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Sexually antagonistic coevolution in insects is associated
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Abstract

Morphological traits involved in male—female sexual interactions, such as male
genitalia, often show rapid divergent evolution. This widespread evolutionary
pattern could result from sustained sexually antagonistic coevolution, or from
other types of selection such as female choice or selection for species isolation.
I reviewed the extensive but under-utilized taxonomic literature on a selected
subset of insects, in which male—female conflict has apparently resulted in
antagonistic coevolution in males and females. I checked the sexual
morphology of groups comprising 500-1000 species in six orders for three
evolutionary trends predicted by the sexually antagonistic coevolution
hypothesis: males with species-specific differences and elaborate morphology
in structures that grasp or perforate females in sexual contexts; corresponding
female structures with apparently coevolved species-specific morphology; and
potentially defensive designs of female morphology. The expectation was that
the predictions were especially likely to be fulfilled in these groups. A largely
qualitative overview revealed several surprising patterns: sexually antagonistic
coevolution is associated with frequent, relatively weak species-specific
differences in males, but male designs are usually relatively simple and
conservative (in contrast to the diverse and elaborate designs common in male
structures specialized to contact and hold females in other species, and also in
weapons such as horns and pincers used in intra-specific battles); coevolu-
tionary divergence of females is not common; and defensive female divergence
is very uncommon. No cases were found of female defensive devices that can
be facultatively deployed. Coevolutionary morphological races may have
occurred between males and females of some bugs with traumatic insemin-
ation, but apparently as a result of female attempts to control fertilization,
rather than to reduce the physical damage and infections resulting from
insertion of the male’s hypodermic genitalia. In sum, the sexually antagonistic
coevolution that probably occurs in these groups has generally not resulted in
rapid, sustained evolutionary divergence in male and female external sexual
morphology. Several limitations of this study, and directions for further
analyses are discussed.

related species (West-Eberhard, 1983; Eberhard, 1985;

Introduction Andersson, 1994). Traits such as courtship songs and
Traits specialized for male—female interactions have long male genitalia are often key traits for distinguishing
been known to commonly show rapid and divergent species (e.g. Mayr, 1963) (Fig. 1). This rapid divergence

evolution, and thus to differ even among closely has enabled taxonomists to use these structures as key
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traits for distinguishing species, and there is an immense,
but under-utilized taxonomic literature, which allows
surveys of the evolutionary patterns in these and other
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diverge rapidly continues to be debated (e.g. Hosken &
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Stockley, 2004). One currently popular hypothesis,
sexually antagonistic coevolution, is based on the fact
that the reproductive interests of a female are seldom
completely congruent with those of the males that
attempt to mate with her. In general, mating is less
advantageous for females than for males. In some cases
selection has led to males that manipulate (or attempt to
manipulate) females in ways that reduce the female’s
direct fitness (i.e. the number of surviving offspring)
(Chapman et al., 2003). When such a male trait arises,
selection is expected to favour female abilities to reduce
the damaging male effects. This can result in a coevolu-
tionary arms race between the sexes, leading to the
‘cyclical chases” of Parker (1984), the ‘evolutionary
chases” of Alexander et al. (1997), and the ‘chase away’
of Holland & Rice (1998). If in such coevolutionary
chases neither male nor female traits result in a stable
solution to the problems posed by the other sex,
extended coevolution could thus explain the rapid
divergent evolution that is so common in morphological
and behavioural traits involved in male—female interac-
tions. In addition, frequent divergence among closely
related species is expected, because the particular male or
female traits favoured in a given evolutionary lineage
depends on the traits of the other sex in the same lineage.
Inasmuch as there are differences in either sex among
lineages, this selection is likely emphasize the differences.

These theoretical predictions have been discussed
repeatedly (Alexander efal, 1997; Holland & Rice,
1998; Arnqvist & Rowe, 2002a,b; Chapman et al., 2003;
Rowe & Arnqvist, 2002), and are supported by some
experimental evidence (Martin & Hosken, 2003). On the
other hand, some theoretical discussions (Parker, 1979;
Moore & Pizzari, 2005; Rowe efal, 2005) have

Fig. 1 Different degrees of intra-generic dif-
ferences (upper case) and complexity (lower
case) of male genitalia. Each set of three or
four consists of different congeneric species
(after Eberhard, 2004a): (a) Selenodon
(Coleoptera: Cebrionidae) (from Galley,
1999); (b) Trichogramma (Hymenoptera:
Trichogrammatidae) (from Pinto, 1998); (c)
Pheidole (Hymenoptera: Formicidae) (from
Ogata, 1982); (d) Hexagenia (Ephemeroptera:
Ephemeridae) (from Burks, 1953); (e)
Apantania (Trichoptera: Limnephilidae)
(from Malicky, 1983); (f) Periplaneta (Blatte-
ria, Blattidae) (from Walker, 1922); (g) Aedes
(sub. gen. Paraedes) (Diptera: Culicidae).
These categories were used to classify male
structures in Figs A2-6 and A9 (Appendix)
with respect to intra-generic differences and
complexity.

emphasized that one sex may often win out in such
coevolutionary battles: ‘the zone of positive payoffs of the
sex” with the higher cost function ‘...could be a relatively
small one’ (Parker, 1979 p. 157). Male—female antagon-
istic coevolution is only likely when there are certain
balances in the relative power of each sex to control the
outcome of conflicts (e.g. asymmetries in the cost
functions of Parker, 1979). Sustained rapid divergent
evolution in male and female morphology when sexually
antagonistic coevolution occurs has been documented in
a few cases (Arnqvist & Rowe, 2002a,b; Rowe & Arnqvist,
2002).

There are other possible explanations for the trend
toward rapid evolutionary divergence of sexual traits,
including sexual selection by female choice and selection
for reproductive isolation, and there is currently sharp
disagreement over the relative importance of the
different hypotheses for explaining patterns of rapid
divergent evolution (Alexander et al., 1997; Eberhard,
1997, 2004a, b; Arnqgvist & Rowe, 2002a,b; Chapman
et al., 2003; Cordero & Eberhard, 2003,2005; Pizarri &
Snook, 2003; Arnqvist, 2004; Hosken & Snook, 2005;
Crudgington et al., 2005). Empirical tests are thus of
interest.

Previously I attempted to test sexually antagonistic
coevolution and female choice ideas empirically by
surveying groups with rapid divergent morphological
evolution. I checked to see if such groups tend to have
traits that increase the chances for male—female conflict
(Eberhard, 2004a), and have the predicted antagonistic
designs (Eberhard, 2004b). Both these types of evidence
suggested that sustained sexually antagonistic coevolu-
tion of morphology is uncommon. The approach in this
review is the inverse. I review groups in which there are
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especially good reasons to suppose a history of sexually
antagonistic coevolution in morphology associated with
males grasping and perforating females, and ask whether
their male and female external morphology shows three
characteristics predicted by such coevolution: rapid
divergent evolution and morphological elaboration of
male structures that are specialized to interact with the
female in ways that may reduce her reproductive
potential (grasp or perforate her); rapid divergent evolu-
tion of the corresponding female structures that are
contacted by the male; and species-specific ‘defensive’
designs of female structures that can reduce the cost
imposed on the female by the male species-specific
structures. Female designs allowing facultative female
defence against males (e.g. spines that can be erected,
moveable hoods), and thus allow the female to avoid
excluding all males (also surely disadvantageous) were
considered especially likely. The expectation was that the
predictions would be particularly likely to be fulfilled in
these groups.

The review thus does not question whether or not
sexually antagonistic coevolution ever occurs (this seems
quite likely in some groups); rather, it asks what happens
to male and female morphology when it does occur. If
these species with sexually antagonistic coevolution are
associated with the expected patterns in males and
females, the argument that sustained antagonistic coev-
olution has been of general importance in generating
observed cases of rapid divergence will be strengthened.
Conversely, lack of such association would strengthen
alternative hypotheses such as female choice, which
predict frequent (though not necessarily complete) lack
of species-specific female structures, and frequent selec-
tively cooperative rather than defensive female designs
(Eberhard, 1985, 2004b).

Materials and methods

Taxonomic literature was checked in groups for which I
found data suggesting antagonistic coevolution of males
and females. Several of these groups (Gerris waterstrid-
ers, dytiscid beetles and bed bugs) have been men-
tioned by others as possible examples of sexually
antagonistic coevolution; others were discovered during
reading for other projects. In order to be included in
this study, a taxon had to fulfil three criteria: there was
some reason to believe that females typically suffer
direct costs in their reproductive output due to mating
(e.g. reduced survivorship or fecundity); males possess
structures that are specialized for interactions with
females and whose apparent function could be contrary
to the female’s interests (either grasping her, or
penetrating her body in nongenitalic areas); and some
aspect of female morphology (e.g. the area where the
specialized male structures seized her) or her behaviour
is modified in a way that indicates that females have
evolved to adjust to the male structures. I attempted to

Divergence due to antagonistic coevolution 3

include all the groups with the strongest evidence of
morphological sexually antagonistic coevolution. I
excluded a number of other groups (other beetles,
flies, bees and spiders) in which specialized male
structures may be damaging to females but in which
there is no evidence that female morphology has
responded evolutionarily to the male structures (see
‘Other groups’ in the Appendix).

