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ABSTRACT 
Harmony and cooperation was for long believed to dominate sexual interactions. This view 
slowly started to change 25 years ago and is today replaced with a view where males and 
females act based on what is best from a costs-benefits perspective. When sex specific costs and 
benefits differ, concerning reproductive decision influenced by both sexes, sexual conflict will 
occur. The basis for discordant reproductive interests between the sexes is that males produce 
many small gametes, while females’ produce few and large gametes. One result of this 
difference is that the optimal mating rate differs between the sexes. Males, with their many 
small sperm, maximize their reproductive output by mating with many females, while females 
often do best by not mating more frequently than to fertilize their eggs, since mating often 
entails a cost. Sexual conflict over mating is thus an important factor shaping the interactions 
between the sexes. In this thesis I study this and related conflicts between the sexes, using 
mathematical models, fruit flies and comparative methods. 

Mathematical modelling was used to explore how males and females may coevolve under 
sexual conflict over mating. This model shows that sexual conflict over mating results in the 
evolution of costly female mate choice, in terms high resistance to matings, and costly 
exaggerated male sexual traits, aimed to manipulate females into mating. A key assumption in 
this model is that males which females find attractive also are more harmful to females. This 
assumption was tested by housing fruit fly females with either attractive or unattractive males. 
Females kept with attractive males were courted and mated more, and suffered a 16 percent 
reduction in lifetime offspring production. In another study I measured genetic variation in two 
antagonistic male traits used to compete over females; offence - a male’s ability to acquire new 
mates and supplant stored sperm, and defence - a male’s ability to induce fidelity in his mates 
and prevent sperm displacement when remating occurs. Independent additive genetic 
variation and positive selection gradients were found for both these traits, indicating an 
ongoing arms race between these male antagonistic traits. This arms race also had a negative 
impact on females, since high values of offence compromised female fitness. Genetic 
variation in female ability to withstand male harm was also tested for and found, indicating 
that females evolve counter adaptations to reduce the effect of harmful male traits. Finally, 
the proposed link between sexual conflict and speciation was tested. Theory suggests that 
perpetual sexual arms races will cause allopatric populations to evolve along different 
evolutionary trajectories, resulting in speciation. This theory was tested using comparative 
methods by contrasting the number of extant species in taxa with high and low opportunity 
for sexual conflict. The study showed that taxa with high opportunity for sexual conflict, on 
average, has four times as many species as those with low opportunity, supporting that sexual 
conflict is a key process in speciation. 
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1. INTRODUCTION 
 
Sexual selection 
The fact that males and females (or male and female structures) are so different 
(sexually dimorphic) in many animal and plant species, commonly has its roots in a 
process known as sexual selection. Darwin (1859), how first acknowledged sexual 
selection wrote: 
 

“This form of selection depends, not on a struggle for existence in relation to other 
organic beings or to external conditions, but on a struggle between the 
individuals of one sex, generally the males, for the possession of the other sex. 
The result is not death to the unsuccessful competitor, but few or no offspring.” 

 
Sexual selection has later been more stringently defined by, for example, Andersson 
(1994) 
 

 “Sexual selection of a trait can … be viewed as a shorthand phrase for differences 
in reproductive success, caused by competition over mates in relation to that 
trait.“ 

 
Sexual selection is normally a sex specific selective force, which shapes the phenotypes 
of males and females, in order to promote male and female success in the competition 
over mates. Selection in the wild can thus be viewed to operate at two different levels. 
First there is natural selection, where the external physical and biological environment 
sets absolute and relative conditions for survival, and second there is sexual selection, 
where individuals compete to secure a mate (or mates). However, natural and sexual 
selection are often closely integrated, since many characters are subjected to both 
natural and sexual selection, which may diverge or coincide. Several authors also argue 
that natural and sexual selection should not be viewed as separate processes. Instead, 
sexual selection can be considered a component of natural selection (e.g. Endler 1986, 
Andersson 1994). 
 
But why is it important to compete over mates and how does it relate to fitness? A 
general difference between the sexes, in polygamous species, is that female fitness is 
constrained by the number of offspring produced whereas male fitness is constrained 
by the number of sexual partners (Bateman 1948). This has its basis in that females 
commonly invest more per offspring than males do (eggs are large and sperm are 
small). Males consequently have the opportunity to produce many more offspring than 
any single female can, and females becomes a resource that limits male reproductive 
success (Trivers 1972). 
 
