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Female-limited polychromatism is frequent in many species of Odonata. Ischnura elegans has three colour morphs:
one male-like coloured (androchrome) and two additional gynochrome brown morphs (infuscans and rufescens-
obsoleta morphs). A total of 19 progenies obtained from once-mated females were reared in the laboratory in three
generations. Results indicate that the colour morphs are controlled by the same genetic system as previously
described for I. graellsii, i.e. an autosomal locus with female-limited expression and with three alleles with a hier-
archy of dominance (p® > p' > p°). Five interspecific crossings between female I. graellsii and male I. elegans, five
crossings between hybrid females and male I. elegans and one crossing between female I. graellsii and a hybrid male
further confirmed that the genetic system is the same in both species. A survey of morph frequencies in north-west
Spain revealed that I. elegans shows high variability in androchrome frequency (4-91%) between nearby popula-
tions, whereas in I. graellsii androchromes never are the majority morph (5—40%). The highest androchrome fre-
quency in I. graellsii was found in populations closest to a locality where both species have hybridized, and that now
has the highest androchrome frequency of I. elegans. We hypothesize that I. elegans genes have been incorporated
into the genome of I. graellsii resulting in increased androchrome frequency in the latter species. Low androchrome
frequency in I. elegans seems also related to the influence of I. graellsii genes. Therefore, we suggest that hybrid-
ization between both taxa is contributing to the temporal maintenance of contrasting androchrome frequencies in
nearby populations. © 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 85,
471-481.
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INTRODUCTION mined genetically. Moreover, if they are shared by
closely related species, the study of their ecological
requirements might contribute to explaining the
maintenance of different morphs within one species
(Oxford & Reillo, 1993). Two or more phenotypes will
be maintained when their fitness curves cross for an

Female-limited polymorphisms are widespread in
odonates (Cordero & Andrés, 1996) and butterflies
(Turner, 1978; Turner, 1983; Clarke et al., 1985; Her-
rell & Hazel, 1995; Nielsen & Watt, 2000), but appear

also rarely in beetles (Bergsten, Toyra & Nilsson, environmental condition, owing to frequency-depen-

2001), copepods (Fava, 1988), lizards (Forsman & d b tial or t 1 ¢h Brock
Shine, 1995; Galdn, 2000) and hummingbirds (Blei- o007 * Lo o anges (Brockmann,

weiss, 1992). One important step in the study of these

Two types of body coloration (male-like or andro-
polymorphisms is to establish whether they are deter- yP Y

chrome and non-male-like or gynochrome) are com-
mon in many female damselflies. It has been proposed
*Corresponding author. E-mail: adolfo.cordero@uvigo.es that this conspicuous polymorphism is maintained by
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hybridization between closely related species, counter-
balanced by differential predation pressure. One
explanation for this is that androchromes benefit by
avoiding matings with males of similar species, while
gynochromes commonly were involved in heterospe-
cific sterile copulations (Johnson, 1975). A second
explanation by Hinnekint (1987) suggests that andro-
chromes are male mimics and avoid male harassment
at high population density but suffer the risk of not
mating at all at low population density. Inter- (Hin-
nekint & Dumont, 1989) and intra-annual (Cordero,
Santolamazza Carbone & Utzeri, 1998) cycles in pop-
ulation density were hypothesized to contribute to the
maintenance of this polymorphism. Recent work has
nevertheless suggested that males are attracted to the
commonest female morph in the population (Miller &
Fincke, 1999; Van Gossum, Stoks & De Bruyn, 2001a;
Fincke, 2004). In a signal-detection model Sherratt
(2001) proposed that androchromes are not only more
similar to males, but are also encountered more often
by males, and suggested that these factors might com-
bine to generate a balanced polymorphism. Field stud-
ies have revealed that female morphs in Ischnura
differ in mating frequency and sperm stores (Banham,
1990; Cordero et al., 1998), egg load (Banham, 1990),
and male avoidance techniques (Van Gossum, Stoks &
De Bruyn, 2001b; Sirot et al., 2003). Furthermore,
morphs do differ in fitness correlates in insectaries
(Sirot & Brockmann, 2001; Van Gossum et al., 2001b).
Comparative analyses suggest a relationship between
reproductive behaviour and polymorphism (Robinson
& Allgeyer, 1996), but no single hypothesis seems able
to explain all these results (Andrés, Sanchez-Guillén
& Cordero Rivera, 2002).

In this paper we study the inheritance of female
colour morphs of the damselfly I. elegans, and com-
pare the genetic system with the mechanism previ-
ously described for I. graellsii (Cordero, 1990): three
alleles (p: androchrome, p': infuscans, p°: aurantiaca)
co-occur with a hierarchy of dominance (p® > p’ > p°),
each one coding for a different female morph. Andro-
chromes have three possible genotypes (p°p?, p°p’,
pp°), infuscans females (gynochrome) two (p'p’, p'p°)
and aurantiaca females (also gynochrome) only one
(p p°) (Cordero, 1990).

The genetic distance between I elegans and
I graellsii based on DNA sequence variation of the
mitochondrial cytochrome b and coenzyme II is only
0.196% (J. V. Robinson, pers. comm.). Furthermore,
both species are very similar with respect to their ecol-
ogy and morphology, but are rarely found in sympatry.
Ischnura elegans is common all over Europe (including
the Mediterranean countries) but is replaced by
1. graellsii in the Iberian peninsula and North of
Africa (Askew, 1988). Nevertheless in north-west
Spain both species hybridize and produce fertile off-

spring (Monetti, Sdnchez-Guillén & Cordero Rivera,
2002).