The results for most groups are illustrated with draw-
ings from taxonomic papers and are also intended to
function as data documenting different degrees of com-
plexity of design, using the scale (‘very simple’ to ‘very
complex’) employed in a previous publication (Eberhard,
2004a) (Fig. 1). Similarly, the degree of difference
between congeneric species was rated from ‘very small’
to ‘very clear’ (Eberhard, 2004a) (Fig. 1). The figures
thus allow the reader the opportunity to see first hand
both the degree of differences between congeneric
species and higher taxonomic categories, and the overall
complexity of the male structures. It should be kept in
mind that some drawings are ‘sketches’ to illustrate
salient details that are important for distinguishing
species, rather than complete detailed portraits (compare
Figs A6 and A7). Both design complexity and species
differences were estimated qualitatively; I did not
attempt to quantify these aspects of form, to avoid the
illusion of precise quantification. Differences in the
degrees of morphological detail that different taxono-
mists include in their drawings (again see Figs S6 and S7)
preclude simple, straightforward analyses of drawings
from different sources. In addition, there is no guarantee
that such quantification, and the statistical tests derived
from it, reflects the aspects of the structures that are
biologically most important (Eberhard, 2004a) (see
‘Limitations and future directions” below).

Results

The evidence regarding the three predictions for rapid
divergence in 13 different groups under sexually antag-
onistic coevolution is summarized in Table 1. Detailed
presentations of the evidence for sexually antagonistic
coevolution and figures that document much of the
evidence are given in the Appendix. Several additional
groups not included in Table 1 are also discussed there
(‘groups not included’).

Discussion

General trends

The most important trends in Table 1 are the following:
(1) the male morphological traits involved in antagonistic
sexual interactions tend to be species-specific, as predic-
ted by the hypothesis that they are the result of sustained
sexually antagonistic coevolution (there are, however,
some exceptions); (2) the male traits tend to have
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structurally simple designs, contrary to expectations from
sustained sexually antagonistic coevolution and (3) the
female morphological traits that interact with these male
traits do not tend to be either species-specific in form, or
to be defensive in design (again with a few exceptions),
contrary to expectations under sustained sexually antag-
onistic coevolution. These trends and their implications
will be discussed in turn (Glossina flies are omitted,
because there are strong indications that the species-
specific aspects of their male genitalia function as
stimulators rather than as restraining devices — see
Appendix).

Species-specificity of males

Taxonomists have generally used the morphology of
specialized male grasping and perforating structures that
are involved in possible conflict with females in the
groups of this study to distinguish congeneric species.
Major exceptions are the genitalia of polyctenid bugs and
front tarsi of dytiscine beetles; there are also exceptions
in the genitalia of some smaller groups (e.g. the cimicid
genus Cacomus in Fig. A5, the strepsipteran genera
Acroschismus and Pseudoxenos in Fig. A10). If one calcu-
lates totals using families as units (see below), conserva-
tively counting families in which only some genera show
species-specificity as showing species-specific male struc-
tures, rapid divergent evolution of male genitalia is
lacking in only 2 of 17 families (12%). This fraction is, as
predicted by sexually antagonistic coevolution, lower
than that of 29% of the 328 genera in a general survey of
insects (Eberhard, 2004a), although the difference is not
statistically significant (P = 0.12 with a chi-square test).
The lack of species-specificity in the tarsi of male
dytiscine beetles is especially puzzling, as the defensive
elytral sculpturing of females in this subfamily is diverse,
and also more likely to have evolved as a defence against
males than the female traits of most other groups
(Table 1, Appendix). Perhaps the large intra-specific
variation in female sculpturing (Miller, 2003), or incon-
sistency in the portions of the female’s anatomy that the
male grasps, are related to this lack of male diversity.
Further observations of behaviour might help clear this

up.

Complexity of male morphology

With the exception of Lucilia flies (below), the groups
examined here seem to show relatively simple male
structures to manipulate females. This structural simpli-
city contrasts with the often elaborate, species-specific
male morphology that is common in other groups in
male structures that are specialized to contact females in
sexual contexts (Eberhard, 1985, 2004a,b; Fig. 1). The
trend to male simplicity is especially clear in the two
large groups with traumatic insemination, cimicoid bugs
and Strepsiptera. The male genitalia of both of groups are
secondarily reduced and simplified, and have independ-
ently lost structures that are present in relatives. In most
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cimicoids one paramere has been reduced or lost, and the
phallus (which is quite complex in many related groups —
see Schuh & Slater, 1995) has been reduced and been
incorporated in a highly simplified form in the remaining
paramere. There is debate regarding the identity of the
closest relatives of strepsipterans (Kithirithamby, 1989),
but regardless of whether their closest relatives are
Coleoptera or Hymenoptera strepsipteran male genitalia
are clearly secondarily simplified, (e.g. Tuxen, 1970).
These reductions stand in contrast with the extraordin-
ary diversification in other groups that include new
genitalic articulations, processes, muscles, etc. (Tuxen,
1970; Wood, 1991; Sinclair et al.,, 1994; Cummin et al.,
1995).

These impressions can be expressed in terms of the
arbitrary scale used to estimate the degree of difference
among congeners and the overall complexity of male
genitalic structures in a previous study of 304 genera of
insects (Fig. 1). Estimates using the same scale (Fig. 1) of
the degree of difference among congeners that are
illustrated in 24 genera in this study (Figs A1-8, A10)
were biased toward smaller differences (Fig. 2a), especi-
ally toward ‘very small’ and ‘small’. Similarly, estimates
of the complexity of the male structures illustrated in 53
genera in this study (counting those included in
Figs A1-8, A10), were strongly biased toward simpler
designs (Fig. 2b). In other words, the males of the species
of this study, which are especially likely to be undergoing
sexually antagonistic coevolution, seem to have smaller
rather than larger differences between congeneric spe-
cies, and simpler rather than more complex male
genitalic structures. My categories are admittedly sub-
jective, and some discrimination, such as those between
simple and very simple, for example, could surely be
contested (the reader is invited to make his or her own
classification). But a general trend seems clear: relatively
simple designs predominate in the groups in which
sexually antagonistic coevolution is likely to be occur-
ring.

This male conservatism is presumably dictated to at
least some extent by the invariant laws of mechanics
that will determine the abilities of different male designs
to grasp or penetrate females. A stabbing function, for
instance, can usually best be accomplished by a struc-
ture with a dagger-like design. What is striking about
the structures discussed here is the contrast they show
with other groups of insects in which male damage to
the female is improbable or at least less certain. The
male structures such as genitalic claspers in many of
these groups are confronted with similar mechanical
challenges, but are nevertheless more diverse in design.
Simple mechanical tasks are not necessarily associated
with simple, conservative designs. For instance,
throughout the nematocerous Diptera the apparent
mechanical function (as opposed to possible stimulating
functions) of the male gonostyli is to seize and hold
onto structurally simple portions of the female’s
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Fig. 2 Distributions of subjective evaluations of the degree of intra-
generic differences (a) and the structural complexity (b) arranged in
order of increasing differences (a) and complexity (b) in a sample of
304 insect genera compared with the 53 genera illustrated in this
study (Figs 2-10) (in a, VS, very small; S, small; MS, medium small;
MCL, medium clear; CL, clear and VCL, very clear; in b, vs, very
simple; s, simple; ms, medium simple; m, medium; mc, medium
complex; ¢, complex and vc, very complex). Combining VS and S,
MS and MCL, and CL and VCL in a, y*> = 14, d.f. = 2, P < 0.001;
combining vs and s, ms, m, and mc, and ¢ and vc in b, 3* = 44,
d.f. =2, P<0.001.

abdomen (studies of 10 species in five families -
Eberhard, 2004a; see also Wood, 1991); generally the
gonostyli grasp intersegmental membranes of the
female. Despite this simple mechanical task, the gono-
styli of nematocerans are usually species-specific in
form, and in some cases extraordinarily elaborate (‘Gs’
in Fig. 1g). These ‘excesssively’ elaborate designs con-
trast with the relatively simple, largely utilitarian
designs of the male structures in the present study.
Other, nongenitalic male grasping structures (e.g. the
front legs of male sepsid flies that clasp the female’s
wings — Eberhard, 2001) also often have apparently
‘overly’ elaborate or diverse designs for their apparently
simple mechanical functions of clasping relatively
invariant portions of the female (Eberhard, 2004b).
Nor can the conservativism of the male structures in
this study be easily attributed to the possibility that the
females of these groups put up greater resistance,
because it also contrasts with the diversity of weapons
that are used for similar mechanical functions (grasping
and perforating) in male-male battles (below).

