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Abstract 

In many species males can harm females as a by-product of male-male competition, 

generating sexual conflict over reproduction. Most studies of sexual conflict assume 

random interactions and zero relatedness between competitors, conditions which favour 

harmfulness. There has been recent interest in the consequences of non-random 

interactions and non-zero relatedness on the outcome of sexual conflict. According to 

inclusive fitness theory, individuals can improve their indirect fitness by cooperating 

with relatives. By applying this framework to sexual conflict, we can predict that males 

should harm females less when they compete with relatives. 

I investigated key questions arising from this general prediction using the seed beetle 

Callosobruchus maculatus. Male C. maculatus harm females through pre-copulatory 

harassment and genital spines that enhance their paternity share while scarring the 

female reproductive tract. In Chapter Two I compared lifespan and productivity among 

females grouped with three males when those males were related or unrelated to, and 

familiar or unfamiliar with, each other. Females had higher lifetime productivity when 

males were both familiar with, and related to, each other. This suggests that males 

adjust their harmfulness with changes in inclusive fitness payoffs, and that both 

relatedness and familiarity are required for kin recognition. 

In Chapter Three I addressed a problem with previous experiments in this field, namely 

that manipulations of familiarity are confounded with the total level of competition such 

that males in ‘unfamiliar’ treatments are exposed to more rivals than males in ‘familiar’ 

treatments. Given that males adjust their investment in reproduction based on the 

perceived level of competition, this complicates the interpretation of familiarity as a kin 

recognition cue. I manipulated three factors in the social environment of male C. 

maculatus prior to mating: familiarity among rivals, the maximum number of rivals 
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encountered simultaneously, and the total number of rivals encountered over 48 hours. 

Males produced smaller ejaculates when exposed to more rivals in total over 48 hours 

regardless of the maximum number they were exposed to simultaneously, but did not 

respond to familiarity. Males of this species can therefore sum the number of rivals 

encountered over separate days, and the confounding of familiarity with the total level 

of competition should not be ignored. 

In Chapter Four I assessed the levels of genetic variance in cuticular hydrocarbons in 

male C. maculatus, a putative kin recognition trait for insect species. Five hydrocarbons 

had significant components of additive genetic variance and could serve as recognition 

cues. Next, I compared the productivity of female C. maculatus after a single mating in 

the presence of hydrocarbon extracts that were familiar or unfamiliar to the focal male, 

and taken from his full-siblings or non-relatives. Females were more productive when 

mated in the presence of extracts taken from the focal male’s relatives, if they were also 

familiar to him. This is consistent with the importance of relatedness and familiarity in 

Chapter Two. 

In Chapters Two to Four, I established the importance of kin recognition for the 

outcome of sexual conflict. According to inclusive fitness theory, another mechanism of 

directing non-selfish behaviours towards relatives is limited dispersal, which can 

produce predictably high levels of average relatedness and prompt evolutionary changes 

in selfishness. Theoretical models also predict that sex-biased dispersal can influence 

the evolution of harmfulness. In Chapter Five, I first assessed patterns of dispersal in C. 

maculatus and found that females dispersed significantly more often than males. Next, I 

performed an experimental evolution design to test for divergence in sexual conflict 

traits among experimental populations of C. maculatus assigned to one of three 

dispersal regimens for 20 and 25 generations: free dispersal, limited dispersal, and no 

dispersal. I found no divergence in male harmfulness among treatments. This is 
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consistent with general predictions from inclusive fitness theory that limited dispersal 

will only impose kin selection if it produces high local relatedness while maintaining 

global competition. 

Together, the results of this thesis provide a comprehensive foundation for the 

application of inclusive fitness theory to the study of sexual conflict, and answer key 

outstanding questions regarding the importance of indirect fitness effects in sexual 

interactions. This accumulation of empirical evidence, as well as important refinements 

and innovations in experimental approaches, provides a framework for research at the 

interface of social evolution and sexual conflict.  
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CHAPTER ONE: GENERAL INTRODUCTION 

Hold On Haldane! 

“Haldane’s theory doesn’t hold for me; 

My brother’s had a vasectomy” 

Joseph Tomkins (2018)  
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1.1 Sexual Conflict: A Brief Introduction 

Evolutionary conflicts between males and females (sexual conflicts) occur when the two 

sexes have different fitness optima that cannot be achieved simultaneously (Parker, 

2006). Intra-locus sexual conflict refers to traits with different optima in each sex that 

are affected by variation at the same locus in both sexes (Rice, 1984; Parker, 2006). For 

example, in the broad-horned flour beetle Gnatocerus cornutus there is bidirectional 

selection on the loci that determine mandible size. Large mandibles are used by males in 

combat over mates and mandible size is positively correlated with male fitness. 

Mandible development, however, is genetically correlated with other morphological 

features such that selection for larger mandibles also selects for body shapes that are 

suitable for fighting but unsuitable for female reproduction and egg-laying. As sex-

limited expression has not evolved for these traits, selection for large mandibles 

produces high-fitness males but low-fitness females (and vice versa) (Okada & 

Miyatake, 2009; Harano et al., 2010). 

Inter-locus sexual conflict refers to cases where traits are expressed at different loci in 

each sex and are not genetically correlated, but nevertheless favour the fitness of one 

sex at the expense of the fitness of the opposite sex (Parker, 2006). The presence of 

sexual conflict provides the conditions for sexually antagonistic coevolution (SAC), in 

which each sex evolves a trait or set of traits that push the outcome of reproduction 

towards their own optima, and the elaboration of each of these traits prompts continued 

selection on the opposing trait in the other sex (Parker, 1979, 2006, Gay et al., 2011a; b; 

Berger et al., 2014; Wilson & Tomkins, 2014; Berger et al., 2016b). For example, in the 

seed beetle Callosobruchus maculatus, males use spines on the penis to puncture the 

female’s internal reproductive tract, enhancing the uptake of accessory seminal fluids. 

In turn, females resist genital damage with thickened connective tissue in the bursa 
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copulatrix. Connective tissue thickness is positively correlated with the elaboration of 

penis spines across populations, a signal of SAC (Dougherty et al., 2017). 

There are two important models that describe the evolution of harmful traits in males as 

a result of sexual conflict. The pleiotropic harm hypothesis states that harm is a by-

product of traits that enhance a male’s competitive fertilisation success (Morrow et al., 

2003; Hotzy & Arnqvist, 2009). The adaptive harm hypothesis, on the other hand, states 

that harm itself is the trait that benefits males. This could occur, for example, if harming 

female with toxic seminal fluids or physical damage reduced their propensity to re-mate 

and therefore the risk and/or intensity of sperm competition (Johnstone & Keller, 2000). 

Which model best predicts the evolution of harm is likely to vary among focal systems. 

Although there is a relatively well-established body of research in the field of sexual 

conflict, the vast majority of studies assume random patterns of interactions and zero 

relatedness among interactants (Pizzari & Gardner, 2012; Pizzari et al., 2015). Under 

these conditions, individuals have no genetic interest in the fitness of their reproductive 

partners beyond the production of their own offspring, and selection will tend to favour 

selfish traits such as elevated harmfulness in males. Random patterns of interaction, 

however, are rarely present in nature. It is a central tenet of social evolution theory that 

when interactions are non-random, selection can act against selfishness and in favour of 

cooperation. Applying this framework of social evolution to determine conditions under 

which selection might act to reduce sexual conflict has been the focus of a newly 

emerging branch of research (Rankin, 2011; Wild et al., 2011; Pizzari & Gardner, 2012; 

Carazo et al., 2014, 2015; Faria et al., 2015; Pizzari et al., 2015; Le Page et al., 2017; 

Lymbery & Simmons, 2017). 
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1.2 The Indirect Fitness Consequences of Sexual Conflict 

The framework of social evolution theory, and the question of why individuals should 

cooperate with each other, underwent a major structural revolution in the 1960s with 

Hamilton’s (1964) key insight that selection will favour individuals that maximise their 

‘inclusive fitness.’ As defined by Hamilton (1964), inclusive fitness is composed of 

direct and indirect fitness. Direct fitness refers to the classical definition of Darwinian 

fitness and is composed of an individual’s genetic contribution to future generations that 

directly results from their own reproduction. Indirect fitness refers to an individual’s 

genetic contribution to future generations that results from the reproductive success of 

their relatives, with whom they share a proportion of their genes. The form of selection 

that acts on indirect fitness is termed kin selection. While these ideas have been present 

in biological thought since Darwin (1859), Hamilton’s (1964) work formalised them in 

a mathematical sense and positioned them at the centre of social evolution theory. 

Hamilton (1964) defined the conditions for kin selection to favour a cooperative trait 

through a function that has come to be known as Hamilton’s Rule, and is generally 

expressed in its classical form as: 

𝑟𝑏 − 𝑐 > 0     (𝟏. 𝟏) 

Where 𝑟 is the genetic relatedness between the actor and the recipient of the cooperative 

behaviour, 𝑏 is the fitness benefit to the recipient, and 𝑐 is the direct fitness cost to the 

actor. The expression 𝑟𝑏 is therefore the indirect fitness component of the cooperative 

trait. If this inequality is satisfied, the cooperative trait will be favoured by kin selection. 

This mathematical framework allows the organisation of explanations for cooperation 

into those based on direct and indirect fitness benefits (Hamilton, 1964; Maynard Smith, 

1964; Grafen, 1984; Frank, 1998; Griffin & West, 2002; Lehmann & Keller, 2006; 

West et al., 2007a; b). Indirect fitness explanations require that cooperative behaviours 
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are preferentially directed towards other individuals that carry the cooperative gene, the 

probability of which is increased by cooperating with genetic relatives (Maynard Smith, 

1964; Frank, 1998; West et al., 2007a). When individuals in a population interact non-

randomly, therefore, the indirect fitness components of traits can have important 

consequences for selection. The effects of non-random interactions and the resulting 

indirect fitness payoffs on the outcome of sexual conflict are the major focus of this 

thesis. 

The importance of indirect fitness effects in the context of sexual conflict first gained 

recognition through the theoretical works of Rankin (2011) and Wild et al. (2011), and 

the general framework for the field was established in two key reviews by Pizzari & 

Gardner (2012) and Pizzari et al. (2015). This framework is essentially an application of 

the general predictions of inclusive fitness theory as established by Hamilton (1964), 

where ‘cooperation’ refers to reduced expression of sexual conflict traits that push the 

outcome of reproduction towards the optima for one sex at the expense of the fitness of 

the other sex. For example, in cases where males gain direct fitness benefits from 

harming females (either adaptively or pleiotropically), reductions in male harmfulness 

take the place of cooperative behaviours when applying Hamilton’s Rule. 

Kin Recognition 

According to kin selection theory the two most important mechanisms by which these 

behaviours might be preferentially directed towards genetic relatives are kin recognition 

and limited dispersal (Hamilton, 1964; Griffin & West, 2002; West et al., 2007a; b; 

Pizzari & Gardner, 2012; Pizzari et al., 2015). Mechanisms of kin recognition enable 

individuals directly to assess their genetic relatedness to those with whom they interact. 

If cooperative behaviours are plastic, kin recognition forms the first major mechanism 

for preferentially directing cooperation (or reduced harmfulness in the case of sexual 
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conflict) towards relatives (Hamilton, 1964). For example, if a male can assess the 

relatedness of his competitors then he may harm females less when he competes with 

relatives because under these conditions there is a high probability that the females he is 

harming will mate with his male relatives in the future (Pizzari & Gardner, 2012; 

Carazo et al., 2014; Pizzari et al., 2015; Le Page et al., 2017; Lymbery & Simmons, 

2017). By harming those females, therefore, he would be at risk of incurring an indirect 

fitness cost. 

The majority of empirical work on the indirect fitness consequences of sexual conflict 

has focussed on plastic changes in male harmfulness mediated by kin recognition. Ala 

Honkola et al. (2011) found that female least killifish (Heterandria formosa) who mated 

multiply had longer lifespans and larger offspring if males were related to each other. 

The rate of experimental work in this field accelerated following Carazo et al. (2014), 

who grouped female fruit flies Drosophila melanogaster with three males each and 

found lower male fighting rates and higher female lifetime reproductive success when 

males were full siblings than when they were unrelated to each other. Carazo et al. 

(2015) then extended this work to assess transgenerational fitness effects, and found that 

males in related groups sired longer-lived daughters. 

Hollis et al. (2015) pointed out that in Carazo et al.’s (2014) original experiment, 

related males were always reared together whereas unrelated males were always reared 

separately. Hollis et al. (2015) repeated Carazo et al.’s (2014) design, but with the 

addition of a ‘related-unfamiliar’ treatment in which females were kept with three males 

who were full siblings but had been reared separately. Hollis et al. (2015) found an 

effect of male familiarity, such that females with groups of three males that had been 

reared together had significantly higher lifetime reproductive success than females with 

groups of three males that had been reared separately, but no effect of male relatedness. 
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Subsequent studies by Chippindale et al. (2015) and Martin & Long (2015) also found 

no effect of male relatedness on female fitness. 

Hollis et al. (2015) suggested that these results could be explained without invoking kin 

selection if familiar males formed social hierarchies that reduced the intensity of 

competition and consequently the incidental damage to females. Since aggressive 

interactions reduce future competitiveness in male D. melanogaster (Penn et al., 2010), 

hierarchical effects are a valid alternative interpretation of the importance of familiarity. 

On the other hand, since Hollis et al. (2015) did not include an ‘unrelated-familiar’ 

treatment and their design was therefore not orthogonal, they could not exclude the 

possibility that both genetic relatedness and social familiarity were necessary to achieve 

the effect on female fitness. 

Even if familiarity was found to be important instead of, rather than in combination 

with, relatedness, this would not definitively demonstrate that the observed reductions 

in sexual conflict are not driven by kin selected benefits. Depending on the mechanism 

of kin recognition, social familiarity could be interpreted by individuals as a signal of 

genetic relatedness. Environmental cues such as a shared rearing environment, rather 

than genetically determined traits, can be important mechanisms of kin recognition if 

they are correlated with genetic relatedness under the life-cycle of the species in 

question (Grafen, 1990; Lieberman et al., 2003; Helanterä & Sundström, 2007; West et 

al., 2007a). Moreover, even if the kin recognition cue does have a genetic basis, 

individuals still require a ‘kin template’ against which to compare the phenotypes of 

their interactants (West et al., 2007a). 

Under ‘phenotype-matching’ kin recognition, individuals learn the phenotype of those 

around them early in life and compare this to other individuals encountered later to 

assess kinship (Sherman, 1991; Mateo, 2002, 2004). Under this mechanism, individuals 
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will behave as though other individuals with a similar phenotype to their rearing-mates 

are kin even if true genetic relatedness is low. Only under ‘self-referencing’ kin 

recognition, in which individuals ‘learn’ their own phenotype and assess kinship based 

on their similarity to others, is true genetic relatedness expected to drive kin recognition 

independently of social familiarity (Sherman, 1991; Dronnet et al., 2006; West et al., 

2007a; Thomas & Simmons, 2008; Weddle et al., 2013; Breed, 2014). Identifying the 

mechanism of kin recognition and untangling the role of social familiarity in this 

context are important questions that need to be addressed. 

Limited Dispersal 

Limited dispersal, which results in kin-structured populations where genetic relatedness 

is positively correlated with spatial proximity, was identified by Hamilton (1964) as the 

second important mechanism by which cooperative behaviours could be directed 

towards relatives. While it is true that limited dispersal increases relatedness among 

interacting individuals, it also increases competition among relatives. If the benefit a 

relative receives from being the recipient of cooperation comes at a cost to another 

individual of equal relatedness to the actor, kin competition can completely offset the 

indirect fitness benefits of cooperating with relatives (Hamilton, 1975; Murray & 

Gerrard, 1984; Wilson et al., 1992; Kelly, 1994; Griffin & West, 2002; West et al., 

2002). 

To determine the effect of limited dispersal on kin selection, competition among kin 

must be accounted for by modifying the classical version of Hamilton’s Rule (Equation 

1.1). Griffin and West (2002) highlighted two important methods by which this might 

be achieved: those of Queller (1994) and Frank (1998). Queller’s (1994) method centres 

on the definition of the 𝑟 term in Hamilton’s Rule, and can be described by expanding 𝑟 

such that it represents effective relatedness (𝑟𝑒) rather than absolute relatedness: 



9 
 

𝑟𝑒 =
Σ(𝑝𝑦 − �̅�)

Σ(𝑝𝑥 − �̅�)
     (𝟏. 𝟐) 

Where �̅� is the frequency of the cooperative allele in the population, 𝑝𝑥 is the frequency 

in the actors, and 𝑝𝑦 is the frequency in the recipients. Queller’s (1994) method 

specifies that the reference population from which �̅� is derived should be composed of 

the individuals with whom the recipients compete, rather than the global population. 

Equation 1.2 makes it clear that if limited dispersal creates isolated patches within 

populations with extremely high absolute relatedness among all individuals within each 

patch, �̅� approaches 𝑝𝑦 and therefore 𝑟𝑒 approaches zero. 

Rather than expanding 𝑟, Frank’s (1998) method modifies the 𝑏 term in Hamilton’s 

Rule as: 

𝑏 = 𝐵 − 𝑎(𝐵 − 𝑐)    (𝟏. 𝟑) 

Where 𝐵 is the benefit assuming no competition among the recipients, 𝑐 is the standard 

cost term from Hamilton’s Rule (Equation 1.1), and 𝑎 describes the scale of 

competition. 𝑎 = 0 describes completely global competition, in which case there is no 

competition between relatives, 𝑏 = 𝐵, and the classical solution to Hamilton’s Rule is 

correct. When 𝑎 = 1, competition is completely local, 𝑏 = 𝑐, and kin competition will 

completely offset the inclusive fitness benefits of cooperation (𝑟𝑏 − 𝑐 = 𝑟𝑐 − 𝑐 ≤ 0). 

Equation 1.3 illustrates that limited dispersal will only satisfy Hamilton’s Rule and 

allow the action of kin selection if it increases local relatedness while maintaining 

relatively global competition. This can occur when density within a group is not fixed 

by external factors, allowing groups with less selfish individuals to have greater relative 

success (Taylor, 1992b; West et al., 2002). For example, if the capacity of the 

environment increases with group size, the increasing cost of competition with density 

may not cancel the benefits of higher relatedness (Taylor, 1992a; b; Kelly, 1994; van 
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Baalen & Rand, 1998; Mitteldorf & Wilson, 2000). Alternatively, Hamilton’s Rule can 

be satisfied if cooperative and competitive behaviours are separated in time such that 

cooperation is directed towards close relatives before dispersal and competition occurs 

among non-relatives after dispersal (Taylor, 1992a; Queller, 1994; West et al., 2002). 

The majority of work on the effect of patterns of dispersal on the evolution of sexual 

conflict and male harmfulness has been theoretical in nature (Rankin, 2011; Wild et al., 

2011; Pizzari & Gardner, 2012; Faria et al., 2015; Pizzari et al., 2015). Rankin (2011) 

modelled the effect of varying dispersal rates between the two sexes and concluded that 

increased male dispersal promoted the evolution of harmfulness whereas increased 

female dispersal inhibited the evolution of harmfulness. Faria et al. (2015), however, 

claimed that Rankin’s (2011) analysis focussed on the effect of sex-biased dispersal on 

Hamilton’s (1964) 𝑟 while neglecting its effect on 𝑏 and 𝑐, and that his fitness functions 

did not follow from his model’s assumptions. Specifically, Faria et al. (2015) claimed 

that although Rankin’s (2011) models assumed a fixed number of breeding males and 

females per patch following migration and mortality, his fitness functions seemed to 

imply competition for breeding opportunities between sexes. Faria et al. (2015) 

corrected this apparent error by specifying that whether a female successfully procures a 

breeding position within a patch depends only on the number of females competing in 

that patch, not on the number of males present (and vice versa for males). Unlike 

Rankin (2011), Faria et al. (2015) found no simple relationship between female and 

male dispersal and the evolution of male harmfulness, instead concluding that strongly 

sex-biased dispersal generally favoured the evolution of harmfulness regardless of 

whether dispersal was female- or male-biased. 

In the first experimental evolution study of the effect of population kin-structuring on 

the evolution of male harmfulness, Łukasiewicz et al. (2017) found that female bulb 

mites Rhizoglyphus robini had higher reproductive outputs when mated with males that 
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had evolved in kin-structured groups for nine generations. Following theoretical work 

regarding limited dispersal and competition among kin, Łukasiewicz et al. (2017) 

separated the scale of competition from local relatedness during reproductive 

interactions by allowing individuals in kin-structured lines to develop and mate in 

“interaction groups” of close relatives before pooling the offspring of all interaction 

groups from each experimental line. The results of Łukasiewicz et al. (2017) 

demonstrate that under conditions that are manipulated to satisfy Hamilton’s Rule 

(Equation 1.1), kin selection can act to reduce male harmfulness and promote female 

reproductive success. Whether species that exhibit sexual conflict possess mechanisms 

of dispersal that allow local relatedness to be enhanced while maintaining global 

competition, and therefore impose kin selection under more ecologically realistic forms 

of dispersal limitation, has yet to be determined. 

1.3 Model Systems for the Study of Indirect Fitness and Sexual Conflict 

With the exception of Łukasiewicz et al.’s (2017) experimental evolution study on R. 

robini and early empirical work by Ala Honkola et al. (2011) on H. formosa, the 

majority of experimental work applying inclusive fitness frameworks to sexual conflict 

has been performed using D. melanogaster (Carazo et al., 2014, 2015; Chippindale et 

al., 2015; Hollis et al., 2015; Martin & Long, 2015; Le Page et al., 2017). While this 

work has established an important foundation for the expanding field, results in this 

system have been mixed. As discussed above, Carazo et al. (2014, 2015) found an 

effect of male relatedness on female fitness, but Hollis et al. (2015) suggested that this 

could be explained by the confounding of relatedness with social familiarity, and 

Chippindale et al. (2015) and Martin & Long (2015) found no significant effect of 

relatedness at all. It has been suggested that wild populations of D. melanogaster mix so 

completely that males are very unlikely to compete with kin and a kin recognition 
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mechanism would not be favoured (Chippindale et al., 2015; Hollis et al., 2015), 

although field studies indicate that related individuals do encounter each other and 

engage in mating activity (Robinson et al., 2012). An important next step in the study of 

the indirect fitness consequences of sexual conflict is to transition to other systems that 

possess an established mechanism of sexual conflict but also exhibit higher natural 

viscosity and predicted rates of kin encounters. In this thesis I used an alternative study 

system, the seed beetle Callosobruchus maculatus, to provide a more complete picture 

of the indirect fitness consequences of sexual conflict and answer key outstanding 

questions in the field. 

Callosobruchus maculatus is an economically important pest of stored products with a 

global distribution. Females lay eggs on the beans of Vigna spp., and larvae complete 

their development inside the bean. Development is temperature dependent, and for all 

experiments in this thesis incubation took place at 28°C, which produces a development 

time from egg to adulthood of approximately three weeks. Adults of this species are 

facultatively aphagous, and all the nutrients required for the beetles to complete their 

life-cycle are acquired from the bean as larvae. Their reproductive rate is relatively 

high, with females frequently laying 60 to 80 eggs each over their lifetime. They exist in 

high-density populations where encounters with competitors and potential mates are 

near-constant, and they are capable of breeding 24 hours after they emerge from the 

bean as an adult (Southgate, 1979; Beck, 2011; Souza et al., 2011; Wilson et al., 2014; 

Lymbery & Simmons, 2017). 

In addition to their economic importance, C. maculatus are a model species for studies 

of sexual selection and sexual conflict. Males of this species possess pronounced spines 

on the penis, and spine length and elaboration are positively correlated with sperm 

competition success and paternity share, possibly because they enhance the uptake of 

accessory seminal fluids by females (den Hollander & Gwynne, 2009; Hotzy & 
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Arnqvist, 2009; Rönn & Hotzy, 2012; Yamane et al., 2015). The scarring inflicted on 

the female reproductive tract by these spines, combined with pre-copulatory harassment, 

reduces female lifespan and lifetime reproductive success and inhibits population 

productivity (Crudgington & Siva-Jothy, 2000; Rönn et al., 2007; den Hollander & 

Gwynne, 2009; Berger et al., 2016a). The thickness of connective tissue in the female 

reproductive tract has evolved in proportion to the elaboration of male genitalia across 

populations of this species (Dougherty et al., 2017) and across species in the 

Callosobruchus genus (Rönn et al., 2007). Females also kick energetically prior to the 

termination of copulation, although consistent evidence as to the adaptive value of 

kicking as a female resistance trait is lacking (van Lieshout et al., 2014b; Wilson & 

Tomkins, 2014). The evolution of harm in this species seems to best described by the 

pleiotropic, rather than the adaptive, harm model. Edvardsson & Tregenza (2005) found 

that increased harm did not affect female re-mating propensity, and Hotzy & Arnqvist 

(2009) found that ventral spine length positively covaried with success in sperm 

competition when harm was kept constant, but harm did not covary with competitive 

success when spine length was kept constant. These results provide support for the 

pleiotropic harm model over the adaptive model. 

Males of this species also transfer a large ejaculate which can constitute up to 8 % of 

their body weight (Rönn et al., 2008). Large ejaculates have been found to benefit 

females across Coleoptera generally (South & Lewis, 2011) and across species in the 

Callosobruchus genus (Rönn et al., 2008). In C. maculatus, copula duration is 

positively correlated with both ejaculate size and female fecundity (Edvardsson & 

Canal, 2006). It has been suggested that the excess water contained in large ejaculates 

could partially offset the costs of copulation for females, since females mate more 

frequently when not provided with supplementary water in both C. maculatus and C. 

chinensis (Edvardsson, 2007; Ursprung et al., 2009; Harano, 2012; Bretman et al., 
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2013). Iglesias-Carrasco et al. (2018), on the other hand, found that water availability 

alone could not explain the beneficial effects of the ejaculate, and Bayram et al. (2017, 

2019) identified 317 ejaculate proteins in this species, which may have additional 

effects. 

