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Sexual con¯ict and speciation

G. A. Parker1 and L. Partridge2

1Population Biology Research Group, School of Biological Sciences, University of Liverpool, Liverpool L69 3BX, UK
2Galton Laboratory, Department of Biology, University College London,Wolfson House, 4 StephensonWay, London NW1 2HE, UK

We review the signi¢cance of two forms of sexual con£ict (di¡erent evolutionary interests of the two sexes)
for genetic di¡erentiation of populations and the evolution of reproductive isolation. Con£icting selection
on the alleles at a single locus can occur in males and females if the sexes have di¡erent optima for a trait,
and there are pleiotropic genetic correlations between the sexes for it. There will then be selection for sex
limitation and hence sexual dimorphism.This sex limitation could break down in hybrids and reduce their
¢tness. Pleiotropic genetic correlations between the sexes could also a¡ect the likelihood of mating in inter-
population encounters. Con£ict can also occur between (sex-limited) loci that determine behaviour in
males and those that determine behaviour in females. Reproductive isolation may occur by rapid coevolu-
tion of male trait and female mating preference. This would tend to generate assortative mating on
secondary contact, hence promoting speciation. Sexual con£ict resulting from sensory exploitation, poly-
spermy and the cost of mating could result in high levels of interpopulation mating. If females evolve
resistance to male pre- and postmating manipulation, males from one population could be more successful
with females from the other, because females would have evolved resistance to their own (but not to the
allopatric) males. Between-locus sexual con£ict could also occur as a result of con£ict between males and
females of di¡erent populations over the production of un¢t hybrids.We develop models which show that
females are in general selected to resist such matings and males to persist, and this could have a bearing on
both the initial level of interpopulation matings and the likelihood that reinforcement will occur. In e¡ect,
selection on males usually acts to promote gene £ow and to restrict premating isolation, whereas selection
on females usually acts in the reverse direction.We review theoretical models relevant to resolution of this
con£ict. The winning role depends on a balance between the `value of winning' and `power' (relating to
contest or armament costs): the winning role is likely to correlate with high value of winning and low
costs. Sperm^ovum (or sperm^female tract) con£icts (and their plant parallels) are likely to obey the
same principles. Males may typically have higher values of winning, but it is di¤cult to quantify `power',
and females may often be able to resist mating more cheaply than males can force it.We tentatively predict
that sexual con£ict will typically result in a higher rate of speciation in `female-win' clades, that females
will be responsible for premating isolation through reinforcement, and that `female-win' populations will
be less genetically diverse.

Keywords: speciation; sexual con£ict; genetic di¡erentiation; reproductive isolation

1. INTRODUCTION

We discuss here the role of sexual con£ict (or antag-
onism)öthe di¡erent evolutionary interests of males and
femalesöas a force regulating the potential for speciation.
Although there has been awareness of sexual con£ict and
its rami¢cations for many years (e.g.Trivers 1972; Dawkins
& Carlisle 1976; Dawkins & Krebs 1978, 1979; Parker 1979)
there has been relatively little consideration of its possible
implications for speciation (but see Parker 1974a, 1979;
Wilson & Hedrick 1982). Our emphasis will be on the
evolution of reproductive isolation, because of its central
importance in the speciation process. We shall consider
the potential role of sexual con£ict in the evolution of
both pre- and postzygotic isolation.
Con£ict between the sexes can occur through two

genetic routes (Chapman & Partridge 1996a). Sexual
con£ict within gene loci occurs when allelic variation at
one locus a¡ects a trait in both males and females, there
are di¡erent trait optima for the sexes and hence selection

for sexual dimorphism.There will then be a genetic corre-
lation between trait values in the two sexes through
pleiotropy: e¡ects of the same alleles on males and on
females. The di¡erence between selection on the alleles
when in females and in males can therefore result in one
sex constraining the evolution of the other (Slatkin 1984;
Rice 1984; Lande 1987). For instance, high levels of
remating in females may be of no direct bene¢t to females
themselves, and may instead occur as a result of a pleio-
tropic genetic correlation between the sexes for mating
frequency, and a correlated response in females to selection
for frequent remating in males (Halliday & Arnold 1987).
(In addition, if males mate frequently then, given an equal
sex ratio, females must also do so, but this has nothing to
do with pleiotropy.) If frequent mating is not merely selec-
tively neutral for females, but positively disadvantageous,
perhaps because it incurs physiological costs (Fowler &
Partridge 1989; Chapman et al. 1995), or incresases vulner-
ability to predators (Rowe 1994; Arnqvist & Rowe 1995),
then the resulting sexual con£ict will lead to selection for
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sex limitation, although this may be slow to evolve (Lande
1987). Before the evolution of sex limitation is complete,
there will be persistent con£icting selection on alleles at a
single gene locus, depending if they are in females or in
males.

Sexual antagonism can also arise between alleles at
di¡erent gene loci when the sexes come into behavioural
and physiological con£ict, potentially resulting in an
arms race, with sequential selection on di¡erent male and
female traits. There is then antagonistic coevolution
among the (sex-limited) gene loci that determine beha-
viour in males and those that determine behaviour in
females (Parker 1979). For instance, sexual harassment
and coercion of females by males can result in the evolu-
tion of female behavioural and morphological counter-
tactics, such as avoidance of males (Clutton-Brock &
Parker 1995a,b) and defensive abdominal spines (Arnqvist
& Rowe 1995). Antagonistic selection between gene loci is
likely to result in an array of behavioural, morphological
and physiological sex-limited adaptations that confer
bene¢ts on each sex against antagonistic adaptations in
the other. Sexual arms races could result in either contin-
uous rapid coevolution at the two sets of gene loci, or in
long periods of stasis after attainment of equilibria.

Both types of sexual con£ict could have an in£uence on
the evolution of pre- and postzygotic reproductive isolation.
The best evidence on the evolutionary progression of these
two kinds of barriers to gene £ow comes from interspeci¢c
crosses in Drosophila (Coyne & Orr 1989, 1997), where
speciation is presumed to be initiated in allopatry. In allo-
patric species pairs, pre- and postzygotic reproductive
isolation evolve at about the same rate, in both cases
presumably as an incidental by-product of independent
events in the allopatric populations. There are few data
from other taxa, but at least one other study suggests that
postzygotic isolation accumulates progressively in allopatry
(Tilley et al. 1990). Sexual con£ict within loci could poten-
tially have two e¡ects. First, sexual dimorphism or sex
limitation that has evolved separately in two populations
could break down in hybrids, giving rise to postzygotic
problems. Second, genetic correlations between the sexes
for traits involved in mate choice, and separate evolution
in allopatry, could a¡ect the likelihood of interpopulation
matings when secondary contact is made. Between-locus
sexual con£ict could a¡ect the rate of evolution of reproduc-
tive isolation in allopatry. Furthermore, it could in£uence
the evolution of postzygotic reproductive isolation in allo-
patry, if it leads to an arms race and hence rapid
divergence of reproductive traits. Between-locus sexual
con£ict could also play a role in the evolution of premating
isolation after secondary contact between populations, and
during parapatric and sympatric speciation. In sympatric,
but not allopatric, species pairs of Drosophila, prezygotic
isolation apparently evolves much more quickly than does
postzygotic, providing evidence that partial postzygotic
isolation at the time that sympatry resumes may select for
reinforcement of mating barriers (Coyne & Orr 1989,
1997). Theoretical models have shown that selection for
mating barriers can also be initiated in both parapatry and
sympatry (Lande 1982; Liou & Price 1994; Kelly & Noor
1996; Payne & Krakauer 1997). Di¡ering selection on
females and on males for acceptance of matings in interpo-
pulation encounters could produce a role for sexual con£ict

in determining whether reinforcement of mating barriers
does or does not occur.

In this paper we explore the potential role of con£ict
between the sexes in these various aspects of the speciation
process.

