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Abstract
Odonates (dragonflies) are well known for the ability of the males to displace sperm stored in the female’s sperm-
storage organs during copulation. By this means, copulating males are able to increase their fertilization success.
This ability has been used as an example to illustrate a conflict of interests between the sexes in which males
have evolved sperm-displacement mechanisms whilst females have presumably evolved means to avoid sperm
displacement. The present review has four aims: (1) to describe the copulatory mechanisms used during sperm
displacement; (2) to analyse the causes of sperm usage patterns; (3) to discuss this information using current
hypotheses on conflict between the sexes; (4) to illuminate topics for further research. Four copulatory mechanisms
are described: sperm removal (physical withdrawal of stored sperm), sperm repositioning (‘pushing’ of rival sperm
to sites where its use will be least likely), female sensory stimulation to induce sperm ejection, and sperm flushing
(displacement of sperm using the copulating male’s sperm). Sperm-precedence studies in Odonata are scarce and
their values vary considerably between species. In those species in which sperm displacement is incomplete, the last
copulating male obtains a high but variable short-term fertilization success which decreases with time. Some male
and female factors affecting sperm precedence patterns are mentioned: (1) male variation in genital morphology;
(2) duration of copulation influenced by the male (the longer the copulation, the more stored sperm displaced);
(3) adaptations of the sperm-storage organs that allow the female to manipulate the sperm she has received (i.e.
avoiding sperm displacement, re-distributing sperm masses, favouring sperm located in certain sites and ejecting
sperm after copulation). We suggest that male and female odonates have co-evolved at the level of genital function
with the control of stored sperm as the focus of the conflict. The benefits for males in this co-evolution lie in
maximizing their fertilization success. However, it is not clear what females obtain from storing sperm and making
it unreachable during sperm displacement. Two hypothetical benefits that females may obtain for which some
evidence has been gathered are genetic diversity and viability genes. It is finally suggested that odonates can
become excellent subjects of study for testing current ideas related to sexual conflict and speciation processes
through sexual selection.
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INTRODUCTION

Sperm competition, the competition between the sperm
of different males for fertilizing a female’s set of ova
(Parker, 1970), is an ubiquitous and widespread pheno-
menon in animal reproduction (Smith, 1984; Birkhead &
Møller, 1998). Investigation during the last 30 years
has shown that sperm competition has shaped several
male morphological, physiological and behavioural traits
directed either to withstand the competitive abilities
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of other males during competition or to avoid sperm
competition completely.

Odonates, which comprise three suborders, Zygoptera
(damselflies), Anisoptera (dragonflies) and Anisozygop-
tera (intermediate; common in fossils, but with only
two living species), are one of the animal groups in
which sperm competition has been more intensively
studied and whose copulatory mechanisms are better
understood (Simmons & Siva-Jothy, 1998; Corbet, 1999;
Simmons, 2001; Cordero Rivera, 2002). Like other
insects, female odonates store sperm in specialized organs,
delay oviposition and mate multiply. These characteristics
have set the conditions for sperm competition to take place
(Parker, 1970; Waage, 1984). The evidence from several
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species has shown that odonate males have evolved a
series of adaptations to avoid or ameliorate the risk of
their sperm competing directly with those of conspecific
males (Corbet, 1999). These adaptations can occur both
during and after copulation. During copulation and using
a variety of mechanisms, the specialized genitalia of male
odonates displace the sperm stored by the female before
sperm transfer. After copulation, males engage in different
sorts of female-guarding behaviour during oviposition that
prevents females from re-mating.

Interaction between the sexes during reproduction has
an intrinsic conflict at its basis: males and females differ
in how much each invests in reproduction (Trivers, 1972;
Parker, 1984). Since females are usually the sex that
invests more, they try to keep control of their reproductive
decisions, choosing carefully with which individuals to
mate while males are under intense selection to mate
(Parker, 1984). Given this difference-of-interests scenario,
a co-evolutionary interaction would be expected between
the sexes favouring adaptations to optimize fertilization
success (Rice, 1996). How profoundly the sexual conflict
of interests has shaped animal behaviour, physiology and
morphology and how much such conflict has affected
female reproductive decisions are renewed paradigms in
sexual selection.

In his pioneering studies, Waage (1984, 1986a) demon-
strated the widespread and pervasive nature of the
mechanisms of sperm displacement occurring in different
odonate taxa. Since these works, many more studies have
been published on the same or related subjects (e.g.
reproductive anatomy and physiology, fertilization events,
among others). Many of these studies, however, have
not been analysed using a sexual selection framework.
This study has four aims: (1) to describe the copulatory
mechanisms and genital traits involved in sperm-
displacement mechanisms; (2) to illustrate and discuss
the range and causes of variation in odonate sperm
precedence; (3) to analyse this information into the context
of recent theoretical discussions on sexual conflict theory;
(4) to highlight topics that deserve further research.

COPULATORY MECHANISMS

Generalities of copulation in odonates

Odonates have a peculiar and unique form of copulation.
Female genitalia (sperm-storage organs (hereafter SSOs)
and fertilization apparatus) are located between the eighth
and ninth abdominal segments. In males, the primary
genitalia (where sperm are produced) have an opening at
the ninth abdominal segment while the secondary genitalia
(the intromittent apparatus) are located on the second and
third abdominal segments. Before copulation, the male
grasps a female by using his abdominal appendices (at
the end of the abdomen) on her prothoracic, mesostigmal
plates (Zygoptera) or head (Anisoptera). Following this (as
occurs in most odonate species; Corbet, 1999) the male
transfers his sperm from the primary to the secondary

(a)

(b)

Fig. 1. The stages of copulation in Odonata: (a) stage I, during
which sperm displacement takes place; note the elevation of the
male abdomen; (b) stage II, insemination. Drawings by A. Cordero
from slides of Erythromma viridulum copulation.

genitalia. Once grasped and for copulation to take place,
females must bend their abdomen forward to make genital
contact.

Copulation can be divided into two or three behavioural
stages each of which is correlated with the internal genital
processes (Miller & Miller, 1981). Unlike anisopterans,
the behaviour carried out by the couple in each of these
stages is clearly distinguishable in Zygoptera (Waage,
1979; Miller & Miller, 1981; Cordero, 1989; Siva-Jothy &
Tsubaki, 1989; Sawada, 1995). Stage I (Fig. 1) is the longer
and more variable phase of copulation (Miller, 1987a;
Cordero, 1990; Córdoba-Aguilar, 1992; Sawada, 1995;
Cordero & Andrés, 1999). The evidence from numerous
species indicates that males displace sperm during this
stage and inseminate during stage II (and sometimes also
during stage III, Corbet, 1999).

Terminology and description of genitalia

The terminology used by different workers studying
odonate genitalia is not uniform. Here we use that pro-
posed by Pfau (1971). The accounts presented were
mainly taken from the following references: Pfau (1971),
Srivastava & Srivastava (1986), Siva-Jothy (1987a),
Michiels (1989), Miller (1990, 1991), Andrew &
Tembhare (1996) and Córdoba-Aguilar (2003a).

Zygoptera

Males (Fig. 2)

The seminal vesicle, a flask-like structure which stores
sperm before ejaculation, is found anteriorly to the intro-
mittent organ, on the third abdominal segment.
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Fig. 2. Four examples of penis morphology in Zygoptera observed with SEM: (a) Calopteryx haemorrhoidalis asturica, showing one
of the lateral appendages; (b) Lestes dryas; as is usual in Lestes, there are no appendages to help in sperm removal; (c) Platycnemis
acutipennis, whose penis head has four small appendages; (d) Ischnura elegans, the penis head has two thin lateral processes that help
remove the sperm of rivals; (e) a detail of the sperm mass removed during stage I of copulation.