The combination of traits possessed by C. maculatus makes them an ideal model system 

for testing the indirect fitness consequences of sexual conflict. The mechanisms of 

sexual conflict in this species are relatively well-studied, and the net level of male 

harmfulness towards females is likely to result from a combination of and/or a trade-off 

among pre-copulatory harassment, reproductive tract scarring, and ejaculate size and 

composition. The potential for plasticity in these traits makes C. maculatus a promising 

candidate for testing the effects of kin recognition on the outcome of sexual conflict. 

The species also has a relatively viscous population structure, with most of the life cycle 

completed as a larva within a single bean and the adult stage lasting approximately one 

week, during which mating takes place with neighbouring beetles. At low population 

densities, a flightless, low-dispersal morph is produced (Utida, 1972; Beck, 2011). 

Moreover, when presented with beans that already contain their own eggs and beans 

that contain eggs from other individuals, female C. maculatus preferentially lay on the 

former (Ofuya & Agele, 1989). The earliest encounters between emerging beetles are 

therefore likely to take place between relatives, and the species may avoid some of the 

perceived shortcomings of the D. melanogaster system, namely that population mixing 

is too complete to allow frequent encounters between relatives (Chippindale et al., 

2015; Hollis et al., 2015). Furthermore, previous work on the stock populations of C. 

maculatus used in my experiments has found significant standing genetic variance in 

harm and fitness traits (Wilson, 2013). Combined with a short generation time, this 

makes them ideal for experimental evolution approaches to investigate the effect of 

limited dispersal as a means of preferentially directing cooperative behaviours towards 
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relatives. Finally, C. maculatus is an amenable laboratory system with simple 

husbandry requirements and established protocols for breeding and behavioural 

manipulations (Beck, 2011). 

1.4 Aims and Scope of this Thesis 

In this thesis, I take advantage of the uniquely suitable suite of traits of C. maculatus to 

answer key outstanding questions regarding the application of social evolution theory to 

the study of sexual conflict. My overall aim is to answer the following general question: 

how important are of population structure and indirect fitness effects for the outcome of 

sexual conflict? To this end, my thesis is divided into four data chapters (Chapters Two 

to Five), each of which answers a key aspect of this general question. 

In Chapter Two I employ a completely orthogonal male relatedness-by-familiarity 

interaction design to correct the uncertainties regarding the results of Carazo et al. 

(2014, 2015), Hollis et al. (2015), and Chippindale et al. (2015). This not only extends 

the current understanding of plasticity in male harmfulness beyond the D. melanogaster 

system but also allows us to determine whether the effects of relatedness can be entirely 

explained by social familiarity, as Hollis et al. (2015) suggested, or whether genetic 

relatedness itself is necessary for plastic adjustments in harmfulness. Tests of plastic 

harmfulness in response to changing social environments have been the focus of 

previous experimental work on the importance of indirect fitness in sexual conflict, but 

results have been mixed. A rigorous test of this question is therefore an important first 

step in any comprehensive investigation in this field. 

In Chapter Three I address a persistent problem with previous manipulations of social 

familiarity. Namely, males in ‘unfamiliar’ treatments in previous experiments were 

exposed to more total competitors over consecutive time periods than males in 

‘familiar’ treatments, and social familiarity was therefore potentially confounded with 
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the perceived level of competition. Males of many species adjust their investment in 

reproduction with changes in the level of competition, so this presents a problem for the 

interpretation of effects of social familiarity (Gage & Baker, 1991; Parker et al., 1996, 

1997; Pilastro et al., 2002; Evans et al., 2003; Simmons et al., 2007; Thomas & 

Simmons, 2009; Bretman et al., 2010). I use an experimental approach to test whether 

males can sum the number of competitors encountered over separate time periods, and 

whether males respond to manipulations of familiarity when they are separated from the 

level of competition. This chapter is an important advance not only in the experimental 

framework of plastic harmfulness in response to social environments, but also in the 

fields of intrasexual competition and numerosity, as the vast majority of previous 

studies on responses to the risk and intensity of sperm competition have changed the 

number of rivals present simultaneously at the time of mating. 

In Chapter Four, I present the first demonstration of the mechanism that males use to 

discriminate the social identities of their competitors. Cuticular hydrocarbons (CHCs) 

are chemicals that occur on the exoskeleton of arthropods and are used for desiccation 

resistance and mate assessment (Blows & Allan, 1998; Thomas & Simmons, 2009; 

Chenoweth & Blows, 2015; Berson & Simmons, 2018). Because of the variation in 

CHC profiles among individuals, they are also a promising mechanism for kin and 

social recognition in many arthropods (Dronnet et al., 2006; Thomas & Simmons, 2008; 

Grinsted et al., 2011; Weddle et al., 2013). In this chapter, I use a quantitative genetic 

design to determine the genetic contribution to variation in the CHC profiles of male C. 

maculatus. I then test whether males use CHCs to discriminate the kin and social 

identities of their competitors by mating pairs of C. maculatus in the presence of CHC 

extracts that differ in their relatedness and familiarity to the focal males. 

In Chapter Five, I move away from kin recognition to investigate the second of 

Hamilton’s (1964) methods for directing cooperation towards relatives: limited 
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dispersal. I use an experimental evolution design in which populations of C. maculatus 

are assigned to one of three treatments that differ in their opportunity for dispersal: 

completely free dispersal within each population; no dispersal among patches within 

each population; and limited (or structured) dispersal among patches within each 

population. By comparing male harm and female resistance traits among populations 

after 20 and 25 generations of selection, I test whether the mechanism of dispersal in 

this species allows dispersal limitation to enhance local relatedness while maintaining 

global competition and imposes kin selection on sexual conflict traits. This is only the 

second time an experimental evolution approach has been applied to the study of 

indirect fitness effects and sexual conflict, and the first test of putatively realistic forms 

of limited dispersal which might be expected to occur in nature. 

Chapter Six provides a general discussion and conclusions regarding the results and 

implications of Chapters Two to Five. I discuss how the targeted experiments of my 

thesis have advanced this field and how I have achieved my overall aim of providing a 

comprehensive framework for the study of social evolution and sexual conflict. In this 

chapter, I also provide an assessment of the current state of knowledge on this topic and 

suggest promising avenues for future research. 
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CHAPTER TWO: MALES HARM FEMALES LESS WHEN COMPETING 

WITH FAMILIAR RELATIVES 

 

This chapter is presented as published in Proceedings of the Royal Society of London 

B: Biological Sciences, with minor changes to ensure consistency with the rest of my 

thesis. 

Citation: Lymbery, S.J. & Simmons, L.W. 2017 Males harm females less when 

competing with familiar relatives. Proc. R. Soc. Lond. B Biol. Sci 284: 20171984.  
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2.1 Abstract 

Sexual conflict occurs when reproductive partners have different fitness optima, and can 

lead to the evolution of traits in one sex that inflict fitness costs on the opposite sex. 

Recently, it has been proposed that antagonism by males towards females should be 

reduced when they compete with relatives, because reducing the future productivity of a 

female would result in an indirect fitness cost for a harmful male. We tested this 

prediction in the seed beetle Callosobruchus maculatus, the males of which harm 

females with genital spines and pre-copulatory harassment. We compared lifespan, 

lifetime egg production and lifetime offspring production among females housed with 

groups of males that varied in their familiarity and relatedness. Females produced 

significantly more eggs and offspring when grouped with males who were both related 

and familiar to each other. There was no effect of male relatedness or familiarity on 

female lifespan. Our results suggest that males plastically adjust their harmfulness 

towards females in response to changes in inclusive fitness payoffs, and that in this 

species both genetic relatedness and social familiarity mediate this effect. 
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2.2 Introduction 

Sexual conflict occurs when males and females have different fitness optima during 

reproduction (Arnqvist & Rowe, 2005; Parker, 2006). This can result in selection for 

traits in one sex that reduce the fitness of the opposite sex, and to selection for 

resistance traits in the harmed sex (sexually antagonistic coevolution) (Parker, 2006; 

Gay et al., 2011a; b, Berger et al., 2014, 2016b; Wilson & Tomkins, 2014). Historically, 

most studies of sexual conflict have assumed random interactions and zero relatedness 

between mates and among competitors (Pizzari & Gardner, 2012; Pizzari et al., 2015). 

Under these conditions, selection will favour ‘selfish’ traits that enhance an individual’s 

own reproductive success at the expense of others, and sexual conflict should be 

exacerbated. Recently, however, there has been growing interest in the importance of 

non-random interactions for the evolution of sexual conflict (Rankin, 2011; Rankin et 

al., 2011; Wild et al., 2011; Pizzari & Gardner, 2012; Carazo et al., 2014; Faria et al., 

2015; Pizzari et al., 2015; Le Page et al., 2017). 

If individuals in a population interact randomly, a male has no genetic interest in the 

productivity of his mate after she has produced his own offspring. If, on the other hand, 

sexual partners and/or competitors are more related to each other than the population 

average, the future productivity of a partner will influence an individual’s indirect 

fitness (Hamilton, 1964; Maynard Smith, 1964; Queller, 1985; Bourke, 2009; Pizzari & 

Gardner, 2012; Pizzari et al., 2015). Where individuals are more likely to interact with 

relatives than with non-relatives, selection is expected to favour reduced harmfulness 

towards mates even in the absence of kin recognition (Pizzari & Gardner, 2012; Pizzari 

et al., 2015). Indeed, the experimental evolution of less harmful males in kin structured 

populations has recently been demonstrated in the bulb mite Rhizoglyphus robini 

(Łukasiewicz et al., 2017). On the other hand, even if individuals frequently interact 



22 
 

with both relatives and non-relatives, selection could favour plasticity in harmfulness 

mediated by kin-recognition (Pizzari & Gardner, 2012; Carazo et al., 2014; Pizzari et 

al., 2015; Le Page et al., 2017). 

Carazo et al. (2014, 2015) reported such an effect in the fruit fly Drosophila 

melanogaster: females exposed to three related males had higher reproductive success 

and longer-lived daughters than those exposed to unrelated males. In response, Hollis et 

al. (2015) pointed out that related males were always reared together and unrelated 

males were always reared separately. After adding a “related-unfamiliar” treatment, 

Hollis et al. (2015) found a difference in female reproductive success only among 

familiarity treatments and concluded that these results could be interpreted as an effect 

of social hierarchies on competition among male D. melanogaster, without invoking kin 

selection. Subsequent studies on D. melanogaster have achieved mixed results, with 

Chippindale et al. (2015) and Martin and Long (2015) finding no effect of male-

relatedness on female fitness. It has been suggested that in the natural state, D. 

melanogaster populations mix so completely that males are very unlikely to compete 

with kin and a kin recognition mechanism would not be favoured (Chippindale et al., 

2015; Hollis et al., 2015). On the other hand, studies of natural D. melanogaster 

populations indicate that related individuals do encounter each other and engage in 

mating activity (Robinson et al., 2012). Furthermore, Le Page et al. (2017) addressed 

these objections by performing the first fully crossed relatedness-by-familiarity design 

with D. melanogaster, and found that both male relatedness and male familiarity were 

necessary to enhance female fitness. This result provides the strongest evidence so far of 

the importance of kin selection for sexual conflict in D. melanogaster, and suggests that 

kin recognition may be based on a combination of genetic and environmental cues (Le 

Page et al., 2017). Outside of D. melanogaster, Ala Honkola et al. (2011) found that 

multiple mating female least killifish (Hetrandria formosa) had longer lifespans and 
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larger offspring if males were related to each other. So far, however, these two species 

are the only systems for which kin-based plasticity in sexual conflict has been 

investigated. It would be useful to extend these experiments to include other species for 

which mechanisms of sexual conflict have been identified. 

We expand on these studies using the seed beetle Callosobruchus maculatus. Male C. 

maculatus possess spines on the penis, with longer and more elaborate spines associated 

with greater success in sperm competition and enhanced paternity share, possibly via 

removal of rival sperm and/or enhancing the uptake of accessory seminal fluid 

substances (den Hollander & Gwynne, 2009; Hotzy & Arnqvist, 2009; Rönn & Hotzy, 

2012; Yamane et al., 2015). Male genital spines, together with pre-copulatory 

harassment, reduce female lifespan and reproductive output, and the male optima of 

these traits correlate negatively with population productivity (Crudgington & Siva-

Jothy, 2000; Rönn et al., 2007; den Hollander & Gwynne, 2009; Berger et al., 2016a). 

The thickness of connective tissue in the female reproductive tract has evolved in 

proportion to the elaboration of male genitalia across populations of this species 

(Dougherty et al., 2017) and across the genus generally (Rönn et al., 2007). Male C. 

maculatus also transfer a large ejaculate which may partially offset the costs of mating 

by providing females with water (Edvardsson, 2007; Ursprung et al., 2009). The net 

level of harm may therefore be susceptible to plastic adjustments. Given the well-

studied mechanisms of sexual conflict in this species, it is an ideal candidate for 

extending the ideas applied to D. melanogaster. Callosobruchus maculatus also has a 

relatively viscous population structure, with most of the life cycle being completed as a 

larva within a single bean and the adult stage lasting approximately one week, during 

which mating takes place with neighbouring beetles that emerge from nearby beans 

(Beck, 2011). In fact, at low densities the adult form of C. maculatus is flightless 

(Utida, 1972), and dispersal is therefore expected to be considerably lower than for D. 
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melanogaster. We employ a similar approach to Le Page et al. (2017), with a fully 

crossed relatedness-by-familiarity design. If male relatedness and/or familiarity are 

important for male harmfulness either separately or in combination, female lifespan 

and/or reproductive success should differ among treatments. 

2.3 Materials and Methods 

(a) Experimental Groups 

Three hundred black-eyed beans (Vigna unguilicata) containing larvae were isolated 

from the stock population of C. maculatus held at the University of Western Australia 

(UWA). For details regarding the UWA stock populations see (Wilson & Tomkins, 

2014, 2015; Wilson et al., 2014). Additional details are also provided in Supplementary 

Methods. Beans were placed into individual Eppendorf tubes, and incubated at 28˚C 

(Beck, 2011). One hundred and twenty males and 120 females were isolated as virgins 

as they emerged, randomly paired in individual Eppendorf tubes and observed until 

successful mating occurred. Females were placed in individual 440 mL plastic 

containers and supplied with 50 beans each as a laying substrate. After three weeks, 

beans containing larvae from each female were isolated into individual Eppendorf tubes. 

As beetles emerged, 216 females and 648 males were isolated as virgins. 324 of the 

males were kept in groups of three brothers (108 groups of three), and 324 in groups of 

three unrelated males. Females were kept individually. Each individual female and each 

group of three males was housed in a fresh Eppendorf tube. After 24 hours, 54 of the 

groups of three brothers remained in their original groups (related-familiar treatment: 

R/F; Supplementary Figure 2.1). The remaining 54 groups of three brothers were 

recombined, such that the final groups were each composed of three brothers which had 

previously been grouped separately (related-unfamiliar treatment: R/UF; Supplementary 

Figure 2.2). Of the males that were grouped with unrelated males, 54 groups remained 
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in their original groups (unrelated-familiar treatment: UR/F; Supplementary Figure 2.3), 

and 54 were recombined so that males were in groups of three unrelated males with 

whom they had not previously interacted (unrelated-unfamiliar treatment: UR/UF; 

Supplementary Figure 2.4). Each final group described above was formed by moving 

males from their Eppendorf tubes into a 440mL plastic container. As every male was 

moved in this way, all males were manipulated equally in each treatment. Each final 

group of males was provided with an unrelated female from the same generation of the 

breeding design. Females were selected at random (with the restriction that they were 

always unrelated to the males in their group), and a Monte Carlo simulation-based 

Aylmer test (a generalisation of Fisher’s exact test for n by c matrices with multiple 

zeros) confirmed that females from each family were distributed randomly across 

treatments (simulated p > 0.99). Nevertheless, we included female family as a random 

effect in our statistical models to account for any variation this may have caused (see 

statistical analyses below). Each group was provided with 50 beans as a laying substrate 

and dried baker’s yeast in an Eppendorf tube cap. Providing adults with food is unusual 

in experiments involving C. maculatus, primarily because they can reproduce without 

feeding and this simplifies maintenance considerably (Beck, 2011). However, since 

adults are capable of feeding they presumably do so in the natural state frequently 

enough for selection to maintain their feeding apparatus. Fitness effects that occur in fed 

rather than unfed adults may therefore be reflective of fitness in natural populations, and 

we provided adults with food to allow for the possibility that differences in female 

fitness might occur at any stage across their optimum lifespan. Baker’s yeast is an 

established food for adult C. maculatus (Tatar, 1995; Edvardsson, 2007; Ursprung et al., 

2009). Since in our experiment adult females still did not live beyond a mean of 

approximately seven days, however, it is possible that the adults did not consume 
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enough food to substantially increase their lifespan, and fitness differences among 

treatments are therefore due to early life effects. 

It should also be noted that we followed the same procedure as Le Page et al. (2017) in 

that the final groups remained intact throughout the remainder of the experiment, and 

males were allowed to co-age with females. Carazo et al. (2014, 2015) replaced male 

groups throughout the experiment to prevent the frequency and/or severity of 

competitive and harmful male behaviours decreasing with male age. In a fully crossed 

relatedness-by-familiarity design, this was not possible, but we note that Le Page et al. 

(2017) considered that under co-aging the degree of female harm should be lower. 

Groups were assessed daily, and the number of days post-grouping for which each 

female survived was recorded (all females were two days old upon being grouped). 

Once each female died, the number of eggs she had produced was recorded. These eggs 

were allowed to hatch and total offspring output was recorded. Egg and offspring counts 

were conducted blindly with respect to treatment. 

(b) Statistical Analyses 

All statistical analyses were performed in R (R Development Core Team, 2013). Prior 

to analyses, seven groups in which one or more males had died prior to being paired 

with a female were removed from the dataset. We also removed five groups in which 

females laid less than 15 eggs in total, as these are likely due to a lack of fertility in the 

female (or one or more of the males), unsuccessful matings, or other stochastic events.  

The resulting sample sizes were: Related-Familiar n = 51; Related-Unfamiliar n = 51; 

Unrelated-Familiar n = 52; Unrelated-Unfamiliar n = 50. Female longevity, lifetime egg 

production and lifetime offspring production were compared among treatments, with 

female family included as a random effect, using Poisson generalised linear mixed 

models (GLMMs), or generalised linear models (GLMs) if all random effects were 
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removed. Models were implemented in the lme4 R package (Bates et al., 2015). The 

significance of female family was tested using analysis of deviance likelihood ratio tests 

(LRTs) comparing models with and without this effect. 

Overdispersion was assessed by comparing the residual deviance to the residual degrees 

of freedom, and was not considered to be significant if this ratio was less than two 

(McCullugh & Nelder, 1989). Models analysing female lifespan were not overdispersed 

(see below). Initial models analysing egg and offspring production were overdispersed. 

We identified a further six outlier groups, all of which were more than 1.5 times the 

interquartile range below the expected values for both egg and offspring production. 

After the removal of these outliers, the models were no longer overdispersed (with one 

exception; see results below). Including the five groups in which females laid less than 

15 eggs, 11 outliers were removed in total. As these outliers were distributed equally 

across treatments (three from R/F, three from R/UF, three from UR/F and two from 

UR/UF) and were all below the expected values, their removal is very unlikely to bias 

our analyses. We therefore consider their removal for the purposes of improving data 

distribution to be justified. The removal of these outliers resulted in final sample sizes 

of n = 49 for Related-Familiar, n = 50 for Related-Unfamiliar, n = 51 for Unrelated-

Familiar and n = 48 for Unrelated-Unfamiliar. 

One complication with the analyses was that males from the same family sometimes 

occurred not just within, but also between different groups. The same total number of 

families (18 per treatment) contributed males to each treatment. Different groups which 

contain males from the same family might therefore not be truly independent. The 

highest degree of non-independence among groups occurred in R/F and R/UF 

treatments, but it is also expected to be considerable in UR/F. Because of the way in 

which males were mixed among groups, the lowest degree of non-independence among 

groups should occur in UR/UF, although it is also most difficult to specify in this 
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treatment. See Supplementary Figures S2.1-S2.4 for a full description of how the effect 

of male family influences each treatment. 

We accounted for the effect of this non-independence using a sequential approach. First, 

we examined the initial GLMMs for significant treatment effects using analysis of 

deviance LRTs, without accounting for the effect of male family. If the interaction term 

was significant, we interpreted the model at this level rather than testing for the main 

effects of relatedness and familiarity. If the interaction was non-significant, it was 

removed from the model before testing the significance of main effects. If any 

significant effects were detected, we repeated the analysis while assigning each R/F and 

R/UF group a ‘male family ID’ according to the parentage of the males in each group 

(for these treatments all males in a group were from the same family and the effect of 

family could therefore be exactly specified; Supplementary Figures S2.1 and S2.2). For 

this method, we also assigned a male family ID to each UR/F group based on the 

parentage of the ‘first’ male in each group (although each group contained males from 

three separate families, the relationship among groups would be identical whether 

family ID was based on the parentage of the ‘first,’ ‘second’ or ‘third’ male; 

Supplementary Figure S2.3). UR/UF groups were given a unique male family ID. This 

blocking technique, however, is not quite correct. First, although we can specify 

precisely which groups are non-independent in the UR/F treatment, the level of non-

independence is not equal to that between two non-independent groups in the R/F or 

R/UF treatments (Supplementary Figures S2.1-S2.3). Our first blocking technique does 

not reflect this inequality. Second, although non-independence is lowest in UR/UF 

groups, it is still present since full siblings will occur between groups (Supplementary 

Figure S2.4). Because of the way in which males were mixed and the difficulty in 

identifying individual males, however, the male family effect could not be specified 

accurately in this treatment. This technique was therefore used mainly to guide our 
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approach to the next step in accounting for non-independence (in which the effect of 

male family could be specified precisely). Since this investigative method reported 

either significant or marginally non-significant interaction effects for egg and offspring 

production, we proceeded by separating the data into two subsets: one with only R/F 

and R/UF groups (‘Related Subset’), and one with only UR/F and UR/UF groups 

(‘Unrelated Subset’). We tested each of these subsets separately for an effect of 

familiarity, first without including the male family effect and then including male 

family as described above if any significant effects were detected. In all cases, the 

significance of the random effect of male family was assessed by LRTs comparing 

models with and without this effect. Note that Pinheiro and Bates (2000) considered that 

when testing the significance of single random effects using this method, the reported p-

value is twice as large as the actual p-value. We have therefore halved the reported p-

values for these tests. By comparing the results produced by each method we were able 

to determine whether there was any strong evidence for an effect of relatedness and/or 

familiarity independent of a male family effect. In particular, since the effect of male 

family can be exactly specified for R/F and R/UF treatments, the results for the subset 

analyses can be interpreted with confidence. 

2.4 Results 

(a) Female Lifespan 

The initial model, without accounting for the random effect of male family, was not 

overdispersed (ratio = 0.20). Including a random effect of female family did not 

significantly increase the model fit (χ2
1 < 0.001, p = 0.50), justifying its omission. The 

model was still not overdispersed after the effect of female family was removed (ratio = 

0.20). There was no significant interaction effect (χ2
1 = 0.54, p = 0.46), and no 

significant main effects of relatedness (χ2
1 = 0.74, p = 0.39) or familiarity (χ2

1 = 0.03, p 
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= 0.86) on female lifespan (Figure 2.1). Since the family effect leads to similarities 

within treatments (and therefore reduces differences among treatments), it was not 

necessary to continue the analysis of female lifespan while accounting for male family. 
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Figure 2.1 Interaction plot showing the effect of male relatedness and familiarity on mean 

(±SE) post-grouping lifespan of female Callosobruchus maculatus seed beetles. Each female 

was grouped with three males, and males were either related or unrelated to each other, and 

either familiar (open circles, dashed line) or unfamiliar (closed circles, solid line). 

(b) Egg Production 

The initial model was not overdispersed (ratio = 1.16), and female family accounted for 

significant variation (χ2
1 = 16.90, p < 0.001). The relatedness-by-familiarity interaction 

was significant (χ2
1 = 4.85, p = 0.028). This interaction was due to male familiarity 

enhancing female offspring production in related, but not in unrelated, groups of males 

(Figure 2.2). The model including our first blocking method (with each group in the 

R/F, R/UF and UR/UF treatments being assigned a male family ID according to male 
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relatedness among groups and each group in the UR/UF treatment being assigned a 

unique male family ID; Supplementary Figures S2.1-S2.4) was not overdispersed (ratio 

= 1.04). Female family accounted for significant variation in this model (χ2
1 = 13.60, p 

< 0.001) but male family did not (χ2
1 = 1.58, p = 0.11). The interaction was marginally 

non-significant (χ2
1 = 3.43, p = 0.064), and was removed to test for main effects of 

relatedness and familiarity. The model without the interaction effect was not 

overdispersed (ratio = 1.00), and both female family (χ2
1 = 13.81, p < 0.001) and male 

family (χ2
1 = 3.00, p = 0.046) accounted for significant variation. Since in the full model 

the interaction was only marginally non-significant, these results should be interpreted 

with caution. Neither relatedness (χ2
1 = 0.15, p = 0.70) nor familiarity (χ2

1 = 1.22, p = 

0.27) were significant.  

