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SUMMARY 

Multiple mating by females (polyandry) is a ubiquitous mating strategy and has far 

reaching consequences for the evolution of sexually selected traits in both males and 

females. My thesis investigates the assumptions of theories that aim to explain the 

evolutionary basis and consequences of polyandry. To do this I combined behavioural 

observations and morphological measurements with quantitative genetic breeding 

designs (Chapters 2–4) and an isofemale line approach (Chapter 5) using the archetypal 

model system, the fruit fly Drosophila melanogaster. 

In my first experimental chapter (Chapter 2), I tested the fundamental assumptions 

underlying the sexually selected sperm hypotheses. Specifically, I quantified additive 

genetic variation in lifetime polyandry and offensive sperm competitiveness (while 

controlling for egg-to-adult viability) and the genetic covariance between the two traits. 

I found high levels of evolvability in polyandry, but no heritable variation in sperm 

competitiveness or embryo viability, suggesting the evolution of polyandry is not driven 

by sexy sperm or good sperm processes.  

In the next chapter (Chapter 3), I explored the evolutionary relationship between 

female survival and reproduction. I found significant negative genetic covariance 

between early life mating frequency and lifespan. Genetically highly polyandrous 

females die sooner than genetically less polyandrous females, indicative of an 

evolutionary trade-off between the two traits. My findings suggest that, in addition to 

the well-known male-driven costs of mating to females in this species, females with a 

genetic propensity to mate multiply live shorter lives. Thus, like males, females can 

exhibit a live fast die young life history strategy. 

Chapter 4 investigated how components of female mating behaviours change over 

the lifetime and how levels of additive genetic variation in these behavioural traits are 

influenced by female age and mating history. Female behaviour was significantly 

influenced by age (courtship latency, mating latency and copula duration). Heritability 

estimates differed significantly from zero in virgin females for courtship latency and 

mating latency, while copula duration displayed no heritable variation in females but 

appeared to be under male control. Heritability estimates did not differ significantly 
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from zero when females were mating for the third time. However, overlapping 84% 

confidence intervals between virgin and mated heritability estimates suggest that female 

mating strategies can potentially also respond to selection at later life stages.  

In Chapter 5, I examined how precopulatory male traits (sex combs, body size, and 

cuticular hydrocarbon profiles) influence pre- and postcopulatory male success (male 

mating success, male inhibition of female remating and offensive sperm 

competitiveness). I found significant genetic variation in most of the traits measured. 

However, there was no effect of precopulatory male traits on pre- or postcopulatory 

male reproductive success. Furthermore, there was no genetic correlation between pre- 

and postcopulatory success, suggesting that these are two independent episodes of 

sexual selection. 

In conclusion, the presence of additive genetic variance confirmed that female 

mating behaviour can respond to selection (Chapters 2 & 4), but that male effects may 

influence this evolvability (Chapter 3). In contrast, male sperm competitiveness showed 

no heritable variation, suggesting the evolution of polyandry is not driven by sexy 

sperm or good sperm processes (Chapter 2). Moreover, male pre- and postcopulatory 

success was not genetically correlated, suggesting two independent episodes of sexual 

selection (Chapter 5). 
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CHAPTER 1: PROLOGUE 

1.1 Sexual selection 

A fundamental goal of evolutionary biologists is to understand the processes that 

shape the diversity in morphological, physiological and behavioural traits that occurs 

within and among populations and species. Sexual selection is a potent evolutionary 

force that is responsible for a range of striking sexually dimorphic features in many 

species. In his account of sexual selection, Darwin argued that females exert mate 

choice for attractive males, leading to competition between males for access to females 

(Darwin, 1871). According to this paradigm, a male’s fitness is most strongly 

determined by the number of females he mates with (Andersson, 1994). Following his 

classic experiment with fruit flies, Bateman interpreted the differences in reproductive 

strategies between the sexes as a direct consequence of anisogamy, the size difference 

between male and female gametes (Bateman, 1948). Males produce a large number of 

relatively cheap gametes and generally provide little or no parental care and thus can 

increase their fitness by mating with many females (Bateman, 1948, Trivers, 1972). 

Therefore, males are expected to compete for access to multiple females because male 

reproductive success should be strongly reliant on the number of mating partners. In 

contrast, females produce larger and fewer eggs and typically provide intensive parental 

care (Trivers, 1972). Females are therefore expected to maximise their reproductive 

success not so much through increasing the number of mates but through ensuring they 

mate with high quality males. As such, females should be choosy (Bateman, 1948, 

Trivers, 1972) and are expected to evolve preferences for mates that enhance their 

fecundity and their own or their offspring’s survival, or bestow genetic benefits that 

increase offspring fitness (Andersson, 1994, Andersson & Simmons, 2006). Selective 

mechanisms such as good genes models of sexual selection posit that the expression of 

male secondary sexual traits is an honest indicator of underlying genetic quality and that 

by choosing males with the most exaggerated traits females can increase the viability of 

their offspring (Zahavi, 1977, Kokko, 2001, Kirkpatrick, 1996). Another potential 
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hypothesis for the evolution of mating preferences proposes that a female’s preference 

for particular traits benefit that female indirectly through the production of more 

attractive offspring (Fisher, 1930). According to this theory, females that mate with 

attractive males produce sons with higher mating success (due to them inheriting the 

attractiveness of their fathers) and daughters with the preference for the trait (due to 

them inheriting the preference of their mothers). This eventually leads to the 

coevolution of genes coding for the male trait as well as for female preference in a 

runaway process through linkage disequilibrium.  

Darwin assumed that the processes of male-male competition and female choice 

occurred prior to mating as he viewed females as being fundamentally monogamous. 

More recently, it has been realised that females, too, mate with multiple partners. The 

onset and wide application of molecular techniques has revealed multiple paternity 

across a diversity of species. It is now well established that multiple mating by females 

(polyandry) is widespread, with evidence for multiple paternity from 89% of all natural 

populations of the taxa examined thus far (Taylor et al., 2014).  

1.2 Consequences of polyandry for sexual selection 

 Polyandry has major evolutionary implications for sexual selection as it can 

fundamentally alter the level at which sexual selection operates (Kvarnemo & 

Simmons, 2013). Parker (1970b) was the first to systematically examine the 

consequences of polyandry for competition between ejaculates of individual males, a 

process he called sperm competition. When females mate multiply, ejaculates from 

multiple males can compete over the fertilization of a female’s ova. Thus, male 

reproductive success is not only determined by a male’s ability to obtain matings but 

also his ability to fertilise ova after mating. Therefore, males must invest not only in 

traits that enhance their attractiveness to females and competitiveness against other 

males over access to females, but must also invest in ejaculate features or else a series 

of strategies that ensure fertilisation of eggs when in competition with ejaculates from 

rival males. Many behavioural, morphological and physiological adaptations have been 

identified which increase competitive fertilisation success (Parker, 1970b, Parker & 

Pizzari, 2010, Simmons, 2001, Birkhead & Møller, 1998). Most obviously, males may 

increase their success by investing more into ejaculate traits such as sperm number 
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(Simmons, 2001). With polyandry, females may also influence the outcome of sperm 

competition by biasing fertilisation towards certain males through cryptic female choice 

(Eberhard, 1996). Given postcopulatory male-male competition and cryptic female 

choice, males may face different avenues through which to increase their reproductive 

success. Importantly, males may face resource limitation so that individual traits may 

trade-off with each other, and more generally, postcopulatory traits may trade-off with 

fitness traits important for precopulatory mating success (Kvarnemo & Simmons, 2013, 

Parker et al., 2013, Parker, 2016). Adaptive polyandry and male adaptations to 

maximise their individual fitness in the presence of polyandry can also generate sexual 

conflict over mating decisions, which may lead to antagonistic coevolution of male 

manipulation and female resistance when the two sexes have different optimal mating 

rates (Arnqvist & Rowe, 2005).  

1.3 The maintenance of polyandry 

The traditional paradigm of sex differences in mating strategies has assumed little 

capacity for females to increase their fitness through multiple mating. Nevertheless, the 

ubiquity of polyandry in most species suggests that it must provide females with some 

fitness benefits. Much theoretical and empirical interest has therefore focused on 

identifying evolutionary explanations for the maintenance of polyandry. Obviously, 

polyandry is beneficial when mating multiply replenishes depleted sperm supplies 

(Lewis & Austad, 1994) and assures fertility if some males are sterile or subfertile 

(Garcia-Gonzalez, 2004). Polyandry can also increase female fitness if females gain 

other direct benefits from mating multiply, for example in the form of nuptial gifts or 

increased parental care for offspring (for a review, see Arnqvist & Nilsson, 2000). In 

addition, in some cases polyandry could simply respond to the minimization of costs 

associated with male harassment (Thornhill & Alcock, 1983). However, the benefits of 

polyandry are much less well understood in species where males provide no direct 

benefits. Here, polyandry must provide some indirect, genetic benefits. According to the 

trade-up hypothesis, females can benefit from mating multiply if they remate with a 

male who is genetically superior to their previous mate (Pitcher et al., 2003). Bet-

hedging theory predicts, on the other hand, that polyandrous females benefit simply 

from producing more genetically diverse offspring, making it more likely that some 

offspring will survive in an unstable environment, or from spreading the risk of mating 
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with unsuitable (e.g. low quality) males (Baer & Schmid-Hempel, 1999, Garcia-

Gonzalez et al., 2015, Yasui, 1998). Females may also benefit from polyandry when 

more genetically compatible males sire the majority of offspring (Tregenza & Wedell, 

2002, Tregenza & Wedell, 2000, Sutter & Lindholm, 2015, Zeh & Zeh, 1996, Zeh & 

Zeh, 1997). Other hypotheses propose that promoting sperm competition among males 

could contribute to the evolution of polyandry (Evans & Simmons, 2008, Keller & 

Reeve, 1995). The sexy sperm hypothesis suggests that by inciting sperm competition, 

polyandrous females will have a selective advantage over monandrous females as their 

sons will be sired by competitively superior males and inherit genes for enhanced sperm 

competitiveness, thus generating the coevolution of sperm competitiveness and 

polyandry through Fisherian ‘runaway’ selection (Keller & Reeve, 1995). Moreover, the 

good sperm hypothesis suggests that polyandrous females can gain good genes benefits 

for offspring if superior sperm competitors are also of high overall genetic quality 

(Yasui, 1997). Both hypotheses require that sperm competitiveness be inherited from 

fathers to sons, and that sperm competitiveness is genetically correlated with polyandry 

(sexy sperm) or with genetic quality (good sperm). 

For a mating strategy to evolve and subsequently remain stable, the benefits that it 

confers must outweigh the costs. Despite the many potential benefits of polyandry, the 

costs are also likely to be substantial. Females that mate with multiple males may lose 

time and energy during mate searching and expose themselves to a higher predation risk 

or to sexually transmitted pathogens (Rowe et al., 1994, Watson et al., 1998, Hurst et 

al., 1995, Knell & Mary Webberley, 2004). Costs of polyandry also arise from sexual 

conflict over mating rates, where selection can favour male traits that increase mating 

success and/or paternity even when detrimental to female fitness (Arnqvist & Rowe, 

2005). A well-established example of male harm to females is the toxic seminal fluid of 

male Drosophila melanogaster which reduces lifespan in females (Chapman et al., 

1995). Theory suggests that sexual conflict should lead to increased rates of ageing in 

females because of an increase in female mortality caused by sexually antagonistic 

adaptations in males (Rice, 1996, Arnqvist & Rowe, 2005, Promislow, 2003). Hence, 

the short-term physiological costs of reproduction have the potential to alter life history 

trajectories in females. In summary, females are expected to adopt an optimal mating 

frequency, balancing the costs and benefits (Arnqvist & Nilsson, 2000). 
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1.4 Aims and scope of this thesis 

My PhD thesis focuses on testing theories of the evolutionary basis and 

consequences of polyandry. Specifically, I examine whether female mating strategies 

can respond to selection and whether male traits are indicators of attractiveness, 

competitiveness, and genetic quality. I address these issues in four distinct experimental 

chapters. In Chapter 2, I investigate the assumptions of one of the main theoretical 

explanations for the maintenance of polyandry, the sexually selected sperm hypothesis. 

Two key assumptions of this theory are the presence of additive genetic variation in 

polyandry and sperm competitiveness. I use a large quantitative genetic breeding design 

to test for additive genetic variation and covariance between polyandry and sperm 

competitiveness. Moreover, I examine the potential for the good sperm process by 

investigating the genetic covariance between sperm competitiveness and pre-adult 

survival. In Chapter 3, I shift my investigation from the benefits to the costs of multiple 

mating for females. Specifically, I examine whether male effects can influence the 

evolution of female lifespan by investigating the potential for sexual conflict to drive a 

genetic trade-off between lifespan and reproduction, and hence to alter the life history of 

females. In Chapter 4, I investigate female mating strategies in more detail, by 

investigating the genetic basis of different female mating behaviours and whether the 

evolvability of these behaviours is affected by age and mating experience. In Chapter 5, 

I shift to a quantitative genetic approach that uses isofemale lines, and broaden the 

scope of enquiry by encompassing pre- and postcopulatory traits to investigate the 

integration of pre- and postcopulatory episodes of sexual selection on the evolution of 

male traits. Overall, my research tests important theories proposed to explain the 

evolution of polyandry and its consequences for both males and females. Furthermore, 

it examines how mating patterns influence female life history trajectories and the 

evolution of behavioural female mating traits. Finally, it makes a rare empirical 

connection between episodes of sexual selection by examining the relationship between 

numerous traits important for pre- and postcopulatory reproductive success. 

1.5 Study species: the model system Drosophila melanogaster 

To empirically investigate questions that are fundamental to the evolutionary 

genetics of sexual selection, one needs a study species with a well-characterised 
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reproductive biology. It must be easy to keep in large numbers in a laboratory setting. 

Because I am concerned with questions of evolvability, the species also needs to have a 

fast generation time. 

D. melanogaster possesses a number of attributes that make it the ideal model for 

investigating the genetic architecture of sexually selected traits. Drosophila species 

have long been instrumental for the study of genetics and sexual selection, and have 

played a major role in the study of sexual conflict and the evolution of sexually 

antagonistic traits such as toxic accessory gland fluids. D. melanogaster are naturally 

polygynous, with multiple mating in females occurring in the absence of direct benefits 

or coercion by males. Hence, they are an ideal study species for investigating the 

genetic basis of mating rates in females and the genetic benefits of polyandry.  

1.6 Study techniques: I. Quantifying genetic variation in complex traits 

Studying the genetic basis of phenotypic traits in whole organisms is key to 

understanding how quantitative traits respond to selection. Quantitative genetic analyses 

allow us to quantify the genetic and environmental contributions to variation in traits 

that have a polygenic basis, i.e. traits that are controlled by a large number of loci with 

small effects. Quantitative genetic parameters are commonly estimated through the 

comparison of phenotypic traits in breeding designs where individuals are of known 

degrees of relatedness (e.g. full-sib half-sib and parent-offspring breeding designs 

(Lynch & Walsh, 1998)). The basic principle is that the resemblance between relatives 

is a function of the proportion of phenotypic expression due to shared genes between 

relatives. Hence, the total phenotypic variation (VP) is partitioned into the amount of 

genetic variation (VG) and environmental variation (VE) that contributes to the total 

phenotypic variation. The genetic component can be further subdivided into additive 

(VA), dominance (VD) and epistatic (VI) genetic variance components. The additive 

genetic component VA is the main parameter of interest for determining the rate of 

response to selection by a given trait, as it represents the extent of resemblance between 

relatives due to the independent action of the genes that they share, and hence, the 

degree of heritable genetic variation. 

A different approach for quantifying genetic variance in quantitative traits is the use 

of isofemale lines. Isofemale lines are derived from single wild-caught females. A set of 
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lines is then maintained in a laboratory environment under controlled conditions and 

quantitative traits are measured in a number of individuals from each line. The variance 

between lines can be examined to determine whether the ancestral populations harbour 

significant genetic variation. The basic idea is similar to that of familial breeding 

designs - individuals within a line (family) are more closely related than individuals 

between lines, hence variation between lines indicates a genetic basis. A notable benefit 

of isofemale lines is the ability to measure different traits on the same line on the same 

or different individuals, from which genetic correlations can be examined (David et al., 

2005).  

1.7 Study techniques: II. Interacting phenotypes and isogenic lines 

While morphological traits can typically be measured in isolated individuals, traits 

related to the reproductive behaviour and physiology of a species commonly require a 

social context. Thus, many of the traits measured in this thesis can only be measured in 

interactions with conspecifics. The phenotype of a non-focal conspecific may influence 

the expression of the trait in the focal individual (Moore et al., 1997). For example, in 

instances where sperm from a male compete with sperm from another male over the 

fertilisation of ova, genotypic male x male x female interactions can contribute to the 

paternity success of the focal male (Clark & Begun, 1998, Colegrave et al., 2002, Clark, 

2002, Bjork et al., 2007). Moreover, male x male interactions can be a source of 

stochasticity because some males do better (or worse) against the average male in the 

population (Garcia-Gonzalez & Evans, 2011, García-González & Garcia-Gonzalez, 

2008, Clark, 2002). Genotypic male x female interactions can also influence the 

expression of other traits that are central to this thesis, such as female mating rates and 

mating behaviours, and male mating success.  

The use of D. melanogaster allowed me to generate individuals with similar 

genotypes through inbreeding protocols, which I used to derive conspecific tester 

individuals throughout all experiments. Individuals from such isogenic (i.e. genetically 

homogenous) lines were important for controlling for stochasticity arising from 

potential male x male and male x female interactions when measuring traits that relied 

on the interaction of focal animals with conspecifics. I also took advantage of the 

availability of mutant strains with morphological eye colour markers for paternity 
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assignment in multiple mating assays. This allowed me to examine many more 

individuals than would have been possible if I had to analyse molecular markers for 

paternity assignment. 

In the following four chapters, I will explain in detail the rationale for and the 

execution of my experiments, direct the reader through my findings and elaborate on 

their implications. Finally, in the Epilogue (Chapter 6), I will synthesise the findings 

from the individual chapters and identify challenges that could be addressed in future 

studies. 
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2.1 Abstract 

Polyandry is widespread despite its costs. The sexually selected sperm hypotheses 

(‘sexy’ and ‘good’ sperm) posit that sperm competition plays a role in the evolution of 

polyandry. Two poorly studied assumptions of these hypotheses are the presence of 

additive genetic variance in polyandry and sperm competitiveness. Using a quantitative 

genetic breeding design in a natural population of Drosophila melanogaster, I first 

established the potential for polyandry to respond to selection. I then investigated 

whether polyandry can evolve through sexually selected sperm processes. I measured 

lifetime polyandry and offensive sperm competitiveness (P2) while controlling for 

sampling variance due to male x male x female interactions. I also measured additive 

genetic variance in egg-to-adult viability and controlled for its effect on P2 estimates. 

Female lifetime polyandry showed significant and substantial additive genetic variance 

and evolvability. In contrast, I found little genetic variance or evolvability in P2 or egg-

to-adult viability. Additive genetic variance in polyandry highlights its potential to 

respond to selection. However, the low levels of genetic variance in sperm 

competitiveness suggest the evolution of polyandry may not be driven by sexy sperm or 

good sperm processes 
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2.2 Introduction 

Polyandry, when females mate with more than one male within a single reproductive 

episode, frequently leads to the overlap of ejaculates within the female reproductive 

tract, hence allowing selection to continue after mating through sperm competition and 

cryptic female choice (Parker, 1970b, Eberhard, 1985). Sperm competition promotes 

male traits that alter sperm utilization, fertilization, and female remating by influencing 

female physiology and behaviour (Parker, 1970b, Simmons, 2001). Polyandry can also 

generate sexual conflict over mating decisions, which may lead to antagonistic 

coevolution of male manipulation and female resistance when the two sexes have 

different optimal mating rates (Arnqvist & Rowe, 2005). Thus, polyandry has profound 

ecological and evolutionary consequences (Parker & Birkhead, 2013, Kvarnemo & 

Simmons, 2013). 

Polyandry results in increased time and energy expenditure required to obtain mates, 

increased risk of exposure to predators and/or sexually transmitted diseases (e.g. Rowe 

et al., 1994, Watson et al., 1998, Hurst et al., 1995, Knell & Mary Webberley, 2004), 

and may entail further direct costs arising from sexual conflict, for instance in the form 

of decreased lifespan (Chapman et al., 1995). Increased sexual activity in females can 

also have negative trans-generational effects on fitness (Dowling et al., 2014). Despite 

these costs, theoretical and empirical findings suggest that polyandrous females may 

acquire direct benefits (Arnqvist & Nilsson, 2000), indirect (genetic) benefits (Jennions 

& Petrie, 2000, Slatyer et al., 2012, Newcomer et al., 1999, Klemme et al., 2014, 

Garcia-Gonzalez & Simmons, 2005, Simmons, 2005) and/or beneficial indirect genetic 

paternal effects (Garcia-Gonzalez & Simmons, 2007a). Such benefits may offset the 

costs of polyandry. Females are thus expected to adopt an optimal mating frequency 

whereby they balance the costs and benefits associated with mating (Arnqvist & 

Nilsson, 2000). 

Given the costs associated with multiple mating, a series of explanations have been 

put forward to explain the evolution of polyandry when females obtain no direct 

benefits. One explanation that has received much attention focuses on the acquisition of 

sexy or good genes for offspring (Yasui, 1998). Analogous to the precopulatory sexy 

sons model of female choice, the sexy sperm hypothesis suggests that by facilitating 
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sperm competition, polyandrous females will have a selective advantage over 

monandrous females as their sons will be sired by competitively superior males and 

inherit genes for enhanced sperm competitiveness. Polyandrous females will also 

produce daughters that carry genes for increased mating frequency, generating the 

coevolution of sperm competitiveness and polyandry through Fisherian ‘runaway’ 

selection (Keller & Reeve, 1995, Evans & Simmons, 2008, Reid et al., 2014, Bocedi & 

Reid, 2014). The good sperm hypothesis posits that females can accrue genetic quality 

for their offspring if males of high overall genetic quality are superior sperm 

competitors since the offspring sired by these successful males will exhibit high 

viability (Yasui, 1997). Importantly, indirect selection for polyandry via the sexy and 

good sperm processes is predicted only when there is additive genetic variance in both 

female mating frequency and sperm competitiveness, and when these traits exhibit 

genetic covariance (Evans & Simmons, 2008). Despite great theoretical interest 

(Curtsinger, 1991, Keller & Reeve, 1995, Yasui, 1997, Evans & Simmons, 2008, 

Bocedi & Reid, 2014), empirical demonstrations of the key assumptions of the sexually 

selected sperm models are scarce and generally inconclusive. 