Hybridization and introgression are increasingly
recognized as important factors in the diversification
of both plants and animals, and provide an excellent
opportunity to study evolutionary processes such as
selection, gene flow and speciation (Harrison, 1993;
Arnold, 1997; Dowling & Secor, 1997). Studies of pop-
ulation structure and hybrid zones have also indicated
that natural hybridization is often common where con-
ditions favouring both taxa are found in proximity and
at the ecological limits of their distribution range
(Dowling & Secor, 1997; Huxel, 1999). The simplest
spatial pattern is where two populations overlap in a
broad region of sympatry. If fertile F; hybrids are pro-
duced by some low rate of cross-mating, these will
almost certainly backcross to one or other parental
genotype. If the resulting backcrossed individuals
then mate with the most similar parental genotype,
then individual genes are rapidly introduced into the
new genetic background (Barton, 2001).

The aim of this paper is therefore threefold. First,
the mode of inheritance of female colour polymor-
phism will be studied in laboratory breeding of con-
trolled crosses of both I. elegans and hybrids between
male I. elegans and female I. graellsii, and back-cross-
ings between hybrids and parental animals. Secondly,
estimates of phenotypic morph frequencies will be
determined for natural populations of I. elegans and
I graellsii in north-west Spain. Thirdly, combining
knowledge of inheritance with field estimates of
morph frequencies will enable us to discuss the main-
tenance of female colour polymorphism and outcomes
of hybridization between I. elegans and I. graellsii.

STUDY ANIMALS AND METHODS

FEMALE COLOUR MORPHS OF I. ELEGANS AND
1. GRAELLSII

Descriptions of phenotypical differences between
males and the different female morphs of both
I. elegans and I. graellsii and colour pictures of the dif-
ferent morphs can be found in several publications
and identification guides (e.g. Askew, 1988). Three
mature female morphs occur in both I. elegans and
I graellsii (Fig.1): one blue androchrome and two
brown gynochromes (Parr, 1965; Cordero, 1990).
Mature androchromes of both species are a good
mimic of the male blue phenotype, and can only be dis-
tinguished by visual examination of external genitalia
or by the wider abdomen of mature females. The dif-
ferences between the two mature gynochromes (infus-
cans and rufescens-obsoleta in I. elegans and infuscans
and aurantiaca in I. graellsii) are minor and involve
the absence of black humeral stripes on the thorax in
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Figure 1. The relationship between colour polymorphism
and age-related colour changes in females of Ischnura ele-
gans and I. graellsii. Italic names refer to names used to
designate colour phases in the literature (Parr, 1999).

rufescens-obsoleta and aurantiaca, while the pale
parts of the thorax are slightly darker in infuscans. All
female morphs change their colour markedly during
their lifespan in an irreversible way (Parr, 1965; Cor-
dero, 1987; Hinnekint, 1987; Cordero et al., 1998).
Until this study all androchrome and infuscans
females of I. elegans were thought to pass through an
immature violet phase (violacea) (Cordero et al., 1998).
However, in this study (see below) we found that 25%
of androchrome females did not pass through a violet
phase, but instead developed a light green thorax,
which changed to turquoise and blue (Fig. 1). Impor-
tantly, we note that this change in body coloration is
identical to the changes observed in males (Parr, 1973).

INHERITANCE OF COLOUR MORPHS IN I. ELEGANS

Freshly emerged individuals of I. elegans were col-
lected in a coastal lagoon at Louro (A Coruna, north-
west Spain) in September 1999 and May 2000. All

individuals were between 0 and 1 day old, hence
immature and virgin. In the laboratory, animals were
individually marked with a number on their wings
using permanent markers, sexed and housed in insec-
taries (dimensions 50 x 50 x 50 ¢cm; 15-20 animals per
insectary). Insectaries were lined internally with alu-
minium foil, to minimize escape reactions (animals
tend to concentrate on the glass, where the visual sen-
sation is of open space) (Johnson, 1975; Cordero,
1990), provided with numerous wooden sticks serving
as perches and with small plastic containers filled
with water (covered with a net to avoid drowning of
animals) to guarantee humid conditions. Insectaries
were at room temperature (20-26 °C) and received
natural, indirect light through windows and addi-
tional artificial light. Culture bottles of Drosophila
melanogaster were added to provide food. For more
information on rearing methods see Van Gossum,
Sanchez-Guillén & Cordero Rivera (2003).

When mature, males (> 6 days) and females (8—
10 days) were put together and copulating pairs were
isolated to avoid further matings of the focal female.
After copulation, females were maintained during 3—
4 h in oviposition glasses with a sheet of humid filter
paper as oviposition substrate (Cordero, 1990). In
order to maximize the number of eggs laid, mated
females were given the opportunity to lay eggs daily
during their entire life span (Cordero, 1991). Eggs and
larvae were maintained in covered Petri dishes using
tap water purified with active coal during the first
generation, and spring water during the following
generations. Larvae emerged after approximately
15 days. Newly emerged larvae were transferred to
plastic boxes of 32 x20 x5 cm with strips of filter
paper as a substrate. Water in these boxes was
changed every three days.

Larvae were fed nauplii of Artemia salina until
they reached a length of approximately 5 mm; there-
after they were additionally fed with Lumbriculus
and Tubifex (Cordero, 1990). When larvae reached the
last instar, rearing containers were covered with a
plastic net with numerous sticks as emergence sub-
strate. One day after emergence, animals were indi-
vidually marked with a number on the wing. Thorax
colour was recorded daily, to distinguish between
androchrome and infuscans females. Unfortunately
many females died during their immature phase, a
result that commonly occurs in damselflies main-
tained in the laboratory (Cordero, 1994), and which
reduced sample size for phenotype segregation. We
reared a total of 211 females from the first generation,
but due to mortality in immature phases we obtained
the phenotype of only 148 females. These figures were
139 (105 with known phenotype) for the second gen-
eration and 72 (all with known phenotype) for the
third generation.
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We obtained 11 crossings in the first generation, and
four in the second and third generations. One of the
crosses of the first generation (female 9 in Table 1) was
obtained with a virgin female from a pond at Walen-
hoek (Niel, Belgium), because the rufescens-obsoleta
morph is rare in north-west Spain (Table 3). Further-
more, two mated rufescens-obsoleta females were col-
lected in the field in Spain and their progeny was
mated in the second and third generations to obtain
information on the genetic inheritance for this morph.