The analyses of the ‘Related’ subset, with only R/F and R/UF groups, reported a similar 

pattern. The initial model, without accounting for the effect of male family, was not 

overdispersed (ratio = 0.97), and female family accounted for significant variation in 

this model (χ2
1 = 7.48, p = 0.003). There was a significant positive effect of familiarity 

on egg production (χ2
1 = 6.30, p = 0.012). The model accounting for male family was 

not overdispersed (ratio = 0.95). Female family accounted for significant variation in 

this model (χ2
1 = 6.83, p = 0.005), but male family did not (χ2

1 = 0.06, p = 0.404). The 

positive effect of familiarity was still significant (χ2
1 = 5.62, p = 0.018). There was no 

significant effect of familiarity on egg production in the ‘Unrelated’ subset, even 

without accounting for the effect of male family (χ2
1 = 0.27, p = 0.61). This model was 

also not overdispersed (ratio = 1.09), and female family accounted for significant 

variation (χ2
1 = 10.18, p < 0.001).  
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Figure 2.2 Interaction plot showing the effect of male relatedness and familiarity on mean 

(±SE) total lifetime egg production by Callosobruchus maculatus seed beetles. Each female was 

grouped with three males, and males were either related or unrelated to each other, and either 

familiar (open circles, dashed line) or unfamiliar (closed circles, solid line). 

(c) Offspring Production 

The initial model, without accounting for the effect of male family, was not 

overdispersed (ratio = 1.32), and female family accounted for significant variation in 

this model (χ2
1 = 34.34, p < 0.001). The relatedness-by-familiarity interaction was 

significant (χ2
1 = 6.46, p = 0.011). As for egg production, this interaction was due to 

male familiarity enhancing offspring production in related, but not in unrelated, groups 

of males (Figure 2.3). The model including our first blocking method (Supplementary 
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Figures S2.1-S2.4) was also not overdispersed (ratio = 1.11). Both female family (χ2
1 = 

26.45, p < 0.001) and male family (χ2
1 = 3.36, p = 0.033) accounted for significant 

variation in this model. The relatedness-by-familiarity interaction remained significant 

(χ2
1 = 4.10, p = 0.043).  

Once again, the analyses of the reduced datasets confirmed the interaction effect. In the 

‘Related’ subset, the model without accounting for the effect of male family was not 

overdispersed (ratio = 1.23), and female family accounted for significant variation (χ2
1 = 

20.34, p < 0.001). The effect of familiarity was significant and positive (χ2
1 = 6.48, p = 

0.011). The model including male family was also not overdispersed (ratio = 1.00), and 

both female family (χ2
1 = 15.70, p < 0.001) and male family (χ2

1 = 3.40, p = 0.033) 

accounted for significant variation in this model. The positive effect of familiarity 

remained significant (χ2
1 = 5.18, p = 0.023).  There was no effect of familiarity on 

offspring production in the ‘Unrelated’ subset, even without accounting for the effect of 

family (χ2
1 = 0.67, p = 0.41). This model was not overdispersed (ratio = 1.12), and 

female family accounted for significant variation (χ2
1 = 14.40, p < 0.001). 
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Figure 2.3 Interaction plot showing the effect of male relatedness and familiarity on mean 

(±SE) total lifetime offspring production by Callosobruchus maculatus seed beetles. Each 

female was grouped with three males, and males were either related or unrelated to each other, 

and either familiar (open circles, dashed line) or unfamiliar (closed circles, solid line). 

2.5 Discussion 

The most important result of this study is that the productivity of female C. maculatus 

depended on a combination of familiarity and relatedness among competing males. 

Females produced more eggs and offspring when grouped with males who were 

familiar with each other, but only when males were also related. This supports the 

contention of Carazo et al. (2014, 2015) that males can respond to changes in the 

inclusive fitness payoffs of harmfulness that occur under different competitor group 
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structures, and that population structure and relatedness are important for the evolution 

of sexual conflict more broadly. It also concurs with the findings of Le Page et al. 

(2017) in a second study species: for both D. melanogaster and C. maculatus, genetic 

relatedness and social context are important for mediating sexual conflict.  

The conclusion that both male relatedness and male familiarity are required to enhance 

female fitness is consistent across both egg and offspring production (although the latter 

is a better representation of a female’s genetic contribution to the next generation). The 

only difference occurred in the full dataset for egg production, when the interaction was 

marginally non-significant when the effect of male family was accounted for. As male 

family did not account for significant variation in this model, however, the model 

without accounting for male family (in which the interaction was significant) is the most 

parsimonious. In fact, while male family did explain significant variation in models 

analysing offspring production, in all models (except in the case of lifespan) the effect 

of female family was stronger than that of male family. This may be due to the fact that 

female body size, which is a heritable trait, explains much of the variation in female 

productivity in this species (Messina, 1993; Wilson & Tomkins, 2014, 2015). As an 

additional note, there was no effect of either male relatedness or familiarity on female 

lifespan, so the reduction in ‘harm’ seems to have had a direct influence on the 

reproductive rate of females rather than extending their opportunity to produce 

offspring. 

The most likely targets for plasticity in harmfulness in C. maculatus are pre-copulatory 

harassment, reproductive tract damage by genital spines, and the offset of damage by a 

large ejaculate (Crudgington & Siva-Jothy, 2000; Edvardsson, 2007; den Hollander & 

Gwynne, 2009; Ursprung et al., 2009; Rönn & Hotzy, 2012; Berger et al., 2016a), and 

future studies could directly compare these traits among treatments. While we did not 

do so in this study, we believe the most parsimonious explanation for changes in female 
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productivity under different male group structures is adjustments in male harmfulness. 

In this study, the reduction of harmfulness by males that were familiar with each other 

occurred only when males were also related. This combined effect of genetic 

relatedness and social context is consistent with the results of Le Page et al. (2017) for 

D. melanogaster.  The importance of familiarity may seem surprising given the life-

history of C. maculatus: males of this species attempt to mate almost immediately upon 

encountering a female, and will even attempt matings with dead females and other 

males if no live females are available (personal observations). Certainly there is little 

evidence for elaborate social interactions in this species. It should be noted, however, 

that male C. maculatus may not produce a viable spermatophore until 24 hours post-

eclosure (Beck, 2011), which is the time period in which familiar males were exposed 

to each other in our study. This premating period may be the time in which individuals 

gather social information via interactions with their neighbours and competitors. The 

fact that the effect of familiarity was dependent on relatedness suggests that there may 

be genetic cues by which males are able to assess kinship, but that additional cues 

enhance their ability to elicit an appropriate behavioural response. While there are 

examples of individual traits (recognition alleles or ‘greenbeards’) that provide a direct 

indication of genetic identity (Keller & Ross, 1998; Queller et al., 2003), kin 

recognition systems are more commonly discussed as belonging to one of two classes: 

self-referencing or phenotype-matching (Breed, 2014). 

In self-referencing kin recognition, individuals learn their own phenotype and assess 

kinship based on how similar the individuals they interact with are to themselves. Many 

arthropods use cuticular hydrocarbons (CHCs) for self-referential kin recognition 

(Sherman, 1991; Weddle et al., 2013; Breed, 2014), and this is a likely candidate for the 

recognition system of C. maculatus, given that this species does possess a CHC profile 

which may vary among individuals (Baker & Nelson, 1981). Phenotype-matching, on 
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the other hand, is a more probabilistic-based system which relies on a correlation 

between relatedness and spatial proximity. Under phenotype matching, individuals learn 

the phenotype of those around them and apply this ‘template’ to individuals 

encountered later in life to assess their likely kinship (Sherman, 1991; Mateo, 2004). 

This system is most effective in species with either low viscosity or parental care, since 

it relies on early familiarity with relatives to acquire the template. Phenotype-matching 

is generally considered to be the dominant form of kin recognition in vertebrates, but 

also occurs in invertebrates such as eusocial insects (Komdeur & Hatchwell, 1999; 

Breed et al., 2004; Tsutsui, 2004; Sharp et al., 2005; Breed, 2014; Griesser et al., 2015). 

Self-referencing, which could be seen as a more direct cue for relatedness (as long as 

the learned phenotypic cue has a genetic basis), and phenotype-matching, which relies 

on familiarity, are often discussed as alternatives for kin recognition. The fact that both 

relatedness and familiarity are necessary for plastic changes in male harmfulness in both 

C. maculatus (this study) and D. melanogaster (Le Page et al., 2017), however, suggests 

that a combination of these two mechanisms may be at work. 

When Hollis et al. (2015) found that familiarity, rather than relatedness, was the 

necessary condition for male D. melanogaster to reduce their harmfulness towards 

females, they considered this to be counter to Carazo et al.’s (2014) claim that kin 

selection favoured plastic adjustments in male harmfulness in response to competitor 

relatedness. Hollis et al. (2015) pointed out that their results could be interpreted 

without invoking kin selection, and instead suggested that previous interactions had 

allowed familiar males to establish a social hierarchy which reduced their 

competitiveness and harmfulness. This interpretation was based partly on the fact that 

dominance struggles amongst male D. melanogaster can reduce future aggression (Penn 

et al., 2010). Relatedness per se, however, has now been demonstrated as a necessary 

condition for enhancing female fitness in both D. melanogaster (Le Page et al., 2017) 
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and C. maculatus (this study) through its interaction with familiarity. It is possible that 

there are two effects at work: kin selected plasticity in response to relatedness and 

reduced aggression due to established social hierarchies. If these behavioural 

adjustments are too small individually to produce a change in female fitness, an 

interaction effect could plausibly result. The literature we are aware of, however, 

contains no documentation of social hierarchies established via dominance struggles in 

C. maculatus. Certainly we have never observed such interactions in our laboratory 

populations. Instead, we consider the most parsimonious explanation of our results to be 

that C. maculatus use familiarity as an additional cue for relatedness. 

Our results support the view that population structure and relatedness are important 

factors in the evolution of sexual conflict (Rankin, 2011; Pizzari & Gardner, 2012; 

Carazo et al., 2014, 2015; Faria et al., 2015; Pizzari et al., 2015; Le Page et al., 2017). 

Moreover, it has now been demonstrated in two different species that relatedness per se 

and social familiarity can both be important for modifying male behaviour (Le Page et 

al., 2017). As such, the expanding body of work into the inclusive fitness aspects of 

sexual conflict continues to offer new avenues for future research. For example, since 

social familiarity is apparently important for both C. maculatus (this study) and D. 

melanogaster (Carazo et al., 2014, 2015; Hollis et al., 2015; Le Page et al., 2017), it 

would be useful to know the stage(s) of the life cycle critical for acquiring familiarity 

cues. In our study, males were exposed to each other after emerging as adults, but in the 

D. melanogaster experiments familiar individuals were reared together as larvae 

(Carazo et al., 2014, 2015; Chippindale et al., 2015; Hollis et al., 2015; Martin & Long, 

2015). In C. maculatus, therefore, familiarity effects can result from adult-to-adult 

contact without the need for a shared rearing environment. Since different life stages 

have different levels of dispersal in C. maculatus and D. melanogaster, the stage at 
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which cues are acquired could influence the reliability of familiarity as a cue for 

relatedness. 

Given that within-generation changes in male harmfulness in response to competitor kin 

structure occur in both C. maculatus (this study) and D. melanogaster (Carazo et al., 

2014, 2015; Le Page et al., 2017), we might also expect long term differences in 

population structure to lead to evolutionary divergences in average male harmfulness 

(Faria et al., 2015). Addressing this question will require an experimental evolution 

approach. Łukasiewicz et al. (2017) have made an important first step down this path, 

finding that populations of the bulb mite Rhizoglyphus robini that were structured into 

groups of relatives evolved higher female reproductive outputs, partly due to male traits 

enhancing female fecundity. This is clearly an area that deserves further attention. In 

particular, it would be useful to know how restrictive the conditions are that result in 

these evolutionary divergences, and whether they can be expected to occur in nature. 

In conclusion, our study provides support for the idea that sexual conflict is influenced 

by population structure in a similar fashion to other social interactions, and that males of 

some species can plastically adjust their harmfulness in response to changes in 

competitor kin and social structure. We also demonstrate that both relatedness and 

familiarity are necessary for socially induced phenotypic plasticity in male harmfulness 

in C. maculatus, a result that has also recently been found in D. melanogaster (Le Page 

et al., 2017). Future work should consider the mechanisms of recognition, the stage at 

which familiarity cues are acquired, and the consequences of differences in population 

structure for long-term evolutionary divergences in male harmfulness. 
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Appendix 2.1 Supplementary Material 

This appendix includes: 

Supplementary Methods 

Supplementary Figures S2.1 to S2.4  
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Supplementary Methods: Husbandry of Stock Populations of Callosobruchus 

maculatus at the Centre for Evolutionary Biology, School of Biological Sciences, 

University of Western Australia 

The stock populations of C. maculatus maintained at the University of Western 

Australia (UWA) Centre for Evolutionary Biology (CEB) were originally sourced from 

the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in 2005. 

They are maintained at ambient laboratory conditions (22 to 24˚C) in plastic containers, 

and are supplied with V. unguilicata as a laying substrate and larval food source. Stock 

populations are typically composed of more than 1000 adults per generation. As 

population size varies depending on the amount of beans which are supplied, the size of 

the stock populations is increased prior to beginning experimental work by adding more 

beans. Every four to six weeks, each stock population is ‘refreshed.’ This process 

involves adding approximately 500 new beans in a small plastic container to each stock 

population. After one week, during which adult females lay eggs on these fresh beans, 

the new beans are removed to a separate plastic container and the old beans are disposed 

of by freezing. The new beans then compose the next generation of the stock 

population. 
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Supplementary Figure S2.1: Schematic of group formation in the Related/Familiar treatment. 

Each letter represents a family, and each number represents an individual. A1 to A9 are 

therefore nine full siblings from the A family, and likewise for B1 to B9 and C1 to C9. Each 

group of three individuals contained in a square represents a group of males in the 24 hours 

before a female was introduced (Pre Female) and for the remainder of the experiment after a 

female was introduced (Final). For this treatment, groups are identical before and after the 

introduction of a female. Although non-independence among groups is therefore potentially 

high, we are able to exactly specify this non-independence using a random “Family ID” effect 

(i.e. all groups with A individuals would receive the same Family ID, and likewise for B and C).  
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Supplementary Figure S2.2: Schematic of group formation in the Related/Unfamiliar 

treatment. Each letter represents a family, and each number represents an individual (see Figure 

S2.1). For this treatment, groups change from before to after the introduction of a female, but all 

individuals remain with other individuals from the same family. Once again, therefore, non-

independence among groups is potentially high but can be exactly specified.  
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Supplementary Figure S2.3: Schematic of group formation in the Unrelated/Familiar 

treatment. Each letter represents a family, and each number represents an individual (see Figure 

S2.1). Although no pair of groups share six full siblings, non-independence is still potentially 

significant since each individual in a pair of groups can have one full sibling in the other group 

in the pair. Because groups are identical before and after the introduction of a female, we can 

still specify the family effect by assigning each group a Family ID (note that the assumed 

relationships among groups would be identical whether this Family ID was based on the ‘first,’ 

‘second,’ or ‘third’ male in each group). This specification, however, is not quite consistent with 

that for the Related/Familiar and Related/Unfamiliar treatments. The group A1/B1/C1 is non-

independent from the group A2/B2/C2, but the degree of non-independence should not be as 

high as that between groups A1/A2/A3 and A4/A5/A6.  
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Supplementary Figure S2.4: Schematic of group formation in the Unrelated/Unfamiliar 

treatment. Each letter represents a family, and each number represents an individual (see Figure 

S2.1). In this schematic, you can see that each group in the Final section contains one random 

individual from each column of groups in the Pre-Female section. Because of this mixing 

process, Final groups can have varying levels of average relatedness. For example, all 

individuals in the group A1/D1/I1 (row one, column one) have one full sibling each in the group 

A5/D5/I5 (row five, column one). On the other hand, only one individual in the group A1/D1/I1 

has a full sibling in the group A7/E7/H7 (row seven, column one). This treatment therefore has, 

on average, the lowest degree of potential non-independence among groups. On the other hand, 

because of the mixing process and the difficulty of identifying individual males after they have 

been grouped, the non-independence in this treatment (which strictly speaking is not zero) 

cannot be exactly specified.  
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CHAPTER THREE: MALE RESPONSES TO SPERM COMPETITION WHEN 

RIVALS VARY IN NUMBER AND FAMILIARITY 

 

This chapter is presented as published in Proceedings of the Royal Society of London 

B: Biological Sciences, with minor changes to ensure consistency with the rest of my 

thesis. 

Citation: Lymbery, S.J., Tomkins, J.L. & Simmons, L.W. 2019 Male responses to 

sperm competition risk when rivals vary in number and familiarity. Proc. R. Soc. Lond. 

B Biol. Sci 286: 20182589. http://dx.doi.org/10.1098/rspb.2018.2589  
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3.1 Abstract 

Males of many species adjust their reproductive investment to the number of rivals 

present simultaneously. However, few studies have investigated whether males sum 

previous encounters with rivals, and the total level of competition has never been 

explicitly separated from social familiarity. Social familiarity can be an important 

component of kin recognition and has been suggested as a cue that males use to avoid 

harming females when competing with relatives. Previous work has succeeded in 

independently manipulating social familiarity and relatedness among rivals, but 

experimental manipulations of familiarity are confounded with manipulations of the 

total number of rivals that males encounter.  Using the seed beetle Callosobruchus 

maculatus we manipulated three factors: familiarity among rival males, the number of 

rivals encountered simultaneously, and the total number of rivals encountered over a 48-

hour period. Males produced smaller ejaculates when exposed to more rivals in total, 

regardless of the maximum number of rivals they encountered simultaneously. Males 

did not respond to familiarity. Our results demonstrate that males of this species can 

sum the number of rivals encountered over separate days, and therefore the confounding 

of familiarity with the total level of competition in previous studies should not be 

ignored.  
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3.2 Introduction 

Sexual conflict occurs when males and females have different fitness optima during 

reproduction (Arnqvist & Rowe, 2005; Parker, 2006). This can lead to the evolution of 

traits in males that enhance their own paternity share, but reduce the fitness of the 

females with whom they mate (Parker, 2006; Gay et al., 2011a; b, Berger et al., 2014, 

2016b; Wilson & Tomkins, 2014). Recent work in both the fruit fly Drosophila 

melanogaster (Carazo et al., 2014, 2015; Le Page et al., 2017) and the seed beetle 

Callosobruchus maculatus (Lymbery & Simmons, 2017) has demonstrated that when 

male relatedness and social familiarity are manipulated independently, females have 

higher fitness when grouped with males who are both related and familiar to each other. 

The effect of relatedness has been attributed to the inclusive fitness benefits of reducing 

harm, since when a male competes with his relatives there is a high probability that the 

females he mates with will mate with his relatives in the future (Pizzari & Gardner, 

2012; Pizzari et al., 2015). In both species, however, familiarity among males is also 

necessary for plastic responses in harmfulness. In both Lymbery and Simmons (2017) 

and Le Page et al. (2017), manipulations of familiarity are confounded with the total 

number of rivals to which males are exposed: males in ‘familiar’ treatments were 

exposed to fewer rivals in total than males in ‘unfamiliar’ treatments. The effect of 

familiarity is therefore open to multiple interpretations. 

 Lymbery and Simmons (2017) and Le Page et al. (2017) considered the most likely 

explanation for the importance of familiarity to be that it was used as an additional kin 

recognition cue, and suggested that males could only recognise kin if they were both 

genetically related and socially familiar. Since familiarity is an important cue for kin 

recognition in many species, this remains a valid interpretation of these results. In 

species that utilise phenotype-matching kin recognition, for example, individuals learn 
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the phenotype of those around them in the early stages of the life-cycle and apply this 

template to individuals encountered in later life to assess their likely kinship (Sherman, 

1991; Mateo, 2004). Because of the confounding of familiarity with the level of 

competition, one alternative explanation is that males in different familiarity treatments 

adjusted their reproductive expenditure in response to differing perceptions of sperm 

competition. 

Sperm competition theory predicts that males should invest more in their ejaculate when 

the risk of competition (defined as the probability that a focal male’s ejaculate will 

compete with the ejaculate(s) of any other males) is increased (Parker et al., 1996, 

1997). In contrast, as the intensity of sperm competition (defined as the number of 

ejaculates a focal male competes with, given that he competes with at least one other 

ejaculate) increases, males are predicted to invest less in their ejaculates because each 

additional unit of investment is worth less as the number of competing ejaculates 

increases (Parker et al., 1996; Engqvist & Reinhold, 2005). These theoretical 

predictions have received empirical support in several species (Gage & Baker, 1991; 

Pilastro et al., 2002; Evans et al., 2003; Simmons et al., 2007; Thomas & Simmons, 

2009; Bretman et al., 2010). Investment in the ejaculate and/or its transfer could in turn 

affect the degree of harm to females, since the level of harmfulness in D. melanogaster 

and C. maculatus is considered to be associated with insemination (Eady, 1995; 

Chapman et al., 2003; Liu & Kubil, 2003; Wigby & Chapman, 2005; den Hollander & 

Gwynne, 2009; Eady et al., 2011). Most previous studies on the response of males to 

changes in sperm competition risk and intensity have manipulated the number of rivals 

that males are exposed to simultaneously. An ability to sum the number of competitors 

presented sequentially has been demonstrated only in the mealworm beetle Tenebrio 

molitor, where males increase the duration of mate-guarding when exposed sequentially 

to four rivals over 20 minutes but not when exposed to the same rival for the entire 
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period (Carazo et al., 2012). It is the ability of males to sum rivals encountered 

sequentially that presents a potential problem for the interpretation of results in 

Lymbery & Simmons (2017) and Le Page et al. (2017). 

In Lymbery & Simmons (2017), we grouped a focal male in a ‘familiar’ treatment with 

two other males for 24 hours, and then with the same two males plus a single female. A 

focal male in an ‘unfamiliar’ treatment was grouped with two other males for 24 hours, 

and then with two different males plus a single female. This means that while each focal 

male was only ever grouped with two other males at once, in total over the entire period 

a focal male in a familiar treatment was exposed to two other males whereas a focal 

male in an unfamiliar treatment was exposed to four other males. Le Page et al. (2017) 

performed a slightly different procedure, in which males were kept in groups of 15. A 

‘familiar’ group was then formed by selecting three males from the same group of 15, 

while an ‘unfamiliar’ group was formed by selecting one male each from three groups 

of 15. A ‘familiar’ focal male was therefore exposed to 14 rivals in total, whereas an 

‘unfamiliar’ focal male was exposed to 16 rivals in total. The relative difference in the 

number of rivals is therefore lower in Le Page et al. (2017) than in Lymbery & 

Simmons (2017), and previous work has demonstrated that male D. melanogaster are 

insensitive to number of rivals once this number exceeds one (in other words they are 

sensitive to the risk but not the intensity of competition) (Bretman et al., 2010). The 

confounding of social familiarity with the level of competition may therefore be less 

problematic for Le Page et al. (2017) than for Lymbery & Simmons (2017), but in both 

studies the manipulation of ‘familiarity’ involved the manipulation of two different 

factors: social familiarity per se and the total number of rivals that focal males 

encountered. It is therefore possible that males in unfamiliar treatments assessed the risk 

and/or intensity of sperm competition to be higher, and this could alter their investment 

in reproduction. For example, if males assessed the intensity of competition to be lower 
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in ‘familiar’ treatments, they might increase their reproductive investment and produce 

larger ejaculates. If large ejaculates benefit females, as has been suggested for C. 

maculatus (Edvardsson, 2007; Ursprung et al., 2009; Harano, 2012), this change in 

ejaculate investment would be manifest as a difference in female fitness and male 

harmfulness. Pizzari et al. (2015) suggested that in some cases kin recognition 

mechanisms might be co-opted from existing responses to changes in the level of sperm 

competition, but social familiarity and the level of competition have yet to be explicitly 

separated in an experimental setting.  

We used C. maculatus to untangle the experimental manipulation of the level of 

competition and social familiarity. Males of this species harm females through pre-

copulatory harassment and with genital spines that puncture the female reproductive 

tract and enhance the uptake of accessory seminal fluids (Crudgington & Siva-Jothy, 

2000; Rönn et al., 2007; den Hollander & Gwynne, 2009; Hotzy & Arnqvist, 2009; 

Berger et al., 2016a; Dougherty et al., 2017). Males also produce large ejaculates that 

may partially offset these costs of copulation, possibly by providing females with an 

‘ejaculate gift’ in the form of supplementary water (Edvardsson, 2007; Ursprung et al., 

2009; Harano, 2012). Previous work on this species has demonstrated a response to 

manipulations in the competitive environment, with males adjusting their mating 

expenditure in response to the presence of rivals (van Lieshout et al., 2014a; Wilson et 

al., 2014). Using ejaculate size as a measure of investment in reproduction, we tested 

whether C. maculatus males sum the number of rivals encountered across separate time 

periods, and also whether males respond to changes in familiarity when this effect is 

separated from the total number of rivals. We manipulated three factors: i) the 

maximum number of rival males encountered at any one time; ii) the total number of 

rivals males encountered over an extended time period; and iii) familiarity of rivals per 

se. Since the effect of relatedness is not confounded with the level of competition in 
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previous studies, we did not manipulate genetic relatedness among males. If males 

adjusted their investment with the level of competition but were unable to sum males 

across separate time periods, we predicted that ejaculate size would differ according to 

the maximum number of rivals encountered at one time but not to the total number of 

rivals encountered across time. If, on the other hand, males were able to sum the number 

of rivals encountered across time periods we predicted that ejaculate size would differ 

according to the total number of rivals encountered. If rival familiarity also affects 

ejaculate expenditure independently of the level of competition, we predicted that 

ejaculate size would differ according to familiarity treatments. 