The three predictions of sexually antagonistic coevo-
lution are most clearly met in the blowfly genus Lucilia.
But the antagonistic nature of male—female coevolution
in this group is less convincing than in several others.
Losses to the female from mating have not been
demonstrated and it is possible that female Lucilia gain
rather than lose from responding to the ability of the
male genitalia to increase the access of male seminal
products to the female’s body cavity (Eberhard, 1997;
Cordero & Eberhard, 2003,2005). It is also possible that
the male genitalia of Lucilia have evolved under
selection to stimulate the female rather than (or in
addition to) opening holes in the lining of her
reproductive tract.

Species-specific, defensive female morphology

In most groups, female morphology was neither species-
specific nor defensive. In only 4 of 12 groups in Table 1
do females have corresponding species-specific external
morphology; and in only two (Gerris waterstriders and
dytiscine water beetles) is it clear that female traits are
defensive in design (I have counted the morphology of
cimicids, anthocorids and plokiophilids as nondefensive,
because it offers no defence against the types of damage
known to result from traumatic insemination such as
breaks in the cuticle and infections — see Stutt & Siva-
Jothy, 2001; Reinhardt ef al., 2003; Morrow & Arnqvist,
2003; and the Appendix). Species-specific female defen-
sive traits may well probably also occur in Lucilia
blowflies (thickening of the lining of the female repro-
ductive tract where male serrate structures contact it),
although species-specificity has yet to be shown, because
female defence has been checked in only a single species.
The lack of similarly defensive female traits is clear in
most other groups, including several genera of orthop-
terans, and the groups with larger numbers of species
(the four families of cimicoid bugs, the eight families of
strepsipterans) (Appendix). Paradoxically, from the point
of view of avoiding the potential damage from traumatic
insemination, females of some Cimicidae, Anthocoridae
and Plokiophilidae have apparently ‘cooperative’ struc-
tures such as grooves or copulatory tubes that receive the
male’s penetrating genitalia, instead of structures such as
reinforced cuticle, erectable spines or flaps or other
modifications that would shelter sites of possible penet-
ration, and would thus make it more difficult for males to
damage the female with their genitalia. Contrary to
expectations under sexually antagonistic coevolution,
not a single facultative female defensive structure was
found in any group.

One untested hypothesis is that females benefit from
facilitating male penetration in certain areas because
they are better able to deal with the resulting physical
damage at these sites. The reason that males would use
these female sites rather than other parts of her body is
still not clear. The hypothesis (Morrow & Arnqvist, 2003)
that cimicid males use female grooves to minimize
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damage to their mates, orienting their genitalia toward
the portion of the female (the spermalege) best able to
resist the damage caused by intromission overlooks the
fact that the spermalege also kills a large fraction of the
sperm that it receives (Carayon, 1966). In cimicids, and
some anthocorids and plokiophilids, the diversity of
female internal structures, combined with the lack of
diversity of external structures (Appendix), suggest that
females have evolved to control sperm or seminal
products rather than physical damage. These adaptations
could be favoured to exercise female choice; or, if
seminal products damage the female’s reproductive
output (Morrow & Arnqvist, 2003), they could be
favoured to defend against this damage. There are
preliminary hints that the same combination of external
uniformity and internal diversity may occur in strep-
sipterans, but further work is needed to test this. In sum,
the females of cimicids and their allies have not been
engaged in coevolutionary morphological races to defend
against those costs of traumatic intromission that have
been clearly demonstrated: physical damage, and per-
haps increased risks of associated infections (Reinhardt
et al., 2003).

Implications

The trends in Table 1 are compatible with models of
male—female conflict that predict only short bursts of
antagonistic coevolution (Parker, 1979; Rowe et al.,
2005), with one or the other sex often winning out;
they do not fit predictions of sustained, long-lasting
evolutionary races between males and females
(Alexander ef al., 1997; Holland & Rice, 1998; Chapman
et al., 2003). This conclusion is in accord with the results
of previous empirical surveys that tested other sexually
antagonistic coevolution predictions using other evi-
dence from morphology (Eberhard, 2004a,b). By elim-
ination, this strengthens other possible explanations for
the tendency toward rapid, sustained divergent evolution
of traits like male genitalia, such as female choice and
selection for species isolation. The conclusion that sex-
ually antagonistic coevolution has not been sustained
and common does not imply that it has never had
important evolutionary etfects (even in groups in which
it does not presently occur) (Eberhard, 2004b). Rather it
implies that it has not been responsible for the sustained
rapid, divergent evolution so typical of these particular
types of traits.

The mechanical lock-and-key version of species isola-
tion, already weakened by the results of numerous other
studies (summaries in Eberhard, 1985, 2004b; Shapiro &
Porter, 1989; Arnqvist, 1998), is further weakened by the
lack of complementary female modifications in some of
the groups discussed here. The lack of a female ‘locks’ is
particularly clear in tsetse flies (Appendix), and in several
groups that were excluded from inclusion in Table 1
(‘other groups’ in Appendix). It is also suggestive in
Strepsiptera, although female morphology has not gen-
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erally been described in fine detail in this group (see
Appendix).

Other intra-specific weapons

If the male traits examined here are correctly interpreted
as male weapons to overcome the female in male—female
battles (with the tse-tse flies likely exceptions), then
other weapons, such as those used by males in intra-
specific battles with other males, offer an interesting
comparison. Again the results are a surprise. There is a
sharp contrast between the conservatism documented
here in these traits, the small numbers of groups in which
females avail themselves of external defences, and the
simple designs of the female traits (e.g. Fig. A9a), as
compared with the frequently species-specific diversity
and complexity that characterizes weapons such as the
antlers and horns of ungulates and beetles (Arrow, 1951;
Geist, 1966; Otte & Stayman, 1979; Enrodi, 1985), and
the cerci of earwigs (Brindle, 1971,1976) (also often used
as weapons in male-male battles — Moore & Wilson,
1993; Briceio & Eberhard, 1995). This contrast is
especially striking given the fact that both sets of male
traits function to solve similar mechanical problems, such
as seizing or stabbing another animal (e.g. Geist, 1966;
Eberhard, 1979,1980).

It is not obvious why the weapons used in male-male
and male-female contexts should show different pat-
terns of evolution. One possible answer is related to the
possibility that females can ‘gain by losing” in male-
female conflicts over reproduction: the very male traits
that reduce a female’s immediate reproductive output
can increase the reproductive success of her genes in her
male descendants (Eberhard, 2005). This effect could
limit the intensity of selection on females to resist
damage from male weapons, and thus possibly reduce
divergence under sexually antagonistic coevolution.
A second possibility (D. Hosken, personal communica-
tion) is that in a male’s battles with females, too much
escalation could result in lost fitness for both sexes (a
male can ‘lose by winning” if he inflicts too much
damage on his mate). A male battling with another
male, in contrast, does not experience this limitation.
Another possible factor is that, if the balance of costs and
benefits is appropriate (Cordero & Eberhard, 2005),
females could use male weapons to bias female choice
decisions. Further work will be needed to resolve these
questions.

Conflict and the two-dimensional lives of water
striders

The behaviour and morphology of Gerris water striders,
which have been widely cited in discussions of sexually
antagonistic coevolution, contrast with some of the
findings reported here. Females in many of the groups
examined here lack species-specific, antagonistic
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adjustments to male morphology. Gerris females, in
contrast, show several independent signs of defensive
coevolution with male morphology; these have
been documented especially thoroughly by the work of
Arngvist & Rowe (2002a,b)) and their collaborators
(Appendix). Why this difference?

Gerris has been proposed; appropriately I believe, as a
model group for male—female conflict. But it may be that
Gerris, and other insects such as veliid bugs that live on
the surfaces of streams and lakes and that also show signs
of sexually antagonistic coevolution (Arnqvist, 1997), are
a special case and are not representative models for male—
female interactions. The reason is that the water surface
is a strictly two-dimensional habitat, and thus offers
relatively little opportunity for physical escape by the
female (Spence & Anderson, 1995). In addition, the sites
on the water surface that can be occupied profitably
by these insects are often limited (e.g. patches with
appropriate current velocities), further reducing the
opportunity for females to avoid unwanted male
advances. More frequent male harassment could increase
the intensity of selection favouring defensive female
morphological adjustments to male morphology. The
behaviour of some tropical gerrids, which jump off the
water surface to sit on overhanging rocks when they
have captured food (W. Eberhard, unpublished), and
thus avoid harassment and possible robbery, evidences
this problem. The possible relation between two-dimen-
sional habitats and male-female conflict could be tested
by checking the groups of gerrids and veliids that are not
strictly associated with the water surface; they should
present fewer signs of sexually antagonistic coevolution
than groups limited to the water surface.