2. WITHIN-LOCUS SEXUAL CONFLICT

In theory, sexual dimorphism could be achieved by the
incorporation into the population of genetic variants that,
from the outset, produce sexual dimorphism.There would
then be no sexual con£ict. However, most new mutations
are not completely sex-limited, and it seems likely the
evolution of sexual dimorphism often proceeds by the
invasion of alleles that produce an advantage only in one
sex, followed by the evolution of sex limitation (Rice
1984). Before the evolution of sex limitation the new
alleles are sexually antagonistic. Theoretical work has
shown that such alleles can invade populations (Rice
1984). For autosomal genes, the disadvantage to one sex
must be outweighed by the advantage to the other. In
contrast, for sex-linked genes with appropriate dominance
relationships, such alleles can invade even when the cost to
one sex far exceeds the gain to the other. Speci¢cally, if
sex-linked genes coding for the sexually antagonistic trait
are dominant and favour the homogametic sex or if they
are recessive and favour the heterogametic sex, then they
can often invade. Theoretically, alleles producing sex
limitation can also then invade (Rice 1984), although the
process may be slow (Slatkin 1984; Lande 1987). The
extent to which this type of sexual antagonism could have
an evolutionary role in speciation will therefore depend in
part on the rates at which these processes occur.

Some empiricial evidence suggests that sexually antago-
nistic alleles are present in natural populations. An
arti¢cial selection experiment with Drosophila melanogaster
forced visible mutants on the autosomes to pass through
only females in each generation. After 29 generations of
passage through females, when the resulting mutant chro-
mosomes were introduced to males, they resulted in
markedly lowered ¢tness compared with appropriate
controls passaged through both sexes (Rice 1992).
However, it was not evident from the results of this experi-
ment whether the alleles a¡ected the same traits in males
and in females. Antagonistic e¡ects of the same allele on
male and female ¢tness may be mediated through e¡ects
on di¡erent characters in the two sexes.

Sexual dimorphism or sex limitation that evolves sepa-
rately in di¡erent populations could break down in
hybrids, producing problems with inviability or infertility
for either sex. This idea does not seem to have been
directly investigated. Some evidence consistent with it
comes from the ¢nding that, in introgressions of chromo-
somal segments between Drosophila simulans and D.
mauritiana, segments from the X chromosome had some-
what larger e¡ects than those from autosomes in
producing hybrid male sterility (True et al. 1996). This is
consistent with an interpretation either of dominant
female advantage genes evolving on the X, with the subse-
quent evolution of sex limitation, which then broke down
in the hybrids, or with the presence of recessive X-linked
male advantage alleles, which were then incompatible
with one another in the hybrids. Assessment of the role of
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genetic correlations between the sexes in this aspect of the
speciation process will become more feasible when the
identities of more of the genes responsible for postzygotic
isolation are known.

Pleiotropic genetic correlations between the sexes could
also a¡ect the likelihood of matings in interpopulation
encounters. If some male and female reproductive traits
are genetically correlated with one another, and therefore
evolve together between populations, then the relative
likelihoods of intra- and interpopulation matings could
be a¡ected. There has been rather little work on this
topic, and such data as exist are not strongly supportive
of a role for this kind of e¡ect in speciation. In general, it
seems unlikely that male and female reproductive traits
will be homologous, although characters such as body size
certainly are, and can contribute to assortative mating
(Arnqvist et al. 1996; Rowe & Arnqvist 1996). One trait
that has received some attention is the willingness of the
two sexes to mate (Halliday & Arnold 1987; Arnold &
Halliday 1988, 1992; Gromko 1992). The few data that
exist on this genetic correlation are somewhat con£icting
(Stamencovic-Radak et al. 1992), but some data do
support the existence of a genetic correlation between
male and female mating speeds in Drosophila melanogaster.
Arti¢cial selection for mating speed conducted on the two
sexes separately showed that the trait was heritable, and
indicated a possible genetic correlation between male and
female mating speed (Stamencovic-Radak et al. 1992; but,
see Stamencovic-Radak et al. 1993; Butlin 1993). However,
the indications are that, between di¡erent geographic
populations of this species, the correlation is the opposite:
populations with more vigorous males have more resistant
females (van den Berg et al. 1984). The reasons for this
correlation are not known. Kaneshiro (1976) has suggested
that such a correlation might arise through sexual selec-
tion during the founding of new populations, with
derived populations in general composed of less vigorous
males and less discriminating females, but this theory has
found little theoretical or empirical support. In interpopu-
lation matings with D. melanogaster, the most probable
mating was between more vigorous males and the more
receptive females, whereas matings between resistant
females and less vigorous males were the least likely (van
den Berg et al. 1984). This kind of correlation would there-
fore result in asymmetrical premating reproductive
isolation between populations.

3. BETWEEN-LOCUS SEXUAL CONFLICT

(a) Evolution of reproductive isolation in allopatry
When populations become allopatric, evolution occurs

independently in each of the isolates. The likelihood of
the populations acting as, or becoming, separate species if
there is secondary contact will depend on the degree of
pre- and postzygotic isolation that has evolved in allo-
patry.Very little is known about how postzygotic isolation
evolves, because very few genes producing it have yet been
identi¢ed. Between locus sexual con£ict could have a
bearing if it led to rapid divergence of reproductive traits.
Rapid evolutionary change associated with sexual selec-
tion has been suggested to contribute to the increased
vulnerability to sterility of male hybrids in Drosophila (Wu
& Davis 1993). Rapid evolutionary divergence would in

general be expected to give rise to a higher level of
genetic incompatibility when populations meet and
attempt to interbreed. But investigation of this interesting
possibility is a task for the future.

Premating isolation is likely to evolve in allopatry
through a combination of sexual and natural selection,
and sexual con£ict seems likely to play a role mainly in
the former process. Models of the Fisherian process of
sexual selection have emphasized the importance of
neutral equilibria, random factors and runaway sexual
selection of female mating preferences and preferred male
traits (Lande 1981; Kirkpatrick 1982). This type of sexual
selection could therefore act as fuel for the evolution of
premating reproductive isolation. Such divergence
through sexual selection could also result in the frequently
observed asymmetric premating isolation between popula-
tions when secondary contact is resumed (Arnold et al.
1996). It has also been suggested that male reproductive
structures that come into physical contact with females,
including sperm, show particularly rapid evolutionary
change, because female reproductive tracts themselves
undergo rapid evolution so as to allow females to make
post-copulatory mate choice (see Eberhard (1996) for a
review). Recent evidence has shown that postmating,
prezygotic events can be important in reproductive isola-
tion in insects (Gregory & Howard 1994; Price 1997).
Whether female choice occurs before or after mating, the
Fisherian picture is one of rapid coevolution of male trait
and female mating preference. Models of sexual selection
based on detectability of male traits or on indicators of
male quality also produce population divergence with a
positive correlation between male trait and female mating
preference for it, but in these cases the male trait shows
much greater interpopulation divergence than does the
female preference (Schluter & Price 1993; Price, this
volume). Both of these processes would tend, if anything,
to lead to assortative mating on secondary contact, and
hence to promote speciation, although the importance of
this process may have been overemphasized by the Fish-
erian models of sexual selection (Price, this volume).