3.3 Materials and Methods 

(a) Study Species 

Callosobruchus maculatus seed beetles are a global stored product pest and a model 

species for studies of sexual selection and sexual conflict. Females lay eggs on beans, 

usually Vigna sp., and larvae burrow into the bean where they feed and complete their 

development into adult beetles (this takes approximately three weeks at 28°C, the 

temperature regimen for this study). All the nutrients required for the beetles to 

complete their life-cycle are acquired from the beans as larvae – adults are facultatively 

aphagous. The species has a relatively high reproductive rate, with females frequently 

laying 60 to 80 eggs each over their lifetime. They are capable of breeding 24 hours 

after eclosion, and exist in high-density populations where encounters with competitors 

and potential mates are near constant (Southgate, 1979; Beck, 2011; Souza et al., 2011; 

Wilson et al., 2014). As with most laboratory experiments on model species, the design 

used in this study does not entirely reflect the conditions experienced in nature. On the 

other hand, males are almost certain to encounter multiple competitors over their 
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reproductive lifetime and the species is therefore a good candidate for testing the ability 

to sum rivals who are separated in time. 

(b) Experimental Design 

Experimental beetles were sourced from the stock populations of Callosobruchus 

maculatus at the University of Western Australia (UWA). For details regarding the 

UWA stock populations see (Wilson & Tomkins, 2014, 2015; Wilson et al., 2014; 

Lymbery & Simmons, 2017). Fresh black-eyed beans (Vigna unguilicata) were 

introduced to the stock populations. Once eggs had been laid on these beans, 600 beans 

containing larvae were isolated into 1.5mL Eppendorf tubes and incubated at 28˚C. 

Once adults began to emerge, 250 unmated males and 250 unmated females were 

isolated over a period of three weeks. Relatedness was random (and assumed to be zero) 

among all experimental individuals. 

We manipulated three factors with two treatments each. First, the maximum number of 

rivals that males were exposed to at any one time (Simultaneous: two or four). Second, 

the total number of rivals that males were exposed to over 48 hours (Total: two or four). 

Third, whether or not the rivals that males encountered immediately prior to being 

paired with a female were already familiar to him (Familiarity: familiar or unfamiliar). 

The five logically possible combinations of our three factors were included in our 

design (Figure 3.1): (i) Simultaneous = Two / Total = Two / Familiar (n = 43); (ii) 

Simultaneous = Two / Total = Four / Unfamiliar (n = 36); (iii) Simultaneous = Four / 

Total = Four / Familiar (n = 49); (iv) Simultaneous = Two / Total = Two / Unfamiliar (n 

= 42); and (v) Simultaneous = Four / Total = Four / Unfamiliar (n = 50). Each male 

underwent two separate but consecutive 24-hour periods of exposure to rivals before 

being paired with a female. In the first 24-hour period, a male was housed in a 1.5 mL 

Eppendorf tube with zero, two or four rivals. In the second 24-hour period, a male was 
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housed with two or four rivals. See Figure 3.1 for a full description of this procedure 

and the resulting combinations of the three factors. 
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Figure 3.1 The procedure used to manipulate the three factors in our experiment: the maximum 

number of rivals that males were exposed to at once (Simultaneous: two or four); the total 

number of rivals that males were exposed to over 48 hours (Total: two or four); and whether or 

not the rivals that males encountered in the second 24 hours were familiar to him (Familiarity: 

familiar or unfamiliar). Male (♂) Callosobruchus maculatus seed beetles were exposed to rivals 

in two separate but consecutive 24-hour periods. In the first 24 hours, males were exposed to 

zero (♂a), two (♂a ♂b ♂c) or four (♂a ♂b ♂c ♂d ♂e) rivals. In the second 24 hours, males were 

also exposed to two or four rivals. The rivals encountered in the second 24 hours could be either 

the same (familiar) or different (unfamiliar) to those encountered in the first 24 hours. After 

these periods of exposure, each male was paired with a single random female (♀). Vertical lines 

between individuals indicate isolation. Possible combinations were: (A) Simultaneous = Two, 

Total = Two, Familiar (n = 43); (B) Simultaneous = Two, Total = Four, Unfamiliar (n = 36); (C) 

Simultaneous = Four, Total = Four, Familiar (n = 49); (D) Simultaneous = Two, Total = Two, 

Unfamiliar (n = 42); and (E) Simultaneous = Four, Total = Four, Unfamiliar (n = 50). The 

remaining three combinations were not logically possible. Combinations are separated by 

dashed horizontal lines. 
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After the two 24-hour periods of exposure were complete, each male was paired with a 

random female of the same age. Males were weighed before and after each mating, and 

ejaculate weight was calculated as male weight post-mating subtracted from male 

weight pre-mating (Savalli & Fox, 1999; Edvardsson & Tregenza, 2005). All data were 

collected blind with respect to treatment: when males were isolated prior to pairing, they 

were labelled with individual sample codes with no indication of treatment, and samples 

were matched to treatments and groups after data collection. 

(c) Statistical Analyses 

All statistical analyses were performed in R (R Development Core Team, 2013). We 

modelled male ejaculate weight in terms of Simultaneous number of rivals, Total 

number of rivals and Familiarity among rivals. A preliminary analysis indicated that 

there was no significant difference in male weight at the time of mating among 

Simultaneous treatments (F1,216 = 1.59, p = 0.67), and non-significant differences among 

Total (F1,216 = 3.67, p = 0.057) and Familiarity (F1,216 = 2.81, p = 0.095) treatments. We 

nevertheless included male weight (centred by subtracting the mean and dividing by the 

standard deviation) as a covariate in our analyses, to account for the possibility that 

males in some treatments may have suffered a greater loss of condition than in others or 

may have been smaller by chance alone. Because males were grouped together during 

exposure to rivals, males who were grouped in the same Eppendorf might not represent 

truly independent samples. ‘Group’ was included as a random factor in the analyses to 

account for this possible source of non-independence (number of groups = 71). One 

potential problem with this method of accounting for the effect of Group is that males in 

‘familiar’ treatments were in the same ‘group’ in both the first and second 24-hour 

period whereas males in ‘unfamiliar’ treatments were not. This, however, is the very 

nature of our manipulation of ‘familiarity’ and these cannot, unfortunately, be 
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disentangled. The inclusion of Group based on the second 24-hours is the best available 

method of accounting for this. 

Ejaculate weight was analysed using linear mixed models (LMMs) with Gaussian error 

distribution, implemented in the lme4 R package (Bates et al., 2015). As there was only 

one possible combination of factors in which Simultaneous and Total had different 

values, it was not possible to include a Simultaneous-by-Total interaction in the model. 

Homoscedasticity and normality of residuals were assessed using residual plots. The 

initial model conformed to homoscedasticity, but the residuals were not normal. 

Possible data transformations were explored using an optimal exponent function, which 

identifies the appropriate exponent to which data should be raised to maximize a given 

model’s probability of passing Shapiro-Wilk’s test for normality of residuals (van 

Lieshout pers comm 2013). None of the possible exponents, however, were able to 

correct the non-normality of residuals in this case. After the removal of six outliers, all 

of which were more than 1.5 times the interquartile range outside of the expected values 

for ejaculate weight, the data conformed to the assumptions of both homoscedasticity 

and normality of residuals. Final sample sizes after the removal of outliers and those 

pairs that failed to mate are provided in Figure 3.1. The significance of each term was 

assessed using analysis of deviance likelihood ratio tests (LRTs), comparing models 

with and without each effect. According to Pinheiro and Bates (2000), the reported p-

value of single random effects using this method is twice as large as the actual p-value. 

We therefore halved the p-values for testing the significance of Group. 

One potential problem with our design was that, for some combinations, males in 

‘unfamiliar’ treatments spent less total time with rivals than males in ‘familiar’ 

treatments (Figure 3.1). In male D. melanogaster the absolute time spent with rivals, 

rather than the number of rivals encountered, determines reproductive investment 

(Bretman et al., 2010). While there is no indication that this is the case for C. 
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maculatus, we addressed this problem with a post-hoc comparison of ejaculate weight 

between the combination Simultaneous = Two / Total = Two / Familiar (Figure 3.1A) 

and the combination Simultaneous = Two / Total = Two / Unfamiliar (Figure 3.1D). 

These two combinations were identical for the Simultaneous and Total factors, and the 

difference in Familiarity was achieved by manipulating the time spent with rivals 

(Figure 3.1). If there was a significant difference in ejaculate weight between these two 

combinations, but not an overall effect of Familiarity in our main analyses, this may 

have indicated that the time spent with rivals is important for investment in C. 

maculatus. 

3.4 Results 

Group explained significant variance in the model and was retained (χ2
1 = 8.94, p = 

0.0014). All interactions involving centred Male Weight were non-significant (Male 

Weight by Familiarity: χ2
1 = 0.14, p = 0.71; Male Weight by Simultaneous: χ2

1 = 0.23, p 

= 0.63; Male Weight by Total: χ2
1 = 0.51, p = 0.47). The main effect of Male Weight, 

however, was significant (χ2
1 = 36.28, p < 0.0001): larger males produced larger 

ejaculates. The Familiarity-by-Simultaneous interaction (χ2
1 = 0.20, p = 0.66) and the 

Familiarity-by-Total interaction (χ2
1 = 0.20, p = 0.66) were non-significant and were 

removed. The main effects of Simultaneous (χ2
1 = 3.79, p = 0.11) and Familiarity (χ2

1 = 

2.74, p = 0.098) were non-significant, but the main effect of Total was significant (χ2
1 = 

5.84, p = 0.016). Males exposed to four rivals in total produced smaller ejaculates than 

males exposed to two rivals in total (Figure 3.2). 
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Figure 3.2 Mean (± standard error) ejaculate weight of focal male Callosobruchus maculatus 

when mating with single females, after exposure to either two or four rivals over two separate 

but consecutive 24-hour periods prior to mating. Mean ejaculate weights are shown for; (a) 

focal males exposed to a maximum of two or four rivals at once, (b) focal males exposed to two 

or four rivals in total over 48 hours, and (c) focal males exposed to familiar or unfamiliar rivals 

in the second 24-hour period of exposure. 
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We conducted a post-hoc contrast to determine whether the amount of time exposed to 

rivals might contribute to our results. There was no significant difference detected in a 

comparison of the combination Simultaneous = Two / Total = Two / Familiar and the 

combination Simultaneous = Two / Total = Two / Unfamiliar (χ2
1 = 1.96, p = 0.16), 

where males in the latter treatment would have spent less time exposed to rivals. 

3.5 Discussion 

We found that male C. maculatus adjusted their ejaculate size in response to the number 

of rivals they were exposed to prior to mating: after accounting for the fact that larger 

males produced larger ejaculates, males produced smaller ejaculates when exposed to 

four rivals than when exposed to two rivals. Importantly, differences in ejaculate size 

were affected by the total number of rivals to which focal males were exposed over a 

48-hour period rather than the number of rivals present at any given time. Males did not, 

however, respond to differences in social familiarity when it was experimentally 

separated from the total number of rivals. Given that males can sum the number of 

rivals they encounter across time periods, we suggest that experimental manipulations 

of familiarity can be confounded with the perceived level of competition. It is therefore 

possible that the suggested role of ‘familiarity’ in sexual conflict reported in previous 

studies (Le Page et al., 2017; Lymbery & Simmons, 2017) could instead be driven by 

male adjustments in ejaculate expenditure in response to sperm competition. 

The fact that males respond to changes in the competitive environment by adjusting 

ejaculate size is consistent with theoretical predictions and empirical evidence from 

other species (Parker et al., 1996, 1997; Pilastro et al., 2002; Evans et al., 2003; 

Engqvist & Reinhold, 2005; Simmons et al., 2007; Bretman et al., 2009, 2010; Thomas 

& Simmons, 2009). Wilson et al. (2014) demonstrated that C. maculatus males respond 

to the presence of rivals by beginning ejaculate transfer sooner. In our experiment, 
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males transferred smaller ejaculates when they were exposed to a total of four rivals 

than when exposed to a total of two rivals. This suggests that the manipulation of the 

number of rivals was perceived by males as a change in the intensity of competition 

rather than risk, since males are expected to increase their investment with elevated risk 

but reduce their investment with elevated intensity (Parker et al., 1996, 1997; Engqvist 

& Reinhold, 2005; Simmons et al., 2007). Our results therefore provide an alternative 

interpretation for the role that social familiarity played in the interaction effects on 

female fitness reported by Lymbery & Simmons (2017) and Le Page et al. (2017). In 

Lymbery & Simmons (2017), male familiarity enhanced female fitness if males were 

also related to each other, but a male in a ‘familiar’ treatment was also exposed to fewer 

competitors in total. In the current study, we found that males exposed to fewer 

competitors in total produced larger ejaculates. If large ejaculates are positively 

associated with female fitness, therefore, male strategic ejaculations in response to the 

level of sperm competition could explain the role of familiarity in the interaction effect 

on female fitness in Lymbery & Simmons (2017). 

South & Lewis (2011) found a positive effect of ejaculate size on lifetime fitness of 

females in Coleoptera generally, and Rönn et al. (2008) found that females benefited 

from larger ejaculates across species within the Callosobruchus genus. Edvardsson & 

Canal (2006) found a positive effect of copula duration on female fecundity in C. 

maculatus, with copula duration also being positively associated with ejaculate size. It 

has been suggested that large ejaculates in C. maculatus may partially offset the costs of 

copulation by providing water, and females mate more frequently when deprived of an 

external water source in both C. maculatus and C. chinensis (Edvardsson, 2007; 

Ursprung et al., 2009; Harano, 2012; Bretman et al., 2013). Recent work from Iglesias-

Carrasco et al. (2018), however, suggested that water availability alone could not 

explain beneficial effects of the ejaculate. We did not directly measure female fitness in 
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this study, which was primarily designed to test whether or not males of this species 

could add the number of competitors encountered across separate time periods. We 

demonstrated that male C. maculatus possess this ability, and it would therefore be 

useful to extend the current study to more definitively relate ejaculate size to female 

fitness under these conditions. Given that D. melanogaster males also adjust their 

ejaculates in response to the sperm competition environment (Bretman et al., 2009, 

2010, 2011, 2012, 2017; Rouse et al., 2018), further work in that system is required to 

decipher whether males truly adjust their harm to females in response to familiar males, 

or whether the effects observed reflect male responses to sperm competition. 

The vast majority of previous studies on responses to the risk and intensity of sperm 

competition have manipulated the competitive environment by changing the number of 

rivals present at the time of mating. Exceptions include Bretman et al. (2010), where the 

authors varied the age at which males were exposed to rivals prior to mating, and 

Carazo et al. (2012), who demonstrated a response to the number of rivals presented 

sequentially in male T. molitor over a 20 minute period immediately prior to mating. 

Our experiment provides a novel demonstration of the ability of males to sum different 

individuals encountered across separate days when assessing the level of competition 

and is therefore an important contribution to the study of the role of memory in 

controlling responses to the social and competitive environment. Bretman et al. (2010) 

investigated the form of memory that controlled strategic ejaculation in D. 

melanogaster, and found that males must be exposed to rivals for a minimum of 24 

hours to produce a plastic response in copula duration and ejaculate size. Rouse & 

Bretman (2016) also demonstrated that males continue to respond to a rival’s presence 

for up to 12 hours after separation. Based on the results of our study, C. maculatus 

males appear to respond to the presence of rivals encountered more than 24 hours 

previously. Rouse et al. (2018) found that in D. melanogaster plastic responses to the 
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competitive environment are controlled by a form of long-term anaesthesia-sensitive 

memory which depends on neural circuitry similar to simple associative learning. 

Outside D. melanogaster, Lyons & Barnard (2006) also demonstrated associative 

learning in relation to sperm competition in the cricket Gryllus bimaculatus. Further 

studies investigating whether such mechanisms control responses in C. maculatus (and 

other species in which such plastic male behaviours have been documented) would be 

of value. 

One potential problem with our experimental design was that in two of the three 

‘unfamiliar’ treatment combinations focal males were not exposed to any rivals for the 

first 24-hour period, and the total duration of exposure time was lower than in other 

treatment combinations. In D. melanogaster the absolute length of exposure time, rather 

than the number of rivals, can determine strategic adjustments in ejaculate expenditure 

(Bretman et al., 2010). We are not aware of any evidence that this is the case for C. 

maculatus, and since familiarity had no significant effect in either our overall analysis 

across all combinations or in our post-hoc comparison designed to test the effect of 

exposure time, this potential confounding factor is unlikely to be problematic. The total 

length of time that males are grouped with other males could also affect their condition 

and therefore their ability to invest in the ejaculate. However, we found no significant 

difference in pre-mating body weight (a proxy for male condition) due to our social 

manipulations, and we also accounted for this possible source of variation by including 

male weight as a covariate. 

It is also possible that males did not respond to our manipulation of familiarity because 

24-hours is not sufficient time for males to become socially familiar. A 24-hour 

window, however, was also the time period used to establish familiarity in Lymbery & 

Simmons (2017), so this does not detract from the ability of the current study to 

comment on previous experimental designs. Furthermore, Lymbery & Simmons (2017) 
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pointed out that male C. maculatus may not produce a viable spermatophore until 24 

hours post-eclosure (Beck, 2011), and the 24-hour period before their first mating may 

be the time in which individuals gather social information via interactions with their 

neighbours and competitors. 

In conclusion, we have demonstrated that male C. maculatus adjust their investment in 

reproduction according to the total number of rivals they encounter over time, but not 

the maximum number encountered at one time. They are therefore able to sum 

encounters with rivals that are not present simultaneously. By separating ‘familiarity’ 

into its distinct factors, we also provide evidence that the perceived level of sperm 

competition is confounded with (and could potentially explain) the effect of familiarity 

in previous studies. Future work could extend this experimental design to determine the 

fitness effects for females of male adjustments to their ejaculate, and investigate 

whether other species that respond to the strength of sperm competition are able to sum 

encounters with rivals across separate time periods.  
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CHAPTER FOUR: GUSTATORY CUES TO MALE KINSHIP MODERATE 

FEMALE PRODUCTIVITY 

 

This chapter is presented as accepted for publication (pending minor revisions) in 

Behavioral Ecology, with minor changes to ensure consistency with the rest of my 

thesis. 
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4.1 Abstract 

Males of many species harm females as a by-product of intrasexual competition, but 

this harm can be reduced if males are less competitive in the presence of familiar 

relatives. We determined the cue males use to identify competitors in this context. We 

assessed genetic variance in a putative kin recognition trait (cuticular hydrocarbons) in 

male seed beetles Callosobruchus maculatus and found that five hydrocarbons had 

significant components of additive genetic variance and could serve as relatedness cues. 

Next, we tested whether hydrocarbons were the mechanism males use to distinguish the 

social identities of competitors when strategically adjusting their 

competitiveness/harmfulness. Pairs of female and male C. maculatus were mated in the 

presence of hydrocarbons extracted from males that differed in their relatedness and 

familiarity to the focal male. Females were more productive after mating in the presence 

of extracts from the focal male’s non-relatives, if those extracts were also unfamiliar to 

the focal male. Relatedness had no effect on productivity when extracts were familiar to 

the focal male. These results may be reconciled with those of previous studies that 

manipulated the relatedness and familiarity of competing males if the difference 

between the effect of harmfulness on productivity following a single mating and the 

effect on lifetime reproductive fitness after multiple matings is accounted for. This 

study is also a novel demonstration of the mechanism of social recognition in the 

moderation of sexual conflict.  
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4.2 Introduction 

Sexual conflict occurs when males and females have different fitness optima during 

reproduction (Arnqvist & Rowe, 2005; Parker, 2006), and can lead to the evolution of 

traits that enhance the personal reproductive success of males but reduce the fitness of 

females and the productivity of populations (Parker, 2006; Gay et al., 2011a; b, Berger 

et al., 2014, 2016b; Wilson & Tomkins, 2014). Recently, it has been found that males 

adjust their harmfulness towards females in response to changes in the social 

environment (Pizzari & Gardner, 2012; Carazo et al., 2014, 2015; Hollis et al., 2015; 

Pizzari et al., 2015; Le Page et al., 2017; Lymbery & Simmons, 2017). For example, 

relatedness and familiarity among competing males are important for female 

reproductive success in both the fruit fly Drosophila melanogaster (Carazo et al., 2014, 

2015; Le Page et al., 2017) and the seed beetle Callosobruchus maculatus (Lymbery & 

Simmons, 2017). In both these species, harm to females is considered to be a by-product 

of competition among males (pleiotropic harm hypothesis), and from this perspective 

the reduction in harm in certain social environments can be interpreted as a consequence 

of relaxed competition (Morrow et al., 2003; Hotzy & Arnqvist, 2009; Rönn & Hotzy, 

2012). The importance of relatedness for this response has been attributed to changes in 

inclusive fitness payoffs when competing with relatives versus non-relatives (Pizzari & 

Gardner, 2012; Pizzari et al., 2015; Le Page et al., 2017; Lymbery & Simmons, 2017), 

but the cue males use to assess the social identities of their competitors in this context is 

unknown. 

Although recognition cues will vary with species, cuticular hydrocarbons (CHCs) are 

likely candidates for insects. These chemicals occur on arthropod exoskeletons and are 

used by many species in desiccation resistance and mate assessment (Blows & Allan, 

1998; Thomas & Simmons, 2009; Chenoweth & Blows, 2015; Berson & Simmons, 
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2018). Because they can vary with genetic relatedness, CHCs are also used by some 

species in self-referencing kin-recognition in which individuals learn their own 

phenotype and assess kinship based on their similarity to others (Sherman, 1991; 

Dronnet et al., 2006; Thomas & Simmons, 2008; Weddle et al., 2013; Breed, 2014). 

CHCs can also vary with environmental factors (Boomsma et al., 2003; Hine et al., 

2004; Chenoweth & Blows, 2015) and may be important for phenotype-matching kin 

recognition in which individuals learn the phenotype of those around them and compare 

this template to other individuals encountered later in life (Sherman, 1991; Mateo, 

2004). We tested whether CHC cues moderate sexual conflict in C. maculatus. 

Callosobruchus maculatus males harm females via pre-copulatory harassment and 

genital spines. These spines wound the female reproductive tract and are thought to 

enhance the uptake of accessory seminal fluids (Crudgington & Siva-Jothy, 2000; Rönn 

et al., 2007; den Hollander & Gwynne, 2009; Hotzy & Arnqvist, 2009; Yamane et al., 

2015; Dougherty & Simmons, 2017; Dougherty et al., 2017). Males of this species harm 

females less when they compete with familiar relatives (Lymbery & Simmons, 2017), 

and C. maculatus possess distinct CHC profiles, which vary among individuals (Baker 

& Nelson, 1981). We assessed the potential for CHCs to act as kin recognition cues by 

calculating the genetic contribution to variation in the CHC profiles of males. 

By pairing females and males in the presence of CHCs extracted from individuals that 

differed in their relatedness and familiarity to focal males, we also tested whether CHCs 

are the recognition cues males use when strategically adjusting their competitiveness 

and consequently the harm inflicted on females. In Lymbery and Simmons (2017), each 

female was kept with a group of multiple males that were allowed to mate with her over 

her entire lifetime. Under these circumstances, groups of more competitive males are 

predicted to reduce the lifetime reproductive success of females (Crudgington & Siva-
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Jothy, 2000; Rönn et al., 2007; den Hollander & Gwynne, 2009; Berger et al., 2016a). 

In the current study, by necessity, females were mated once with a single male before 

pairs were separated. Since harmfulness in this species is understood to be a side-effect 

of competitive male traits that either directly deter competitors (harassment during mate 

competition) or prompt females to invest more in the current reproductive event 

(increasing the uptake of accessory seminal fluids), the consequences of mating once 

with a single more competitive male are expected to differ dramatically from the 

consequences of coexisting with multiple competitive males over the entire lifetime of 

the female (Eady 1994a,b; Crudgington and Siva-Jothy 2000; den Hollander and 

Gwynne 2009; Hotzy and Arnqvist 2009; but see Rönn and Hotzy 2012). Specifically, 

we might expect an increase in female productivity in the former situation, but a 

decrease in the potential maximum lifetime fitness of females in the latter. 

By combining the two approaches described above, this study presents the first 

comprehensive analysis of a recognition cue that has the potential to moderate sexual 

conflict. If CHCs do operate as this cue, we expect: (i) that there will be significant 

additive genetic variance in the CHC profiles of males; and (ii) that males exposed to 

unrelated and/or unfamiliar CHC extracts during mating will prompt an increase in 

female productivity following a single mating due to their increased investment in 

competitive behaviour. 

4.3 Materials and Methods 

(a) Quantitative Genetic Analysis 

Callosobruchus maculatus were sourced from stock populations at the University of 

Western Australia (UWA), which were originally obtained from the Commonwealth 

Scientific and Industrial Resource Organization in 2005. They have since been 
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maintained at ambient laboratory conditions (22 to 24˚C) in plastic containers, with 

black-eyed beans (Vigna unguilicata) as laying substrate and larval food source. For 

more details see Wilson & Tomkins (2014, 2015) and Lymbery & Simmons (2017). 

Stock cultures were supplied with fresh beans as a laying substrate, and after four days 

500 beans with eggs were isolated into individual 1.5 ml Eppendorf tubes. One hundred 

and fifty unmated females and 50 unmated males were isolated as they emerged to form 

the parental generation. 

