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Calopteryx splendens males exhibit a remarkable variation in wing pigmentation both within and between
populations. In this study, we examined whether the wingspots of male C. splendens are related to male
quality. We measured the nylon implant encapsulation rate for 85 males and found that males with larger
wingspots had a faster encapsulation rate, indicating a better immunocompetence. We also found that the
encapsulation rate was positively correlated with the density of haemocytes in the haemolymph. Another
measurement of male quality, £uctuating asymmetry of wingspots, correlated negatively with the size of
the wingspots. Males with asymmetrical wingspots also had lower encapsulation rates than more symme-
trical males. Our results suggest that the size of wingspot is an indicator of male quality in C. splendens.
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1. INTRODUCTION

Various ornaments, such as badges, have been observed to
in£uence the outcome of contests for resources in many
animal species (reviewed in Andersson 1994). These orna-
ments may be correlated with the phenotypic condition
and ¢ghting ability of the possessor, permitting strongly
ornamented individuals to win contests through display
without escalated ¢ghts (Andersson 1982; Maynard Smith
& Harper 1988). To signal ¢ghting ability honestly over
evolutionary time, the cost of a given size of the ornament
must be higher for lower-quality males (Nur & Hasson
1984; Andersson 1986; Zeh & Zeh 1988; Grafen 1990;
Johnstone 1995; Kotiaho 2000; but see Getty 1998). A
general prediction is that under these conditions, higher-
quality males should develop larger or brighter ornaments
(Zeh & Zeh 1988; Grafen 1990).

Several studies on birds suggest that immune function
may play an important role in maintaining honesty of
secondary sexual characters (Gustafsson et al. 1994; Saino
& MÖller 1996). In contrast to vertebrates, insects have
only innate immunity, involving a humoral and cellular
response. In the cellular response, haemocytes attach to
parasites (Gupta 1986). In the process, the foreign object
may become completely encapsulated in layers of haemo-
cytes, which die and subsequently become melanized,
thereby isolating the intruder from host tissue (Ratcli¡e
1993). The humoral system, on the other hand, is
comprised of a myriad of soluble proteins and enzyme
cascades, which play important roles in recognizing,
signalling and attacking foreign targets (Leonard et al.
1985), and probably in coordinating the cellular responses
(Pech & Strand 1995). The simplest, and probably the
most informative, way to assay insect immune response is
to measure the magnitude of the cellular encapsulation
response to a novel and standardized p̀athogen’ like a

nylon mono¢lament (KÎning & Schmid-Hempel 1995;
Schmid-Hempel & Schmid-Hempel 1998; Siva-Jothy et al.
1998).

Fluctuating asymmetry (FA) has been used as a
measure of individual quality (MÖller 1997; MÖller &
Swaddle 1997; but see Palmer 1999; Simmons et al. 1999;
Thornhill et al. 1999). FA is a measure of stochastic di¡er-
ences between the right and left halves of bilaterally
symmetrical organisms (Palmer & Strobeck 1986). It
represents a measure of developmental instability, which
in turn is an indicator of how good the genome is at
controlling the processes of normal development. Thus,
the ability to produce symmetrical ornaments is likely to
be an indicator of male quality (MÖller & Swaddle 1997).
Many studies have shown that there is a negative relation-
ship between the size of a sexually selected trait and the
degree of FA of the trait, because male ability to produce
a large ornament appears to be related to its ability to
produce symmetrical ornaments, both traits being indica-
tors of organism quality (reviewed in MÖller & Swaddle
1997).

Males of the banded agrion, Calopteryx splendens, have
large, iridescent, blue wingspots, which ¢t well the
description of a classic secondary sexual character (cf.
Darwin 1871), and although males exhibit remarkable
geographical variation in wing coloration, there is huge
variation among males even within a single population
(Valle 1937, 1952; Dumont et al. 1993). Previous observa-
tional and experimental studies with a closely related
species, Hetaerina americana (Calopterygidae), have
revealed that variation in male wing coloration is main-
tained by competition among males for mating territories,
not by female choice (Grether 1996a,b, 1997). Grether
(1996a,b) found that males with naturally or arti¢cially
large wingspots were more successful at holding terri-
tories and consequently mated at higher rates than males
with relatively small wingspots. He found also that males
with enlarged spots had higher mortality rates than both
unmanipulated and sham-manipulated controls. He
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concluded therefore that those ornaments could have
evolved as honest indicators of ¢ghting ability, because
they provided costs that make deceptive signalling un-
pro¢table (Grether 1997).

The aim of our study was to test whether the male
wing coloration of C. splendens is an indicator of male
quality. As a measure of male quality we used males’
immunocompetence and FA. We predicted that males
with larger wingspots would have a faster encapsulation
rate and more symmetrical wingspots.