A rather di¡erent picture of intersexual selection has
recently been suggested, which raises the possibility of the
involvement of interlocus sexual con£ict. Females may be
selected to resist frequent mating because they can incur
physiological (Fowler & Partridge 1989; Chapman et al.
1995), or ecological (Rowe 1994; Arnqvist & Rowe 1995),
costs of mating that impair their lifetime reproductive
success. Males may then be counter-selected to induce
females to mate at a frequency greater than their own
optimum (Parker 1979). Sensory exploitation during court-
ship is one method that could be used by males to persuade
the female to mate (West-Eberhard 1984; Dawkins & Krebs
1978, 1979; Ryan 1990; Kirkpatrick & Ryan 1991; Endler
1992, 1993; Krakauer & Johnstone 1995; Rice & Holland
1998). The male could produce secondary sexual characters
with properties that females have been selected to favour in
other contexts. Females could then respond by evolving
resistance to, rather than preference for, the initially
preferred male trait. There is some evidence from phyloge-
nies of male secondary sexual characters and female mating
preferences for them that this process may be important in
practice. In some phylogenies female preference for male
traits are stronger in those species where the male trait has
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apparently never been present than in those where it is
present (reviewed in Rice & Holland 1998). It will be
important to determine why we apparently see female resis-
tance evolving in some cases and female preference in others
(e.g. Houde & Endler 1990).

This kind of sexual con£ict could continue after insemi-
nation has occurred. For instance, sperm^ovum con£ict
may occur if polyspermy is a problem, leading to an arms
race between eggs to resist penetration by sperm and
sperm to penetrate as rapidly as possible (reviewed in
Rice & Holland 1998). Males may also resort to molecular
coercion, which is potentially costly to females. Female
Drosophila melanogaster that remate more frequently su¡er
an increased death rate and reduced lifetime reproductive
success (Fowler & Partridge 1989). This e¡ect is entirely
attributable to the e¡ects of peptides in the seminal £uid
of the male (Chapman et al. 1995). These molecules act in
the reproductive interests of males by elevating female egg-
laying rate (Chen et al. 1988), reducing receptivity to
future matings (Chen et al. 1988) and removing or
disabling the sperm of previous mates of the female
(Harshman & Prout 1994; Chapman et al. 1995; Gilchrist
& Partridge 1997). Female death rate is elevated as a
(presumably) unselected side e¡ect. Similar ¢ndings have
been made for the nematode Caenorhabditis elegans (Gems
& Riddle 1996). Drosophila females can evolve resistance
both to male courtship and to the cost of mating. The cost
of mating is context-speci¢c; it appears only at levels of
nutrition above those that females normally encounter
(Chapman & Partridge 1996b), presumably indicating
that females have evolved a mating rate that is not inap-
propriately high for the conditions that they normally
encounter. Female Drosophila prevented from coevolving
in response to males, rapidly evolved increased susceptib-
lity to the cost of mating with those males (Rice 1996),
indicating that there must be an arms race between the
sexes. Some support for this point of view also comes
from the ¢nding that at least some seminal £uid proteins
(Acp26Aa and Acp26Ab) show a high evolutionary rate
(Aguade et al. 1992; Tsaur & Wu 1997). However, it should
be borne in mind that this rapid evolution could be the
result of a sexual arms race between males; some indica-
tion of whether these molecules are in evolutionary
con£ict with the females would be useful.
Sexual con£ict resulting from sensory exploitation,

polyspermy and the cost of mating could have some
complicated e¡ects on populations in secondary contact.
If females evolve various forms of resistance to male pre-
and postmating manipulation, then the outcome could
depend on the duration of allopatry. At least after short
periods of allopatry, males from one population could be
more successful with females from the other, because the
females would have evolved resistance to their own, but
not to the allopatric, males. Males would then at the
same time-introduce resistance alleles to the other popula-
tion, and these would tend to spread because of their
advantage to the females. These are not easy ideas to test,
but would repay further study. In the longer term, further
divergence could lead to prezygotic isolation.

(b) Evolution of premating isolation in secondary contact
When previously allopatric populations resume

secondary contact, varying degrees of pre- and postmating

isolation may be apparent. Speciation may already be
complete if intermating does not occur, or if hybrids are
completely inviable or infertile. In contrast, if reproductive
isolation is weak, the two populations may simply
coalesce. If hybrids are at a disadvantage and there is free
mixing of the populations, then extinction of the rarer
population is inevitable unless the two populations expoit
di¡erent resources. Extinction could be avoided if the
populations do not mix freely, as a result of only partial
overlap or habitat segregation. Further evolution could
lead to the formation of a stable hybrid zone. Finally,
complete premating isolation between the incipient
species may evolve in secondary contact, in other words
reinforcement may occur. The plausibility of reinforce-
ment has been the subject of much discussion and some
controversy (for reviews, see Butlin 1987, 1995). One
problem is that gene £ow from the parent populations
into the zone of interbreeding could prevent reinforcement
of premating barriers. However, two recent models have
shown that the process is plausible, both in parapatry and
sympatry, if the degree of hybrid disadvantage is su¤-
cently great and the populations are su¤ciently diverged
in the signals and receptors used in mate recognition
(Liou & Price 1994), or if the genetic architecture of the
relevant traits is appropriate (Kelly & Noor 1996). Ecolo-
gical di¡erences, in traits such as habitat preference, could
also play a role in reducing the frequency of hybridization
to a low enough level for reinforcement to occur. Reinfor-
cement is driven by hybrid disadvantage; some degree of
postzygotic isolation is required. Under these circum-
stances, the strength of selection on females and males to
avoid forming hybrids may be unequal, leading to sexual
con£ict over hybridization.

In a given encounter between individuals of opposite
sex, there are three possibilities (Parker 1974b, 1979,
1983): (i) it may be in the interests of both sexes to mate;
(ii) it may be in the interests of neither sex to mate; (iii)
there may be mating con£ict, i.e. mating is advantageous
for one sex but disadvantageous for the other. Males typi-
cally occupy a role in which mating is favourable, and
females one in which it is unfavourable; roles may (atypi-
cally) be reversed (Parker 1974b, 1979, 1983). We are here
concerned with mating con£icts that will a¡ect gene £ow
between incipient species. We here present mate-foraging
models, which provide a description of the selective forces
at work. Particularly in the context of speciation, where
genetic parameters may also have an important bearing
on the evolutionary outcome, the biological relevance of
the models should be borne in mind. This point is consid-
ered further below.

Parker (1979) proposed a model for sexual con£ict over
mating decision in which male interests di¡er from female
interests. This analysis relates to disparities between the
sexes in terms of reproductive time budgets, with time-
out of the mating pool in general greater for females than
for males, mainly because of their greater time-investment
in o¡spring. In any encounter between the sexes, the selec-
tion on an individual to mate will depend on the expected
reproductive gains from the mating and on the average
expected gains from rejecting the mating and waiting for
other mating opportunities. In general, because the time
tied up by the consequences of each mating is greater for
females, they lose less by refusing an interpopulation
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mating and waiting for another encounter, because they
are likely to encounter another potential mate sooner
than are males. The details of the models derived from
this approach are presented in Appendix 1. The simplest
kind of model (1A) assumes that the two populations have
not diverged in traits determining aptitude for encounter,
such as population density and mobility, or in amount of
time-in and -out of the mating pool for males and
females. It is also assumed that interpopulation encounters
are relatively rare. Here, unless there is a high male invest-
ment time-out, a highly female-biased adult sex ratio,
very low encounter rates between the sexes, or hybrid
disadvantage is very low, we would commonly expect
selection on females to reject hybrid matings. Males, in
contrast, would in general be selected to accept them. At
the typical state of very low parental investment by males,
only very high levels of hybrid disadvantage can generate
selection favouring premating isolation in both sexes, and
mating con£ict will therefore be the rule. Furthermore,
even if hybrids between the populations are completely
inviable, then there may nonetheless be some sexual
con£ict over mating. If mate identi¢cation is error-prone,
then it may sometimes be better for a male to try mating
with any female rather than risk missing one of the same
population. If the aptitude for encounter, or the relative
time-investment in o¡spring of the sexes, has evolved to
di¡erent values in the two populations (i and j), similar
conclusions will apply, although selection intensity for
outcomes is unlikely ever to be symmetric in male i^
female j and male j^female i meetings. Most plausibly
(when male time-out is low and male^female encounters
are generally within the same population), there will be
sexual con£ict favouring male persistence and female
rejection in both cases. Less commonly, the hybrid disad-
vantage may lie in a zone where the selection direction is
opposed in the two types of meeting. For example, there
may be positive selection for discrimination in say, j^ i
meetings, but con£ict in i^ j meetings. If male time-out
approaches that of female time-out, it is even possible for
there to be an exactly opposite direction of con£ict in i^ j
and j^ i meetings. In a more complex model where inter-
population encounters are more common (Appendix 1,
model 1B), there is again an extensive zone of con£icting
selection on female and male decisions to mate with the
other population, with females in general selected to
resist and males to attempt to mate.