Competition over mates can take two different forms. Either males compete among 
themselves and sort out which male(s) will mate with the available females (male-male 
competition), which leaves little opportunity for females to influence their partner(s). 
This form of sexual selection has spurred the evolution of “weapons” (e.g. antlers, 
extended teeth) in males in many species. Alternatively, males present themselves to 
females and the outcome of such interactions determine if a male succeeds in securing a 
fertilization opportunity or not. This later form of sexual selection leaves much more 
opportunity for females to choose their partner(s). It is primarily this form of sexual 
selection that has resulted in the many extravagant male ornaments, seen especially in 
birds, and that has attracted most attention by evolutionary biologist. 
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Theories of sexual selection 
Although the process of sexual selection has long been accepted by now, though 
controversial when first presented, the mechanisms by which sexual selection operates 
are still heavily debated. The controversy over this issue is not so much about which 
mechanisms male-male competition operates through, but rather what drives female 
mate choice. 
 
Fisher (1930) was the first to suggest a mechanistic explanation for how female mate 
choice could result in exaggerated male ornaments. His idea was that if a genetic 
coupling exists between a female preference trait and an arbitrary male character, 
females mating with males that express the preferred trait would have an indirect 
fitness advantage, since their sons would express the preferred male trait and thus have 
higher mating success. The male trait would thus spread in the population, and since the 
female preference trait is genetically coupled to the male trait also the preference trait 
will raise in frequency. This creates a self-reinforcing system that continually will 
exaggerate the female preference and the male trait in the population. The exaggeration 
of the male trait, and hence the female preference, will eventually come to an halt when 
the size of the male trait compromises male survival to the extent that the extra mating 
advantage cannot account for the reduced survival (Lande 1981; Kirkpatrick 1982). 
 
Although appealing in its elegance this explanation for the evolution of female mate 
choice and male ornaments suffers from the problem that no negative direct selection 
can act on the female preference trait. If female choice is costly the “runaway” process 
can never get started (e.g. Kirkpatrick 1985; Pomiankowski 1987a). Cost of choice is 
probably a reality for females in most species, since choice involves assessing, rejecting 
and sometimes also locating males. Fisher’s explanation for the evolution of female 
preference traits and male ornaments therefore seems less likely to be the general 
mechanism of sexual selection. 
 
Another influential idea in this field is one that usually is referred to as the “good 
genes”, “indicator” or “handicap” model. Also this idea stems from Fisher’s early work 
(Fisher 1915), but it first became more generally known when discussed by Williams 
(1966) and others (Zahavi 1975, 1977; Hamilton and Zuk 1982). The basis of this idea 
is that if males vary in breeding value for fitness, females can gain an indirect genetic 
benefit by mating with genetically superior males, since their offspring will inherit 
some of their father’s qualities. This idea is intuitively very appealing, since sexual 
selection here reinforces natural selection by female choice. The outcome is however 
not entirely in line with what natural selection dictates. For females to be able to 
distinguish between males of differential genetic quality, one or several male 
phenotypic trait(s) must reflect their bearers’ genetic condition. The trait must therefore 
be costly for males to express, in order to limit its expression to males in good 
condition. If the trait would not be costly, cheaters would soon invade the system 
making the trait useless to females. Coevolution between a female preference trait and 
an initially rudimentary indicator trait would thus result in exaggerated male ornaments 
with sizable survival costs to its carrier. This model of sexual selection through female 
mate choice has now been shown to work on a theoretically level by several authors 
(e.g. Andersson 1982, 1986; Pomiankowski 1987b; Grafen 1990; Iwasa et al 1991). 
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An important assumption for this model to work is that fitness is heritable. The few 
measures of this parameter in the wild do however point to very low numbers, of only a 
few percent or less (Gustavsson, 1986; Merilä & Sheldon 2000; Kruuk et al 2000; 
McCleery et al 2004). A related factor also complicating female choice for good genes 
is that the same alleles that produce superior male phenotypes might produce inferior 
female phenotypes (Chippendale et al 2001). Females preferentially mating with males 
with high phenotypic expression of “male traits” might therefore produce daughters of 
low quality. 
 
Above two models of sexual selection both rely on indirect benefits (i.e. effects first 
expressed in the following generation) to females that exert mate choice. Female mate 
choice could instead have evolved in response to variation in direct effects on female 
fitness. Males may, for example, vary in the amount of parental care they provide, the 
quality of the territory they hold, or some other resources that directly influence female 
fitness. This could select for choosy females with (Price et al 1993) or without 
(Heywood 1989) selecting for any male trait, since variation in the benefits males 
provide can be entirely phenotypic. When females rely on a male phenotypic marker 
that is correlated with the direct benefits received, this model becomes very similar to 
the indicator model described above, and females are predicted to receive indirect as 
well as direct benefits from being choosy. However, this model cannot explain female 
mate choice when females receive nothing but sperm from their mates. 
 