A standard full-sib / half-sib breeding design was employed. Each sire was mated with 

one dam per day over three days. After mating, dams were placed in individual plastic 

vials with 40 beans each. After two weeks, beans with single eggs were isolated into 

individual 1.5 ml Eppendorf tubes. Adults were isolated as they emerged to form the F1 

generation. The full-sib / half-sib design was then repeated to form a pedigree. One 

male from each F1 full-sib family was mated with three F1 females each (females were 

unrelated to the male they mated with and to the other females with which that male 

mated). After mating, females were isolated into individual plastic vials with 40 beans 

each, beans were isolated after two weeks, and offspring were collected as they emerged 

to form the F2 generation. The resulting pedigree encompassed a range of relatedness 

(𝑟) values, from full sibs (𝑟 = 0.5) to cousins (𝑟 = 0.125) and non-relatives (𝑟 = 0). 

The pedigree contained all individuals from all generations of the breeding design, with 

each individual assigned a sire and a dam (‘0’ for individuals from the parental 

generation). 

Two F2 males from each F1 dam family were frozen as soon as they emerged. Each 

male was immersed in 1 ml of hexane in a glass vial for five minutes. Beetles were 

removed, and hexane extracts were stored at -8˚C. 1 μL of each extract was injected into 

a gas chromatograph and mass spectrometer (GCMS; model QP2010, Agilent 20 x 0.15 

mm column) at the UWA Centre for Microscopy Characterization and Analysis. The 
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temperature profile was from 40˚C (held for 1.5 min) to 240˚C at 20˚C / min, held at 

240˚C for 1 min, from 240˚C to 300˚C at 5˚C / min, and held at 300˚C for 10 min 

(Baker & Nelson, 1981). Blank hexane samples were also injected into the GCMS to 

identify contaminants. In total, extracts from 326 individuals were analysed. 

Peak analysis was performed in GCMSsolution Postrun Analysis. See Supplementary 

Figure S1 for an example chromatogram. CHCs from each sample were identified 

(contaminants were removed by comparison to blank hexane samples) and matched 

across samples by comparison of retention times and spectrograms of peaks. For each 

individual, we divided the area of each peak by the sum of all peak areas in the CHC 

profile (Supplementary Table S4.1) and retained the 20 peaks that contributed 1% or 

more of the total peak area across all individuals for downstream analysis. The identities 

of CHCs were not central to the questions investigated in this study, but closest matches 

for peak identities were estimated based on retention times and molecular weights. 

The additive genetic component for each compound was assessed using a mixed effects 

animal model, which calculated a matrix of relatedness among all individuals using the 

information from the pedigree (Wilson et al., 2010). The inverse relatedness matrix 

calculated from the pedigree was included as a random effect in the animal model 

(Wilson et al., 2010). To account for possible maternal effects, we also included 

‘mother’ as a random factor in the model. The animal model was implemented using 

ASreml-R V3 (Gilmour et al., 2009). We assessed whether each factor explained 

significant variance in relative peak area using analysis of deviance likelihood ratio tests 

(LRTs) comparing models with and without each factor. Following the methods of 

Pinheiro and Bates (2000), we halved the reported p-values for testing the significance 

of single random effects using this method (i.e. for testing the effect of mother). All 

statistical analyses were performed in R (R Development Core Team, 2013). 
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Because the blend of CHC compounds on an individual is a multivariate phenotype, we 

also performed a principal components analysis (PCA) on the peak data. Proportional 

peaks were calculated by dividing the relative area of each peak by the relative area of 

an arbitrarily chosen peak that was present in all individuals (Peak 47), and the non-

independence of these scores was accounted for by calculating log contrasts (log10(1 + 

x) to allow for zeroes in the data) for each proportional peak (Thomas & Simmons, 

2008). We constructed the matrix of correlations among log-contrast scores and 

calculated the determinant, assuming that correlations were not a problem for the PCA 

if the determinant was greater than 0.00001 (Field et al., 2013). When all peaks were 

included, the determinant was less than 0.00001 (determinant = 0.00000091). Following 

the recommendation of  Field et al. (2013), we removed the three peaks that were most 

commonly involved in the highest correlation scores (peaks 41, 37 and 18). After the 

removal of these three peaks, the determinant was greater than 0.00001 (determinant = 

0.00061). The PCA was performed on the remaining log-contrast scores. Principal 

components (PCs) with eigenvalues greater than one (PC1 to PC6) were retained for 

downstream analysis. We used the animal model to calculate h2 and CVa and to assess 

the genetic component of variation for each of these PCs. The significance of each term 

in the animal model was assessed using LRTs. We also calculated correlations between 

each peak and PC1 to PC6 (Supplementary Table S4.2), assuming that correlations 

greater than 0.7 times the largest correlation score for that PC were significant (Mardia 

et al., 1979). 

(b) Behavioural Assay 

Five hundred beans containing larvae were isolated from the stock populations. Beans 

were placed in individual 1.5 ml Eppendorf tubes and incubated at 28˚C, and 250 

unmated males and 250 unmated females were isolated on the days of their emergence. 
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Twenty four hours after emergence, each female was paired with a random male of the 

same age, and each pair was placed in an individual 440 mL plastic container with 50 

beans as a laying substrate. After two weeks, beans containing larvae from each female 

were isolated into individual Eppendorf tubes. Individuals from this second generation 

were isolated on their days of emergence such that from each of 200 families at least 

one unmated female and three unmated males were available for experimental pairings. 

One male from each family was randomly selected as a focal male, and the other two 

males were selected as ‘CHC donors’ and frozen immediately. Each focal male was 

randomly assigned to one of four treatment combinations: Related/Familiar, 

Related/Unfamiliar, Unrelated/Familiar or Unrelated/Unfamiliar. After 24 hours, CHCs 

were extracted from donors by immersing them in 0.2 mL of hexane in 1 mL glass 

vials. Once the hexane had evaporated, the bodies of the donors were removed from the 

vials. Focal males were exposed to two rounds of CHC extracts over 48 hours according 

to their treatment combination, by placing them in the vials containing the extracts 

(Table 4.1). Familiarity was manipulated by exposing focal males to either the same 

(Familiar) or different (Unfamiliar) extracts during the first and second 24-hour 

exposures. During the second 24-hour exposure, focal males were allocated a single 

unmated female. Females were selected at random, with the restriction that they were 

always unrelated to the focal male and donors in their group, and a Monte Carlo 

simulation-based Aylmer test confirmed that females from each family were distributed 

randomly across treatments (simulated p > 0.99). We nevertheless included Female 

Family as a random factor in our analyses to account for the fact that multiple females 

from the same family were sometimes paired with different males. We included Female 

Family instead of female body size despite the fact that body size explains much of the 

variation in female fecundity in this species, because body size varies systematically 
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with family and the effect of family also captures additional sources of genetic variation 

in fecundity (Messina, 1993; Wilson & Tomkins, 2014, 2015).  
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Table 4.1 Exposure procedure for male Callosobruchus maculatus to cuticular hydrocarbon 

(CHC) extracts from full-sibs and non-relatives prior to and during mating with females. 

Females were always unrelated to focal males and CHC donors. For treatments in which focal 

males were exposed to extracts from two different CHC donors, these CHC donors were always 

from the same full-sib family as each other. 

Treatment Combination First 24 Hours Second 24 Hours 

 

 

Related / Familiar 

 

Focal Male + 

CHC Extract from Full Sib A 

 

Focal Male + 

CHC Extract from Full Sib A + 

Female 

 

Related / Unfamiliar Focal Male + 

CHC Extract from Full Sib A 

Focal Male + 

CHC Extract from Full Sib B + 

Female 

 

Unrelated / Familiar Focal Male + 

CHC Extract from Non-Relative A 

Focal Male + 

CHC Extract from Non-Relative A + 

Female 

 

Unrelated / Unfamiliar Focal Male + 

CHC Extract from Non-Relative A 

Focal Male + 

CHC Extract from Non-Relative B + 

Female 

 

 

At the conclusion of the second 24-hour period all males were removed and females 

were placed in individual 440 mL plastic containers with 50 beans each. When the 

females died, the eggs for each female were counted. After all offspring from this 

generation had emerged, they were frozen and counted for each female. Egg and 

offspring counts were conducted blind with respect to treatment. 

Statistical analyses were performed in R (R Development Core Team, 2013). We 

compared the probability of laying among treatments by assigning pairs that produced 

eggs a value of ‘1’, and pairs that did not produce any eggs a value of ‘0.’ Probability of 

laying was analysed using a binomial generalised linear mixed model (GLMM), or a 

generalised linear model (GLM) if all random effects were removed. For pairs with a 

value of ‘1’ for probability of laying, we compared egg and offspring production among 
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treatments using Poisson GLMMs. Since models for egg and offspring production 

reported significant and marginally non-significant Relatedness-by-Familiarity 

interactions respectively, we also separated the data into Familiar and Unfamiliar 

subsets and tested for an effect of Relatedness within each subset. For all models, 

Female Family was included as a random effect. Significance testing was performed 

using LRTs, following the method of Pinheiro and Bates (2000) of halving reported p-

values for the significance of single random effects. For Poisson models, overdispersion 

was assessed by comparing the residual deviance to the residual degrees of freedom and 

was considered to be non-significant if this ratio was less than two (McCullugh & 

Nelder, 1989). 

4.4 Results 

(a) Quantitative Genetic Analysis 

We identified 71 peaks, of which 20 contributed more than 1% of the average total peak 

area (Supplementary Table S4.1).  Preliminary closest match estimations of these 20 

peaks characterized them as short to medium-chain alkanes with zero to three methyl 

groups, with the exception of Peak 22 which was identified as a C27 alkene (Table 4.2). 

In all cases, maternal effects did not explain significant variation in the animal models, 

so the random effect of ‘mother’ was dropped. The additive genetic component (the 

inverse relatedness matrix calculated from the pedigree information) explained 

significant variation in five peaks (Table 4.2) prior to sequential Holm-Bonferroni 

correction (Holm, 1979). With the exception of Peak 68 (a straight chain C32 alkane), all 

peaks with heritable components contained at least one methyl group (Table 4.2). After 

Holm-Bonferroni correction, the additive genetic component explained statistically 

significant variation in two peaks (Table 4.2). Heritability estimates for peaks with 
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significant additive genetic variance ranged from 0.22±0.12 for Peak 63 to 0.35±0.13 

for Peak 28 (Table 4.2). 

The PCA identified 16 PCs, of which six had eigenvalues greater than one (Table 4.3). 

Cumulatively, PC1 to PC6 explained 73.58 % of the total variance. The maternal effect 

did not explain significant variation in any of the PCs and was removed. The additive 

genetic component explained significant variation for PC4 (robust to Holm-Bonferroni 

correction) and was marginally non-significant for PC2 (Table 4.3). Heritability 

estimates for PCs ranged from 0.067±0.11 for PC3 to 0.32±0.13 for PC4 (Table 4.3). 

PC4 explained 7.78% of the total variance (Table 4.3), was significantly negatively 

correlated with Peak 24 (5-MeC27), and was significantly positively correlated with 

Peaks 22 (5-MeC27 alkene), 56 (4-MeC30) and 68 (C32) (Supplementary Table S4.2). Of 

these, Peaks 56 and 68 contained significant genetic components of variation, and Peak 

68 was robust to Holm-Bonferroni correction (Table 4.3). Cumulatively, Peaks 56 and 

68 contributed 3.54 % of the total CHC abundance (Table 4.3). PC2 explained 15.56 % 

of the total variance (Table 4.3) and was significantly positively correlated with Peaks 

20 (9-MeC27), 28 (8-MeC28), 45 (7,11-DiMeC29) and 63 (9,19-DiMeC31). Peaks 28, 45 

and 63 contained significant genetic components of variation, and Peak 28 was robust to 

Holm-Bonferroni correction. These three peaks cumulatively contributed 12.58 % of 

total CHC abundance, but the majority of this was explained by Peaks 45 (6.60 %) and 

63 (4.41 %), which were not robust to Holm-Bonferroni correction. Peak 28 contributed 

only 1.58 % (Table 4.3).  
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Table 4.2 Genetic estimates and significance values for relative abundance scores of cuticular 

hydrocarbon compounds that contributed more than 1 % of the average total peak area for male 

Callosobruchus maculatus. Peaks numbered according to their relative position in the profile. I 

calculated the coefficient of additive genetic variation (CVa), narrow sense heritability and 

standard error (h2 ± se), p-values for the additive genetic component of variation (p), and Holm-

Bonferroni corrected p-values (HB p). Relative abundance (% RA: average percentage that each 

peak contributed to the total abundance of hydrocarbons) is provided. Preliminary estimations 

of compound identity are based on their closest match according to retention times and 

molecular weights. 

Peak # Compound % RA ± SE CVa h2 ± se p HB p 

18 C27 16.05±0.30 0.13 0.14±0.12  0.18 - 

20 9-MeC27 2.87±0.077 0.15 0.10±0.11 0.33 - 

22 5-MeC27 alkene 3.82±0.25 0.0005 ~ 0 0.99 - 

24 5-MeC27 6.20±0.12 0.15 0.18±0.13 0.15 - 

27 C28 1.69±0.027 0.07 0.06±0.10 0.53 - 

28 8-MeC28 1.58±0.029 0.20 0.35±0.13 0.0019 0.033 

37 3-MeC28 1.47±0.21 0.0006 ~ 0 0.99 - 

39 C29 8.23±0.23 0.0001 ~ 0 0.99 - 

41 11-MeC29 11.24±0.26 0.0002 ~ 0 0.99 - 

42 6-MeC29 1.57±0.23 0.0007 ~ 0 0.99 - 

44 9,13-DiMeC29 10.45±0.22 0.04 0.01±0.11 0.91 - 

45 7,11-DiMeC29 6.60±0.073 0.09 0.23±0.12 0.025 0.38 

46 3-MeC29 5.36±0.082 0.11 0.17±0.12 0.11 - 

47 5,9-DiMeC29 1.03±0.015 0.12 0.21±0.13 0.067 - 

53 C30 1.85±0.054 0.10 0.034±0.10 0.73 - 

55 9,12-DiMeC30 1.08 ±0.029 0.18 0.13±0.12 0.22 - 

56 4-MeC30 1.44±0.061 0.39 0.26±0.13 0.0098 0.16 

61 13,18-DiMeC30 1.31±0.034 0.0003 ~ 0 0.99 - 

63 9,19-DiMeC31 4.41±0.11 0.21 0.22±0.12 0.035 0.50 

68 C32 2.10±0.12 0.60 0.33±0.12 0.00058 0.010 
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Table 4.3 Genetic estimates and significance values for principal components of variation in 

cuticular hydrocarbon profiles of male Callosobruchus maculatus. Principal components with 

eigenvalues greater than one are presented (PC1 to PC6). Calculated parameters are the 

percentage of variance explained by the PC (% Variance), narrow sense heritability and 

standard error (h2 ± se), significance of the additive genetic component of variation (p), and 

significance following Holm-Bonferroni correction (HB p). 

PC Eigenvalue  % Variance h2 ± se p HB p 

PC1 3.93 24.54 0.12±0.12  0.28 - 

PC2 2.49 15.56 0.17±0.12 0.081 - 

PC3 1.96 12.26 0.067±0.11 0.50 - 

PC4 1.25 7.78 0.32±0.13 0.0046 0.028 

PC5 1.15 7.19 0.012±0.11 0.93 - 

PC6 1.00 6.26 0.053±0.10 0.56 - 

 

(b) Behavioural Assay 

Female Family explained significant variance in egg and offspring production, but not 

in probability of laying (Table 4.4). The Relatedness-by-Familiarity interaction and the 

first order effects of Relatedness and Familiarity were all non-significant for probability 

of laying (Table 4.4). The Relatedness-by-Familiarity interaction was significant for egg 

production (χ2
1 = 5.76, p = 0.016) and marginally non-significant for offspring 

production (χ2
1 = 3.40, p = 0.065), and these were therefore interpreted at the level of 

the interaction rather than subsequently testing for first order effects. Females were 

significantly more productive when focal males were exposed to CHC extracts from 

unrelated males, if those extracts were also unfamiliar to focal males (Eggs: χ2
1 = 13.86, 

p = 0.00019, Figure 4.1a; Offspring: χ2
1 = 12.14, p = 0.00049, Figure 4.1b). Relatedness 

had no significant effect if CHC extracts were familiar to focal males (Eggs: χ2
1 = 0.62, 
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p = 0.43, Figure 4.1a; Offspring: χ2
1 = 0.34, p = 0.56; Figure 4.1b). None of the models 

were overdispersed (Table 4.4). 

Table 4.4 Productivity of female Callosobruchus maculatus when mated in the presence of 

cuticular hydrocarbon extracts of different relatedness and familiarity to the focal male. χ2
1 and 

p values from analysis of deviance likelihood ratio tests are given for the random effect of 

Female Family and the first and second order effects of extract Relatedness and Familiarity on 

probability of laying (PL), number of eggs produced (Eggs) and number of offspring produced 

(Offspring). Significant p values are marked *, and first order Relatedness and Familiarity 

effects were not assessed (NA) if the interaction was significant or marginally non-significant. 

The ratio of the residual deviance to the residual degrees of freedom (Deviance:df) for binomial 

(PL) and Poisson (Eggs and Offspring) generalized linear models are also provided. 

Response Deviance:df Factor χ2
1 p 

PL 1.26 Female Family 0.009 0.46 

  Relatedness × Familiarity 0.99 0.32 

  Familiarity 0.03 0.87 

  Relatedness 0.46 0.50 

Eggs 0.29 Female Family 1191.90 <0.001* 

  Relatedness × Familiarity 5.76 0.016* 

  Familiarity NA NA 

  Relatedness NA NA 

Offspring  0.50 Female Family 11474.00 <0.001* 

  Relatedness × Familiarity 3.40 0.065 

  Familiarity NA NA 

  Relatedness NA NA 
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Figure 4.1 Egg (A) and offspring (B) production by female Callosobruchus maculatus when 

mated with a single focal male in the presence of cuticular hydrocarbon extracts from other 

males. Extracts were taken from the focal male’s full siblings (red) or non-relatives (blue) and 

were either familiar or unfamiliar to the focal male. Points indicate least-squares mean estimates 

while controlling for the effect of female family. Error bars show 95% confidence intervals. 

4.5 Discussion 

The CHC profiles of C. maculatus males contained significant genetic components of 

variance at five peaks, so that CHCs could serve as reliable cues for kin recognition. 

Furthermore, females were more productive after mating in the presence of CHC 

extracts from focal males’ non-relatives, if those extracts were also unfamiliar to focal 

males. Relatedness between focal and donor males made no difference to female 

productivity if extracts were familiar to the focal male. This interaction effect can be 
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reconciled with the importance of both relatedness and familiarity for the moderation of 

pleiotropic harm in sexual conflict (Le Page et al., 2017; Lymbery & Simmons, 2017). 

We therefore provide evidence that CHCs function as cues used by males to recognize 

competitors when strategically adjusting their competitiveness. 

Based on relatedness-by-familiarity interactions, Lymbery and Simmons (2017) and Le 

Page et al. (2017) suggested that familiarity was an additional cue for kin recognition 

and that males were only able to recognize their kin if they were both genetically related 

and socially familiar. This would require the recognition cue to have both genetic and 

environmental components of variation, conditions that are likely to be fulfilled for 

CHCs. In this study, we found five peaks (Peaks 28, 45, 56, 63 and 68) with significant 

genetic components of variance in male C. maculatus, and two were robust to Holm-

Bonferroni correction (Peaks 28 and 68). Moreover, the closest matches for all peaks 

with significant components of genetic variance contained at least one methyl branch, 

with the exception of Peak 68 (C32). It has been suggested that methyl groups increase 

the potential of CHCs to communicate diverse information and enhance their 

effectiveness in signalling (Blomquist, 2010). CHCs in male C. maculatus therefore 

contain a signal of genetic relatedness with the potential to function as a kin recognition 

cue. Genetic variance in CHC profiles has been found in T. oceanicus (Thomas & 

Simmons, 2008) and in various species of Drosophila (Bartelt et al., 1986; Hine et al., 

2004; Foley et al., 2007; Sharma et al., 2012), but estimates of genetic variance remain 

rare relative to the number of studies on the functional roles of CHCs. Our results are an 

important contribution to understanding the underlying causes of CHC variation and 

their ability to respond to natural and sexual selection. 

Although we found a genetic signal in individual CHCs, only one (PC4) of the top six 

PCs exhibited significant additive genetic variance. PC4 was positively loaded by two 
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peaks (Peaks 56 and 68) with significant genetic components of variation, one of which 

(Peak 68) was robust to Holm-Bonferroni correction. However, Peak 68 only accounted 

for 2.10±0.12% of the total abundance of CHCs (Table 4.2). While CHCs in this species 

do contain signals of genetic relatedness, therefore, much of the variation remains to be 

explained by non-genetic sources. In other species, CHC composition varies with the 

environment (Boomsma et al., 2003; Hine et al., 2004; Chenoweth & Blows, 2015).  

Ingleby et al. (2013) found significant genotype-by-diet effects on CHC expression in 

both male and female D. melanogaster and a significant genotype-by-temperature effect 

in females. In social insects, a common group or colony profile is derived from the 

mixing of CHCs among workers and can also be influenced by diet and nesting material 

(Liang & Silverman, 2000; Breed, 2014). The importance of genetic and environmental 

sources of variation for CHC profiles aligns well with their suggested role in kin 

recognition based on both relatedness and familiarity. 

Females were more productive when mated with focal males who were exposed to 

unfamiliar CHC extracts from unrelated donors. Initially, these results may seem to 

directly contradict those of Lymbery et al. (2017) and Le Page et al. (2017), since both 

previous studies found an increase in female reproductive success when they were 

grouped with related and familiar males. The current results may be reconciled with 

those of Lymbery et al. (2017) and Le Page et al. (2017), however, if a crucial 

difference in the experimental design is accounted for. As discussed above, harmfulness 

in C. maculatus is understood to be a by-product of traits that enhance a male’s success 

in intrasexual competition (Morrow et al., 2003; Hotzy & Arnqvist, 2009; Rönn & 

Hotzy, 2012). For example, male genital spines are believed to enhance the uptake of 

accessory seminal fluids by females which may in turn increase immediate egg laying 

(Crudgington & Siva-Jothy, 2000; Hotzy & Arnqvist, 2009). Since paternity in this 

species is biased towards the most recently mated male, increasing the number of eggs 
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laid before a female re-mates increases a male’s paternity share (Eady, 1994a; b, 1995; 

Crudgington & Siva-Jothy, 2000; Hotzy & Arnqvist, 2009). We therefore predicted that 

females paired with more competitive males would be more productive following a 

single mating, although an effect of harmfulness on the rate of egg-laying per se has yet 

to be explicitly demonstrated in this species. Because matings in this study had to take 

place in the presence of CHC extracts and in isolation from male competitors, 

productivity was compared following single matings. 

Previous studies that have examined the effect of the male competitive environment, 

rather than isolating putative cues, have kept females with groups of three competing 

males over their entire lifetimes (Carazo et al., 2014; Le Page et al., 2017; Lymbery & 

Simmons, 2017). Under these conditions, ongoing harassment and repeated matings 

with multiple males leads to the expectation that groups of more competitive males will 

reduce the lifetime fitness of females. Under these conditions females are also exposed 

to harm resulting from interference competition among males and additional harassment 

from attempts to interrupt matings. Neither of these harmful processes occur during a 

single mating in isolation from additional males. Although we expected productivity to 

be higher after a single mating with a more competitive male, therefore, lifetime 

productivity of females is reduced when they mate repeatedly with multiple competitive 

males (Eady, 1994a; b; Crudgington & Siva-Jothy, 2000; den Hollander & Gwynne, 

2009; Hotzy & Arnqvist, 2009). If these predictions are correct, the results of the 

current study and those of Lymbery and Simmons (2017) and Le Page et al. (2017) can 

all be reconciled with the general expectation that males are more competitive when 

competing with non-relatives. 

On the other hand, the prediction that an incremental increase in female productivity 

following a single mating translates into a reduction in female lifetime reproductive 
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success after longer exposure to multiple matings is, while theoretically plausible, yet to 

be empirically demonstrated. The results of the current study should therefore be 

interpreted with a degree of caution. Rönn and Hotzy (2012) conducted single matings 

between female and male C. maculatus and found that genital spine length was 

negatively correlated with female fitness. This suggests that male harmfulness actually 

reduces female fitness even after a single mating, results that would be counterintuitive 

given that this effect also reduces male fitness. In Rönn and Hotzy’s (2012) experiment, 

however, pairs were not isolated: additional competitor males were introduced after 

copulation had commenced, and these may have imposed additional harm on females by 

harassing the mating pair and attempting to interrupt mating. This may contribute to the 

difference between our results and those of Rönn and Hotzy (2012). To determine 

whether our predictions regarding the association between male competitiveness and 

female productivity following a single mating are correct, however, future studies 

should measure the mechanisms of competition and harm (such as duration of 

harassment, ejaculate weight, latency to mate, copula duration, and scarred area) when 

mating takes place in the presence of CHC extracts that differ in their relatedness and 

familiarity. Future studies could also improve upon the current experimental design by 

measuring both immediate and lifetime reproductive success of females following 

single matings and comparing these parameters. If our predictions are incorrect, then 

future work will be required to explain why the effect of CHC relatedness and 

familiarity is in opposition to the effect of competitor relatedness and familiarity. 