The aedeagus, the intromittent organ, located on the
second abdominal segment, is covered by the anterior
lamina (an extension of the second abdominal sternite).
The aedeagus is a curved, heavily-sclerotized structure
which is proximately connected to flexible frames, a
set of hamuli, and a glandular sac. Both the frames
and the hamuli, along with the tergosternal muscles
associated with these structures, allow the aedeagus to
move during copulation. Ventral to the aedeagus is an
inflatable membrane which runs longitudinally. The elastic
properties of the membrane serve as a channel during
sperm transfer. Distally there is the structure associated
with sperm displacement, the penis head.

The penis head shows considerable variation among
species (Fig. 2). Waage (1984, 1986a) classified four
major types of penis head morphology according to its
complexity. The Lestes penis, a ram-like structure with
no distal appendages or spines (structures associated
with mechanical sperm displacement; (Waage, 1979;
Miller, 1987a); the Enallagma penis, a flap structure
which has spines on its ventral side; the Calopteryx
penis, a structure bearing two lateral horn-like appendages
covered with spines; and the Argia-Ischnura penis which
ends with one (Argia) or two (Ischnura) distally-curved
appendages covered with spines. Notwithstanding this
classification, there are species whose penis heads seem
to be intermediate between these types. One example
is the penis head of the neotropical genus Hetaerina,
which seems intermediate between the Calopteryx and

Enallagma types, having a flap ending in two short, not
heavily-curved appendages (A. Córdoba-Aguilar, pers.
obs.).

Females (Fig. 3)

The zygopteran female genitalia consist mainly of the
SSOs and the fertilization apparatus (vagina, vaginal
plates, eighth abdominal segment ganglion), all of which
are located at the eighth and ninth abdominal segments.
The SSOs are sac-like structures whose function is to
keep the sperm viable, as suggested by histological
studies (Andrew & Tembhare, 1996; Córdoba-Aguilar,
2003a). Two types of SSOs are usually present: the bursa
copulatrix (hereafter called bursa) and the spermatheca(e).
The bursa communicates directly and ventrally to the
vagina and dorsally to the spermatheca. Anterior to the
vaginal contact to the bursa and along the vagina, two
sclerotized plates are found. These plates have a series of
embedded campaniform sensilla, whose primary function
is to communicate, via the eighth abdominal segment
ganglion, the presence of an egg to the muscles that
surround the SSO during fertilization (Miller, 1987a;
Córdoba-Aguilar, 2003a). These muscles induce the
contractile activity and the release of sperm stored in the
SSO. Interestingly, the number of sensilla is a variable trait
across species (for example, in the Calopterygidae family;
Córdoba-Aguilar, 1999a, 2003b).
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Fig. 3. Female genitalia in Zygoptera: (a) Calopteryx h. haemorrhoidalis showing the vaginal plates, bursa (b) and spermathecae (s); the
bursa and the left spermatheca are empty; (b) vaginal sensilla of C. h. haemorrhoidalis; (c) Platycnemis acutipennis, the spermathecae (s)
opens at the base of the bursa (b); (d) Lestes virens with a single sperm storage organ (b) and one egg in the fertilization process.

The morphology of the SSO shows clear correspond-
ence with that of the penis head but nevertheless seems
less diverse. The complexity of SSOs also increases with
types of penis in different taxa as found by Waage (1984,
1986a). For example, whereas the female representative
of the Lestes type does not have a defined spermatheca
but only a large bursa, females of the Calopteryx type
bear two enlarged and curved spermathecal ducts. It is
interesting to note that some species show intra-population
variation in the number of spermathecae, like Calopteryx
haemorrhoidalis with generally two but sometimes only
one spermatheca (A. Cordero Rivera, pers. obs.). Three
characteristics of the SSO are worth mentioning: (1) the
variation in form and volumetric capacity of both the bursa
and the spermatheca; (2) the presence and absence of
spermatheca; (3) the number of spermathecal ducts.

Anisoptera

Males (Fig. 4)

Unlike the zygopteran penis, the anisopteran intromittent
organ is a four-segmented structure and far more complex.
The second and third abdominal sternite (anterior lamina)
and tergite (genital lobes) correspondingly, are extended
to cover the penis. The penis is a sperm-storage organ
homologous to the zygopteran sperm vesicle (Miller,

1990) that is folded when in rest. The sperm are internally
stored in all segments in an internal canal with two
openings to the outside. During copulation, segment 1
expands, while segments 2, 3 and 4 extend fully. Segment 4
shows remarkable interspecific variation, possibly owing
to its sperm-displacement function (Miller, 1991).
Different inflatable lobes and structures are attached to
this segment: lateral lobes, apical lobes, inner lobes,
a flagellum and cornua. Among possible functions of
these structures are: anchoring the entry of the SSO
by the cornua (Michiels, 1989) and lateral and apical
lobes (Miller, 1991); spermathecal sperm removal by the
flagellum, medial process and the cornua (Miller, 1991);
and penetration to the bursa to push stored sperm to places
far from the fertilization site by the medial lobes (Siva-
Jothy, 1988).

Females (Fig. 5)

Genitalia of female anisopterans are less complex than
anisopteran male genitalia but nevertheless more diverse
than those of zygopterans. The genitalia involve a bursa,
a pair of spermathecal ducts, an opening to the vagina, a
pair of lateral, vaginal, longitudinally-arranged plates, and
an eighth abdominal segment ganglion. These structures
are similar in function and in arrangement to those of the
Zygoptera.
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Fig. 4. Anisopteran penis: (a) lateral view of Libellula saturata penis; note the two thin flagella (detail in b) typical of some Libellulidae;
(c) detail of the head of the L. saturata penis; (d) lateral view of Libellula depressa penis without flagella; (e) detail of the microspination
in the penis head of L. depressa.

The anisopteran SSOs are enormously variable in
shape and volumetric capacity. Two extremes can be dis-
tinguished with intermediate representatives (Siva-Jothy,
1987a,b): (1) species with small sperm stores and long
and narrow spermathecae; (2) species with large and
confluent spermathecae whose storage capacity is also
large.

MECHANISMS USED TO AVOID SPERM
COMPETITION

Frequently, studies of sperm competition lack a firm
understanding of the genital copulatory mechanisms
(Simmons & Siva-Jothy, 1998). This information is essen-
tial to explain whether female, male and/or random
processes are responsible for the observed patterns
of sperm use (fertilization success) (Eberhard, 1996;
Simmons & Siva-Jothy, 1998; Simmons, 2001). In

odonates, the way reproductive organs are positioned and
the nature of copulatory mechanisms make them relatively
easy to study. The investigation of copulatory mechanisms
has been approached by using one or a combination of
the following methods: (1) comparing sperm volumes
and/or sperm number stored in the SSOs and male
seminal vesicle before, during and after copulation
(e.g. Waage, 1979); (2) directly observing the internal
copulatory processes carried out by the couple (e.g. Miller,
1987a); (3) interrupting couples during copulation to
observe the fitting of the still-engaged genitalia (e.g.
Lindeboom, 1998); (4) comparing the morphology of
male and female genitalia to determine correspondence
between structures (e.g. Michiels, 1989); (5) observing
the abdominal movements carried out by the couple during
copulation (e.g. Thompson, 1990).

Possibly because of practical reasons, sperm-
displacement mechanisms are better understood in
Zygoptera than in Anisoptera.
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Spermatheca

Bursa
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Fig. 5. Dorsal views of anisopteran female genitalia showing the
sperm storage organs (redrawn from Miller, 1991). (a) Crocothemys
erythraea; (b) Sympetrum striolatum.