An explanation for the evolution of exaggerated male traits that have been suggested 
repeatedly is that females may have preferences for particular male traits or behaviours 
caused by mechanisms unrelated to sexual selection (West-Eberhard 1979, 1984; Ryan 
1990; Endler & Basolo 1998). Females’ sensory systems may for instance have 
evolved in response to natural selection to detect food and predators, with the 
pleiotropic effect that they also react to these stimuli in other contexts. Males 
expressing phenotypes or behaviours that to some extent mimic the source to which the 
female sensory system has adapted may therefore become more interesting to females, 
giving such males a mating advantage, causing positive selection on this male trait. 
This theory has been named sensory exploitation, since males evolve to exploit some 
pre-existing female sensory biases. 
 
The theory of sexual selection, which the studies included in this thesis test, is called 
sexually antagonistic coevolution (SAC) (reviewed in Arnqvist & Rowe 2005). This 
theory is different from the previous ones in that it recognizes and focuses on that males 
and females often have conflicting reproductive interests. Conflict has for long been 
acknowledged to be the driving force behind direct competition among males, but has 
not until lately been thought of as a mechanism shaping male-female sexual 
interactions (Parker 1979). In an imaginary species, where mating is random and males 
and females live in lifelong monogamy, a male and his partner’s fitnesses are perfectly 
correlated and conflict absent (Rice 2000). However, as soon as any of these 
assumptions is violated, the fitnesses of the sexes will become partly decoupled, setting 
the stage for sexual conflict. 
 
Polygamy, the prevalent mating system in nature, provides ample opportunity for 
sexual conflict, since individuals of both sexes commonly mate with multiple partners, 
which substantially decouples the fitnesses of interacting males and females. When 
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males and females have no long term interest in their partners reproductive output, 
selection will act to maximize the outcome of the opposite sex’s investments in the 
current activities. Since a male’s fitness commonly is dependent on the number of 
mates and the number of offspring produced by each mate, the theory of SAC predicts 
that males should evolve means to increase these, also when they compromise his 
partners’ lifetime fitness. If matng is associated with costs to females, such as a lost 
opportunity to forage, increased risk of predation, risk of receiving a sexually 
transmitted disease etc. (reviewed in Choe & Crespi 1997; Daly 1978), females are 
predicted to have an optimal mating rate (Arnqvist & Nilsson 2000). Males will thus 
often encounter females that would do best if they did not mate, and selection on males 
will hence act to find ways to persuade females to mate anyway. Females, on the other 
hand, will be selected to resist being persuaded into, for them, non-beneficial matings. 
Parker’s (1979) first formulation of SAC for long received little attention but later 
authors’ (Rowe et al 1994 and especially Holland & Rice 1998) treatments of this 
subject have attracted a lot of attention. 
 
The three-way tug-of-war 
Sexual conflict is often portrayed to be driven by male-female disparate reproductive 
interest (see above). However, in species where males cannot monopolize females 
male-male competition is predominantly mediated through females. Female thus 
constitute the playing field where males try to outmanoeuvre one another. The means 
used by males to promote their success in this competition sometimes have negative 
consequences for females (Chapman et al 2003), and it is mainly this that motivates the 
evolution of female resistance with resulting SAC (see fig. 1).  
 

Figure 1. When a male mates to a female in a 
polygamous species, there is substantial risk that the 
female will remate before all sperm provided by the 
male is used. The male should thus try to prevent the 
female from remalting. This can either be conducted 
through active mate grading, by transferring a 
mating plug or via seminal fluids that influence the 
female reproductive physiology to reduce her 
inclination to remate. If the female anyhow remates, 
the first males should try to influence the outcome to 
his benefit when competing with the other male’s 
sperm. This male is thus in a sperm defence position. 
A male encountering an already mated female 
should first try to mate with her by overcoming her 
own,  or  induced  reluctance  to remate. If successful  

Defence Offence

Reproductive 
tract & 

physiology

Defence Offence

Reproductive 
tract & 

physiology

this male should either physically remove already present sperm or by chemical means 
outcompet the sperm provided by the first male. This male is thus in an offence position. If any 
of these male activities have a negative effect on female fitness females should evolve means to 
neutralize or reduce their effect. (After Rice 1998). 
 