HYBRID CROSSINGS

Hybridization between I. elegans and I. graellsii is
unidirectional: only female I. graellsii mate with male
I. elegans. The reverse mating is impeded due to
mechanic incompatibility (Monetti et al., 2002). We
obtained five hybrid crossings with females of

I. graellsii collected as teneral specimens in field pop-
ulations in norht-west Spain and males of I. elegans
from the first laboratory crosses. Back-crosses were
obtained by mating four hybrid females with male
I. elegans from the second laboratory generation, and
a hybrid male of the first generation with one
I. graellsii female.

FIELD DATA ON MORPH FREQUENCIES

Between 2000 and 2002 we sampled individuals from
seven localities to obtain morph frequencies for
I. elegans. Furthermore, data on morph frequencies in
five populations of I. graellsii during 2002-03 and
published data on previously studied populations of
this species were gathered (Cordero, 1990; Cordero
Rivera & Egido Pérez, 1998; Andrés, Sanchez-Guillén
& Cordero Rivera, 2000). As males and androchromes

Table 1. Frequencies of female morphs in progenies of three generations of Ischnura elegans. Bold letters after the female
code indicate colour morph (A, androchrome; I, infuscans; O, rufescens-obsoleta). Individuals of the second and third
generation are named after their mother’s code adding an ordinal. Genotypes were deduced from a system with one
autosomal locus, three alleles and a hierarchy of dominance (p® > p’ > p°). Observed frequencies indicate the number of
females of each morph obtained per family. In parentheses we show an estimation of the number of females of each morph
including those that did not achieve sexual maturation (see the text for further explanation)

Parental

genotypes Individuals Expected (%) Observed
Crossing Q d d Q %S A I (0] A I (0] x? P
First generation
R1AxJ1 p°p’ pp* 33 39 46 100 35 (39) - -
Q2IxJd1 pp’°  ppt 24 26 48 100 19 (26) - -
Q3 AXJ2 pp’°  pp 14 15 48 50 50 4(8) 3(7) 0.14 0.705
Q4AXT2 p°p p'p’ 14 12 54 50 50 3(8) 0(4) 3.00 0.083
Q5 AxJ3 pp* p°p 75 53 59 100 23 (53) - -
Q6 0xJ3 pp° p’p’ 21 25 46 50 50 4 (12) 7(13) 0.82 0.366
R7TIxd4 pp’°  pp 14 11 56 50 50 5(6) 5(5) 0.00 1.000
R8IxJ4 pp’° pp 24 25 49 50 50 6 (18) 2 (7) 2.00 0.157
QIIx 5 p'p° pp° 11 5 69 50 25 25 3(3) 0 2(2) 1.80 0.407
Q10 Ax &6 p°p’ oD’ 17 16 52 100 12 (16) - -
Q11 Ax 6 p°p’ pp° 385 29 55 100 15 (29) - -
Second generation
RQA1AXxJC pp° p’p’ 36 49 42 75 25 25(33) 13 (16) 1.72  0.190
QA2 0xT9.2 pp° p’p’ 49 54 48 50 50 15(19) 24 (35) 2.08 0.150
Q7.1AxJB.1 p°p' pp° 18 17 51 50 50 3(7) 6 (10) 1.00 0.317
29.1 0x JB.3 pp° pp° 18 19 49 50 50 6 (6) 13(13) 2.58 0.108
Third generation
QC11AxJ9.1.1  pp° pp° 40 35 53 50 50 14 (14) 21(21) 140 0.237
QC12AxJ9.1.2  pp° pp° 10 9 53 100 9(9) - -
QC13Ix F9.1.2 p'p° pp° 9 8 53 50 25 25 4 (4) 2(2) 2(2) 0.00 1.000
29.130x39.1.2 pPp° pp° 25 20 56 50 50 10 (10) 10 (10) 0.00 1.000

Individuals with codes A and B are from the progenies of two field-collected females with rufescens-obsoleta phenotype.

Male C lost his mark, and therefore his family is unknown.
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are not easily distinguished at a distance, morph fre-
quency estimates were determined after collection of
all observed adults with a net. Individuals were either
marked or retained until the end of sampling, and
afterwards released. In I. graellsii, morph frequency
can be unambiguously estimated even in immature
specimens (Fig. 1). In I. elegans, rufescens females are
easily distinguished. For the remaining phenotypes,
we considered that all immature specimens with a
black mark on the dorsum of the eighth abdominal
segment were infuscans females, although this might
slightly underestimate infuscans frequency because
14% of infuscans females did not develop this mark in
the laboratory (see Results).

STATISTICAL TESTS

Observed and expected phenotypic frequencies were
compared using y? tests of goodness-of-fit (Sokal &
Rohlf, 1995). The sex ratio was calculated to test
whether gynochrome genotypes are lethal in males.

RESULTS

INHERITANCE OF COLOUR MORPHS

The segregation of female phenotypes in all progenies
is shown in Table 1. Results indicate that females can
produce offspring of one, two or three phenotypes and
that when two phenotypes are present they segregate
in proportions of 3:1 or 1:1. In a single crossing of the
third generation we obtained all phenotypes in a pro-
portion of 2:1:1.

These results are compatible with the hypothesis
that the inheritance of this polymorphism is controlled
by a single autosomal locus with three alleles and a
hierarchy of dominance (p® > p’ > p ). According to this
hypothesis the androchrome morph has three possible
genotypes (p°p®, p°p’, p°p°), the infuscans morph two
(p'p’, p'r° and the rufescens-obsoleta morph is
homozygous for the recessive allele (p9p°). Table 1
shows the deduced genotypes based on this hypothe-
sis. Observed frequencies did not significantly differ
from the expected frequencies. Some males were used
in several crossings (male 9.1.2 in three crossings with
all female phenotypes), and in all cases the observed
segregation of female morphs was in agreement with
the proposed mode of inheritance.