Sperm removal

Since first described by Waage (1979) in Calopteryx mac-
ulata, this mechanism has been repeatedly demonstrated
in the Calopterygidae (Siva-Jothy & Tsubaki, 1989; Siva-
Jothy & Hooper, 1995; Lindeboom, 1998; Córdoba-
Aguilar, 1999b) and other families of Zygoptera (Miller
& Miller, 1981; Waage, 1982a, 1984, 1986a; Miller,
1987b; Cordero & Miller, 1992; Naraoka, 1994; Andrés
& Cordero Rivera, 2000). Although there is no direct
evidence for this in anisopterans, its presence seems likely
(Miller, 1984; Waage, 1986a; Siva-Jothy, 1988; Miller,
1990). Sperm removal is an efficient way for establishing
a high fertilization success because the stored sperm is
withdrawn from the female’s SSOs.

In Zygoptera, the penis head and, if present, the
associated penis head appendages are inserted in the
SSO during copulation. The upper area of the penis
head and the associated appendages are extended within
the SSO and mechanically trap the sperm masses (see
Fig. 2e). These masses are then moved to the outside by the
in-and-out movements provided by the male abdominal
segments and penis-associated musculature. Usually,
both the penis head and its appendages are endowed
with pointing spines that may facilitate sperm trapping

and removal (Waage, 1979; Miller, 1987b; Cordero &
Miller, 1992).

Genital structures in Anisoptera such as the lateral,
apical and inner lobes, the medial process, the flagella
and the cornua may carry out the removal of sperm.
These structures also have a series of spines on their distal
surface (see Fig. 4b) which might be used during sperm
trapping and retiring (Miller, 1991). As in Zygoptera,
scooping out of sperm may be assisted by the rapid
abdominal movements performed by the male during
copulation (Miller, 1990, 1991). Females of such species
may have large and thin spermathecae that male structures,
such as the flagella, can enter (Michiels, 1989). In some
other species with large SSOs, the male genitalia, such
as the medial lobe, penetrate and displace a very small
portion of the stored ejaculate, usually that located next
to the bursa entry and close to the fertilization site
(Siva-Jothy, 1988).

Sperm repositioning

Females of some species are able to store as many as
45 times the size of a male’s ejaculate (e.g. Crocothemys
erythraea; Siva-Jothy, 1988). The mechanism of sperm
displacement in some of these species consists of pushing
the stored sperm to places far from the fertilization site.
The repositioned sperm are usually packed at the rear of
spermathecae or distal areas of the bursa. In using this
mechanism, males achieve a last in-first out advantage
during fertilization (Michiels & Dhondt, 1988).

In Zygoptera, sperm repositioning has been docu-
mented in Lestes vigilax (Waage, 1982b). It appears
that the penis head carries out the compaction of rival
sperm masses to those places far from the fertilization
site. Unlike calopterygids or ischnurans, the penis head
of this species has a ram-like form and has no distal
appendages or spines on its surface, which suggests a
poor sperm removal ability. Nevertheless this cannot
be a generalization because males of Lestes barbarus,
L. virens and L. viridis remove (completely in most cases)
rivals’ sperm from the SSOs, even if they have no distal
appendages and their genitalia are similar to those of
L. vigilax (see Fig. 2b; E. Uhı́a & A. Cordero Rivera, pers.
obs.). The SSOs are reduced to a single bean-like bursa in
all those species, except female L. viridis, which has two
small, round spermathecae. As in anisopterans, female
L. vigilax can store a greater volume of sperm than
the male is able to transfer to her, but this is not the
case in the other mentioned Lestes species, whose bursa
is smaller and is filled by a single ejaculate (E. Uhı́a &
A. Cordero Rivera, pers. obs.).

In Anisoptera, it has been postulated that structures
such as the medial process, the cornua and the inner
lobes dislodge the rivals’ sperm masses also by pushing
(Michiels, 1989; Miller, 1991). Some of these structures,
i.e. the medial lobes and inner lobes, are inflatable (Miller,
1991). It has been proposed that, during copulation and
once inside the SSO, they may expand and push the
stored sperm (Miller, 1991). A second way in which



Sperm competition in Odonata 387

repositioning could take place is by pushing the stored
sperm using the copulating male’s sperm (Michiels, 1989).
This may be the case for those thin and large spermathecae
that male structures cannot penetrate in some libellulids
(Miller, 1991). Through the regular abdominal copulatory
movements, the male may ejaculate directly (or close to)
to the spermathecal entry, displacing the stored sperm
distally.

Sperm displacement by stimulation of the female
sensory system

Based on a previous claim by Miller (1987b, 1990)
in a coenagrionid and a libellulid, the details of the
mechanism were recently elucidated in a calopterygid
(Córdoba-Aguilar, 1999b, 2002a). This mechanism is
based on the fertilization process during which females
eject stored sperm when stimulated by the male genitalia.
In Zygoptera, females are partially responsible for sperm
movements during fertilization (the other way by which
spermatozoa can move is by their own flagellar activity;
Miller, 1987b). Before fertilization, the egg stimulates a
series of vaginal, mechanoreceptive sensilla embedded on
the pair of sclerotized plates that are located ventrally
to the SSOs (Miller, 1987b; Córdoba-Aguilar, 2003a).
These sensilla are in control of the contractile activity of
the muscles that surround the SSOs (Córdoba-Aguilar,
1999a). When the egg stimulates the sensilla, the SSO
muscles of the spermathecae are excited and promote
sperm expulsion from this organ. During copulation,
the aedeagus, which is aligned along the vaginal
plates, mimics the movement of the egg and thereby
stimulates the sensilla inducing spermathecal sperm
ejection (Córdoba-Aguilar, 2003a). This mechanism
although recently documented, may, however, be extended
to other species. In fact, in Ceriagrion tenellum, for
example, this mechanism was the most likely explanation
for spermathecal sperm displacement (Andrés & Cordero
Rivera, 2000).

Multiple insemination and sperm flushing

Multiple insemination has been described in Coenagrion
scitulum by Cordero et al. (1995), but may also
occur in Megaloprepus coerulatus (Fincke, 1984a) and
in Paraphlebia quinta (González-Soriano & Córdoba-
Aguilar, 2003). Males of C. scitulum seem to have
a poor sperm-displacement ability, given that their
distally attached horns are too large to enter the single
spermatheca, and are spineless. Males inseminate on
repeated occasions (up to five times per copulation).
Possibly, by outnumbering the stored sperm, a male is
able to gain a higher fertilization success (Cordero et al.,
1995). This mechanism can be used together with
that of sperm flushing as both may be functionally
related (sperm flushing may in some cases occur only
if multiple insemination also takes place). In relation

to the sperm flushing mechanism, Michiels (1989) and
Michiels & Dhondt (1988, 1991) proposed that males
of the anisopteran Sympetrum danae may use their own
sperm to dilute rival stored sperm. The sperm mixture
(self and other males’ sperm) may then be mechanically
removed by the cornua. This mechanism may explain why
males of several species have much more sperm in their
sperm vesicles than they transfer to the female (Miller,
1984).

The occurrence of different mechanisms and problems
in their study

Males of different species may simultaneously use
several mechanisms during the same copulatory event.
For example, in C. haemorrhoidalis asturica, males
remove bursal sperm and stimulate females to induce
spermathecal sperm ejection at the same time (Córdoba-
Aguilar, 1999b). The same abdominal movements that
promote bursal sperm displacement by the penis head, also
help the aedeagus to stimulate the vaginal plate sensilla
and displace spermathecal sperm. Similar processes may
occur in other species but have not been documented
in detail. Unfortunately, given the widespread ability of
sperm displacement, sometimes circumstantial evidence
is used to deduce sperm displacement patterns in this
order. For example, the sole occurrence of abdominal
movements has been used to infer sperm displacement
(e.g. Ubukata, 1984; Thompson, 1990). Such assumption
is not justified on the simple basis that males of
species whose females mate only once in their lives also
carry out pumping, sperm-displacement-like abdominal
movements during copulation (e.g. Ischnura verticalis,
Fincke, 1987). In these cases, the abdominal movements
are clearly not intended to displace sperm since there is
no sperm to displace (although, of course, the possibility
remains that a phylogenetic constraint has left this
behaviour in this species).