Sexual conflict and speciation 
Multiple factors will promote divergence between allopatric populations, including 
genetic drift, local adaptation to the physical and biotic environment and sexual 
selection (Coyne & Orr 2004). Sexual selection in general (Darwin 1871; Lande 1981; 
West-Eberhard 1983) and sexual conflict in particular (Arnqvist 1998; Rice 1998; 
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Arnqvist et al 2000; Gavrilets 2000) has been suggested to be an especially important 
“engine” of speciation. There are several reasons to believe this. Firstly, selection on 
sexual characters acts on a large proportion of a population every generation (West-
Eberhard 1983). Secondly, sexual selection is more constant in direction because of its 
insensitivity to environmental fluctuations (West-Eberhard 1983). Thirdly, adaptation 
to the local physical environment will follow an asymptotic curve, while adaptations to 
the coevolving biotic environment (predators, preys, parasites etc.) will be continuously 
ongoing, creating more opportunity for diversification between populations over time 
(Van Valen 1973). In this respect sexual conflict is a particular potent force driving 
divergence, since perpetual arms races between the sexes is predicted to drive rapid 
evolutionary change in males and females (Rice 1998). 
 
 
2. AIMS OF THE THESIS 
 
The purpose of this thesis was to investigate the logic of sexual conflict and to test 
some of the main assumptions and predictions of this theory using mathematical 
modelling, the model organism Drosophila melanogaster and comparative methods. 
The main questions addressed in this thesis are: 
 
• Can sexual conflict drive the evolution of costly female mate choice? (Paper I) 

• Are sexually preferred males more harmful to females? (Paper II, III) 

• Is there genetic variation for male harm to females? (Paper III, V) 

• Are male sexually antagonistic traits currently coevolving? (Paper III) 

• Are males copulatory investments related to female mating status? (Paper IV) 

• Is there genetic variation for female resistance? (Paper V, VI) 

• Can sexual conflict drive speciation? (Paper VI, VII) 
 
 
3. STUDY SPECIES 
 
All empirical studies included in this thesis use the model organism Drosophila 
melanogaster (the fruit fly). This species has played a critical role in the development 
of genetics ever since Thomas Hunt Morgan started his work with this species in the 
early twentieth century. With time, D. melanogaster has found its way to almost all 
branches of biological science, and the field of sexual conflict is no exception. 
 
D. melanogaster is a polygamous insect species. Males stay at feeding and oviposition 
sites and locate arriving females by their pheromonal profile (Ferveur 1997). Male 
courtship is complex but yet stereotypic in its performance, involving following the 
female, vibrating extended wings, taping the female with the fore tarsus and licking the 
female genitalia, before mounting is attempted (Hall 1994). Successful matings usually 
takes less than 20 minutes (Singh & Singh 2004). 
 
Although surprisingly little is known about the life of D. melanogaster in the wild, it is 
safe to conclude that the laboratory environment differ from the natural in many 



 

 10 

respects. Using the fruit fly, or any other laboratory animal or plant species, to study 
evolutionary biology, therefore has its limitations. The laboratory environment poses 
new selection pressures on wild caught animals, while it relaxes other. This has the 
effect that genetic variation that was neutral in wild may become selected upon in the 
laboratory and vice versa. New laboratory populations are therefore likely to undergo 
rapid evolutionary change during the first generations in the laboratory (Sgrò & 
Partridge 2000). Such populations may therefore be far from their genetic equilibrium, 
and it may consequently be difficult to draw strong inferences from experiments with 
such populations. Populations that have a long history of adaptation to its laboratory 
environment may, on the other hand, differ substantially from the population it once 
was derived from. However, if general questions of evolutionary biology are studied, 
such populations should constitute reliable tools, since their new environment, in 
essence, has become their “natural” environment (Rice et al 2005). That said it is of 
course naïve to believe that such populations are perfectly adapted to the laboratory 
environment (Houle & Rowe 2003). 
 
Fruit flies are normally cultured either on a two week discrete generation cycle or with 
overlapping generations. These culturing protocols both have their benefits and 
drawbacks. The use of overlapping generations better reflects the natural life history of 
fruit flies, but has the drawback that the culturing protocol is difficult to mimic during 
controlled experiments. Culturing flies on discrete generation cycles suffers from this 
artificial setting, but has the noticeable advantage that fitness is more easily defined and 
measured. Standing levels of genetic variation in fitness and life history traits is 
therefore relatively easy to measure on a relevant scale, as well as the fitness effects of 
manipulating life histories. 
 
