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Selective Forces Propelling Genitalic 
Evolution in Odonata

ADOLFO CORDERO-RIVERA AND ALEX CÓRDOBA-AGUILAR

INTRODUCTION 

Odonates are considered to be among the oldest 
insects (Silsby 2001), with fossil odonatoid insects 
known from the upper Carboniferous (about 
300 million years ago). Although they have 
changed very little in morphology since the Jurassic 
(65 million years), their behavior is by no means 
simple, showing pre-copulatory courtship, intense 
male–male contests, post-copulatory associations 
between males and females, and other elaborate 
behaviors (fi gure 15.1). Odonates are the only 
insect group whose males do not have the penis 
directly connected to the testis, but use a seminal 
vesicle (fi gure 15.2) for temporary sperm storage. 
This fact explains the need for intra-male sperm 
transfer (fi gure 15.1c), before each mating, when 
the male translocates his sperm from the testis, 
opening at the end of the abdomen, to the seminal 
vesicle, situated under the second and third abdom-
inal segments (fi gure 15.2). In some species, males 
perform elaborate precopulatory courtship, slowly 
fl ying around the female, and simultaneously expos-
ing wing and body coloration (fi gure 15.1a,b), for 
instance in Calopterygidae (Heymer 1973). In other 
cases, males simply capture mature females with 
their anal appendages forming the precopulatory 
tandem, and then perform an “invitation” to copu-
late (Robertson and Tennessen 1984), by 
elevating the abdomen and vibrating their wings. 
Only if the female touches the male’s secondary 

genitalia, does the male proceed to sperm transloca-
tion and copulation.

When a mating couple fi nishes copulation, the 
male may or may not guard the female during ovi-
position (either in tandem or by remaining close to 
her). Reproductive behavior in odonates is “classi-
cal” in the sense that males compete for females, 
who are the limiting resource for reproduction, and 
sexual selection is intense, especially on males 
(Banks & Thompson 1985;Conrad and Pritchard 
1992; Córdoba-Aguilar 2002b; Fincke 1986; Fincke 
and Hadrys 2001). 

Odonates are popular for research perhaps 
because their reproductive behavior is a typical 
text-book example for postcopulatory sexual selec-
tion: males use their penis for a dual function, 
removal of rivals’ sperm during the fi rst part of 
copulation, and transfer of their own sperm, during 
the fi nal part (Córdoba-Aguilar et al. 2003b). The 
description of this fact by Waage (1979) opened a 
new era in sexual selection studies, clearly under 
the infl uence of the seminal work on sperm compe-
tition by Parker (1970). Removing or repositioning 
rivals’ sperm is obviously advantageous for males, 
and there is no doubt that selective forces (sperm 
competition, see below) have contributed to the 
evolution of sperm removal behavior, not only in 
odonates but other insects as well (Haubruge et al. 
1999; Kamimura 2000; Ono et al. 1989;Yokoi 
1990; reviewed by Simmons 2001). However, 
research on genitalic evolution and sexual biology 
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FIGURE 15.1 Reproductive behavior of a typical territorial odonate (Calopteryx haemorrhoidalis, 
Calopterygidae). Males perform precopulatory courtship, sometimes landing over water or appropriate 
oviposition substrates (a), and slowly fl ying around the female (b). If the female remains motionless, the 
male is able to grasp her, and perform the intra-male sperm translocation (c), transferring the sperm from 
the testes, whose opening is at the end of the abdomen, to the secondary genitalia, situated under the seg-
ments 2 and 3. Copulation follows (d) and is usually divided into a fi rst stage, where rivals’ sperm removal 
takes place, and a stage II, when insemination occurs. At the end of copulation the male fl ies directly to the 
territory, and the female sometimes remains in a “postcopulatory rest” (e). In some cases females release a 
drop of sperm (f) after mating. Photos by A. Cordero Rivera.
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334 Primary Sexual Characters in Selected Taxa

in general (see for example explanations for male 
postcopulatory behavior by Waage 1984) has been 
biased or shaped by sperm competition theories, 
and sexual selection in general (Fincke et al. 1997), 
and tests for other selective forces have been rare. 
For example, what about female interests during 
sperm competition in odonates? Fincke (1997) pro-
vides a comprehensive review of the potential for 
female choice and benefi ts to females of mating 
multiply, and offers alternative (or complementary) 
explanations for mating patterns in odonates. If the 
last male to copulate with a female always removes 
the sperm, females would certainly lose when re-
mating with a low quality male after having mated 
with a good male. Therefore we should expect 
females to retain control over fertilization, and 
exercise cryptic female choice (Eberhard 1996). 
The fact that female odonates mate multiply (e.g., 
Córdoba-Aguilar et al. 2003a) is the key for the 
existence of a confl ict of interests between the sexes 
(Arnqvist and Rowe 2005). 

This chapter reviews the available evidence for 
sexual selection forces shaping genitalic evolution. 
We also review briefl y other hypotheses that have 
not been tested in odonates and that are not related 
to sexual selection. These are the lock and key 
(Shapiro & Porter 1989) and pleiotropy hypotheses 
(Mayr 1963). Odonate genitalia have been mainly 
studied from the point of view of sexual selection, 
as secondary sexual characters, and little has 
been done from the standpoint of natural selection, 
which is bizarre given that genitalia are tradition-
ally considered primary sexual characters. This 
is probably due to the existence of secondary geni-
talia in this order, which is a unique character of 
odonates.

