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Abstract

The damselfly, 

 

Nehalennia irene

 

 (Hagen), has two distinct female colour morphs. Individ-
uals of one morph have male-like colouration and pattern (androchromes), whereas gyno-
chromes are different from males and androchromes in these respects. In several
damselflies, such female-limited polychromatism is attributable to a single genetic locus.
We developed six polymorphic genetic markers, which were codominant, to test for genetic
differentiation in 

 

N. irene

 

, collected from two sites located 8 km from one another in eastern
Ontario, Canada. Based on three censuses spanning a 10 year period (1992–2001), morph
ratios differed consistently and significantly between these two sites. However, subpopu-
lations at these sites were not genetically differentiated with respect to the putatively neu-
tral markers. Our results suggest that site differences in morph ratios of female 

 

N. irene

 

cannot be explained by genetic drift, but are consistent with spatially variable selection
operating on different morphs, perhaps mediated by male density. Alternatively, morph
type may be a plastic trait and cues for induction may differ between sites.
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Introduction

 

How polymorphisms are maintained within natural popula-
tions is a long-standing problem in evolutionary biology
(Cook 1992; Golding 1992). One key question is the extent
to which factors such as limited gene flow, differential
selection and/or drift can explain variable morph ratios
across sites. Evolutionary biologists generally agree that
evolution by genetic drift occurs, particularly for variation
at the molecular level (Futuyma 1997). However, the
importance of drift to more visible examples of polymorph-
ism is more controversial (Mithen 

 

et al

 

. 1995; Gillespie &
Oxford 1998).

Female polychromatism is a highly visible form of
sex-limited polymorphism observed in many species of
coenagrionid damselflies (Johnson 1964; Robertson 1985;
Hinnekint 1987; Conrad & Pritchard 1989; Fincke 1994a;
Corbet 1999). One female morph, the androchrome, is

coloured and sometimes patterned like the conspecific
male (Cordero 1990; cf. Hilton 1987). The other female
morph (or morphs, as there may be more than one), the
gynochrome(s), is more cryptically coloured or patterned,
and thus different from the male. In most populations, the
gynochrome is the most common morph (reviewed by
Fincke 1994a; but see Forbes 1994).

The genetic basis of female-limited polychromatism has
been determined in four species of damselfly. In 

 

Ischnura
graellsii

 

, morph is attributable to a single tri-allelic autosomal
locus (Cordero 1990). There are three morph alleles in 

 

I.
graellsii

 

, with the androchrome allele dominant to both
gynochrome alleles, and one gynochrome allele dominant
to the other, such that the second gynochrome allele is
recessive to the both the androchrome allele and the first
gynochrome allele. In both 

 

I. demorsa

 

 and 

 

I. damula

 

, there
is a single diallelic autosomal locus showing sex-limited
expression. Androchromes are homozygous recessive, gyno-
chromes are heterozygous or homozygous, and males
presumably occur as all three genotypes, but are mono-
morphic (Johnson 1966, 1975). In 

 

Ceriagrion tenellum

 

, the
genetic basis for polychromatism is a composite of the
two mechanisms thus far described: there are three female
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colour morphs and three alleles at a single autosomal locus
with sex-limited expression, but the androchrome allele is
recessive (Andrés & Cordero 1999).

Recently, Andrés 

 

et al

 

. (2000) and Andrés 

 

et al

 

. (2002)
presented evidence that selection is a determinant of ratios
of female colour morphs in populations of the damselflies

 

I. graellsii

 

 and 

 

C. tenellum

 

, respectively. In these species,
geographically distant populations are genetically differ-
entiated based on RAPD markers, assumed to be neutral.
These populations, however, had statistically indistin-
guishable morph ratios and were not genetically differ-
entiated based on morph alleles. The authors concluded
that similar morph ratios were maintained by stabilizing
selection at different sites.