Limitations and future directions

The criterion that I used for rapid divergence of a
particular structure (whether or not taxonomists utilize
the structure to distinguish congeneric species) has the
possible drawback that taxonomists may have sometimes
‘over-used’ genitalia. Because male genitalia have proven
so important in many insect groups, genitalia may have
sometimes been included in species descriptions even
though these genitalia have not diverged particularly
rapidly compared with other traits (e.g. Hausmann, 1999;
Huber, 2003,2005; Eberhard, 2004a). Such a bias could
lead to overestimates of the frequency of relatively rapid
genitalic divergence. One way to compensate for this
possibility is to reclassity those groups in which there are
only small or subtle differences, and count them as
lacking differences between species (Eberhard, 2004a).
This would result in concluding that most of the groups
discussed here lack of species-specificity, because the
intra-generic differences in most groups are small. This
conclusion would constitute another failure to fit with
the predictions of sustained sexually antagonistic coev-
olution. T believe, however, that this adjustment is

inappropriate, because taxonomists specifically singled
out male genitalia as useful characters for distinguishing
species in several groups with especially small intra-
generic differences in male genitalia (cimicids, strepsip-
terans — see Appendix).

A second problem concerns sample size and phylo-
genetic inertia. The groups discussed in this paper include
approximately 114 genera with between 500 and 1000
species (in 6 orders and 17 families). This seems like a
large sample; but the traits of many of these genera are
undoubtedly not completely independent of each other
because many are closely related. I have distinguished 13
groups in Table 1, on the basis of taxonomic affinities and
the amount of information available (combining groups,
such as the different families of Strepsiptera, with less
complete information). But perhaps, to take one
extreme, the four-cimicoid bug families that have trau-
matic insemination should be taken as single case. Or, in
the other direction, perhaps the eight families of strep-
sipterans should be counted separately. Combining
groups can lead to errors of interpretation when the
traits involved are prone to evolve rapidly (Lossos, 1999).
Such a tendency toward rapid evolution is, of course, a
hallmark of male genitalia; so large scale lumping seems
inappropriate. The recognition of 13 groups probably
underestimates rather than overestimates the number of
effectively independent groups. I would not claim that
the grouping in Table 1 is the only reasonable way to
classify the data. But, in the end, I believe this is not
crucial, because alternate possible classifications will
yield the same qualitative trends: widespread but relat-
ively weak divergence in males; general lack of rapid
coevolutionary divergence in females; and even more
pronounced lack of defensive female designs. Future
studies using methods that adjust for possible phylo-
genetic inertia could be used to test these conclusions.

Still another potential weakness of the analyses is the
supposition that female morphology (rather than, say,
female behaviour) is likely to often respond coevolutio-
narily to changes in male morphology. Perhaps, for
instance, females usually respond to changes in male
morphology with species-specific changes in their beha-
viour rather than in their morphology (Eberhard &
Pereira, 1996; Eberhard, 2004b). A priori, the possibility
of consistent behavioural rather than morphological
coevolutionary female responses seems unlikely, because
such a trend would leave unexplained why females
should fail to use effective and cheap morphological
counter-adaptations, such as simple erectible spines, that
would fend off the male. Note also that female resistance
per se is not enough to constitute a sexually antagonistic
coevolution explication for species-specific morphology
in the male: the female behaviour must vary in species-
specific ways that are appropriate as adaptations against
the species-specific aspects of the male traits. To my
knowledge, the potentially important possibility of
species-specific female defensive behaviour patterns that
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have evolved in response to species-specific male struc-
tures has never been documented. Details of female
resistance behaviour have seldom been explored, how-
ever, despite the relative ease with which they could be
studied. This represents an important direction for future
research.

Additional, more quantitative analyses could provide
further tests of some of the trends noted here. For
instance, there are techniques of morphological analysis
that allow one to quantify the overall degree of difference
between species (Arnqvist, 1998; Arnqvist & Thornhill,
1998). I was unable to see how to structure such analyses
to place appropriate emphases on the biologically
important aspects of different structures. But others
may be more successful, especially if they build on
detailed studies of the behaviour and functional mor-
phology of particular groups.

Nearly all the data used here concern only external
morphology; this may be a serious limitation, at least in
groups with traumatic insemination. Female internal
morphology and perhaps physiological processes are
diverse and possibly complex in Cimicidae (Carayon,
1966). There are hints of similar diversity in some other
groups with traumatic insemination, such as anthocorid
bugs and Strepsiptera (e.g. female cells that engulf sperm
in strepsipterans — Beani et al., 2005). Special attention to
discriminating female modifications that are appropriate
to deal with sperm (a possible result of sexual selection
by cryptic female choice) from those designed to deal
with the physical damage and infections that can result
from traumatic insemination (an expected result of
sexually antagonistic coevolution) could help distinguish
between the two hypotheses. Detailed studies of female
reproductive anatomy and its mesh of the male genitalia
during copulation in Lucilia and perhaps other blowflies
such as Calliphora (see Graham-Smith, 1939) would also
be of great interest.

Last, but not least, this review calls attention to the
huge, largely ignored data bank on morphological evo-
lution that is available in the taxonomic literature.
Where else could one ever aspire to review data on
literally hundreds of closely related species? These data
have limitations and possible biases that need to be taken
into account (Huber, 2003; Eberhard, 2004a). But their
taxonomic range is unparalleled. This review was limited
to insects. Similar reviews of the literature on other
groups, such as onychophorans, leeches, and mites (all of
which have traumatic insemination in some species),
could provide independent tests of the conclusions
presented here.
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Appendix

Lucilia (CL-mc)

@@ﬁw

fumicosta infernalis graphita richardsi caeruleiviridis

TS 9
sericata D— "“’_‘@7
thatuna

caesar papuensis % - mexicana
N . cluvia
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VAN purparescens
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regalis silvarum
~N _
— T e
ampullacea pophyrina pilosiventris bufonivora eximia

Fig. A1 The male aedeagus in 22 species of Lucilia blowflies (Diptera: Calliphoridae). In at least two of these species, L. sericata and L. cuprina
(Lewis & Pollock, 1975; Merrett, 1989), the passage of male accessory gland material through the lining of the female’s reproductive tract is
facilitated by holes made in the lining of the female’s reproductive tract by teeth on the aedeagus (from Aubertin, 1933) (estimates of intra-
generic differences in upper case, complexity in lower case).
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Glossina
(C-mc)
fusca
group
] connecting
palpalis membrane
group
™ tooth
) connecting
morsitans membrane
group

median lobe

Fig. A2 The male cerci (superior claspers) of one species from each of the three species groups of Glossina tsetse flies (Diptera: Muscidae) (from
Buxton, 1955). As shown in Fig. S3, the drawings are considerably simplified (estimates of intra-generic differences in upper case, complexity
in lower case).

Fig. A3 SEM portraits (two different magnifications) of teeth and setae on the distal margins of the cerci of male Glossina morsitans that press
against the ventral surface of the female abdomen during copulation.
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(?-vs)

Fig. A4 Coercive male structures (stippled). (a). The abdominal hooks in Gerris odontogaster aid the male in remaining mounted when the

female struggles to dislodge him (after a photograph by G. Arnqvist). (b) ‘Gin trap’ of male Cyphoderris strepitans, in which the two pairs of teeth
pinch the female and enable the male to hold on more firmly (after Sakaluk ef al., 1995). (c) Powerful pinching cerci of the male tettigoniid
Anonconotus alpinus (after Vahed, 2002). (d) Tong-like cerci of the male tettigoniid Meconema thalassinum (after Harz, 1957) (estimates of intra-

generic differences in upper case, complexity in lower case).