2. METHODS

We collected 85 males of C. splendens between 2 and 6 July
1999 from Creek Neulajoki near the city of JyvÌskylÌ (62816’ N,
25830’ W) in southern Finland. The damsel£ies were captured
with a butter£y net and were kept in individual black plastic
containers in a portable electrical cooling box (12 § 2 8C).
Because we did not commence our observations at the beginning
of the £ying season it was not possible to determine absolute age
of males by the date of marking. Males were therefore aged by
assigning them to one of the age categories de¢ned by the sti¡-
ness of the leading edge of the wings, which increases with age
(see Siva-Jothy & Tsubaki 1994; Plaistow & Siva-Jothy 1996). In
the present study, we collected only males that belonged to age
class 2. In the laboratory, we measured body mass with an
accuracy of 0.1mg.

To challenge the damsel£y immune system, we inserted a
1.7^1.8mm long piece of nylon mono¢lament (diameter:
0.1mm) through the fourth abdominal pleura on the dorsal side
of the sternal^tergal margin. The males’ immune system was
allowed to react to this object for 5 h (this time was chosen
because our preliminary study showed that it produces the
largest di¡erences between individuals), while the insects were
kept in individual black ¢lm roll cans at constant room tempera-
ture (22 § 1 8C). The implant was then removed and dried.
Three implants could not be recovered. The removed mono-
¢laments were photographed with a microscope from three
di¡erent directions. All photographs of the implants were taken
in standardized set-up with c̀ontrol implants’ (an unused piece
of nylon to correct for di¡erences in ¢lm development) and

analysed with a densitometer. We divided implants into four
sections and to determine the degree of encapsulation rate of
each implant, the optical densities of red (R, ¢lter 700 nm),
green (G, ¢lter 546.1nm) and blue (B, ¢lter 435.8nm) were
measured at those four sections. Total colour density
(R + G + B) was calculated for each section and the appropriate
measures for implants were calculated from the mean value of
all three di¡erent photographs. To measure repeatability we
took another set of photographs from 16 randomly chosen
implants and independently analysed them with a densitometer.
The repeatability (R) of this method was high (R ˆ 0.98,
F17,18 ˆ 105.11, p 5 0.001) (see Krebs 1989). To measure haemo-
cyte density, we counted the relative numbers of circulating
haemocytes in the haemolymph. Before removing the implant,
damsel£ies were punctured at the ¢fth abdominal pleura on the
dorsal side of the sternal^tergal margin with a sterile needle to
obtain haemolymph, and the haemolymph was collected from
the puncture into a glass micropipette containing heparin.
Haemolymph was smeared on a slide, air-dried and ¢xed using
methanol. The slides were stained using Di¡ Quick1 (Dade
Diagnostika GmbH, MÏnchen, Germany) and then counted
using the microscope ( £1000 magni¢cation). All haemocyte
types encountered were pooled to total haemocyte counts. We
used log10 transformation for the haemocyte density, after which
the data satis¢ed the assumptions of the statistical tests.

To measure parasite burden, we assessed the number of
eugregarine trophozoites in a male’s mid-gut by removing the
entire gut carefully and making light microscope thin-section
preparations (see Siva-Jothy & Plaistow 1999). The wings were
cut o¡ and placed between two microscope slides taped together.
The wings were scanned and printed to paper ¢ve times larger
than normal size. The total area of the wingspots was measured
by weighing the cut-out mass of the paper shape. The areas of
unpigmented spots in wings were measured in a similar way.
The FA of wingspot size was estimated by calculating the abso-
lute di¡erences between the left and right sides of each char-
acter. Asymmetry measurements were not taken from four
individuals with damaged wings. The properties of FA measure-
ments were assessed following the procedure of Swaddle et al.
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Figure 1. Relationship between the relative size of wingspot
and encapsulation rate in C. splendens males.
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Figure 2. Relationship between the density of haemocytes and
encapsulation rate in C. splendens. Density of haemocytes is
log10 transformed.



(1994). There was no evidence of directional asymmetry because
the frequency distiribution of right minus left values did not
di¡er from a normal distribution with a mean of zero. Repeat-
ability of measurements of wingspot asymmetry was high
(R ˆ 0.77, F15,16 ˆ 7.70, p 5 0.001) (see Krebs 1989).

3. RESULTS

The area of the wingspots varied from 53 to 73% of
the wing area. Similarly, the encapsulation rate varied
considerably between males (¢gures 1 and 2). There was a
strong positive relationship between relative size of wing-
spot and encapsulation rate (r ˆ 0.62, n ˆ 82, p 5 0.001;
¢gure 1). The density of haemocytes in males was on
average 3100 ml71 (s.d. ˆ 2400, range 100^11000) and
also positively correlated with encapsulation rate
(r ˆ 0.25, n ˆ 80, p ˆ 0.027; ¢gure 2). However, there was
no correlation between the relative size of wingspot and
the density of haemocytes (r ˆ 70.03, n ˆ 83, p ˆ 0.82).
There was a negative correlation between the ornament
size and ornament asymmetry (r ˆ 70.25, n ˆ 81,
p ˆ 0.035). Furthermore, the asymmetry of wingspots was
negatively correlated with encapsulation rate (r ˆ 70.23,
n ˆ 78, p ˆ 0.040).

The proportion of unpigmented area in wingspots
varied from 0 to 4% and males with more unpigmented
areas in wingspots had a lower encapsulation rate
(r ˆ 0.22, n ˆ 82, p ˆ 0.047). Other morphological
measurements, length of hind wings and body mass, did
not correlate with encapsulation rate, nor with the
density of haemocytes (table 1).