Both the sexy sperm and good sperm models assume heritability in polyandry; in 

order to respond to sexual selection, there must be additive genetic variation in female 

mating frequency. However, findings so far on the genetic architecture of polyandry are 

inconclusive (for a review, see Evans & Simmons, 2008). While some studies suggest a 

genetic basis for polyandry (Torres-Vila et al., 2002, Evans & Simmons, 2008, Linder 

& Rice, 2005), others do not (Evans & Gasparini, 2012, McFarlane et al., 2011). The 

conflicting findings on the subject thus far make it difficult to draw firm conclusions on 

the potential for selection to act on female mating rates. 

Another key assumption of the sexually selected sperm models - additive genetic 

variance for sperm competitiveness - is mixed (Hughes, 1997; Simmons, 2003; Dowling 

et al., 2010; but see Radwan, 1998, and Friberg et al., 2005). Studies of individual 

sperm traits that contribute to sperm competitiveness report evidence for additive 

genetic variance (Arnqvist & Danielsson, 1999, Simmons & Kotiaho, 2002, Hunter & 

Birkhead, 2002, Miller & Pitnick, 2002, Preston et al., 2003, Simmons & Garcia-

Gonzalez, 2008, Garcia-Gonzalez & Simmons, 2007b). There are also some studies that 

have manipulated the strength of postcopulatory sexual selection, finding responses in 
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sperm competitiveness (Hosken et al., 2001, Firman & Simmons, 2011, Simmons & 

Garcia-Gonzalez, 2008). However, these responses are often decreases in sperm 

competitiveness under relaxed selection rather than increased competitiveness with 

intensified sperm competition (Nandy et al., 2013, Pitnick et al., 2001b, but see Konior 

et al., 2005). Several studies on male reproductive genes have also mapped 

polymorphisms that contribute to male fertilization success independent of the 

competitor male genotype (Zhang et al., 2013) and female genotype (Reinhart et al., 

2015). Nonetheless, studies investigating the genetic basis of sperm competitiveness via 

fertilization success have both provided support for additive genetic variance in sperm 

competitive ability (Hosken et al., 2001, Simmons & Garcia-Gonzalez, 2008, Firman & 

Simmons, 2011) and failed to detect a genetic basis for sperm competitive ability 

(Arbuthnott et al., 2014, see also review by Simmons & Moore, 2009).  

Accurate measurement of sperm competitiveness also requires direct estimates of 

fertilization success at conception. For practical reasons, studies using species where 

fertilization occurs internally often rely on the proxy of progeny produced at birth as a 

measure of fertilization success. In addition to variation in a male’s ability to gain 

fertilizations when in competition, the number of adult progeny produced by a male will 

be affected by egg-to-adult viability of his offspring. Without controlling for variation 

in pre-adult viability, estimates of fertilization success may be influenced by heritable 

differences in pre-adult viability, rather than by heritable differences in sperm 

competitiveness (Gilchrist & Partridge, 1997, Garcia-Gonzalez, 2008). The effect of 

intrinsic sire effects on egg-to-adult viability must therefore be accounted for in 

experiments that aim to assess additive genetic variance in sperm competitiveness. 

In this study I used a quantitative genetic approach to first examine the evolutionary 

potential of polyandry (the potential for female mating frequency to respond to 

selection), and second to test the key assumptions of the sexy sperm and good sperm 

processes in a natural population of D.melanogaster. In this species, females mate 

multiply and are known to suffer a mating-related reduction in lifespan due to the toxic 

effects of seminal fluid proteins transferred from males to females during mating 

(Chapman et al., 1995, Wigby & Chapman, 2005, Pitnick & Garcia Gonzalez, 2002). 

There is a lack of evidence for any benefits that might outweigh these costs of mating 

(e.g. Brown et al., 2004, Orteiza et al., 2005, Byrne & Rice, 2005). Further work is 
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therefore required to both establish the evolutionary potential of female mating 

frequency and the processes that could at least partly favour the maintenance of 

polyandry, even if the benefits cannot fully compensate the costs.  

Using a full-sib half-sib breeding design I calculated additive genetic variance in 

female lifetime mating frequency. I then calculated additive genetic variation in sperm 

competitiveness via P2, to measure the genetic co-variance between polyandry and 

sperm competitiveness that is predicted by the sexy sperm process. I also controlled for 

confounding effects of non-sperm representation on distributions of fertilization success 

by ensuring that only females where both the first and second male achieved sperm 

representation were included in the analysis. Finally, I measured intrinsic sire effects on 

egg-to-adult survival in second males to control for the confounding effect of 

differential egg-to-adult viability on P2 estimates. I estimated additive genetic variance 

in intrinsic male effects on egg-to-adult viability and tested whether good sperm 

competitors generate offspring of superior genetic quality as predicted by the good 

sperm model.  

2.3 Methods 

Breeding design 

Flies for the parent generation were taken from a large (~500 flies) laboratory 

population of sixth generation descendants of wild type (wt) D. melanogaster collected 

near Innisfail in Northern Queensland, Australia. To produce parents of focal females, 

grape agar plates were placed in the population cage for 4 h. The following day, I 

collected first instar larvae and transferred them to vials at a standard density of 50 

larvae per vial. Vials contained 10 ml of sugar-maize medium. Offspring were collected 

9–11 days later under CO2 anaesthesia within 8h of eclosion and transferred to single 

sex vials. Males were kept at a density of 10 per vial and females at 5 per vial. Parental 

generation matings were carried out when flies were 3–4 days old.  

Each male was mated to three virgin females to generate families of paternal half-

sibs and maternal full sibs. After mating, females were transferred to individual vials 

and moved to new vials every 48 h for four days. During peak eclosion, eight virgin 

female offspring (daughters) from each full sibling dam family were randomly 
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collected; four were included in the lifetime mating frequency assay and four were 

frozen and later used to estimate full sibling dam family average female body size. Four 

virgin males (sons) were also collected at random from each full sibling dam family for 

use in the P2 and egg-to-adult viability assays. Mating opportunities for female lifetime 

mating frequency estimates began when females were 3–5 days old. Thus, variability in 

the age of individuals did not contribute to variation in female mating frequency (Fricke 

et al., 2013). P2 matings were also carried out when males were 3–5 days old. Egg-to-

adult viability scores for the focal P2 males were obtained 72 h after the P2 mating. Egg, 

larvae, and adult flies were maintained at 25
°
C on a 12L:12D diurnal cycle throughout 

all experiments. 

Lifetime mating frequency of wt females  

Lifetime mating frequency was recorded for 775 daughters distributed among 72 sire 

families and 198 dam families over nine months. I kept females in individual vials and 

transferred them to fresh food vials once a week for the duration of their lifetime. Each 

female was given the opportunity to mate with a previously unmated male for 1 h every 

Monday, Wednesday and Friday over her entire lifespan. Successful copulations were 

recorded and all pairs were separated after 1 h. In order to minimise sampling variance 

arising from male effects (e.g., receptivity-inhibiting seminal fluids) on female remating 

rates (Travers et al., 2015, Garcia-Gonzalez & Evans, 2011), virgin males were taken 

from one of 10 isogenic lines for each mating. Each isogenic line was generated through 

a protocol of full sibling matings started with one founder pair of flies taken from a 

replica of an LHM population (see Byrne & Rice, 2005 for details). The isogenic lines 

were obtained through a protocol of brother-sister matings for 16 generations, followed 

by several generations of within line matings (approx. 15 individuals from each vial for 

each new generation), before reinstating a full sibling mating protocol for another 21 

generations. Before the beginning of the experiment, isogenic lines were mass bred into 

population cages to allow collection of sufficient numbers of flies needed for each 

mating trial. I standardized the identity of the male partner by randomly selecting males 

from the same isogenic line in each mating opportunity (e.g. isogenic line 1 in the first 

opportunity for all females, isogenic line 2, 3, 4, etc. for the 2
nd

, 3
rd

, 4
th

, etc. mating 

opportunity). To obtain males for each mating opportunity, larvae were collected from 
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population cages on grape agar plates and sexually naïve males collected at peak 

eclosion. I used 2–3 day old males for the mating trials. 

Sperm competitiveness (P2) of wt males 

P2 was assessed for 242 sons distributed over 53 sire families and 126 dam families. I 

estimated the additive genetic variance of the sperm competition phenotype measuring 

P2 values after conducting double mating trials using standardized tester individuals 

(Fricke et al., 2010). I used females and rival males from isogenic lines to reduce 

sampling variance associated with the use of random tester individuals (García-

González & Garcia-Gonzalez, 2008, Garcia-Gonzalez & Evans, 2011). Females were 

generated from isogenic lines with recessive red eyes and rival males were taken from 

an isogenic line with a dominant brown eye colour mutation (different isogenic lines 

were used to source rival males and females). 

For the rival (first) matings, mass matings were conducted in bottles provisioned 

with food for groups of 80 isogenic males combined with 40 isogenic females per 

bottle. Males and females were lightly aspirated by CO2 from their single sex holding 

vials and combined at a 2:1 ratio for 1.5 h. This time period was selected because 

previous studies have shown that most females mate within 2 h under these conditions, 

and very few mate more than once (Prout & Bundgaard, 1977, Hughes, 1995, Dowling 

et al., 2014, Holland & Rice, 1999). I chose the more conservative time period of 1.5 h 

rather than 2 hours to further minimize any chance for double matings. After mating, 

males were discarded and females were placed into individual food vials for 48 h.  

Methods used in sperm competition trials have been criticized for their lack of 

control for non-sperm representation (Garcia-Gonzalez, 2004). For example, 

insemination failure or male sterility in experimental estimates of sperm 

competitiveness may contribute to the probability of obtaining distributions of P2 that 

do not accurately characterize the underlying patterns of sperm use (Garcia-Gonzalez, 

2004). Therefore, failure to detect occurrences of infertile matings in sperm competition 

trials may introduce inaccuracy into estimates of additive genetic variance in sperm 

competitiveness. To avoid this problem, before the beginning of the P2 assay, each 

isogenic female vial was inspected for the presence of larvae to ensure the female was 
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successfully inseminated during the first mating session. Females from vials with no 

larval presence were not included in the P2 assay. 

48 h after the P1 mating, each isogenic female was placed in a vial with a red eye 

recessive wt focal male. Pairs were observed continuously for 3 h and then scan 

sampled every 10 min for another 7 h. After a mating pair disengaged, the female was 

immediately removed from the vial and placed in to a fresh vial. Females were then 

transferred to new food vials every 24 h for the first three days and then once every 48 h 

until 14 days after the P2 mating. After all flies had emerged, progeny were scored for 

eye colour. The proportion of red eyed progeny was taken as a measure of P2. Given the 

strong last male sperm precedence in D. melanogaster (e.g., Gromko et al., 1984, 

Hughes, 1997), females that produced only brown eyed progeny were highly likely to 

have experienced insemination failure in the second mating and were therefore removed 

from the analysis. The focal males were kept in individual vials for later use in the egg-

to-adult viability assay. 

Egg-to-adult viability of wt males 

Twenty-four hours after mating in the P2 assay, each focal male was mated 

monogamously to a previously unmated isogenic female from the same isogenic line as 

the females used in the P2 assay. Males and females were paired in individual yeasted 

vials for 48 h before the assay commenced to ensure that the pair was mated and the 

female ready to oviposit. To measure egg-to-adult viability of offspring from the focal 

males, each pair was transferred to a vial with blue food dye for 24 h to allow the 

female to oviposit. The eggs laid in this period were counted and the number of adults 

that emerged after 14 days were used to calculate egg-to-adult viability. 

Statistical Analyses 

The genetic basis of polyandry was determined by conducting independent analyses 

on two measures of female lifetime mating frequency: absolute mating frequency (the 

total number of lifetime matings) and the proportion of lifetime matings (total 

matings/mating opportunities). For both analyses, a subset of data (n = 625) was 

generated from the full dataset to include only females that had at least two mating 

opportunities and mated at least once. This subset also eliminated females that escaped 

or were accidentally killed (17% of all females). Thus, only females that had lived a 
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‘natural’ lifespan were included in the final dataset. For P2 and egg-to-adult viability 

analyses, males from instances where no offspring had been produced in the egg-to-

adult viability assay (viability = 0) were removed from the analysis, as these instances 

cannot be distinguished from failed inseminations (9% of all males). My final sample 

size for P2 and egg-to-adult viability was thus 205 males distributed across 53 sire 

families. 

The lme4 package (Bates, 2014) implemented in R 3.03.3 (R Core Team, 2014) was 

used to fit standard nested mixed models for a paternal half-sibling design. For the total 

number of lifetime matings, hypothesis testing was carried out using a linear mixed 

model (LMM) on the log-transformed number of lifetime matings using the lmer 

function with sire and dam nested within sire as random effects, and longevity and body 

size as fixed effects. I also included the date of first mating opportunity to control for 

temporal variation in female mating frequency throughout the experiment (see below). 

Significance of fixed effects was tested using Wald chi-square tests implemented in the 

Anova function of the car package (Fox & Weisberg, 2011). Body size had no 

significant effect and was removed from the model. Significance of the sire and dam 

variance components were determined using likelihood-ratio tests.  

Hypothesis testing was carried out on transformed data (e.g. using a binomial 

distribution family for P2 which in its untransformed state is a proportion), while genetic 

parameters were calculated from untransformed data using REML, as explained below. 

Sire and dam effects for all traits measured as proportions (female lifetime mating 

proportion, P2 and egg-to-adult viability) were estimated using binomial generalized 

linear mixed models (GLMM) using the glmer function with sire and dam nested within 

sire as random effects. Longevity and body size were included as fixed effects in the 

female lifetime mating proportion model. All females were given the first opportunity to 

mate when they were 3–5 days old but for logistical reasons there was variation among 

sire and dam families in the date I started the assays. To control for potential temporal 

variation I included assay start date as a fixed effect. Body size had no significant effect, 

and was not included in the final model. Significance of the sire and dam nested within 

sire variance components for female mating proportion was determined using 

likelihood-ratio tests. To account for overdispersion in models for P2 and egg-to-adult 

viability, I included an observation level random effect (Browne et al., 2005) and 
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determined significance of variance components for P2 and egg-to-adult viability using 

randomization tests with 1000 iterations on each variance component. Egg-to-adult 

viability was included as a fixed effect in the P2 analysis to account for heritable 

differences in egg-to-adult survival that can influence paternity estimates (Gilchrist & 

Partridge, 1997, Garcia-Gonzalez, 2008). All P2 matings took place when focal males 

were 3–5 days old, but again there was variation among sire and dam families in the 

date the assays were run. Thus, I included date as a fixed effect in P2 and egg-to-adult 

viability models to control for temporal variation. 

Genetic parameters for all traits were calculated using restricted maximum likelihood 

(REML) from LMMs on untransformed data using the lmer function. I calculated 

genetic parameters from untransformed data because many of these parameters are 

meaningless for comparative purposes if variance components are extracted when data 

are transformed (Garcia-Gonzalez et al., 2012, Hansen et al., 2011, Houle et al., 2011). 

Observational variance components were estimated from minimal models including 

only significant fixed effects. I also calculated variance estimates for P2 on the logit 

scale using an LMM on logit-transformed P2 values as recommended by Engqvist 

(2013). Narrow sense heritabilities (h
2
) of female lifetime number of matings and 

mating proportion, P2 and egg-to-adult viability were estimated from the ratio of 

additive genetic variance (VA: four times the sire variance component) to total 

phenotypic variance. Mean-standardized measures of evolvability were calculated, 

namely the coefficient of additive genetic variation, (CVA = (√VA)/x̅, where x̅ is the 

phenotypic mean of the trait mean), and IA (VA/x̅²), an estimate of the expected 

proportional change under a unit strength of selection (Houle, 1992, Hansen et al., 2011, 

Garcia-Gonzalez et al., 2012). CVp and CVr were also calculated as described in Garcia-

Gonzalez et al. (2012). Standard errors for all quantitative genetic parameters were 

calculated by jackknifing across sire families (Roff, 2006). 

I examined whether polyandry can evolve through the sexy sperm process with a 

Pearson correlation on sire family means of residual P2 (P2 values corrected for 

significant covariates) and residual female lifetime mating frequency (lifetime mating 

proportion corrected for longevity).  
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2.4 Results 

I found considerable phenotypic variation in female lifetime number of matings 

(mean  ± SD = 3.59 ± 1.6; range = 1-9). Not surprisingly, there was a significant effect 

of longevity on the number of matings (2 
= 107.17, df = 1, p < 0.001), with longer-

lived females mating more over their lifetime. I also found a significant negative effect 

of assay start date (2 
= 17.66, df = 1, p < 0.001). After controlling for longevity and 

temporal variation, I found a significant sire effect on the lifetime number of matings 

(Table 2.1). This measure of mating frequency exhibited substantial levels of additive 

genetic variance (VA) and high evolvability (CVA) and narrow sense heritability (Table 

2.1). Sire family means of the residuals from a linear regression of lifetime number of 

matings on longevity and assay start date are displayed in Figure 2.1a. 

Mating proportion also showed substantial phenotypic variation (mean ± SD = 0.25 ± 

0.11 range = 0.05–1, Figure 2.1b). Longevity had a significant effect (z = -6.62, n = 

625, p < 0.001), with longer-lived females having a lower mating proportion. After 

controlling for longevity, I found a significant sire effect for mating proportion, which 

also exhibited substantial levels of additive genetic variance and high evolvability and 

narrow sense heritability (Table 2.1). 

In contrast, P2 exhibited low and non-significant heritability and low levels of 

additive genetic variance and evolvability (Table 2.1). While there was phenotypic 

variation among males in P2 (mean ± SD = 0.76 ± 0.25; range = 0.07–1, Figure 2.1c) I 

found non-significant variance among sire families when controlling for the significant 

positive effect of egg-to-adult viability (z = 2.619, n = 205, p = 0.008). Sire family 

means of the residuals from a logistic regression of P2 on egg-to-adult viability and date 

of mating are displayed in Figure 2.1c. Variance estimates calculated on the logit scale 

for P2 did not differ from estimates on the raw scale and can be found in the Appendices 

(Table A1). There was no genetic correlation between residual P2 and residual female 

mating proportion (r = 0.064, df = 49, p = 0.657, Figure 2.2). 

Egg-to-adult viability displayed considerable phenotypic variation (mean ± SD = 

0.77 ± 0.25) but low levels of additive genetic variance (Table 2.1) and non-significant 

variance among sires (p = 0.165) after controlling for a positive effect of assay date on 
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egg-to-adult viability (z = 4.709, n = 205, p < 0.001). The raw sire family means for 

measures of female mating frequency, and P2 are provided in the Appendix (Figure A1).  
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Number of offspring (N), trait means, number of sire (half-sib) and dam (full-sib) families (n), variance components for sires (VSire) and 

dams (VDam), additive genetic variation (VA), total phenotypic variation (VP), residual variation (VR), narrow-sense heritabilities (h
2
), 

mean-standardized additive genetic variances (evolvabilities: CVA and IA), coefficient of phenotypic variation CVp, coefficient of 

residual variation CVR and significance values for sire and dam effects (PSire and PDam). Standard errors (SE) are provided within 

brackets. Asterisks indicate significant p-values (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

N Mean(SE) n sires n dams VSire (SE) VDam (SE) VA (SE) VP (SE) VR (SE) h
2

(SE) CVA (SE) CVP (SE) CVR (SE) IA (SE) PSire PDam

Lifetime number of 

matings 
625

3.592 

(0.641)
70 197

0.274 

(0.096)

0.019 

(0.090)

1.095 

(0.382)

2.148 

(0.156)

1.854 

(0.182)

0.510 

(0.168)

0.291 

(0.054)

0.408 

(0.016)

0.286 

(0.045)

0.085 

(0.031)
<0.001* 0.95

Lifetime mating 

proportion 
625

0.256 

(0.005)
70 197

0.002 

(<0.001)

0 

(<0.001)

0.006 

(0.002)

0.011 

(0.001)

0.009 

(0.001)

0.589 

(0.136)

0.327 

(0.042)

0.427 

(0.020)

0.274 

(0.046)

0.107 

(0.028)
<0.001* 1

P2 205
0.764 

(0.018)
53 126

0.001 

(0.003)

0.003 

(0.006)

0.002 

(0.011)

0.062 

(0.007)

0.059 

(0.009)

0.037 

(0.182)

 0.063 

(0.189)

0.325 

(0.026)

0.319 

(0.041)

0.004 

(0.019)
0.472 0.251

Egg-to-Adult viability 205
0.772 

(0.170)
53 128

0.009 

(0.006)

0.005 

(0.004)

0.036 

(0.026)

0.052 

(0.008) 

0.038 

(0.007)

0.685 

(0.466)

0.244 

(0.098)

0.295 

(0.029)

0.166 

(0.109)

0.060 

(0.044)
0.157 0.029*

Table 2.1. Quantitative genetic parameters for female lifetime number of matings, female lifetime mating proportion, P2 and 

egg-to-adult viability 
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Figure 2.1. Sire family mean ± SE of phenotypic traits after accounting for significant covariates on the trait of interest: (a) 

residual female lifetime number of matings, controlling for the effect of longevity and assay start date, (b) residual female lifetime 

mating proportion, controlling for the effect of longevity, (c) residual P2, controlling for the effect of egg-to-adult viability, and (d) 

egg-to-adult viability controlling for the effect of assay start date. Residuals were obtained from a linear model (lifetime number of 

matings) or logistic regression models (lifetime mating, P2, and egg-to-adult viability). Sire families were sorted by decreasing y 

values. Plots of the raw sire family means can be found in the Appendix (Figure A1). 
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Figure 2.2. Sire family mean relationship between residual P2, controlling for 

the effect of egg-to-adult viability, and residual female lifetime mating 

proportion controlling for the effect of longevity. Residuals were obtained 

from logistic regression models. Points and error bars correspond to sire 

family means .and standard errors, respectively. 
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2.5 Discussion 

Understanding the adaptive significance of polyandry has been a central goal in 

sexual selection research over the past three decades. One explanation for the 

maintenance of polyandry embodied by the ‘sexy sperm’ and ‘good sperm’ hypotheses 

proposes that sperm competition may play a role in the evolution of polyandry (Yasui, 

1997, Keller & Reeve, 1995). These hypotheses have been the subject of considerable 

debate (Pizzari & Birkhead, 2002), and a recent theoretical analysis suggested that sexy 

sperm processes are unlikely to favour the evolution of polyandry when mating imposes 

costs (Bocedi & Reid, 2014). Nonetheless, the debate is one that is only likely to be 

resolved empirically. I provide a quantitative genetic approach to investigate variation 

within a population to test the assumptions of the sexually selected sperm models. 