U

- %)
5, ¢
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i
Cacomus ' Aphrania
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Fig. A5 A sample of male genitalia (the hypodermic left paramere) (black) in four genera of the bedbug family Cimicidae (from Usinger, 1966)

(estimates of intra-generic differences in upper case, complexity in lower case).
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Anthocoridae

\p =7 @Z N B N
‘-‘. /\Y Tetraphleps %fﬂ

_ Acompocoris
Temnostethus (MS-ms) &/ (M-ms)
(CL-ms) vj
Elatophilus

(S-s)

’&%

Anthocoris
(CL-ms)

m&/@
g ~=
Nﬁ/ﬁm/%

Xylocoris
(CL-ms)
Xyloe(cqo_g;)ns Dufouriellus Cardiastethus M
? (?-s) (?-s) M
N~ Brachysteles
(VS-vs)

Xylocoridea (?-s)  Dysepicritus (?-vs)  Scoloposcelius (?-s)

Fig. A6 A sample of male genitalia (the hypodermic left parameres) in the family Anthocoridae (Hemiptera) arranged by taxonomic affinities.
There are differences, but the basic design is relatively uniform. Tight groups are genera; less tightly grouped drawings are subfamilies (from
Pericart, 1972) (estimates of intra-generic differences in upper case, complexity in lower case).
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2

galactinus

nigromar iJatus

Xylocoris (M-s)

sordidus

17

Fig. A7 Internal genitalic morphology of females (left and center columns) and corresponding external male morphology for three species

(right column; parameres black) of anthocorid bugs (Hempitera) in the genus Xylocoris (from Carayon, 1972) (estimates of intra-generic

differences in upper case, complexity in lower case).
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Embiophila

; ; - Plokiophiloides (males)(M-s
(males)(?-s) Lipokophila (males)(CL-ms) )J(M-s)

S
P.asolen P.biforis

L.chinai

cop. tube cop. tube

E.myersi E.africana 7 . ! = ; &/
4 Embiophil L. stys.l _ L.chinai scats P.asolen P -bi O”_S _ P.tubifer
mbiophiia Lipokophila Plokiophiloides

(females) (females) (females)

Fig. A8 Male genitalia (above) and female abdomens in dorsal view (below) of three genera of plokiophilid bugs. Male parameres and female
copulatory tubes (‘cop. Tube’) are black; ‘scars’ are wounds from intromissions by males; a =

male aedeagus (estimates of intra-generic differences in upper case, complexity in lower case; these estimates are based on the portions of the
male that apparently contact the female — the parameres and the aedeagus).

opening of
brood canal

Fig. A9 SEM portraits of the female genital opening (brood canal) (left), and male genitalia (right; ‘aed” = aedeagus) in the strepsipteran X.
vesparum (from Beani et al., 2005), showing the simple morphology of males and females.
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Stylopidae :
Stylops Cl(':’i)mgf)ordia Xenos Pseudoxenos Schistosiphon
(MC-ms) ’ (?-vs) (VS-vs) (2-ms)
Halictoxenos
(?-vs) Ophthalmochlus —
(?-vs) Acroschismus Eupathocera
(VS-s) (?-vs)
Apractelytra
(?-vs)
Myrmecolacidae .
Myrmecolax Lychnocolax Stichotrema Mengenelhdae
(S-s) (MS-ms) (7-ms) Mengenilla
(?-vs)
\ Rh/p/docolax
Caenocholax ; (?-ms)
&) Corioxenidae ' Elenchidae (|
’ Triozocera Uniclavus Elenchus
(?-vs) (?-vs) (2-vs)
Halictophagidae
Halictophagus Membraciphaga Dipterophagus Stenocranophilus NEO:/'IO/&X
(S-vs) (2-s) (2-s) (2-s) (?-vs)

Fig. A10 A sample of male aedeagi in 24 genera of six families of Strepsiptera (solid lines separate families; the drawings in line to the right of
each genus name are the aedeagi of different species in that genus (from Pierce, 1909; Bohart, 1941,1951; Kithirithamby, 1989) (to different
scales) (estimates of intra-generic differences in upper case, complexity in lower case).

Diptera

Lucilia blowflies

These flies fit the predictions of rapid divergence resulting
from sustained sexually antagonistic coevolution more
clearly than any other group in this study. The aedeagi of
male Lucilia sericata and Lucilia cuprina have arrays of
jagged teeth that open holes in the lining of the female’s
reproductive tract, especially in the area where the male’s
accessory gland products are deposited (Lewis & Pollock,
1975; Merrett, 1989). These holes probably facilitate
movement of male seminal products into the female’s
body cavity, where they produce inhibition of female
remating (Smith et al., 1989,1990). In L. cuprina, appar-
ently the only species studied in this respect, females have
an apparent defence against the male: the lining of the
female’s reproductive tract duct is thickened in the area
where the male-induced damage occurs (Merrett, 1989).
The physical separation of this site from the site where the

male’s sperm are deposited makes it clear that the female
design is to specifically defend against the male’s seminal
products, rather than his sperm. As predicted by sexually
antagonistic coevolution, the male aedeagus morphology
in Lucilia is species-specific; the toothed area shows
differences in both form and location in ditferent species
(Fig. A1; Aubertin, 1933).

There is one major uncertainty regarding the occur-
rence of sexually antagonistic morphological coevolution
in Lucilia. Tt is not known whether the walls of the
reproductive tracts of females of different species are
thickened at sites that correspond with the sites where
the teeth on the male genitalia are brought to bear during
copulation (or, possibly in cases in which males are
‘ahead’ of females, at sites where the teeth of ancestral
males caused damage). The precise fit between the
thickened wall and the male teeth of L. cuprina indicates,
however, that such species-specific fits probably also
occur in other species.
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Glossina tse-tse flies

The well-studied genus Glossina has just over 20 species
in three species groups (Potts, 1970). Males have
powerful genitalic structures, the highly modified cerci
(‘superior claspers’), that clamp the female’s abdomen
during the approximately 20 min copulation (Vander-
Plank, 1949; Jaensen, 1970). The male cerci exert
substantial pressure, causing a sharp, deep inward fold
in the ventral surface of the female’s abdomen (Vander-
Plank, 1949; Squire, 1951). The powertul and potentially
damaging nature of the male cerci is illustrated by the
fact that in experimental cross-specific matings of one
pair of species, the males drove the tips of their cerci
completely through the female’s abdomen and out her
dorsal surface (the females died, apparently as a result)
(VanderPlank, 1948). In some species (but not others)
mated females have brown patches of damaged cuticle
where the cerci of conspecific males grasped them
(Squire, 1951; W. Eberhard, unpublished observation of
Glossina palpalis, brevipalpis, fuscipes, morsitans and pallid-
ipes). In two species groups the male cerci have sharp tips
(Fig. S6), and the female in one species (G. palpalis) has a
pair of cushions on the ventral surface of her abdomen
that appear designed to reduce the damage from the
male’s cerci (Squire, 1951). Thus there is evidence of
defensive coevolution in female morphology with that of
males.

The morphology of the cerci of male Glossina, especially
of the distal portion that presses the female abdominal
wall inward, is elaborate and quite distinct in different
species, especially in the forms and patterns of bristles
and setae (Figs A2, A3). To this extent, Glossina fits the
predictions of sexually antagonistic coevolution. But in
most species there are no corresponding female traits that
would explain the evolution of species-specific male
cercus traits. Traits on the female’s ventral abdominal
surface, where the male cerci grasp her in apparently all
the species in the genus, have not been used to
distinguish tse-tse species (Potts, 1970). The mechanics
of the male’s powerful grip also imply that the species-
specific male traits cannot be explained by differences in
female resistance behaviour (Eberhard, 2004b). Further-
more, both behavioural and morphological details sug-
gest that rather than being weapons to overcome female
resistance, as supposed under the sexual antagonistic
coevolution hypothesis, the cerci of male tse-tse flies
are instead stimulatory devices. Close observation of
copulation in several species (G. pallidipes, G. morsitans,
G. palpalis, G. fuscipes, and G. brevipalpis) revealed that the
male’s cerci squeeze the female rhythmically, for many
minutes at a stretch during copulation (Bricefio et al., in
preparation). The movements are complex, including at
least two different types, and the patterns of squeezing
behaviour ditfer between species (Bricefio & Eberhard, in
prep.). Several patches on the male genitalia of elongate
or dense setae are exactly aligned with and rub against

membranous portions of the female during copulation,
giving still further evidence of a stimulatory function
(Bricefio et al., in preparation). Checks of events inside
the female’s reproductive tract (where other male gen-
italic structures are inserted) (Bricefio et al., in prepar-
ation) showed that the male’s external clasp and the
squeezing movements do not obviously mechanically
facilitate intromission or ejaculation (which occurs only
during the last 30 s of the copulation — Jaensen, 1979;
Leegwater-van der Linden & Tiggleman, 1984). Mechan-
ical stimulation during copulation increases the likeli-
hood of ovulation (Saunders & Dodd, 1972), and may
also inhibit female remating (Gillot & Langley 1981). The
exact nature of the stimuli involved is yet to be
determined.