This consideration of how selection acts on males and
females to hybridize or not suggests that males are selected
to act as a force for gene £ow, whereas females are in
general selected to resist it. What are the likely conse-
quences of these selection pressures? If there is any
interpopulation mating, and some hybrid viability and
fertility, then hybrids will enter the population and repro-
duce. As they increase in frequency and the range of
hybrid genotypes increases, so the pattern of selection on
mating decisions will change. Events under these circum-
stances rapidly become too complex to model. However,
models where the populations are already partially
isolated by habitat (Liou & Price 1994) can produce rein-
forcement, because the potentially swamping e¡ects of
gene £ow are reduced (model 1B, Appendix 1, can be seen
as de¢ning the direction of selection on the two sexes at
some balance between within- and between-population

matings). In addition, sexual asymmetry in hybrid sterility
could be important (Kelly & Noor 1996). If hybrid males
are more a¡ected by sterility than are females, as is gener-
ally true with male heterogamety (Haldane's rule), this
will tend to promote reinforcement. Futhermore, the
empirical evidence from Drosophila supports the occur-
rence of reinforcement under at least some circumstances
(Coyne & Orr 1989, 1997).

Even without further evolution of antihybridization
mechanisms, females may tend to resist interpopulation
matings (and males to attempt them) when secondary
contact is resumed.When the direction of selection on the
two sexes is the same, so that hybridization is in both cases
unfavourable, females will often be more strongly selected
than are males to resist matings. The same principles will
apply when potential mates vary in quality within popula-
tions. Females are likely to resist lower-quality partners
and males are likely to persist; there will be a zone of
con£ict over mating decision until a very low mate
quality is reached, at which point both sexes will resist,
though females will be more strongly selected to do so
than males. If evolution in allopatry has resulted in parti-
cular mating preferences, then females are likely, in the
past, to have been the agents of enforcement, and such
mating preferences could lead to assortment for the
reasons already discussed. This could help to tip
the balance towards reinforcement if females can win the
mating con£ict, without the need for the evolution of new
antihybridization mating behaviour.

The biology of the interaction between the sexes will
mediate any e¡ects of sexual con£ict on the outcome,
both in initial secondary contact and in deciding whether
reinforcement will occur. As the evolution of reinforce-
ment is a transitory phenomenon, the evolution of the
strategies for winning mating con£ict themselves is unli-
kely to play a major role, but they will have an in£uence
on whether males or females are more likely to win where
there is sexual con£ict over hybridization.The use of game
theory approaches speci¢cally to analyse possible
outcomes of con£ict over mating decisions began with
Parker (1979), and continues to develop (Parker 1983;
Clutton-Brock & Parker 1995a,b) often by reinterpreting
other contest models (e.g. Enquist & Leimar 1983, 1987)
in a sexual context. The models search for an evolutiona-
rily stable strategy (ESS; Maynard Smith 1982) solution,
and they are therefore not models of `Red Queen' contin-
uous coevolution in which the strategic possibilities (the
rules of the game) are continuously changing. Rather,
they assume a possible set of evolutionary options asso-
ciated with given pay-o¡s and seek for evolutionarily
stable outcomes, as is appropriate in the present context.
Both behaviour and morphology will play a role in the
resolution of mating con£icts. Behavioural models have
generally assumed that there will be asymmetries in arma-
ment, which will determine the contest costs. Harassment
contests approximate to asymmetric wars of attrition
(Maynard Smith 1974; Parker 1979; Hammerstein &
Parker 1982; Clutton-Brock & Parker 1995a). An impor-
tant variable in these models is the level or information
available to the contestants about relative ¢ghting ability
(Maynard Smith & Parker 1976; Parker & Rubenstein
1981; Enquist & Leimar 1983, 1987; Clutton-Brock &
Parker 1995a). In contests where the contestants are
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known to one another, punishment and intimidation,
usually of females by males, is a possible ESS (Clutton-
Brock & Parker 1995a,b). In addition, the level of arma-
ment must itself evolve, which has been examined in
theoretical models of an arms race (Parker 1979, 1983;
Maynard Smith 1982; Dawkins & Krebs 1979).Which sex
will typically occupy the winning role, i.e. the role with
the higher distribution for armament, depends on the
di¡erence, for each sex, between the value of winning
and between the costs of increasing armaments.

In all these games, the principal determinant of the
outcome of mating con£ict appears to relate to the
balance between:

1. `Power', or the relative contest costs of the two sexes,
e.g. relative cost of enforcing victory for the arms race
game, the average relative rates of expenditure of
contest cost for the asymmetric war of attrition or
sequential assessment game, and the relative ability to
in£ict damage in the punishment game.

2. `Value of winning', or the relative ¢tness di¡erence
between mating and not mating (relative opportunity
costs), for the two sexes.

In Appendix 2, we build on models 1A and 1B
(Appendix 1) of selection on males and females to avoid
or accept hybrid matings, to deduce which sex will have
the greater value of winning the mating con£ict. With
rare encounters between populations, which is the most
likely substrate for reinforcement of mating barriers
during speciation, there is a large region of the mating
con£ict where the selection on males to mate is greater
than that on females to resist. The reason is that, for most
of the parameter space, the di¡erence between the gain to
the male from mating with the current female, on one
hand, and from continuing to search, on the other, is posi-
tive and it is greater than the corresponding gain to the
female from continuing to search for a mate of her own
population as opposed to accepting the current male. The
asymmetry occurs because of the (typically) much longer
time a male must spend searching for an alternative mate.
When encounters between populations are more frequent,
this sex di¡erence in value of winning becomes less
marked, but the hybrid disadvantage is also likely to be
less because of gene £ow, and this will tend to increase the
zone of con£ict between the sexes. It is also a less plausible
scenario for reinforcement. Either way, the odds seem
stacked against a female win if only the value of winning
is considered.

While the value of winning may generally be loaded in
the male interests, power and contest costs in mating
con£icts are much less easy to predict. Unless the male is
much larger than the female, it may generally be less ener-
getically expensive for a female to prevent mating than for
a male to achieve it against female resistance. For example,
in most birds, ¢sh, amphibia and other groups in which
the males lack a penis, it is di¤cult to see how a male can
mate unless the female cooperates, and even with an intro-
mittent organ, forced copulation may be di¤cult and
costly. If contest costs are greater for the male, this could
act to o¡set the e¡ect of the asymmetry in value of
winning, reducing our ability to make predictions about
which sex is more likely to occupy the winning role. Thus
even where relative armament costs favour the female, this

does not necessarily mean that the female must occupy the
winning role; persistent harassment by a male is likely to
impede females in various deleterious ways. A further
complication is that intrasexual selection often drives
male body size above that of the female, so that the costs
of increasing armaments to males are subsidized by bene-
¢ts in male^male combat.
Rice & Holland (1998) discuss gamete con£ict over

rapid versus slow penetration of sperm into the ovum;
sperm favouring fast penetration for competitive reasons,
and ova slow penetration to prevent polyspermy. Plant
stigmas have long been known to excercise choice of
pollen via self-incompatibility (e.g. Baker 1959) and other
genotypic features, and recent studies (Bishop et al. 1996)
indicate that sperm from other clones can be resisted in the
ascidian Diplosoma listerianum. One may speculate about
arms races in terms of gamete con£ict, in which females
are selected to produce ova (or reproductive tracts) with
increased resistance to sperm from other populations, and
males to produce sperm with increased ability to overcome
this resistance. Such arms races would be primarily
biochemical. As in mating con£ict, the value of winning
may be loaded in the male's favour. Perhaps power
(contest costs) will be loaded in favour of the female for
the following reason. Probably because of sperm competi-
tion (Parker 1970), the sperm has tended to become
minimal (Parker 1982); any extra armament against the
ovum or female tract may be paid for at a loss in sperm
numbers or competitiveness. In contrast, the ovum (or
female tract) may have resources divertable to the battle
at less cost. Thus, whereas male^male competition may
have assisted males in the power side of mating con£ict, it
may have had the opposite e¡ect in gamete con£ict.
Further, with internal fertilization, gamete con£ict occurs
within the female, which is also likely to favour female
interests in arms races of this type.