Heritability of polyandry  

I found evidence for substantial additive genetic variance in polyandry and report 

high estimates of evolvability (CVA and IA), suggesting that polyandry can respond to 

selection. A key strength of my experimental methodology was the use of a 

comprehensive measure of female mating frequency on a large sample size, giving 

females multiple opportunities to mate for the entire duration of their lifespan. 

Arguably, this measure of mating frequency gives a more accurate estimate of 

polyandrous behaviour compared to a single point measure of female mating frequency 

used in the majority of previous studies (Fukui & Gromko, 1991, Simmons, 2003, 

Evans & Gasparini, 2012, Arbuthnott et al., 2014, Shuker et al., 2006). For example, my 

measure is free of any age-specific variation in female receptivity to mating that might 

affect point estimates. 

 My experiment gave females sequential mating opportunities three times a week. I 

did not expose females to multiple males in mating opportunities to prevent male-male 

competition contributing to variation in female mating rates. In the wild, females may 

have numerous males to choose from at any given time. Therefore, my experimental 

design did not exactly mimic how females would be exposed to potential mates in the 

wild. However, in Drosophila pseudoobscura, previous work has shown that variation 

of female remating in the lab (when exposed to a single male at a time) reflected rates of 

polyandry (assessed by multiple paternity) in the wild (Price et al., 2011), suggesting 
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that mating frequency measured in sequential mating opportunities provides a good 

estimate of polyandry in the wild. 

Underestimates of additive genetic variation are likely to be reported in any trait that 

is at least partially determined by the phenotypes of other individuals, due to sampling 

variance arising from the use of random non-focal individuals (Garcia-Gonzalez & 

Evans, 2011) . Male mating success (and female remating) in D. melanogaster is 

influenced by secondary sexual traits such as sex combs (Ahuja & Singh, 2008), 

cuticular hydrocarbons (Ferveur, 2005) and body size (Bangham et al., 2002, Partridge 

& Farquhar, 1983, Partridge et al., 1987b). Males also influence female mating 

behaviour after copulation through the transfer of seminal fluid proteins. These proteins 

cause physiological changes that induce non-receptivity in females after mating (Kalb et 

al., 1993, Wolfner, 1997, Wolfner, 2002). Experimental evolution studies in Drosophila 

have found evidence for divergence in male ability to induce refractory periods in 

females (Holland & Rice, 1999, Pitnick et al., 2001a, Rice, 1996), suggesting the 

presence of genetic variation in male ability to prevent female remating. Thus, variation 

between males in the expression of both pre- and postcopulatory traits may affect the 

rate of female mating. By using males from isogenic lines reared and housed in standard 

larval and adult densities, I aimed to minimize genetic and environmental variation 

attributable to mate identity that could introduce noise in the estimation of genetic 

variance in female determined mating rates. Similarly, variation in non-additive 

genotypic male x female interactions is expected to obscure patterns of additive genetic 

variance (Tennant et al., 2014, Moore et al., 1997, Garcia-Gonzalez & Evans, 2011). To 

minimize variation attributable to genetic compatibility, I used a wide range of male 

genotypes (10 isogenic lines) as mates, using a single isogenic line across all females 

within a single mating opportunity. However, stochastic variance due to male effects 

could not be completely eliminated, as the order of male genotypes remained the same 

across mating opportunities. Therefore, if a female did not mate in any given 

opportunity, she was not presented with the same genotype again on the following 

opportunity, but with the genotype to which all other females were exposed. By keeping 

the order of male genotypes equal across mating opportunities I may have introduced 

variance due to female age x male genotype interactions. Nevertheless, while imperfect, 

the controls I have implemented provide a relatively accurate estimate of additive 

genetic variance in female determined mating rates in this species. 



28 

Previous evidence for genetic variance in female mating frequency in D. 

melanogaster comes indirectly from studies using experimental selection regimes. For 

example, female mating frequency responds to directional selection (Fukui & Gromko, 

1991, Gromko & Newport, 1988, Torres-Vila et al., 2002). Arbuthnott et al. (2014) 

found significant divergence in female remating among eight replicate populations 

evolving in novel environments, and Pitnick et al. (2001a) reported evolutionary 

divergence in female remating rate following experimental removal of sexual selection. 

Evolutionary responses to selection on female mating frequency are expected to be 

rapid, given the magnitude of additive genetic variance documented here. My findings 

establish evidence for high levels of additive genetic variation in polyandry in a 

population recently derived from the wild. This finding supports the first assumption of 

the sexy and good sperm models, that polyandry exhibits evolutionary potential.  

Heritability of sperm competitiveness  

The presence of additive genetic variation in sperm competitiveness is a key question 

in sexual selection research (Garcia-Gonzalez & Evans, 2011). For instance, the 

existence of heritable variation in the ability of males to fertilize eggs under sperm 

competition is a key assumption in both sexy and good sperm processes (Evans & 

Simmons, 2008). Contrary to this assumption, I found low and non-significant additive 

genetic variance in P2, and no genetic covariation between P2 and polyandry, which 

suggest that sexually selected sperm processes are unlikely to contribute to the 

evolution of polyandry in this population of D. melanogaster.  

P2 estimates could be influenced by copula duration of either the rival or focal male, 

which I did not measure in my study. However, in D. melanogaster, Gilchrist and 

Partridge (2000) showed that the first half of copula duration is dedicated to sperm 

transfer, while the remaining time is given mainly to the transfer of seminal fluid 

proteins to prevent female remating. Their findings indicated no clear relationship 

between copulation duration and sperm transfer, suggesting that copula duration is not a 

strong predictor of paternity success in this species.  

There is mixed evidence for the existence of genetic variance of P2 in D. 

melanogaster. Arbuthnott et al. (2014) found no evidence for variation in P2 between 

eight replicate populations of D. melanogaster. An experimental evolution study failed 
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to generate divergence in defensive (P1) or offensive (P2) sperm competitiveness (Bjork 

et al., 2007), and a previous quantitative genetic analysis of P2 found little evidence for 

additive genetic variation (Hughes, 1997). However, Friberg et al. (2005) found small 

but significant levels of additive genetic variance in components of sperm offense and 

defence in hemiclones derived from a large outbred population of D. melanogaster. As 

a response to altering the strength of sexual selection by manipulating the operational 

sex ratio for 55–60 generations in a laboratory population of D. melanogaster, Nandy et 

al. (2013) found a decrease in P2 in female biased lines (male-male competition 

reduced), but failed to detect any difference between mean P2 in male biased lines 

(increased male-male competition) and control lines (balanced sex ratio). The latter 

findings are consistent with the possibility that P2 ability was fixed in the ancestral 

population and that the decrease in P2 observed in the female biased treatment after 55–

60 generations arose due to the accumulation of deleterious mutations that were not 

under purging selection. Thus, Nandy et al.’s (2013) findings cannot be taken as 

unequivocal evidence for the presence of standing additive genetic variation in P2 in D. 

melanogaster. My study used flies from a population recently derived from the wild. 

The lack of heritable variation found in my population may be due to a history of 

intense directional selection on genes contributing to P2 in the wild, resulting in fixation 

or near fixation of favourable alleles, leaving the population with low levels of additive 

genetic variation. It is also possible that some additive genetic variation in my 

population could have been eroded in the six generations from their introduction to the 

lab prior to the start of the experiment. 

In other species, empirical evidence for genetic variation in P2 does exist. In the 

yellow dung fly Scathophaga stercoraria, Hosken et al. (2001) found increased P2 

success as a response to experimental evolution under polyandry. Firman and Simmons 

(2011) found that male house mice from polyandrous experimental evolution lines had 

higher P2 success than males from monandrous lines. The lines of mice used in these 

experiments had been derived from a population with a long history of enforced 

monogamy, so the strength of the observed response could have been inflated relative to 

natural populations, due to the reintroduction of postcopulatory sexual selection in these 

laboratory lines. Nonetheless, among population variation in sperm competitiveness has 

been found among natural populations of house mice that differ in the levels of 

selection from sperm competition (Firman & Simmons, 2014).  
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 It has been argued that fertilization success is not a perfect predictor of sperm 

competitiveness due to variance associated with the sampling of tester individuals (e.g. 

rival males or tester females), regardless of the existence of genotypic male-male or 

male-female interactions (García-González & Garcia-Gonzalez, 2008). Empirical 

studies have emphasized the significance of male x male x female genotypic 

interactions (Clark & Begun, 1998, Clark et al., 1999, Clark, 2002, Bjork et al., 2007, 

Colegrave et al., 2002) in determining the outcome of competitive fertilization success. 

In addition to genotypic interactions, male x male interactions can be a source of 

stochasticity if some males do better (or worse) against the average male in the 

population (Clark, 2002, Garcia-Gonzalez & Evans, 2011, García-González & Garcia-

Gonzalez, 2008). Genetic variance in sperm competitiveness will be underestimated 

when variation in sperm competitive ability of randomly sampled rival males is not 

taken into account (García-González & Garcia-Gonzalez, 2008, Garcia-Gonzalez & 

Evans, 2011). Therefore, sampling variance associated with male x male x female 

interactions can obscure estimates of intrinsic competitive fertilisation success, which 

will lead to inaccurate estimates of its genetic basis.  

Given these stochastic sources of variance, I attempted to minimize sampling 

variance by using individuals from isogenic lines. By doing so I reduced variation in P2 

that arises due to genotypic and non-genotypic interactions. Yet still I found little 

evidence for additive genetic variance in P2. One possible explanation for my finding 

could be my use of isogenic non-focal individuals; I detected low levels of additive 

genetic variance in P2 when males were mated to a specific female genotype and 

competed against a specific male genotype. The use of only one rival male genotype 

and one female genotype could result in failure to detect additive genetic variation in 

sperm competitiveness if a negative covariance between transitive sperm 

competitiveness and genotypic interaction effects existed (Engqvist, 2013). However, 

negative covariances between sperm competitiveness and interaction effects are 

unlikely to occur between all sire families and the isogenic lines. Generally, it is more 

likely that my experimental design would result in an overestimate of the true variance 

across sperm competitiveness, because the variance estimates include non-additive 

interaction variance (Engqvist, 2013). Future studies could use rival males and females 

from a number of isogenic lines to account for genotypic male x male x female 
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interaction effects in order to allow for estimations of the relative importance of additive 

effects and effects due to genotypic interactions. 

The standardization of non-focal individuals allows us to minimize sampling 

variance induced by randomly selecting females (and rival males) that differ in their 

overall effects. The choice of the tester homogeneous background is expected to 

determine the mean of the sperm competition phenotype. For instance, if the chosen 

rival male isogenic line is a genotype with low sperm competitiveness, the estimated 

mean of the population would be high, and vice versa. However, it should not affect the 

magnitude of the variance in the trait within the population. I note that the mean P2 

phenotype reflects very closely that reported in previous studies of sperm 

competitiveness in D. melanogaster (Fiumera et al., 2005, Morrow et al., 2005, 

Boorman & Parker, 1976), so my homogenous background appears to be representative 

of the species generally. Despite the risk of inflated variance estimates from the use of 

isogenic non-focal individuals, I found no additive genetic variation in P2. my findings 

thus suggest that there is insufficient additive genetic variation in sperm competitive 

ability to enable the evolution of polyandry through the sexy sperm process. 

Heritability of egg-to-adult viability  

My genetic analysis of male ability to produce viable offspring revealed low levels of 

additive genetic variance and non-significant sire effects. While heritability in egg-to-

adult viability has previously been documented in D. melanogaster (Gilchrist & 

Partridge, 1997, Chippindale et al., 2001) my estimate is the first to measure the males’ 

ability to generate viable offspring independent of female effects. I found no evidence 

of intrinsic male ability to produce viable offspring. However, the significant dam effect 

on egg-to-adult viability that I report supports Friberg et al.'’s (2011) finding of 

substantial X-linked effects on this important fitness trait in D. melanogaster. A 

competitive egg-to-adult viability assay, where larvae from the offspring of the wild 

type focal male competed against larvae from the rival male, would have been even 

better than the non-competitive assay I  used. However, non-competitive egg-to-adult 

viability has been used previously to estimate genetic variance in the trait (e.g. Gilchrist 

& Partridge, 1997), and is normally taken as a valid proxy for egg-to-adult viability in 

broader contexts. 
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The significant positive effect of egg-to-adult viability on P2 estimates supports 

Gilchrist and Partridge’s (1997) findings that observed differences in P2 among males 

can be strongly influenced by differential egg-to-adult viability and further highlights 

the importance of accounting for its effect when measuring genetic variation in P2 and 

when testing good sperm processes (Garcia-Gonzalez, 2008). However, the positive 

relationship between egg-to-adult viability and P2 estimates found here cannot be taken 

as support for a good sperm process, because neither of these traits harboured 

significant additive genetic variance, and the genetic correlation between P2 and 

polyandry predicted by both the sexy and good sperm processes was also non-

significant. 

Conclusion 

In conclusion, because polyandry holds such important ecological and evolutionary 

consequences (Pizzari & Wedell, 2013 and references therein), there has been 

considerable interest in determining the evolutionary potential of female mating 

frequency, and in understanding the mechanisms that drive evolutionary change in 

female mating rates. my finding of substantial additive genetic variation in female 

mating frequency strongly underpins the potential for direct and indirect selection to 

drive and constrain the evolution of polyandry. However, the lack of additive genetic 

variance in sperm competitiveness reported here suggests that polyandry may not be 

maintained via sexually selected sperm processes in this population. 
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CHAPTER 3: LIVE FAST DIE YOUNG LIFE HISTORY IN FEMALES: 

EVOLUTIONARY TRADE-OFF BETWEEN EARLY LIFE MATING 

AND LIFESPAN IN FEMALE DROSOPHILA MELANOGASTER 
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3.1 Abstract 

The trade-off between survival and reproduction is fundamental to life history 

theory. Sexual selection is expected to favour a ‘live fast die young’ life history pattern 

in males due to increased risk of extrinsic mortality associated with obtaining mates. 

Sexual conflict may also drive a genetic trade-off between reproduction and lifespan in 

females. I found significant additive genetic variance in longevity independent of 

lifetime mating frequency, and in early life mating frequency. There was significant 

negative genetic covariance between these traits indicating that females from families 

characterized by high levels of multiple mating early in life die sooner than females that 

engage in less intense early life mating. Thus, despite heritable variation in both traits, 

their independent evolution is constrained by an evolutionary trade-off. my findings 

indicate that, in addition to the well-known male-driven direct costs of mating on 

female lifespan (mediated by male harassment and harmful effects of seminal fluids), 

females with a genetic propensity to mate multiply live shorter lives. I discuss the 

potential role of sexual conflict in driving the evolutionary trade-off between 

reproduction and lifespan in Drosophila. More generally, my data show that, like males, 

females can exhibit a live fast die young life history strategy. 
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3.2 Introduction  

Senescence is defined as decreasing reproductive performance and increasing 

probability of death with age (Rose, 1991). Theory proposes that senescence evolves as 

a result of decreased selection on genes expressed late in life as few individuals reach 

old age due to extrinsic mortality factors (Medawar, 1952, Williams, 1957, Partridge & 

Barton, 1993, Kirkwood, 1977). The Disposable Soma theory suggests that trade-offs 

result from the partitioning of finite resources between growth, maintenance and 

reproduction (Kirkwood, 1977). These trade-offs are important because they enable the 

accumulation of alleles with deleterious effects that are only expressed late in life 

(mutation accumulation: Medawar, 1952) and/or cause antagonistic pleiotropic effects 

on alleles, where genes that have positive effects on fitness early in life have deleterious 

effects on later survival (antagonistic pleiotropy: Williams, 1957). Such alleles have the 

potential to generate genetic trade-offs among life history traits and constrain their 

independent evolution (Williams, 1957, Kirkwood & Rose, 1991).  

The trade-off between survival and reproduction has long been recognised as a 

prominent feature of life history trajectories, and it is well established that reproduction 

reduces lifespan in many species (Stearns, 1992). my understanding of the evolution of 

ageing, and how reproduction affects it has advanced greatly from research on 

Drosophila melanogaster. Numerous artificial selection experiments in this species 

provide evidence supporting a trade-off between early fecundity and late fecundity or 

survival. For example, artificial selection by Rose (1984) revealed higher rates of egg 

laying in late life than early life in females selected for extended longevity compared to 

control lines, and Partridge et al. (1999) found a decrease in fertility early in life in lines 

selected for longer life. Other studies have also found correlated responses to selection 

for late fecundity with increased lifespan in D. melanogaster (Rose & Charlesworth, 

1981, Luckinbill et al., 1984, Partridge & Fowler, 1992). The general finding of lifespan 

and fertility increasing in lines propagated from old adults, and pre-adult survival or 

fecundity of young adults showing a correlated decline with lifespan show that trade-

offs are important in the evolution of ageing in this model system.  

Sexual selection influences the costs of reproduction and the benefits of early versus 

late reproduction for each sex. Bateman’s principle predicts that males can increase 
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their fitness by mating with many females, while females, due to a limitation on the 

number of eggs they can produce and their typically larger parental investment, are 

expected to maximise their reproductive success with only one or a few matings 

(Bateman, 1948, Trivers, 1972). The dichotomy in reproductive investment between the 

sexes means that males typically allocate more resources to competition for matings 

than females (Trivers, 1972). Males are more likely to suffer increased mortality due to 

costly secondary sexual traits (costly in terms of energy expenditure and increased 

predation) and direct injury in combat competition to gain access to mates. 

Consequently, males are expected to pursue high risk ‘live fast, die young’ life history 

strategies that have potential to yield high fitness returns over short time periods 

(Vinogradov, 1998, Bonduriansky et al., 2008). Hence, it is predicted that selection will 

favour male reproductive strategies that sacrifice longevity for mating opportunities 

(Vinogradov, 1998, Carranza & Pérez-Barbería, 2007). Indeed, empirical findings 

suggest that male mortality is higher than female mortality across a range of taxa 

(Finch, 1990). In contrast, because females are limited by the time and energy 

requirements for offspring production, selection acting on females is expected to 

promote low risk, low wear and tear strategies with moderate rates of return over 

extended time periods (Bonduriansky et al., 2008). In support of this hypothesis, male 

crickets selected for decreased lifespan increase early reproductive performance 

(calling), whereas female longevity was reduced without influencing their reproductive 

success (Hunt et al., 2006).  

According to evolutionary theories of ageing, increased rates of extrinsic mortality 

should lead to accelerated rates of intrinsic mortality (Partridge & Barton, 1993), which 

reduces selection on late life performance (Stearns et al., 2000). This has led to the 

recognition that antagonistic coevolution between the sexes may promote an 

evolutionary trade-off between reproduction and lifespan. While evidence for diverse 

benefits of female multiple mating across species is mounting (Arnqvist & Nilsson, 

2000, Newcomer et al., 1999, Slatyer et al., 2012), it is also well established that mating 

incurs a cost to females, and the archetypical example is D. melanogaster (Fowler & 

Partridge, 1989, Chapman et al., 1995, Chapman, 2001, Wolfner, 2002, Rice, 1996, 

Holland & Rice, 1999, Pitnick et al., 2001a, Pitnick & Garcia Gonzalez, 2002). The 

increase in female mortality caused by sexually antagonistic adaptations in males should 

result in the accumulation of alleles with deleterious late life effects. Promislow (2003) 
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suggests higher rates of sexual conflict lead to the evolution of higher rates of 

senescence. Maklakov et al. (2007) found that the removal of sexual conflict via 

enforced monogamy in populations of the seed beetle Callosobruchus maculatus led to 

increased lifespan in virgin females from monogamous populations compared to 

polygamous populations. However, sexual conflict could also result in selection for 

increased somatic maintenance to repair the damage induced by toxic ejaculates and 

hence increase lifespan (Maklakov et al., 2007, Williams et al., 2003). For example, 

Reznick et al. (2004) found that higher extrinsic mortality mediated by predation in the 

guppy Poecilia reticulata was associated with decelerated rates of intrinsic mortality. 

Promislow et al. (1998) also found that increased opportunity for sexual selection was 

genetically correlated with adult survivorship in D. melanogaster. Therefore, 

antagonistic coevolution could theoretically promote either accelerated or decelerated 

ageing. 

An important prediction of the mutation accumulation and antagonistic pleiotropy 

theories of life history evolution is that the trade-off between reproduction and lifespan 

leads to negative genetic correlations. Implicit in this prediction is the assumption of the 

presence of additive genetic variation in which genes that alter reproduction early in life 

simultaneously alter survival in late life (Reznick, 1985). In this study I aimed to 

investigate the genetic trade-off between female longevity and early life mating 

frequency. However, quantification of genetic variation in lifespan is not 

straightforward because of the phenotypic cost of mating due to sexual conflict. Using a 

quantitative genetic design, I calculated quantitative genetic estimates for female 

lifespan while controlling for lifetime mating frequency, and genetic estimates for early 

life mating frequency while controlling for longevity in a natural population of D. 

melanogaster. I examined the relationship between early life mating frequency and 

lifetime mating rate to confirm that my measure of early life mating frequency was 

indicative of lifetime mating frequency. I then investigated the potential for an 

evolutionary trade-off between lifespan and early life mating by measuring the genetic 

covariance between the two traits. 
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3.3 Methods 

Breeding Design and female lifetime matings 

I used a full-sib half-sib breeding design to quantify genetic variation in female adult 

lifespan and lifetime mating frequency for 775 daughters distributed among 72 sire 

families and 198 dam families of D. melanogaster. Focal flies came from a laboratory 

population of sixth generation descendants of wild type D. melanogaster collected near 

Innisfail in Northern Queensland, Australia. To produce parents of focal females, grape 

agar plates were placed in the population cage for 4 h. The following day, I collected 

first instar larvae and transferred them to vials at a standard density of 50 larvae per 

vial. Vials contained 10 ml of sugar-maize medium. Offspring were collected 9–11 days 

later under CO2 anaesthesia within 8 h of eclosion and transferred to single sex vials. 