In sum, the structurally diverse, and apparently mani-
pulative and potentially damaging male genitalia in
Glossina, and the female defensive cushions in one
species fit sexually antagonistic coevolution predictions.
But female counter-adaptations that would be expected
under sustained sexually antagonistic coevolution to
explain many male traits are lacking in the rest of the
genus. In addition, the apparently stimulatory use and
design of the male genitalia during copulation suggests
that the species-specific male morphology functions to
stimulate rather than to simply grasp the female. The
overall fit with sexually antagonistic coevolution predic-
tions is poor.

Heteroptera

Gerris water striders

An especially strong case has been made for antagonistic
morphological coevolution in the water strider genus
Gerris (Arnqvist, 1989; Arnqvist & Rowe, 2002a,b).
Dorsally projecting spines near the female’s genitalia
are elongated to different degrees in different species, and
have independently become especially elongate in Gerris
incognitus and odontogaster. Longer female spines impede
male attempts to clamp the tip of the female’s abdomen
with his (Arnqvist & Rowe, 2002a,b). Such clamping
helps the male hold onto the female during her energetic
struggles after he mounts, and is a necessary prelude to
intromission. The possibility of an evolutionary arms race
between male and female morphology is directly
supported by four types of data: interspecific compar-
isons; facultative changes in behaviour; experimental
phenotypic manipulations; and measurements of costs
and benefits. There is a correlation in the relative
development of different male and female structures. In
the male these include ventral flattening of the abdomen,
elongate clasping genitalia, and more powerful front legs;
possible defensive traits of the female that enhance her
ability to dislodge mounted males include a downward
tilt of her abdomen tip, elongate abdominal spines, and
more powerful front legs. An independent-contrasts
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analysis based on a robust phylogeny (Damgaard &
Sperling, 2001) showed that changes in male and female
traits probably coevolved as predicted.

Further indications of antagonistic coevolution in
Gerris come from experiments demonstrating female
defensive attributes: male ability to remain mounted
decreased when the female traits were experimentally
accentuated, and increased when they were reduced
(Arnqvist, 1989; Arnqvist & Rowe, 1995). Females
benefit from resisting mounts, as predation risk increases
sharply when the female is mounted by a male (Rowe,
1994). Females also modulate their resistance in pre-
dicted ways (summarized in Rowe et al., 1994; Arnqvist,
1997), and a possible measure of the degree of mismatch
between changes in male and female morphology was
correlated with several behavioural variables related to
male—female conflict (Arnqvist & Rowe, 2002a). Beha-
vioural evidence ruled out the possibility that differences
were due to interspecific differences in optimum female
remating rate (Rowe & Arnqvist, 2002). In sum these
data strongly indicate an important role for antagonistic
coevolution in the evolution of some aspects of male and
female morphology in Gerris, even though possible
benefits to the female of morphological and behavioural
resistance obtained via superior sons (Cordero &
Eberhard, 2003; Kokko et al., 2003; Pizzari & Snook,
2003) have not been taken into account.

With respect to morphological evolution, two of the
expectations from sexually antagonistic coevolution are
met: male and female morphology has coevolved; and
female designs are appropriate to defend against male
traits. The third expectation, of morphological diversity,
is less clearly fulfilled. The morphological designs of both
sexes of Gerris are relatively simple and practical
(Fig. A4).

Bedbugs and allied groups with hypodermic
insemination

Cimicidae

Another heteropteran group in which sexually antag-
onistic coevolution has been thought to occur is the
family Cimicidae. This small family of ectoparasites of
mammals and birds comprises about 30 species in
5 genera (Usinger, 1966; Pericart, 1972; Schuh & Slater,
1995). Males use their hypodermic-like genitalia to
inject semen directly into the female’s body cavity,
rather than deposit it in her reproductive tract. Know-
ledge of copulation and subsequent events in the female
is largely based on the extraordinary studies of Carayon
(summary in Carayon, 1966). Damage to the female
that results from copulation can reduce her longevity
and her reproductive success (Mellanby in Carayon,
1966; Stutt & Siva-Jothy, 2001; Reinhardt et al., 2003;
Morrow & Arnqvist, 2003). Copulation produces
external damage (punctured female membranes or
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sclerites) and infections; it is not sure whether it also
results in other internal damage.

Given this damage, the expectation is that rapid
divergence resulting from sexually antagonistic coevolu-
tion would produce evolutionary races between female
traits that make it difficult for a male to produce damage
(insert his genitalia), and male traits that overcome these
female defences. Contrary to this expectation, neither sex
shows much external diversification, and female external
morphology is not defensive. Male genitalia are second-
arily reduced, and relatively uniform and simple. The
right paramere has been lost, and the vesica, which is
elaborate and diverse in related bugs such as Pentato-
moidea that lack traumatic insemination, is reduced and
incorporated in the remaining paramere (Schuh & Slater,
1995). The left paramere is a structurally simple, sharp,
and thin (Fig. A5). The parameres of closely related
cimicid species differ only in minor details (Fig. A5), and
are not used to distinguish species in some genera
(Usinger, 1966).

The modifications of female external morphology are
also modest, generally in the form of a depression or
fissure in the posterior border of the segment covering
the membranous site of intromission. Their designs are
not obviously defensive (e.g. the slit guides and receives
the male’s genitalia) (Usinger, 1966). The possibility that
the physical damage from intromission (measured as
mean cumulative egg production) is minimized when it
occurs at this site rather than others on her abdomen was
supported by the results of one study with experimental
treatments mimicking intromission in Cimex lectularius
(Morrow & Arnqvist, 2003), but not by another
(Reinhardt et al., 2003). Female modifications are diver-
gent enough to place most species to genus; in one genus,
Leptocimax, the female genitalia are distinctive in each
species (Usinger, 1966).

Female bedbugs do have defensive structures, but
they consist of internal chambers and ducts (the
‘paragenitalia’) that receive the sperm after they have
entered, and that kill them (Carayon, 1966). The
embryonic derivation of the female’s paragenitalia from
cells that are normally used in fighting off infections
(Carayon, 1966), and the high mortality of the sperm
that enter them support the hypothesis that they
evolved as defensive adaptations. The spermalege and
the associated structures in the paragenital system
provide ‘the best and most fundamental’ characters
for cimicids (Usinger, 1966). Females thus seem to
have evolved diverse defences against male’s semen (or
the associated infections?), but, not against the struc-
ture that inflicts the external damage — his paramere.
Unless these internal female traits somehow reduce the
costs of the physical damage and infections that result
from traumatic insemination, they fit more readily with
cryptic female choice mechanisms to control paternity,
than with sexually antagonistic coevolution mecha-
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nisms to reduce male-inflicted damage to their repro-
ductive output.

In sum, expectations under sexually antagonistic
coevolution are not met in bedbugs. Male—female conflict
of interests occurs, but it has resulted in only limited
divergence (especially modest in the males), and in
female structures that are not apparently designed as
expected to prevent damage from being stabbed by the
male. It appears that females have evolved to control
fertilization and or internal infections rather than intro-
mission (Reinhardt et al., 2003).

Anthocoridae

Several major aspects of genitalic evolution are similar in
the related, larger family Anthocoridae (approximately
450 species), in which traumatic insemination also
occurs. Males also have secondarily reduced, asymmet-
rical hypodermic genitalia (Pericart, 1972; Schuh &
Slater, 1995). The right male paramere is greatly reduced
or absent, and (except in one subfamily) the aedeagus is
simple and resides in a groove in the left paramere, with
which the male stabs the female. The females of many
groups have derived abdominal ‘copulatory tubes’ into
which males introduce their genitalia, while in others the
male inserts his genitalia through her abdominal wall. As
illustrated in Figs A6 and A7 (see also Carayon, 1972;
Kelton, 1978; Gross, 1955a,b), the pattern of evolution of
male genitalia resembles that in cimicids in that they are
relatively simple in design throughout the family. They
appear to have diverged more consistently, as they are
often used to distinguish congeneric species (Gross,
1955a,b; Herring, 1967; Carayon, 1972; Pericart, 1972;
Kelton, 1978).

Neither the external female genitalia nor the female
paragenitalia are illustrated in most taxonomic literature
on anthocorids, indicating that at least the external
female morphology is relatively uniform (female internal
structures are likely to have been checked less often, for
practical reasons, so it is not possible to make confident
statements about them). Less complete data suggest that,
as in cimicids, internal female structures are diverse, in at
least some groups (Fig. A7). Also as in cimicids, the
external female modifications (grooves or tubes to
receive the male genitalia) seem ‘cooperative’ rather
than defensive (although they might be damage control
devices-see Discussion). No facultatively deployable
defences such as erectable setae near intromission sites
are known. Still another similarity with cimicids is that in
at least some groups, internal female structures are
divergent. In Xylocoris, spermalege structure is especially
useful for phylogeny and classification (Carayon, 1972).
In this same genus the left paramere is useful for
discriminating species (Carayon, 1972) (Fig. A7),
although the differences in the subgenus Proxylocoris
(not illustrated here) are subtle and require careful
examination from different angles (Carayon, 1972).
Perhaps further detailed studies of the internal female

morphology of other anthocorid genera will uncover
similar internal female diversity.