In the light of this analysis of outcomes we therefore
make three tentative predictions. Firstöall else equalö
speciation will be more extensive in groups where females
generally win mating con£icts than in those groups where
males usually win. Some evidence supports this prediction,
although it has not in general been interpreted in this way.
Among passerine birds, net speciation rate (the net
outcome of speciation and extinction) is greater in those
clades where a higher proportion of the species are sexu-
ally dichromatic, presumably indicating a greater role for
female mate choice (Barraclough et al. 1995). This correla-
tion would also be predicted by various models of sexual
selection that do not involve sexual con£ict, and it would
be good to have comparative evidence on this point from
taxa where intrasexual selection is important. Evidence
could consist of some demonstration that those groups
where males are typically the bigger sex produce fewer
species than those where females are typically bigger or
where there is no size dimorphism. Second, and related,
where there is evidence for reinforcement, we might
predict that it will be the females that are reponsible for
the resulting premating isolation. Data are few, but Droso-
phila provides one example consistent with this prediction.
The closely related species D. persimilis and D. pseudoobscura
are sympatric in some locations, and occur singly in
others. Rare hybrids between them occur in the ¢eld,
with the male hybrids sterile. Premating isolation, as
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assayed in behavioural tests, is greater in the areas of
sympatry, consistent with the occurrence of reinforcement
(Noor 1995). Furthermore, it is the females that are
entirely responsible for the premating isolation, males do
not discriminate (Noor 1996). Again, it would be nice to
have comparative evidence from groups where the power
balance between the sexes di¡ers. Third, we predict that
in those groups where females tend to win mating
con£icts, the genetic variability within each of the many
species will be less than within the fewer species in
comparable groups where males tend to win. Failure of
guppies (Poecilia reticulata) to speciate despite widespread
genetic di¡erentiation may well be related to male
control (Magurran, this volume). Any empirical evalua-
tion of genetic variation along these lines would need to
correct for the e¡ect of population size (having fewer
species may generally imply more individuals in each one).

4. CONCLUSIONS

Both within- and between-locus sexual con£ict may
have major roles to play in the progress of the speciation
process. Both may a¡ect population divergence in allo-
patry, and interlocus con£ict may be important in
determining the outcome of secondary contact, and in
promoting parapatric and sympatric speciation. The
formulations presented in Appendices 1 and 2 are
undoubtedly simplistic: they are phenotypic models in
which the pay-o¡s are constant and related to a ¢xed
hybrid disadvantage, d. Despite this limitation, we believe
that our general conclusion holds: that in conditions of
incipient sympatric or parapatric speciation, or under
mixing of populations that have previously diverged allo-
patrically, females will typically act as a force favouring
premating isolation, and males as a force against it.

Rice & Holland (1998) envisage sexual con£ict as fuel-
ling speciation by increasing genetic divergence between
populations. Sexual con£ict over mate quality within
populations is certainly likely to promote genetic diver-
gence between populations with restricted gene £ow.
Whether it will catalyse or restrict the evolution of
mating isolation is likely to depend on the resolution of
mating con£ict. Mating con£ict could be either a hinder-
ance to isolation if `male-win' scenarios prevail, or a
facilitator if females tend to win, with male persistence
acting as a major catalyst to speciation by increasing selec-
tion on female resitance.

This con£ict could, in theory, a¡ect the evolution of any
trait involved in the decision whether or not to invest in
hybrid o¡spring. Postmating, prezygotic events, including
sperm usage, could be involved, and so could parental
investment after fertilization. If there is selection on one
sex to avoid fertilization, then it will usually be advanta-
geous to have the barrier as early in the interaction
between male and female as possible (reviewed in Eber-
hard 1996).

Further work is required on more advanced models of
the type included here. However, empirical studies are
perhaps especially important at this stage, particularly in
investigating the propensity for speciation and the extent
of genetic diversity in cases where males are likely to be
in the winning role in mating con£icts versus those where
females are likely to occupy the winning role. Our predic-

tion for greater speciosity and less diversity within species
in the latter case might be testable in groups with similar
ecologies but a wide range of sexual size dimorphism.

We thank Nick Barton, Roger Butlin, Nick Colgrave, Jerry
Coyne, Matthew Gage, Mike Ritchie and Tom Tregenza for
their thoughtful and constructive input and comments.

APPENDIX 1. CONFLICT BETWEEN THE SEXES OVER

HYBRIDIZATION

For simplicity, we consider time spent on just two forms
of reproductive activity: time during which an individual
is available for mating and time during which an indivi-
dual is unavailable for mating (see, also, Clutton-Brock &
Parker 1992; Parker & Simmons 1996).

Consider a simple case in which each female mates once
per reproductive cycle (there are no complexities of c̀ollat-
eral investment'sensu Parker & Simmons (1996)). During a
given reproductive cycle of durationT time units, a female
spends time Sf searching for a mate or otherwise available
for mating (`time-in' the mating pool) and time Gf as time
unavailable for mate acquisition during parental care,
gaining the energy for gametes, etc. (`time-out' of the
mating pool). Thus,

T � Sf � Gf , (1a)

and if the adult sex ratio is M males to each female, then,

MT � Sm � Gm, (1b)

where times Sm and Gm, are the equivalent times `in' (mate
searching time) and `out' (gamete replenishment, paternal
care) for males (see ¢gure 1a).The times out: Gf and Gm are
likely to be very di¡erent for the two sexes for biological
reasons, most notably (but not entirely, see Clutton-Brock
& Parker (1992)) because of the relative di¡erence in
parental investment between the sexes (Trivers 1972),
which implies (rare sex role reversals excepted) that
Gf4Gm, and that generally, Gf4Gm. The average time it
will take a receptive female to encounter a male will be
inversely proportional to the density of searching males in
the same area of the habitat. The searching male density is
proportional to Sm/MT, the proportion of each adult
male's time available for mating. Thus,

Sf � BMT=Sm,

Sf � BM(Sf � Gf )=�M(Sf � Gf )ÿ Gm�,
where B is a constant related to the àptitude for
encounter': the lower B, the more quickly the sexes meet.
To de¢ne further, note that if male time-out is negligible
compared to time-in (i.e. Sm4Gm), so that the maximum
number of adult males is available, MT/Sm � 1.0, and so
Sf � B. Thus B is the average `time-in' for a female if all
males were to be available all the time in a given popula-
tion. The solution to the quadratic obtained from the
above equation is

Sf �
�
ÿ (Gf ÿ Gm=M ÿ B)

�
�������������������������������������������������������
(Gf ÿ Gm=M ÿ B)2 � 4BGf

q �
=2,
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(Clutton-Brock & Parker 1992). If we set Gf to unity, so
that all time periods are expressed relative to the female
time-out, we obtain

�f �
�
ÿ (1ÿ 
=M ÿ �)

�
��������������������������������������������
(1ÿ 
=M ÿ �)2 � 4�

q �
=2, (2a)

where 
 is the male time-out divided by the female time-
out (usually Gf4Gm, so typically 14
), �f is the female
time-in scaled by female time-out (�f � Sf/Gf ), and simi-
larly � � B/Gf. From equations (1a) and (1b), the relative
male time-out, Sm/Gf is

�m �M(�f � 1)ÿ 
: (2b)

Figure 1b shows the operational sex ratio (OSR, Emlen &
Oring 1977), i.e. the ratio of sexually available males to
sexually available females, �f/�m (see, also, Clutton-Brock
& Parker 1992) at di¡erent vales of relative male `time-
out', 
, and sex ratio, M. At a sex ratio of unity (contin-
uous bold curves), if 
 � 1, the sexes are equal and the
OSR is 1, whatever the aptitude for encounter. Reducing

 results in highly male-biased OSRs when � is low
(where the sexual encounter rate is high). If the adult sex
ratio is male-biased (upper dotted curve), the OSR is
correspondingly higher, and if the adult sex ratio is

female-biased (lower broken curve), the OSR is corre-
spondingly lower, and can become female-biased at high
values for �.