GENITALIC MORPHOLOGY 
AND FUNCTION

The copulatory apparatus of male odonates is not 
homologous with any organ in the Animal Kingdom 
(Tillyard 1917). It is developed from the second 
sternite, and consists of a penis, a seminal vesicle 
(vesica spermalis), and a series of accessory struc-
tures (hamuli anteriores, hamuli posteriores) that 
protect the penis, and presumably help to achieve 
genital connection during copulation (fi gure 15.2). 
Little is known about the evolution of these struc-
tures, but they seem to be already present in the 
Mesozoic fossil Tarsophlebia eximia, and can be 

observed in some Protozygoptera (Fleck et  al. 
2004). In the odonate literature, these structures 
are known as the “secondary genitalia”, to distin-
guish them from the “primary genitalia” found at 
abdominal segment 9 (in males, reduced to two 
scales closing the genital pore). This distinction is 
not related with the primary and secondary sexual 
characters which are the focus of this book. For 
further morphological details, the reader can con-
sult Tillyard’s (1917) monograph, which remains a 
rich source of information for the anatomy of this 
order, and the detailed functional morphology work 
of Pfau (1971, 1991, 2005). Fleck et al. (2004) dis-
cuss the possible origin of the secondary genital 
apparatus in the Odonata, and suggest that the 
stem species of Odonata did not remove rival’s 
sperm, but rather transferred a spermatophore to 
the female. The oldest dragonfl ies known from 
the fossil record (Odonata-like insects from the 
Upper Carboniferous) seem to have had a paired 
penis with a pair of lateral parameres and a pair 
of segmented, leaf-like gonopods at the end of 
the abdomen, and therefore were unlikely to form 
a copulatory wheel like modern odonates (Bechly 
et  al. 2001). This makes it possible for several 
interpretations of the origin of the secondary copu-
latory apparatus of modern odonates to be con-
structed (Bechly et  al. 2001). Unfortunately, the 
fossil record cannot say much about precopulatory 
behavior.

Three different structures act as intromittent 
organ (hereafter penis) in the Odonata. Given their 
use for sperm removal, the most parsimonious 
explanation implies that this specialized behavior 
has evolved three times independently in modern 
odonates (Bechly et  al. 2001). In damselfl ies 
(Zygoptera), the intromittent organ is the ligula or 
aedeagus (fi gure 15.2). It is a chitinized arc, with an 
infl atable membrane, and variable morphology at 
the distal part (spoon-like, a variable number of 
stout appendages, “horns”, fl agella, and so on). It 
has no direct connection with the vesica spermalis. 
The sperm is conducted in a furrow of the ligula 
during insemination (fi gure 15.2) (Pfau 1991). In 
contrast with the penis of the Anisoptera, which is 
supplied with internal muscles and tracheae, the 
penes of the Zygoptera seem not to have such struc-
tures (Tillyard 1917), but in both suborders some 
nerves are present inside the penis (Uhía & Cordero 
Rivera 2005).

In dragonfl ies (Anisoptera), the distal part of the 
vesica spermalis acts as a penis (fi gure 15.2), and 
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FIGURE 15.2 External genitalic structures of male odonates, in schematic representation. Note that 
the intromittent organ (the functional penis) is a different structure in each taxon. Numbers indicate 
abdominal segments, and the arrows show the way of sperm during insemination. HA: hamuli anteriores, 
HP: hamuli posteriores, VS: vesica spermalis.

has therefore been modifi ed into three parts, a basal 
joint, which is strongly chitinized, a second 
element, usually curved, and with the orifi ce at the 
end, and a third element, very variable in form, and 
sometimes with fl agella (fi gure 15.3c, e) or short 
lateral fl aps, only visible when the penis is erected. 
The penis projects forwards from the seminal 
vesicle, situated ventrally on the third abdominal 
segment (fi gure 15.2), to which it is directly con-
nected. The sperm, which in dragonfl ies is usually 

transferred in groups or “spermatodems” (see 
below), is temporally stored in the vesicle, and 
transferred to the female at the end of copulation. 

In the Anisozygoptera (previously considered a 
separate suborder but now included among the 
Anisoptera; Bybee et al. 2008), a group which only 
has two extant species, the penis consists of the 
paired hamuli posteriores (fi gure 15.3), which are 
pressed against each other and form a tube of two 
halves (Pfau 1991).
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During copulation, nerve cells in the penis are 
likely used to detect the presence of sperm inside the 
female, probably by means of chemical sensilla 
(Andrés & Cordero Rivera 2000; Uhía & Cordero 
Rivera 2005). The fi rst part of copulation (named 
“stage I”) is characterized by rhythmic movements of 
the penis, which remove sperm from the bursa and 
spermatheca (fi gure 15.1d) (Miller & Miller 1981). 
This stage takes up most of the copulation time in 
odonates (Córdoba-Aguilar et al. 2003b; Córdoba-
Aguilar and Cordero Rivera 2008). As we discuss 
below, this phase could serve not only to remove 
sperm, but might also be prolonged due to copula-
tory courtship. A few minutes (or seconds) before the 
end of copulation, males change their behavior, fl ex 
their abdomen, and inseminate. This is stage II, 
which, in some species, slowly progresses into a 
motionless phase known as stage III, when insemina-
tion ends (Miller & Miller 1981). In some species, 
females show a “postcopulatory rest”, occasionally 
associated with sperm ejection (fi gure 15.1e, f). The 
copulatory process has been studied in detail in a 
number of Zygoptera (Córdoba-Aguilar 2003a; 
Miller 1987a, b). Figure 15.1 shows these phases in a 
model species, Calopteryx haemorrhoidalis.

Male genitalic diversity and function in the 
Anisoptera have been recently reviewed in detail 
(Pfau 2005). No such study is available for the 
Zygoptera (but see Pfau 1971). Some genitalic 
structures, like the hamuli (fi gure 15.2), are consid-
ered to function in guidance of the ovipositor 
(Tillyard 1917), and as such, might be examples of 
naturally selected traits. Here we focus on struc-
tures likely to have arisen as sexually selected traits, 
because a comprehensive analysis of genitalic diver-
sity of the order is premature. 