Polyctenidae

The lack of diversification of male hypodermic genitalia is
especially clear in this small family (<30 species) of bat
ectoparasites, Polyctenidae. Males have lost their right
parameres, and the aedeagus is simple and associated
with the left paramere, which is inserted into the female.
In a worldwide revision of the family, Ferris & Usinger
(1939) found that ‘the genitalia of the males throughout
the group seem to offer no aid in generic or specific
identification” (p. 25). Other taxonomists have also failed
to use male genitalia to distinguish species (Ronderos,
1960; Ueshima, 1972). Female genitalia have also not
been used.

Plokilophilidae

Hypodermic insemination also occurs in the small family
Plokiophilidae (in 1975 the total number of species was
10 in four genera). The male genitalia are less derived
than in cimicids, as both parameres are present and are
only weakly asymmetrical, and the phallus (aedeagus) is
symmetrical and free of the parameres (Fig. A8). The
females of some species have simple, paired ‘copulatory
tubes’ that open on the dorsum of the abdomen to
receive the male genitalia. There is no modification of the
female’s external surface associated with her copulatory
tubes (Fig. A8). Other species lack copulatory tubes, and
the male genitalia puncture the soft dorsum of the
female’s abdomen, leaving copulatory scars (Fig. A8)
(Carayon, 1975; Schuh & Slater, 1995).

The male genitalia are generally useful in distinguish-
ing species, but are structurally simple, and the differ-
ences are relatively small (e.g. parameres ‘nearly straight’
vs. ‘mearly straight but apically decurved’ in different
Lipokophila—Eberhard et al., 1993) (also Fig. A8); differ-
ences are lacking in some congeneric species. Female
copulatory tubes are simple in form, but are located at
different sites on the abdomen in ditferent genera; they
are also species-specific in some groups (Fig. A8). In
Plokiophiloides the length of the copulatory tube correlates
with the length of the male’s phallus, but not of his
parameres; in Lipokophila the relationship is reversed, as
their length correlates with that of his parameres
(Fig. A8).

Coleoptera

Dytiscinae

Another group with apparent sexually antagonistic
coevolution (Chapman et al., 2003) is the taxonomically
well-studied diving beetle family Dytiscidae. The front
tarsi of the males in some groups of the subfamily
Dytiscinae have evolved, sucker-like ‘disc’ setae, with
which the male adheres to the female’s elytra as she
swims (Aiken & Kahn, 1992). Mounting is probably
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costly for the otherwise rapidly swimming female, as
pairs are probably able to swim less rapidly. Males of the
few species whose behaviour has been studied appar-
ently mount passing females without preliminaries, and
females resist energetically (Aiken, 1992). Pairing can last
up to 10 h (Aiken, 1992).

Following the evolutionary origin of male disc setae,
females in five different lineages independently evolved
coarse (‘rugose’) elytral sculpturing, which is probably a
defensive trait that reduces the strength of the male’s
adhesion (Miller, 2003). The type of sculpturing
(multiple ridges, grooves and pebbly) differs in different
genera; in some genera (Hydaticus, Hyderodes, Acilius,
Dytiscus) several species have rugose females. Some
aspects of sexual interactions need further study (inclu-
ding the force of male adhesion to different types of
elytra, the effect of mounted males on female swimming,
the significance of dimorphisms in female elytral rugos-
ity, and the possibility that female ‘resistance” behaviour
serves instead to screen males). Nevertheless, it appears
very likely that morphological antagonistic coevolution
has occurred between males and female in these dytis-
cines (Miller, 2003).

Surprisingly, from the point of view of antagonistic
male—female coevolution, this male—female conflict and
the diversity of female morphology has led to only very
limited divergence in male grasping structures. In one
species, Graphoderus zonatus, the frequency of rugose
females in different lakes was positively correlated with
the number and size of disc setae in males from the same
lakes, as expected if male and female traits are coevolving
(Bergsten et al., 2001). There are also some inter-generic
differences in male tarsi (Halvarsson, 2001), and the
largest ditferences in male front tarsi are between species
with females, which have rugose rather than nonrugose
elytra. In general, however, the male front tarsi of
dytiscines are not species-specific (Larson et al.,, 2000;
Halvarsson, 2001). Male front tarsi are not useful in
distinguishing species in several genera with rugose
females, including Hydaticus (Roughley & Pengelly,
1981), Acilius (K. Miller, 2002), and Dytiscus (Roughley,
1990) (species have instead generally been distinguished
using male genitalic differences). Consultation with
expert dytiscid taxonomists (K. Miller, J. Bergsten, in
press) confirmed that the lack of use of male front tarsi to
distinguish species is not due to taxonomists having failed
to check them for useful characters.

Strepsiptera

In nearly all the species of this small order of insect
parasites (about 300 species), the larva-like adult female
remains inside the host, with only the nearly featureless
anterior end of her puparium (her ‘cephalothorax’)
protruding to the outside (Fig. S9). Copulation is trau-
matic in the sense that the male introduces his sperm into
the female’s haemocoel, which contains her eggs. The
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male inserts his genitalia through an opening of the
‘brood canal’ on the female’s anterior surface, a structure
that is unique to Strepsiptera. This opening may have
coevolved with the males’ traumatic insemination. How-
ever, the offspring also emerge here (Hughes-Schrader,
1924), so the opening could have evolved in the context
of birth rather than mating. Males of Xenos vesparum
sometimes deposit sperm through this opening into the
brood canal (Beani et al., 2005). The inner end of each of
the several internal branches of the brood canal lead to
the haemocoel and is covered by a delicate epithelium
that is only one cell thick (Hughes-Schrader, 1924);
individual sperm cells presumably pass through this
covering. In other cases, the male’s aedeagus perforates
the wall of the brood canal near the external opening, and
introduces his sperm directly into the haemocoel (Lauter-
bach, 1954). Males generally die within a few minutes
after copulating (Kithirithamby, 1989, Beani et al., 2005).
In two species (Coriophagus rieki and Stichotremia dallotor-
reanum), the male’s aedeagus sometimes remains in the
female after copulation (Kithirithamby, 1989).

The genitalia of male strepsipterans are reduced,
having lost all structures (such as parameres) other than
the aedeagus itself (Kithirithamby, 1989) (Fig. A9). The
aedeagus is often used to distinguish species, but it is
relatively simple and only moderately divergent
(Fig. A10). Kithirithamby (1989) qualifies its usefulness:
‘the aedeagus can, to a certain extent, be used for
taxonomic differentiation of species’ (p. 57). While in the
family Myrmecolacidae, ‘the most constant specific
characters are to be found in the aedeagus and the legs’
(Bohart, 1951, p.84), in some genera of other families the
differences are quite small (e.g. Acroschismus, Pseudoxenos
in Fig. A10).

Female genitalic structures in Strepsipera are even less
diverse. While the outline of the female cephalothorax is
relatively constant within a species (Kithirithamby,
1989), the external opening of the brood canal seems
not to show any modification (Riek, 1973), and it has not
been used as a taxonomic character, contrary to expec-
tations under sexually antagonistic coevolution. There is
no sign that female designs are potentially defensive. The
number and arrangement of the inner ducts of the brood
canal (which are beyond the reach of the male’s
aedeagus) vary widely among families (Riek, 1973). This
diversity may be similar to that of the internal female
structures of bedbugs, but I was not able to find data to
determine whether these female traits vary among
closely related species.