On some occasions close morphological correspond-
ence between male and female genitalia has been used
as an indication of male sperm-displacement ability
(Waage, 1986a; Adams & Herman, 1991; Robinson &
Novak, 1997). This is not true in all cases. In Ischnura,
for instance, there is a close correspondence in the
morphology of each of the two distal appendages of
the penis head with that of the bursa and spermathecae,
respectively (Waage, 1986a; Miller, 1987b). Indeed, in
I. graellsii, one of the appendages enters the spermatheca
while the other enters the bursa (Cordero & Miller, 1992).
But this, nevertheless, does not apply to I. elegans (Miller,
1987b). Cases similar to I. elegans have been found
in other species (e.g. Celithemis elisa, Waage, 1986a;
Mnais pruinosa pruinosa, Siva-Jothy & Tsubaki, 1989).
In different Calopteryx species, male and female genitalia
are almost identical, but some are able to remove sperm
from the bursa and the spermatheca (Waage, 1979) and
others only from the bursa (Siva-Jothy & Hooper, 1995;
Córdoba-Aguilar, 2002a).
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Copulation duration has also been used for predicting
copulatory mechanisms. In different studies, it was pro-
posed that sperm ‘removers’ and sperm ‘repositioners’
could be separated on the basis of copulation duration:
copulation in ‘removers’ would take longer than
‘repositioners’ (Miller, 1981; Siva-Jothy, 1984; Waage,
1984). It was assumed that the act of sperm removal would
take longer since it is a more complex and coordinated
activity. This expectation was, however, rejected by Waage
(1986a) from studies in two ‘remover’ dragonfly species
with extreme copulation durations. Furthermore, in
C. tenellum males remove all the sperm from the bursa in
just 10 min, but copulation takes 1–3 h (Andrés & Cordero
Rivera, 2000).

Another set of assumptions used to infer sperm dis-
placement is the presence and/or form of certain
morphological male genital structures (e.g. Adams &
Herman, 1991; Robinson & Novak, 1997; Artiss, 2001).
This is the case, for example, of penis horns and
pointing spines which in different species are used during
sperm manipulation (e.g. C. maculata, Waage, 1979).
Studies with Ischnura show that this is a simplistic
assumption: I. elegans is a species with penis horns
but no spermathecal sperm removal (Miller, 1987b), and
I. graellsii is a species with horns and spermathecal sperm
removal (Cordero & Miller, 1992).

The corollary of this is that copulatory mechanisms
are difficult to infer. The best way to study them is to
use different approaches, preferably the interruption of
in-copula pairs and observation of the genital disposition.
This should be accompanied by the measurement of sperm
volume changes before, during and after copulation.

ESTIMATES OF ODONATE SPERM PRECEDENCE
AND MALE AND FEMALE INFLUENCES

Sperm precedence estimates in odonates have been
calculated using standard paternity methods (radiation or
molecular techniques), genetic markers or they have been
extrapolated from data of the volume of sperm displaced
during copulation. We have arranged these estimates in
Table 1.

Interspecific sperm-displacement patterns are ex-
tremely variable, from species such as Calopteryx
maculata in which 80–100% of sperm is removed (leaving
little space for the female’s use of previous mates’ sperm;
Waage, 1979) to species such as Sympetrum danae that
remove 41–80% of sperm (Michiels & Dhondt, 1988).
Measurement of the sperm displaced has been taken
mostly in species using a sperm removal mechanism.
It would be interesting to investigate if the use of a
certain mechanism makes displacement and fertilization
more efficient. Variation in sperm displacement must be
interpreted with care unless it is translated into studies
of paternity. Studies of paternity (the proportion of eggs
fertilized by the last copulating male) have been
carried out in 11 species. They also show considerable
interspecific variation (mean ± SD): from 1 ± 0 in Anax
parthenope (Hadrys et al., 1993) to 0.79 ± 0.2 in

I. elegans (Miller, 1987b; Cooper, Miller & Holland,
1996).

In several species, however, last-male sperm precedence
tends to decrease with time as a consequence of the
mixing of sperm caused by the inability of males to
displace all stored sperm (e.g. Siva-Jothy & Tsubaki,
1989; Cordero & Miller, 1992; Sawada, 1998). If females
spend some time without copulating again, the sperm from
the last male gets mixed with those that are already stored.
Such sperm mixing has been observed when females
were given time to lay more than a single clutch of
eggs. For example, in Erythemis simplicicollis, last-male
precedence fell from 99.5% to 64% after 2 days (McVey &
Smittle, 1984). Unfortunately, this extra time was not
given to all studied species so that sperm mixing was
not verified, an uncertainty that should be resolved in
future studies. The benefits, if any, of sperm mixing for
females are unclear. If females promote sperm mixing,
under particular conditions they should delay sperm use
until sperm is mixed. Interestingly, some observations
of female behaviour suggest that females overtly use
mixed sperm. Males of Calopteryx xanthostoma do not
have access to the sperm stored in the spermathecae so
that the sperm received from different males tends to
accumulate in this organ (Siva-Jothy & Hooper, 1996).
Interestingly, females use the mixture of spermathecal
sperm under particular circumstances. The benefit of using
mixed sperm remains obscure, but one possibility is that
females use the spermathecae cryptically to allocate the
sperm of high-quality males to this organ (for a more
elaborated argument of this see below). Such a possibility
applies not only to those species whose spermathecal
access is not available, but to any species with incomplete
sperm displacement. It would be illuminating to know
whether sperm mixing is promoted by the female and, if
this is the case, what females gain from doing so.

It is desirable that sperm precedence studies should
be accompanied by an investigation of the underlying
copulatory mechanisms to understand male and female
influences (Simmons & Siva-Jothy, 1998). Regarding
those species whose males displace sperm by removal or
sensory stimulation, three patterns of sperm displacement
have been found: (1) males have total access to the bursa
and the spermathecae; (2) males have access to the bursa
but not to the spermathecae; (3) males have access to the
bursa and partial access to the spermatheca. Only in the
first pattern do males displace all sperm and therefore
obtain 100% sperm precedence. In the other two patterns,
fertilization success would depend on whether or not each
sex has some control of paternity (a random process). If
variation is caused by males, two factors can be outlined
as below.

(1) Male variation in the genital morphology used
for displacing sperm. One case supporting this is that
of Calopteryx haemorrhoidalis asturica in which males
stimulate the female sensory system to displace sper-
mathecal sperm (Córdoba-Aguilar, 1999b). Varying
degrees of sperm displacement are related to the width
of the aedeagus that provides the stimulus: the wider
this structure, the more sperm it is able to displace.
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Table 1. Summary of sperm competition mechanisms, the methods used for their investigation, and patterns of sperm precedence in
Odonata

Species Methods used Sperm competition mechanism P2 value Reference

Calopterygidae
Calopteryx maculata Morphological study Removal: 88–100% – Waage, 1979

Sperm volume measurement

Calopteryx splendens RAPD Removal (bursa only): 49% 0.98 Siva-Jothy, Gibbons &
xanthostoma (calculated from figure 1) Pain, 1995

Hooper & Siva-Jothy, 1996

Calopteryx dimidiata Morphological study Removal 98% – Waage, 1988
Sperm volume measurement

Calopteryx haemorrhoidalis Morphological study Removal (bursa only): 60–100% – Córdoba-Aguilar, 1999a
asturica Sperm volume measurement It is suggested sensilla stimulation

to elicit spermathecal sperm
ejection (0–100%)

Calopteryx haemorrrhoidalis Morphological study Removal: bursa: 100%, spermathecae: – A. Cordero, J. A. Andrés,
haemorrhoidalis Sperm volume measurement usually only one spermathecae S. Santolamazza & C. Utzeri,

is emptied pers. obs.