Males were kept at a density of 10 per vial and females at 5 per vial.  

Parental generation matings were carried out when flies were 3–4 days old. Each 

male was mated to three virgin females to generate families of paternal half-siblings and 

maternal full siblings. After mating, females were transferred to individual vials and 

moved to new vials every 48 h for four days. During peak eclosion, eight virgin female 

offspring (daughters) from each full sibling dam family were randomly collected; four 

were included in the lifetime mating frequency assay and four were frozen and later 

used to estimate full sibling dam family average female body size. Mating opportunities 

for daughters began at 3–5 days of age. Females were kept in individual vials and 

transferred to fresh food vials every week. Each female was given a mating opportunity 

with a sexually naïve male every Monday, Wednesday and Friday over her entire 

lifespan. Successful copulations were recorded and all pairs separated after 1 h.  

It is well known in this species that male seminal fluid proteins transferred during 

mating reduce female survival through their toxic effects (Wolfner, 1997, Chapman et 

al., 1995, Lung et al., 2002). It is also well established that male seminal fluid proteins 

mediate female remating (Wolfner, 1997, Wolfner, 2002). Therefore, male effects are 

likely to introduce additional environmental variation to my genetic estimates of 

lifespan and female mating frequency. To address this problem I estimated the additive 

genetic variance of female mating frequency and lifespan by using standardized males 

as mating partners (see Garcia-Gonzalez & Evans, 2011 for rationale). Hence, to reduce 
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male induced variation in female lifespan and female remating, for each mating 

opportunity, I standardised the male identity by randomly selecting naïve males from 

one of 10 isogenic lines. Each isogenic line had been generated through full sibling 

matings started with one founder pair taken from a replica of a LHM population (Byrne 

& Rice, 2005) (see below). I used 2–3 day old males for the mating trials. The 

standardization results in more precise estimates of polyandry by minimizing sampling 

variance induced by randomly selecting mates that differ in their effects on female 

survival and remating propensity. 

Male isogenic lines were obtained through full sibling matings for 16 generations, 

followed by several generations of within line matings (approx. 15 individuals from 

each vial for each new generation). Full sibling matings were then reinstated for another 

21 generations. Isogenic lines were then mass bred into population cages to allow 

collection of an adequate numbers of flies needed for mating trials. I standardized the 

identity of the male partner by randomly selecting males from the same isogenic line in 

each mating opportunity. Larvae were collected from population cages on grape agar 

plates and sexually naïve males collected at peak eclosion.  

Statistical Analyses 

To investigate the genetic basis of longevity and early life mating frequency, a subset 

(n = 613) was generated from the full dataset to include only females (daughters from 

the full-sib half-sib breeding design) that lived long enough to have at least six mating 

opportunities and that mated at least once. All females had a different number of mating 

opportunities throughout their life, depending on how long they lived. The rationale for 

subsetting the data to include a fixed number of mating opportunities (first six 

opportunities) was to control for the possible confounding effect of females with more 

mating opportunities having a lower lifetime remating proportion. Such a confounding 

effect may arise due to age related decline in mating rate, and increased probability of 

males failing to attempt courtship with females having had more mating opportunities. 

Furthermore, it is unlikely that females with a large number of mating opportunities will 

maintain high remating rates throughout all opportunities compared to females with 

only few mating opportunities. The subset also eliminated females that escaped or were 

accidentally killed. Thus, only females that had lived a ‘natural’ lifespan were included. 

The lme4 package (Bates, 2014) implemented in R 3.03.3 (R, Core Team, 2015) was 
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used to fit standard nested mixed models for a paternal half-sibling design. A linear 

mixed model (LMM) on untransformed longevity was fitted, after residuals were tested 

for normal distribution, using the lmer function with sire and dam nested within sire as 

random effects. A LMM was fitted on log(x+1) transformed number of matings 

accepted in the first six opportunities, hereafter referred to as early life mating 

frequency, using the lmer function with sire and dam nested within sire as random 

effects. All females were given the first opportunity to mate when they were 3–5 days 

old but for logistical reasons there was variation among sire and dam families in the 

date I started the assays. To control for potential temporal variation in longevity and 

early life mating frequency, I included assay start date as a fixed effect in both analyses. 

I also included total lifetime mating frequency as a fixed effect in my genetic analysis of 

longevity to control for the effect of mating frequency on lifespan. Longevity was 

included as a covariate in the genetic analysis of early life mating frequency. I also 

investigated the effect of body size on both traits. Significance of fixed effects was 

tested using Wald chi-square tests implemented in the Anova function of the car 

package (Fox & Weisberg, 2011). Significance of the sire and dam variance 

components were determined using likelihood-ratio tests.  

Genetic parameters for both traits were calculated using restricted maximum 

likelihood (REML) from LMMs using the lmer function. I performed the analyses on 

untransformed data because many genetic parameters (e.g. CVA and IA) cannot be used 

for comparative purposes if variance components are extracted when data are 

transformed (Garcia-Gonzalez et al., 2012). Observational variance components were 

estimated from minimal models including only significant fixed effects. Narrow sense 

heritabilities (h
2
) were estimated from the ratio of additive genetic variance (VA: four 

times the sire variance component) to total phenotypic variance. Mean-standardized 

measures of evolvability were calculated, namely the coefficient of additive genetic 

variation (CVA), and IA (Houle, 1992, Hansen et al., 2011, Garcia-Gonzalez et al., 

2012). CVp and CVr were also calculated as described in (Garcia-Gonzalez et al., 2012). 

Standard errors for all quantitative genetic parameters were calculated by jackknifing 

across sire families (Roff, 2006).  

I used bivariate animal models in ASREML 3 (Gilmour et al., 2009) to examine the 

genetic correlation between early life (number of matings accepted in opportunities 1–6) 
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and later life mating frequency (number of matings accepted in opportunities 7–death). I 

also calculated the genetic correlation between longevity and early life mating 

frequency with bivariate animal models. 

3.4 Results 

I found substantial phenotypic variation in longevity (mean ± SD = 40 days ± 10; 

range= 13–62). Raw sire family means of longevity are displayed in Figure 3.1. There 

was a significant effect of total number of lifetime matings on longevity (Wald χ
2 

= 

74.279 df = 1, p < 0.001), with longer-lived females having a higher total number of 

matings in their life.  There was a significant effect of start date (Wald χ
2 

= 10.439 df = 

1, p = 0.001) but no significant effect of body size (Wald χ
2 

= 0.147, df = 1, p = 0.702) 

on longevity. my genetic estimates for longevity after controlling for the number of 

lifetime matings showed considerable levels of additive genetic variation and narrow 

sense heritability (Table 3.1) and revealed significant variance among sires (χ
2 

= 17.385, 

df = 1, p < 0.001).  

Early life mating frequency also showed considerable phenotypic variation (mean ± 

SD = 2.09 ± 0.88). Neither longevity (Wald χ
2 

= 0.810, df = 1, p = 0.368), body size 

(Wald χ
2 

= 2.070, df = 1, p = 0.150) or start date (Wald χ
2 

= 3.348, df = 1, p = 0.067) 

had a significant effect on the measure. Early life mating frequency displayed high 

narrow sense heritability and additive genetic variance (Table 3.1), and significant sire 

variance (χ
2 

= 23.77, df = 1, p < 0.001). I found a significant negative genetic 

covariance between early life mating frequency and longevity (rg = -0.651, SE = 0.138). 

Figure 3.2 shows the relationship between sire family means of residual longevity and 

early life mating frequency. A significant positive correlation between early life and 

later life mating frequency was also found (rg = 0.692, SE = 0.171). 
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Figure 3.1. Raw sire family means of longevity 
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Number of offspring (N), trait means (longevity in days), number of sire (half-sib) and dam (full-sib) families (n), variance components 

for sires (VSire) and dams (VDam), additive genetic variation (VA), total phenotypic variation (Vp), residual variation (VR), narrow sense 

heritabilities (h
2
), mean-standardized additive genetic variances (Evolvabilities: CVA and IA), coefficient of phenotypic variation CVp, 

coefficient of residual variation CVR, and significance values for Sire and Dam effects (PSire and PDam). Standard errors (SE) are provided 

within brackets. *Significant P values (P <0.05). 

 

 

 

 

 

N Mean(SE) n sires n dams VSire (SE) VDam (SE) VA (SE) VP (SE) VR (SE) h 2 (SE) CVA (SE) CVP (SE) CVR (SE) IA (SE) PSire PDam

Longevity 613
40.46 

(0.420)
70 197

12.602 

(4.540)
0

50.410 

(18.161)

96.393 

(4.793)

83.791 

(4.867)

0.523 

(0.180)

0.175 

(0.034)

0.243 

(0.008)

0.168 

(0.029)

0.031 

(0.011)
<0.001* 1

Early life 

mating 

frequency

613
2.085 

(0.035)
70 197

0.122 

(0.039)

0.002 

(0.016)

0.487 

(0.156)

0.768 

(0.061)

0.644 

(0.048)

0.634 

(0.176)

0.335 

(0.059)

0.420 

(0.018)

0.254 

(0.049)

0.112 

(0.037)
<0.001* 0.295

Table 3.1. Quantitative genetic parameters for longevity (after controlling for lifetime mating frequency) and early life mating frequency.  
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Figure 3.2: Sire family mean relationship between residual longevity and early 

life mating frequency. Residual longevity was obtained from a linear 

regression of longevity on lifetime mating frequency and start date. Points and 

error bars correspond to sire family means and standard errors, respectively.  

 

 

3.5 Discussion 

My analyses of lifespan and early life mating frequency showed strong negative 

genetic covariance, indicative of an evolutionary trade-off. Numerous artificial selection 

experiments have selected for altered lifespan in this species and found correlated 

responses indicative of a trade-off between reproductive effort (e.g. fecundity, egg 

viability, competitive larval viability) and lifespan (Rose & Charlesworth, 1981, Rose, 

1984, Partridge & Fowler, 1992, for review see Harshman, 2003). my study has 

quantified the additive genetic basis of traits underlying the trade-off between lifespan 

and early life mating and found high levels of genetic variance in both traits. The 

genetic trade-off indicates that alleles that have a positive effect on early life mating 

also have a negative effect on longevity, as predicted by evolutionary theories of 
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senescence. Additive genetic variation in these traits may in part be maintained by the 

opposing effects of their alleles on female fitness. Such alleles are likely to remain for 

longer periods at intermediate frequencies within a population, compared to alleles that 

have a positive effect on both traits whereby directional selection is expected to erode 

genetic variation (Reznick, 1985).  

The negative genetic correlation between early life mating frequency and longevity is 

indicative of variation in female life history strategies. Male reproductive strategies are 

typically associated with elevated mortality risks and weaker selection for long lifespan 

compared to females, due to the high cost of bearing secondary sexual traits and higher 

extrinsic mortality (Bonduriansky et al., 2008). For example, Robinson et al. (2006) 

found a trade-off between annual breeding success and longevity in males, with larger 

horn size associated with reduced longevity in a population of Soay sheep. Lemaître et 

al. (2014) also found increased rates of ageing in male red deer that controlled larger 

harems and rutted for longer periods which suggests males that invest more energy in 

reproduction early in life age at a faster rate. In females, Charmantier et al. (2006) found 

a genetic trade-off between age at first reproduction and age at last reproduction in a 

population of free-ranging mute swans (Cygnus olor), suggesting that increased early 

life performance trades off with earlier reproductive senescence. However, Bérubé et al. 

(1999) found no trade-off between female longevity and early life reproduction in two 

wild-living populations of bighorn sheep (Ovis canadensis). I found that females from 

families characterized by high levels of multiple mating early in life died sooner than 

females from families that engaged in less intense early life mating. my results thereby 

support the live fast die young trade-off in females. The positive correlation between 

early and late life mating suggests that my early life measure of mating frequency 

reflects overall lifetime mating strategy. Hence, variation in reproductive strategies 

within this population may constrain the evolution of lifespan.  

The relationship between extrinsic mortality and lifespan is common to the main 

evolutionary explanations of senescence. Accordingly, it is now recognised that damage 

caused by sexual conflict may play an important role in the evolution of sex specific 

rates of mortality (Bonduriansky et al., 2008). Importantly, my results show a genetic 

trade-off between early life mating and lifespan that is independent of the phenotypic 

effect of male seminal fluids on female lifespan. Therefore, in addition to the harmful 
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effects of male seminal fluids on lifespan, my findings suggest that females with a 

genetic propensity to mate multiply live shorter lives. Sexual conflict in this species 

could contribute to the accumulation of alleles with deleterious effects in old age or 

accumulation of alleles that enhance early life fitness at the cost of late life fitness. It is 

possible that elevated rates of mortality in females due to toxic male seminal fluid 

proteins could drive a live fast die young strategy in females, due to weakened selection 

on somatic maintenance. The optimal strategy favoured by natural selection might be 

high rates of mating in early life because females would be unlikely to survive long 

enough in natural populations of flies to experience fitness costs associated with 

deleterious alleles expressed in late life. The intensity of female mating frequency may 

in part reflect a balance between the benefits to females of mating multiply and the cost 

of reduced lifespan. my findings suggest that antagonistic coevolution not only imposes 

a phenotypic cost to mating but that it could potentially drive the evolution of lifespan 

of females in this species. 
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AND EVOLUTIONARY POTENTIAL OF FEMALE MATING TRAITS 
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4.1 Abstract 

Recognition of the ubiquity of female multiple mating has evoked an important shift 

in sexual selection research, emphasising the adaptive nature of female mating 

strategies. While phenotypic changes in female mating traits have been previously 

studied, little is known about the genetic basis of female mating behaviour and its 

potential to respond to selection at different stages throughout an individual’s life. 

Using a large quantitative genetic breeding design, we observed lifetime female mating 

behaviour in Drosophila melanogaster to examine the effect of female age and mating 

history on three key mating traits: courtship latency, mating latency and copula 

duration. Courtship latency (time until males initiate courtship) decreased with the 

cumulative number of females’ previous matings. Mating latency (defined here as the 

time between the beginning of courtship and the start of copulation) increased with 

female age, and copula duration was found to decrease as females aged. We calculated 

quantitative genetic estimates for mating traits in virgin females and at the females’ 

third mating to examine changes in the evolutionary potential of mating traits. We 

found considerable additive genetic variation in courtship latency and mating latency 

measured in virgin females. Copula duration displayed no heritable variation among 

females across sire families, but male effects were consistent with the idea that this trait 

is under male control. Heritability estimates differed significantly from zero in virgin 

females for courtship latency and mating latency. Heritability estimates did not differ 

significantly from zero when females were mating for the third time. However, 

overlapping 84% confidence intervals between heritability estimates obtained from 

virgin and mated females suggest that female mating strategies may have the potential 

to respond to selection at these different life stages. 
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4.2 Introduction  

Males and females are characterised by a fundamental difference in reproductive 

strategies. Due to differences in the size of gametes (anisogamy), it has traditionally 

been assumed that female fitness is determined largely by the number of gametes 

produced and much less by the number of mates, while male fitness depends on the 

male’s ability to gain access to multiple female (Bateman, 1948, Trivers, 1972). This 

results in higher variance in reproductive success among males compared to females, 

and hence stronger sexual selection acting on males (Trivers, 1972, Bateman, 1948). 

Consequently, much theoretical and empirical work has focused on investigating the 

fitness consequences of variation in male reproductive strategies (Andersson, 1994, 

Simmons, 2001), while less attention has been given to the evolution of female mating 

strategies (Jennions & Petrie, 1997, Pomiankowski et al., 1991). In recent decades, the 

ubiquity of female multiple mating (polyandry) has been recognised, promoting studies 

of the benefits of multiple mating to females (Garcia-Gonzalez & Simmons, 2005, 

Jennions & Petrie, 2000, Newcomer et al., 1999, Slatyer et al., 2012). Increasing 

evidence for such benefits challenges the traditional view of sex roles (Rosvall, 2011) 

and is driving a shift in how we view female sexual behaviour, with a greater focus on 

the adaptive function of female behaviour and morphology (Pizzari & Wedell, 2013). 

Nevertheless, investigation of the evolution of female mating traits remains much less 

intensely studied than male traits (Bakker, 1993, Bakker & Pomiankowski, 1995, 

Jennions & Petrie, 1997, Narraway et al., 2010, Qvarnström et al., 2006, Sharma et al., 

2010, Wagner, 1998). 

If female mating strategies are adaptive, differences in strategies are predicted 

because the costs and benefits of mate choice can vary both between females and within 

individual females over their lifetime (Kodric-Brown & Nicoletto, 2001). It is well 

known that many environmental and developmental factors influence aspects of female 

mating behaviour, such as predation risk (Atwell & Wagner, 2015, Forsgren, 1992, 

Godin & Briggs, 1996), diet (Fox & Moya-Larano, 2009, Hebets et al., 2008, Hunt et 

al., 2005) and experience gained from previous interactions with males (Collins, 1995, 

Marler et al., 1997, Stoffer & Uetz, 2015). One of the most studied influences on female 

mating preference is age. Due to the decline in reproductive potential associated with 

increasing age, life history theory predicts that current reproductive investment will 
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increase as life expectancy decreases (Charlesworth & Leon, 1976, Clutton-Brock, 

1984, Stearns, 1992) (Charlesworth & Leon, 1976; Clutton-Brock, 1984; Stearns, 1992; 

Williams, 1966). Thus, age-related changes in reproductive potential may result in 

phenotypic changes in mating strategies at different life stages. Studies across a number 

of species including Mediterranean fruit flies (Anjos-Duarte, Costa, & Joachim-Bravo, 

2011), crickets  (Gray, 1999; Mautz & Sakaluk, 2008; Prosser, Murray, & Cade, 1997), 

cockroaches (Moore & Moore, 2001), wolf spiders (Wilgers & Hebets, 2012) and 

guppies (Kodric-Brown & Nicoletto, 2001) have found that female choosiness declines 

with age. This supports the life-history prediction of reduced selectivity in older 

females. In addition to age, previous experience can influence features of current mating 

behaviour. Courtship experience can affect a female’s likelihood of accepting a mate 

(Stoffer & Uetz, 2015, Collins, 1995, Dukas, 2005b) and female sexual receptivity 

commonly decreases after mating (Chapman, 2001, Gioti et al., 2012, Kubli, 2008, 

Manning, 1967, Ortigosa & Rowe, 2003, Peretti & Carrera, 2005, Ringo, 1996). 

Judge et al. (2010) examined the relative effects of age and mating on female 

choosiness in field crickets, and found that female mating status had a stronger effect on 

female selectivity than age, with virgin females being less choosy. Thus, social 

experience and environmental variables are likely to be important determinants of 

variation in female mating traits and could influence their potential to respond to 

selection. When female age and previous mating experience interact, there could be 

trade-offs between the expected decrease in choosiness arising from lowered 

reproductive potential and the potential increase in choosiness due to previous matings 

or when previous sperm are stored and still available for future fertilisations.  

Importantly, to understand the potential for and the constraints on the evolution of 

sexually selected traits, knowledge of the extent of genetic variation in female mating 

behaviour is essential. Findings from studies investigating phenotypic changes in female 

mating traits over the lifespan demonstrate plasticity in female choosiness (Anjos-

Duarte et al., 2011, Gray, 1999, Kodric-Brown & Nicoletto, 2001). However, the 

influence of factors such as age and mating history on the evolvability of female mating 

strategies is unknown because genetic estimates of behavioural traits, and of their 

potential to respond to selection, are often based on single time points (Hoffmann, 

1999). Investigating the influence of age and mating history on the evolvability of 
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female mating traits is important to determine if the response to selection changes over 

the lifespan. In species with repeated or continuous reproduction, focusing on a single 

time point could lead to inaccurate extrapolation of evolvability to different life stages. 

Here, we investigate genetic and environmental sources of variation in female mating 

behaviours in a population of D. melanogaster recently derived from the field. 

Specifically, using longitudinal observations, we first investigate the effects of female 

age and previous mating history on female mating behaviour. The traits we examine 

include courtship latency, mating latency, and copula duration. We then investigate the 

genetic basis of these traits in females by calculating quantitative genetic estimates for 

all mating traits for virgin females and for females at their third mating. By doing so, we 

examine both phenotypic variation in female mating behaviour over lifespan as well as 

changes in the evolvability of traits from virgin to previously mated females. 

4.3 Methods 

Breeding design 

Focal flies came from a laboratory population of sixth generation descendants of 

wild type (wt) D. melanogaster collected near Innisfail in Northern Queensland, 

Australia. We used a full-sib half-sib breeding design to quantify genetic variation in 

aspects of female mating behavioural traits. Mating traits were recorded for 765 

daughters distributed among 70 sire families and 198 dam families. To produce parents 

of focal females, we collected larvae from a population cage of wt flies and raised them 

at a standard density of 50 larvae per vial. Virgin offspring were collected at peak 

eclosion and kept in single sex vials with 10 males per vial and 5 females per vial. Each 

male was mated to three virgin females to generate families of paternal half-siblings. 

‘Dam families' were comprised of 4 female offspring produced by a sire with a single 

dam (full-sib). 'Sire families' were comprised of 12 paternal half-siblings produced by a 

sire across three dams (half-sib). Four virgin female offspring (daughters) from each full 

sibling dam family were randomly collected. We also collected four additional females 

from each dam family that were frozen to later estimate full sibling dam family averages 

for female body size. Egg, larvae, and adult flies were maintained at 25
°
C on a 12:12h 

light:dark cycle throughout the experiment. 
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Ethical Note 

No ethical approval was required for the study. 