Although the importance of familiarity of both competitor males (Le Page et al., 2017; 

Lymbery & Simmons, 2017) and CHC extracts (this study) may be due to a role in kin 

recognition, recent work has suggested that familiarity effects could be explained by 

changes in the perceived level of competition. Lymbery et al. (2019) pointed out that in 

Lymbery and Simmons (2017) males in familiar treatments were exposed to fewer total 
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competitors than males in unfamiliar treatments (this effect is also present to a much 

smaller, and possibly negligible, degree in Le Page et al. (2017)). Since males are 

predicted to adjust their investment in reproductive events based on the level of 

competition, this could contribute to the importance of familiarity in these studies (Gage 

& Baker, 1991; Parker et al., 1996, 1997; Pilastro et al., 2002; Evans et al., 2003; 

Engqvist & Reinhold, 2005; Simmons et al., 2007; Thomas & Simmons, 2009; Bretman 

et al., 2010). Lymbery et al. (2019) demonstrated that male C. maculatus could sum the 

number of competitors encountered over separate 24-hour periods and showed that 

males adjusted their ejaculate size in response to changes in the total number of 

competitors encountered but not in response to changes in social familiarity when it was 

separated from the level of competition. This confounding of the level of competition 

with social familiarity necessarily occurred in the current study. A focal male in a 

familiar treatment was exposed to the CHCs of one donor for 24 hours and then the 

same CHCs in the presence of the female. A focal male in an unfamiliar treatment was 

exposed to the CHCs of one donor for 24 hours and then the CHCs of a second donor in 

the presence of the female. As for Lymbery & Simmons (2017), therefore, the 

importance of familiarity could be attributed to either social familiarity per se or to 

differences in the level of competition. Any explanation of the importance of 

familiarity, however, must be reconciled with the fact that it was significant via its 

interaction with relatedness rather than through a first order effect. Why the level of 

competition would interact with competitor relatedness in this way represents an 

interesting avenue for future research. 

Although the importance of relatedness for the responses of focal males can be more 

robustly attributed to changes in indirect fitness payoffs than can the importance of 

familiarity, there are two other explanations as to why a male might reduce his 

investment when mating in the presence of related CHC extracts. First, the odour of a 
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female coated with CHCs from a focal male’s relatives would be similar to the odour of 

a female with whom the focal male has already mated (Tan et al., 2013; Pizzari et al., 

2015). Males in polygynous species distribute their reproductive investment 

strategically over multiple partners and reduce investment in females with whom they 

have already mated, a process known as the Coolidge effect (Dewsbury, 1981; Pizzari et 

al., 2015). In the current study, however, focal males were all sexually naïve, unmated 

individuals and the Coolidge effect should not apply. Second, Pizzari et al. (2015) 

pointed out that odours from multiple related males may show less variation than odours 

from the same number of unrelated males. A male presented with multiple CHC 

extracts from relatives might therefore perceive the level of competition to be lower 

than a male exposed to multiple extracts from non-relatives (Carazo et al., 2007; Pizzari 

et al., 2015). This effect cannot explain the importance of relatedness in our experiment, 

however, because although the two CHC donor males in an Unrelated / Unfamiliar 

sample were unrelated to the focal male, they were selected from a single full-sib 

family. The variation in CHC extracts within Related and Unrelated treatments should 

therefore be equal. 

In conclusion, we showed that females are more productive when mated in the presence 

of CHCs from focal males’ non-relatives if those extracts are also unfamiliar to focal 

males. If, as we predicted, female productivity is enhanced after a single mating with a 

more competitive male, these results can be reconciled with previous studies showing 

that males are less harmful when competing with familiar relatives (Le Page et al., 

2017; Lymbery & Simmons, 2017). CHCs are therefore at least one of the cues males 

use to identify different competitors in this context. Future work could identify 

additional environmental variables (such as diet) that might be important for CHC-

based recognition, and measure mechanisms of investment and harm in response to 

different CHC environments.  
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Appendix 4.1 Supplementary Material 

This appendix includes: 

Supplementary Tables S4.1 to S4.2 

Supplementary Figure S4.1 
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Supplementary Table S4.1 Unique peak identification numbers (Peak #), Retention Times and 

preliminary estimates of the closest match (Compound) for cuticular hydrocarbons identified in 

the profiles of male Callosobruchus maculatus. 

Peak # Retention Time % RA ± SE Compound 

1 12.808 0.093±0.0091  2-MeC20 alkene 

2 13.04 0.063±0.0083  6,9-DiMeC20 

3 13.921 0.015±0.0024  6-MeC20 alkene 

4 14.09 0.0040±0.00027  6-MeC20 

5 14.175 0.014±0.0031  5-MeC20 

6 14.48 0.038±0.012  4,5,6,7-TetraMeC20 alkene 

7 14.519 0.22±0.023  8-MeC20 alkene 

8 14.657 0.11±0.014  8,9-DiMeC20 alkene 

9 14.887 0.067±0.0053  6-MeC20 

10 15.132 0.047±0.0088  7,8-DiMeC20 

11 15.551 0.25±0.012 C24 

12 15.643 0.36±0.061  C26 

13 15.88 0.015±0.0031  5-MeC26 

14 16.117 0.037±0.0064  5,15-DiMeC26 

15 16.294 0.016±0.0047  6,8-DiMeC26 

16 16.355 0.060±0.0040  4-MeC26 

17 16.505 0.021±0.0024  3-MeC26 

18 16.78 16.05±0.30  C27 

19 16.982 0.19±0.042  13-MeC27 

20 17.14 2.87±0.077  9-MeC27 

21 17.248 0.029±0.0078  10,15-DiMeC27 

22 17.285 3.82±0.25  5-MeC27 

23 17.433 0.57±0.041  5,10-MeC27 

24 17.522 6.20±0.12  5-MeC27 

25 17.599 0.51±0.023  5,9-DiMeC27 

26 17.686 0.0054±0.0017  5,8,9-TriMeC27 
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Peak # Retention Time % RA ± SE Compound 

27 17.773 1.69±0.027  C28 

28 17.882 1.58±0.029  8-MeC28 

29 18.13 0.73±0.022  10-MeC28 

30 18.249 0.088±0.0083  6-MeC28 

31 18.386 0.14±0.0094  7-MeC28 

32 18.4055 0.021±0.0070  11-MeC28 

33 18.4153 0.10±0.012  5,10-DiMeC28 

34 18.425 0.23±0.016  5,9-DiMeC28 

35 18.505 0.037±0.0056  4,6-DiMeC28 

36 18.557 0.56±0.017  11,13-DiMeC28 

37 18.646 1.47±0.21  3-MeC28 

38 18.735 0.016±0.0024  9,10-DiMeC28 

39 18.831 8.23±0.23  C29 

40 18.956 0.058±0.025  5,7-DiMeC29 

41 19 11.24±0.26  11-MeC29 

42 19.286 1.57±0.23  6-MeC29 

43 19.365 0.19±0.0051  5-MeC29 

44 19.507 10.45±0.22  9,13-DiMeC29 

45 19.583 6.60±0.073  7,11-DiMeC29 

46 19.631 5.36±0.082  3-MeC29 

47 19.699 1.03±0.015  5,9-DiMeC29 

48 19.777 0.012±0.0071  7,9-DiMeC29 

49 19.784 0.31±0.046  10,14-DiMeC29 

50 19.836 0.011±0.0026  8,11,13-TriMeC29 

51 19.888 0.046±0.0040  7,8,9-TriMeC29 

52 19.906 0.023±0.0059  9,10,11-TriMeC29 

53 19.961 1.85±0.054  C30 

54 20.035 0.39±0.034  12,13-DiMeC30 

55 20.23 1.08±0.029  9,12-DiMeC30 

56 20.559 1.44±0.061  4-MeC30 
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Peak # Retention Time % RA ± SE Compound 

57 20.678 0.37±0.019  6,13-DiMeC30 alkene 

58 20.805 0.22±0.014  5,6-DiMeC30 

59 20.954 0.64±0.020  11,14-DiMeC30 

60 21.107 0.43±0.070  4,7,8-TriMeC30 

61 21.296 1.31±0.034  13,18-DiMeC30 

62 21.517 0.11±0.022  7,11-DiMeC30 

63 21.633 4.41±0.11  9,19-DiMeC31 

64 21.695 0.46±0.020  14,18-DiMeC31 

65 21.737 0.13±0.015  12,18-DiMeC31 

66 21.775 0.044±0.0053  8, 9,17-TriMeC31 

67 21.83 0.048±0.0067  5,6,8-TriMeC31 

68 22.033 2.10±0.12  C32 

69 22.11 0.14±0.012 10-MeC32 

70 22.705 0.78±0.046  4-MeC32 

71 23.416 0.16±0.0097  13-MeC32 
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Supplementary Table S4.2 Correlations between cuticular hydrocarbon peaks that contributed 

more than 1 % of the average total peak area and the top five principal components (PC) of 

variation for male Callosobruchus maculatus. Percentage variance explained by each PC is also 

given. Pearson R scores are given for the correlation between each peak (numbered according to 

position on the profile) and PC1 to PC5. Significant correlations (>0.7 times the largest 

correlation for that PC are marked *. 

Peak  Compound PC1 

(24.54%) 

PC2 

(15.56%) 

PC3 

(12.26%) 

PC4 

(7.78%) 

PC5 

(7.19%) 

PC6 

(6.26%) 

20 9-MeC27 0.34 0.65* -0.07 -0.17 -0.16 -0.40* 

22 5-MeC27 0.03 0.26 0.07 0.56* 0.24 -0.33* 

24 5-MeC27 alkene 0.70* 0.19 -0.009 -0.42* -0.12 -0.10 

27 C28 0.36 0.26 0.59 0.09 -0.36 0.37* 

28 8-MeC28 -0.04 0.76* 0.04 0.25 -0.12 -0.14 

39 C29H60 0.84* -0.13 0.13 -0.21 0.008 0.01 

42 6-MeC29 -0.18 0.13 -0.22 0.16 0.22 0.27 

44 9,13-DiMeC29 0.001 -0.30 0.63* -0.04 0.56* -0.23 

45 7,11-DiMeC29 0.16 0.65* 0.40 0.03 0.28 -0.19 

46 3-MeC29H59 0.14 -0.02 0.86* 0.09 -0.02 0.31* 

53 C30 0.79* -0.25 -0.04 -0.18 0.20 -0.07 

55 9,12-DiMeC30 0.09 0.31 -0.29 -0.13 0.64* 0.38* 

56 4-MeC30 0.73* -0.30 -0.19 0.45* -0.002 0.02 

61 13,18-DiMeC30 0.85* -0.007 -0.19 -0.07 0.09 -0.02 

63 9,19-DiMeC31 0.31 0.66* -0.26 0.08 0.05 0.40* 

68 C32 0.65* -0.32 -0.13 0.56* -0.09 -0.005 
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Supplementary Figure S4.1 Example chromatogram of a male Callosobruchus maculatus cuticular hydrocarbon (CHC) profile. Peaks that contributed more than 

1% of the average total peak area are indicated by their unique peak number (Peak 41 was absent in this individual; see Supplementary Table S4.2 for peak 

identification). 
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CHAPTER FIVE: NO EVIDENCE FOR DIVERGENCE IN MALE 

HARMFULNESS OR FEMALE RESISTANCE IN RESPONSE TO CHANGES 

IN THE OPPORTUNITY FOR DISPERSAL 

 

This chapter is presented as submitted to the Journal of Evolutionary Biology, with 

minor changes to ensure consistency with the rest of my thesis. 
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5.1 Abstract 

The outcome of sexual conflict can depend on the social environment, as males respond 

to changes in the inclusive fitness payoffs of harmfulness and harm females less when 

they compete with familiar relatives. Theoretical models also predict that if limited male 

dispersal predictably enhances local relatedness while maintaining global competition, 

kin selection can produce evolutionary divergences in male harmfulness among 

populations. Experimental tests of these predictions, however, are rare. We assessed 

rates of dispersal in female and male seed beetles Callosobruchus maculatus, a model 

species for studies of sexual conflict, in an experimental setting. Females dispersed 

significantly more often than males, but dispersing males travelled just as far as 

dispersing females. Next, we used experimental evolution to test whether limiting 

dispersal allowed the action of kin selection to affect divergence in male harmfulness 

and female resistance. Populations of C. maculatus were evolved for 20 and 25 

generations under one of three dispersal regimens: completely free dispersal, limited 

dispersal, and no dispersal. There was no divergence among treatments in female 

reproductive tract scarring, ejaculate size, mating behaviour, fitness of experimental 

females mated to stock males, or fitness of stock females mated to experimental males. 

We suggest that this is likely due to insufficient strength of kin selection rather than a 

lack of genetic variation or time for selection. Limited dispersal alone is therefore not 

sufficient for kin selection to reduce male harmfulness in this species, consistent with 

general predictions that limited dispersal will only allow kin selection if local 

relatedness is independent of the scale of competition.  
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5.2 Introduction 

Sexual conflict occurs when males and females have different fitness optima during 

reproduction (Arnqvist & Rowe, 2005; Parker, 2006). This can result in sexually 

antagonistic coevolution (SAC) when selection favours traits in each sex that bias 

reproduction towards their mutually exclusive optima. For example, males may develop 

harmful traits that enhance their share of paternity, and increased male harmfulness may 

in turn select for resistance traits in females (Parker, 2006; Gay et al., 2011a; b, Berger 

et al., 2014, 2016b; Wilson & Tomkins, 2014). 

Selection for selfish traits, such as harmfulness in males, is expected to be strong in 

unstructured populations where individuals interact randomly because under these 

conditions a male has no genetic interest in the reproductive fitness of a female after she 

has produced his offspring (Pizzari & Gardner, 2012; Pizzari et al., 2015). When 

populations are structured such that interacting individuals are more likely to be related 

to each other than the population average, the fitness of reproductive partners and/or 

competitors may contribute to an individual’s inclusive fitness (Hamilton, 1964; 

Maynard Smith, 1964; Queller, 1985; McElreath & Boyd, 2008; Bourke, 2009; Pizzari 

& Gardner, 2012; Pizzari et al., 2015). Under certain population structures, therefore, it 

may benefit males to harm females less. Recent work has demonstrated that males 

plastically adjust their harmfulness in response to the kin and social structure of their 

competitors in the fruit fly Drosophila melanogaster (Carazo et al., 2014; Le Page et 

al., 2017) and the seed beetle Callosobruchus maculatus (Lymbery & Simmons, 2017). 

These, however, are short-term studies focussing on behavioural plasticity in 

harmfulness and its effects within generations. If population-level differences in 

dispersal persist over multiple generations, we might expect evolutionary divergences in 

the average harmfulness of males. 
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Structured populations will only select against harmful males under certain conditions. 

Although limited dispersal increases relatedness between individuals, a requirement for 

kin selection, it also increases competition between relatives. If the benefit a relative 

receives from a helping behaviour comes at a cost to another individual of equal 

relatedness to the helper, kin competition can completely offset kin selection (Hamilton, 

1975; Murray & Gerrard, 1984; Wilson et al., 1992; Kelly, 1994; Griffin & West, 2002; 

West et al., 2002). Competition among kin can be accounted for by modifying the 

classical version of Hamilton’s Rule (Hamilton, 1964): 

𝑟𝑏 − 𝑐 > 0     (𝟓. 𝟏) 

Where 𝑟 is the genetic relatedness between the actor and the recipient of the cooperative 

behaviour, 𝑏 is the fitness benefit to the recipient, and 𝑐 is the direct fitness cost to the 

actor. According to inclusive fitness theory, a cooperative behaviour will be favoured by 

kin selection if Equation 5.1 is satisfied. 

Frank (1998) accounts for the effect of kin competition by modifying the 𝑏 term in 

Hamilton’s Rule such that it reflects the scale of competition: 

𝑏 = 𝐵 − 𝑎(𝐵 − 𝑐)    (𝟓. 𝟐) 

Where 𝐵 is the benefit assuming no competition among the recipients, 𝑐 is the standard 

cost term from Hamilton’s Rule (Equation 5.1), and 𝑎 describes the scale of 

competition. 𝑎 = 0 describes completely global competition, in which case there is no 

competition between relatives, 𝑏 = 𝐵 and the classical solution to Hamilton’s Rule is 

correct. When 𝑎 = 1, competition is completely local and kin selection will not favour 

cooperation. 

Queller (1994) developed an alternative method of accounting for kin competition by 

modifying the 𝑟 term in Hamilton’s Rule. Griffin and West (2002) describe Queller’s 
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(1994) method by expanding the 𝑟 term to specify effective relatedness (𝑟𝑒) rather than 

absolute relatedness: 

𝑟𝑒 =
Σ(𝑝𝑦 − �̅�)

Σ(𝑝𝑥 − �̅�)
     (𝟓. 𝟑) 

Where �̅� is the frequency of the helping allele in the population, 𝑝𝑥 is the frequency in 

the actors and 𝑝𝑦 is the frequency in the recipients. Queller’s (1994) method specifies 

that the reference population from which �̅� is derived should be composed of the 

individuals with whom the recipients compete, rather than the global population. 

Equations 2 and 3 make it clear that Hamilton’s Rule is only satisfied by certain limited 

dispersal regimes – namely when cooperation occurs locally among close relatives but 

competition is relatively global within the population (Murray & Gerrard, 1984; Taylor, 

1992a; b; Wilson et al., 1992; Queller, 1994; Frank, 1998; West et al., 2001, 2002; 

Kümmerli et al., 2009). For example, if cooperation within groups of close relatives 

increases the productivity of the group, and density dependent dispersal occurs allowing 

more productive groups to colonise less productive groups (competition occurs after 

dispersal), Hamilton’s Rule may be satisfied and cooperation (or reduced selfishness) 

could be favoured by kin selection (Griffin & West, 2002; West et al., 2002). 

Theoretical models also predict that the action of kin selection on sexual conflict 

depends not only on limited dispersal, but on the presence or absence of sex biases in 

dispersal. Rankin (2011) modelled the relationship between patterns of dispersal and the 

fitness consequences of male harmfulness, and found that high male dispersal favoured 

the evolution of harm whereas high female dispersal disfavoured the evolution of harm. 

According to Rankin (2011), these results are consistent with the idea that limited 

dispersal increases local relatedness while simultaneously increasing kin competition. In 

Rankin’s (2011) model, female-biased dispersal maintains local genetic relatedness 
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among males and therefore imposes indirect fitness costs on male harmfulness (through 

low male dispersal), while simultaneously exporting the consequences of harmfulness to 

competition in the global population (through high female dispersal). Faria et al. (2015) 

disagreed with Rankin’s (2011) analysis and developed an alternative model, which 

specified that whether a female successfully procured a breeding position within a patch 

depended only on the number of females competing in that patch, not on the number of 

males present (and vice versa for males). Faria et al.’s (2015) model found no simple 

relationship between female and male dispersal and the evolution of harmfulness and 

reported that strongly sex-biased dispersal could actually favour the evolution of harm 

regardless of the direction of bias. Both models, however, emphasise the importance of 

estimating sex-biased dispersal patterns when interpreting the effect of population 

structure on sexual conflict. 

In the current study, we used Callosobruchus maculatus, a model species for studies of 

sexual conflict, to test whether limiting the opportunity for dispersal allowed kin 

selection to act on male harmfulness and female resistance. Callosobruchus maculatus 

males harm females through pre-copulatory harassment and genital spines. More 

elaborate spines are associated with higher paternity shares, possibly because damage to 

the female tract enhances the uptake of accessory seminal fluid substances (den 

Hollander & Gwynne, 2009; Hotzy & Arnqvist, 2009; Rönn & Hotzy, 2012; Yamane et 

al., 2015). These traits reduce the lifespan and lifetime reproductive fitness of female C. 

maculatus, and the thickness of connective tissue in the female reproductive tract is 

correlated with the elaboration of male genital spines across populations of this species 

and across the genus generally (Crudgington & Siva-Jothy, 2000; Rönn et al., 2007; den 

Hollander & Gwynne, 2009; Dougherty et al., 2017). Previous work has also shown that 

the male optima of these traits are negatively correlated with population (or group) 

productivity (Berger et al., 2016a). Furthermore, dispersal in this species is positively 
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related to population density (which is in turn determined by productivity) (Strevens & 

Bonsall, 2011). These beetles thereby offer a promising model for experimental 

evolution approaches that manipulate the potential for dispersal-mediated competition 

among groups and measure the evolutionary impact on harmful male traits. 

We first measured rates of dispersal in experimental metapopulations across a single 

generation, to determine the effectiveness of our dispersal apparatus and to estimate any 

sex-biases in patterns of dispersal in our base population of this species. We then 

assigned laboratory populations of C. maculatus to one of three treatments; (i) 

Panmictic populations with unrestricted dispersal among groups within each population, 

where r was expected to approach zero and Hamilton’s Rule (Equation 5.1) could not be 

satisfied; (ii) Isolated populations with no dispersal among groups within each 

population, where 𝑎 was expected to approach one according to Frank’s (1998) method 

(Equation 5.2) and �̅� approach 𝑝𝑦 according to Queller’s (1994) method (Equation 5.3), 

and Hamilton’s Rule could therefore also not be satisfied; (iii) Structured populations 

with alternating generations of isolation and limited dispersal among groups within each 

population, where Hamilton’s Rule can be satisfied given appropriate life-history 

characteristics for C. maculatus. That is, if the mechanism of dispersal of this species 

allowed local relatedness to be high while maintaining relatively global competition in 

structured populations, we predicted that these populations would evolve reduced levels 

of male harmfulness and female resistance over many generations relative to Panmictic 

and Isolated populations. Because pairs of beetles in the fitness assay stage of this 

experiment (see Materials and Methods) were kept together for multiple matings over 

their entire lifetime, we expected higher male harmfulness (and/or lower female 

resistance) to be reflected as reductions in the lifetime fitness of females. 
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5.3 Materials and Methods 

(a) Dispersal Trial 

(i) Experimental Design 

We conducted a preliminary dispersal trial using C. maculatus taken from stock culture 

to (a) confirm the effectiveness of the dispersal apparatus to be used in the Structured 

treatment of our experimental evolution design (see below), and (b) to assess patterns of 

dispersal in this species and estimate sex-biases. The stock populations of C. maculatus 

at the University of Western Australia (UWA) were maintained on black eyed beans 

(Vigna unguilicata) at ambient laboratory conditions (22˚C to 24˚C). For details 

regarding the UWA stock populations see Wilson & Tomkins (2014, 2015), Wilson et 

al. (2014) and Lymbery & Simmons (2017). We used C. maculatus of mixed ages to 

more accurately represent the conditions under which our experimental individuals were 

expected to disperse. We constructed five replicate enclosures, each of which consisted 

of six 440 mL plastic containers joined together in a single line by 50 mm × 150 mm 

silicon tubes passing through the lid of each container (Figure 5.1). 

Each of the six containers within each replicate was supplied with 50 black-eyed beans. 

Replicates were labelled A to E, and each container within each replicate was labelled 

from one to six (i.e. Replicate A contained containers A1, A2, A3, A4, A5 and A6; 

Figure 5.1). Thirty female and 30 male beetles were introduced into the ‘1’ container of 

each replicate. After one week (the approximate lifespan of unfed adult C. maculatus in 

our stock populations), the beetles had died and we counted the number of males and 

females in each container for each replicate. 

(ii) Statistical Analyses 
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For each individual, we recorded whether or not they dispersed from the container of 

origin (‘1’ for individuals that dispersed and ‘0’ for individuals that did not disperse). 

We analysed the effect of sex on whether or not a beetle dispersed using a binomial 

generalised linear mixed model (GLMM), with ‘Replicate’ included as a random factor. 

The significance of sex was tested using an analysis of deviance likelihood ratio test 

(LRT), comparing models with and without this effect. 

For those individuals that dispersed away from the container of origin, we also 

calculated the number of ‘steps’ they had travelled, with each container representing a 

value of one step (Figure 5.1). We analysed the effect of sex on the number of steps 

individuals dispersed using a Poisson GLMM, again with Replicate as a random factor. 

The significance of sex was assessed using an LRT. Overdispersion was assessed by 

comparing the residual deviance to the residual degrees of freedom, and was not 

considered to be significant if this ratio was less than two (McCullugh & Nelder, 1989). 
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Figure 5.1 Set-up for a single enclosure (Enclosure A) for the sex-based dispersal trial. Thirty 

female and 30 male Callosobruchus maculatus were introduced to A1 and frozen all individuals 

had died (one week). Each container A1 to A6 was supplied with 50 black-eyed beans. This 

enclosure set-up was replicated five times. 

(b) Experimental Evolution 

(i) Experimental Design 

Nine hundred beans bearing eggs from the stock population were isolated into 

individual Eppendorf tubes and incubated at 28˚C. After emergence, 180 adult males 

and 540 adult females were isolated into individual Eppendorf tubes for 24 hours. After 

this time, each male was grouped with three females. Groups were observed until each 

male mated at least once (if a male failed to mate, he was replaced). Each group was 

then placed in an individual 440 mL plastic container with 100 black-eyed beans, and 

females laid eggs on these beans. The offspring that emerged within each of these 

groups consisted of a mixture of full-sibs and half-sibs (minimum absolute  𝑟 = 0.25). 

These offspring then formed the initial groups with which experimental populations 

were formed. Each of the 180 groups was randomly allocated to one of 30 populations, 
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such that each population consisted of six groups. Each population was then randomly 

allocated to one of three treatments (Panmictic, Isolated or Structured) such that each 

treatment consisted of 10 populations. 

Panmictic Populations 

The six groups which comprised a Panmictic population were placed in a single large 

container, and the lids of each of the smaller 440 mL containers were removed. This 

allowed completely free dispersal among groups within each population, and the kin 

structure with which each population was founded was continuously broken down 

across generations (Figure 5.2a). Formally expressed, 𝑟𝑒 in Hamilton’s Rule (when 

expressed in relation to the background population of competitors: Equation 5.3) should 

decline towards zero over time. 