In this study, we investigated the genetic structure of
subpopulations of the coenagrionid damsefly, 

 

Nehalennia
irene

 

 (Hagen). The subpopulations chosen for study were
located only 8 km from one another, but were shown to have
different morph ratios in two studies (Forbes 

 

et al

 

. 1995;
Hecker 1999). This pattern is different from the pattern of
similar morph frequencies over geographically distant sites
(as observed by Andrés 

 

et al

 

. 2000 and Andrés 

 

et al

 

. 2002).
Differences in morph ratios in 

 

N. irene

 

 could be explained
by sampling error and for this reason, our first objective
was to re-assess morph ratios at sites known to have statis-
tically different frequencies of androchromes. A second
possibility is that drift is an important factor in determin-
ing variable morph ratios for 

 

N. irene

 

 between sites. This
hypothesis presupposes that polychromatism in 

 

N. irene

 

has a genetic basis. This hypothesis predicts that ‘alleles’
for morph, as well as alleles of other markers assumed to
be neutral, would show similar levels of differentiation
between sites. This possibility is difficult to imagine for a
damselfly that is widespread, and whose range is much
larger than the region encompassed by our study. Such a
distribution suggests the potential for considerable gene
flow. Nevertheless, we tested for genetic drift following
development of genetic markers (our second objective).

A third possibility is that different levels of selection on
particular colour morphs at particular sites would result in
subpopulations that are distinct with respect to morph
ratios, but not distinct with respect to neutral genetic loci.
This hypothesis also presupposes that polychromatism in

 

N. irene

 

 has a genetic basis. Due to difficulties in breeding
and rearing 

 

N. irene

 

 in the laboratory, it has not been pos-
sible to examine the genetic basis of morph type in this spe-
cies. It is likely that morph is a genetically determined trait
in 

 

N. irene

 

, as it is in all four damselfly species examined to
date. However, Miller & Fincke (1999) have speculated that
gene expression for body colour in damselflies is regulated
by environmental cues (e.g. associated with larval density).

At least two studies on coenagrionid damselflies have
shown that morph frequencies are associated with esti-
mates of population densities (Cordero 1989; Forbes 

 

et al

 

.

1995). The latter study was done on 

 

N. irene

 

. In the species
examined in the former study, morph type has a genetic
basis. Thus, the finding of relations between density esti-
mates and morph frequencies cannot be taken as evidence
for density-dependent plasticity of morph expression.
Although induction of morph type has not been demon-
strated in any damselfly, it cannot be discounted for 

 

N.
irene

 

. A fourth possibility therefore is that sites differ in
cues for induction.

Our approach to understanding spatial variation in
morph ratios is similar to other recent work. We compare
estimates of genetic differentiation between subpopula-
tions using molecular markers. Under the assumption that
morph is a genetic trait, we would expect selection to pro-
duce either of two contrasting patterns (Gillespie & Oxford
1998). First, balancing selection is expected to produce
lower differentiation at the putative or known locus of
interest than at neutral loci (e.g. Andrés 

 

et al

 

. 2000; Andrés

 

et al

 

. 2002). Second, differential selection between sites could
result in higher differentiation at the ‘locus’ of interest than
at neutral loci (explored in this study). Studies in both plants
and animals have used molecular estimates of genetic dif-
ferentiation across populations to distinguish between the
null and selective hypotheses for polymorphism (Mithen

 

et al

 

. 1995; Gillespie & Oxford 1998; Andrés 

 

et al

 

. 2000).
As indicated, we had two specific objectives. First, we

tested for differences in female morph ratios between two
local sites, shown previously to have different morph
ratios. We next developed codominant genetic markers
that were presumably neutral, and used these markers to
generate a null model, representing any differentiation
due to drift. We thus tested whether there was a significant
difference in morph ratios across sites showing, or not
showing, genetic differentiation in neutral markers. Evid-
ence for limited differentiation at neutral loci would sug-
gest that drift has not separated the subpopulations under
study. Rather, regular gene flow and/or a short period of
time since population subdivision could maintain similar
allelic distributions at the two sites. Given this pattern,
it would be difficult to reconcile different morph ratios
between sites as being due to drift, assuming that poly-
chromatism has a genetic basis in 

 

N. irene

 

.
In our discussion, we advance and detail hypotheses for

our main finding of locally variable morph ratios in sub-
populations that are not genetically differentiated, recog-
nizing that we cannot yet distinguish between selection
acting on a morph locus vs. environmental induction.