Female mating behaviours 

Mating opportunities for daughters began at 5 days of age. All daughters were kept in 

individual vials with 10ml of sugar-maize medium and transferred to fresh food vials 

every week. Each of these females was given a mating opportunity with a sexually 

naïve male from an isogenic line (see below for details regarding the generation of 

isogenic lines) every Monday, Wednesday and Friday over her entire lifespan (Figure 

4.1). On each of these days, half of the families were measured in the morning (10am) 

and half in the afternoon (2pm). The time of day was alternated between mating 

opportunities for each family. All matings were carried out in the same temperature and 

humidity controlled environmental chamber which minimized variation in 

environmental conditions between mating opportunities. At the beginning of each 

mating opportunity, males were carefully aspirated into the female’s vial. We then 

observed the time from the male’s placement in a female’s vial until the initiation of 

courtship towards that female (courtship latency), the time between the beginning of 

courtship until copula started (mating latency), and copula duration. Behaviours were 

recorded by continuous scan sampling and all males were removed via aspiration from 

the vial after 1 h. Female longevity was assessed before the beginning of each mating 

opportunity and death was determined by lack of movement.  

The empirical investigation of female mating traits is problematic because they are 

likely to be influenced by male phenotype; both genotypic and environmental male 

effects can influence the expression of female behaviour (Ahuja & Singh, 2008, 

Bacigalupe et al., 2008, Ferveur, 2005, Moore et al., 1997, Partridge et al., 1987b, 

Wolfner, 1997, Wolfner, 2002). In order to account for male effects on female mating 

traits, we standardized male identity in each mating opportunity by using males from 

one of ten isogenic lines (Garcia-Gonzalez & Evans, 2011, Travers et al., 2015, Travers 

et al., 2016a). We generated each isogenic line via a full sibling mating protocol which 

was initiated with one founder pair of flies taken from a replica of an LHM population 

(See Byrne & Rice, 2005 for details). First, full sibling matings were conducted for 16 

generations, followed by several generations of within-line matings where 
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approximately 15 individuals from each line were used to start each new generation. We 

then conducted a further 21 generations of full sibling matings.  Each isogenic line was 

mass bred in to individual population cages before the beginning of the experiment to 

allow the generation of sufficient number of flies for the mating trials. For each mating 

opportunity, we collected larvae from population cages on grape agar plates and 

transferred larvae into food vials. Sexually naive males were collected 9-11 days later 

and kept in groups of ten in 10ml food vials. Males were 2-3 days old when used in 

mating trials. In order to standardise males in each mating opportunity, we randomly 

selected males from the same isogenic line for each mating opportunity (e.g. isogenic 

line 1 in the first opportunity for all females, isogenic line 2, 3, 4, etc. for the 2
nd

, 3
rd

, 4
th

, 

etc. mating opportunity). 

Statistical Analyses 

Phenotypic variation in behaviour across lifespan 

My analyses examined the effect of female age and number of previous matings on 

the following: 719 females over 5,066 mating trials for courtship latency, 631 females 

over 1545 mating trials for mating latency and 572 females over 1,193 events for copula 

duration. Linear mixed models (LMMs) using the square root transformed courtship 

latency, mating latency and copula duration were fitted using the lme4 package (Bates, 

2014) in R, version 3.1.2  (R, Core Team, 2015). Response variables were transformed 

to satisfy assumptions of normal and homoscedastic residuals. We included female age 

(≈ mating opportunity number),  cumulative number of matings, body size, time of day 

of mating trial, and the number of mating opportunities since the female last mated as 

covariates. We also included the interaction between female age and cumulative number 

of matings. As a consequence of including time since the female’s last mating as a 

covariate, we excluded virgin females from the phenotypic analysis as virgins do not 

have any previous matings. In my analysis of courtship latency, we included an 

additional covariate to test whether courtship latency differed between trials where 

females mated or not. To account for repeated measures of the same females over 

multiple mating events, individual female ID was included as a random effect, along 

with isogenic male line ID in all models. When testing for interactions, we included 

individual-specific random slopes to avoid overconfidence in interaction estimates 

(Schielzeth & Forstmeier, 2009). Significance of fixed effects was tested using Wald 



57 

chi-square tests implemented in the Anova function of the car package (Fox & 

Weisberg, 2011). Non-significant fixed effects were excluded from the final models. 

Quantitative genetic analyses 

For the genetic analyses of the three mating traits in females, we first calculated 

quantitative genetic estimates for virgin females using the first occurrence of each 

behaviour in a female’s lifetime. For the analyses of behaviours in previously mated 

females, we used a subset that included behaviours measured at the females’ third 

mating. Thus, the two subsets differed not only in female mating history, but also with 

respect to average female age (see Figure 4.1 for a schematic overview of the 

measurements obtained for genetic analyses). Within the two subsets (virgin and 

previously mated), there was also variation in age, as not all females were courted or 

mated in their first mating opportunity in the virgin subset, and similarly, there was 

variation in the mating opportunity at which females mated for the third time. The 

average female age of virgins was 5 days for courtship latency, and 6 days for mating 

latency and copula duration. Previously mated females were aged 21 days on average 

for all three behaviours. We investigated the genetic basis of the traits the third mating 

in order to include females that had previous mating experience and to ensure a 

sufficient number of individuals were still alive to obtain an adequate sample size. Sire 

and dam effects were tested for all three behaviours both in virgin and previously mated 

females using LMMs on square root transformed courtship latency, mating latency and 

copula duration. Visual inspection of the residuals from all models using both 

untransformed and transformed response variables revealed that the square root 

transformation satisfied the model assumptions of normal and homoscedastic residuals 

while the raw data and log transformations did not. The models included sire, dam 

nested within sire and isogenic male line ID as random effects. Significance of all three 

random effects was determined using likelihood-ratio tests. Female age, body size, 

mating time of day and number of opportunities since females last mating were included 

as fixed effects in all models. Significance of the fixed effects was tested using Wald 

chi-square tests as described above.  

 Genetic parameters for the three behavioural traits in virgins and previously mated 

females were calculated using restricted maximum likelihood (REML) from LMMs on 
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standard nested mixed models for a paternal half-sibling design. LMMs on 

untransformed data were fitted with sire and dam nested within sire as random effects. 

We performed the analyses on untransformed data because many genetic parameters 

(e.g. CVA and IA) cannot be used for comparative purposes if variance components are 

extracted from transformed data (Garcia-Gonzalez et al., 2012). Observational variance 

components were estimated from minimal models including only significant fixed 

effects and all the random effects. Narrow sense heritabilities (h
2
) of the mating 

behaviours were estimated from the ratio of additive genetic variance (VA: four times 

the sire variance component) to total phenotypic variance. Mean-standardized measures 

of evolvability were calculated, namely the coefficient of additive genetic variation, 

(CVA = √VA/x̅ where x̅ is the phenotypic mean of the trait), and IA (VA/(x̅²)), an estimate 

of the expected proportional change under a unit strength of selection (Garcia-Gonzalez 

et al., 2012, Hansen et al., 2011, Houle, 1992). Standard errors for all quantitative 

genetic parameters were calculated by jackknifing across sire families (Roff, 2006). To 

test whether heritabilities of mating behaviours in virgin and mated females were 

significantly different from each other, we calculated 84% confidence intervals around 

all heritability estimates. In doing so, significance of the difference between the subsets 

at the 0.05 significance (alpha) level could be detected based on whether the intervals of 

the virgin and mated females’ estimates overlapped (see Goldstein & Healy, 1995).  We 

obtained 84% confidence intervals by multiplying Student’s t-values for my sample 

sizes by the standard errors of the heritability estimates. 

4.4 Results 

Phenotypic variation across lifespan 

There was substantial variation in female longevity and thus in the number of mating 

opportunities that females were offered (mean mating opportunities ± SD = 14.96 ± 

4.36; range = 1–24; mean lifespan in days after start of experiment ± SD = 39.49 ± 

11.74; range = 1–62). Examination of the mating traits over female lifespan revealed 

that courtship latency was significantly affected by cumulative number of previous 

matings (χ1
2 

= 7.62, p = 0.006) with lower courtship latency (males initiating courtship 

sooner) for females with more previous matings (Figure 4.2a). There was no main effect 

of female age on courtship latency (χ1
2
= 0.07, P = 0.789), but there was a significant 
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interaction between female age and mating experience (χ1
2
= 4.14, P = 0.042), meaning 

that the negative effect of female mating history on courtship latency became weaker as 

females aged. We also found a significant effect of number of opportunities since the 

female last mated, with longer courtship latencies for females that mated more recently 

(χ1
2
= 9.32, P = 0.002). Finally, we found a significant negative relationship between 

courtship latency and whether a female mated at that mating opportunity (χ1
2
= 5.30, P = 

0.021), meaning that mating did not occur when courtship was initiated later.  

While we found no significant effect of cumulative number of previous matings on 

mating latency (χ1
2
= 0.21, P = 0.647) or time since last mating (χ1

2
= 1.01, P = 0.315), 

this trait was significantly affected by female age, with older females taking longer to 

mate from the initiation of courtship (χ1
2
= 17.801, P <0.001; Figure 4.2b). 

Copula duration was significantly affected by female age (χ1
2
= 37.00, P < 0.001), 

with shorter copulation times for older females (Figure 2c).  We also found a significant 

effect of time since last mating (χ1
2
= 4.32, P = 0.038), with shorter copulation durations 

in females that mated more recently. No effect of cumulative number of matings was 

found for copula duration (χ1
2
= 0.14, P = 0.706). We did not find a significant effect of 

female body size or mating time of day on any of the three traits (all P > 0.1). Not 

surprisingly, we found some evidence for multicollinearity between age, mating history 

and time since last mating. However, variance inflation factors were moderate, ranging 

between 1.40 and 3.60 in all models, suggesting that multicollinearity was not an issue 

in the data analysis (Craney & Surles, 2002). 

Quantitative genetics 

Quantitative genetic parameters for all traits for virgin and previously mated females 

are displayed in Table 4.1. Sire family means are displayed in Figure 4.3. 

Courtship latency showed substantial phenotypic variation for both virgins (mean ± 

SD = 1448 ± 1096 sec) and previously mated females at their third mating (mean ± SD 

= 1135 ± 840 sec). We found substantial additive genetic variation and significant sire 

variance among virgin females but low and non-significant additive genetic variation in 

courtship latency among females at their third mating (see Table 4.1). However, both 

when females were virgin and previously mated, courtship latencies were significantly 
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affected by the isogenic line from which males were drawn (virgin: χ1
2
=

 
65.05, P < 

0.001; previously mated: χ1
2
=

 
13.83, P < 0.001). Neither female age, body size or 

mating time of day had a significant effect on courtship latency among virgins or 

previously mated females. 

We found large phenotypic variation in mating latency among virgin (mean ± SD = 

712 ± 887 sec) and previously mated females (mean ± SD = 771 ± 924 sec). Mating 

latency of virgin females showed high levels of additive genetic variation and 

significant variance across sire families (see Table 1). In contrast, mating latency among 

mated females exhibited low additive genetic variance, and non-significant sire effects. 

Male line ID had a significant effect on mating latency in virgins but not in previously 

mated females (Table 1). Female age had a significant negative effect on mating latency 

among virgins (χ1
2
= 7.308, P = 0.007), and mated females (χ1

2
= 4.221, P = 0.039), 

while female body size and mating time of day had no significant effect. 

Copula duration showed lower phenotypic variation among virgin (mean ± SD = 

1077 ± 331 sec) and previously mated females (mean ± SD = 1024 ± 361 sec) than the 

other two mating traits. In both virgins and mated females, copula duration showed low 

and non-significant levels of additive genetic variation and non-significant sire effects 

(Table 1). There was significant variation among male isogenic lines for copula duration 

with virgins (χ1
2
= 51.776, P < 0.001), but not for copula duration with previously mated 

females (χ1
2
= 0, P = 1). Female age, body size and mating time of day had no effect on 

copula duration in either virgin or previously mated females.  

  

 

 

 



61 

Figure 4.1 Full-sib half-sib breeding design and experimental mating design. 72 

Sires were mated to three dams each. From every full-sib family, four daughters 

were offered a mating opportunity three times per week for their entire lifespan, 

starting at an age of 5 days. Two daughters are shown for illustrative purposes. 

Courtship latency, mating latency and copulation duration (see box inlet and main 

text for details) were recorded whenever occurring. For the phenotypic analyses of 

mating behaviours, we included all recorded behaviours. For the quantitative 

genetic analyses, we included behaviours when they first occurred (virgin 

females; blue), or at a female’s third mating (previously mated females; brown). 

As a consequence, there was substantial variation both between and within the 

two subsets. Fly illustrations taken from Sokolowski (2001). Adapted with 

permission. 
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Figure 4.2.  Effects of cumulative number of matings on a) courtship latency, and of female age on b) mating latency, and c) copula 

duration. Boxes and whiskers represent the raw data while lines and shaded areas represent backtransformed LMM predictions for mean 

effects and approximate 95% confidence intervals, respectively. Box plots show the median, the lower and upper quartials with whiskers 

extending to 1.5 times the interquartial range and  open circles showing outliers. 
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N Mean (SE) n sires n dams VSire (SE) VDam (SE) VA (SE) VP (SE) VR (SE) h
2 

(SE) h
2  

84% CI CVA (SE) CVP (SE) CVR (SE) IA (SE) P Sire P Dam P Isogenic line male 

Courtship latency virgins 747
1448 

(40.156)
70 198

64071

(37692)

47845

(36912)

256287

(150770)

982837

(63904)

870919

(57190)

0.261 

(0.150)
 0.048, 0.474

0.350 

(0.103)

0.685 

(0.028)

0.589 

(0.067)

0.122 

(0.070)
0.038* 0.055 <0.001*

Courtship  latency third mating 458
1135 

(38.957)
70 190

16136

(21430)

10987

(32549)

64545

(85718)

656930

(64938)

629807

(60039)

0.098 

(0.132)
 -0.089, 0.285

0.224 

(0.163)

0.714 

(0.026)

0.678 

(0.050)

0.050 

(0.068)
0.5137 1 <0.001*

Mating latency virgins 661
712 

(34.535)
70 198

39468

(20040)
0

157872

(80162)

743023

(52680)

703554

(52206)

0.212 

(0.106)
 0.06, 0.363

0.558 

(0.0144)

1.211 

(0.0435)

1.074 

(0.082)

0.311 

(0.157)
0.030* 1 <0.001*

Mating latency third mating 427
771 

(44.331)
70 187

10395

(31137)

36279

(44945)

41582

(124549)

842470

(75739)

795796

(85064)

0.051 

(0.150)
 -0.162, 0.264

0.265 

(0.508)

1.191 

(0.049)

1.161 

(0.102)

0.070 

(0.212)
1 0.1818 0.278

Copula duration virgins 520
1077 

(14.551)
70 193

3437

(2787)

3447

(5265)

13750

(11151)

93797

(7975)

86883

(9291)

0.147 

(0.118)
 -0.021, 0.315

0.109 

(0.045)

0.284 

(0.013)

0.263 

(0.021)

0.012 

(0.009)
0.565 0.749 <0.001*

Copula duration  third mating 330
1024 

(19.686)
69 170

10395

(5508)
0

41582

(22033)

842470

(13835)

795796

(14993)

0.050 

(0.178)
 -0.203, 0.303

0.0210 

(0.060)

0.901 

(0.021)

0.874 

(0.044)

0.041 

(0.021)
0.1459 1 1

Table 4.1. Quantitative genetic parameters for mating traits in females 

 

Number of offspring (N), trait means, number of sire (half-sib) and dam (full-sib) families (n), variance components for sires (VSire) and dams 

(VDam), additive genetic variation (VA), total phenotypic variation (Vp), residual variation (VR), narrow sense heritabilities (h
2
) and their 84% 

confidence intervals, mean-standardized additive genetic variances (Evolvabilities: CVA and IA), coefficient of phenotypic variation CVp, 

coefficient of residual variation CVR, and significance values for Sire (P Sire), Dam ( P Dam) and isogenic male lines (P isogenic line male) effects. 

Standard errors (SE) are provided within brackets. Asterisks indicate significant p-values (P < 0.05). 
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Figure 4.3. Raw sire family means +/- SE of courtship latency (a, d), mating latency (b, e), and copula 

duration (c, f) in virgins (black) and sexually experienced females (grey), respectively. 
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4.5 Discussion 

 

Using data on lifetime mating behaviour of females from a population of D. 

melanogaster recently derived from the wild, we show how female mating traits change 

throughout life in relation to age and mating history. We also examine the evolvability 

of mating traits in females and how levels of additive genetic variance change from 

virgin to previously mated females.  

How does mating behaviour change across lifespan? 

We found significant variation across lifespan in all mating traits examined. Females 

with more previous matings were courted sooner. However, females were slower to 

accept matings as they aged. We also observed a decrease in copula duration in later 

life.  

The reduction in courtship latency associated with female mating history suggests 

that male willingness to mate increases with female mating history. Previous studies 

that have investigated sources of variation in courtship latency have focused mainly on 

male effects (Dukas, 2005a, Eastwood & Burnet, 1977, Hoffmann, 1999, Moehring & 

Mackay, 2004). The speed at which a male initiates courtship may reflect precopulatory 

male choice for variation in female willingness to mate. Here, we show that a female’s 

mating history can influence the speed at which a male initiates courtship, suggesting 

important female effects on this mating behaviour.  

The relationship between mating latency and female age suggests that a female’s 

resistance to mating increases as she ages. Studies in other species have found the 

opposite - a decrease in female choosiness with age. For example, in guppies, Kodric-

Brown and Nicoletto (2001) found that younger females were more selective than older 

females. Moore and Moore (2001) found decreased choosiness in female cockroaches 

(Nauphoeta cinerea) when mated past the optimal mating age, and also found a 

correlation between the reduction in choosiness and fertility, which suggests that a 

decrease in choosiness may be due to a reduction in reproductive potential. The increase 

in female resistance to mating (or choosiness) in later life may arise from a shift in the 

cost-benefit ratio of mating across different life history stages. In D. melanogaster 
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mating is costly due to harmful seminal fluid proteins transferred during copulation 

(Chapman et al., 1995). Thus, frequent remating by females incurs increasing costs as 

they suffer reduced survival and hence reduced lifetime reproductive success (Chapman 

et al., 1995, Fowler & Partridge, 1989). Moreover, as older females are more likely to 

have mated previously and ensured fertilisation of at least part of their lifetime egg 

supply, they have less to gain from further matings. Therefore, the increased resistance 

of older females to male courtship attempts may reflect reduced benefits from mating in 

later life that do not outweigh the costs associated with additional matings. Due to 

collinearity between female age and mating history, the effect of female age on mating 

latency may be somewhat driven by mating history. However, we found no significant 

effect of mating history on mating latency. In order to disentangle the effect of age and 

mating history on female mating latency, a control experiment measuring mating 

latency in aged virgin females would be required. 

We also found that copula duration was shorter with older females. Previous studies 

have reported that copula duration differed depending on female mating status, but the 

findings have been inconsistent between studies (Singh & Singh, 2004, Bretman et al., 

2009, Sirot et al., 2011). My quantitative genetic analysis suggests that copula duration 

is to a large degree under male control (Friberg, 2006, Lüpold et al., 2013, MacBean & 

Parsons, 1967); there were no sire effects on copula duration, which depended more on 

the isogenic line from which males were drawn. Males have been reported to adjust 

copulatory investments according to the risk and intensity of sperm competition 

(Bretman et al., 2013). my findings suggest that males may also adjust their copulatory 

investment according to female age. Specifically, males may invest less refractory 

inducing and ovulation stimulating seminal fluid proteins when mating with older 

females. An examination of the stages of copulation in D. melanogaster by Gilchrist 

and Partridge (2000) revealed that sperm transfer to the female is complete by the 

midpoint of copulation and that the remaining copulation time is dedicated solely to the 

transfer of seminal fluids. Evidence also suggests that males can tailor their ejaculate 

components to take advantage of ovulin (an ovulation-increasing protein) transferred by 

previous mates whilst maintaining investment in sex peptide to inhibit remating (Sirot et 

al., 2011). Thus, it is possible that males also alter their ejaculate when mating with 

older females to transfer less seminal fluid proteins (ovulin and/or sex peptide), as older 

females are likely to have mated previously and the chance of the female remating 
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decreases due to increased risk of extrinsic mortality. Males may also invest less in 

older females (Lüpold et al., 2011) as the return on their investment will be lower due to 

reduced egg production in older females (Boorman & Parker, 1976). 

Does additive genetic variance in female mating behaviour change throughout life? 

The presence of high levels of heritable variation in courtship latency in virgin 

females reveals that female genotype affects mating behaviour. Markedly, the present 

study is the first to document the quantitative genetic basis of female effects on 

courtship latency and indicates that females vary genetically in their receptivity or 

attractiveness to males. Evidence from previous studies suggests genetic variation in 

female attractiveness. Ratterman et al. (2014) found that males ranked attractiveness 

among different female genotypes in the same order across ten inbred lines of D. 

melanogaster. Male mate choice for phenotypic indicators of fecundity (e.g. female 

abdomen width or body size) is predicted due to the associated fitness gains of mating 

with large females (Ebert, 1993, Gromko et al., 1991, Lefranc & Bundgaard, 2000). 

However, we found no effect of female body size on the male’s latency to initiate 

courtship, indicating that genetic variance in female receptivity or attractiveness is not 

driven by female body size, at least in this population.  

We also revealed evidence for a genetic basis for mating latency in virgin females 

which supports prior findings in this species (Gromko, 1989, Narraway et al., 2010, 

Sgro et al., 1998). Moore (1989) found evidence for genetic variation in female 

preference in cockroaches, and a quantitative genetic study in a wild population of 

flycatchers found significant additive genetic variation in female preference 

(Qvarnström et al., 2006). Previous studies have also found significant additive genetic 

variation in female resistance to harm from males and that female reluctance to remate 

has a positive effect on lifetime fitness (Lew et al., 2006, Linder & Rice, 2005). If 

resistance to mating above the female optimum mating rate is beneficial, directional 

selection should erode genetic variation in female resistance to male harm. What 

maintains genetic variance in female mating latency remains unclear. One potential 

explanation is that variation in female resistance could be maintained if selection acts on 

males to overcome female resistance. Sexually antagonistic coevolution in mating 

frequency is well documented in D. melanogaster, and studies have demonstrated 

selection on male ability to coerce females to mate above their optimum rate (Holland & 
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Rice, 1999, Pitnick et al., 2001a, Rice, 1996). Tennant et al. (2014) found a negative 

covariance between female choosiness and male attractiveness in D. melanogaster, 

consistent with sexual conflict theory. Thus, conflicting selection on mating rates 

between the sexes could potentially explain the maintenance of high levels of additive 

genetic variance in female mating latency.  