In sum, the strepsipterans are reminiscent in several
ways of cimicoid bugs. Male genitalia are secondarily
simple and only weakly differentiated; it is possible that
internal female structures that handle sperm are diverse.
Contrary to the expectations from sexually antagonistic
coevolution, the external female morphology is basically
unmodified; it is even less diverse than that of the
cimicoids.
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Orthoptera

Tettigoniidae

Additional cases of likely male—female conflict involving
aggressive male structures occur in some orthopterans in
which males have strong clasping organs that appear to
be used as weapons to overcome female resistance. These
include two or three genera of katydids, each in a
different subfamily: Anonconotus, Meconema and possibly
Uromenus (Vahed, 1996,2002) (Fig. A4). Male—female
conflict is suggested in Anonconotus by two facts: males
attack females without any preliminary luring (in most
katydids the male lures females by singing); and the male
seizes (and sometimes injures) the soft cuticle on the side
of the female’s abdomen with his short, powerful pointed
cerci (Fig. A4b), then gradually works his cerci rearward
toward the tip of her abdomen (Vahed, 2002). Conflict
over copulation is suggested in Meconema by the fact that
after the male lures the female from a distance by
drumming on the substrate, he fails to give her the
nuptial gift (a spermatophylax) that is transferred to
the female by the males of most other katydids (the
spermatophylax is probably ancestral in katydids, and
protects the male’s sperm from being eaten by the female
before they enter her reproductive tract — Vahed, 1997;
Gwynne, 2001). The duration of genitalic coupling after
the male inserts his spermatophore into the female is
unusually long in both Meconema and Uromenus rugosi-
collis, which also has a reduced spermatophylax (Vahed,
1996,1997). The male Meconema clasps the female
unusually strongly, clamping her abdomen and ovipos-
itor with his front legs, his mouthparts, and his unusually
long, curved cerci. These males thus appear to delay
female ingestion of the sperm-containing portion of the
spermatophore by force, rather than with the gift of a
spermatophylax. The male cerci of other groups of
katydids are typically shorter, and do not encompass
the female’s abdomen - Rentz, 1972; Vahed, 1996).
Females of both Anonconotus and Meconema kick, bite,
and drag males about in apparent attempts to free
themselves during copulation (Vahed, 1996, 2002). A
final indication of male-female conflict in Anonconotus
and U. rugosicollis is that the male’s basal cercal tooth is
inserted into the female’s abdominal membrane, rather
than into the usual pocket near the female’s subgenital
plate (the ‘copulatory groove’). In other katydids this
groove functions as a ‘selectively cooperative’ structure
that receives this tooth and helps lock the pair together
(Renz, 1972). Cercal teeth are not present in Meconema
(K. Vahed, personal communication), and, at least in
U. rugosicollis, the copulatory groove is missing in the
female (Nadig, 1994; K. Vahed, personal communica-
tion).

This morphological conflict with females has appar-
ently not led to rapid divergent evolution in male
Anonconotus. The male’s clamping cerci have apparently
not diverged rapidly, as they are not used to separate

species; instead male genitalic ‘titillators’ (which are
moved rhythmically during copulation in some tettig-
oniids — Vahed, 1997), and the size and shape of the
elytra and the body are most important (Carron et al.,
2002). On the female side, the cerci seize otherwise
featureless membranous areas on her abdomen (Vahed,
2002), so antagonistic coevolution of this portion of the
female’s body seems not to have occurred. The genus
Meconema has only two described species (in both of
which males may impose costs on females — Vahed,
1996). The cerci are relatively simple in form (Harz,
1957; Fig. S4), but are longer in one species than the
other (Vahed, 1996). The male cerci of Uromenus are also
simple in design, but are important in distinguishing
species (Nadig, 1994). The female’s ‘copulatory groove’
differs between species in a complementary manner
(Nadig, 1994). The female designs (grooves) are appro-
priate to facilitate the male’s grasp on the female
(‘selective cooperation’), rather than to defend against
male grasps.

Haglidae

A similar male-female conflict occurs in the cricket
Cyphoderris strepitans. Experimental modification of the
male’s abdominal gin trap, two pairs of teeth that close
against each other to pinch the female (Fig. S4c), showed
that the trap’s ability to hold the female has an important
role in preventing her from escaping when the male is
unable to feed her a sufficiently large nuptial meal
(Sakaluk et al., 1995). Again, the male structure has a
mechanically simple utilitarian design. As in Meconema, it
is difficult to evaluate the relative rate of divergence of
gin trap designs compared with other traits, because
Cyphoderris has only three species (Dodson et al., 1983),
and the behaviour of the other two apparently has not
been described.

Male pinching structures occur in five orthopteran
families (Sakaluk et al., 1995), and prolonged copula-
tion (and thus possible male-female conflict) also
occurs in scattered groups in five families (Vahed,
1997; Wedell, 1998); further comparative study of
ensiferan clasping structures and associated behaviour
would be of interest.

Groups not included in Table 1

There are several other groups that represent independ-
ently derived cases of apparent male—female morpholo-
gical conflicts that were not included, due to their lacking
signs of morphological female antagonistic coevolution.
Both Callosobruchus (bruchid) and Metrioidea (chrysom-
elid) beetles (Crudgington & Siva-Jothy, 2000; Flowers &
Eberhard, in press) have male genitalic traits that inflict
physical damage on the female (pierce her bursal wall).
The available data on divergence in these male genital
structures (not completely satisfactory, because the male
structures are drawn in their folded rather than their
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unfolded, exerted state), suggests that, at least in the
bruchids, they have species-specific forms (Kingsolver,
1999; Tuda, 2003). However, the information available
on the female morphology of these groups (one species of
Callosobruchus, two species of Metrioidea) gives no sign of
female coevolution. The bursal walls of the females show
no obvious thickening or other signs of the coevolution
expected under sexually antagonistic coevolution to
reduce male damage (Crudgington & Siva-Jothy, 2000;
Flowers & Eberhard, in press).

Similarly, sharp aedeagal scales and bristles on the
genitalia of the sepsid fly Sepsis cynipsea may damage the
lining of the female’s vagina (Blanckenhorn et al., 2002),
but again the female lining is apparently unmodified. In
addition, judging by the strong general morphological
similarity of male and female S. cynipsea with the closely
related Archisepsis (W. Eberhard, unpublished), the site
where the male spines mesh with the female during at
least most of copulation is probably far from the site
where damage was observed (Eberhard & Huber, 1997),
so the male spines may not produce this damage. The
male chelicerae of the spider Physocyclus globosus may rub
setae off of the female’s genitalia when the male squeezes
her with his pedipalps (Peretti & Eberhard, in prepara-
tion), but the setae on the female epigynum do not differ
dramatically among species (they have not been studied
carefully, however — B. Huber, personal communica-
tion). In the distantly related spider Nesticus cellulanus, a
portion of the male genitalia obligatorily penetrates the
female epigynal cuticle during copulation (Huber, 1993);
the female cuticle at the site of damage is contrary to
antagonistic coevolution expectations for female
defences thinner than in adjacent areas. It is not clear,
however, that this penetration causes a reduction in
female reproductive potential. Males of Bombus bumble-
bees leave copulatory plugs in females, and it is possible
(though not certain) that the plugs reduce female ability
to remate (Duvoison et al., 1999), which is advantageous
to her (Baer & Schmid-Hempel, 1999). It has long been
known, however, that there are no species differences in
the relatively featureless area of the female abdomen in
Bombus where some species-specific male genitalic
structures make contact during copulation (Richards,
1927); the possibility that the spermatophore itself is
species-specific in form and that the site on the female
that is contacted by the spermatophore shows modifica-
tions remains untested.

In spite of the strong evidence of antagonistic coevolu-
tion in Gerris, other groups of water striders were omitted
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because support for male—female morphological coevolu-
tion is much less clear. As expected, male front legs are
stronger than those of the female in several groups (with
exceptions — Andersson, 1997), and in Aquarius remigis
both long male legs and long male genitalia are important
in resisting female struggles (Weigensberg & Fairbairn,
1996; Fairbairn et al., 2003). Female resistance in A. remigis
is also modulated in some ways that are predicted by
sexually antagonistic coevolution (Lauer ef al., 1996), and
female spines in A. paladum increase female abilities
to reject mating attempts (Ronkainen et al, 2005). But
female genitalic morphology has apparently not
coevolved with that of the male, and the male genital
traits are not counter-adaptations to those of the female in
Aquarius (Fairbairn ef al., 2003). In addition, female
reproduction in A. paladum was increased rather than
reduced by multiple matings (Ronkainen et al., 2005).
Males of Rheumatobates have very elaborate antennae and
legs that they use to grasp the female (Silvey, 1931), but
females do not show the expected complementary spe-
cies-specific modifications; instead, they have very
uniform, relatively simple outlines (Hungerford, 1954;
Westlake et al., 2000). Male-female morphological coev-
olution may not have occurred in the family as a whole:
‘For the Gerridae as a whole, transitions to female
anticlasper devices are not significantly more frequent in
lineages with male clasping genitalia ...” (Andersson,
1997; p. 358). This conclusion is somewhat tentative, as it
depends on the accuracy of the phylogeny on which the
analysis was based, and claspers and anti-clasper devices
were analysed as qualitative rather than quantitative
traits. No species-specific differences in female resistance
behaviour that might explain male morphology have
been documented in any water strider, but detailed
observations have apparently never been made.

A final group that might offer possible cases are the
several groups of Lepidoptera in which the female bursa
seems to have coevolved with male genitalic and sper-
matophore traits. It has not been demonstrated, how-
ever, that these male traits damage the female’s fecundity
or survival. The effect which has been proposed is
inhibition of female remating (see Cordero, 2005), which
might or might not reduce direct female reproductive
output.
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