(a) Model 1A. Con£ict in rare meetings between semi-
isolated populations

We now use the above formulations for �f, �m, to
reapply the logic developed by Parker (1979; which uses
less realistic versions of `times-in') to analyse selection on
mating decision con£icts in rare meetings between popula-
tions which occasionally meet within the same habitat;
there is therefore already a considerable degree of
premating isolation. We consider the simple case where
there are essentially two semi-isolated populations (¢gure
2a). Note that the isolation need not be geographic, it can
relate to ecological niches within a habitat, provided that
the probability of encounters between opposite sexes of the
two populations is low. Imagine initially that the aptitude
for encounter, �, and the ratio of times out for the two
sexes, 
, are similar for the two populations, which have
not diverged in these parameters. � is likely to be a func-
tion of the population densities and relative frequencies of
the two populations.We ¢rst consider the case where � is a
¢xed property of the populations and interpopulation
encounters are rare.We then relax this unrealistic assump-
tion. As there has been some genetic divergence between
the two populations, o¡spring that are hybrids between
them have reduced Darwinian ¢tness relative to the
¢tness of pure-bred o¡spring.

Calling this hybrid disvavantage d, we deduce the
thresholds dm, df, which are the threshold levels of hybrid
disadvantage for the male and female at which the
outcome of mating yields the same ¢tness as the outcome
of not mating. We assume that selection acts to maximize
the rate of progeny production (progeny/time) through
life. Thus, if a male of one population meets a female of
the alternative population, selection favours mating if the
gain rate from mating exceeds the gain rate due to
searching for a female of the same population, and the
threshold is thus given by

(1ÿ dm)=Gm � 1=(Gm � Sm);

dm �
Sm

Gm � Sm
; equivalent to

�m

 � �m

; (3a)

and by analogy the corresponding decision threshold for a
female is

df �
Sf

Gf � Sf
; equivalent to

�f
1� �f

: (3b)

Some solutions for the zone of con£ict over mating deci-
sions are shown in ¢gures 2b and 2c, in which the
thresholds dm and df above are plotted against relative
male time-out, 
. In ¢gure 2b, � � 0.1, so that the sexes
have a low rate of encounter: with maximum male avail-
ability the female must wait on average one-tenth of her
investment time (time-out) to ¢nd a mate. Given the
protracted time-investment by most females to produce a
clutch of o¡spring, this � must be regarded as extreme.
The bold lines show the thresholds dm (upper curve) and
df (lower curve) for the case where the adult sex ratio is
unity (M�1). Between these two curves there is mating
con£ict, with the male under selection to mate and the
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Figure 1. (a) Arrangement of `time-in' (Sf for each female and
Sm for each male) and `time-out' (Gf for each female and Gm
for each male) of the mating pool when the adult sex ratio is
unity. The `times-out' are ¢xed, but the `times-in' relate to
each other as de¢ned in the text. (b) Operational sex ratio,
sexually available males divided by sexually available females
(�m/�f), calculated from equations (2a) and (2b), plotted
against the aptitude for encounter, � (see text). The bold
curves are for an adult sex ratio (males/females) of M�1.0,
and show the e¡ect of altering 
 (the ratio of `times-out',
Gm/Gf). The other two curves show the e¡ect of altering adult
sex ratio while keeping 
 constant at 0.1.
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female under selection to refuse. If the sexes have equal
times-out, as might be approached if male and female
parental investment is similar, 
�1, and the sexes have
equal thresholds (d�0.27). At the other extreme, 
�0,
and the male has negligible time-out. Then the male
should always attempt to mate even if hybrids are almost
inviable (d!0); e¡ectively if sperm cost nothing (no time-
out costs), any potential o¡spring are worthwhile. For the
female this is not so, and she has a relatively low threshold
(d�0.091) of hybrid disadvantage above which she should
refuse matings. If the disadavange, d, lies above the upper

bold curve, neither sex favours mating; if it lies below the
lower bold curve, both favour mating. The remaining
curves show the corresponding thresholds when the adult
sex ratio is M�2 (dotted) and M�0.5 (broken) males/
female. When the sex ratio is male-biased as M�2, even
when the sexes are equal in `times-out' (
�1), the male
has a higher threshold because he has a much longer
`time-in' searching for a mate than the female (dotted
curves). In contrast, when the adult sex ratio is female-
biased as M�0.5, equality of thresholds occurs at 
�0.5
(broken curves), and for higher values of 
 the male
threshold falls below that of the female so that the con£ict
zone is inverted (females should persist in courtship of
alternative populations and males should reject). Note
that such conditions require a high male investment time-
out due to mating, or a highly female-biased adult sex
ratio. Equality of thresholds occurs only when 
 �M.

A more typical situation would be that females spend a
much smaller average time-in awaiting a mating. In ¢gure
2c we examine a case where ��0.001, so that with
maximum male availability each female waits on average
one-thousandth of her investment time (time-out) to ¢nd
a mate. For unity adult sex ratio, the male threshold now
drops almost linearly between 
�0 and 
�1 (upper bold
curve), whereas the female threshold stays close to zero
throughout the range (lower bold curve). The female
time-in is so short that it pays her to await a meeting
with her own population rather than to mate with a male
who reducesöeven only marginallyöthe viability of her
o¡spring. The con£ict zone is now extensive, and as 

increases the zone where neither favour mating increases.
The zone where both favour mating is restricted to low
values of d at relatively high 
 (see ¢gure 2c). When the
sex ratio is male-biased as M�2 (dotted curves), the
female threshold is even more restrictive, being close to
zero across the entire range of 
 from 0 to 1. The male
threshold is now higher, making the con£ict zone more
extensive. When the sex ratio is female-biased as M�0.5
(broken curves), there is again the inversion of con£ict for

40.5 (females should persist and males resist).