The significant effect of male line on virgin mating latency suggests that males also 

differ genetically in their attractiveness (Hoffmann, 1999, Hosgood & Parsons, 1965, 

Mackay et al., 2005, Manning, 1961, Wedell & Tregenza, 1999a, Taylor et al., 2007), 

and supports a previous study which demonstrated that both male and female genotype 

contribute to variation in mating latency (Tennant et al., 2014, but see Ratterman et al., 

2014). 

My genetic analyses of copula duration revealed a significant effect of male isogenic 

line when mating with virgin females but no additive genetic variation among females, 

either when virgin or previously mated. This finding is consistent with previous 

evidence for predominantly male control of copula duration (Bretman et al., 2014, 

Bretman et al., 2013, Friberg, 2006, Tennant et al., 2014). Nevertheless, Edward et al. 

(2014) suggested that both sexes might contribute to variation in copula duration in D. 

melanogaster, while another study failed to detect significant additive genetic variation 

in males in the trait across two different environments (Taylor et al., 2013). However, 

Taylor et al. (2013) were not able to separate male and female effects, and this could 

have led to a failure to detect additive genetic variance in copula duration. 

We found no significant differences among sire families in any of the three traits 

when measured in the females’ third mating. Nevertheless, we are unable to conclude 

that the levels of heritable variation in the three mating traits are lower for mated 

compared to virgin flies because the 84% confidence intervals on the heritability 

estimates between the two groups of females overlapped, indicating that the estimates 

do not differ significantly from each other. The failure to detect statistically significant 

variation among sire families in the females’ third mating may have been caused by a 

loss of statistical power due to the reduction in sample size from virgin females. The 

statistical power to detect moderate levels of heritability (following Lynch & Walsh’s 

(1998) power analysis for half sibling breeding designs) for courtship and mating 

latency in virgins was high (>0.8), while the power to detect a smaller heritability, as 
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found in virgin copula duration (h2 = 0.14), was reduced (power ~ 0.6). Furthermore, 

the statistical power to detect low heritability estimates such as those found in the mated 

female subset was low (Lynch & Walsh, 1998). Therefore, we cannot rule out heritable 

variation in virgin copula duration or in the traits measured in the females third mating. 

We found a significant effect of male line on all three traits when measured in virgin 

females. Males in this species exert a strong influence on female remating rates through 

the effects of sex peptide transferred during mating, which inhibits female remating 

(Wolfner, 1997). my finding of a significant effect of male line suggests that male 

effects also influence other components of female mating behaviour. Male effects from 

previous partners may increase variation in female responses to subsequent potential 

mates. If so, increased environmental variation in female behaviour may also hinder the 

ability to detect additive genetic variance in mating behaviours in mated females.  

In conclusion, my findings show phenotypic plasticity through life in female mating 

traits. We also found high levels of additive genetic variation in courtship latency and 

mating latency in virgin females from a population recently derived from the wild, 

which suggests these traits can respond to selection. Overlapping confidence intervals 

on heritability estimates in these traits among young virgin females and older mated 

females suggest that female mating strategies have the potential to respond to selection 

irrespective of age or mating history. 
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CHAPTER 5: GENETIC VARIATION BUT WEAK NO COVARIANCE 

BETWEEN PRE- AND POSTCOPULATORY EPISODES OF SEXUAL 

SELECTION IN DROSOPHILA MELANOGASTER 
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5.1 Abstract 

When females mate polyandrously, male reproductive success depends both on the 

male’s ability to attain matings and his ability to outcompete rival males in the 

fertilization of ova post copulation. Increased investment in ejaculate components may 

trade-off with investment in precopulatory traits due to resource allocation. 

Alternatively, pre- and postcopulatory traits could be positively related if individuals 

can afford to invest heavily in traits advantageous at both episodes of selection. There is 

empirical evidence for both positive and negative associations between pre- and 

postcopulatory episodes, but little is known about the genetic basis of these correlations. 

In this study, we measured morphological, chemical, and behavioural precopulatory 

male traits and investigated their relationship with measures of male fitness (male 

mating success, remating inhibition and offensive sperm competitiveness) across 40 

isofemale lines of Drosophila melanogaster. We found significant variation among 

isofemale lines, indicating a genetic basis for most of the traits investigated. However, 

we found weak evidence for genetic correlations between precopulatory traits and my 

indices of male fitness. Moreover, pre-and postcopulatory episodes of selection were 

uncorrelated, suggesting selection may act independently at the different episodes to 

maximise male reproductive success. 
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5.2 Introduction 

Sexual selection arises because of differential reproductive success due to 

competition for mates and their gametes, and is often more intense in males as their 

fitness depends more on mating success than does female fitness (Bateman, 1948, 

Darwin, 1871). An important consequence of sexual selection on males is the evolution 

of rapidly diverging traits (i.e. ornaments and weapons) that provide an advantage to 

males in gaining matings (Andersson, 1994). However, there has been an increasing 

awareness over the past few decades of the evolutionary importance of postcopulatory 

mechanisms (Parker, 1970b, Eberhard, 1996, Simmons, 2001, Birkhead & Pizzari, 

2002). Due to the ubiquity of multiple mating by females (Simmons, 2005, Kvarnemo 

& Simmons, 2013), it is now recognised that sexual selection can extend beyond 

mating. Consequently, male reproductive success is not only determined by a male’s 

ability to obtain matings but also the ability to fertilise ova after mating through sperm 

competition (Parker, 1970b, Simmons, 2001) and/or cryptic female choice (Eberhard, 

1996). Postcopulatory processes can produce substantial variation in paternity among 

males and have the potential to reinforce or counteract the effects of precopulatory 

selection (Kvarnemo & Simmons, 2013, Collet et al., 2012). Hence, all episodes of 

sexual selection need to be examined to accurately assess male fitness (Lewis et al., 

2013). The relationship between pre- and postcopulatory sexual selection has become a 

major issue because it informs on whether traits are exposed to similar selection 

pressures during different episodes of selection, and ultimately this relationship 

determines the net action of sexual selection (Pischedda & Rice, 2012, Kvarnemo & 

Simmons, 2013, Arnold & Wade, 1984, Devigili et al., 2015, Pélissié et al., 2014, Collet 

et al., 2012, Webster et al., 1995).  

Precopulatory selection depends on a male’s ability to attain copulations with 

females, while postcopulatory selection reflects differences in siring success among 

males determined by aspects of ejaculate components and/or sperm utilisation by the 

female. The maintenance and expression of traits in both pre- and postcopulatory 

episodes of selection is costly (Pitnick, 1996, Simmons et al., 2010, Emlen, 2001). 

Theory predicts that increasing levels of postcopulatory selection should promote 

increased male expenditure on sperm production (Parker, 1998). However, theory 

assumes that males successful at gaining access to mates due to high investment in 
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secondary sexual traits should have fewer resources available for investment in 

postcopulatory traits such as sperm competitiveness (Parker et al., 2013), leading to a 

negative correlation between traits favoured through pre- versus postcopulatory sexual 

selection (Simmons & Emlen, 2006, Fitzpatrick et al., 2012, Lüpold et al., 2014, Dines 

et al., 2015). An increasing number of studies show evidence for trade-offs between pre- 

and postcopulatory selected traits: males successful in obtaining matings can be limited 

in their ability to produce costly ejaculates and thus unable to take advantage of their 

enhanced mating success (Preston et al., 2001, Bussière et al., 2005, Simmons, 2005, 

Demary & Lewis, 2007). In bushcrickets, males that mate more often deliver smaller 

spermatophores than males who mate less frequently (Simmons, 1995). Preston et al. 

(2001) found that Soay rams that are most successful in precopulatory sexual selection 

sire a lower percentage of offspring towards the end of the mating season due to the 

effects of sperm depletion. Similarly, Demary and Lewis (2007) found a negative 

relationship between attractive bioluminescent displays and paternity in male fireflies, 

which suggests a possible trade-off between investment in precopulatory courtship 

display and investment in ejaculates (South & Lewis, 2012).  

In contrast, pre- and postcopulatory selection can also be aligned if enhanced 

expression of a secondary sexual trait is indicative of genetic quality (Johnstone, 1995), 

which could lead to greater ability to acquire resources and thus superior ejaculate 

quality (Rowe & Houle, 1996). When variance in attaining resources exceeds variance 

in allocation of resources needed for growth and reproduction, high quality males may 

be able to invest heavily in both secondary sexual traits and ejaculate production, 

leading to a positive relationship between attractiveness and postcopulatory investment 

(Kvarnemo & Simmons, 2013). For instance, in D. melanogaster, male body size has 

been identified as a trait favoured by precopulatory sexual selection (Partridge & 

Farquhar, 1983) and similarly favoured in postcopulatory selection as demonstrated by 

the correlation between large body size and fertilisation success (Bangham et al., 2002, 

McLain, 1985). In flour beetles, males that produce more attractive olfactory cues have 

higher paternity share (Lewis & Austad, 1994). Finally, in guppies, males that have high 

levels of orange pigmentation are more attractive to females and more successful in 

sperm competition (Evans et al., 2003). These studies thus demonstrate that episodes of 

pre- and postcopulatory selection can reinforce each other. 
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 Despite the mounting evidence of phenotypic relationships between pre- and 

postcopulatory sexual selection, there is limited evidence for an underlying genetic 

basis for these relationships (Evans, 2010, Engqvist, 2011, Hosken et al., 2008). 

Investigating patterns of genetic covariance for correlated traits is important, as the 

direction of these correlations reveals their potential to either promote or restrain 

coevolutionary responses to selection (Lynch & Walsh, 1998). Here I examine patterns 

of genetic variation and covariation between pre- and postcopulatory traits among 

isofemale lines of D. melanogaster recently derived from the field. 

The fact that pre-and postcopulatory episodes of sexual selection can be subject to 

trade-offs or be aligned means that focusing simply on either the pre- or postcopulatory 

episodes of selection provides an incomplete picture of the action of sexual selection, 

and that consequently, both episodes must be considered. Phenotypic relationships 

between traits such as those described above are predicted to be influenced by the 

availability of resources, with trade-offs expected when resources are limited (Stearns, 

1992). However, to understand the evolution of traits subject to sexual selection, we 

need to discern the underlying genetic variance of and covariance between traits (Roff 

& Fairbairn, 2007). When traits are paired due to pleiotropy and/or linkage, selection 

acting on one trait can result in correlated changes in the trait that is genetically coupled 

with the trait under selection (Lande & Arnold, 1983). A negative covariance between 

traits favoured in pre- versus postcopulatory selection will slow the rate of evolutionary 

change by reducing the strength of directional selection on either trait (Lynch & Walsh, 

1998) while positive genetic correlations can enhance the evolutionary potential of a 

given trait (Kvarnemo & Simmons, 2013). While the study of phenotypic relationships 

between traits determining pre- and postcopulatory components of reproductive success 

have revealed the existence of negative phenotypic correlations in some cases, these 

may not necessarily inform on the existence of an underlying genetic trade-off. Only a 

few studies have investigated the genetic relationships between traits involved in pre- 

and postcopulatory episodes. For example, in the scorpion fly Panorpa cognata, 

Engqvist (2011) found a significant negative genetic association between attractiveness 

and mating investment. Hosken et al. (2008) found a positive relationship between male 

attractiveness and offensive fertilisation success in Drosophila simulans. In the dung 

beetle Onthophagus taurus, Simmons and Kotiaho (2002) found a genetic correlation 

between male condition, which determines courtship rate and male mating success, and 
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testis weight and sperm length, which determine paternity success in this species 

(Garcia-Gonzalez & Simmons, 2007b). Investigating patterns of genetic covariance 

between traits is paramount to understanding evolution through sexual selection, as the 

direction of these correlations reveals their potential to either promote or constrain 

coevolutionary responses to selection (Lynch & Walsh, 1998). Here, we examine 

patterns of genetic variation and covariation between pre- and postcopulatory traits 

among isofemale lines of D. melanogaster recently derived from the field. 

Studies in D. melanogaster have played a central role in sexual selection research. 

With considerable levels of female multiple mating in this species (Imhof et al., 1998, 

Kuijper & Morrow, 2009, Travers et al., 2015), males face competition both to secure 

matings and fertilise ova. Consequently, traits that affect male success in both pre- and 

postcopulatory episodes of selection have evolved. Male mating success in D. 

melanogaster has been reported to be influenced by secondary sexual traits such as sex 

combs (Ahuja & Singh, 2008) and cuticular hydrocarbons (Ferveur, 2005), as well as 

body size (Bangham et al., 2002, Partridge & Farquhar, 1983, Partridge et al., 1987b, 

Jagadeeshan et al., 2015). Male reproductive success is also determined after copulation 

through sperm competition (Fiumera et al., 2005, Price et al., 1999, Manier et al., 2010, 

Lüpold et al., 2012) and the action of seminal fluid proteins on female behaviour and 

physiology (Wigby et al., 2009, Chapman, 2001, Rice, 1996, Pitnick et al., 2001a, Kalb 

et al., 1993). Therefore, I examined the relationship between male mating success and a 

number of precopulatory traits, including morphological (body size, sex comb tooth 

number), olfactory (cuticular hydrocarbons or CHCs), and behavioural (courtship 

duration) traits previously shown to be targets of sexual selection on males. Males of 

this species manipulate female mating rates by transferring seminal fluid proteins that 

inhibit remating (Wolfner, 2002, Chapman, 2001, Kalb et al., 1993, Chen et al., 1988, 

Aigaki et al., 1991, Scott, 1986). Given the high last male sperm precedence in this 

species, mating order and inhibition of female remating are strong determinants of male 

reproductive success (Pischedda & Rice, 2012). I thus investigated the relationship 

between precopulatory male traits and measures of male fitness (male mating success, 

male-induced inhibition of female remating and offensive sperm competitiveness). For 

clarity we consider traits that affect mating success as precopulatory traits and those that 

influence siring success as postcopulatory traits, though we recognise that it is possible 

for a trait to contribute to both pre- and postcopulatory success where, for example, 
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females choose cryptically sperm from males found most attractive in courtship to 

fertilize their ova. Finally, I examined the genetic relationship between precopulatory 

mating success and postcopulatory fertilisation success to establish whether 

postcopulatory sexual selection reinforces or counteracts precopulatory selection, or 

whether these processes of sexual selection operate independently. 

5.3 Methods 

Drosophila melanogaster isofemale lines 

D. melanogaster used in this study were collected from the Margaret River region of 

Western Australia in April 2013. I established forty isofemale lines by placing single 

wild-caught females into individual vials. From thereon, lines were maintained through 

within line matings by placing approximately 20 individuals from each line into a vial 

to lay with 10 ml maize food medium. I discarded the adults after 12 h to prevent larval 

overcrowding and to maintain non-overlapping generations. Eggs, larvae, and adult flies 

were maintained at 25
°
C on a 12L:12D diurnal cycle throughout all experiments. 

All traits were measured between generation 10 and 13 as follows: P2 (generation 

10), egg-to-adult viability (generation 11), inhibition of remating (generation 12). Male 

mating success, sex comb number, and wing area were measured on the same 

individuals in generation 13. CHCs were also measured at generation 13. To generate 

experimental flies for each assay, flies from each line were placed in a population cage 

with a grape agar plate for 4 h. The following day, I collected first instar larvae and 

transferred them to vials containing 10 ml of sugar-maize medium at a standard density 

of 40 larvae per vial. I collected offspring 9–11 days later under CO2 anaesthesia within 

8 h of eclosion and transferred males to single sex vials. 

Male mating success 

I measured male mating success by presenting males with five different tester female 

genotypes over five consecutive days. For each isofemale line I assessed the mating 

success of 6.4 ± 1.0 replicate males. I standardised the female genetic background by 

selecting virgin females from one of five isogenic lines at each mating opportunity (e.g. 

isogenic line 1 in the first opportunity for all males, isogenic line 2, 3, 4, and 5 for the 

2
nd

, 3
rd

, 4
th

, and 5
th 

mating opportunity). I used these isogenic tester females (hereafter 
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referred to as tester females) to reduce genetic variation in female mate preference at 

each mating opportunity (Bjork et al., 2007, Droge-Young et al., 2012) and used tester 

females from a different isogenic line each day to gain a measure of male attractiveness 

assessed across a variety of female genotypes. Each tester line was generated through a 

protocol of full sibling matings started with one founder pair of flies taken from a 

replica of an LHM population (see Byrne & Rice, 2005 for details). The tester lines were 

obtained through a protocol of brother-sister matings for 16 generations, followed by 

several generations of within line matings (approx. 15 individuals from each vial for 

each new generation), before reinstating a full sibling mating protocol for another 21 

generations. I used 2–3 day old virgin tester females for the mating trials to reduce 

variation in female preference due to environmental effects (e.g. female age and mating 

history: Travers et al., 2016b, Judge, 2010, Moore & Moore, 2001, Gray, 1999). The 

mating trials were conducted by placing each male into a vial with a single tester female 

for 20 minutes. I recorded courtship duration for pairs that started mating within 20 min. 

If mating did not commence within 20 min, I removed the female from the vial and 

gave the male a mating score of 0 for that trial. After the 5 days of mating trials, males 

were stored at -80°C for later sex comb and wing size measurements (see below). 

Male inhibition of female remating 

To measure male ability to inhibit female remating through the action of seminal 

fluid components (Chen et al., 1988, Aigaki et al., 1991, Kalb et al., 1993), virgin tester 

females from an isogenic line were mated to a single focal isofemale line male by 

placing individual pairs into vials and observing for 2 h. I assessed the remating 

inhibition of 2.9 ± 1.3 males per isofemale line. I used tester females to control for 

genotypic male x female interactions on female remating rates (Travers et al., 2015). 

After a mating pair disengaged, males were removed from the vial to prevent remating 

with the same male. Tester females were then given the opportunity to remate once 

every 12 h for up to 5 days. Remating opportunities were given by placing a sexually 

naïve male from one isogenic line (hereafter referred to as tester males) into a female’s 

vial and observed for 2 h. I used tester males from the same isogenic line in each 

remating opportunity to control for genetic variation in male attractiveness (Taylor et 

al., 2007, Partridge et al., 1985, Kosuda, 1985). Remating opportunity 1 was presented 

12 h after the first mating, opportunity 2, 3, and 4 etc. were presented 24 h, 36 h, and 48 
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h after the first mating, respectively, with a maximum of 10 opportunities over 5 days. 

The number of remating opportunities received before a female remated was taken as a 

measure of her first (focal isofemale line male) mate’s ability to inhibit remating. 

Females that did not remate in the 5 days were given a score of 11 (only 7 females).  

Offensive sperm competitiveness and egg-to-adult viability 

I measured offensive sperm competitiveness (P2) of 2.8 ± 1.7 males per isofemale 

line by calculating the proportion of offspring produced when focal males from 

isofemale lines were mated in the second mating position to a previously mated female. 

I used tester males from a single isogenic line in the defensive mating position (P1) 

across all isofemale lines to control for genotypic male x male interactions and also to 

control for differences in sperm competitiveness of rival males (García-González & 

Garcia-Gonzalez, 2008, Garcia-Gonzalez & Evans, 2011, Travers et al., 2016a). I also 

used tester females from a single isogenic line across all isofemale lines to control for 

female x male x male interactions (Fricke et al., 2010, Droge-Young et al., 2012, 

Travers et al., 2016a). For the rival (first) matings, sexually naïve tester males were 

placed in individual vials with a single virgin tester female and observed. Following a 

protocol similar to the sperm offense assay carried out by Arbuthnott et al. (2014), the 

first male was removed from the vial after each mating was complete and replaced 

immediately with a focal male (from one of the isofemale lines). Pairs were observed 

continuously for 5 h. After a mating pair disengaged, the female was removed from the 

vial and placed into a fresh vial. Females were then transferred to new food vials every 

24 h for three days. After eclosion, progeny were scored for eye colour. Tester females 

and focal isofemale line males were all recessive for red eyes, while rival tester males 

(P1) were brown eye dominant. Therefore, the proportion of red eyed progeny produced 

was taken as a measure of P2. To control for instances of non-sperm representation that 

may have occurred due to failed inseminations (Garcia-Gonzalez, 2004), only females 

that produced both brown and red eyed offspring were included in the final analyses 

I measured egg-to-adult survival in offspring of isofemale line males to control for 

the confounding effect of differential egg-to-adult viability on P2 estimates (Gilchrist & 

Partridge, 1997, Garcia-Gonzalez, 2008). 5.45 ± 1.47 males from each isofemale line 

were mated monogamously to a virgin tester female from the same isogenic line as the 

tester females used in the P2 assay. Males and females were paired in individual yeasted 
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vials for 48 h before the assay commenced to ensure that the pair was mated and the 

female ready to oviposit. To measure egg-to-adult viability of offspring from the focal 

males, each pair was transferred to a vial with blue food dye for 24 h to allow the 

female to oviposit. The eggs laid in this period were counted and the number of adults 

that emerged was used to calculate egg-to-adult viability. 

Sex combs 

I counted the number of teeth on the sex comb of the right leg for each of 4.8 ± 1.1 

males per isofemale line. I carefully removed the foretarsus of the right front leg from 

the body and placed it onto double-sided transparent tape on a microscope slide. The 

number of teeth on the sex comb was counted under a compound microscope at 200x 

magnification against a white background.  

Wing size 

I measured male wing size as a proxy for body size for 4.5 ± 1.3 males per line. The 

right wing from each male assessed for sex comb size was removed using forceps, 

dipped in Histoclear (National Diagnostics) and mounted under a cover slip on a glass 

slide using Aquamount (Thermo Scientific). When the slides were set, wings were 

photographed using a digital camera attached to a compound microscope at 40x 

magnification. The photos were saved as TIFF images and analysed using the Object 

Image software (Vischer et al., 1994). I placed landmarks on each wing to calculate the 

wing area as described in Gilchrist and Partridge (1999). 