Three laboratory populations of fruit flies were used for the experiments in this thesis. 
In paper II a population called Dahomey was used. This population is cultured with 
overlapping generations in fly cages and has an extensive history of adaptation to its 
laboratory environment. Before the onset of the experiments reported in this thesis it 
had been kept in the laboratory for at least 600 generations. The population used in 
paper V was also a population cultured with overlapping generations. Its history of 
adaptation to the laboratory was shorter, 40-60 generations. A population called LHM 
was used for papers III, IV and VI. This population is reared on a discrete generation 
cycle and had adapted for at least 300 generations before the start of the experiments 
reported here. 
 
 
4. RESULTS AND DISCUSSION 
 
Evolution of female choice by sexual conflict (paper I) 
In this paper we model the evolution of female mate choice under sexual conflict over 
mating rate, as verbally outlined by Holland & Rice (1998), in a simple quantitative 
genetic framework. In the “species” we model mating confers benefits as well as costs 
to females. The benefits can be thought of as getting sperm to fertilize the eggs, 
replenish sperm stores and avoiding fertilizing eggs with incompatible sperm, and costs 
as those described in §1. While the benefits of mating repeatedly are assumed to give 
diminishing returns, since a moderate mating rate will incorporate all the benefits, the 
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cost of mating is assumed to be constant per mating. These assumptions result in an 
optimal female mating rate. Mating is also assumed to convey costs and benefits to 
males. The marginal benefit is, however, assumed to be constant over matings, so that a 
male’s mating rate is linearly related to his fitness. There is thus sexual conflict over 
mating rate in this population; males benefit from mating as much as possible while 
females do best by mating at a moderate rate. 
 
In the model males are characterised by a sexual trait that influence the probability of 
mating with females, where higher trait values confer higher mating success. Females 
are characterized by a preference functions that specifies the probability of mating to 
males of different trait values. The female preference (mating probability) function is 
assumed to have an S-shaped form, which approaches zero for males with very small 
trait values and one for males with very high trait values. The preference function is 
fixed in its shape but allowed to evolve by sliding along the x-axis to adjust female 
mating rate (see fig 2.). The female preference function is originally thought to have 
evolved in response to natural selection on females, to tune their sensory system to 
detect, for example, food or predators. This model is thus analogous to males exploiting 
a female sensory bias to increase their mating success, as described in §1. 
 

 
Figure 2. Males are represented by the value of their sexual trait, y, and females by an S-shaped 
preference functions, Ψ(y-x), which gives the probability of mating between a female of trait 
value x and a male with trait value y. The figure depicts two populations with genetic variation 
in the male trait and the female preference function. 
 
Given this limited set of assumptions, there will be sexual selection on the male trait to 
increase in value. This will confer a higher mating rate on a population level, which 
will knock females off their optimal mating rate and select for increased female 
resistance to mating, by shifting the preference function in fig. 2 to the right. If only 
sexual selection acts on the male and the female traits, constant escalation of these is 
expected. The outcome of this arms race depends on the relative strength of sexual 
selection and the relative amount of additive genetic variation for the male and female 
traits. If the male trait evolves faster than the female trait, the average mating rate in the 
population is ever increasing. If females can evolve faster than males the average 
mating rate in the population will be constant. The mating rate will, however, be higher 
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than the optimal female mating rate; to what extent is again dependent on the relative 
speed by which the male and female trait can evolve. 
 
In a more realistic setting natural as well as sexual selection will act on the male and the 
female trait. If the male trait is an ornament, exaggerated trait values may reduce male 
survival, and if the value of the female trait influences females’ ability to detect food or 
predators, its evolution will also be constrained by natural selection. With these more 
realistic assumptions the dynamics of this model differ from above. Several outcomes 
are possible depending on the specific parameter values. The most realistic of these are 
perhaps when natural selection on the male trait is relatively stronger than on the 
female preference trait. With these assumptions the model has an equilibrium that is 
stable, or unstable (which will cause the system to cycle). On average the male trait will 
be exaggerated and female resistance costly. Whether the average female mating rate 
exceeds the female optimal mating rate, is again parameter dependent, but the 
displacement is in general small. 
 
A later contribution, building on this model, in which also the slope of the female 
preference function was allowed to evolve, it was shown that antagonistic coevolution 
may be less common between a male sexual traits and a trait causing female sensory 
bias (Rowe et al 2005). Some evidence exists that the shape of the female preference 
function can evolve (e.g. Basolo 1996, 1998; Wagner 1998), but more research on the 
plasticity of female preference functions is needed before any general conclusions can 
be made regarding how frequent male-female arms races can be predicted to be. 
 