The sex ratio did not differ from 1:1 in any family,
which suggests that none of the genotypes is lethal in
males. Females that died before sexual maturation
were assigned to the most probable phenotype, taking
into account that all females with a black mark on the
eighth abdominal segment are infuscans (see below).
This is an underestimate of the infuscans frequency,
because 13 out of 92 infuscans females (14%) devel-

oped the infuscans phenotype in the absence of a black
mark on the eighth abdominal segment. These more
speculative frequencies (Table 1) are also compatible
with the proposed inheritance system.

HYBRID CROSSINGS

The segregation of female morphs obtained from
hybrid crosses is in agreement with a single genetic
system controlling the polymorphism in both species
(Table 2). As a consequence of high mortalities in
hybrid progenies, we only obtained 46 females in the
first generation and 56 females in the second genera-
tion. The observed morph frequencies corroborate the
mode of inheritance as the same in I elegans and
1. graellsii.

All immature hybrid infuscans females (N =4)
showed the black mark on the eighth segment just as
infuscans females of I. graellsii have. However, in the
hybridization back crosses, one infuscans female
(N = 14) did not present this mark, as some infuscans
females of I. elegans did not. Regarding thorax color-
ation, we observed several differences in the imma-
ture infuscans and androchrome morphs between both
species. In I. graellsii, the thorax presents a whitish
coloration in the first 2—4 days of adult life (Cordero,
1990). In I elegans the coloration of the thorax of
these morphs is violet (Parr, 1973; Cordero et al.,
1998). In the immature hybrid females, thorax color-
ation was whitish in the first generation, but violet in
the second.

MORPH FREQUENCIES IN NATURAL POPULATIONS

In all sampled field populations of both species all
three female morphs occurred (with one exception,
likely a consequence of small sample size). Andro-
chrome frequencies were highly variable in I. elegans
in north-west Spain: range 4-91% (Table 3, Fig. 2). In
contrast, androchrome frequencies for populations of
1. graellsii from the same area were always below 50%
(5-40%).

The highest frequencies of androchromes for
1. graellsii were found in three localities (Xuno, Cor-
rubedo and Vixan) geographically near to populations
with the highest androchrome frequencies for
I elegans. These three populations were compared
with Lanzada, O Rosal, Campus and O Castelo in a
contingency table (all populations sampled between
1999 and 2002 and with a sample size of 28-68
females; see Table 3). Results indicate highly signifi-
cant differences between populations (y?=52.9,
d.f. =12, P <0.001). The lowest frequency of andro-
chromes in I elegans was found in Doninos (see
Fig. 2), a locality near to two localities of hybridization
(Monetti et al., 2002). We have obtained the first data
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Table 2. Frequencies of female morphs in hybrid progenies between Ischnura graellsii and I. elegans. Bold letters after
the female code indicate colour morph (A, androchrome; I, infuscans). Females of the first generation are field collected
specimens of I. graellsii that were mated to males of I. elegans from the first laboratory generation (see Table 1 for their
mothers code). Of the second-generation crossings, female D is a field collected I. graellsii specimen that was mated to a
hybrid male. The other females are hybrids from the first generation, named after their mother’s code adding an ordinal,
and were mated to males of I. elegans from the second or third laboratory generation (see Table 1 for their mothers code).

Other data as in Table 1

Parental

genotypes Individuals Expected (%) Observed
Crossing Q d d Q %3 A I 0 A I 0 v P
First generation
Q1IxJd10.1 pp’°  pp 7 8 47 50 50 14) 3 (4) 0.00 1.000
Q2Ixd1.1 pp’°  pp° 5 5 50 100 4 (5) - -
P3AXxJ1.1 p°p’ pp* 10 6 63 100 6 (6) - -
Q4IxJ1.2 p°p’°  pp° 11 14 44 100 8 (14) - -
5 Axd11.1 p°p pp* 10 13 43 100 11 (13) - -
Second generation
DIxJ2.1 p'p' pp’ 5 7 42 50 50 3(6) 1(1) 1.00 0.317
Q2.2 AxJ2.1.1 p°p pp'e 3 3 50 50 50 1D 2(2) 0.33 0.564
5.1 Ax B4 p°p pp° 15 18 47 75 25 10 (12) 6 (6) 1.33 0.248
5.2 AxJdB.3 p°p pp° 21 10 68 75 25 7(7) 3(3) 0.13 0.715
Q*1.1 AxJ9.2-5.3 pp' p°p’ 26 19 58 75 25 13 (17) 2(2) 1.09 0.297

*Female 1.1 was mated to two males of the same genotype.

on morph frequency in two populations of I. graellsii
from southern Iberia (Table 3), and in both cases data
are very similar to northern populations.

DISCUSSION

INHERITANCE OF COLOUR MORPHS

The mode of inheritance of body coloration reported
for I. graellsii, i.e. control by an autosomal locus with
three alleles and hierarchical dominance (Cordero,
1990), is also supported for I. elegans. Yet, in
1. graellsii, the colour phenotype of all females can be
determined immediately after emergence (Cordero,
1992b). This is because the infuscans morph shows a
black mark on the dorsum of the eighth abdominal
segment that allows easy separation from the andro-
chrome morph. Moreover, the antehumeral lines are
much broader in infuscans than in androchromes
(Cordero, 1992b). In contrast, in I elegans 14% of
infuscans females lack the black mark and cannot be
distinguished from androchromes until they develop
the mature coloration. The absence of the violet colour
phase in some androchromes (Fig. 1) remained un-
noticed in previous work (but see Longfield, 1949), and
might have important consequences for the interpre-
tation of variability in behaviour and fitness correlates
in androchromes.

The first generation of hybrid females were more
similar to their mother phenotype (I. graellsii) in body
coloration and black marks on the eighth abdominal
segment, but when the proportion of I. elegans genes
increased in the second generation, as a consequence
of crossing hybrid females with males of I. elegans,
they became more similar to I. elegans.