We found neither ectoparasites nor eugregarines from
males of C. splendens.

4. DISCUSSION

The main result of the present study was the positive
relationship between the size of wingspot and the encap-
sulation rate in male C. splendens, indicating that more-
ornamented males have a better immunocompetence.
Previous studies with another damsel£y have revealed
that male wing coloration pigments are constituted from
melanin (Hooper et al. 1999). Melanin is a key component
of the humoral immune system and a central part of the
encapsulation response (Ratcli¡e 1993). So there might be
a trade-o¡ between ornamentation and immunocompe-
tence. Thus only males in good condition are able to
produce large ornaments (see Folstad & Karter 1992).

It is possible that the size of wingspots is correlated
with immunocompetence because only males of high
phenotypic quality are able to cope with the costs of
producing e¤cient immune responses. On the other
hand, males with larger wingspots might pay some other
costs, if the ornament size reliably re£ects male quality.
One of those costs might be increased conspicuousness to
visually orientating predators. An increased risk of preda-
tion on visually signalling males has been demonstrated
in many animals (see Andersson 1994; Zuk & Kolluru
1998). It is possible that wingspots may increase conspicu-
ousness also to visually orientating prey (Grether & Grey
1996), thereby limiting male feeding oppurtunities.
Furthermore, maintaining large ornaments may be costly
due to increased aggression by other males (Rohwer &
Rohwer 1978).

It is not known whether wingspots are maintained by
female choice, male^male competition or both. However, a
previous work suggested that female C. splendens xanthostoma
prefer to mate with males that have large wingspots
(Siva-Jothy 1999). Thus, in favouring males that produce
large ornaments, females may select males with a greater
ability to encapsulate pathogens (see Ryder & Siva-Jothy
2000).

Surprisingly, we did not ¢nd any macroparasites from
C. splendens in this study, not even eugregarines, which are
cosmopolitan mid-gut parasites of damsel£ies (Ðbro
1996). The infection with eugregarine trophozoites during
the teneral life-history stage is known to a¡ect the ability
of damsel£ies to accumulate fat, and consequently reduce
their ability to ¢ght for, and maintain, a territory when
they become reproductively active (Siva-Jothy & Plaistow
1999). The absence of parasites in our study population
may have reduced confounding factors, but it may have
also a¡ected the trade-o¡ between ornamentation and
immunocompetence.

We found a weak positive relationship between encap-
sulation rate and the density of haemocytes, which has
not been found in previous studies in insects. Cellular
encapsulation responses are possibly initiated by random
contact of the circulating haemocytes with foreign objects
(Millar & Ratcli¡e 1994). Thus it was not surprising to
¢nd that encapsulation rate was correlated with the
density of haemocytes. However, the correlation between
the density of haemocytes and the size of wingspots was
not signi¢cant in the present study.

As in many previous studies (reviewed in MÖller &
Swaddle 1997), we found a negative relationship between

Immunocompetence and wing coloration M. J. Rantala and others 2455

Proc. R. Soc. Lond. B (2000)

Table 1. Correlation coe¤cients (r) of encapsulation rate and density of haemocytes (log10 transformed) in relation to body mass,
length of hind wing, the size of wingspot, unpigmented area of wing spot and £uctuating asymmetry

(The number of individuals is denoted by n, and the signi¢cance of correlation coe¤cient by p .)

encapsulation rate density of haemocytes

r n p r n p

body mass 70.13 82 0.24 70.09 83 0.42
wing length 70.04 82 0.70 70.04 83 0.72
size of wingspot 70.62 82 5 0.001 0.02 81 0.88
unpigmented area 70.22 82 0.047 70.08 83 0.46
ornament asymmetry 70.23 78 0.040 0.05 79 0.63



the size of ornaments and degree of FA, indicating that
the size of wingspots might be an indicator of a male’s
quality. We also found that males with more symmetrical
wingspots had better encapsulation rates. Similarly,
Lagesen & Folstad (1998) found that male reindeer with
more symmetrical antlers had better immunocompetence.
However, previous studies on birds have not found any
correlation between immunocompetence and FA (MÖller
et al. 1996; Kimball et al. 1997). Increased FA is thought to
be a result of many environmental and genetic stressors
during ontogeny (MÖller & Swaddle 1997). Thus, our
results indicate that those stressors may also in£uence the
immunocompetence. Our results support the idea that FA
may be used as a measure of individual quality. Further-
more, males with unpigmented spots on their wings
showed reduced encapsulation rates in the present study,
which suggests that developmental instability may be
associated with decreased immunocompetence.

In conclusion, our study has shown that the size and
symmetry of male wingspots in C. splendens may work as
an indicator of individual quality. Our results support the
hypothesis that high-quality males will develop both
large ornamental traits and relatively symmetrical bilat-
eral traits. In addition, our ¢nding that males with more
symmetrical wingspots had higher encapsulation rates
indicates that exposure to developmental disturbances
may be associated with decreased immunocompetence.
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