Anisoptera (Dragonfl ies)

Pfau (2005) has shown that the distal part of the 
penis in Anisoptera functions like a pressure pump 
or a two-way tap, that allows males to wash out 
rivals’ sperm and simultaneously inject their own 
sperm into the female tract. This organ is infl ated 
during copulation, and therefore its three-dimen-
sional confi guration is not easily deduced from 
dried specimens. The diversity of this structure does 
not seem related to the taxonomic position of the 
species (Miller 1991). For instance, Gomphus 
pulchellus (fi gure 15.3a, b) has a penis with two 
distal tubes (perhaps a two-way tap), but 
Onychogomphus uncatus, from the same family 

(Gomphidae), has a complex three-dimensional 
penis, with no clear tubes (fi gure 15.3c, d). Many 
Libellulidae have a well-developed distal segment 
of the penis, with infl atable parts and a variable 
number of fl agella (Garrison et al. 2006; Siva-Jothy 
1984). Some species have one distal tube, which is 
accompanied by a long thin fl agellum, presumably 
used to remove sperm from the spermatheca (Miller 
1991); Oxygastra curtisii (Corduliidae) is a typical 
example (fi gure 15.3e, f), but this is also found in 
other cordulids like Macromia splendens (Córdoba-
Aguilar & Cordero Rivera 2008).Two fl agella are 
found in the penis of some of the Libellulidae 
(Córdoba-Aguilar et al. 2003b), Austro petaliidae, 
Aeshnidae, Gomphidae and Corduliidae (Garrison 
et al. 2006). 

Female anisopterans have a large bursa copulatrix 
and from none to two spermathecae, variable in 
size and shape, but with uniformity in histology, 
musculature and sensory structures, at least in the 
Libellulidae (Siva-Jothy 1987). There are even 
examples of species without a bursa copulatrix 
(Miller 1991) which is very interesting as this struc-
ture seems less derived than the spermathecae (the 
bursa is more widespread across species, and the 
spermatheca usually emerges from the bursa). In 
Anax, the cuticular intima of the spermathecae is 
thin and lightly corrugated while that of the bursa 
copulatrix is thick and heavily folded (Andrew and 
Tembhare 1997). Many representatives of this sub-
order ejaculate sperm in groups (“spermatodesms”), 
particularly those larger-bodied taxa that utilize 
non-defendable resources (Siva-Jothy 1997), and 
these spermatodesms are dissociated inside the 
bursa copulatrix, probably under the action of 
compounds produced by the female. If that is the 
case, female control over this process is highly 
likely. The variability of genitalic structures in 
female anisopterans is far from being well studied, 
and the possible functions of accessory glands 
(Andrew and Tembhare 1997) need to be estab-
lished. Siva-Jothy (1997) discusses several hypoth-
eses as to why some species of Anisoptera use 
spermatodesms, including their possible function as 
a nutritional gift to the female and their evolution 
as sexually-selected traits in the context of postcop-
ulatory sexual selection.

Zygoptera (Damselfl ies)

The intromittent organ in the Zygoptera, the ligula 
(fi gure 15.2 and 15.4), has arisen from a sternal 
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abdominal appendix (Pfau 1971), and is used to 
transfer sperm to the female, and to remove sperm 
stored from previous matings (Waage 1979). In 
general, zygopterans have a long ligula whose head 
is a mobile element, like a hinge, allowing a fl exible 
joint between both parts. The lateral distal parts of 
the ligula, before the junction of the head, are usu-
ally covered with microspines (fi gure 15.4b, d, f), 
which presumably help in removing sperm from the 
bursa copulatrix. Some species lack spines on the 

penis head, but have, nevertheless, an extensive 
covering of micro-spines on the ligula. One example 
is the Cuban endemic Protoneura capillaris 
(A. Cordero, personal observation). In Coenagrion 
scitulum this morphology is associated with limited 
sperm removal ability (Cordero et al. 1995).

A recent paper has experimentally demonstrated 
that, in two species of Calopterygidae, the head of 
the ligula is used to remove sperm from the bursa 
copulatrix, and the lateral processes are used to 

FIGURE 15.3 Typical examples of male genitalia in Anisoptera. (a) Ventral view of penis in Gomphus 
pulchellus (Gomphidae), with details of the microstructure. In this species, the head of the penis ends in 
two tubes, only one visible in this picture. (b) A fi eld of short spines found in the sides of the penis in G. 
pulchellus. The arrow indicates the approximate position. (c) Lateral view of the penis in Onychogomphus 
uncatus (Gomphidae), showing details of the sperm (d) trapped in one of the horns. (e) Lateral and 
(f) ventral view of the genitalia in male Oxygastra curtisii (Corduliidae), an example of genitalia with just 
one fl agelum.
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remove sperm from the spermatheca (Tsuchiya & 
Hayashi 2008). Surgically removing the lateral 
processes of the ligula produced a reduction of 
movements during copulation in Calopteryx 
cornelia, and no sperm removal from the spermath-
eca, while in Mnais pruinosa, a species whose males 
are unable to physically remove sperm from the 
spermatheca, cutting these processes had no effect 

on copulation or sperm removal from the bursa 
(Tsuchiya and Hayashi 2008). This is the best direct 
evidence we have for the function of male genitalia 
as a device to remove sperm in an odonate.

The head of the ligula can be classifi ed into four 
main types (Waage 1986) (pending a description of 
genitalia of some tropical families). Kennedy (1920) 
also describes four groups of damselfl ies, based on 