Dominance hierarchies of species with a studied
mode of inheritance indicate dominance of the andro-
chrome allele in I. elegans and in I. graellsii (Cordero,
1990), but recessivity of this allele in I. damula,
I. demorsa and C. tenellum (Johnson, 1964; Johnson,
1966; Andrés & Cordero, 1999). Following the general
assumption that for a polymorphic locus the ancestral
allele is recessive to those that have evolved subse-
quently (a principle known as Haldane’s sieve; Clarke
et al., 1985) this suggests two alternative ancestral
situations depending on the species. To resolve
whether female colour polymorphisms originated sev-
eral times many more species should be studied and
insights into the phylogenetic relationships should be
achieved.

HYBRIDIZATION AND FEMALE MORPH FREQUENCIES

Our results indicate that the genetic system control-
ling the inheritance of colour morphs is identical in
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Table 3. Frequencies of female morphs in natural populations of Ischnura elegans and I. graellsii in Galiza (north-west
Spain) and southern Iberia (last two populations). The Universal Transverse Mercator (UTM) coordinates are shown. N,
sample size; A, androchrome; I, infuscans; O, rufescens-obsoleta/aurantiaca. Frequencies based on less than 50 females

are less likely to correctly estimate morph frequency (Cordero Rivera & Andrés, 2001)

Observed
frequencies (%)

Population UTM Species Date N A I o Source
Foz 29TPJ4123 1. elegans vi.2001 70 629 35.7 1.4  This paper
Cedeira 29TNJ7030 both + hybrid  vi.2001 67 224 716 6.0 This paper
Donifios 29TNJ5515 I elegans vii.1987 34 59 882 5.9  This paper
I. elegans vi.2001 51 3.9 922 3.9  This paper
Laxe 29TNHO0085  I. elegans vi.2001 26  50.0 50.0 0.0  This paper
1. elegans vii.2002 34 412 559 2.9  This paper
Traba 29TMH9681 1. elegans vi.2000 15 66.7 33.3 0.0  This paper
Carnota 29TMH9241 I elegans vi.2000 36 80.6 16.7 2.8  This paper
I elegans vi.2001 69 913 5.8 2.9  This paper
Louro 29TMH9234 I elegans vi.2000 55 855 109 3.6 This paper
I elegans vii.2000 35 85.7 14.3 0.0  This paper
1. elegans v.2001 51 84.3 11.8 3.9  This paper
Muro (Xuno) 29TMH9720 I graellsii vi.2002 53 39.6 52.8 7.5  This paper
Vixan 29TMH9810 I graellsii vii.1989 37 29.7 649 5.4  Cordero (1990)
I graellsii vi.2002 52 346 519 13.5 This paper
Corrubedo 29TMH9514 I graellsii viii—ix.1988 94 181 70.2 11.7 Cordero (1990)
I. graellsii vii—viii. 1989 97 113 1784 10.3 Cordero (1990)
1. graellsii vii.1999 28 214 60.7 17.9 Andrés et al. (2000)
O Castelo 29TNH2568 1. graellsii vii.1999 42 119 76.2 11.9 Andrés et al. (2000)
A Lanzada 29TNH1000 I. graellsii vii.1999 75 14.7 76.0 9.3  Andrés et al. (2000)
I graellsii vi.2002 33 182 758 6.1  This paper
I. graellsii viii.2002 40 15.0 80.0 5.0 This paper
Lourizan 29TNG2695 I graellsii viii-ix.1986 29 20.7 759 3.4  Cordero (1990)
1. graellsii v.1987 65 169 76.9 6.2  Cordero (1990)
1. graellsii viii—-ix.1987 672 13.7 75.7 10.6 Cordero Rivera & Egido
Pérez (1998)
I graellsii v—vi.1988 85 8.2 788 129 Cordero (1990)
I. graellsii ix.1988 107 17.8 710 11.2 Cordero (1990)
Salcedo 29TNG2896  I. graellsii vii—viii. 1985 523 180 69.2 12.8 Cordero (1990)
Barra 29TNG1179 I graellsii viii—-ix.1996 766 144 76.1 9.5 Cordero Rivera & Egido
Pérez (1998)
Campus 29TNG2568 I graellsii vii—viii. 1995 440 5.0 784 16.6 Cordero Rivera & Egido
Pérez (1998)
I. graellsii vii.1999 68 1.5 89.7 8.8  Andrés et al. (2000)
O Rosal 29TNG1744 I graellsii viii.1986 46 6.5 783 152 Cordero (1990)
1. graellsii viii—-ix.1990 1097 10.0 77.9 12.0 Cordero Rivera & Egido
Pérez (1998)
I. graellsii vii.1999 68 8.8 85.3 5.9 Andrés et al. (2000)
Castro Verde 29SBN8974 I graellsii iv.2003 48 18.8 729 8.3  This paper
Donana 295QC1908 I graellsii vi.2003 77 104 76.6 13.0 This paper

the two studied Ischnura species. Both field and labo-
ratory studies (Monetti et al., 2002) show that these
species hybridize. Females of I. graellsii readily mate
in the laboratory with males of I elegans, but the
resulting hybrids are incapable of intermating or
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mating with males of I graellsii.

Nevertheless,

hybrid males are able to mate with I graellsii
females and hybrid females to mate with I. elegans
males (R. A. Sanchez-Guillén & A. Cordero Rivera,

unpubl. data).
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Figure 2. Colour morph frequencies for natural populations of Ischnura elegans and I. graellsii in north-west Spain. Black
squares indicate localities where both species have hybridized (Foz and Louro) or are currently hybridizing (Cedeira).

If hybrids are fertile and back-cross with one of the
parental species, hybridization can result in genetic
introgression, which may increase the genetic vari-
ability of the introgressed species (Grant & Grant,

1992, 1994). Extensive hybridization may even lead to
extinction of one or both parental species (Rhymer,
Williams & Braum, 1994; Allenford & Leary, 1998).
The dynamics of hybridization is substantially influ-
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enced by the details of mate choice and the genetic
system (Klingenberg, Spence & Mirth, 2000). For
instance crosses between Limnoporus dissortis and
L. notabilis (Gerridae) produce surviving offspring
that are almost exclusively male (Spence, 1990). More-
over, because females prefer to mate with smaller
males, hybridization and introgression occurs
primarily through matings of the relatively large
L. notabilis females with the smaller L. dissortis or
hybrid males (Spence, 1990).