 Isolated Populations 

In an Isolated population, each of the six groups were completely isolated from each 

other, and the lids of the smaller 440 mL containers were permanently in place. These 

populations were therefore kin structured, with very high absolute relatedness 

maintained within each group and low relatedness among groups. Because groups were 

isolated from each other, competition was completely local and kin competition was 

expected to completely offset kin selection (Figure 5.2b). In these populations, 𝑎 is 

expected to approach one following Frank’s (1998) method (Equation 5.2), and �̅� 

approach 𝑝𝑦 following Queller’s (1994) method (Equation 5.3). 

 

Structured Populations 

A population in the Structured treatment underwent alternating phases of isolation and 

dispersal. Each isolated phase lasted for two generations (approximately six weeks), 
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during which time a Structured population was identical to an Isolated population. Each 

dispersal phase lasted for one generation (approximately three weeks). During the 

dispersal phase, each of the six groups within a single population was connected with 

two of its neighbours by 50 × 150 mm silicon tubes passing through the lid of each 440 

mL container (Figure 5.2c). This alternation of isolation and dispersal followed the 

advice of Wade (2016), who found that allowing dispersal only every third generation 

produced a stronger response to selection among groups. The generations of isolation 

allowed within-group relatedness to become elevated, and the periods of dispersal 

allowed competition among groups based on differential dispersal and colonisation. 

Since dispersal is density dependent in this species (Strevens & Bonsall, 2011), traits 

that enhance group productivity were expected to increase their success in competition 

mediated by differential dispersal. In this population type, Hamilton’s Rule (Equation 

5.1) may be satisfied if C. maculatus disperse in a way that allows more productive 

groups to colonise less productive groups. 

  



109 
 

 

Figure 5.2 Schematic of experimental populations of Callosobruchus maculatus in Panmictic 

(A), Isolated (B) and Structured (C) treatments. Each small circle is a 440mL plastic container 

with 100 black eyed beans (Vigna unguilicata) and a group of C. maculatus. In (A), these small 

containers are lidless and placed in a larger plastic enclosure (large square), such that beetles 

move freely among groups. In (B), containers have their lids in place and are completely 

disconnected, such that there is no dispersal among groups. In (C), containers are connected via 

plastic tubing (black lines) every third generation, such that some dispersal is possible among 

neighbouring groups. 

Each 440mL container was divided horizontally by 10 cm × 10 cm squares of plastic 

mesh. Each group was supplied with 100 beans below this layer of mesh, and another 

100 beans on top of the mesh. Each generation (approximately every three weeks), all 

adults were removed from each group, and the lower 100 beans were discarded. The 

upper 100 beans were then transferred to below the mesh layer and 100 fresh beans 

were added above the mesh (Figure 5.3). Since the mechanism of competition among 

kin groups relied on differences in group size and dispersal, group size (and therefore 

population size) was not standardised. 
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Figure 5.3 Procedure for refreshing black-eyed beans (Vigna unguilicata) in groups of seed 

beetles Callosobruchus maculatus. Trapezoids are 440 mL plastic containers, divided 

horizontally by 10 cm × 10 cm mesh layers (dashed lines) with beans (ovals) above and beneath 

the mesh. Every third generation, beans were transferred as shown in the schematic. Adult 

beetles were removed at the same time as bean transfer occurred. 

(ii) Trait Measurement 

Prior to trait measurement, populations were reared in ‘common garden’ conditions for 

two generations to ensure that differences in measured traits were due to genetic rather 

than environmental or maternal effects. For each population, 10 unmated females and 

10 unmated males were randomly selected from each group and placed in a single 1100 

mL plastic container with 500 beans as a laying substrate. These 60 females and 60 

males formed the parental generation of the common garden design for each population. 

The parental generation were allowed to breed under panmictic conditions. Once the F1 

generation began to emerge, 60 unmated F1 females and 60 unmated F1 males were 

randomly selected from each population, and again placed in a single 1100 mL plastic 

container per population with 500 beans as laying substrate. When the F2 generation 

emerged, 20 unmated females and 20 unmated males from each population were 

randomly selected for assaying. 
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Individuals were taken from the experimental populations and used to found common 

garden designs in two blocks: Block One was performed after 20 generations of 

experimental evolution, and Block Two after 25 generations of experimental evolution. 

In Block One, each experimental male was mated with a random unmated female from 

the stock population. Males were weighed before and after mating, and ejaculate weight 

was calculated as the difference between pre and post-mating weight. We recorded the 

latency to mate, latency of females to begin kicking, the duration of kicking and copula 

duration. Females were isolated for 24 hours after mating to allow the scarred tissue in 

the reproductive tract to melanise. Females were then frozen at -10°C and the 

reproductive tract was dissected under a binocular dissecting microscope. Tracts were 

placed on slides with insect Ringer’s solution under a flat coverslip. Tracts were 

photographed with a Leica MC 190 HD microscope camera, and the area of melanised 

tissue was estimated using ImageJ analysis software. 

These mating traits have all been implicated in the degree of harm inflicted on females. 

Larger ejaculates may benefit females by providing them with supplementary water 

(Savalli & Fox, 1999; Edvardsson, 2007; Ursprung et al., 2009; South & Lewis, 2011; 

Harano, 2012), although Iglesias-Carrasco et al. (2018) found that water availability 

alone could not explain beneficial ejaculate effects. On the other hand, large ejaculates 

have also been associated with longer copula durations which can reduce female 

longevity because of the increased time for damage to occur (Crudgington & Siva-

Jothy, 2000; Edvardsson & Tregenza, 2005; Gay et al., 2011b; Wilson & Tomkins, 

2014). Female kicking behaviour has been posited as a resistance trait that forces the 

end of copulation and thus reduces the amount of damage inflicted (Crudgington & 

Siva-Jothy, 2000; Edvardsson & Tregenza, 2005; Rönn & Hotzy, 2012), but Wilson and 

Tomkins (2014) showed that kicking duration was under male, not female, control and 

was not related to copula duration. `Reproductive tract thickness, rather than kicking, is 
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understood to be the primary mechanism of female resistance in this species, and 

reproductive tract scarring therefore provides a direct measure of male damage (Rönn et 

al., 2007; Dougherty et al., 2017). 

The sample sizes available for Block One were affected by an unexpected reduction in 

the quality of black-eyed beans. Although beans were sourced from the same supplier 

throughout the experiment, we nevertheless experienced some unexpected stochasticity 

in bean quality evidenced by a substantial reduction in hatching rate. As a result, we 

were unable to achieve the target sample sizes of 20 individuals per population (see 

Supplementary Table S5.1). 

For Block Two, each of 20 F2 females and 20 F2 males per population were paired with 

random males or females from the stock population respectively. Pairs were placed in 

100 mL plastic containers with 50 beans each as laying substrate. Once males and 

females died, they were removed from the containers and the number of offspring 

produced were counted for each pair. Counts were blind with respect to treatment. The 

quality of beans available for Block Two was higher than for Block One and hatching 

rates were sufficient for us to achieve the target sample size of 20 females and 20 males 

for each of the 10 populations in each treatment. 

(iii) Statistical Analyses 

Latency to mate, latency to kick, kicking duration, copula duration, ejaculate size and 

scarred area were first compared among treatments using Gaussian linear mixed models 

(LMMs), with Population included as a random effect and female body weight included 

as a covariate. For the ejaculate weight analyses, male body weight was included in 

place of female body weight because ejaculate weight is positively associated with male 

size in this species (Lymbery et al., 2019). We could not include both female and male 

body weight in all analyses because this resulted in model over-fitting. Note, however, 
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that for mating time data including male weight instead of female weight made no 

difference to our conclusions regarding the effect of population structure. Covariates 

were centred by subtracting the mean and dividing by the standard deviation. In all 

cases, residuals were significantly non-normal according to Shapiro-Wilk’s test. We 

therefore employed the permutation-based method of testing the significance of random 

and fixed effects in LMMs developed by Lee & Braun (2012) and Luo et al. (2018). 

This approach is based on the restricted likelihood ratio test (LRT) statistic. The test 

permutes values for the marginal errors within and between subjects and calculates 

covariance matrices and LRT statistics for each permutation of the errors. The 

permutated LRT statistics are then compared to the observed LRT statistic to produce a 

permutation-based p-value. 

In addition to these univariate analyses, we employed a multivariate approach to test for 

an effect of population structure on the patterns of variances and covariances among 

mating traits. Data for proportional ejaculate weight, scarred area, latency to mate, 

latency to kick, kicking duration and copula duration were standardised by subtracting 

the mean and dividing by the standard deviation. We then calculated a vector of 

variances for and covariances among traits for each population and combined these 

vectors as rows in a multivariate matrix (matrix row = population ID, matrix column = 

variance or covariance value). We added an arbitrary value of three to each score in this 

matrix to remove zeroes, and the matrix was used as the response in a permutational 

multivariate analysis of variance (PERMANOVA) using the Bray-Curtis dissimilarity 

method and 100,000 permutations, with population structure as the predictor. 

Homogeneity of multivariate spread was assessed using Anderson’s (2006) multivariate 

equivalent of the Levene test for homoscedasticty. 

Productivity was compared among treatments using generalised linear mixed models 

(GLMMs) with Poisson error distributions, with Population included as a random effect. 
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Overdispersion was assessed by comparing the residual deviance to the residual degrees 

of freedom and was not considered to be significant if this ratio was less than two  

(McCullugh & Nelder, 1989). The significance of each term was assessed using 

analysis of deviance LRTs, or permutation-based significance tests if overdispersion 

was significant and the inclusion of an individual level random effect caused model 

non-convergence. 

5.4 Results 

(a) Dispersal Trial 

Females dispersed significantly more often than males (χ2
1 = 39.29, p < 0.001; Figure 

5.4a). For those individuals that did disperse, however, there was no significant 

difference in the distance of dispersal between males and females (χ2
1 = 0.24, p = 0.63; 

Figure 5.4b). The latter model was not overdispersed (ratio = 0.44). These sex-biased 

dispersal patterns were consistent across all Replicates A to E (Table 5.1).  
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Figure 5.4 Least square mean estimates (while controlling for the effect of ‘Replicate’) ± 95% 

confidence intervals for proportion of individuals dispersed (A) and number of steps dispersed 

(B) for male and female Callosobruchus maculatus in experimental enclosures. A dispersal step 

of one indicates that an individual moved from the container of origin to the neighbouring 

container.  
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Table 5.1 The number of female and male Callosobruchus maculatus individuals that dispersed 

away from their container of origin (in all cases a total of 30 females and 30 males were 

introduced into the container of origin, equating to a total of 150 males and 150 females for the 

pooled data), and the mean (±SE) distance that females and males dispersed given that they did 

disperse (in terms of number of steps travelled from the container of origin, where travelling to 

the neighbouring container is a distance of one step). 

Enclosure Proportion of 

Females 

Dispersed 

Proportion of 

Males Dispersed 

Mean (±SE) Female 

Distance Dispersed 

Mean (±SE) Male 

Distance Dispersed 

A 0.40 0.03 1.58±0.15 2.00±0 

B 0.40 0.13 2.08±0.40 1.25±0.25 

C 0.37 0.07 1.09±0.09 1.00±0 

D 0.33 0.07 1.6±0.16 2.00±1.00 

E 0.37 0.10 2.09±0.37 1.67±0.67 

Total 0.37±0.21 0.08±0.12 1.70±0.13 1.5±0.23 

 

(b) Experimental Evolution 

(i) Mating Behaviour 

Mean and standard error values for all mating behaviour, ejaculate weight, scarred area 

and productivity data are provided in Table 5.2. For all models, the female weight-by-

population structure interaction effect was non-significant and was removed, but the 

first-order effect of female weight was either significant or marginally non-significant 

and was retained (Table 5.3). In all cases, the effect of population structure was non-

significant (Table 5.3). 
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(ii) Ejaculate Weight 

The male weight-by-population structure interaction had no significant effect on 

ejaculate weight and was removed (χ2
2 = 0.091, p = 0.96). The effect of male weight 

was significant (χ2
2 = 53.13, p < 0.0001) but population structure was not (χ2

2 = 0.24, p 

= 0.89). 

(iii) Scarring 

The female weight-by-treatment interaction had no significant effect on the scarred area 

and was removed (χ2
2 = 0.061, p = 0.96). The first-order effects of female weight (χ2

2 = 

1.58, p = 0.21) and population structure (χ2
2 = 0.48, p = 0.83) were non-significant. 
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Table 5.2 Mean (± SE) values for latency to mate (ML), latency to kick (KL), kicking duration (KD), copula duration (CD), ejaculate weight (Ejac) and scarred area 

(Area) for mating pairs of Callosobruchus maculatus formed from stock females and experimental males from Mixed (M), Isolated (I) and Structured (S) treatments. 

Also reported are the mean (± SE) number of offspring produced when experimental females from each treatment were mated to stock males (Prod FP) and when 

experimental males from each treatment were mated to stock females (Prod MP). 

Treatment ML KL KD CD Ejac  Area Prod FP Prod MP 

M 159.88±18.23 414.65±23.93 113.90±14.82 688.43±28.04 0.12±0.0067 0.0039±0.0012 46.68±1.58 42.03±1.13 

I 194.96±25.98 421.30±20.32 103.93±9.18 720.19±33.71 0.11±0.0054 0.0032±0.0048 48.67±1.46 42.19±1.25 

S 152.49±13.87 400.94±17.33 113.38±9.22 666.81±21.93 0.11±0.0053 0.0035±0.00060 46.85±1.59 43.05±1.14 
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Table 5.3 The effect of female weight, population structure and their interaction on latency to 

copulate, latency of female kicking behaviour, kicking duration and copula duration in the seed 

beetle Callosobruchus maculatus. Significance tests were performed using permutation-based 

likelihood ratio tests. χ2 values, degrees of freedom (df) and permutation-based p values are 

reported. 

Term χ2 df permutation p 

Copulation Latency 

FW by Population Structure 0.11 2 0.94 

FW 3.76 1 0.044 

Population Structure 2.67 2 0.29 

Kicking Latency 

FW by Population Structure 2.76 2 0.28 

FW 3.20 1 0.085 

Population Structure 0.55 2 0.79 

Kicking Duration  

FW by Population Structure 2.00 2 0.35 

FW 24.28 1 0.001 

Population Structure 0.42 2 0.83 

Copula Duration 

FW by Population Structure 2.68 2 0.26 

FW 3.57 1 0.061 

Population Structure 2.18 2 0.39 
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(iv) Multivariate Analysis 

The variance-covariance matrix conformed to the assumption of homogeneity of 

multivariate spread (F2,25 = 1.89, p = 0.17). There was no significant effect of 

population structure on the pattern of variance and covariance within and among traits 

(pseudo-F2,25 = 1.005, p = 0.47). 

(v) Productivity 

The Poisson GLMM of the productivity of all experimental females when mated to 

stock males was overdispersed (ratio = 27.54), and the model failed to converge with an 

individual level random effect. We therefore performed a permutation-based 

significance test, and there was no significant difference in productivity among 

treatments (χ2
2 = 2.83, perm-p = 0.27). Treatment had no significant effect on the 

probability of females laying (χ2
2 = 2.49, p = 0.29). This model was not overdispersed 

(ratio = 1.18). Considering productivity of those females who successfully laid, the 

Poisson GLMM was overdispersed (ratio = 8.54), and the model failed to converge once 

an individual level random effect was included. We therefore performed a permutation-

based significance test. There was no significant difference among treatments in 

productivity (χ2
2 = 0.88, perm-p = 0.67). 

The Poisson GLMM of the productivity of all stock females mated to experimental 

males was overdispersed (ratio = 13.84). This was accounted for with an individual 

level random effect, and there was no significant difference in productivity among 

treatments (χ2
2 = 0.84, p = 0.66). There was no significant effect of treatment on the 

probability of stock females laying when mated with experimental males (χ2
2 = 0.77, p 

= 0.68), and this model was not overdispersed (ratio = 0.68). The Poisson GLMM of 

productivity of those stock females that successfully laid was overdispersed (ratio = 
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6.21). This was accounted for with an individual level random effect and there was no 

significant difference in productivity among treatments (χ2
2 = 0.35, p = 0.84). 

5.5 Discussion 

There was no evidence for divergence in male harm or female resistance among 

populations with different kin structures in this experiment. While this could be due to 

insufficient genetic variation and/or time available for selection, we consider these 

explanations to be unlikely. Rather, we consider the most likely explanation for the lack 

of response to be insufficient strength of selection, and we suggest that the mechanics of 

dispersal in C. maculatus (and potentially other model species for sexual selection) do 

not allow putatively realistic forms of dispersal limitation to impose kin selection on 

harmfulness and resistance traits. Given that we found strong female-biased dispersal in 

beetles sourced from our stock populations, the lack of divergence in harmfulness in our 

experimental evolution design may support the model of Faria et al. (2015) over that of 

Rankin (2011). For kin selection to act on harmfulness traits in experimental evolution 

designs, the nature of dispersal and the timing of ‘cooperation’ relative to competition 

may need to be manipulated more directly. 

The first aim of our preliminary dispersal trial was to assess the effectiveness of a 

dispersal apparatus similar to that which we employed in the Structured treatment of our 

experimental evolution design. If beetles did not disperse between containers at all, then 

our Structured treatment would have been functionally identical to our Isolated 

treatment. On the other hand, if dispersal was too high, then the periods of isolation may 

have been insufficient to re-establish kin-structuring and our Structured treatment may 

have resembled our Mixed treatment. Across a single adult lifetime in our dispersal 

trial, dispersal was both incomplete and non-zero. The rate of female dispersal 

(0.37±0.01) was high, but male dispersal was low (0.08±0.02). Furthermore, the 
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majority of dispersers of both sexes only travelled short distances to neighbouring 

containers. Given that dispersal was completely cut off every second and third 

generation in our Structured treatment following the advice of Wade (2016), these 

dispersal rates should not have been sufficient to completely degrade population kin-

structuring. Since dispersal rates were also significantly non-zero, our Structured 

treatment should not have been functionally identical to either our Mixed or Isolated 

treatments. 

To interpret the strength of kin selection under each population structure from the lack 

of divergence in our experimental evolution design, it is useful to recall Equations 5.1 – 

5.3, describing the classical version of Hamilton’s Rule (Equation 5.1), and the methods 

of Frank (1998) (Equation 5.2) and Queller (1994) (Equation 5.3) of accounting for kin 

competition. In the panmictic treatment, 𝑟𝑒 was expected to decline towards zero over 

time as a result of completely free dispersal within each population so that Hamilton’s 

Rule (Equation 5.1) would not have been satisfied. In the Isolated treatment, using 

Frank’s (1998) method (Equation 5.2), the 𝑎 term describing the scale of competition 

was expected to approach one, and therefore 𝑏 = 𝑐 and Hamilton’s Rule could not be 

satisfied (𝑟𝑏 − 𝑐 = 𝑟𝑐 − 𝑐 < 0). Using Queller’s (1994) method (Equation 5.3), the 

frequency of helping (in this case the frequency of reduced harm) in the reference 

population �̅� was expected to approach the frequency of helping in the recipients 𝑝𝑦, 

because the reference population was a completely isolated group of close relatives. 

Equation 5.3 makes it clear that if 𝑝𝑦 = �̅� then 𝑟𝑒 = 0 and Hamilton’s Rule is not 

satisfied. While our Structured treatment was the only population type that allowed for 

the possibility of Hamilton’s Rule being satisfied, this would only have been the case if 

the mechanism of dispersal for C. maculatus allowed more productive groups of close 

relatives to colonise and replace less productive groups in the dispersal phase. We found 

no difference in male harmfulness or female resistance traits between Structured 
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populations and either of the other treatments, and Equations 1 – 3 provide a number of 

possible explanations for why our experimental populations failed to diverge. 

First, from Equation 5.1, the benefit 𝑏 to the beneficiaries of reduced harmfulness may 

have been too low to offset the direct cost 𝑐 to individuals that reduced their 

harmfulness. In other words, harming females less may not have resulted in a sufficient 

increase in the lifetime fitness of females (and by extension the fitness of the other 

males that those females mated with) to improve population productivity and dispersal. 

Previous work on C. maculatus, however, has demonstrated that indirect fitness benefits 

from reducing harm are sufficient for males to plastically adjust their harmfulness in 

response to changes in the kin and social structure of their competitors (Lymbery & 

Simmons, 2017). Furthermore, dispersal is density dependent in this species (Strevens 

& Bonsall, 2011) and the male optima of harmfulness traits is negatively associated 

with population productivity (Berger et al., 2016a). Nevertheless, given that we did not 

directly manipulate or measure the relationship between harmfulness, density and 

dispersal in this experiment, it is possible that a low 𝑏 (and/or high 𝑐) may explain the 

lack of divergence. 

Alternatively, kin selection may have been weak in Structured treatments because the 

dispersal regime did not allow for 𝑎 < 1 following Frank’s (1998) method (Equation 

5.2), or for 𝑝𝑦 > �̅� following Queller’s (1994) method (Equation 5.3). As discussed 

above, limited dispersal only satisfies Hamilton’s Rule under certain conditions. More 

precisely, limited dispersal will allow for kin selection when density within a group is 

not fixed by external factors and groups with less selfish individuals can have greater 

relative success (Taylor, 1992b; West et al., 2002). This would occur if, for example, 

the capacity of the environment increased as group size increased, such that the 

increasing cost of competition with increasing density did not cancel the benefits of 
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increased relatedness (Taylor, 1992b; Kelly, 1994; van Baalen & Rand, 1998; 

Mitteldorf & Wilson, 2000). Our experiment allowed for the expansion of 

environmental capacity with group productivity in the dispersal phase of the Structured 

treatment, as more productive groups with higher density could expand beyond their 

patch of origin and colonise less productive groups. Even under such conditions, 

however, whether Hamilton’s Rule is satisfied will depend on the timing and nature of 

the dispersal regime. For example, Kümmerli et al. (2009) found that local competition 

completely offset kin selected benefits under relatively limited dispersal in the iron-

scavenging bacterium Pseudomonas aeruginosa, unless dispersal occurred via budding 

and individuals migrated in cohesive groups that maintained high relatedness while 

making competition relatively global. Alternatively, Hamilton’s Rule can be satisfied if 

cooperative and competitive behaviours are separated in time such that cooperation is 

directed towards close relatives before dispersal and competition occurs among non-

relatives after dispersal (Taylor, 1992a; Queller, 1994; West et al., 2002). Neither of 

these possibilities seem to be the case for C. maculatus, since there was no divergence 

among our dispersal treatments in any of our measured sexual conflict traits. Our 

experiment is therefore consistent with the general prediction that limited dispersal 

alone is insufficient to impose kin selection, except under a certain set of dispersal 

mechanisms (as discussed above). 

Our interpretation of the strength of kin selection in our experimental evolution design 

is informed by the results of the second aim of our preliminary dispersal trial: namely to 

establish whether any tendency for sex-biased dispersal existed in our base population. 

Across all replicates of our dispersal trial, we found strongly female-biased dispersal in 

terms of likelihood of leaving the container of origin, although there was no evidence 

that female and male dispersers travelled different distances. According to Rankin’s 

(2011) model, these conditions could favour the action of kin selection on male 
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harmfulness by decoupling local relatedness from the scale of competition. Faria et al. 

(2015), however, claimed that although Rankin’s (2011) model assumed a fixed number 

of breeding males and females per patch following migration and mortality, his fitness 

functions implied competition for breeding opportunities between sexes. After 

correcting this apparent error so that the fitness functions followed directly from the 

model assumptions, Faria et al. (2015) found no simple relationship between female and 

male dispersal and the evolution of male harmfulness, concluding that increased female 

dispersal could inhibit the evolution of harm if male dispersal was high, but favour the 

evolution of harm if male dispersal was low. 

Faria et al. (2015) claimed that their results were more consistent with those of Gardner 

(2010), who modelled the effect of sex-biased dispersal on the evolution of altruism 

generally, and found that selfishness was inhibited when there was a small sex-bias in 

dispersal in favour of the sex with the greatest variance in reproductive success 

(typically males), but selfishness was favoured if this sex bias was large or in favour of 

the sex with the smallest variance in reproductive success. Gardner (2010) explained 

this by pointing out that the effect of dispersal of either sex on the scale of competition 

depends on the variance in their reproductive success, whereas the effect of dispersal on 

relatedness is independent of variance in reproductive success. A small relative increase 

in dispersal in the sex with the highest variance in reproductive success therefore 

increases the scale of competition disproportionately to the decrease in local relatedness. 

In our base population of C. maculatus, however, dispersal was biased in favour of 

females – typically the sex with the lowest variance in reproductive success. Given that 

we did not find any divergence in male harmfulness among treatments following 

experimental evolution, our results may provide tentative support for the models of 

Faria et al. (2015) and Gardner (2010) over that of Rankin (2011), although this 
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conclusion is based on the assumption that the female-biased dispersal that existed in 

our base populations persisted across generations of experimental evolution. 

Interestingly, the results of our dispersal trial are directly opposed to those of Downey et 

al. (2015), who measured male and female dispersal in 10 groups of C. maculatus, with 

each group sourced from a different population, and found significantly male-biased 

dispersal in nine of these groups. Our stock population and those used by Downey et al. 

(2015) therefore seem to differ in their patterns of sex-biased dispersal. Experiments 

that definitively establish sex-biases in dispersal patterns in C. maculatus and explicitly 

test the effect of sex-biased dispersal on the evolution of harm would be valuable in the 

future. 