Preferred males are more harmful to females (paper II) 
This paper sets out to test one of the key predictions of sexual conflict; that male 
phenotypes females preferentially mate with inflict more harm to females than other 
male phenotypes. This prediction is in opposition to what is predicted by most other 
models of sexual selection. In this study size of D. melanogaster males was used as a 
proxy for male attractiveness, which several contributions have shown to correlate 
positively to male mating success in this species (e.g. Ewing 1961; Partridge & 
Farquhar 1983; Partridge et al 1987; Pitnick 1991). Single females were randomly 
assigned to be housed for their entire life with either one or two males that either was 
small or large, while several female life history components were monitored and 
intersexual interactions quantified. 
 
Females housed with large males suffered a substantial loss in offspring production 
(16%) compared to females that were housed with small males. This effect was 
primarily explained by differences in female lifespan between females housed with 
large and small males (see fig. 3). The effects of male size were to a large extent 
explained by the behavioural variables measured; courtship and mating rate. Large 
males courted females more frequently and induced a higher mating rate. Courtship rate 
was negatively correlated to female offspring production while offspring production 
peaked at an intermediate mating rate. These results were thus largely in concordance 
with what is predicted under SAC. The finding that large males are more harmful to 
female was also verified in another study with a similar experimental set up (Pitnick & 
García- González 2002). 
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Figure 3. Female survival as a function of time in the four groups. 
 
Antagonistic coevolution between male sexual traits (paper III) 
In this study we tested for an ongoing arms race between male defence and offence (see 
fig 1. for explanation of these terms), in D. melanogaster, and measured its 
consequences to females. As described in §1, sexual conflict is predicted to, at least in 
part, be driven by male-male competition fought within females. To conclusively show 
that two traits currently are coevolving requires evidence of (i) additive genetic 
variation in both traits, (ii) that at least a part of this variation is independent between 
the traits, (iii) that selection acts on both traits and (iv) that the two traits interact and 
select upon one another. 
 
To test for these criteria we clonally amplified 35 haploid genomes (hemiclones) and 
measured male defence and offence ability for these hemiclones. We found significant 
genetic variation in both these traits. Since nearly all genetic variation among 
hemiclones is additive we could conclude that male defence and offence fulfil criteria 
(i). To evaluate criteria (ii) we tested for a partial correlation between offence (defence) 
traits and another independently measured trait, while controlling for defence (offence). 
Using this procedure we found independent additive variation in both offence and 
defence, fulfilling criteria (ii). Male fitness can be decomposed into three components 
egg-to-adult survival, male defence and male offence. Values of defence and offence 
were measured in offspring production and were thus directly related to fitness. Since 
no negative genetic correlations were found between these components we could 
conclude that positive selection acted on both defence and offence in this population, 
fulfilling criteria (iii). No explicit tests were conducted to evaluate criteria (iv). 
However, the nature of offence and defence is such that an increase in one of them 
necessarily comes at the expense of the other, since males do not provide any nuptial 
gifts in this species (Chapman et al. 1994; Pitnick et al. 1997). The studied population 
thus fulfilled all these criteria, supporting that male offence and defence currently are 
antagonistically coevolving in this population. 
 
To test if this male-male arms race potentially could drive an associated arms race 
between the sexes, we tested how the variation in offence and defence related to 
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female fitness. We found offence to influence female fitness negatively while the 
opposite pattern was found for defence. The positive effect by defence was partly 
explained by that high defence suppressed female remating, which was beneficial to 
females since remating proved costly. Defence also had a more direct positive effect 
on female fitness. Our evidence that high values of male offence are costly to females 
is indeed strong support for that the male-male arms race found could drive an 
associated arm race between the sexes. 
 
Cryptic male mate choice: its effect on male and female fitness (paper IV) 
When the risk of sperm competition varies males are predicted to adjust their 
reproductive investments accordingly (Bonduriansky 2001; Wedell et al 2002). Female 
mating status is a factor that covaries with this risk, and males are hence predicted to 
take this into account when mating with virgin and already mated females. In D. 
melanogaster, females change their cuticular hydrocarbone (CH) profile after mating, 
and males adjust the intensity of their courtship thereafter, courting virgin females more 
passionately (Tompkins & Hall 1981). In this study I manipulated male perception of 
female mating status by coating virgin females with CHs from either virgin or already 
mated females. In response to this manipulation males mated significantly longer with 
virgin females that they perceived as mated, compared to females they perceived as 
virgin. Increased copulatory investment had a positive effect on male fitness. When 
focal males mated with virgin females they perceived as mated they were more 
successful in defending their sperm from being displaced, since these females remated 
to a lesser extent. This result also verified one of the assumptions of this study, that 
mating is costly to males, since males mated longer than normally to virgin females 
when fooled to believe these were mated, which improved their sperm defence. 
 