Unidirectional mating and observations on body col-
oration and pattern in offspring of hybrid crosses sug-
gest the introgression of genes of I elegans into
populations of I. graellsii. This is suggested by estima-
tions of phenotypic morph frequencies for populations
of I. elegans and I. graellsii. The highest androchrome
frequency in I. graellsii is found in populations that
are near populations of I elegans where andro-
chromes are the most frequent morph (Fig. 2).

Probably, I. elegans is a recent immigrant in the
area (the first record of this species in north-west
Spain is from 1984, whereas I. graellsii is known in
the area since 1917). Furthermore this species is
dispersing through the area; several individuals of
I. elegans were found among hundreds of specimens of
I. graellsii in at least five coastal localities (Xufio, Cor-
rubedo, Vixan, Louriz4an and Barra; Table 3). Further-
more, many individuals from Cedeira were clearly
hybrid (based on body coloration and anal appendages
morphology) when sampled (June 2001), and there is
evidence for past hybridization in Foz and Louro, two
localities that now only have I. elegans populations
(Monetti et al., 2002). Finally, in 2003 we found a high
proportion of hybrids and a mixture of I. graellsii and
I. elegans in two (formerly) populations of I. graellsii
(Cordero, pers. observ.). Founder effects might explain
the initially high frequencies of androchromes in
I. elegans, a species that shows striking variability in
morph frequencies in different countries (Hinnekint,
1987; Banham, 1990; Van Gossum et al., 1999). Alter-
natively, this prevalence of androchromes in north-
west Spain could also be explained if this morph were
more likely to disperse. However, female morphs of
I. elegans and Coenagrion puella do not differ in dis-
persal rates (Conrad et al., 2002).

As explained above, our results suggest a relation-
ship between hybridization (areas marked as black
squares in Fig. 2) and frequency of androchromes in
both species. Unfortunately we lack historical records
of morph frequency to test this hypothesis. Owing to
the unidirectional mating that produces the absorp-
tion of I. graellsii by I. elegans (Monetti et al., 2002),
this last species also might have absorbed the typical
frequencies of female morphs of I. graellsii in places
where genes of this last species were prevailing, for
instance Cedeira and Doninos. At other localities

genes of I. elegans might have been incorporated into
I. graellsii populations and the frequency of andro-
chromes is rising as a consequence. But if founder
effects caused most I. elegans immigrants to be andro-
chromes, then androchrome frequencies in I. elegans
should be decreasing in at least some populations. An
alternative explanation for the geographical patterns
in morph frequencies is that a common environmental
variable is affecting populations of both species and
increasing the frequency of androchromes in the same
geographical area (note that all areas of hybridization
are coastal localities; Fig.2). Molecular evidence
showed that morph frequencies are under stabilizing
selection in north-west Spain in I. graellsii (Andrés
et al., 2000) and Ceriagrion tenellum (Andrés et al.,
2002). Nevertheless, the environmental variables con-
tributing to this stabilizing selection remain elusive.
Future studies of natural morph frequencies of both
1. elegans and I. graellsii in different regions in the
Iberian Peninsula, adjacent countries of Europe and
northern Africa should reveal whether female morph
frequencies in north-west Spain are aberrant. For the
moment, the only two populations of I. graellsii stud-
ied from southern Spain and Portugal (Table 3) are
very similar to northern populations.

Recent studies on the maintenance of female poly-
morphism in odonates underlie a relationship
between population density and morph frequency, and
morph-specific fitness correlates (Cordero Rivera &
Egido Pérez, 1998; Sirot & Brockmann, 2001; Andrés
et al., 2002; Sirot et al., 2003). Banham (1990) found
that androchromes of I. elegans mate less often, store
a smaller amount of sperm and have lower egg load
than gynochromes, and suggested that mating fre-
quency is determined by egg load rather than colour
morph: females that have matured at least 150 eggs
mate irrespective of colour phenotype. The cause for
the lower egg load of androchromes is unknown (Ban-
ham, 1990). According to male mate choice experi-
ments, males predominantly prefer to mate with the
most common female morph in the population (Miller
& Fincke, 1999; Van Gossum et al., 2001a). However,
female morphs differ in mating avoidance tactics (Van
Gossum et al., 2001b; Sirot et al., 2003) and mating
frequencies (Banham, 1990; Cordero et al., 1998).
Female morph fitness correlates are influenced not
only by morph frequency, but also by population
density and sex ratio (Van Gossum et al., 2001b).
Changes in female morph frequency due to introgres-
sion or an environmental variable will therefore have
effects on female morph fitness correlates. As a conse-
quence, hybridization is likely to have important
implications for the maintenance of multiple female
morphs only during short periods when two species
with contrasting androchrome frequencies start to
hybridize.
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In summary, we have found that a single genetic
system controls female colour morphs in both species
and hybrids. Furthermore we have evidence for past
and present hybridization between both species (Mon-
etti et al., 2002), and this is likely producing introgres-
sion of elegans genes into graellsii populations. These
facts together are probably contributing to the tempo-
rary maintenance of a broad spectrum of morph
frequencies in geographically near populations.
Hybridization, the first mechanism proposed for the
maintenance of this polymorphism (Johnson, 1975),
was not supported in previous studies (Cordero,
1992a; Cordero & Andrés, 1996), but nevertheless
seems important for the temporal maintenance of this
polymorphism under limited circumstances.