In the only other experimental evolution study on the action of kin selection on male 

harmfulness, Łukasiewicz et al. (2017) found that female bulb mites Rhizoglyphus 

robini had higher reproductive outputs when mated with males that had evolved in kin 

structured groups for nine generations. Unlike the current study, Łukasiewicz et al. 

(2017) explicitly separated the scale of competition from local relatedness during 

reproductive interactions by allowing individuals in kin-structured lines to develop and 

mate in ‘interaction groups’ of close relatives before pooling the offspring of all 

interaction groups from each experimental line. The results of Łukasiewicz et al. (2017) 

are therefore a convincing demonstration that under conditions which are specifically 

manipulated to satisfy Hamilton’s Rule, kin selection can act to reduce male 

harmfulness and promote female reproductive success. Our study is not a refutation of 

this application of kin selection theory, but rather a test of whether the conditions for 

kin selection are fulfilled under a putatively more realistic form of dispersal limitation 

which may be expected to occur in nature. 
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In theory, our populations may have failed to diverge because the genetic variation 

and/or the time under selection were insufficient. Previous work on the C. maculatus 

stock populations used in this experiment found significant standing genetic variance in 

harmfulness and fitness traits (Wilson, 2013), and cuticular hydrocarbon profiles 

(Chapter Four), making this explanation unlikely. Furthermore, experimental evolution 

studies on this species have found significant responses to selection in fewer 

generations than our populations were subject to (20 and 25 generations for Blocks One 

and Two respectively). Van Lieshout et al. (2014), for example, found divergence in 

plasticity of female kicking behaviour after 11 generations of selection in male and 

female-biased populations derived from the same source population as the beetles used 

in our experiment. As such, we consider the most likely explanation for the lack of 

divergence in male harmfulness among populations to be that kin selection was too 

weak, rather than because of insufficient time or genetic variance. 

In conclusion, our results suggest that limited dispersal is not sufficient to impose kin 

selection on male harmfulness and female resistance in C. maculatus, despite strong 

female-biased dispersal. Rather than being due to insufficient genetic variance or time 

for selection, we consider the most likely explanation for the lack of response to be that 

the mechanisms of dispersal in C. maculatus do not allow limited dispersal to satisfy 

Hamilton’s Rule, leading to limited opportunity for kin selection. While kin selection on 

male harmfulness can be enforced by strict manipulations of relatedness and the scale of 

competition such as those performed by Łukasiewicz et al. (2017), our study represents 

a more ecologically feasible representation of limited dispersal for C. maculatus, and 

potentially for other model species for studies of sexual conflict. Furthermore, our 

combined results from the dispersal trial and the experimental evolution design provide 

tentative support for Faria et al.’s (2015) model on the effect of sex-biased dispersal on 

the evolution of male harmfulness, as opposed to that of Rankin (2011). Experimental 
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evidence so far suggests that the action of kin selection on male harmfulness seems to 

be based on plastic adjustments and kin recognition (Carazo et al., 2014, 2015; Le Page 

et al., 2017; Lymbery & Simmons, 2017) rather than limited dispersal. 
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Appendix 5.1 

This appendix includes: 

Supplementary Table S5.1 
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Supplementary Table S5.1 Number of individual Callosobruchus maculatus males (Sample 

Size) available for testing from each experimental population in Block Two. 

Population ID Treatment Sample Size 

1 Mixed 18 

2 Isolated 11 

3 Isolated 19 

4 Structured 13 

5 Mixed 4 

6 Isolated 10 

7 Mixed 8 

8 Structured 11 

9 Isolated 17 

10 Mixed 10 

11 Structured 14 

12 Isolated 14 

13 Mixed 2 

14 Isolated 5 

15 Structured 20 

16 Isolated 3 

17 Mixed 6 

18 Structured 11 

19 Mixed 0 

20 Structured 16 

21 Mixed 8 

22 Isolated 7 

23 Structured 5 

24 Isolated 17 

25 Structured 11 

26 Isolated 12 

27 Structured 15 

28 Mixed 10 

29 Structured 4 

30 Mixed 3 
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CHAPTER SIX: GENERAL DISCUSSION 
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The broad finding reported in the preceding chapters is that the outcome of sexual 

conflict depends in part on the social environment that the interacting individuals 

experience. In Chapter Two, I found that familiarity among males affects female fitness 

only if males are also related to each other, and males plastically adjust their 

harmfulness in response to changes in the social environment (Lymbery & Simmons, 

2017). In Chapter Three, I showed that the importance of familiarity in the plastic 

adjustment of harmfulness could be explained by responses to the perceived level of 

sperm competition, and demonstrated that males can sum the number of competitors 

they encounter across time periods (Lymbery et al., 2019). In Chapter Four, I showed 

that the putative kin recognition mechanism of cuticular hydrocarbons (CHCs) contain 

significant genetic variation in males of this species, and demonstrated that CHCs are at 

least one of the cues that males use to recognise the genetic and social identities of their 

competitors. In Chapter Five, I showed that limited dispersal is insufficient to enforce 

kin selection on male harmfulness, consistent with general predictions of inclusive 

fitness theory. Together, these results provide a framework for research at the interface 

of social evolution and sexual conflict, and significantly advance our knowledge of this 

new and expanding area of study. 

6.1 Plasticity in Male Harmfulness 

In Chapter Two, we found that social familiarity among male C. maculatus was 

important for the fitness of females if males were related to each other, but not if 

females were unrelated to each other. Female C. maculatus had higher lifetime 

reproductive fitness when grouped with males who were both genetically related and 

socially familiar with each other, and lower fitness when males were genetically related 

but unfamiliar with each other (Lymbery & Simmons, 2017). This finding is consistent 

with the prediction that, given a reliable mechanism of kin recognition, males should 
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adjust their harmfulness towards females according to changes in the social 

environment (Pizzari & Gardner, 2012; Pizzari et al., 2015). Plasticity in male 

harmfulness has also been found in D. melanogaster (Carazo et al., 2014, 2015; Le 

Page et al., 2017), and is therefore consistent across the only two species in which it has 

been explicitly tested. 

The results of Chapter Two (Lymbery & Simmons, 2017) successfully combine the 

study of sexual conflict with the first of Hamilton’s (1964) mechanisms of directing 

cooperation towards relatives, namely kin recognition. Inclusive fitness theory predicts 

that if individuals are able to determine their genetic relatedness to those they interact 

with, they should plastically adjust their behaviour to maximise their inclusive fitness 

across different interactions (Hamilton, 1964). While theoretical work has extended 

these ideas to the study of sexual conflict by predicting that males should reduce their 

harmfulness towards females when they compete with their relatives (Pizzari & 

Gardner, 2012; Pizzari et al., 2015), previous experimental results have been mixed 

(Carazo et al., 2014; Chippindale et al., 2015; Hollis et al., 2015; Martin & Long, 

2015). Together with the results of Le Page et al. (2017) on D. melanogaster, the results 

of Chapter Two (Lymbery & Simmons, 2017) are the most convincing demonstration 

yet of the importance of kin recognition and indirect fitness effects for the outcome of 

sexual conflict, and validate the continued expansion of research in this field. 

In Chapter Two, we compared female fitness among relatedness and familiarity 

treatments but did not directly identify the mechanisms by which males inflict harm, 

such as reproductive tract scarring and pre-copulatory harassment, or the suggested 

offset of harm by large ejaculates (Crudgington & Siva-Jothy, 2000; Edvardsson, 2007; 

den Hollander & Gwynne, 2009; Ursprung et al., 2009; Rönn & Hotzy, 2012; Berger et 

al., 2016a). We agree with Carazo et al. (2014) and Le Page et al. (2017) that the most 

parsimonious explanation for differences in female fitness among treatments in which 
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the social environment of the males is manipulated is plastic adjustments in male 

harmfulness, although future studies could benefit from definitively linking fitness 

effects with the proximate mechanisms of harmfulness. If our interpretation (and that of 

Le Page et al. (2017)) is correct, then males require two social cues to respond in a way 

that significantly affects female fitness: genetic relatedness and social familiarity. Again 

in common with Le Page et al. (2017), we interpreted this to mean that genetic kin 

recognition cues are available to C. maculatus, but additional familiarity-based cues are 

necessary to elicit a behavioural response, although whether familiarity per se is 

important in this context is brought into question by the results of Chapter Three (see 

also section 6.2 below). 

The decision either to reduce or elevate the level of harm in response to competitor kin 

structure can be considered a conditional strategy, as defined by Hazel et al. (2004) as 

“the environmental induction of alternative morphs.” Here elevated and reduced 

harmfulness are equivalent to “alternative morphs,” and the “environment” is the 

relatedness of competitors. Strategic and environmental threshold models have found 

that cue reliability is an important factor in the evolution of conditional strategies 

(Lively, 1986; Hazel et al., 2004). Lively (1986), for example, found that conditional 

strategies were not favoured once the association between the cue and reality declined 

below 50%. From this perspective, we might consider the combination of relatedness 

and familiarity in our experiment to enhance ‘cue accuracy.’ For example, if we 

consider the reliability of the genetic cue for true relatedness to be some proportion 𝑥, 

then the false positive rate of the genetic cue (that is, competitors actually being 

unrelated when the genetic cue indicates them to be kin) is (1 − 𝑥). Similarly, if the 

reliability of the familiarity cue for relatedness is 𝑦, the false positive rate for this cue is 

(1 − 𝑦). In the simplest case, the false positive rate of recognition when both genetic 

and familiarity cues indicate ‘kin’ would be (1 − 𝑥) × (1 − 𝑦), which is below both 
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(1 − 𝑥) and (1 − 𝑦) (note that these simple calculations assume independence between 

genetic and familiarity cues). It is plausible that this could push cue reliability above the 

threshold required for the conditional strategy to be favoured, although it should be 

noted that by reducing the false positive rate this process would simultaneously increase 

the false negative rate (that is, concluding that competitors are not kin when in reality 

they are). Alternative interpretations of the importance of familiarity for the interaction 

effect I reported in Chapter Two are investigated in Chapter Three (see also section 6.2 

below). 

Although male familiarity enhanced female fitness if males were related in Chapter 

Two, it is also important to note that female fitness was lowest in the Related-

Unfamiliar treatment. I interpreted the relatedness-by-familiarity interaction to mean 

that genetic and familiarity cues were both necessary to produce reductions in 

harmfulness, but if this is correct then it remains to be explained why the genetic cues 

seem to ‘misfire’ and prompt elevated harmfulness in the absence of social familiarity. 

It is possible, for example, that high genetic relatedness in the absence of social 

familiarity is a sign of a highly inbred population, where cooperating with close 

relatives is no longer advantageous because all individuals are closely related, and this 

could prompt males to increase their harmfulness. From this perspective, familiarity 

would provide additional information to males regarding population structure rather 

than merely reinforcing the relatedness cue. While this interpretation makes theoretical 

sense, whether it places unrealistic demands on the cognition of C. maculatus remains 

to be tested. 

Future studies in the field of the social evolution of sexual conflict will also benefit 

from considering the female perspective. For example, in Chapter Two I favoured an 

interpretation of the results that relied on males downregulating their harmfulness in 

response to certain social environments. It is also possible, however, that females 
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‘anticipate’ the expected levels of male harmfulness depending on their assessment of 

the social environment and match their resistance appropriately. The same logic could 

also apply to the results of Chapter Four (see also section 6.3 below). In C. maculatus, 

female resistance seems to be based on the thickness of the reproductive tract, a trait 

that may not be amenable to plastic adjustments (Rönn et al., 2007; Dougherty et al., 

2017). Although females also kick during copulation, the functional role of kicking is 

uncertain (Wilson & Tomkins, 2014). The plastic adjustment of resistance traits in 

response to different social environments, however, may have greater relevance for 

other species where females are able to prepare behavioural and/or physiological 

defences. 

The majority of experimental studies on the importance for the social environment for 

sexual conflict have dealt with male-male relatedness. It would be interesting to expand 

this work to include intersexual relatedness between reproductive partners, since in 

theory males should be selected to harm females less if they are related to them. Of the 

studies that have explicitly tested the role of relatedness on plasticity in harmfulness, 

only Martin & Long,(2015) manipulated female-male relatedness. In Carazo et al. 

(2014, 2015), Hollis et al. (2015), Chippindale et al.(2015), Le Page et al. (2017) and 

Chapter Two of this thesis (Lymbery & Simmons, 2017), females were always 

unrelated to the females they mated with. Martin & Long (2015) found no effect of 

intersexual relatedness on female fitness, but contrary to Carazo et al. (2014, 2015) and 

Le Page et al. (2017), they also found no effect of intrasexual relatedness. One problem 

with varying intersexual relatedness is that any effects of kin selection may become 

completely confounded with effects of inbreeding avoidance, and results would 

therefore be difficult to interpret. Moreover, inbreeding avoidance itself can be the 

subject of sexual conflict. Because of differences in parental investment, theoretical 

models predict that males and females bear different costs of inbreeding, with the 
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indirect fitness benefits of mating with full siblings expected to outweigh the costs of 

inbreeding depression for males if the relative cost is less than two thirds, and for 

females if the relative cost is less than one third (Parker, 2006). To make manipulations 

of intersexual relatedness informative for the overall field of sexual conflict, future 

studies will need to account for all of these factors. 

6.2 Social Familiarity and the Level of Competition 

The main aim of Chapter Three was to address a persistent problem with manipulations 

of social familiarity in previous experiments, by establishing whether males were 

capable of summing the number of competitors they encountered across separate time 

periods. We found that males adjusted their ejaculate size according to the total number 

of competitors they were exposed to over 48 hours even if all competitors were not 

present at the same time, and they therefore possess the hypothesised ability of 

‘sequential summing’. Moreover, males did not adjust their ejaculate size in response to 

our manipulation of familiarity when it was separated from the total level of 

competition (Lymbery et al., 2019). The implication of this result for the study of the 

indirect fitness consequences of sexual conflict is that the level of competition cannot be 

ignored as an alternative explanation for the effect of familiarity in previous studies, 

particularly Chapter Two of this thesis (Lymbery & Simmons, 2017) and Le Page et al. 

(2017). 

In Chapter Two (Lymbery & Simmons, 2017) we found that female fitness was higher 

if males were both familiar and related to each other, and in Chapter Three (Lymbery et 

al., 2019) we found that males produced larger ejaculates when they were exposed to 

fewer rivals in total (corresponding to the ‘familiar’ treatments in Chapter Two). 

Whether the results of Chapter Three provide an alternative explanation for the 

importance of social familiarity for the interaction effect we reported in Chapter Two 
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(Lymbery & Simmons, 2017) therefore depends on how ejaculate size relates to female 

fitness. Larger ejaculates have been found to benefit females across Coleoptera 

generally (South & Lewis, 2011) and across the Callosobruchus genus (Rönn et al., 

2008). In C. maculatus copula duration is positively correlated with both ejaculate size 

and female fecundity, and females mate more frequently when not provided with an 

external water source in both C. maculatus and C. chinensis (Edvardsson & Canal, 

2006; Edvardsson, 2007; Ursprung et al., 2009; Harano, 2012). While the provisioning 

of water in the ejaculate may help to offset the costs of copulation for females, Iglesias-

Carrasco et al. (2018) found that raising females in a water-rich environment did not 

offset the fitness cost of being exposed to multiple males, and suggested that water 

could not explain the putatively beneficial effect of the ejaculate. Moreover, the 

composition of the ejaculate in this species is considerably more complex than a simple 

water gift. Goenaga et al. (2015) found that ejaculate composition varied significantly 

across populations and Bayram et al. (2017, 2019) identified 317 ejaculate proteins, 37 

of which were homologous to seminal fluid proteins from other species and 92 of which 

were entirely novel. Now that the ability of males to sum the number of competitors 

encountered across separate time periods has been established in C. maculatus, future 

studies should aim to extend the design of Chapter Three to include measures of female 

fitness and more definitively relate these measures to differences in ejaculate size and 

reproductive investment. 

Beyond their direct relevance for experimental manipulations of social familiarity, the 

results of Chapter Three are an important addition to our understanding of competitive 

environment effects and numerosity. Previous studies on strategic ejaculation in 

response to the risk and intensity of sperm competition have manipulated the number of 

rivals present at the time of mating, with very few examples of males accounting for 

past competitive exposure (but see Bretman et al., 2010; Carazo et al., 2012). The 
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results of Chapter Three are a novel demonstration of males summing rivals 

encountered over separate days. In D. melanogaster, strategic ejaculation is controlled 

by a form of long-term anaesthesia-sensitive memory which depends on neural circuitry 

similar to simple associative learning, and males respond to rivals for up to 12 hours 

post-separation (Rouse & Bretman, 2016; Rouse et al., 2018). While the form of 

memory that controls strategic ejaculation in C. maculatus (and most other insect 

species) is unknown, the results of Chapter Three demonstrate that males of this species 

‘remember’ the competitive environment they experienced at least 24 hours previously 

and sum it with the current competitive environment, a significant extension of the time 

period over which males of other insect species have been shown to respond (Rouse & 

Bretman, 2016; Rouse et al., 2018). Our results therefore inform future directions in the 

study of the complexities of insect numerosity and its role in strategic reproductive 

investment. 

6.3 Mechanisms of Kin and Social Recognition 

Chapter Four provides (to our knowledge) the first demonstration of the mechanism of 

kin recognition in the context of plasticity in sexual conflict. We found that females 

were more productive after mating occurred in the presence of cuticular hydrocarbon 

(CHC) extracts that were unfamiliar to the focal male and taken from his non-relatives. 

It should be noted, however, that in light of the results of Chapter Two the importance 

of familiarity could be attributed either to a role in kin recognition or to a response to 

the level of competition. As discussed in detail in Chapter Four, we predicted  that when 

males were more competitive (and therefore had elevated expression of sexual conflict 

traits), female productivity from a single mating would increase, but that female lifetime 

fitness would decrease due to constant exposure to multiple competitive (i.e. harmful) 

males (but see Rönn & Hotzy 2012). It is important to note that while these predictions 
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are theoretically sound, they are yet to be empirically tested and the results of Chapter 

Four should therefore be treated with a degree of caution. Future studies could improve 

upon this design by directly comparing immediate and lifetime productivity of females 

and also measure the mechanisms of competition and harm. See Chapter Four for a 

more complete discussion of the difference between productivity following a single 

mating with a more competitive male, and female lifetime fitness resulting from 

constant exposure to multiple competitive males. If my  predictions were correct, 

however, the results of Chapter Four may be reconciled with those of (Lymbery & 

Simmons, 2017) and Le Page et al. (2017). While previous work, together with the 

other data chapters of this thesis, has provided a robust framework for the evolutionary 

significance of indirect fitness effects for sexual conflict, Chapter Four is a novel 

advance in the mechanistic understanding of this field. 

By establishing CHCs as the mechanism of kin and social recognition in the context of 

plastic adjustments in male competitiveness, the results of Chapter Four provide a 

useful method for future manipulations of male perceptions of the kin structure of their 

competitors. The fact that males respond to the presence of CHCs that differ in their 

relatedness and familiarity may, for example, allow future studies to manipulate the 

perceived social and competitive environment independently of the mating status of 

females. Such a method also avoids any potential confounding effects of aggressive or 

dominance interactions within groups of males, which may affect male reproductive 

fitness or competitive behaviour independently of any responses dictated by kin 

recognition (Penn et al., 2010; Hollis et al., 2015). CHCs have already been used to 

manipulate male perceptions of the risk and intensity of sperm competition (Thomas & 

Simmons, 2009), and the results of Chapter Four extend their utility into the emerging 

field of inclusive fitness and sexual conflict. 

6.4 Limited Dispersal and the Action of Kin Selection 
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In the final data chapter of this thesis (Chapter Five), I investigated the second of 

Hamilton’s (1964) mechanisms of preferentially directing cooperation towards relatives: 

limited dispersal. Experimental work on the role of indirect fitness effects in directing 

the outcome of sexual conflict has focussed almost exclusively on kin recognition, and 

Chapter Five is only the second experimental study, after Łukasiewicz et al. (2017), to 

address the role of limited dispersal. Consistent with general predictions of kin selection 

theory, we found that limited dispersal alone was not sufficient to allow the action of 

kin selection on male harmfulness and female resistance. To allow limited dispersal to 

impose kin selection on sexual conflict traits, a species must disperse in a way that 

enhances local relatedness but maintains global competition. This is seemingly not the 

case in C. maculatus, and likely not for other model species for sexual conflict such as 

D. melanogaster. 

As discussed in Chapters One and Five, for limited dispersal to impose kin selection 

Hamilton’s Rule must be satisfied after accounting for kin competition following the 

methods of Queller (1994) or Frank (1998). From Chapter One, the classical version of 

Hamilton’s (1964) Rule is: 

𝑟𝑏 − 𝑐 > 0     (𝟔. 𝟏) 

Queller’s (1994) method of accounting for kin competition involves defining 𝑟 as 

effective relatedness (𝑟𝑒): 

𝑟𝑒 =
Σ(𝑝𝑦 − �̅�)

Σ(𝑝𝑥 − �̅�)
     (𝟔. 𝟐) 

Alternatively, Frank (1998) modifies 𝑏 as: 

𝑏 = 𝐵 − 𝑎(𝐵 − 𝑐)    (𝟔. 𝟑) 
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Following either method, limited dispersal will only impose kin selection if it allows 

high local relatedness between co-operators while maintaining relatively global 

competition. In the only other experimental evolution study on the effects of limited 

dispersal on sexual conflict, Łukasiewicz et al. (2017) enforced the conditions for kin 

selection by independently manipulating the level of dispersal and the scale of 

competition. While this confirms theoretical predictions that male harmfulness will 

respond to kin selection when the appropriate conditions are enforced, these two factors 

(the level of dispersal and the scale of competition) are unlikely to vary independently 

under natural conditions for many species. The results of Chapter Five and those of 

Łukasiewicz et al. (2017) can be seen to exist at opposite ends of a spectrum of 

manipulation: kin selection is imposed when the rate of dispersal and the scale of 

competition are independently manipulated (Łukasiewicz et al., 2017), but not when the 

opportunity for dispersal alone is manipulated. 

Theoretical models also differ in their predictions regarding the efficacy of sex-biased 

dispersal in decoupling local relatedness from the scale of competition. Rankin's (2011) 

model predicts that female-biased dispersal should inhibit the evolution of male 

harmfulness, because under these conditions low male dispersal maintains local 

relatedness among competing males while high female dispersal exports the 

consequences of harm to competition in the global population. The models of Faria et 

al. (2015) and Gardner (2010), on the other hand, suggest that large sex-biases in 

dispersal favour the evolution of harm, particularly when dispersal is biased in favour of 

the sex with the lowest variance in reproductive success. Given that we found no 

evidence for kin selection against harmfulness in our structured populations despite the 

strong female-bias in dispersal in stock population individuals, our results provide 

tentative support for the models of Faria et al. (2015) and Gardner (2010) over that of 

Rankin (2011). 
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It would be interesting to investigate whether the plastic responses of males identified in 

Le Page et al. (2017) and Chapter Two of this thesis (Lymbery & Simmons, 2017) 

might interact with evolutionary changes in harmfulness. Future work could, for 

example, repeat the experimental procedure of Chapter Two on populations that have 

undergone experimental evolution under different dispersal regimens to determine 

whether plasticity, rather than average harmfulness, has diverged. Alternatively, it is 

possible that the presence of plasticity in harmfulness may affect the potential for 

evolutionary responses. Theoretical models predict that moderate levels of plasticity can 

enhance the potential for evolutionary responses by allowing survival in new 

environments and introducing initial variation that may later become fixed by selection 

(Price et al., 2003; West-Eberhard, 2003). On the other hand, high levels of plasticity 

can reduce the potential for evolutionary responses, since the plasticity itself may allow 

males to achieve optimal trait expression with no further selection for non-plastic 

changes (Price et al., 2003). These effects may offer alternative explanations for why no 

divergences in sexual conflict traits were observed in the results of Chapter Five. 

Future work examining the consequences of limited dispersal for sexual conflict could 

vary the extent to which the dispersal regimen (in terms of both the overall rate of 

dispersal and sex-biased dispersal) is experimentally controlled to determine the level of 

direct manipulation that is required before kin selection will act on harmfulness and 

resistance. This will allow further clarification of whether this selective force is likely to 

be important under mechanisms of limited dispersal that might be expected to occur in 

nature. The experimental evidence that has so far accumulated in this field suggests that 

of Hamilton’s (1964) mechanisms for the direction of cooperation towards relatives, kin 

recognition plays a more significant role in moderating sexual conflict than does limited 

dispersal (Chapters Two to Five; Carazo et al., 2014, 2015; Le Page et al., 2017; 

Lymbery & Simmons, 2017). 
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6.6 Conclusion 

This thesis has provided one of the most comprehensive applications so far of social 

evolution theory, or more particularly the inclusive fitness framework devised by 

Hamilton (1964), to the study of sexual conflict. By establishing the co-dependent roles 

of genetic relatedness and social familiarity in the moderation of sexual conflict and 

addressing the neglected alternative interpretation of the importance of familiarity in 

interaction effects, Chapters Two and Three provide an experimental framework for 

future studies in this field. By identifying CHCs as a mechanism of kin recognition, 

Chapter Four also provides a useful method for manipulating the perceived kin and 

social structure of competitors independently of the realised kin and social structure. 

Finally, in Chapter Five I demonstrate that the level of dispersal and the scale of 

competition do not respond independently under putatively ‘naturalistic’ conditions, and 

suggest that kin recognition may be a more significant mechanism for imposing kin 

selection on male harmfulness than limited dispersal. Together, these results provide a 

robust foundation for the indirect fitness consequences of sexual conflict and a valuable 

‘road-map’ of the key areas that future work in this field should address. 
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