 

Materials and methods

 

Study species

 

As mentioned, female 

 

Nehalennia irene

 

 occur as two distinct
morphs. The androchromes have more pale blue than dark
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brown on the dorsum of abdominal segment IX (> 60%
blue) and usually have a large triangular patch of pale
blue, the apex of which is orientated anteriorly, on segment
VIII. Like males (Plate 21, Walker 1953), androchromes
also have large paired dark spots on the dorsum of the
(otherwise blue) segment IX. In contrast, gynochromes are
exactly as depicted by Walker (Plate 21) for the ‘female’ of
this species. Gynochromes lack a distinctive triangular
patch of blue on segment VIII and lack paired dark spots
on segment IX. However, much smaller dark spots are
often present on segment X; this area is often entirely blue
in androchromes. In brief, the morphs show clear, discrete
differences in both colouration and pattern.

Variation in female pattern is not age-related. Morph
patterns are present in newly emerged females (females
that still have a vitreous sheen to their wings), although the
blue regions are much paler. As a check for age-related var-
iation in pattern, 10 females of each morph were marked
and housed in an outdoor insectary with abundant prey
(as described by Forbes 1991) for five days. Over this time
period, none changed colour or pattern. Female-limited
polychromatism is not age-related in many other popula-
tions of damselflies studied by mark-recapture methods,
although differences in colour exist between prereproduc-
tive and sexually mature damselflies (Conrad & Pritchard
1989; Cordero 1989; Thompson 1989).

For 

 

N. irene

 

, androchromes and gynochromes do not dif-
fer in size and mass. There was no evidence of differences
in mean head capsule widths of morphs, controlling for site
of collection (Forbes 

 

et al

 

. 1995). A recent study (Lajeunesse
& Forbes 2003) showed no differences between morphs in
lengths of wings, femora or tarsi, nor were there any differ-
ences in multivariate estimates of size based on these traits,
or in wet mass corrected for these size estimates.

 

Sample Collection and Morph Frequency Estimates

 

Adult 

 

N. irene

 

 were collected blind with respect to female
morph by netting shoreline vegetation at two sites near the
Queens University Biology Station, itself 2 km from Chaffey’s
Locks, Ontario, Canada (44

 

°

 

34

 

′

 

-N, 79

 

°

 

15

 

′

 

-W). Indian Lake
Bight (ILB) was previously identified as having a relatively
high frequency of androchromes, whereas Barb’s Marsh
(BAM) had a significantly lower frequency of androchromes
(Forbes 

 

et al

 

. 1995). Estimates of morph ratios at both sites
for late June of 1992 were taken from Forbes 

 

et al

 

. (1995).
Additional estimates were performed as described in Forbes

 

et al

 

. (1995) in July of 1997 (Hecker 1999) and June of 2001
(this study). ILB and BAM are approximately 8 kilometres
apart. Importantly, sites with even lower frequencies of
androchromes occur near our study sites (Forbes 

 

et al

 

.
1995), but these sites have very low densities of 

 

N. irene

 

(one or two collected per hour of sampling). These sites
were omitted because we were not sure of getting suitable

numbers of damselflies for our genetic analyses, even after
a series of collection trips. Thus, the differences in morph
ratios reported herein are probably a conservative estimate
of local differences in morph ratios in nature.