Cuticular hydrocarbons 

To quantify differences in cuticular hydrocarbon profiles across isofemale lines, I 

sampled cuticular hydrocarbons from 7.7 ± 2.0 four day old virgin males per line. Males 

were housed in individual fresh food vials from eclosion to prevent cross contamination 

of CHCs between individuals (Everaerts et al., 2010). Previous findings in this species 

suggest plastic changes in CHC profiles in response to social cues (Krupp et al., 2008). 

To ensure that males expressed CHC profiles that are relevant for sexual signalling, I 

exposed the males to visual contact with females by placing securely closed male vials 

into a population cage containing 200 virgin females for 15 min. After the visual 

exposure to females, males were individually plunged into vials containing 30 μL 
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hexane with 100 ng n-hexacosane as an internal standard for 5 min at room temperature. 

I injected 3 μl of each sample in to a 7890A gas chromatograph and 5975C mass 

spectrometer operating in splitless model, and fitted with an Aligent column of 20 m x 

0.15 mm internal diameter. The column was held isothermally at 140°C, and 

programmed at a rate of +3°C/min to 300°C. Helium was used as the carrier gas at a 

linear velocity of 43 cm/sec. The injector port was set at 280°C. The transfer line from 

the gas chromatograph to the mass spectrometer was set at 250°C. I also analysed 

hexane blanks to control for potential contamination of samples. The compounds were 

identified in AMDIS and NIST 14, and by comparing their retention times with 

previously published Drosophila cuticular hydrocarbons (Everaerts et al., 2010). The 

compounds were quantified using the target ion in Mass Hunter Quantitative Analysis 

(Agilent, Version B.06.00).  

Statistical Analyses 

CHC analysis  

For data analysis, peaks were labelled by peak number, which corresponded to their 

retention times (see Table A2 and Figure A2). I used proportional peaks that were 

calculated by dividing the area of each peak in a given sample by the sum of all peak 

areas in that sample (see Figure A2 for chromatogram of compound peaks). To remove 

the problem of non-independence introduced into the analysis by using proportions, I 

used a log contrast transformation (Blows & Allan, 1998, Rundle et al., 2005, Simmons 

et al., 2014). Log contrasts were calculated by dividing each proportional peak by the 

internal standard peak area, and then taking the log(x+1) of the new variable, as 

described previously (Simmons et al., 2014, Blows & Allan, 1998, Thomas & 

Simmons, 2009). I performed a principal components analysis (PCA) in JMP
®
10 on 

compounds (n = 15) that could be identified in all samples.  

Genetic variation in traits 

I examined the differences in traits among isofemale lines in R version 3.1.2 (R Core 

Team, 2015) using analysis of variance (ANOVA) on untransformed wing area, number 

of sex comb teeth, and male inhibition of female remating after all data and residuals 

were tested for normal distribution. I also analysed sex comb teeth using a quasi-

poisson GLM to correct for underdispersion and male inhibition of female remating 
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using a poisson GLM. However, I have not reported the findings from the quasi-poisson 

or poisson GLMs as they did not differ from the ANOVAs. Linear model assumptions 

were violated for the CHC principal components (PCs). Thus, I analysed differences 

between isofemale lines for PCs using non-parametric tests (Kruskal-Wallis test). The 

lmer4 package (Bates, 2014) was used to fit a linear mixed model (LMM) to square root 

transformed courtship duration with the tester female line ID included as a fixed effect. 

Male identity was included as a random effect to account for repeated measures. 

Significance of the isofemale line as well as the tester female line was tested using 

likelihood ratio tests. Proportion data (male mating success, P2 and egg-to-adult 

viability) were analysed on the logit scale (Engqvist, 2013, Eggert et al., 2003) using 

generalised linear models (GLMs) and GLMMs fitted with a quasi-binomial distribution 

to account for overdispersion. I controlled for variation attributable to tester female 

mating partner by including female line ID as a fixed effect in my analysis of male 

mating success. Significance for differences between isofemale lines in mating success, 

P2 and egg-to-adult viability was determined using likelihood ratio tests. To avoid type I 

errors associated with multiple testing, I adjusted p values for multiple testing using the 

Benjamini-Hochberg procedure implemented in R (Benjamini & Hochberg, 1995).  

Relationship between male fitness and precopulatory traits 

I ran three separate multiple regression analyses on mating success, inhibition of 

female remating and P2 to investigate the relationship between measures of male fitness 

and precopulatory traits. my response variables were mean trait values for males from 

each isofemale line. Line means for proportion data (mating success and P2) were 

obtained by back-transforming coefficients from a binomial GLM (P2) and a binomial 

GLMM (mating success; with tester female line as a random effect). For the multiple 

regression analyses, linear models on logit-transformed mating success and P2, and 

untransformed male inhibition of female remating line means were conducted with wing 

size, sex comb tooth number, male courtship duration and the four CHC principal 

components included as predictor variables in all three models. Egg-to-adult viability 

was an additional predictor variable included in the P2 regression to account for among 

line variation in offspring viability (Gilchrist & Partridge, 1997). I obtained effect sizes, 

standard errors and p values from the full model to avoid biasing estimates through 

removal of non-significant terms (Forstmeier & Schielzeth, 2011). 
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The pairwise relationships between the three fitness components of male 

reproductive success were examined by Pearson correlations between untransformed 

remating inhibition and logit-transformed P2 and mating success.  

5.4 Results 

Cuticular hydrocarbons 

The PCA on the 15 peaks (see Appendix Figure A2) yielded four principal 

components with eigenvalues larger than one. The first principal component (PC1) 

explained 54.8% of the variation in CHC composition, and was positively loaded to 

most peaks except for peak 2 and peaks 14–16 (Appendix Table A2). The second 

component (PC2) explained 11.4% and was loaded positively by peaks 14–16. PC1 and 

PC2 thus corresponded to the relative abundance of shorter and longer CHCs, 

respectively. PC3 explained 8.1%, and PC4 explained 6.8% of the variation. These PCs 

were both loaded positively by peak 2 but showed no clear pattern.  

Genetic variation in traits 

I found significant variation among isofemale lines in most of the traits measured 

(see Table 5.1 for trait test statistics and p-values). Male mating success and P2 showed 

highly significant differences among isofemale lines, while remating inhibition did not 

differ among lines. Of the precopulatory traits, wing size, sex comb tooth number and 

three of the four CHC principal components differed significantly among lines, while 

courtship duration and CHC PC1 did not meet significance criteria. Tester female line 

had a significant effect on male courtship duration (F4,297 = 6.672, p < 0.001) and a 

significant effect on male mating success (χ
2
(1)

 
= 39.476, p < 0.001). The significant 

effect of female tester line encompasses variation in other factors other than female 

genotype over the five days, such as male mating history. Thus I refrain from further 

interpretation of this result. There was no correlation between isofemale line mean P2 

estimates and egg-to-adult viability (z = 1.127, p = 0.633). Variation in traits within and 

among isofemale lines is displayed in Figure 5.1.  
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Figure 5.1: Male trait variation within and between isofemale lines. Points and error bars indicate isofemale line means and standard 

errors. Black points are given for traits with significant differences between isofemale lines and grey points indicate traits that were not 

significantly different between lines (see main text and table 5.1). Isofemale lines were sorted by decreasing mean values. 
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Relationship between male fitness and precopulatory traits  

Figure 5.2 shows pairwise associations between isofemale line means for male traits 

and for my three components of male reproductive success. Multiple regression 

analyses on isofemale line means revealed no relationship between any of the traits 

examined and male mating success (Table 5.2; all p > 0.3). The analysis of remating 

inhibition revealed a negative association with courtship duration; males from isofemale 

lines that needed to court for shorter periods before mating inhibited female remating 

for longer (Table 5.2; t = -2.51, p = 0.019). However, a likelihood ratio test between the 

full model and a null model (including only the intercept) showed marginal support for 

any influence of male traits on remating inhibition (LRT: χ
2
 = 19.88, df = 7, p = 0.062). 

Similarly, a comparison of the full model for P2 to the null model showed that an 

influence of the phenotypic traits on P2 was not supported overall (LRT: χ
2
 = 18.89, df = 

8, p = 0.145), despite the individual significant effect of courtship duration (Table 5.2; t 

= -2.23, p = 0.036). 

There were no significant associations between the different episodes of sexual 

selection or the different components of male reproductive success (Figure 5.3). Mean 

mating success (logit-transformed) did not correlate with either remating inhibition (t = 

0.77, df = 32, p = 0.448) or with P2 (logit-transformed; t = 0.86, df = 30, p = 0.399), and 

remating inhibition did not correlate with P2 (t = 1.11, df = 28, p = 0.275).
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Figure 5.2: Correlation matrix of precopulatory traits and fitness traits. The lower 

panel shows the pairwise associations between the isoline means (mating success 

[logit-transformed], remating inhibition and P2 [logit-transformed], body size, sex 

comb number, courtship duration, CHC PC1, PC2, PC3 and PC4). The upper panel 

shows Pearson’s rho for all pairwise correlations, and significance (p values not 

adjusted for multiple testing) is indicated by the symbols (*** p < 0.001, * p < 0.05, ° 

p < 0.1). There was very limited support for correlations between phenotypic trait 

means and male fitness components (see main text and table 5.2). 
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Trait N isofemale lines

N males/line 

(mean ± SD) Test statistic Test value p value Adjusted p value*

Male mating success 39 6.4 ± 1.0 Likelihood ratio test 86.896 <0.001 <0.001

P2 34 2.8 ± 1.7 Likelihood ratio test -364.82 <0.001 <0.001

Male courtship duration 39 4.3 ± 1.4 Likelihood ratio test 52.038 0.064 0.080

Egg-to-adult viability 39 5.45 ± 1.5 Likelihood ratio test -436.2 <0.001 <0.001

Male remate inhibition 39 2.9 ± 1.3 ANOVA 0.686 0.898 0.898

Wing size 38 4.5 ± 1.3 ANOVA 6.005 <0.001 <0.001

Sex comb bristle number 38 4.8 ± 1.1 ANOVA 3.686 <0.001 <0.001

CHC PC1 40 7.7 ± 2.0 Kruskal-Wallis 52.588 0.072 0.090

CHC PC2 40 7.7 ± 2.0 Kruskal-Wallis 110.346 <0.001 <0.001

CHC PC3 40 7.7 ± 2.0 Kruskal-Wallis 96.437 <0.001 <0.001

CHC PC4 40 7.7 ± 2.0 Kruskal-Wallis 165.9 <0.001 <0.001

Table 5.1. 

 

Trait variation between isofemale lines. Traits were measured for 34-40 isofemale lines derived from wild-caught females. The test 

statistic was chosen based on the distribution of the response variable and on whether normality assumptions for linear models were 

met. We adjusted p values using the Benjamini-Hochberg procedure to account for multiple testing. Significant p values are 

highlighted in bold. 
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Response variable Isofemale 

lines

Fixed effects Estimate SE t value p

Mating success N = 38 Intercept -1.277 3.200 -0.400 0.692

(logit transformed) Wing area 0.222 2.900 0.077 0.939

Sex comb number -0.005 0.182 -0.027 0.979

Courtship duration [s] -0.001 0.002 -0.377 0.709

CHC PC1 0.114 0.117 0.976 0.337

CHC PC2 -0.111 0.284 -0.391 0.699

Comparison to null 

model:

CHC PC3 0.260 0.257 1.012 0.320

χ
2
 = 1.39, p = 0.975 CHC PC4 -0.060 0.208 -0.289 0.774

Remate inhibition N = 33 Intercept 9.056 4.816 1.881 0.072

Wing area 4.492 3.952 1.137 0.267

Sex comb number -0.574 0.291 -1.971 0.060

Courtship duration -0.006 0.002 -2.514 0.019

CHC PC1 0.028 0.161 0.176 0.862

CHC PC2 -0.560 0.420 -1.332 0.195

Comparison to null 

model:

CHC PC3 -0.466 0.498 -0.937 0.358

χ
2
 = 19.88, p = 0.062 CHC PC4 -0.265 0.283 -0.935 0.359

P2 N = 31 Intercept -8.242 4.764 -1.730 0.098

(logit transformed) Egg-to-adult viability 0.313 1.766 0.178 0.861

Wing area 7.894 4.172 1.892 0.072

Sex comb number 0.171 0.300 0.569 0.575

Courtship duration -0.005 0.002 -2.232 0.036

CHC PC1 0.117 0.179 0.656 0.519

CHC PC2 -0.767 0.409 -1.877 0.074

Comparison to null 

model:

CHC PC3 0.165 0.441 0.373 0.713

χ
2
 = 18.89, p = 0.145 CHC PC4 0.265 0.355 0.745 0.464

Table 5.2: Linear model summaries for full models on my three components of male 

reproductive success. Predictor and response variables were isofemale line means. 

Proportion response variables (mating success and P2) were logit-transformed to meet 

normality assumptions. Full models comprised all recorded predictor variables without 

interaction terms. Full models were compared to null (intercept-only) models using 

likelihood ratio tests. Predictor variables with a significant effect are highlighted in 

bold. 
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Figure 5.3: No significant correlations between the three fitness indices. Shown are the pairwise associations between mating 

success [logit-transformed], remating inhibition and P2 [logit-transformed]. Points and error bars indicate isofemale line means 

and standard errors. The point surface areas correspond to variation in the mean number of individual males assessed for the two 

traits of interest for a given isofemale line. None of the correlations were significantly different from zero (see main text). 
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5.5 Discussion 

While the connection between episodes of sexual selection is receiving increased 

empirical attention, few studies have carried out comprehensive tests of the 

relationships among traits determining pre- and postcopulatory reproductive success 

beyond the analysis of a limited number of isolated traits. Here I inspect the 

associations, including the genetic basis underlying these associations, among a suite of 

morphological, chemical, and behavioural traits, and their relationship with three 

components of fitness (mating success, remating inhibition and offensive sperm 

competitiveness). I found little evidence for covariation between male precopulatory 

traits and reproductive success. Importantly, I found no relationship between my 

different measures of reproductive success, which suggests that pre- and postcopulatory 

episodes of sexual selection act independently, at least in the population of D. 

melanogaster studied. my results, however, support previous evidence for the presence 

of genetic variation in male mating success, P2, sex comb tooth number, body size, and 

cuticular hydrocarbon composition.  

Genetic variation in male fitness components 

My finding of significant variation among isofemale lines in male mating success is 

congruent with previous evidence for genetic variation in male attractiveness in 

Drosophila (Ingleby et al., 2013, Hosken et al., 2008, Kosuda, 1985, Partridge et al., 

1985, Taylor et al., 2007), other insect species (Moore, 1990, Wedell & Tregenza, 

1999b) and vertebrates (Brooks & Endler, 2001, Siegel, 1972, Evans, 2010). 

Quantitative genetic analyses have previously reported significant additive genetic 

variation in mating success in D. melanogaster (Hughes, 1995), among hemiclones 

derived from a large outbred population (Friberg et al., 2005), and among recombinant 

inbred lines (Hughes & Leips, 2006). While I found no variation among my isofemale 

lines in courtship duration, previous studies of D. melanogaster have provided evidence 

for heritable variation in male mating behaviours (Moehring & Mackay, 2004, Mackay 

et al., 2005, Ruedi & Hughes, 2008, Gaertner et al., 2015, but see Taylor et al., 2013). 

In my study, I obtained measures of courtship duration in the males that successfully 

copulated with a female during a 20 minute period. Therefore, it is possible that my data 

for this trait may only include the most attractive males that could gain matings in the 
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limited time period, and hence may not represent the overall variation for courtship 

duration. 

I found significant variation among isofemale lines in offensive sperm 

competitiveness (P2). Previous findings for heritable variation in P2 are mixed. Friberg 

et al. (2005) found low levels of additive genetic variation among hemiclonal lines of D. 

melanogaster and Nandy et al. (2013) found a decrease in offensive sperm 

competitiveness under relaxed selection in lines with a female biased sex ratio. Other 

studies have found a number of polymorphisms that contribute to sperm 

competitiveness in D. melanogaster (Fiumera et al., 2007, Zhang et al., 2013, Reinhart 

et al., 2015). However, Arbuthnott et al. (2014) found no evidence for variation in P2 

among eight replicate populations of D. melanogaster, a quantitative genetic study also 

failed to detect significant additive genetic variation in P2 (Hughes, 1997), and an 

experimental evolution study failed to generate divergence in either P1 or P2 (Bjork et 

al., 2007). Findings from other species also provide conflicting evidence, with support 

for additive genetic variance in sperm competitive ability in some (Hosken et al., 2001, 

Simmons & Garcia-Gonzalez, 2008, Radwan, 1998, Konior et al., 2005) but not in other 

species (for review, see Simmons & Moore, 2009). The presence of additive genetic 

variation in sperm competitiveness is a pre-requisite for the sexually selected sperm 

process, which proposes that postcopulatory female choice for sperm competitiveness 

could contribute to the evolution of polyandry (Evans & Simmons, 2008, Keller & 

Reeve, 1995). my finding of significant variance among isofemale lines in this trait may 

have been facilitated by controlling for male x male x female interactions through the 

use of rival males and females from isogenic lines. However, in my quantitative genetic 

study of the assumptions of the sexually selected sperm hypotheses (Chapt 2) using a 

different population of D. melanogaster from Queensland, Australia, I found low and 

non-significant levels of additive genetic variation in P2 (Travers et al., 2016a). The 

reason for genetic variation in P2 within some populations and species but not others is 

thus unresolved. Differing selection pressures on the trait between populations or 

bottlenecks and founder effects could influence the amount of additive genetic variation 

available to respond to selection in different populations. Likewise, selective sweeps 

may regularly erode genetic variation and whether this variation is detected may depend 

on how recently the last sweep occurred. 
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An important component of a male’s defensive strategy to prevent sperm competition 

with other males is his ability to suppress female receptivity to remating (Chapman, 

2001). A single accessory gland peptide, the sex peptide, has been identified as playing 

a major role in prolonging the female refractory period (Aigaki et al., 1991, Chapman et 

al., 2003, Kalb et al., 1993, Chen et al., 1988). Experimental evolution studies in 

Drosophila have found strong evidence for divergence in male ability to inhibit 

remating in females (Holland & Rice, 1999, Pitnick et al., 2001b, Rice, 1996) 

suggesting that the trait must have significant levels of additive genetic variance. Here, 

however, I found no variance among isofemale lines in this trait. Another study that 

investigated genetic variation in male-induced refractoriness in a natural population of 

D. melanogaster similarly failed to detect significant genetic variation (Fiumera et al., 

2007). The lack of significant variation in my study may be due to a history of strong 

directional selection on remating inhibiting seminal fluid proteins that may have 

resulted in the erosion of genetic variance in this trait.  

Genetic variation in traits thought to be subject to sexual selection 

The significant variation across isofemale lines in most traits indicates that there is 

sufficient genetic variation in precopulatory traits within this population to respond to 

sexual selection. 

Sex combs are used by males to grasp the female abdomen and to spread her wings 

during copulation (Spieth, 1952). QTL studies suggest additive genetic variation that 

significantly affects sex comb tooth number in D. melanogaster (Kopp et al., 2003, 

Nuzhdin & Reiwitch, 2000) and D. simulans (Tatsuta & Takano-Shimizu, 2006). In 

agreement with my findings in D. melanogaster, significant variance among isofemale 

lines has also been reported for D. simulans and D. secellia (Macdonald & Goldstein, 

1999). Within-population genetic variance is also supported by divergence through 

artificial selection for tooth comb number in D. melanogaster (Ahuja & Singh, 2008). 

Thus, in principle sexual selection could affect evolutionary change in sex comb 

morphology. As for body size, this trait is known to be influenced in Drosophila by a 

number of environmental factors such as temperature and diet (De Moed et al., 1997, 

Partridge et al., 1994, Norry & Loeschcke, 2002, Hillesheim & Stearns, 1991), but my 

finding of significant variation between lines in wing area is consistent with previous 

findings for genetic variation in body size (Partridge et al., 1994, Coyne & Beecham, 



94 

1987, Partridge & Fowler, 1993, Cowley & Atchley, 1988, Ruiz et al., 1991). I also 

looked at variation in cuticular hydrocarbons, which act as sex pheromones during 

courtship. I found significant variation among isofemale lines in the second, third and 

fourth principal components, which collectively explained 26% of the variation in CHC 

composition. Variance in the first principal component, which explained 54% of the 

variation, did not reach statistical significance. Scott et al. (2011) also reported 

significant variation in CHC profiles across four isofemale lines of D. melanogaster. 

Studies of Drosophila generally (Ferveur & Jallon, 1996, Ferveur, 2005, Weddle et al., 

2012, Sharma et al., 2012), and other insect taxa (Thomas & Simmons, 2009), have 

reported genetic variance in CHC profiles. In D. melanogaster, Foley et al. (2007) 

found a number of QTLs associated with differences in CHC profile in a natural 

population. Overall, my findings support significant genetic variation in CHC 

composition in this population of D. melanogaster, and thus suggest that CHCs are 

capable of responding to sexual selection. 

Relationship between male fitness and precopulatory traits 

My multiple regression analyses revealed a negative association between courtship 

duration and postcopulatory success: isofemale lines with shorter courtship duration 

(more attractive males) inhibited female remating for longer and were more successful 

in offensive sperm competition. While my models obtained only limited statistical 

support, these findings are similar to a significant positive genetic correlation between 

copulation speed and fertilisation success reported for D. simulans (Hosken et al., 

2008). However, other traits measured, such as body size and sex comb size, which 

have previously been associated with precopulatory mating success and/or sperm 

competitiveness (e.g. Polak & Simmons, 2009, Partridge & Farquhar, 1983, Partridge et 

al., 1987b, Rybak et al., 2002, Scott et al., 2011) showed no genetic correlation with my 

three measures of  male fitness or with each other. 