ACKNOWLEDGEMENTS

We are grateful to Kurt Jordaens for his comments on
and critiques of a previous version of the manuscript,
and to Berit Pedersen (Library of the British Entomo-
logical Society) and the John Rylands University
Library of Manchester for their help in obtaining a
copy of the PhD Thesis of W. M. T. Banham. This paper
was funded by a research grant from the Spanish Min-
istry of Science and Technology to ACR (BOS2001-
3642). HVG was supported by an IWT-research grant
and a travel-residence grant by the Fund for Scientific
Research Flanders (FWO). Currently, HVG is a post-
doctoral fellow with the Fund for Scientific Research
Flanders

REFERENCES

Allenford FW, Leary RF. 1998. Conservation and distribu-
tion of genetic variation in a polytypic species, the cutthroat
trout. Conservation Biology 2: 170-184.

Andrés JA, Cordero A. 1999. The inheritance of female
colour morphs in the damselfly Ceriagrion tenellum (Odo-
nata, Coenagrionidae). Heredity 82: 328-335.

Andrés JA, Sanchez-Guillén RA, Cordero Rivera A. 2000.
Molecular evidence for selection on female color polymor-
phism in the damselfly Ischnura graellsii. Evolution 54:
2156-2161.

Andrés JA, Sanchez-Guillén RA, Cordero Rivera A. 2002.
Evolution of female colour polymorphism in damselflies:
testing the hypotheses. Animal Behaviour 63: 677-685.

Arnold ML. 1997. Natural hybridization and evolution. New
York: Oxford University Press.

Askew RR. 1988. The dragonflies of Europe. Martins (Essex):
Harley Books.

Banham WMT. 1990. Non-random mating in the polymorphic
damselfly Ischnura elegans. PhD thesis, University of
Manchester.

Barton NH. 2001. The role of hybridization in evolution.
Molecular Ecology 10: 551-568.

Bergsten J, Toyra A, Nilsson AN. 2001. Intraspecific varia-
tion and intersexual correlation in secondary sexual charac-
ters of three diving beetles (Coleoptera: Dytiscidae).
Biological Journal of the Linnean Society 73: 221-232.

Bleiweiss R. 1992. Widespread polychromatism in female
Sunangel Hummingbirds (Heliangelus, Trochilidae). Biolog-
ical Journal of the Linnean Society 45: 291-314.

Brockmann HdJ. 2001. The evolution of alternative strategies
and tactics. Advances in the Study of Behavior 30: 1-51.

Clarke C, Clarke FMM, Gill ACL, Turner JRG. 1985.
Male-like females, mimicry and transvestism in butterflies
(Lepidoptera, Papilionidae). Systematic Entomology 10: 257—
283.

Conrad KF, Willson KH, Whitfield K, Harvey IF, Thomas
CdJ, Sherratt TN. 2002. Characteristics of dispersing
Ischnura elegans and Coenagrion puella (Odonata): age, sex,
size, morph and ectoparasitism. Ecography 25: 439-445.

Cordero A. 1987. Estructura de poblacién en Ischnura
graellsii Rambur, 1842 (Zygop. Coenagrionidae). Boletin de
la Asociacién Espariola de Entomologia 11: 269—-286.

Cordero A. 1990. The inheritance of female polymorphism in
the damselfly Ischnura graellsii (Rambur) (Odonata: Coena-
grionidae). Heredity 64: 341-346.

Cordero A. 1991. Fecundity in Ischnura graellsii (Rambur) in
the laboratory (Zygoptera: Coenagrionidae). Odonatologica
20: 37—-44.

Cordero A. 1992a. Density-dependent mating success and
colour polymorphism in females of the damselfly Ischnura
graellsii (Odonata: Coenagrionidae). Journal of Animal Ecol-
ogy 61: 769-780.

Cordero A. 1992b. Morphological variability, female polymor-
phism and heritability of body length in Ischnura graellsii
(Rambur) (Zygoptera: Coenagrionidae). Odonatologica 21:
409-419.

Cordero A. 1994. The effect of sex and age on survivorship of
adult damselflies in the laboratory (Zygoptera: Coenagrion-
idae). Odonatologica 23: 1-12.

Cordero A, Andrés JA. 1996. Colour polymorphism in
odonates: females that mimic males? Journal of the British
Dragonfly Society 12: 50—60.

Cordero Rivera A, Andrés JA. 2001. Estimating female
morph frequencies and male mate preferences of polychro-
matic damselflies: a cautionary note. Animal Behaviour 61:
F1-Fe.

Cordero Rivera A, Egido Pérez FdJ. 1998. Mating frequency,
population density and female polychromatism in the dam-
selfly Ischnura graellsii: an analysis of four natural popula-
tions. Etologia 6: 61-67.

Cordero A, Santolamazza Carbone S, Utzeri C. 1998.
Mating opportunities and mating costs are reduced in andro-
chrome female damselflies, Ischnura elegans (Odonata). Ani-
mal Behaviour 55: 185-197.

Dowling TE, Secor CL. 1997. Patterns of postmating repro-
ductive isolation in a newly discovered species pair, Aquarius
remigis and A. remigoides (Hemiptera: Gerridae). Heredity
78: 571-5717.

Fava G. 1988. Genetic differentiation in experimental popula-
tions of the copepod Tisbe clodiensis Battaglia and Fava from

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 85, 471-481



HYBRIDIZATION AND POLYMORPHISM IN DAMSELFLIES 481

two adriatic lagoons. Journal of Experimental Marine Biol-
ogy and Ecology 97: 51-61.

Fincke OM. 2004. Polymorphic signals of harassed female
odonates and the males that learn them support a novel fre-
quency-dependent model. Animal Behaviour 67: 833—-845.

Forsman A, Shine R. 1995. The adaptive significance of
colour pattern polymorphism in the Australian scincid lizard
Lampropholis delicata. Biological Journal of the Linnean
Society 55: 273-291.

Galan P. 2000. Females that imitate males: dorsal coloration
varies with reproductive stage in female Podarcis bocagei
(Lacertidae). Copeia 2000: 819-825.

Grant PR, Grant BR. 1992. Hybridization of bird species.
Science 256: 193-197.