 

DNA Extraction

 

Individual damselflies were killed by immersion in > 95%
ethanol, and were stored similarly until DNA extraction.
DNA extraction was performed as described in Wong 

 

et al

 

.
(2001), using a modified version of the CTAB protocol
described by Reineke 

 

et al

 

. (1998). Briefly, the thorax and
head from a single damselfly were vacuum dried and ground
to a fine powder using a wooden splint. The powder was
incubated for one hour in extraction buffer (0.1 

 

m

 

 Tris
pH 8.0, 10 m

 

m

 

 EDTA, 2% SDS, 0.2 mg/mL proteinase K) at
58 

 

°

 

C, and for a further 10 min at 65 

 

°

 

C following the addition
of sodium chloride and CTAB (cetyldimethylethylammonium
bromide; Sigma, Oakville, ON) to final concentrations of 1

 

m

 

 and 1%, respectively. Samples were then extracted with
chloroform/isoamyl alcohol (24:1) and nucleic acids were
ethanol precipitated and resuspended in 20 

 

µ

 

L Tris-EDTA
(T.E.) pH 8.0. DNA quality was verified by 1% agarose gel
electrophoresis. In all cases, a single band migrating at > 50 kb
was observed, indicating that good quality, high molecular
weight DNA was obtained.

 

Molecular Genetic Techniques

 

AFLP (Amplified Fragment Length Polymorphism) products
were obtained from genomic DNA using an AFLP analysis
System II Small Genome Primer Kit (Life Technologies,
Burlington, ON) as described in Vos 

 

et al

 

. (1995) with the
primer set E-TG/M-CAC (Wong 

 

et al

 

. 2001). Polymerase
chain reaction (PCR) products were cloned into the vector
pCR2.1, according to the manufacturer’s protocol (Invi-
trogen, Carlsbad, CA). DNA sequences of both strands of
cloned AFLP fragments were determined with a LI-COR
4200 L automated sequencer (Lincoln, NE) at Canadian
Molecular Research Services (Ottawa, ON). Plasmid DNA
extraction, agarose and nondenaturing polyacrylamide
gel electrophoresis and Southern hybridizations were
performed by standard methods as outlined in Sambrook

 

et al

 

. (1989).

 

Development of Neutral Molecular Markers

 

We developed six PCR-based markers for this study. Infor-
mation regarding primer sequences, annealing temperatures,
and locus characteristics for each marker is presented
(Table 1). Three of the markers, a302–8 (nine alleles in 52
individuals), a503–7 (10 alleles), and a302–1 (eight alleles),
were generated using primers internal to highly variable
AFLP markers, selected as described in Wong 

 

et al

 

. (2001).
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The PCR product of a302–1 contains a CAT trinucleotide
repeat and hybridized to five or more distinct AFLP loci in
individual damselflies (Wong 

 

et al

 

. 2001). In order to iden-
tify additional microsatellite markers, we constructed a
library of AFLP fragments and isolated clones that hybrid-
ized to a302–1, under the hypothesis that they would also
contain (CAT)

 

n

 

 repeats. Sequence analysis showed that
these clones indeed bore (CAT)

 

n

 

 repeats, as well as signi-
ficant sequence homology with marker a302–1 5

 

′

 

 of the
microsatellite tract (data not shown). Sequences were un-
alignable 3

 

′

 

 of the CAT repeat. Similar results were obtained
when inverse PCR (Ochman 

 

et al

 

. 1990) was performed
using primers internal to the repeated element. Since at
least 10 clones bearing apparently unique 3

 

′

 

 sequences were
isolated from the same individual, it is highly unlikely that
they represent alleles of a single locus. We suspect that the
homologous sequences represent a transposable element.

We used the presence of this repeated element to
generate additional microsatellite markers. A single primer,
internal to the repeated element, was used in conjunction
with primers in the unique 3

 

′

 

 sequences to amplify distinct
loci. Loci a302–1, I2, and DA4P1 thus share one primer,
with specificity conferred by a unique primer. Similar
microsatellite associated repeated elements have been
observed in lepidoptera (S. Bogdanowicz, personal com-
munication). As such, our methodology may be useful for
future attempts to develop microsatellites.

The molecular markers used in this study represent dis-
tinct loci based on the DNA sequences (GenBank accession
numbers for one allele of each locus are: a302–8, AF379597;
a503–7, AF379599; a302–1, AF379593; DA4P1, AF434840;
I5, AF434842; I2, AF434841).