The above analysis is simplistic in that it assumes that
the parameters � and 
 have not diverged for the two
populations (see above). A more realistic analysis would
take account of such possibilities (see, also, Parker 1979).
When these parameters di¡er, the thresholds dm and df
di¡er for males and females of the two populations.
Calling the populations i and j, there are two types of
rare meeting to consider: (i) male i� female j; (ii) male
j� female i. A theoretical possibility would be that there
is, say, con£ict in case (i) but no con£ict in case (ii). The
implications of such cases for the probability of evolution
of isolation of populations deserve further analysis (see,
also, a parallel case in model 1B, below). However, some
properties of models with asymmetric � and 
 can be
deduced. Suppose, for example, ecotypes are equal in 

but di¡er in � with population i having ��0.1 and popu-
lation j having ��0.001. When a male i meets a female j
the con£ict zone would lie between the appropriate dm
curve from ¢gure 2b, and the appropriate df curve from
¢gure 2c. At any given value for 
, the con£ict zone
would be increased. In contrast, when a male j meets a
female i, the con£ict zone would lie between the appro-
priate dm curve from ¢gure 2c, and the appropriate df
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Figure 2. (a) Model 1A, two populations meet only very infre-
quently at the boundary of their niches, or geographic ranges.
(b) Thresholds of hybrid disadvantage in model 1A (dm for
males, upper curves; and df for females, lower curves) at which
it pays to switch decision from mating (below curve) to not
mating (above curve), plotted against 
 (the ratio of `times-
out', Gm/Gf). Bold curves are for adult sex ratio (males/females)
ofM�1.0; dotted curves are forM�2.0; broken curves are for
M�0.5. Below the female threshold, both sexes favour mating
and above the male threshold neither favours mating. Between
the two, the sexes are in con£ict (see text). The aptitude for
encounter is ��0.1. (c) Same as for (b), but the aptitude for
encounter is more typical: ��0.001.
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curve from ¢gure 2b. At low values for 
, the con£ict zone
would be reduced, and at high values for 
, the curves may
cross over giving an inversion of con£ict so that females
persist and males reject.

(b) Model 1B. Con£ict over isolation between
populations that meet frequently

In model 1A, encounters with another population were
very rare so that search times, Sm and Sf, were not signi¢-
cantly a¡ected by cross-population matings. Consider now
the situation where two populations commonly meet in
part of their ranges or habitats (¢gure 3a) where there is
no isolation between the two populations.We consider the
fate of rare mutations that cause their bearers to mate
discriminately (i.e. only with an individual of their own
population) rather than indiscriminately. Such mutants
increase their search time (`time-in') awaiting a mating,
they restrict their mating opportunities to obtain matings
of higher value.We again seek thresholds for hybrid disad-
vantage at which the decision to be discriminate has equal
pay-o¡s to the decision to be indicriminate. The relations
for the population for times `in'and `out'are as described in
equations (1) and (2).

We adopt the following notation: males of population i
meet i females with probability pii, and j females with
probability pij (where pii+ pij�1); females of population j
meet i males with probability qji and j males with prob-
ability qjj (where qjj+qji�1). As there is only partial
mixing of the two populations, it is generally likely that
there is a greater probability of meeting the similar popu-
lation (i.e. pii4pij; qjj4qji), though we shall consider cases
where is not so.

Consider a rare mutant male of type i that ignores all
females of type j. It therefore takes on average time Sm/pii
to encounter a female of its own population i, rather than
time Sm. Its o¡spring have a ¢tness of 1.0 relative to an
average of [pii+(17pii)(17dmi)] for indiscriminate males,
in which dmi is the disadvantage of i^ j o¡spring viewed
against i^ i o¡spring. The gain rates of the mutant equals
that of indiscriminate males when

1=(Gm � Sm=pii) � �pii � (1ÿ pii)(1ÿ dmi)�=(Gm � Sm),

which occurs when the hybrid disadvantage is

dmi �
Sm

piiGm � Sm
; equivalent to

�m
pii
 � �m

, (4a)

when all times are standardized in terms of the female time-
out, Gf (see above). To evaluate con£icting selection on
mating decision between the sexes, we need to consider the
best decision of a female of type j, as con£ict will concern i^j
meetings. A female of type j has a probability of qjj of
meeting her own population and qji of meeting an i male.
By a similar analysis we obtain the threshold for j females

df j �
Sf

qjjGf � Sf
; equivalent to

�f
qjj
 � �f

: (4b)

Note that equations (4a) and (4b) converge to equations
(3a) and (3b) for model 1A when respectively pii and qjj
approach 1.0 (almost all encounters are within the same
population).

We now examine the range of con£ict when selection is
opposed (mutant i males do best to mate with j females,
but j females do best to reject i males). This clearly
depends now not only on all the previous time parameters,
but also on the relative frequency of the two populations i
and j. Figure 3b shows the thresholds dm (upper curves)
and df (lower curves) for the case where ��0.001 (poten-
tial minimum `time-in' for the female is one-hundredth of
her `time-out') and where the adult sex ratio is unity
(M�1). The bold curves are for the case where pii�
qjj�0.5; i.e. where i males meet i and j females equally
frequently, and j females meet i and j males equally
frequently. The con£ict zone between the two curves
(where discriminate mating is favoured in females but
selected against in males) is extensive and follows a rather
similar pattern to that of model 1A (cf. bold curves in
¢gure 2c). The broken curves refer to the thresholds when
pii�qjj�0.9, where i males meet i females with probability
0.9 and j females with probability 0.1, and j females meet j
males with probability 0.9 and i males with probability 0.1.
This reduces the con£ict zone, but not very signi¢cantly,
because of the strong domination that is exerted on the
thresholds by the di¡erence in times-out between the sexes.

Equality in the probability of within-population
encounters of the form pii�qjj is very unlikely. For instance,
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Figure 3. (a) Model 1B, two populations meet frequently in
part of the geographic ranges or habitat. (b) Thresholds of
hybrid disadvantage in model 1B (dm for males, upper curves;
and df for females, lower curves), at which it pays to switch
decision from mating (below curve) to not mating (above
curve), plotted against 
 (the ratio of `times-out', Gm/Gf). All
curves are for adult sex ratio (males/females) of M�1.0. Bold
curves are for pii and qjj�0.5; dotted curves are for pii and
qjj�0.9; broken curves are for pii and qjj�0.1. Below the female
threshold, both sexes favour mating and above the male
threshold neither favours mating. Between the two, the sexes
are in con£ict (see text). The aptitude for encounter is
��0.001.
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i may overlap over only a small part of its range with j, but
jmay overlap over a large part of its range with i, resulting
in pii4qjj. The upper dash^dot curve represents the case
where pii�0.1, and the lower qjj�0.1, i.e. (unlikely) cases
where meetings of a given sex occur most commonly with
the alternative population. Although it is impossible to
envisage this happening concurrently for both popula-
tions, it is at least theoretically possible where the two
populations have highly asymmetric overlap and occur at
di¡erent population densities. Then both populations
would tend to have higher probability of encounter with
the common population. The two sets of curves can then
be used to gain some idea of what is happening simulta-
neously in the two forms of encounter, i^ j and j^ i. For
example, males of the rare population meeting females of
the common population would tend to have threshold dm
in the zone between the upper bold and dash^dot curves,
but females of the common population would tend to have
threshold df between the lower bold and broken curves.
The con£ict zone is much more extensive than in meetings
between males of the common ecotype (dm now between
the upper broken and bold curves) with females of the
rare ecotype (df now between the lower dash^dot and
bold curves).

APPENDIX 2. WHICH SEX HAS THE GREATER VALUE

OF WINNING THE MATING CONFLICT?

Call the average costs of one unit of contest time, or
the cost of a unit increase in armament Cf for females
and Cm for males, and the value of winning Vf for
females and Vm for males. A general rule-of-thumb (and
a speci¢c prediction for the asymmetric war of attrition,
see Parker 1974a; Hammerstein & Parker 1982) is that sex
i is likely to occupy (on average) the winning role de¢ned
as Vi/Ci4Vj/Cj.
We can analyse the models of Appendix 1 above to

investigate how the value of winning in mating decision
con£icts between populations di¡ers for males and
females in relation to relative `times-out', 
 (see, also,
Parker 1979). The ¢tness of hybrid progeny is (17 d),
where d is the hybrid disdavantage. Suppose that d lies
within the con£ict zone such that it pays a male to mate
but a female not to mate.We calculate the valueV (Vm for
the male, andVf for the female) as an opportunity cost, the
di¡erence between the gain rates achieved by winning and
by losing.We then calculate the hybrid disadvantage, dx, at
which selection for winning is equal on the two players, i.e.
where Vm�Vf. By mapping this èqual selection intensity'
threshold on to the plot of con£ict thresholds, we can
compare the relative areas over which males will be
under more intense selection to win than females, and
vice versa. Model 2A investigates conditions favouring
the bene¢ts of opportunistic indiscriminateness in gaining
lower quality progeny at a cost only of the `time-out' which
must be paid for them. Model 2B investigates conditions
under which selection favours bene¢ts of discriminateness
in gaining better quality progeny at a cost of increased
search time (`time-in') this will demand.