Mnais pruinosa pruinosa Morphological study Removal (bursa only): up to 100% 1 (short-term) Siva-Jothy & Tsubaki, 1989
Sperm volume measurement 0.5 (after 6 days)
Sterile male technique

Coenagrionidae
Argia moesta Morphological study A. moesta: removal 85% (93% bursa) – Waage, 1986b
Argia sedula Sperm volume measurement A. sedula: removal 66% (71% bursa)

Males of both species might empty
the spermatheca

Argia fumipennis violacea Morphological study Virtually all sperm removed from – Waage, 1984
Sperm volume measurement the bursa

Ischnura ramburii Morphological study Removal: 52% (82% bursa) – Waage, 1986b
Sperm volume measurement Males might empty the spermatheca

Ischnura verticalis Morphological study No sperm removal: females – Fincke, 1987
Sperm volume measurement monogamous

Ischnura elegans Morphological study Removal (bursa only): 100% 0.79 ± 0.2 Miller, 1987b
Sperm volume measurement (26% of total) range: 0.44–1 Cooper et al., 1996
Microsatellites

Ischnura graellsii Morphological study Removal: 67% bursa 0.987 ± 0.012 Cordero & Miller, 1992
Sperm volume measurement Removal: 100% spermatheca range from 2nd
Genetic markers clutch: 0.44–1

Ischnura asiatica Morphological study Removal: 71% bursa – Naraoka, 1994
Sperm volume measurement Removal: 61% spermatheca

Ischnura senegalensis Morphological study Removal: 100% bursa (50% total) 0.986 ± 0.9 Sawada, 1995
Sperm volume measurement Removal of spermatheca? P2 diminishes with time Sawada, 1998
Sterile male technique Copulation duration much longer (0.5 after 6 days)

than necessary to sperm removal

Coenagrion scitulum Morphological study Limited sperm removal ability – Utzeri & Sorce, 1988
Sperm volume measurement Abundant insemination Cordero et al., 1995

Enallagma hageni Morphological study Removal: 83% bursa 0.795–0.95 Fincke, 1984b
Sperm volume measurement Removal spermatheca?
Sterile male technique

Enallagma cyathigerum Morphological study Removal: 100% bursa in 12/18 – Miller & Miller, 1981
Sperm volume measurement females at the end of stage I; Perry & Miller, 1991

50% in 6/18)
It is suggested no spermathecal removal

Cercion sieboldii Morphological study Removal 70% – Naraoka, 1986
Sperm volume measurement

Ceriagrion tenellum Morphological study Removal: 100% bursa in only 5–10 min 0.98 ± 0.06 Andrés & Cordero Rivera, 2000
Sperm volume measurement It is suggested sensilla stimulation to Great variability in P2

Sterile male technique elicit that does not depend
Spermathecal sperm ejection on copulation duration
Copulation duration much longer

than necessary to sperm removal

Platycnemididae
Platycnemis pennipes Morphological study Sperm removal ability unclear – Kuhn, 1989

from penis morphology

Platycnemis acutipennis Morphological study P. acutipennis: removal: 95% bursa, E. Uhía & A. Cordero Rivera,
39% spermatheca pers. obs.

Platycnemis latipes Sperm volume measurement P. latipes: removal: 100% bursa,
25% spermatheca
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Table 1. Continued

Species Methods used Sperm competition mechanism P2 value Reference

Copera annulata Sperm volume measurement It is suggested sperm removal – Watanabe & Adachi, 1987
There is no spermatheca

Lestidae
Lestes vigilax Morphological study Removal: 50% – Waage, 1982b

Sperm volume measurement There is no spermatheca

Lestes virens Morphological study L. virens: removal: 85% bursa – E. Uhía & A. Cordero Rivera,
Lestes barbarus Sperm volume measurement L. barbarus: 50% bursa pers. obs.
Lestes viridis In both species there is no spermatheca

L. viridis: removal: 100% bursa,
55–94 from spermathecae

Sympecma paedisca Morphological study Removal: 70–80% bursa – Naraoka, 1997
Sperm volume measurement No removal from spermatheca

Protoneuridae
Nososticta kalumburu Morphological study It is suggested sperm removal – Thompson, 1990

Aeshnidae
Anax parthenope Molecular techniques 1 ± 0 Hadrys et al., 1993

Gomphidae
Gomphus submedianus Morphological study No removal: no spines, – Waage, 1984

Sperm volume measurement last-in first-out

Corduliidae
Cordulia aenea amuriensis Behavioural observations It is suggested sperm removal, – Ubukata, 1984

from copulatory movements

Libellulidae
Libellulidae (70 sp) Morphological study Three mechanisms suggested from – Miller, 1991

genital morphology: sperm removal, Miller, 1995
sperm repositioning and washing
with abundant ejaculate

Erythemis simplicicollis Morphological study Removal 57–75% 0.997 McVey & Smittle, 1984
Sperm volume measurement range: 0.973–1 P2

Sterile male technique independent of
copulation duration
in the range 10–60 s

Celithemis elisa Morphological study C. elisa: removal: 68% bursa, – Waage, 1986a
Erythemis simplicicolis Sperm volume measurement no removal from spermatheca

E. simplicicollis: removal: 54% bursa,
40–48% from spermatheca

Orthetrum coerulescens Morphological study It is suggested sperm removal using – Miller, 1990
flagellum with spines, washing out
with abundant ejaculate and sensilla
stimulation to elicit sperm ejection

Orthetrum cancellatum Sperm volume measurement Removal: 10–15% in short – Siva-Jothy, 1984
Sperm count copulations (21 s) but 100% in Siva-Jothy, 1987b

long copulations (894 s)

Crocothemis erythraea Morphological study No sperm removal: repositioning – Siva-Jothy, 1984
Sperm volume measurement Siva-Jothy, 1988
Sperm count

Nanophya pygmaea Sperm volume measurement It is suggested no removal, 0.979 ± 0.018 Siva-Jothy & Tsubaki, 1994
Sterile male technique only sperm repositioning

Sympetrum danae Morphological study Removal: 41–87% in 5 min 0.957 ± 0.054 Michiels & Dhondt, 1988
Sperm volume measurement Removal and ejaculation simultaneously (1st clutch) Michiels, 1989
Sterile male technique Spermatheca: washing out with ejaculate 0.912–0.980 Michiels, 1992

Bursa: removal using the inner lobes following clutches Nuyts & Michiels, 1996
of the penis P2 = 1 in only 5 min

P2 increases with time between
copulation and oviposition

It is suggested first male positional
advantage that is lost with time

Sympetrum rubicundulum Morphological study No removal: only sperm repositioning – Waage, 1984
Sperm volume measurement

Perithemis tenera Sperm volume measurement Removal: 80% in 15 s – E. Routman cited in
Waage, 1986a

Leucorrhinia intacta Sterile male technique It is suggested sperm repositioning 1 after copulations Wolf et al., 1989
or removal >300–350s

range: 0–1
copulations <240 s
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These results held even when other potential variables
were examined (Córdoba-Aguilar, 2001). Since there is
considerable variation in aedeagal width among males,
variation in sperm displacement is also high. Another case
may occur in Ischnura graellsii in which some males were
consistently more successful in fertilization success, even
if they were the first to mate with the female (since their
sperm may have been displaced; Cordero & Miller, 1992).
Since males show considerable variation in the length of
the penis head appendages used for removal, variation in
fertilization success might be caused by inter-individual
variation in genital morphology.