All of these markers contain microsatellites, with the
exception of a503–7. All are codominant, giving us high

sensitivity in detecting population structure (Wong 

 

et al

 

.
2001). Furthermore, none of these markers was sex-linked.
In 

 

N. irene

 

, sex is determined by an XX-XO mechanism,
where the male is the heterogametic sex (Cruden 1968). If
any of the markers were located on the X chromosome,
then one allele would be observed for that locus in males,
while up to two alleles would be present in females. This
was not observed for any of our markers. Fit to Hardy–
Weinberg equilibrium was tested using 

 

fstat

 

 2.9.3 (Goudet
1995; http://www.unil.ch/izea/softwares/fstat.hmtl).
Hardy–Weinberg equilibrium was rejected for all markers
except for a302–8. In each case, HWE was rejected due to
heterozygote deficiency (see 

 

F

 

IS

 

 values given in Table 1 for
the magnitude of this deficiency). As such, equilibrium was
not assumed when testing for population differentiation
(see below). Finally, pair-wise analyses (

 

genepop

 

 V3.1c,
http://wbiomed.curtin.edu.au/genepop/), revealed no
significant linkage disequilibrium (

 

χ

 

2

 

, 0.06 < 

 

P

 

 < 1.0
for each locus pair) among pairs of loci in our population
samples.

 

Analysis of Variation at Genetic Loci

 

For each locus, 30 cycles of PCR were performed on each
of 26 samples from each population, using unlabelled
primers. Successful amplification was verified by agarose
gel electrophoresis and by staining with ethidium bromide.
One primer was then end-labelled with 

 

γ

 

-[

 

33

 

P]-dCTP
(Amersham, Oakville, ON) using T4 polynucleotide kinase
according to the manufacturer’s protocol (New England
Biolabs, Mississauga, ON). One 

 

µ

 

L of cold PCR product
was subjected to five cycles of PCR using the labelled
forward and unlabelled reverse primers, in a total volume
of 20 

 

µ

 

L. Reaction products were resolved by 6%

Table 1 Marker data for six polymorphic loci
 

 

Locus Primer Sequences Ta* Repeat motif HO† HE‡ FIS§

a302–8 5′-AAGAGTGGGGAAGTGGGTTG-3′ 56 (AG)n 0.69 0.749 0.081
5′-CCTTCCCCTCACCACTGCG-3′

a503–7 5′-TTTCGTATCTACTCGAGGAC-3′ 62 N/A 0.606 0.834 0.277
5′-GGAAACCAATAGTAAATTCG-3′

a302–1 5′-ATTTACCATGATAAAAGTTCAC-3′ 58 (CAT)n 0.355 0.71 0.499
5′-GAAGTAAGGAAGGGTAGAC-3′

DA4P1 5′-TCATCCTTCTGAATGTTGTG-3′ 56 (CAT)n 0.514 0.863 0.394
5′-GAAGTAAGGAAGGGTAGAC-3′

I5 5′-ACGGACGAAGAGTACGATG-3′ 54 (CAT)n 0.128 0.423 0.696
5′-TAGAACACTGTGGAAGAGTG-3′

I2 5′-TCCAGCGTTATGAGTACTG-3′ 54 (CAT)n 0.153 0.679 0.788
5′-GAAGTAAGGAAGGGTAGAC-3′

*Annealing temperature used for PCR reactions.
†Observed heterozygosity.
‡Expected heterozygosity, calculated according to Nei (1987).
§FIS, a measure of heterozygote deficiency, Wright 1921, Wright (1969).
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nondenaturing polyacrylamide gel electrophoresis, and
visualized by autoradiography. Markers were scored blind.
In cases where we were unable to amplify a particular
locus from a given individual, missing data was scored for
that locus.

Weir & Cockerham’s (1984) θ, an analogue of FST that cor-
rects for bias due to small and unequal sample sizes, was
used to measure genetic structure across populations at
the six molecular loci. θ-values for the molecular markers
were calculated using fstat 2.9.3 (Goudet 1995). Means
and 99% confidence limits were calculated by bootstrap-
ping across loci.