FIGURE 15.4 Typical examples of male genitalia in Zygoptera. (a) Lateral view of the penis in Coenagrion 
mercuriale (Coenagrionidae), showing two long thin fl agella. The tip ends in a hook (b) presumably used 
to trap and remove sperm. (c) Lateral view of the penis in Telebasis dominicana (Coenagrionidae), a typi-
cal example of “spoon-shaped” aedeagus, with back-orientated microspination. (d) The aedeagus of 
Hetaerina vulnerata (Calopterygidae), representative of morphologies with short prolongations, also cov-
ered by fi ne spination. (e) The penis head of Chalcolestes viridis (Lestidae), with no fl agella, but with a 
complex tridimensional structure. The insert shows a zone with some structures that seem chemical sen-
silla, and could be used to detect the presence of sperm inside the female. (f) Detail of the penis head of 
Platycnemis pennipes (Platycnemididae), a species with two short fl agella, with a detail of the microspina-
tion found at the basis of the aedeagus.
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the morphology of the ligula, and illustrates many 
representatives of each group, although his group-
ing is not exactly the same as the proposed here. 
Many of the Coenagrionidae (e.g., Ischnura elegans, 
I. graellsii, I. ramburii, I. hastata, Coenagrion 
mercuriale, personal observation; Argia translata, 
Von Ellenrieder & Lozano 2008), have two long 
thin fl agella (fi gure 15.4a, b), corresponding with 
the presence of a long thin spermathecal duct. This 
morphology is also found in representatives of other 
families (e.g., Platycnemididae; Gassmann 2005, 
Protoneuridae; Pessacq 2008). In Ischnura graellsii 
and I. senegalensis there is experimental evidence 
for males being able to introduce these fl agella into 
the spermatheca, and removing sperm in this way 
(Cordero & Miller 1992; Sawada 1995), but in 
Ischnura elegans males are apparently unable to 
introduce their fl agella into the spermatheca (Miller 
1987b). There is also at least one species which has 
only one long thin fl agellum (Podopteryx selysi; see 
fi gures 105 and 106 in Kennedy 1920). A second 
group of species has a wide head, with a well 
developed fl exible joint, and back-oriented spines 
(fi gure 15.4c). This morphology is common in the 
Coenagrionidae, like Ceriagrion tenellum (Andrés 
& Cordero Rivera 2000), Enallagma cyathigerum, 
Telebasis dominicana (fi gure 15.4), and species 
of the genera Acanthagrion, Aceratobasis, Argen-
tagrion, Cyanallagma, Enallagma, Homeoura, 

Hylaeonympha, Oxyagrion, Phoenicagrion, 
Schistolobos and Telagrion (Von Ellenrieder 2008; 
Von Ellenrieder & Garrison 2008a,c; Von 
Ellenrieder & Lozano 2008), but is also found 
in the protoneurid Epipleoneura venezuelensis 
(Pessacq 2008), and some Southeast Asian 
Platycnemididae (Gassmann 2005; Gassmann & 
Hämäläinen 2002). These species probably remove 
sperm by using the head of the ligula like a spoon. 
The third morphology shows a wide head, which 
ends into a variable number (2 or 4) of short 
appendages, fi nely covered with spines. This is typi-
cal of the Calopterygidae (Adams & Herman 1991; 
Cordero Rivera et al. 2004; Garrison 2006; Orr & 
Hämäläinen 2007; Waage 1984) (fi gure15.4d) and 
Platycnemididae (Dijkstra et al. 2007; Gassmann 
1999, 2000, 2005; Gassmann and Hämäläinen 
2002; Uhía and Cordero Rivera 2005) (fi gure 
15.4e). Some of the Protoneuridae also show this 
morphology, in agreement with their phylogenetic 
affi nity with the Platycnemididae (Pessacq 2008; 
Von Ellenrieder & Garrison 2008b). Finally, some 
species have no fl exible joint, and a penis head with 
a variable number of lobules, and very little spina-
tion, like the Lestidae (Uhía & Cordero Rivera 
2005; Waage 1982) (fi gure 15.4f).

The genitalia of female zygopterans consist of a 
weakly chitinized vagina, that has two chitinized 
plates with embedded sensilla, where the oviducts 

FIGURE 15.5 Female genitalia in the zygopteran Calopteryx haemorrhoidalis, showing the typical confi gura-
tion for odonates. Variations on this pattern include the presence of one spheroid spermatheca, its com-
plete absence, and the presence of accessory glands, whose function is poorly known.
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open, together with the openings of the bursa copu-
latrix and spermatheca (fi gure 15.5). Histological 
evidence has shown that sperm maintenance is the 
primary function for these organs (e.g., Córdoba-
Aguilar 2003a). During the fertilization of eggs, the 
vaginal plates are deformed by the egg that is about 
to be laid, and this elicits the release of sperm 
(Miller 1987a). This fact allows males to exploit 
this sensory channel, by stimulating the sensilla, 
and thereby eliciting the ejection of sperm during 
copulation, even if no eggs are laid at that moment 
(Córdoba-Aguilar 2002a). As with Anisoptera, 
there is substantial interspecifi c variation in the size 
and number of spermathecae (Córdoba-Aguilar 
et al. 2003b), and part of this variation might be 
due to an arms race between sexes to control the 
fertilization process (see below).

HYPOTHESES OF GENITALIC 
EVOLUTION

Sperm Competition: Tests, 
Predictions and Results

Sperm competition may occur when two or more 
males mate with a female during a single reproduc-
tive event. This competition is particularly impor-
tant in insects because females store sperm in special 
organs, and fertilize eggs only at the moment of 
oviposition (Parker 1970). Sexual selection theory 
predicts that males should either (1) reduce the like-
lihood of their sperm competing with rivals’ sperm, 
by minimizing female mating rate, or (2) maximize 
their probability of fertilization by removing, dis-
placing, or incapacitating rivals’ sperm, when sperm 
competition is unavoidable.

The fi rst hypothesis predicts the evolution of 
claspers or other structures to maintain a secure 
hold of the female, as in water striders (Arnqvist 
and Rowe 2002) or aquatic beetles (Bergsten et al. 
2001). Odonates have two anal appendages, which 
are used to grasp the prothorax (Zygoptera) or 
head (Anisoptera) of females. These structures are 
species specifi c, and are therefore good taxonomic 
characters. In some Zygoptera, male anal append-
ages stimulate particular areas of the prothorax of 
the female, and may contribute to species recogni-
tion (Robertson & Paterson 1982). As far as we 
know, odonate genitalia do not have internal 
claspers used to secure females during copulation, 
but the hamuli (fi gure 15.2) could be externally 

used for this. Some stout spines found at the basis 
of the ligula, like in Ischnura (see fi gure 3 in 
Córdoba-Aguilar & Cordero Rivera 2008), might 
be an example of such structures. 