(2) Copulation duration, which is largely controlled
by males (Miller & Miller, 1981; Miller, 1987b), may
vary and be inversely related to sperm-displacement
rate. Different supporting evidence has been found for
this hypothesis. For example, males of Mnais pruinosa
pruinosa differ in their copulation duration: males that
copulate for longer were able to displace larger sperm
volumes (Siva-Jothy & Tsubaki, 1989). Similar results
have been found in some other species (e.g. Orthetrum
cancellatum, Siva-Jothy, 1984, 1987c). Nevertheless, in
other cases sperm removal seems quick and therefore
copulation duration is not related to sperm-displacement
rate (Andrés & Cordero Rivera, 2000) but to copulation-
preventing tactics such as mate guarding (Cordero, 1990).

One proximate male factor that may explain sperm-
use patterns in species with repositioning, multiple
inseminations and/or sperm flushing mechanisms is
variation in copulation duration. Longer copulations may
provide more time to ‘reposition’, ‘flush’ or transfer more
sperm. In fact, extra time to inseminate more sperm occurs
in Coenagrion scitulum (Cordero et al., 1995).

In these sperm displacement mechanisms, female
factors that can alternatively explain patterns of sperm use
or displacement have been discussed (Miller, 1987b, 1990,
1991; Cordero & Miller, 1992) but never investigated.
The main problem presented by this lack of information
is that it is difficult to assert which female processes
can be determining sperm use. Theoretically, and as
occurs in other insects (Eberhard, 1996; Simmons &
Siva-Jothy, 1998; Simmons, 2001), females have a great
potential to favour the sperm of some males over others
using their reproductive anatomy and physiology. There
is at least one example where variation in paternity is
apparently under female control. In Ceriagrion tenellum
male fertilization success was greater after long rather
than after short copulations, even if the amount of sperm
displaced (from the bursa only) was the same in both types
of matings (Andrés & Cordero Rivera, 2000). A broad and
hypothetical picture of female control mechanisms can be
outlined.

(1) Movements by SSOs to avoid sperm displacement.
The SSOs are richly-innervated structures (Córdoba-
Aguilar, in press) with distinctly-orientated muscular
arrangements surrounding them (Siva-Jothy, 1987a;
Hooper, 1994; Andrew & Tembhare, 1996; Córdoba-
Aguilar, 2003a). Different orientations of the SSOs in
distinct individuals have been found in females whose
copulations have been interrupted (Cordero & Miller,

1992). SSO movements have been also observed in
dissected, in-vivo females (Miller, 1987b; Córdoba-
Aguilar, 2003a). In these cases, SSO movements may have
made sperm removal more difficult or impossible.

(2) Re-distribution of stored sperm before fertilization
(Miller, 1989; Miller & Miller, 1989). The SSO muscles
may be used to manipulate the allocation of sperm within
the SSO. This may help the female to give priority to some
sperm over others

(3) Control over certain sperm-storing sites during
fertilization. As indicated by observations with in-vivo
females (Córdoba-Aguilar, 2003a), muscles may provide
independent contractile activity for each spermatheca.
This ability may give them the opportunity to use a
specific storing site over others during fertilization. In
fact, C. xanthostoma females are able to use bursal and
spermathecal sperm differentially (Siva-Jothy & Hooper,
1995, 1996).

(4) Sperm ejection during and after copulation. Females
may eject sperm during copulatory breaks (Cordero et al.,
1995; González-Soriano & Córdoba-Aguilar, 2003) and
soon after copulation (Lindeboom, 1998; González-
Soriano & Córdoba-Aguilar, 2003). Although this ability
as a mean of paternity control has been rejected
(Lindeboom, 1998), it seems to be a common phenomenon
in odonates (Cordero Rivera, 2002) and deserves further
investigation.

Finally, variation in sperm-precedence patterns may be
due to a random process. The sperm mixing may be
simply explained as the normal outcome when two fluids
are put together in a closed structure and left for some
time. Why sperm precedence takes less or more time to
decrease would depend on how long it takes the sperm to
mix.

THE EVOLUTION OF ODONATE COPULATORY
MECHANISMS

Copulatory mechanisms in Odonata and patterns of sperm
use can be understood only on the basis of the evolutionary
interaction between the sexes for the control of stored
sperm. Given that females store sperm, it pays males to
evolve traits to induce them to use their own sperm and
not other males’ stored sperm. Therefore, the evolution of
male strategies to displace sperm would be a consequence
of the selective pressure generated by the female ability to
store sperm and mate multiply. We suggest that females
and males have been co-evolving at the level of copulatory
mechanisms. The set of copulatory mechanisms, their
different morphological and functional genital adaptations
would be like different views of a mosaic of evolutionary
outcomes arrived at by different species. On the one hand,
females have been evolving sperm-storage structures with
particular morphologies whilst males, on the other hand,
have been evolving genital morphologies to displace
the stored sperm. As suggested by Waage (1986a) for
Zygoptera, phylogenetically, this is the most likely and
parsimonious scenario. Take, for example, members of the
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genus Lestes whose origin is considered to be ancestral
in zygopteran phylogeny. The male and female genital
morphology is relatively simple (Figs 2 & 3). Females
bear an undifferentiated sperm-storage organ whose bursal
and spermathecal sites are not distinguishable from each
other, but in some species, like Lestes viridis, females have
evolved a true spermatheca (E. Uhı́a & A. A. Cordero
Rivera, pers. obs.). Male ability to manipulate rival sperm
may also be, relatively speaking, simple. In these species,
males use a repositioning strategy (Waage, 1982b). On
the other hand, in Calopteryx species, whose origin is
more recent, both sexes seem to have more specialized
genitalia. Males have penis lateral appendages covered
with spines while females have a well differentiated
bursa and paired spermathecae. Similar evolutionary
transitions may be interpreted in the Anisoptera. A broad
comparison may be made between the Aeshnidae, an
‘old’ family, against one of those families whose origin
is more recent, the Libellulidae (Trueman, 2001). In
Anax junius, for example, the distal segment of male
genitalia has a spherical morphology whose function is
possibly associated with sperm repositioning (Waage,
1986a). The bursa is a spherical structure and ends in
a paired spermatheca. On the other hand, the libellulid
genitalia show a striking complexity (Miller, 1991;
Artiss, 2001). Males have varied structures (e.g. flagella,
cornua, among others). Female genitalia are similarly
variable in morphology and in volumetric capacity
(especially the spermathecae). Copulatory mechanisms,
although more intensively studied in this than in other
families, are diverse too and may include sperm removal,
sperm reposition, sperm flushing and sensory stimulation
(Miller, 1991).

Given these differences in odonate genital morphology,
one may try to construct a general, hypothetical series
of evolutionary events to try to explain current genital
diversity. The first structure that may have appeared is
a Lestes-like bursa copulatrix whose primary function
was to store sperm. The benefits to females of the
evolution of sperm-storing abilities are unknown (as
is so for most insects; Alexander, Marshall & Cooley,
1997; see below for a more elaborated discussion) but,
whatever the benefit, the storing ability may have been
selective enough on males to favour the appearance of
sperm-displacement traits. The less specialized of the
sperm-displacement abilities could have been a structure
that was only able to reposition sperm (a structure
with no lateral appendages or spination). Assuming that
males were able to access bursal sperm, this may have
been followed by the evolution of small, not-clearly
differentiated spermathecae to keep sperm unreachable.
Further evolution of male displacement abilities may have
come with a variety of ‘solutions’ such as sperm removal,
sperm flushing and multiple insemination (through the
presence of lateral appendages, cornua, flagella, pointing
spines, among other structures). These abilities are now
widespread in the order and in some species males may
use more than one (e.g. Calopteryx haemorrhoidalis
asturica, Córdoba-Aguilar, 1999b). Perhaps the most
recent ability is sperm removal, as judged by its presence

in those species whose origin is more recent (e.g. species
of Calopteryx and Libellula). Females may have been
evolving more solutions to keep the sperm unreachable.
Some possibilities are a size reduction of the spermathecal
ducts to impede male penetration (Córdoba-Aguilar,
1999b), spermathecal ducts that are longer than male
genital structures such as the cornua or the flagella
(Miller, 1991; A. Cordero Rivera, pers. obs.), among other
possibilities that are not apparent from the available
information, but that are also feasible such as muscular
movements during copulation (Córdoba-Aguilar, 2003a)
that re-distribute sperm or impede sperm displacement
and sperm ejection.