Population differentiation was also tested using a geno-
typic G-test (Goudet et al. 1996), as implemented in fstat.
For populations not in Hardy–Weinberg equilibrium, a
null distribution for the test statistic G is constructed by
randomizing genotypes among populations. A contingency
table of alleles by samples is obtained for each permuta-
tion, and the log likelihood statistic G is calculated. The
proportion of random samples whose G-value is higher
than that of the sample represents the probability of
observing the data under the null hypothesis of no genetic
differentiation between subpopulations.

Results

Morph frequencies at both Indian Lake Bight (ILB) and
Barb’s Marsh (BAM) were consistently different over all
three sampling dates spanning a 10 year period (P < 0.001,
χ2 = 14.40, Fig. 1). Morph ratios also were consistent within
sites. Such consistency has generally not been observed in
studies conducted on other species of damselflies, even

from Eastern Ontario (MRF, personal observations). It may
be explained by the fact that we typically sampled newly
emerged individuals at the sides of ponds and not mature
adults (but see Forbes et al. 1995). Sampling of mature adults
can result in overestimating the frequency of a particular
morph if conspicuousness of adults depends on morph,
which may be expected if one morph (the androchrome)
differs from the other morph in how it interacts with
males at the edges of ponds (Forbes et al. 1997). Although
gynochromes were always more frequent than androchromes
at both sites, a higher mean androchrome frequency was
observed at ILB (29.6% ± 1.2%) than at BAM (13.0% ± 3.3%)
for the three collection dates (Fig. 1). We also found con-
siderable stability or homogeneity of morph ratios within
sites and across years.

Allele frequencies for the molecular markers are pre-
sented in Table 2. θ-values and genotypic G-tests both indi-
cate that there is little differentiation between the ILB and
BAM populations (Table 3). It has been suggested (Wright
1978; Hartl & Clark 1997) that values of FST below 0.05 are
indicative of little population differentiation. The θ-values
found here are below the proposed limit by an order of
magnitude (−0.009–0.010), suggesting that the subpopula-
tions have not diverged substantially. Similarly, a genotypic
G-test finds no evidence for population differentiation at
any of the neutral loci, once multiple testing is taken into
account (alpha/6 loci tested = 0.008).

Discussion

Several aspects of the problem of female-limited polychro-
matism in coenagrionid damselflies are becoming resolved,
including the genetics of the polychromatism and potential
for differential selection on the morphs. Some researchers
have linked female-limited polychromatism to polyandrous
mating systems (Robinson & Allgeyer 1996). Others have
shown that the behaviour of males is affected by prior
experience with females of particular morphs, setting the
stage for frequency-dependent mate searching tactics in
species with polyandrous mating systems (Miller & Fincke
1999; Van Gossum et al. 2001a).

Perhaps not surprisingly, female polychromatism in
coenagrionid damselflies has been hypothesized to be under
frequency- and/or density-dependent selection (Cordero
1992; Forbes et al. 1995; Sherratt 2001; Van Gossum et al.
2001a,b). The evidence consistent with density-dependent
selection stems from observations of higher proportions of
androchromes at sites with relatively higher population
densities than at sites with lower population densities
(Cordero 1989; Forbes et al. 1995; Andrés et al. 2002; compare
Fincke 1994b). The evidence for frequency dependence
comes largely from mate-searching conspecific males being
differentially attracted to, and tending to differentially
‘harass’, the more frequent gynochromes than the typically

Fig. 1 Frequency of androchromatypic females at two sites in
each of three years of study, combined with the results of a
multifactorial logistic regression examining the influence of site
(Indian Lake Bight or ILB and Barb’s march or BAM) and year on that
frequency. Sample sizes for the total number of females sampled
in each site-by-year combination is presented above the bars.
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less abundant androchromes (Robertson 1985; Fincke 1994a;
Forbes et al. 1997).