The second hypothesis has stimulated a fruitful 
fi eld of research in odonates. The pioneering work 
of Jonathan Waage and Peter Miller (among others) 
in the 1980s and 1990s, showed that the penis is 
covered by spines, oriented backwards, which trap 
sperm stored in the female genitalia (fi gures 15.3 
and 15.4) that can therefore be removed during 
copulation (Miller 1987b, 1991, 1995; Miller & 
Miller 1981; Waage 1979, 1984, 1986). In some 
cases, the penis lack spines, but is used to reposition 
rivals’ sperm far from the fertilization sites (Siva-
Jothy 1988). In other cases, spines are present but 
the penis cannot physically remove sperm from the 
spermatheca (Cordero et al. 1995). 

Predictions derived from sperm competition 
theory have been very successful at explaining odo-
nate genital diversity. In general, there is a good 
concordance between male genitalic structure and 
female sperm storage organs (Waage 1984). Two 
possibilities have been recognized. First, in many 
species, notably in the Calopterygidae and 
Coenagrionidae, the penis has a form and a size 
that enables males to situate the ligula well inside 
the females’ bursa copulatrix, and sometimes, sper-
matheca. In these cases, sperm competition theory 
predicts the evolution of spines and other structures 
that trap sperm and eject it to the outside during 
genitalic movements of stage I (fi gure 15.3c, d and 
15.4c). Second, in some cases males have genitalia 
that cannot be inserted inside the spermatheca, 
thereby making the presence of spines useless for 
sperm removal. Nevertheless, if male and female 
genitalia are in an evolutionary arms race, the evo-
lution of sperm storage organs in females that 
cannot be accessed by males, may explain cases of 
“useless” spines in males, as primitive characters 
that have not been lost possibly because selection 
against them is weak. 

Cryptic Female Choice: Tests, 
Predictions and Results

Females can exert postcopulatory choice only if 
males are unable to remove sperm from the bursa 
and spermatheca completely. The fact that many 
studies on odonate reproductive biology have 
reported that P2 values, the proportion of sperm 
fertilized by the second of two males mated to the 
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same female, is nearly 100% (for a review see 
Córdoba-Aguilar et al. 2003b) is strong evidence in 
favor of male control of fertilization, that is sperm 
competition. Nevertheless, the last male advantage 
is only clear when eggs are laid shortly after mating. 
The pattern is less clear for eggs fertilized some 
days after copulation (Cordero & Miller 1992;  
McVey & Smittle 1984;  Sawada 1998; Siva-Jothy 
& Tsubaki 1989). Behavioral studies have shown 
that females sometimes lay eggs without re-mating, 
even in the presence of territorial males (Siva-Jothy 
& Hooper 1996), and this is certainly common in 
species that lay eggs unguarded, like many Ischnura 
(Cordero 1994) or Calopteryx (Cordero Rivera & 
Andrés 2002;  Hooper & Siva-Jothy 1997; Waage 
1987). Therefore, the potential for cryptic female 
choice (CFC) in odonates is high. Cryptic female 
choice mechanisms are possible when some of the 
sperm stored inside the genitalic trait of females 
remain unreachable for males. The evolution of 
two sperm storage organs, the bursa and the sper-
matheca, is consistent with predictions of CFC 
theories (but certainly not the only possibility for 
females retaining some control of sperm stores).

Variation in copulation duration (fi gure 15.6) 
has been used to infer mechanisms of genital evolu-
tion (Córdoba-Aguilar & Cordero Rivera 2008). 
Cordero (1990) experimentally showed that copu-
lation duration in some damselfl ies varies with 
female mating history. Apparently males control 
copulation duration (Miller 1987a), and perform 
short copulations with virgin females and long cop-
ulations with previously mated females (Andrés & 
Cordero Rivera 2000; Cordero 1990). Males can 
physically remove sperm from both the bursa and 
the spermatheca(e), in only a fraction of odonate 
species. In these cases, females seem to have lost 
their control over fertilization, and male and female 
genitalia diversity is well explained by sperm com-
petition predictions.

In many cases, nevertheless, males have a spoon-
shaped ligula (fi gure 15.4c), as in the Lestidae (Uhía 
& Cordero Rivera 2005; Waage 1982), and some 
of the Coenagrionidae (Andrés & Cordero Rivera 
2000; Uhía & Cordero Rivera 2005), or short gen-
italic processes, that clearly cannot remove sperm 
from the spermatheca, as in the Platycnemididae 
(Uhía & Cordero Rivera 2005). Some species 
have no spermatheca (Uhía & Cordero Rivera 
2005). This diversity is well suited for controlled 
experiments to test predictions of CFC and sperm 
competition hypotheses. It is easy to see that if 

females do not have spermatheca, males can 
remove sperm from the bursa, and if sperm 
removal is fast, then males should not prolong cop-
ulation with mated females compared to virgins 
(fi gure 15.6; case of Lestes barbarus and L. virens). 
This assumes that sperm removal from the bursa is 
fast. This seems reasonable, because removing 
sperm from the bursa needs only 5 minutes in 
Ceriagrion tenellum (Andrés & Cordero Rivera 
2000), and Calopteryx males are able to completely 
empty the bursa in less than two minutes (Cordero 
Rivera et al. 2004). The behavior of species without 
a spermatheca and with a bursa accessible to male 
genitalia could be explained by sperm competition 
alone, which suggests that females have little con-
trol over the process. If sperm removal were slow, 
then males should mate for longer periods with 
mated females, to maximize the amount of sperm 
removed, irrespective of the presence/absence of 
spermathecae. We are unaware of any example of 
this in Odonata. On the contrary, if males cannot 
remove sperm from the spermatheca, but they 
remove it  from the bursa, then sperm competition 
predicts the same copulation duration with virgin 
and mated females, but cryptic female choice pre-
dicts longer matings with mated females, because 
males should perform “copulatory courtship” 
(Eberhard 1994) to increase their paternity success, 
that is, mated females can cryptically choose, but 
virgins do not (although if the virgin is going to 
store sperm before egg-laying she may choose later). 
In this case, the sperm stored in the spermatheca, 
which is inaccessible to male genitalia, is the key 
that allows females to exercise cryptic choice. There 
is experimental evidence in Coenagrionidae, 
Lestidae, and Platycnemididae in agreement with 
CFC predictions (fi gure 15.6; Uhía & Cordero 
Rivera 2005). 