Some cases that may be used as supporting evidence
for this co-evolutionary scenario are worth mentioning.
Species of Calopterygidae may serve as one example. In
Calopteryx species, males have evolved two mechanisms
to displace stored sperm: sperm removal and sensory
stimulation. In all species males displace bursal sperm;
there are, however, interspecific differences in the ability
to displace spermathecal sperm. Spermathecal sperm
removal takes place only if the male lateral appendages on
the penis head are narrow enough to enter the spermathecal
ducts (Córdoba-Aguilar, 1999a, 2002a, 2003b). Males
of one species, C. haemorrhoidalis asturica, despite not
having access to the spermathecal ducts because of the
size difference in penis appendages and spermathecal
ducts, have evolved the ability to stimulate the sensory
system of females (a set of vaginal sensilla) (Córdoba-
Aguilar, 1999b, 2002a). Recent results suggest that the
most probable scenario for the evolution of this male
ability is that males were first able to have physical
access to the spermathecae; the access was afterwards
impeded by the dimensional spermathecal duct reduction
which was then followed by the sensory stimulation ability
(Córdoba-Aguilar, 2002a). Interestingly, C. h. asturica
females show the lowest sensillum numbers in relation
to other calopterygids, a fact that has been interpreted
as means to make sperm displacement more difficult to
males (Córdoba-Aguilar, 2003b). It would be interesting
to investigate whether changes in genital morphology
(narrow or wide spermathecal ducts, lower sensillum
number, etc.) are correlated with changes in copulatory
mechanisms and spermathecal sperm accessibility in
Calopteryx species. Such a study can now be carried out
because there is a phylogeny available for the Calopteryx
genus (Misof, Anderson & Hadrys, 2000).

Another case to be pointed out is that of Ischnura.
Work by Robinson & Novak (1997) has shown that
males in different species have a genital morphology
which correlates with female mating patterns. In this
genus, males have two penis lateral appendages provided
with pointing spines which remove the sperm present
in the spermathecae (e.g. Waage, 1986a; Cordero &
Miller, 1992; Naraoka, 1994). However, there are a few
species that lack the penis spination and have their lateral
appendages reduced. Females of some of these species
mate only once in their lives which would explain why
their conspecific males lack the structures needed for
spermathecal sperm displacement. This example shows
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how female mating frequency and male displacement
ability may be linked.

Although copulatory mechanisms in Odonata are
relatively well known compared to those of other insects,
much of the current knowledge is limited to a few
taxa. In Zygoptera, for example, copulatory mechanisms
have been studied in only three (Calopterygidae,
Coenagrionidae and Lestidae) out of 18 families. In
Anisoptera, the situation is similar, since only one family
(Libellulidae) out of 10 has been studied (Table 1). With
such limited information, and although the patterns with
the studied species depict a co-evolutionary scenario, it
is still difficult to develop generalizations from so few
species. Information on copulatory mechanisms in little-
studied families will be highly valuable.

What drives the co-evolution?

One central issue in these arguments is what females
gain in the genital, co-evolutionary game. We know that
males gain in paternity (the more sperm they displace,
the higher is their fertilization success; Simmons, 2001)
but the benefits for females are not so evident. Studies
addressing this in odonates are badly needed. Benefits
for females of evolving structures such as the bursa and
spermathecae are somehow related to the benefits of
mating multiply. A general framework for the evolution of
multiple mating has been thoroughly discussed by Fincke
(1997). However, the benefits of storing and retaining
sperm during sperm displacement for females can be
different to those for multiple mating outlined by Fincke,
and may include the following: (1) direct benefits for
the female: mate guarding, fertility insurance, increased
fecundity and nutritional intake; (2) indirect benefits for
the progeny: attractive genes, genetic diversity, viability
genes and genetic complementarity. We will discuss the
operation of each of these benefits.

The risk of sperm displacement provided the conditions
for the evolution of certain male activities, and among
these is male mate guarding (Simmons, 2001). Given
that odonate females can be harassed by males during
oviposition (e.g. Cordero, 1999; Cordero Rivera &
Andrés, 2002) which can take dramatic forms (such as
serious injuries; e.g. Corbet, 1999), there is a considerable
benefit of being guarded by their mates. In allowing
sperm displacement by females with the consequent risk
in paternity for males, females may have provided the
conditions for mate guarding. This benefit, however,
would have come after the evolution of the sperm
displacement ability and, therefore, cannot explain the
origin of the sperm storage ability (for a similar rationale
see Fincke, 1997).

Female insects may derive the benefit of avoiding
male infertility by mating multiply and retaining sperm
(Tregenza & Wedell, 2002). It may be that a single male
is able to transfer enough sperm to fertilize all eggs.
However, if there are enough males whose sperm are not
fertile or incompatible, selection will operate to increase

the number of matings. This possibility has not been
examined in Odonata. One possibility is that sperm tend to
become infertile with time and that is why females would
have to mate again before oviposition. The scarce evidence
in Odonata suggests that this may not be a problem. In
at least some species of Ischnura, female fertility remains
high during >2 weeks after a single mating (Grieve, 1937;
Fincke, 1987; Cordero, 1990).

It has been shown in different insect species that females
may acquire increased fecundity as a by-product of mul-
tiple mating and sperm storage ability (reviewed by Ridley,
1988; Arnqvist & Nilsson, 2000). This may have different
explanations but, in general, males may provide females
with seminal substances that increase fertility, egg-
production rate and female life span (Arnqvist &
Nilsson, 2000). An analysis of seminal substances and
their possible effects on female fitness has not been
carried out for Odonata. Any result in this area will be
illuminating.

Sperm may be used as an alternative source of food
in butterflies and orthopterans (Thornhill & Alcock,
1983; Simmons & Siva-Jothy, 1998). In these insects,
fecundity is heavily increased via the seminal products
transferred during copulation. This possibility, however,
has been discarded in Odonata (Fincke, 1997). Although
histological studies suggest that the SSO tissues may
not have such a function (Siva-Jothy, 1987a; Andrew
& Tembhare, 1996; Córdoba-Aguilar, 2003a), this
hypothesis still has to be tested.

Benefits may be of a different kind. Females may gain
in attractive offspring if they mate and store the sperm
of attractive males (Keller & Reeve, 1995) giving rise
to Fisherian selection (Fisher, 1930). Although this may
be difficult to test in odonates, it has been suggested
as an explanation for certain male copulatory abilities
such as causing females to eject stored sperm (Córdoba-
Aguilar, 1999b; Andrés & Cordero Rivera, 2000). In
Ceriagrion tenellum, for example, the only way males
have access to spermathecal sperm is by stimulating
the female sensory system during copulation (Andrés &
Cordero Rivera, 2000). The inter-individual variation in
spermathecal sperm displaced, along with the variation in
fertilization success found in this species, suggests that
males vary in their ability to stimulate females. It may be
that females are choosing ‘attractive’ mates on the basis
of a male’s ability to induce her to eject spermathecal
sperm.

