colour

The thoracic colour of gynomorphs changed from light
orange in immature to brown in mature stages. As shown in
Fig. 1la, the content of each colour differed between matu-
ration stages (Mann—Whitney U test: red: U = 2.0,n; = 27,
ny = 31, p < 0.001; green: U = 85.0, n; = 27, n, = 31,
p < 0.001; blue: U = 102.0,n; = 27,n, = 31,p < 0.001),
indicating ontogenetic colour changes in gynomorphs. On
the other hand, the thoracic colour of andromorphs was blue
throughout their lives. No significant difference between
sexually immature and mature individuals was found in any
of the colour contents (Mann—Whitney U test: red: U =
372.0, ny = 34, n, =24, p = 0.570; green: U = 357.0,
ny = 34, n, = 24, p = 0.421; blue: U = 321.0, n; = 34,
n, = 24,p = 0.170; Fig. 1b). Thus, little ontogenetic colour
change occurred in andromorphs.

Mating preference

The males grasped and tried to form a tandem with the
specimen. Some males hovered around the paired
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sexually mature andromorphs were 27, 32, 34 and 24, respectively.
Each asterisk indicates a significant difference between sexually
immature and mature females at a probability of less than 0.001
(Mann—Whitney U test)

Table 1 Mate preference of virgin and experienced male Ischunra
senegalensis in the binary choice experiments between sexually
mature and immature gynomorphs

Male No. males No. males choosing each female p*
status tested

Mature Immature
Virgin 40 24 16 0.268
Experienced 27 23 4 <0.0001

Experienced males had copulated with a gynomorph just before the
experiment. The proportion of males that chose mature females dif-
fered between virgin and experienced males (Fisher’s exact test,
p = 0.032)

? p value for the exact binomial test

specimens just before they attacked them. Such behaviour
suggested that the males recognized the paired specimens
simultaneously and that they were able to freely choose one
of the specimens in this experiment.

In the binary choice experiment between sexually
immature and sexually mature females, each virgin male
immediately attempted to mate with either specimen. Vir-
gin males exhibited no preference between the sexually
immature and mature gynomorphs (Table 1), suggesting
that they cannot discriminate reproductive stages of gy-
nomorphs. On the other hand, males that had copulated
with gynomorphs significantly preferred sexually mature
gynomorphs over sexually immature ones (Table 1). There
was a significant difference in mating preference between
virgin and experienced males (Fisher’s exact test,
p = 0.032; Table 1). These results indicate that males
improve their ability to discriminate between sexually
immature and sexually mature gynomorphs throughout
their mating experience.
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Table 2 Mate preference of virgin and experienced males in the
binary choice experiments between sexually mature and immature
andromorphs

Male No. males No. males choosing each female p*
status tested

Mature Immature
Virgin 33 19 14 0.487
Experienced 27 18 0.122

Experienced males had copulated with an andromorph just before the
experiment. No difference significant difference in the proportion of
males that chose mature females was found between virgin and
experienced males (Fisher’s exact test, p = 0.595)

# p value for the exact binomial test

In the binary choice experiments using andromorphs,
virgin males exhibited no preference between the sexually
immature and mature andromorphs (Table 2). The pro-
portion of males choosing sexually mature females did not
differ between the tests using andromorphs and gy-
nomorphs (Fisher’ exact test, p = 1.0). This indicates that
virgin males cannot discriminate reproductive stages of
both morphs. Males that had experienced with androm-
orphs also showed a non-significant preference between
sexually immature and sexually mature andromorphs
(Table 2). In contrast to the case of gynomorphs, no sig-
nificant difference in mating preference was found between
virgin and experienced males (Fisher’s exact test,
p = 0.595), though the proportion of experienced males
that chose sexually mature females slightly increased.
These results indicate that the effect of maturation in an-
dromorphs on male mate choice is very week, and that
mating experience with andromorphs did not improve the
males’ ability to discriminate between immature and
mature andromorphs.

Although the proportion of experienced males choosing
sexually mature females in the test using gynomorphs
(85.2%) was overwhelmingly higher than that in the test
using andromorphs (66.7%), no statistically significant
difference was found between these tests (Fisher’s exact
test, p = 0.202). This might be due to a slight increase in
the proportion of males that chose sexually mature females
in the case of males experienced with andromorphs
(Table 2).

Discussion

Because ontogenetic colour changes in accordance with
sexual maturation are common in odonate species, body
colour is one of the indicators of female sexual maturation
(Corbet 1999). Cordero (1990) reported that in I. graellsii
the thoracic colour of both female morphs changed, and

they sexually matured in a week. However, in the present
study, changes in thoracic colour in I. senegalensis were
observed in gynomorphs but not in andromorphs (Fig. 1),
suggesting that the thoracic colour in andromorphs does
not correspond to sexual maturation. Gorb (1998) pointed
out that thoracic colour is the most important cue for males
in mate recognition in damselflies. Thus, it might be dif-
ficult for I. senegalensis males to discriminate between
sexually immature and sexually mature andromorphs. In
support of this prediction, males discriminated the matu-
ration stages only of gynomorphs (Table 1). This implies
that males discriminated reproductive status of females on
the basis of their thoracic colour.