Earlier contributions have shown that mating is costly to females in this species (e.g. 
Fowler & Partridge 1989) and prolonged copulations could therefore be predicted to 
have a negative influence on female fitness. However, prolonged copulations were only 
about 10% longer, and a recent study have shown that remating once only reduces 
female fitness in this species with about 6% percent (unpublished data B. Kuijper, A. 
D. Stewart & W. R. Rice). Female fitness was nevertheless affected in accordance 
with this prediction in one experiment. However, in a more controlled experiment the 
opposite pattern was found. 
 
Genetic variation in female resistance to male harm (paper V) 
Above empirical studies primarily focuses on the male part of SAC. However, for SAC 
to occur also genetic variation in female resistance to male harm must exist. In this 
study I investigated this part of SAC. To test for female resistance ten completely 
inbred lines of D. melanogaster was used in two experiments. In the first experiment, 
females from all ten lines were exposed to males from each of the ten lines for 25 hours 
(limited male exposure) and thereafter kept in individual vials and scored for the time 
of their death. The second experiment was identical to the first, with the one difference 
that the females were housed with one male each throughout their lives (lifetime 
exposure to males). Female resistance was here defined as the ability to withstand an 
increased exposure to males, which could be measured by the relative decline in 
lifespan between experiment one and two (see fig.4). 
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Figure 4. Mean female lifespan for the 10 female lines in the two experiments. Differences in 
reduction between lines in lifespan, over the two experiments, indicate that the female lines 
differed in their ability to withstand an increased level of exposure to males. 
 
When combining experiment one and two, the interaction term “experiment x female 
line” was significant, indicating that there was genetic variation in female resistance to 
male harm. When each of the experiments were analysed separately, evidence for male 
harm was also found since the male-lines varied significantly in there effect on female 
lifespan in both experiments. This study tested for total genetic variation in female 
resistance, including additive, dominance and epistatic variation. For SAC to currently 
occur evidence of additive genetic variation is needed. Other studies have however 
verified that additive genetic variation for female resistance exists in this species 
(Linder & Rice 2003; Wigby & Chapman 2004; Lew et al 2006).  
 
Sexually antagonistic coevolution as an engine of speciation (paper VI) 
Sexually antagonistic coevolution is hypothesised to be an important engine of 
speciation. However, the evidence that SAC is currently operating is limited. In this 
paper we describe a method called “hemiclonal analysis”, with which current evolution 
can be estimated in laboratory populations. This method was applied when studying 
current evolution in males (paper III) and females (Linder & Rice 2005) from the same 
population, in two previous contributions. Results from these studies are here extracted 
in order to test for SAC. 
 
Hemiclonal analysis is a substitute for measuring ongoing evolution in the wild, which 
with current methodology is a daunting task. Hemiclonal analysis consists of four steps. 
 

1) Creating an “island population”. An “island population” is a large outbred 
laboratory population that has had plenty of time to adapt to its new (laboratory) 
environment, so that problems associated with inbred populations and 
populations that only recently was introduced to the laboratory environment are 
avoided (see §3). The population is further propagated in a way easily 
mimicked under experimental settings. 

2) Clonally amplify a set of haploid genomes. With cytogenetic techniques nearly 
whole haploid genomes (hemiclones), including the X-chromosome and the two 
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major autosomes but excluding the small fourth chromosome, is cloned. These 
hemiclones constitute of different randomly drawn chromosomes copies from 
the base population and form a sub sample of the genetic material found in the 
base population. 

3) Measuring genetic variation. Each hemiclone is expressed in many individuals, 
which has the other half of their genome randomly drawn from the base 
population. In this way each hemiclone is expressed in many different genetic 
backgrounds. When the effect of a hemiclone is averaged over many genetic 
backgrounds the hemiclone’s breeding value can be measured, and when a trait 
is measured in multiple hemiclones the additive genetic variation for that trait 
can be estimated. 

4) Measuring net selection gradients. Since the population is cultured in a way that 
easily is mimicked under experimental settings, fitness of individual flies or 
genotypes can be measured. To estimate selection gradients acting on traits, 
fitness of each hemiclone is measured, which then is regressed on the variation 
of the focal trait. 

 
Above method was used to measure additive genetic variation in mating rate in males 
(paper III) and females (Linder & Rice 2005), while the net selection gradient acting on 
this trait was measured separately for the sexes. Mating rate had an additive genetic 
component in both males and females. This variation was further uncorrelated between 
the sexes, suggesting that different genes code for these traits in males and females. 
Mating rate was negatively selected in females, while positively selected in males (see 
fig. 5). 
 