In all of these studies, it is difficult to show that differ-
ences in the behaviour of mate searching males have real

consequences for the fitness of female morphs (Thompson
1989; Andrés et al. 2002). Other work has shown differ-
ences in mating, or mate rejection, behaviour of the colour
morphs (Robertson 1985; Forbes et al. 1997; Cordero et al.
1998; Cordero Rivera & Pérez 1998; Sirot & Brockmann
2001). Here again, differences between the female morphs
in their behaviour toward males may exist, but these may
not translate into differences in realized fitness. In sum-
mary, behavioural observations are insufficient in them-
selves to rule out the null hypothesis, that random factors
are primarily responsible for different ratios of female col-
our morphs across sites as proposed for some damselfly
species (Fincke 1994a,b). Genetic work on well-studied
systems may be helpful in this regard.

Populations of Nehalennia irene at geographically proxi-
mate sites can have significantly different morph ratios
(Forbes et al. 1995; this study). There are several possible
explanations for this observation, one of which can be
ruled out by our results. First, if morph is genetically deter-
mined, as it appears to be in four other coenagrionid dam-
selflies, then random factors such as drift might result in
heterogeneous morph ratios between sites. If there is little
or no selective pressure on morph, then, in the absence of
gene flow between sites, the allele(s) responsible for poly-
chromatism could drift to different frequencies.

Several pieces of evidence argue against the drift hypo-
thesis. First, under this scenario, population differentiation
should not be limited to the morph locus or loci. Rather,
similar levels of divergence should be observed at other
neutral loci (Cook 1992; Gillespie & Oxford 1998; Andrés
et al. 2000). Low θ-values at six presumably neutral loci, as

Table 2 Allele frequencies for six presumed neutral loci at two
collection sites, ILB and BAM
 

 

Locus* Allele Frequency (ILB) Frequency (BAM)

a302–8 1 0.405 0.458
(21, 24) 2 0.31 0.146

3 0.095 0.063
4 0.024 0.021
5 0.024 0.063
6 0 0.042
7 0.071 0.125
8 0.024 0.063
9 0.048 0.021

a503–7 1 0.326 0.14
(23, 25) 2 0.239 0.32

3 0.065 0.14
4 0.087 0.1
5 0.022 0.06
6 0 0.1
7 0.152 0.12
8 0.087 0
9 0 0.02

10 0.022 0
a302–1 1 0.386 0.543
(22, 23) 2 0.023 0.022

3 0.318 0.174
4 0.114 0.152
5 0.045 0.043
6 0 0.022
7 0.114 0.022
8 0 0.022

DA4P1 1 0.22 0.214
(25, 21) 2 0.2 0.19

3 0.24 0.119
4 0.08 0.119
5 0.02 0.19
6 0.1 0.071
7 0.02 0.048
8 0.06 0
9 0.06 0.048

I5 1 0.775 0.711
(20, 19) 2 0.025 0.026

3 0 0.026
4 0.125 0.237
5 0.05 0
7 0.025 0

I2 1 0.421 0.5
(19, 23) 2 0.289 0.37

3 0.211 0
4 0.026 0.043
5 0.053 0.043

6 0 0.043

*Locus name, followed by number of individuals for which 
genotypic data was available at ILB and BAM, respectively.

Table 3 Estimates of population differentiation at six presumed
neutral loci, using Weir and Cockerham’s θ and Goudet et al.′s
exact genotypic G-test
 

 

Locus θ* Exact genotypic G-test†

a302–8 0.002 0.588
a503–7 0.014 0.044
a302–1 0.007 0.550
DA4P1 − 0.001 0.277
I5 − 0.02 0.700
I2 0.001 0.163
Total 0.002 (−0.009–0.01)‡ 0.293

*Weir and Cockerham’s θ, an analogue of FST that corrects for 
small sample sizes.
†Genotypes were randomized between populations, and 
contingency tables were constructed for the new data sets. 
Contingency tables were classified by their log-likelihood statistic 
G. The value reported is the proportion of contingency tables, over 
10 000 permutations, whose G-values were larger than that of the 
observed data (Goudet et al.’s 1996, 2002).
‡Mean θ and 99% confidence limits, as calculated by 
bootstrapping across loci.
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well as results from the exact test of Goudet et al. (1996),
however, suggest that there is little population differentia-
tion between ILB and BAM (Table 3), whereas morph
ratios do differ significantly between sites. This observa-
tion is contrary to our expectation under drift. Under the
assumption that polychromatism is determined by a single
locus autosomal trait in Hardy–Weinberg equilibrium, we
estimate that θ at this locus is an order of magnitude greater
than that for the molecular loci (if the androchrome allele
is dominant, then θ = 0.040; θ = 0.038 if it is recessive). More-
over, the consistency of morph ratios over time suggests
that they are not determined by drift.