In coenagrionid damselflies, virgin males showed a no
mating preference between species (Fincke et al. 2007),
between female colour morphs, and between sexes
(Takahashi and Watanabe 2010b). In the present study,
males also showed non-significant preference between
sexually immature and mature females in /. senegalensis.
This indicates that virgin males were unable to distinguish
sexually mature females from sexually immature females.
Although the mate preferences of virgin males were
slightly biased to mature females in both morphs, the effect
of female maturity on the mating preference of the virgin
males is too weak to be detected with our current sample
size.

On the other hand, males experienced copulation with
gynomorphs preferred sexually mature gynomorphs over
immature ones. Males changed their mating preference in
accordance with their copulation experience. In the field,
males could avoid attempting to mate with sexually
immature gynomorphs by forming a search image of sex-
ually mature gynomorphs. Because mating attempts with
sexually immature females are probably costly in terms of
time wasted (Stoks and De Bruyn 1998), the search image
established on the basis of copulation experience may help
males to detect potential mates, and consequently to
increase their mating success. Such mate choice is advan-
tageous in species where sexually immature and mature
females coexist at the breeding site, as in 1. senegalensis.

Although the proportion of males that chose sexually
mature females slightly increased, males experienced cop-
ulation with andromorphs showed no obvious preference
between sexually immature and mature andromorphs. This
is due to the absence of a significant ontogenetic change in
thoracic colour in andromorphs (Fig. 1). These results
imply that males were able to discriminate the reproductive
status of gynomorphs on the basis of their thoracic colour.
Although we can identify the age of andromorphs on the
basis of the colour of the ventral side of the abdomen in
1. senegalensis (Takahashi and Watanabe 2009), the colour
of the ventral side of the abdomen may not be important for
males as a cue for recognizing females, because they
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typically attempt to mate with females from the side or from
behind (Gorb 1999). Therefore, if males are not able to learn
to discriminate sexually immature and mature andromorphs
in the field, the males might continue to attempt to mate
with sexually immature andromorphs as well as sexually
mature andromorphs in natural populations throughout their
lives. In the present study, no significant effect of female
maturation on mate choice of males experienced with an
andromorph was detected due to the small sample size,
but the proportion of males that chose sexually mature
andromorph after experienced copulation with an andro-
morph slightly increased. This suggests that factors other
than body colour, such as the degree of wing transparency,
also help males to discriminate female reproductive stages.

Although experienced males were apt to avoid mating
with sexually immature gynomorphs, sexually immature
andromorphs may not be recognized by males as unsuitable
individuals with which to mate. In the stickleback Culaea
inconstains, males preferred females exhibiting a nuptial
colour over females not exhibiting a nuptial colour. Thus,
immature-specific body colour functioned to reduce the
frequency of male mating attempts during pre-reproductive
stages (Amundsen and Forsgren 2001). Because persistent
pre-copulatory mating attempts, i.e., male harassment, are
costly for females, they may often evolve various counter-
strategies to avoid mating attempts (Arnqvist and Rowe
2005). In damselflies, male harassment strongly influences
female fitness (Takahashi and Watanabe 2010a). Therefore,
immature specific colour in gynomorphs may have evolved
as a strategy by which females avoid male harassment
during the pre-reproductive period. Takahashi et al.
(unpublished) indicated that food intake in andromorphs is
less than that in gynomorphs during their pre-reproductive
period. In Odonata, ontogenetic colour changes frequently
occur in Ischnura spp. (Fincke et al. 2005), where sexually
immature and mature females coexist at the same site
(Hinnekint 1987). These facts also suggest that immature
specific colour may be a counter strategy against male
mating harassment. The learned mate choice of males based
on copulation experience may drive the evolution of age-
specific colour in females.

The maintenance of multiple female morphs in
damselflies has usually been explained in the context of
sexual conflict. The mating harassment of sexually mature
females is an important selection pressure (e.g. Svensson
et al. 2005; Takahashi et al. 2010). However, it is an
indisputable fact that immature females repeatedly suffer
male mating attempts in the wild (Hammers et al. 2009).
Because sexually immature andromorphs are predicted to
be subject to more mating attempts by males compared
with sexually immature gynomorphs due to male mate
choice behaviour, each morph must pay a different cost
during its sexually immature stage. Pre-copulatory mating
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attempts by males, i.e., male harassment, decrease the
food intake of females and thus cause their egg production
to decline (Takahashi and Watanabe 2010a). Therefore,
non-random attempts to mate with sexually immature
females must affect the fitness of each female morph,
and potentially contribute to the maintenance of female
polymorphism.
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