Even after copulation females might exert cryp-
tic choice, for instance by selectively ejecting sperm 
from a particular male (fi gure 15.1f). The ejection 
of sperm after copulation has been overlooked in 
studies of odonate behavior, until Eberhard (1996) 
highlighted observations on Paraphlebia quinta 
females, that were seen to expel a drop of sperm 
after copulation (González Soriano & Córdoba-
Aguilar 2003). This led to further experimental and 
observational work that suggested this is a case of 
cryptic female choice of sperm (Córdoba-Aguilar 
2006). Even females of Ischnura graellsii have been 
observed to expel sperm after their fi rst mating, 
before oviposition, in a laboratory environment 
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(A. Cordero, personal observation). The control 
of sperm release from the spermatheca is so good 
that females have apparently evolved a mechanism 
by which they can control from which spermathecal 
duct they can eject more sperm, in C. haemorrhoidalis, 
a species whose females have two spermathecal 
ducts (fi gure 15.5) (Córdoba-Aguilar & Siva-Jothy 
2004). Nevertheless, this sperm ejection behavior 
could be a by-product of sperm competition, if 
females were simply ejecting the sperm removed by 
their mate during copulation (Lindeboom 1998). 
Future studies should use molecular markers to 
determine the identity of the sperm, by comparing 
DNA fi ngerprints of the last male and the ejected 
sperm. If a CFC mechanism is at work, then in 
many cases the sperm ejected should belong to the 
copulating male.

Sexual Confl ict: Tests, Predictions 
and Results

The interpretation of sexual selection as a confl ict 
of interests is not an alternative to the sperm 
competition and CFC. Rather, confl ict will be 

ubiquitous given that males and females have dif-
ferent interests. In some cases, males seem to be 
ahead in the interaction, and a sperm competition 
approach is then the best to explain and predict 
patterns (for instance in Ischnura graellsii; Cordero 
& Miller 1992). In other cases, although sperm 
competition, in the form of sperm removal, occurs, 
CFC mechanisms prevail (a good example is 
Ceriagrion tenellum; Andrés & Cordero Rivera 
2000). Nevertheless, there are some novel predic-
tions about genitalic evolution that cannot be 
derived from the male or female standpoint alone. 
From the previous discussion, the sperm stores in 
the spermatheca seem to be the focus of sexual con-
fl ict. Long term maintenance of sperm in this organ 
allows females to lay fertile eggs over their whole 
life, even after just one mating (Cordero 1990; 
Fincke 1987;Grieve 1937). Females can control 
which organ releases sperm during fertilization, 
and it has been shown that they use both organs in 
different contexts (Nakahara & Tsubaki 2007, 
Siva-Jothy & Hooper 1996). An elegant and recent 
paper on Ischnura senegalensis has revealed that the 
spermatheca is a safer place (in terms of mortality) 
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for sperm than the bursa, perhaps because sperm in 
the bursa are more likely to be removed (Nakahara 
& Tsubaki 2007). This may explain patterns of 
sperm use in this species in which females use bursal 
sperm immediately after copulation while sper-
mathecal sperm are used over the long-term 
(Nakahara & Tsubaki 2007). Furthermore, pat-
terns of sperm survival are associated with whether 
sperm are removed or not. In Mnais pruinosa, 
where spermathecal sperm is not removed, sperm 
survival in the spermatheca is reduced as compared 
to Calopteryx cornelia where spermathecal sperm 
are removed (Hayashi & Tsuchiya 2005). If males 
are able to reach the spermatheca to remove sperm, 
one possible evolutionary response by females is a 
reduction of the size of this organ, as it is no longer 
useful for sperm storage. This is what Hayashi and 
Tsuchiya (2005) found for Mnais pruinosa, where 
the spermatheca is almost vestigial. Nevertheless, 
other alternatives do exist that allow females to 
regain control: longer spermathecal ducts, which 
impede males from reaching the tip of the sper-
matheca (a likely case is Calopteryx splendens; 
A. Cordero, personal observations), the evolution 
of mechanical barriers in the ducts, larger sper-
mathecae internally convoluted, and so on. In any 
case, such an interspecifi c difference in the function 
of sperm storage organs suggests antagonistic coev-
olution between the sexes (Holland & Rice 1998) 
as females may derive benefi ts from storing sperm 
and such benefi ts are lost once males are able to 
have access to the spermatheca. In fact, a reduction 
in female mating rate has been associated with 
increased male ability to displace sperm (Córdoba-
Aguilar 2009). This means that when females 
accrue no more benefi ts of storing sperm, there is 
no need to mate multiply.

In relation to genitalic evolution, a straightfor-
ward prediction is that male traits that manipulate 
females in ways that reduce the female’s direct 
fi tness (Eberhard 2006), like reducing re-mating 
frequency, or increasing egg-laying even if this 
has survival costs for females, are to be expected. 
Examples are hooks and other structures that 
damage the internal female genital tract 
(Crudgington & Siva-Jothy 2000), or seminal prod-
ucts that are toxic to females (Rice 1996). 
Nevertheless, damaging females would be a bizarre 
male adaptation. Morrow et al. (2003) experimen-
tally showed in two beetles and Drosophila 
melanogaster that females do not delay re-mating 
or increase their reproductive rate after being 

harmed, but re-mate sooner and lay fewer eggs in 
some cases. This suggests that male harmful “adap-
tations” in the context of sexual confl ict are more 
parsimoniously explained as byproducts or pleio-
tropic side effects of other male adaptations.