Grant PR, Grant BR. 1994. Phenotypic and genetic effects of
hybridization in Darwin finches. Evolution 48: 297-316.

Harrison R. 1993. Hybrid zones and the evolutionary process.
New York: Oxford University Press.

Herrell J, Hazel W. 1995. Female-limited variability in mim-
icry in the swallowtail butterfly Papilio polyxenes Fabr.
Heredity 75: 106-110.

Hinnekint BON. 1987. Population dynamics of Ischnura e.
elegans (Vander Linden) (Insecta: Odonata) with special
reference to morphological colour changes, female polymor-
phism, multiannual cycles and their influence on behaviour.
Hydrobiologia 146: 3-31.

Hinnekint BON, Dumont HdJ. 1989. Multi-annual cycles in
populations of Ischnura e. elegans induced by crowding and
mediated by sexual aggression (Odonata: Coenagrionidae).
Entomologia Generalis 14: 161-166.

Huxel G. 1999. Rapid displacement of native species by inva-
sive species: efects of hybridization. Biological Conservation
89: 143-152.

Johnson C. 1964. The inheritance of female dimorphism in
the damselfly, Ischnura damula. Genetics 49: 513-519.

Johnson C. 1966. Genetics of female dimorphism in Ischnura
demorsa. Heredity 21: 453—-459.

Johnson C. 1975. Polymorphism and natural selection in
Ischnuran damselflies. Evolutionary Theory 1: 81-90.

Klingenberg CP, Spence JR, Mirth CK. 2000. Introgressive
hybridization between two species of waterstriders (Hemi-
ptera: Gerridae: Limnoporus): geographical structure and
temporal change of a hybrid zone. Journal of Evolutionary
Biology 13: 756-765.

Longfield C. 1949. The dragonflies of the British Isles. Lon-
don: Frederick Warne.

Miller MN, Fincke OM. 1999. Cues for mate recognition and
the effect of prior experience on mate recognition in
Enallagma damselflies. Journal of Insect Behavior 12: 801—
814.

Monetti L, Sanchez-Guillén RA, Cordero Rivera A. 2002.
Hybridization between Ischnura graellsii (Vander Linder)
and I. elegans (Rambur) (Odonata: Coenagrionidae): are they
different species? Biological Journal of the Linnean Society
76: 225-235.

Nielsen MG, Watt WB. 2000. Interference competition and
sexual selection promote polymorphism in Colias (Lepi-
doptera, Pieridae). Functional Ecology 14: 718-730.

Oxford GS, Reillo PR. 1993. Trans-continental visible
morph-frequency variation at homologous loci in two species
of spider, Enoplognatha ovata s.s. & E. latimana. Biological
Journal of the Linnean Society 50: 235-253.

Parr MdJ. 1965. A population study of a colony of imaginal
Ischnura elegans (Van der Linden) (Odonata: Coenagrion-
idae) at Dale, Pembrokeshire. Field Studies 2: 237-282.

Parr MJ. 1973. Ecological studies of Ischnura elegans (Vander
Linden) (Zygoptera: Coenagrionidae). I. Age groups, enmer-
gence patterns and numbers. Odonatologica 2: 139-157.

Parr MdJ. 1999. The terminology of female polymorphs of
Ischnura (Zygoptera: Coenagrionidae). International Jour-
nal of Odonatology 2: 95-99.

Rhymer JM, Williams MdJ, Braum MdJ. 1994. Mitochondrial
analysis of gene flow between New Zealand mallards (Anas
platyrhynchos) and grey ducks (A. superciliosa). Auk 111:
970-978.

Robinson JV, Allgeyer R. 1996. Covariation in life-history
traits, demographics and behaviour in ischnuran damself-
lies: The evolution of monandry. Biological Journal of the
Linnean Society 58: 85-98.

Sherratt TN. 2001. The evolution of female-limited polymor-
phisms in damselflies: a signal detection model. Ecology Let-
ters 4: 22-29.

Sirot LK, Brockmann HdJ. 2001. Costs of sexual interactions
to females in Rambur’s forktail damselfly, Ischnura ramburi
(Zygoptera: Coenagrionidae). Animal Behaviour 61: 415—
424.

Sirot LK, Brockmann HJ, Marinis C, Muschett G. 2003.
Maintenance of a female-limited polymorphism in Ischnura
ramburi (Zygoptera: Coenagrionidae). Animal Behaviour 66:
763-775.

Sokal RR, Rohlf FdJ. 1995. Biometry, 3rd edn. New York: W.H.
Freeman.

Spence JR. 1990. Introgressive hybridization in Heteroptera:
the example of Limnoporus Stal (Gerridae) species in West-
ern Canada. Canadian Journal of Zoology 68: 2728—-2738.

Turner JRG. 1978. Why male butterflies are non-mimetic:
natural selection, sexual selection, group selection, modifica-
tion and sieving. Biological Journal of the Linnean Society
10: 385-432.

Turner JRG. 1983. Mimetic butterflies and punctuated equi-
libria: some old light on a new paradigm. Biological Journal
of the Linnean Society 20: 277-300.

Van Gossum H, Sanchez-Guillén RA, Cordero Rivera A.
2003. Observations on rearing damselflies under laboratory
conditions. Animal Biology 53: 37—45.

Van Gossum H, Stoks R, De Bruyn L. 2001a. Reversible fre-
quency-dependent switches in male mate choice. Proceedings
of the Royal Society B 268: 83—-85.

Van Gossum H, Stoks R, De Bruyn L. 2001b. Frequency-
dependent male mate harassment and intra-specific varia-
tion in its avoidance by females of the damselfly Ischnura ele-
gans. Behavioral Ecology and Sociobiology 51: 69-75.

Van Gossum H, Stoks R, Matthysen E, Valck F, De Bruyn
L. 1999. Male choice for female colour morphs in Ischnura
elegans (Odonata, Coenagrionidae): Testing the hypotheses.
Animal Behaviour 57: 1229-1232.

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 85, 471-481