Females may be retaining sperm from different males to
increase the genetic diversity of their offspring (Williams,
1975; Brown, Crespi & Choe, 1997). On theoretical
grounds, this benefit is unlikely as diversity does not seem
to increase with multiple mating (Williams, 1975; but see
Yasui, 1998). A more likely possibility is that females may
be storing sperm of high-quality males to obtain viability
genes for their offspring instead of genetic diversity. New
studies in the Calopterygidae suggest that this may be
the case. In several species of this family, males have
pigmented wings. Pigmentation gets fixed following some
days after emergence (Córdoba-Aguilar, 1993; Hooper,
Tsubaki & Siva-Jothy, 1999; Kirkton & Schultz, 2001) but
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shows considerable inter-individual variation (e.g. Siva-
Jothy, 2000). Observational and experimental evidence
(Siva-Jothy, 2000; Córdoba-Aguilar, 2002b) suggest that
males show their wings during courtship to females (e.g.
Córdoba-Aguilar, 2000; Siva-Jothy, 2000) and the distinct
levels of pigmentation may differentially signal the male’s
ability to cope with an eugregarine intestinal parasite.
Calopteryx females not only prefer males with more
pigmentation (Siva-Jothy, 1999; Córdoba-Aguilar, 2002b)
but those females that mate more often do so with highly
pigmented males (Córdoba-Aguilar, Salamanca-Ocaña &
Lopezaraiza-Mikel, 2003). This evidence suggests that
females may be mating multiply and with high-quality
males to obtain genes that provide resistance to parasites
for their offspring. One remaining issue to be investigated
here is whether offspring inherit the same resistance to
parasites.

Finally, females may mate multiply to attain genotypic
complementarity (Tregenza & Wedell, 2002) expressed at
the level of male and female gamete interactions. Different
sources of evidence suggest this may be the case in some
animal species (Zeh & Zeh, 2001). Its occurrence in
odonates needs to be tested.

In summary, it is still premature to seek generalizations
about the reasons that underlie multiple mating to explain
the evolution of sperm-storage ability in Odonata. The
hypothesis of females benefiting by obtaining viability
genes as an explanation for female mating patterns
is supported for some species of Calopterygidae. In
Calopteryx species, the fact that males advertise their
quality to females through pre-copulatory courtship
(via wing pigmentation) may provide females with
the opportunity to assess a male’s parasite resistance.
Interestingly, both courtship and male pigmentation occur
together in different species (Fincke, 1997; Fincke,
Waage & Koenig, 1997; A. Córdoba-Aguilar, pers. obs.).
However, the number of species with both characteristics
is relatively scarce in Odonata. This means that the
hypothesis of quality advertising during pre-copulatory
courtship by males, at least in the way it occurs in
Calopteryx, is restricted to a few taxa and therefore
further generalizations cannot be made. In fact, in
many other species whose males have pigmented wings
(including other Calopterygidae, Johnson, 1961) males
merely grab females when the latter arrive to oviposition
sites. Females may offer some resistance after this. Such
male behaviour would seem to make it difficult for females
to assess male quality (based on wing pigmentation)
but it may illustrate a counter response by males to a
female control mechanism. One example of our inability
to arrive at general explanations for female multiple
mating patterns is the occurrence of monogamy in
different Ischnura species whose females are successful
in avoiding male copulatory attempts after having mated
once (Fincke, 1987; Robinson & Novak, 1997). In
this case, monogamous patterns would contradict any
benefit that sperm storage from multiple males might
provide.

In conclusion, we are still far from understanding the
adaptive significance of the sperm storage ability. Most

observations are limited to a few species and even in these,
our knowledge is sparse.

ODONATES AS MODELS FOR TESTING SEXUAL
SELECTION HYPOTHESES: WHAT CAN THEY
OFFER TO EVOLUTIONARY ECOLOGISTS?

The main advantage of using odonates lies in their
practical properties for observing the genital interactions
during copulation. In this extent, current ideas of the
co-evolution between the sexes can be examined. Two
avenues can be explored.

(1) The role of each sex in the conflict of interests for
control of reproduction. Two current schools of thought are
now in vogue: sexual conflict in which male adaptations
may override any female filter (reviewed in Chapman
et al., 2003), and cryptic female choice (Eberhard, 1996).
These schools differ in the fitness consequences of mating
for females. The sexual conflict hypothesis indicates that
females suffer fitness costs of mating with males with
more elaborated courting traits, whilst cryptic female
choice suggests that, on the contrary, females gain in
having more highly successful offspring from mating with
such males. Recent studies in two species of insects have
provided strong evidence that both sexes are co-evolving,
for which it has been implied that females may suffer a
fitness cost of mating (reviewed by Chapman et al., 2003).
Although further evidence from other species are needed
to see how generalized these patterns are, lamentably the
information provided by these few studies have been used
too extensively to interpret evolutionary outcomes in other
species for which the role of sexes during reproduction
are not entirely clear (Córdoba-Aguilar & Contreras-
Garduño, 2003). Odonates provide an advantage in this
respect and may become an excellent subject for testing
whether females gain or lose benefits from mating with
superior males (i.e. males with high sperm displacement
abilities). Some ideal species for this are members of the
genus Ischnura whose rearing is possible under controlled
conditions (Van Gossum, Sánchez-Guillén & Cordero
Rivera, in press).

(2) Genital evolution and speciation. The co-
evolutionary context of sexual interaction can serve as an
engine for speciation (reviewed by Panhuis et al., 2001).
Indeed, comparative studies have found correlations
between the number of species and genital diversity in
insects (e.g. Arnqvist, 1998). However, in these studies,
the function of genitalia was only assumed to have been
shaped by sexual selection (as supported by intraspecific
studies, e.g. Córdoba-Aguilar, 1999b, 2002a). Again,
odonates can be used for testing the same idea as there
is firm evidence that their genitalia have been sexually
selected (for a similar case but of speciation by sexual
selection using non-genital characters in Anisoptera
see Misof, 2002). Furthermore, local, microevolutionary
processes can be studied in these insects using genitalia as
the basis for evolutionary change in speciation. Supporting
this point, unpublished data indicate that allopatric
populations of Calopterygidae are differentiating at the
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level of genital form and function (Cordero Rivera et al.,
in press). Since these allopatric populations have been
admitted as subspecies and this distinction is partly based
on differences in sexually selected traits, it seems that
sexual selection may be speeding up speciation.

CONCLUDING REMARKS

Odonates are a group in which copulatory mechanisms are
relatively well understood. In general, males have evolved
the ability to displace stored sperm and for this they
use a variety of structural and behavioural adaptations.
But the situation is not straightforward because females
have evolved the ability to bias fertilization decisions
using different behavioural, structural and physiological
mechanisms. The presence of these adaptations in both
sexes strongly suggests that males and females have been
co-evolving to retain control over stored sperm. In fact,
studies in some genera such as Calopteryx and Ischnura
provide some evidence of this. This perspective should
change traditional views of this group such as a passive
female role in the evolution of male sperm-manipulation
abilities (for a similar claim see, for example, Fincke
et al., 1997). However, we are still far from understanding
what drives females to evolve such sperm-control
adaptations and multiple mating. We have suggested here
a number of possible benefits. All of the possibilities
outlined have been, however, little studied. Future studies
should address the ‘female point of view’ to conclude to
what extent females have played a role in the evolution of
male sperm displacement.
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Córdoba-Aguilar, A. (2003b). Predicting mechanisms of sperm
displacement based on genital morphometrics in the
Calopterygidae (Odonata). J. Insect. Behav. 16: 153–167.
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