Nothing is known about the composition of 
odonate ejaculates, but hooks and spines are 
common in the penis (fi gure 15.3 and 15.4). 
Nevertheless, these structures seem better explained 
as sperm removal devices rather than “sexual weap-
ons” in odonates. There is little evidence for nega-
tive effects on females of multiple mating, except 
in some polymorphic Ischnura (Cordero et  al. 
1998;Gosden & Svensson 2007; Sirot & Brockmann 
2001), and no evidence for genital damage during 
mating in odonates. Dunkle (1991) found dragon-
fl y females whose heads were damaged, presumably 
by the male abdominal appendages during mating 
attempts prior to secure tandem formation, but this 
would be a “weaponry” case for a non-intromittent 
genitalic trait. This topic merits further study.

Other Hypotheses: Lock and Key 
and Pleiotropy

Rooted in evolution textbooks and traditional evo-
lutionary thinking, is the idea that animals may 
continuously face the risk of mating with members 
of a different species. This should promote the evo-
lution of physiological, morphological and behav-
ioral traits aimed to reduce such risk and complex 
genitalia may be a such a set of traits (Dufour 1844 
in Mayr 1963). Complex genitalia, being species-
specifi c, prevent males from mating with females of 
different species. This lock and key hypothesis 
“purports to explain species-specifi c genitalic mor-
phology in terms of mechanical reproductive isola-
tion” (Shapiro & Porter 1989), and although 
defended by a few people (e.g., Nagata et al. 2007; 
Takami et al. 2007), has not been supported either 
by recent tests (Arnqvist et al. 1997; Arnqvist 1998; 
Arnqvist & Thornhill 1998), or by comparative 
evidence (Eberhard 1985). The lock and key 
hypothesis, however, has not been tested in odo-
nates. Watson (1966) in a study of the size of sec-
ondary genitalia in fi ve species of Tramea 
(Libellulidae), concluded that there is a clear cor-
relation between the size of male hamuli and female 
vulvar scales, and suggested that this is an example 
of a lock and key mechanism in the Odonata. This 
example is suggestive but manipulative experiments 
are needed for a formal test of the hypothesis. 
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On the other hand, Paulson (1974) performed 
experiments with fi ve species of male Coenagrionidae 
and ten species of females, and only in one of the 
possible combinations was the male able to achieve 
the tandem position easily, suggesting that the pri-
mary genitalia in this family may act as a mechani-
cal barrier to interspecifi c matings. 

In fact, there is evidence for a match between 
male anal appendages and female mesostigmal 
plates in the Zygoptera, acting as a mechanical bar-
rier to interspecifi c tandems (Robertson & Paterson 
1982), although it never prevents all interspecifi c 
tandems (Corbet 1999, reviewed in Utzeri & 
Belfi ore 1990). The fact that interspecifi c matings 
and hybrids (Leong & Hafernik 1992; Monetti 
et al. 2002; Tynkkynen et al. 2008) may be 
more common than usually thought, supports the 
assumption that there is a risk of heterospecifi c 
mating. 

Genitalia may have a role in avoiding heterospe-
cifi c matings, at least in those species that do not 
show pre-copulatory courtship. Whether the lock 
and key hypothesis can be the prime explanation 
for genitalic evolution in these animals is still open 
to discussion. It may also be that a lock and key 
process is incidentally reinforced by a sexual selec-
tion mechanism. It may actually be that the two 
mechanisms are not mutually exclusive. Take the 
case of two sister, sometimes sympatric, species for 
which interspecifi c matings and hybrids have been 
documented: Ischnura graellsii and I. elegans. It 
has been shown that these species produce hybrids 
and are undergoing an incipient isolation (Monetti 
et al. 2002). Thus, one would expect that there 
must be selection to avoid mating mistakes. There 
is evidence which suggests that secondary male gen-
italia in both species are under strong sexual selec-
tion (Cordero & Miller 1992;  Miller 1987a, b). 
But also, a lock and key mechanism may apply for 
the primary genitalia of these species: the protho-
racic tubercle of female I. elegans impedes males of 
I. graellsii from achieving a fi rm grasp for a pre-
copulatory tandem. As a consequence, these hybrid 
matings are almost never observed (Monetti et al. 
2002). The opposite is nevertheless not true: male I. 
elegans have no physical impediments in grasping 
female I. graellsii, and matings between the two 
species are frequent in the laboratory and the fi eld, 
resulting in viable hybrids (R.A. Guillén & 
A. Cordero, unpublished). 

The pleiotropy hypothesis supposes a non-
functional basis for genitalic traits. It implies that 

the same genes that control other adaptive traits, 
incidentally control genitalic morphology. Thus, 
genitalic evolution is driven by the evolution of 
other adaptive traits (Arnold 1973; Mayr 1963). 
Although this hypothesis is tremendously diffi cult 
to test, the few tests performed with insects have 
not rejected it (Arnqvist et al. 1997; Arnqvist & 
Thornhill 1998). In fact, in one group of Jamaican 
millipedes, this hypothesis seems to match the grad-
ual evolution of male genitalia (Bond et al. 2003).
Whether the pleiotropy hypothesis operates on 
odonate genitalic traits also needs to be checked 
although we cannot foresee an easy experimental 
test using these animals. (Evidence that specifi c gen-
ital traits are strongly correlated with fi tness would 
argue against a pleiotropy hypothesis).

SEASONAL EFFECTS: AN 
OVERLOOKED SOURCE OF 
GENITAL VARIATION?