   
Figure 5. The distribution of average remating rate of 35 hemiclones when expressed in 
females (left) and males (right), and the selection gradients on this variation. The lightly 
stippled curves are normal distributions fit to the data, and they depict the phenotypic 
variation among hemiclones. The darker curves depict genetic variation: they are normal 
distributions centered at the sample means but with variance set equal to the estimated 
genetic variation among hemiclones for females and males, respectively.  
 
The combined results of these two studies thus provide strong evidence for that there is 
sexual conflict over mating rate in this population and that this conflict drives a 
sexually antagonistic arms race. Mating rate is a complex trait and genes coding for this 
trait are likely to affect morphology, behaviour as well as physiology. Due to the 
complexity of the trait, and our evidence for that it is shaped by antagonistic 
coevolution, we think this finding provide strong support for the hypothesis that SAC 
can drive speciation. 
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Sexual conflict promotes speciation in insects (paper VII) 
In this study we tested for an association between sexual conflict and the rate of 
speciation. To accomplish this we identified 25 phylogenetic contrasts. Each of these 
contrasts consisted of one clade of species where females predominately were classified 
as monandrous (mating only once) and one clade of species where females 
predominantly were classified as polyandrous (mating several times). As the potential 
for sexual conflict is higher when females mate frequently, compared to when females 
only mate once (see §1), we predicted that the rate of speciation would be higher 
among clades where females were polyandrous and that these clades thus would be 
more species rich. 
 
The result from this test shows that polyandrous clades are significantly more species 
rich than monandrous clades. Comparing the averages between these two groups shows 
that polyandrous clades are about four times species rich as monandrous clades. We 
also tested if these results could have been explained by a number of other 
acknowledged factors affecting species richness, such as trophic ecology, range of 
geographic distribution and latitudinal distribution. Including these factors, in models 
testing for species richness, strengthened rather than weakened the positive association 
seen between the potential for sexual conflict and rate of speciation. 
 
 
5. CONCLUSIONS 
 
In this thesis I have studied sexual selection and speciation in the light of sexual 
conflict, using mathematical modelling, conducting empirical experiments with D. 
melanogaster and using comparative methods. Overall I find strong evidence that 
conflicts within and between the sexes currently drive male-male and male-female 
antagonistic coevolution, and that these processes influence the rate of divergence 
between allopatric populations. 
 
Indirect benefit models (the Fisher process and the good genes model) dominated 
research on sexual selection for several decades. These theories assume females to 
achieve genetic benefits through mating with certain males over others. Both these 
theories are however associated with difficulties. The good genes model is based on 
that females choose their partner after his genetic quality. But, as the heritability for 
fitness apparently is very low in nature, this seems like an unlikely process maintaining 
female choice. The problem with the Fisher process is yet more severe. For this model 
to work female mate choice cannot be costly, which seems like an unrealistic 
assumption. Models where females directly benefits from their mate choice therefore 
seem more plausible, especially if they have to compensate for costly mate choice. In 
systems where females receive nothing but sperm direct benefits are obviously absent. 
However, direct effects of mate choice might still be present, since different mating 
strategies might be associated with costs of different magnitudes. From a female 
perspective sexual conflict is all about avoiding male induced costs. 
 
In paper II in this thesis, females that were housed with males that provided high levels 
of courtship and induced higher mating rate suffered a lifetime offspring production 
reduction of 16 percent, compared to females that were housed with less “sexy” males. 
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In a study by Stewart et al (2005), an artificial female resistance allele was introduced 
into an experimental population. This artificial allele had the effect that males 
“vanished” as soon as females had mated once. The effect of this new female resistance 
allele was tested by running this experimental population over several generations. On 
average females that expressed the allele had a 20 percent direct fitness advantage over 
females not expressing the allele, showing that direct cost by interacting with males are 
substantial. It thus seems like sexual conflict causes considerable harm to females and 
that females can avoid large direct costs by adopting a mate choice strategy that reduce 
male harm (i.e. resistance). As the evolution of female resistance is motivated by 
avoiding cost associated with mating, it by necessity also compensates for any costs 
associated with the process of female choice itself. 
 
Sexual conflict seems like a particularly strong force driving male female coevolution, 
and good evidence for this is rapidly accumulating. However, evidence has yet only 
been sought for and found in a limited number of systems and studies on a wider set of 
taxa have to be conducted before we can conclude how general sexual conflict is in 
shaping male-female interactions, sexual dimorphism and divergence among 
populations.  
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