Theory predicts antagonistic selection between defensive and offensive sperm 

adaptations to sperm competition (Parker, 1970b, Parker, 1970a). Numerous studies 

have therefore investigated the relationship between males’ sperm defence ability and 

ability to displace previously stored sperm (sperm offense) (Clark et al., 1995, Civetta 

& Clark, 2000, Fricke et al., 2010, Nilsson et al., 2003, House & Simmons, 2006). Here, 

I found no relationship between male remating inhibition ability and offensive sperm 
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competitiveness (P2). This is in agreement with Fiumera et al. (2007) who found no 

relationship between refractory induction and P2 across chromosome substitution lines 

of D. melanogaster. Other studies on D. melanogaster and Tribolium castaneum 

support this lack of a genetic association between defensive and offensive sperm 

competitiveness (Clark et al., 1995, Civetta & Clark, 2000, Nilsson et al., 2003). In 

contrast, Friberg et al. (2005) found a significant positive relationship between P2 and 

remating inhibition among hemiclones from a natural population of D. melanogaster. 

The lack of a relationship between males’ ability to inhibit female remating and P2 in 

the population of flies that I have studied suggests limited overlap of genes contributing 

to each trait. Hence, they may both be able to evolve independently without constraints 

imposed by their underlying genetic architecture. 

I found no relationship between sex comb tooth number and male fitness. Evidence 

that sex combs are under sexual selection has so far been mixed. Both surgical and 

genetic ablation experiments showed that the absence of sex combs results in higher 

rejection from females and reduced mating success (Ng & Kopp, 2008, Spieth, 1952, 

Cook, 1977). In D. bipectinata, studies in a wild population found that males caught 

copulating with females had significantly more sex comb teeth than non-copulating 

males, suggesting sexual selection for increased sex comb size (Polak et al., 2004). 

Likewise, a study of D. simulans found copulating males had fewer sex comb teeth than 

non-copulating ones, while for D. pseudoobscura sex comb size did not differ 

significantly between copulating and non-copulating males (Markow et al., 1996). In a 

field based study on the same natural population of D. melanogaster from which the 

isofemale lines were drawn for this study, Robinson et al. (2012) found no evidence of 

sexual selection acting on either body size or sex comb tooth number. Moreover, in 

their experimentally evolving lines, Snook et al. (2013) found no effect of enforced 

monogamy or increased levels of sexual selection on tooth comb number for either D. 

melanogaster or D. pseudoobscura. While most studies have investigated the 

relationship between sex comb tooth number and mating success, Polak and Simmons 

(2009) investigated its relationship with P2 in D. bipectinata, finding a positive 

relationship. Collectively, these findings indicate that while there may be substantial 

variation for sex comb tooth number, there remains little clear evidence that the sex 

combs are subject to pre- and/or postcopulatory sexual selection.  
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Larger males usually have an advantage in sexual selection via intra-sexual 

competition for mates and female choice (Andersson, 1994). I found no relationship 

between isofemale line mean body size and precopulatory male success in my non-

competitive mating trials. This was in contrast with a number of studies in this species 

that have found a mating advantage amongst larger males compared to smaller males in 

non-competitive mating arenas due to more vigorous courtship (Partridge et al., 1987b), 

and more intense courtship song (Partridge et al., 1987a) which may contribute to the 

faster mating speed of larger males (Partridge & Farquhar, 1983, Jagadeeshan et al., 

2015). However, my finding is consistent with Robinson et al’s (2012) field-based study 

of the population from which my flies were drawn; in the field larger males did not 

appear to have a mating advantage. Nevertheless, larger males have been reported to 

have a mating advantage due to greater territorial success and their ability to dominate 

smaller males (Ewing, 1964, Partridge & Farquhar, 1983, Partridge et al., 1987b).  

The relationship between postcopulatory success and body size is unclear. One 

hypothesis posits that larger males will have higher postcopulatory success because they 

can produce larger quantities of sperm and/or seminal fluid proteins. Specifically, 

seminal fluid proteins produced by the accessory glands strongly influence male 

postcopulatory success (Wolfner, 1997), and evidence indicates that greater amounts 

result in higher success (Kalb et al., 1993). Bangham et al. (2002) thus investigated the 

effect of body size, accessory gland size and testis size on male mating success and 

found a positive relationship between accessory gland size and mating success, and that 

larger males had higher postcopulatory success than smaller males, suggesting that 

precopulatory selection on body size is reinforced in the postcopulatory episode of 

sexual selection. However, it is also recognised that postcopulatory sexual selection can 

have antagonistic effects on male size (Danielsson, 2001). In two different populations 

of D. melanogaster, a negative relationship between male size and female longevity has 

been found (Pitnick & Garcia Gonzalez, 2002, Friberg & Arnqvist, 2003). Therefore, 

while selection may act on male body size through female mate choice, the cost to 

female fitness of mating with preferred males could result in stabilizing selection on 

male size. However, for the population of flies used in my study I found no evidence of 

a relationship between male size and postcopulatory reproductive success. My finding 

of no genetic relationship between body size and reproductive success in either the pre-
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or postcopulatory stage highlights that patterns of genetic covariances among traits are 

not necessarily reflected by phenotypic correlations.  

  In Drosophila, cuticular hydrocarbons can differ between the sexes, and have been 

reported to be involved with mate recognition and mate choice (Ferveur, 2005). For 

example, in D. serrata, CHCs are sexually selected as a consequence of female choice 

in both a laboratory population (Blows et al., 2004) and wild-caught flies (Petfield et al., 

2005, Hine et al., 2004). The compound 7-tricosene has been shown previously to be 

preferred by females in D. melanogaster (Grillet et al., 2006), but I found no 

relationship between any of my three fitness measures and PC1, which was the principal 

component on which 7-tricosane had the strongest loading. However, consistent with 

findings from my population, Scott et al. (2011) found significant variation among 

isofemale lines of D. melanogaster in both mating success and CHCs, but variation in 

CHCs was not associated with mating success. Likewise, in their study of D. simulans, 

Ingleby et al. (2013) found genotype-by-environment interactions in CHC composition 

across different dietary and temperature environments but no change in male 

attractiveness, suggesting that CHCs may not be reliable sexual signals across 

environments. I found no relationship between any of the four cuticular hydrocarbon 

principle components and male fitness. Thus, the role of CHCs in precopulatory sexual 

selection may also vary widely across Drosophila species.  

We maintained the isofemale lines for 10 generations in the laboratory before we 

measured the traits. Thus, genetic drift due to inbreeding may have resulted in 

unpredictable changes in allele frequencies within the lines (Lande, 1980). It has been 

shown that genetic drift can change both the magnitude and orientation of covariances 

among traits (Phillips et al., 2001). In a comparison of G matrices from 52 inbred lines 

of D. melanogaster generated from an outbred population, Phillips et al. (2001) showed 

that while the structure of the G matrix averaged over all inbred lines was similar to that 

of the outbred control population, individual inbred lines showed considerable variation 

in the orientation (sign) and magnitude of the genetic variance and covariance. 

Consequently, we cannot rule out a potential influence of drift on the genetic 

covariances. 
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Interactions between pre- and postcopulatory selection 

I found little evidence for any significant covariation between episodes of pre- and 

postcopulatory sexual selection in this population of flies. Previous studies of D. 

melanogaster that have investigated the interplay between pre- and postcopulatory 

episodes of selection have returned similar findings. Using rival males from a transgenic 

line that expressed a green fluorescent protein marker, Droge-Young et al. (2012) 

conducted competitive mating trials to determine variation in reproductive success 

attributable to pre- and postcopulatory episodes of sexual selection, and their 

associations with offspring viability. They measured male attractiveness via mating 

latency and correlated offspring viability with traits relevant to precopulatory sexual 

selection, such as thorax length, and traits relevant to postcopulatory success, such as 

copulation duration, P1, P2, and male ability to induce refractoriness. They found no 

relationship between sperm competitive success assessed from paternity measured in 

eggs and offspring viability, and no correlation between pre- and postcopulatory sexual 

selection (Droge-Young et al., 2012). While I found substantial variation between 

isofemale lines in egg-to-adult viability, indicating a heritable component to the trait, 

my regression analysis on line means showed no relationship between egg-to-adult 

viability and P2 estimates. This also suggests that my finding of genetic variation in P2 

was not driven by differential egg-to-adult viability, which if not accounted for can 

confound estimates of fertilisation success (Gilchrist & Partridge, 1997, Garcia-

Gonzalez, 2008, Droge-Young et al., 2012).  

Studies of other species have found genetic covariance between pre- and 

postcopulatory sexually selected traits. For example, Evans (2010) found a quantitative 

genetic trade-off between precopulatory attractiveness and ejaculate quality in guppies. 

In the scorpion fly Panorpa cognata, Engqvist (2011) found a significant negative 

genetic association between attractiveness and nuptial salivary secretions, a trait 

previously shown to be related to sperm transfer and hence fertilisation success in this 

species (Engqvist & Sauer, 2003). The direction of the correlation between pre- and 

postcopulatory traits can even change depending on resource availability (Mehlis et al., 

2015). Studies of wild populations, where resource availability may strongly differ 

between individual males, have revealed positive genetic correlations between sexual 

display and ejaculate quality (Chargé et al., 2012). Although trade-offs between pre- 
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and postcopulatory sexual traits offer a solution to the maintenance of genetic variation 

in fitness traits, empirical evidence remains limited (see for instance Mautz et al., 2013). 

I found no relationship between episodes of sexual selection on males, which suggests 

that pre- and postcopulatory sexual selection operate separately, at least in the 

population studied, so that pre- and postcopulatory traits may be relatively free to 

evolve independently.  

Conclusion 

While phenotypic studies investigating the integration of pre-and postcopulatory 

selection are accumulating, my study provides one of only a few studies to have 

investigated the underlying genetic basis and genetic relationships between pre- and 

postcopulatory episodes of sexual selection. The significant variation between isofemale 

lines suggests the presence of genetic variance in precopulatory male traits and 

fertilization success. However, the weak evidence for genetic covariance between the 

pre- and postcopulatory traits found in this study suggests that selection may act 

independently on individual episodes. Hence, males may be able to optimise their 

fitness through these routes without genetic constraints. 
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 CHAPTER 6: EPILOGUE 

Sexual selection is a pervasive evolutionary force that has many important 

ramifications not only for my understanding of basic evolutionary principles but also for 

ecologically and economically important real-world problems. Female multiple mating 

(polyandry) is ubiquitous and greatly extends the scope for selection via male-male 

competition and female choice to processes that take place after mating. In this thesis, I 

examined the genetic basis and evolutionary consequences of polyandry. To understand 

how selection operates, we need to understand the genetic basis of the underlying traits. 

The strength and direction of a response to selection depends on the extent of genetic 

variation in the targeted traits, and on whether genetic correlations facilitate or constrain 

the response to selection. To that end, I investigated questions related to the genetic 

architecture of sexually selected traits in males and females, and how female choice 

before and after mating is connected to the evolution of male traits. One of the major 

aspects of this thesis was concerned with heritable variation in male reproductive 

success, particularly in the postcopulatory episode of sexual selection. I also extended 

this to the question of whether male traits that are subject to pre- and postcopulatory 

selection are genetically linked. In females, I examined how the cost of reproduction 

can affect the evolution of female lifespan, providing evidence for how reproductive 

strategies can align with other life-history strategies through genetic linkage.  

When synthesising the results from the different chapters of this thesis, three major 

topics emerge that merit closer examination and may represent promising avenues for 

future research: the evolvability of polyandry, heritability of sperm competitiveness and 

the issue of how interactions between genotypes can influence the estimation of 

quantitative genetic parameters. In the following sections, I will discuss these three 

topics in more depth. 

6.1 Heritable variation in polyandry 

I found high levels of additive genetic variation in female mating rates and 

behaviours (Chapters 2, 3 and 4), demonstrating that female mating strategies can 

respond to selection. To measure the genetic basis of polyandry, I measured lifetime 

female mating rates on a large sample size while controlling for male effects on female 
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mating frequency. Despite the importance of demonstrating heritable variation in 

polyandry for evolutionary theories of its maintenance, such comprehensive 

investigations of its genetic architecture are rare (see Chapter 2). Similar studies could 

be conducted in other populations and species to establish whether the trait is heritable 

across species. Despite the far-reaching consequences of polyandry for life history 

patterns, we still lack an understanding of the main factors that contribute to variation in 

natural populations. A common approach to measuring the fitness benefits of polyandry 

is investigating short-term fitness consequences by manipulating the level of polyandry 

in individuals (Jennions & Petrie, 2000, Slatyer et al., 2012). Studies have also 

examined the consequences of polyandry for populations through experimental 

evolution and have found that male and female responses to selection can evolve 

quickly in accordance with varying levels of sexual selection (Holland & Rice, 1998, 

Rice, 1996, Pitnick et al., 2001a). However, these studies usually represent extreme 

cases (e.g. enforced monogamy or strongly biased sex ratios) and employ rigid selection 

regimes. Furthermore, studies that examine the species-level benefit of polyandry 

generally fall short in explaining the maintenance of genetic variation in polyandry 

within a species. Future studies could incorporate naturally varying rates of polyandry 

within populations to investigate the ecological factors that contribute to within 

population variation in mating rates.  

6.2 Heritable variation in sperm competitiveness 

With regard to the heritability of sperm competitiveness, I found conflicting results 

in the two populations in which this trait was measured. In the Queensland population, I 

found no evidence for additive genetic variation in P2 from a large full-sib half-sib 

breeding design (Chapter 2). In contrast, I did find genetic variation in the Western 

Australian population when comparing lines that had been derived from single wild-

caught females (isofemale lines; Chapter 5). It is possible that the presence of 

significant genetic variation in sperm competitiveness in one but not the other 

population was due to different histories of the two populations and related selective 

forces in the wild. Hence, differences in the cost-benefit ratio of increased sperm 

competitiveness due to different ecological conditions could contribute to different 

levels of standing additive genetic variation between the two populations. 



103 

The different methodologies (half-sib full-sib breeding design versus isofemale lines) 

used for measuring genetic variation in the two populations may also have contributed 

to the contrasting findings. The generation and maintenance of isofemale lines involves 

keeping small numbers of individuals (15–20 individuals) on non-overlapping 

generations with a within-line breeding protocol, which leads to some degree of 

inbreeding. In contrast, the individuals used in the full-sib half-sib breeding design were 

derived from an outbred population maintained in large numbers (>1,000) in the 

laboratory. If genetic variation in sperm traits within populations is maintained by 

recessive alleles, any breeding protocol which increases the homozygosity within lines 

(e.g. inbreeding) could lead to the exposure of these recessive alleles in a homozygous 

state within some lines, which would be masked in a large outbred population. Other 

processes such as bottlenecks and founder effects associated with seasonality or spatial 

variation could also have influenced the amount of additive genetic variation in the 

ancestral populations. 

Maternal transmission of genes influencing sperm performance has also been 

suggested as one explanation contributing to the maintenance of within population 

genetic variation despite the expectation of reduced variation due to strong directional 

selection acting on males for improved fertilization success (Gemmell et al., 2004). 

Sperm competition traits that are determined by mitochondrial DNA (mtDNA) cannot 

respond to selection operating on males because mitochondria are maternally inherited 

and males thus represent an evolutionary dead-end for mtDNA (Dowling et al., 2007, 

Dowling et al., 2015, Padua et al., 2014). Consequently, deleterious mtDNA mutations 

that impair sperm function will not be subject to selection in males. If these mutations 

imposed no fitness costs (or even conferred advantages) to females, they could reach 

high frequencies in populations (for review, see Evans & Simmons, 2008). The 

isofemale line approach involves generating lines from single wild-caught females. 

Therefore, all individuals within an isofemale line share the same mtDNA haplotype. If 

sperm competitiveness in D. melanogaster is influenced by mtDNA, this may explain 

why I found significant variation between isofemale lines in the trait. However, if 

mtDNA contributes considerably to sperm competitiveness in this species, I would also 

expect significant differences between dam families in the full-sib half-sib breeding 

design, which I did not find. The heritability of sperm competitiveness is a controversial 

topic in sexual selection research (see Chapter 2). The potential for sex-linked 
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inheritance in this important male fitness trait merits further investigation (Gemmell et 

al., 2004, Evans & Simmons, 2008). 

6.3 Additive genetic variation of traits through inter-individual interactions 

Directional selection can result in the depletion of genetic variation. Alleles that 

increase fitness are expected to increase in frequency until they reach fixation, while 

unsuccessful alleles are expected to be lost from the population (Hartl et al., 1997). 

However, if the fitness that a gene bestows for a given individual is not only dependent 

on that individual’s own genotype but also that of the individuals it interacts with, 

genetic variation may be maintained due to non-transitivity in genes that contribute to 

fitness traits. In Chapters 2–4, I calculated quantitative genetic parameters for traits that 

rely on other individuals for their expression and measurement (female mating rates and 

behaviour, and male postcopulatory success). Many studies that measure traits 

expressed through interacting phenotypes typically source tester individuals at random 

from the base population. This method is often sufficient to detect non-zero additive 

genetic variation in a trait (e.g. Taylor et al., 2007, Engqvist, 2011). However, despite 

much investigation, the empirical demonstration of standing additive genetic variation 

in sperm competitiveness has been scarce (see Chapter 2). I attempted to reduce 

environmental variation introduced by the effects of using different tester phenotypes on 

quantitative estimates. To that end, I used testers that were sourced from isogenic lines 

and were thus essentially clones. However, there are challenges when interpreting 

quantitative genetic estimates calculated from this method. Overestimates of additive 

genetic variation (VA) are likely due to the pooling of additive and genotypic interaction 

(i.e., male x male) effects (Engqvist, 2013). Underestimates of VA are also possible if 

there is a negative relationship between interaction effects and additive effects 

(Engqvist, 2013). However, additive and interaction effects can be disentangled if a 

number of isogenic lines are used as testers within dam families. This method, though 

logistically challenging, would allow for estimations of the relative importance of 

additive effects and effects due to genotypic interactions.  

The use of multiple isogenic lines for tester individuals involves generating and 

maintaining several isogenic lines which is time consuming and work intense. I found 

isogenic lines often unpredictable with regard to the number of offspring generated from 
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standardised larval pickings. This may have been due to the high levels of inbreeding in 

these lines. Consequently, additional effort may be required when using isogenic testers 

to collect and rear large numbers of larvae to ensure a sufficient number of offspring are 

available for a given assay. A possible solution to increase viability of tester isogenic 

lines is to cross two isogenic lines to produce heterozygous isogenic lines. The F1 

individuals would be genetically identical to each other but should show recovery from 

inbreeding effects. 

In summary, quantitative genetic estimates calculated from study designs where 

tester individuals are randomly selected could vary greatly because sampling variance 

increases environmental variation and can obscure estimates of genetic variation. While 

the use of isogenic lines reduces environmental variation, it can be criticised for 

producing quantitative genetic estimates that have limited application to natural 

populations provided there are strong genotypic interaction effects on a trait. Future 

work should aim at resolving the issues that surround the measurement of genetic 

variance in traits that concern the interactions between phenotypes that are inherent in 

many reproductive traits. 
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APPENDIX 

 

 

 

 

 

 

 

N Mean(SE) n sires n dams VSire (SE) VDam (SE) VA (SE) VP (SE) VR (SE) h
2

(SE) CVA (SE) CVP (SE) CVR (SE) IA (SE)

P2 205
0.764 

(0.018)
53 126

0.001 

(0.062)

0.066 

(0.184)

0.002 

(0.248)

2.225 

(0.207)

2.16 

(0.256)

0.001 

(0.112)

0.025 

(0.507)

0.975 

(0.093)

0.975 

(0.113)

0.001 

(0.106)

Number of offspring (N), trait means, number of sire (half-sib) and dam (full-sib) families (n), variance components for 

Number of offspring (N), trait means, number of sire (half-sib) and dam (full-sib) families (n), variance components for sires (V
Sire

) and 

dams (V
Dam

), additive genetic variation (V
A
), total phenotypic variation (V

p
), residual variation (V

R
), narrow sense heritabilities (h

2
), 

mean-standardized additive genetic variances (Evolvabilities: CV
A 

and I
A
), coefficient of phenotypic variation CV

p
, and coefficient of 

residual variation CV
R
. Standard errors (SE) are provided within brackets. 

Table A1. Quantitative genetic parameters for logit transformed P
2
.  



133 

 

 
Figure A1. Raw sire mean +/- SE of a) female lifetime number of matings, b) female lifetime mating 

proportion, and c) P2 , d) egg-to -adult viability 
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Figure A2. GC-MS chromatogram after full body extraction in hexane. The numbers above the peaks refer to the compounds listed 

in Table S4.1. 12-ISTD (n-hexacosane) was the internal standard used to calculate the absolute amounts of each compound. 

Retention time 
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Peak Abbreviation Compound PC1 PC2 PC3 PC4

1 cVA (Z)-11-Vaccenyl acetate 0.728 -0.100 -0.081 -0.114

2 n-C22 n-Docosane 0.012 -0.054 0.804 0.537

3 9-T (Z)-9-Tricosene 0.738 -0.105 -0.111 0.458

4 7-T (Z)-7-Tricosene 0.915 -0.059 -0.148 0.121

5 5-T (Z)-5-Tricosene 0.892 -0.021 -0.036 0.146

6 n-C23 n-Tricosane 0.940 -0.034 0.053 0.096

7 n-C24 n-Tetracosane 0.802 0.056 0.242 -0.005

8 25-Br 2-Methyltetracosane 0.799 -0.163 -0.306 0.065

9 9-P (Z)-9-Pentacosene 0.827 0.337 0.038 -0.177

10 7-P (Z)-7-Pentacosene 0.849 0.040 0.048 0.042

11 n-C25 n-Pentacosane 0.796 0.240 0.203 -0.363

12-ISTD n-C26 (ISTD)
n-hexacosane

(internal standard)
– – – –

13 27-Br 2-Methylhexacosane 0.849 0.033 -0.281 0.168

14 n-C27 n-Heptacosane 0.508 0.615 0.368 -0.306

15 29-Br 2-Methyloctacosane -0.193 0.840 -0.313 0.251

16 31-Br 2-Methyltriacontane -0.546 0.627 -0.104 0.330

Eigenvalue 8.22 1.71 1.21 1.02

% explained 54.8% 11.4% 8.1% 6.8%

Table A2. Principal components analysis of relative CHC peak abundance 