Body size in insects is affected by seasonality: adults 
that emerge early in the reproductive season are 
larger than those emerging late in the season (Roff 
1980, 1986). This pattern is mainly due to the time, 
accrued food, and developmental strategies, that 
larvae use depending on when they were laid as 
eggs (for a review of this in odonates, see Stoks 
et al. 2008). In those temperate places in which ani-
mals have a restricted season (e.g., a few months), 
this effect is particularly strong as early emerging 
individuals have spent nearly a year as larvae. This 
has given them more time to acquire more food, 
unlike late emerging individuals which may have 
started and completed their development in the 
same season that they emerge. Little is known about 
the effect of this change on genital size and, if this is 
the case, how genital functions are affected. Some 
evidence in a dung fl y indicates that the seasonal 
effect may have an evolutionary impact on sperm 
competition: late emerging individuals have smaller 
testes which produce less sperm (Ward & Simmons 
1991). These late emerging males are less successful 
as in this species the more successful males are those 
that transfer relatively more sperm (Simmons &  
Parker 1992). A recent study in two calopterygids, 
Calopteryx haemorrhoidalis asturica and Hetaerina 
americana, has uncovered more details (Córdoba-
Aguilar 2009). These species vary considerably in 
the extent of their reproductive seasons: from three 
to four months for C. h. asturica and nearly the 
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whole year for H. americana. Since the width of the 
aedeagus is important in displacing sperm in both 
species (the wider the aedeagus, the more intense 
the stimulation, which induces females to eject pre-
viously stored sperm) and this trait correlates 
with body size, seasonality has extensive effects. 
Interestingly, larger males tend to obtain the territo-
ries in which females arrive to mate (for C. h. 
asturica see Córdoba-Aguilar 2009; for H. ameri-
cana see Serrano-Meneses et al. 2007) so that, in 
general, large males are more successful. However, 
early emerging males that gain a territory tend to 
mate with females that match their size, which is a 
situation different to late emerging males which 
mate with females that vary considerably in size (as 
different cohorts overlap) but in general are rela-
tively smaller. In fact, if one measures the sexual 
size dimorphism of mating couples over the season, 
skew toward larger males becomes more pro-
nounced at the end of the season. In terms of copu-
lation, this means that late in the season males with 
larger aedeagi with respect to the female zone that 
the aedeagus stimulates, become more successful in 
eliciting female sperm ejection than males early in 
the season (see fi gure 15.7). Thus, late in the season 
females are less able to keep away the sperm 
they stored. The fact that this pattern is consistent 
in two species that differ in the extent of their 

reproductive season, implies that this phenomenon 
may apply to other species including non-odonate 
species. In terms of sperm competition and/or 
sexual confl ict, then there will be varying regimes 
of selection intensity along the season and the 
female benefi ts of storing sperm and keeping it 
unreachable during male displacement will vary 
depending on when females emerge. In fact, late 
emerging females tend to mate less frequently and 
male harassment increases both as possible conse-
quences of the reduction in mating frequency 
(Córdoba-Aguilar 2009).

EVOLUTION OF GENITALIA AS 
AN ENGINE FOR SPECIES 
DIVERGENCE?

Genitalic diversifi cation has long ago been pro-
posed as an important engine for species divergence 
via sexual selection (Eberhard 1985). In many 
animal groups there is a general pattern for male 
genitalia to be more diverse than female genitalia, 
and this has been interpreted in terms of cryptic 
female choice (Eberhard 1996). In odonates, there 
is evidence for allopatric divergence of male and 
female genitalia in the Calopterygidae (Cordero 
Rivera et al. 2004). The genus Calopteryx has been 
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enlightening in this respect. Research in different 
species has shown that males have evolved different 
genitalic morphologies aimed to displace spermath-
ecal sperm (but never seem able to remove all) and 
that, due to sexual co-evolution, there may be rep-
resentatives of different “situations”. For example, 
in C. maculata, the penis is narrow enough to pen-
etrate the spermatheca and remove the sperm 
located in this site (Córdoba-Aguilar 2003b; Waage 
1979). This does not apply to C. splendens 
xanthostoma where the ligula is larger than the 
spermatheca (Córdoba-Aguilar 2003b) which 
explains why males cannot remove the sperm 
present in this organ (Siva-Jothy and Hooper 1996). 
These differences are not only inter- but also intra-
specifi c. In C. haemorrhoidalis, there is variation in 
sperm displacement mechanisms with males of 
some populations being able to displace spermathe-
cal sperm while in other populations, males are 
unable to do so (Cordero Rivera et al. 2004). These 
interpopulational differences are only present in 
genitalia and not in other traits which suggests that 
sexual selection, at the copulatory level, has been 
key in species divergence. It may be that post-copu-
latory sexual selection may be stronger than pre-
copulatory sexual selection and this is why the 
evolution of genitalic traits has been the engine of 
species divergence. This idea can be tested now 
with the genus Calopteryx where information is 
available as to characters being selected during pre- 
(i.e., pigmentation; Córdoba-Aguilar & Cordero 
Rivera 2005) and post-copulatory events.

CONCLUSIONS AND 
SUGGESTIONS FOR 
FUTURE RESEARCH

Although it seems that sexual selection, particularly 
sperm competition, is an important force shaping 
genital morphology and function, other selective 
forces cannot be disregarded. Other sexual selec-
tion forces are cryptic female choice and sexual 
confl ict. A similar argument can be made for natu-
ral selection hypotheses, especially the lock and key 
hypothesis. Further investigations should test 
hypotheses from both sexual and natural selection. 

Our knowledge of genital functional morphol-
ogy is still rather poor for many families of 
Anisoptera (but see Pfau 2005; for a comprehensive 
work see Siva-Jothy 1997), and this is especially 

true for females. Another research priority is tropi-
cal families, and also species-poor and primitive 
taxa, like the Hemiphlebiidae or Petaluridae. 
Furthermore, study of the genital morphology of 
highly diverse and localized taxa, like Megalagrion 
in Hawaii (Polhemus and Asquith 1996) or 
Nesobasis in Fiji (Donnelly 1990), both with more 
than 20 species, would be appropriate tests of 
hypotheses of genital evolution and speciation on 
islands. 

As we have mentioned above, there is limited 
evidence for mating frequency having negative 
effects on females, and we lack direct evidence for 
genital damage, two predictions derived from 
sexual confl ict hypotheses, and therefore open to 
future studies. Finally, the lock-and-key and pleiot-
ropy hypotheses are still not formally tested with 
odonates, a group that offers high rewards for 
future studies of genital diversity.
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