(a) Model 2A. Rare encounters between populations
When a male occasionally meets a female of the alter-

native population, he achieves a gain rate of (17d)/Gm if

he mates with that female, where Gm is the `time-out' costs
he must pay due to mating (see Appendix 1). If he ignores
the female to search for a female of his own population, his
gain rate will be reduced to the value 1/(Gm + Sm), where
Sm is the mean search time to ¢nd such a female. The
female gains are analogous, but we assume that not
mating yields the higher gain and examine the condition
under which across-population matings are to be avoided.
Thus expressing both as positive opportunity costs
(mating minus no mating for the male; no mating minus
mating for the female):

Vm � (1ÿ d)=Gm ÿ 1=(Gm � Sm),

Vf � 1=(Gf � Sf )ÿ (1ÿ d)=Gf :

Calling dx the hybrid disadvantage at which the
opportunity costs are exactly equal for the two sexes so
that Vm� Vf (i.e. where selection on males favouring
mating balances selection on females not to mate), then
we can calculate that

dx � 1ÿ GmGf (Mÿ1 � 1)
(Gm � Gf )(Gf � Sf )

, (5a)

(cf. Parker (1979), equation (12) in which the adult sex
ratio M�1). If times are expressed relative to the female
`time-out' cost, Gf,

dx � 1ÿ 
(Mÿ1 � 1)
(1� 
)(1� �f )

: (5b)

By comparison of equation (5b) with dm in equation (3a),
and df in equation (3b), it is possible to show that
dm4dx4df if 
5M. That is, the hybrid disadvantage
below which it pays males to mate (dm) is greater than
that for equal opportunity costs (dx), which is in turn
greater than that below which it pays females to mate,
provided that the ratio times out (
�Gm/Gf ) is smaller
than the ratio of adult males to females (M). If this condi-
tion is violated, there is a reversal of sex roles and the
inequalities of hybrid disadvantage are reversed (see, also,
¢gures 2b and 2c).

Figure 4a shows dx for model 2A (rare meetings
between populations) in relation to thresholds dm and df
when the aptitude for encounter is ��0.001, and the
adult sex ratio is unity (M�1.0). It clearly lies closer to dm
than df unless the relative times out approach equality
(
!1.0). To quantify, the relative closeness of dx to the
male threshold dm can be expressed as

I � dm ÿ dx
dm ÿ df

, (6)

i.e. its proportionate deviation from dm in units of the
di¡erence between dm and df. Remarkably, for model 2A
this index is independent of the values of � or M, and
depends only on relative male time-out, 
. At 
�0, I�0
and dx� dm; as 
 increases, I increases monotonically
towards a value of 0.5 (where dx is equidistant between dm
and df ) at 
�1 (see ¢gure 4b). Provided that 
5M, there
is no role reversal in sexual con£ict so that dm4dx4df, and
dx will be closer to the male threshold. There is a larger
region of the con£ict zone over which the male experi-
ences more intense selection to mate than the female to
reject. In nature, the most typical case is for very small
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relative male time-out (
5M). The threshold for equal
values of winning lies very close to the male threshold
under such circumstances, and the con£ict zone is
maximal (dm approaching 1, and df approaching zero).
Most of the rare encounters between males and females of
di¡erent populations are, therefore, not only likely to
involve mating con£ict, they are also likely to involve
much greater selection pressure on males to win.

(b) Model 2B. Frequent interpopulation encounters
For frequent meetings, a male of type i mating dis-

criminately (i.e. only with type i females) gains at a rate
1/(Gm+ Sm/pii), and an i male mating indiscriminately
gains at rate [pii+(17pii)(17dmi)]/(Gm+Sm). Assuming
that discriminateness is selected against, we subtract the
former pay-o¡ from the latter to giveVm. Similar relations
apply for the female, but reverse the signs of the payo¡s to
¢nd the condition under which discriminateness is
favoured to giveVf. Hence

Vm��pii�(1ÿpii)(1ÿdmi)�=(Gm�Sm)ÿ1=(Gm�Sm=pii),

Vf � 1=(Gf �Sf=qjj)ÿ�qjj� (1ÿqjj)(1ÿdf j)�=(Gf �Sf ):

Calling dx the hybrid disadvantage atVm� Vf, and setting
m�(Gm+ Sm/pii) and f�(Gf + Sf/qjj), we obtain

dx �
M � 1ÿMT(mÿ1 � mÿ1)
(1ÿ Pii)�M(1ÿ qjj)

, (7a)

and expressing all times relative to the female `time-out'
cost, Gf,

dx �
M�1ÿM(1��f )�(1��m=pii)ÿ1� (1��f=qjj)ÿ1�

(1ÿ pii)�M(1ÿ qjj)
:

(7b)

Outcomes of model 2B are illustrated in ¢gures 4c and 4d.
Figure 4c shows a typical hypothetical case where the
probability of encounter of like populations is predomi-
nant and equal (pii�qjj�0.7), and the adult sex ratio is
unity. Threshold dx for equal values of winning now lies
equidistant between dm and df: there is now a much less
restricted zone of d over which females may be under
more intense selection than in model 2A. Using index I,
equation (5), to map relative distance of dx from the male
threshold dm, we ¢nd that dx is independent of 
 and �
(¢gure 4d). For the case where pii�qjj, I is dependent only
on M, the adult sex ratio. Where M�1, dx is equidistant
between dm and df ; increasing M causes dx to move closer
to the female threshold, giving a bigger zone favouring
females. DecreasingM has the opposite e¡ect (¢gure 4d).

When there is asymmetric overlap between populations
(pii 6� qjj), dx is pushed closer to the male threshold in meet-
ings of a rarer male population i with a commoner female
j; and (simultaneously) towards the female threshold for
the commoner males meeting rarer females (¢gure 4d).
Thus the zone over which males are favoured is greater
for the rarer males than for the commoner males, gener-
ating asymmetric selection intensity (and possibly also
direction) in i^ j and j^ i meetings.

Although the prospects for females look better under
model 2B, it must be remembered that this is a model
essentially of selection for isolation from a prior state of
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Figure 4. (a) Threshold dx (dash^dot curve) at which selection
on males to mate is equal to selection on females to resist, for
model 2A in relation to 
 (the ratio of `times-out', Gm/Gf). The
upper bold curve is the male threshold, dm, above which males
should not attempt to mate and the lower bold curve the
equivalent threshold, df, for the female (see ¢gure 2c). ��0.001,
andM�1.0. Within the con£ict zone, at a level of d etween dx
and dm, the female is under greater selection to resist, and
between df and dx, the male is under greater selection to mate. (b)
Plot of index I from equation (6), representing the closeness of
threshold dx to the male threshold dm, for model 2A. (c)
Threshold dx (dash^dot curve) for model 2B; rest as for (a). (d)
Plot of index I from equation (6), representing the closeness of
threshold dx to the male threshold dm, for model 2B; the di¡erent
values of pii, qjj, � andM are shown against each plot (see text).
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mixing, in which the hybrid disadvantage d is likely to take
a low value because of the extensive gene £ow between
populations. Such conditions of low d favour males (e.g.
¢gure 4c).When there is e¡ective isolation, with very rare
meetings, d may then be much greater, the restricted gene
£ow allowing much divergence of the two populations. But
then the appropriate model is model 2A, which allows a
much greater range over which males are favoured, espe-
cially at low relative male time-out.
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