If we still assume that morph is genetically determined
in N. irene, then locally variable selection could account for
observed spatial differences in morph ratio. Locally vari-
able selection is expected to result in higher levels of differ-
entiation at the trait under selection than at neutral loci
(Cook 1992; Gillespie & Oxford 1998; Andrés et al. 2000),
and this is the pattern observed in this study. Studies in N.
irene and other species have shown that male/female inter-
actions are influenced by morph ratios (Fincke 1994a;
Forbes et al. 1997), and that these can vary locally. Further,
it has been shown that androchrome frequency covaries
with population density in N. irene (Forbes et al. 1995), sug-
gesting that higher population densities might favour this
trait. It is also possible that in high density populations,
one morph is less likely to be sampled. We suspect that this
is not the case, however, as our samples included many
tenerals in two of three years of study; tenerals are not sus-
pected of differentially attracting males or showing differ-
ences in avoidance behaviours.

Finally, it is possible that morph is primarily determined
by environmental factors in N. irene (Miller & Fincke 1999).
This hypothesis is also consistent with the genetic data pre-
sented here, and with the observed covariation between
androchrome frequency and population density. Note,
however, that androchromes and gynochromes emerge on
the same day from the same pond, presumably having
experienced the same larval conditions (MRF, personal
observation). As such, if environmental induction occurs,
then it must be probabilistic, and/or variation in indi-
vidual responses to environmental conditions must have a
genetic component. If the latter holds, i.e. if individual
response to population density or other factors has a
genetic basis, then selection could act at this level. Without
further data concerning the genetic basis of polychroma-
tism in N. irene, however, locally variable selection and
environmental induction cannot be distinguished.

We argue that, in the absence of any evidence of environ-
mental control of polychromatism in damselflies, locally
variable selection on a genetic trait is the best available
explanation for our observations. Research on N. irene and
other species (e.g. Van Gossum et al. 2001b) suggests that
population density affects male harassment on different

female morphs, with implications for morph fitness at local
scales. Additionally, many recent studies on coenagrionid
damselflies have shown that male attraction to females of
either morph depends on the frequency of that morph or
surrogates of its frequency, such as prior male experience
with that morph (Fincke 1994a; Miller & Fincke 1999). If
undue male attraction is costly, then so long as both
morphs are initially present in a population, the rarer
morph will gain an advantage in avoiding unwanted and
costly attraction, until its average fitness equals the aver-
age fitness of the other morph. Thus, it is potentially these
two factors, frequency- and density-dependent selection,
that can explain both the occurrence of two morphs at a
single site and divergence of morph ratios between sites.
We know from previous work that densities of N. irene are
different across sites with densities being higher at ILB
than at BAM (Forbes et al. 1995; Hecker 1999).

We propose further that another mechanism may be at
play for N. irene subpopulations. We suspect that due to
density–dependent interactions with conspecific males,
the fitness of gynochromes at high-density sites is lower
than the fitness of gynochromes at lower density sites.
Such interactions might result in gene flow between sites,
but with gynochromes dispersing more often than andro-
chromes (cf. Forbes et al. 1995 where gynochromes at
higher density sites are found further than androchromes
from pond edges). Such nonrandom dispersal would
produce significant differentiation at the morph locus,
but would result in little differentiation with respect to
neutral loci as observed in this study. This suggestion
has precedent with Hinnekint’s work (1987) on another
coenagrionid damselfly and is worth pursuing in future
studies.
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