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The evolutionary interests of males and females are rarely harmonious. Males and 

females often evolve to adjust their behaviour or physiology to enhance their 

reproductive success, often at the expense of the other sex. Sexual conflict is where 

these adaptations have antagonistic fitness consequences to the opposite sex. In this 

thesis, I use a population of the seed beetle, Callosobruchus maculatus, to investigate 

the plasticity of copulatory behaviours and fitness measures in differing sociosexual 

environments. Initially, C. maculatus was thought to have a sexual conflict over 

copulation duration as females have a conspicuous pericopulatory kicking behaviour 

and the aedeagus of the male has sclerotized spines that damage female internally. This 

thesis comprises a range of phenotypic experiments where I exposed male and female 

C. maculatus to differing sociosexual environments in which I quantified any changes 

to copulatory behaviours and fitness measures. The final chapter estimates the 

quantitative genetic variances and covariances of these behaviours. 

 

I found that the female kicking behaviour is not fully under the control of females; in 

fact phenotypically, males control all of the measured copulatory behaviours including 

kicking latency and kicking duration. Furthermore, by introducing a harassing trio of 

males into the mating environment, females kicked for twice as long without any 

reduction in the overall copulation duration. These results dispel the idea that 

pericopulatory kicking by females is an effective resistance adaptation evolved by 

females in response to damage caused by spiny male aedeagi during copulation. Indeed, 

females that could kick for longer died sooner suggesting that female kicking may be a 

trait that benefits male fitness at a cost to female fitness. 

 

By modelling the changes in the pattern of ejaculate transfer, I showed that the 

probability of a female kicking is independently positively influenced by ejaculate 

weight, kicking latency and the number of mates with which a male has previously 

mated. Males also showed plasticity in ejaculate transfer with sociosexual environment, 

as males mating with harassing males present began transferring ejaculate sooner than 

males mating in isolation. In addition, males that were not kicked during copulation (i.e. 

females had their hind legs severed preventing kicking) transferred their ejaculates at a 

slower rate than males mating with intact females.  

 

Given that the investment of males into ejaculates is not equal over successive matings, 

I investigated a range of female fitness measures when females mate with males of 
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unknown mating histories, and how female fitness changed with mating frequency. I 

found that an increase in copulation frequency resulted in a reduction in life history 

traits of fecundity, offspring production and egg to adult survival, but concurrently lead 

to an increase in the probability that a female would lay fertile eggs (fertility). This 

trade-off indicates that females use remating as a means of fertility assurance. The 

presence of harassment during copulations did not affect any of these life history traits 

except longevity such that females mating two or three times, and females mating two 

times in isolation, died soonest.  

 

I investigated the genetic architecture of copulation duration and female kicking using a 

half-sib breeding design. This revealed that, as with the phenotypic study, kicking 

duration was heritable through males, rather than females. In contrast, the time taken 

before the onset of female kicking was inherited through females and not males. Males 

had a higher coefficient of additive genetic variance for the duration of both kicking and 

copulation than females, but the reverse was true for kicking latency, demonstrating that 

it was the levels of additive genetic variance that altered the heritability rather than the 

levels of residual variance. 

 

The most important result that I have found is that the duration a female kicks for is not 

actually controlled by females; rather it appears to be a male controlled behaviour. I 

have found that a sexual conflict in this species may exist over the kicking behaviour 

given that different aspects of kicking (onset and conclusion) are controlled by different 

sexes. Furthermore, I provide evidence for sensitivity in copulatory behaviours and 

fitness to changes in the sociosexual environment. I found that males can strategically 

ejaculate based on the sociosexual environment, further supporting the notion that males 

are winning the coevolutionary battle between the sexes of C. maculatus.  
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In this thesis, I set out to answer the seemingly simple question of “how do males and 

females maximize the benefits of copulation?” by investigating sexual conflict in a seed 

beetle, Callosobruchus maculatus. Sexual conflict is a form of sexual selection that 

occurs where adaptations in males and females pull the other sex away from their sex-

specific fitness optima. Female C. maculatus kick males during copulation, a behaviour 

initially assumed to shorten the duration of copulation that was selected because it 

reduced the damage females sustained from male penile spines. From observations of 

this behaviour, the notion arose that there is a sexual conflict over copulation duration in 

this species. C. maculatus has since become a model system for disentangling the 

complexities of copulation and the benefits of mating to each sex.  

 

To begin to answer my question, I review the sexual conflict literature relating to C. 

maculatus. I focused the review solely on C. maculatus because there has been a great 

deal of research on sexual conflict in this species. How an individual, or indeed one sex 

as a whole, maximizes the benefits of copulation is centralized on maximising fitness 

and optimising fitness-related adaptations (both behavioural and morphological). I 

discuss how changes in the sexual selection pressures a population is under impact 

fitness - e.g. whether there are male or female biased sex ratios or holding one sex’s 

antagonistic traits constant in an otherwise varied environment. Similarly, I review how 

phenotypic plasticity, cued by the sociosexual environment, can alter male and female 

behaviour and fitness. I discuss the coevolution of male and female genital morphology 

and function, and highlight some potential sexual conflicts present in the species.  

 

In chapter two I look at the phenotypic side of copulatory behaviours, with a focus on 

one behaviour thought to be tightly linked to female fitness: female kicking during 

copulation. I examine how these copulatory behaviours change when the ability of 

females to kick males is removed. In this chapter I also look at how these behaviours 

change when mating pairs experience pre- or pericopulatory harassment. I report 

differences in the levels of control over the mating behaviours and what these 

differences mean for sexual conflict over mating duration. Finally, I show that increased 

durations of kicking are costly to female longevity. 

 

Chapter three moves the spotlight to the males where I examine a male copulatory 

behaviour - ejaculate transfer - where I model the patterns of male ejaculate transfer to 

females under a range of sociosexual environments. These different environments 
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include variation in male mating history, the presence of rival males during copulation 

and when the kicking behaviour of females is prevented through hind leg ablation. This 

chapter moves me closer to an answer as to how males are able to adjust their behaviour 

under a range of sociosexual environments to improve their fitness.  

 

Thus far, my research has been based on a single copulation and how individuals/sexes 

benefit under different sociosexual environments. My fourth chapter moves into the 

benefits of multiple copulations, and addresses a fundamental question in sexual 

conflict: to what extent is female remating is adaptive? There is only limited research 

into this question for C. maculatus, despite this species receiving a lot of attention in 

other areas of evolutionary biology. Rather than fixing the male mating rate and using 

only virgin males, I used males from a stock population of an unknown mating history 

and age to avoid overestimating the benefits from mating with multiple virgin males. I 

report how a female’s fitness (quantified here as chance of being fertile, fecundity, 

offspring production, egg-to-adult survival and longevity) change with an increasing 

number of matings. I also include a measure of fitness called “reproductive output” 

whereby I use the geometric mean of the offspring production plus a constant (to 

account for females that produced no offspring).  

 

For my last chapter, chapter five, I build on the results from chapter two where I found 

that males and females differed in the level of control that they had over pericopulatory 

behaviours. Here however, I examine the underlying genetic architecture of copulatory 

behaviour by quantifying sex-specific heritabilities for copulatory traits and how these 

traits correlate genetically with each other. These genetic observations add some depth 

to the body of information I have provided so far in this thesis as the research has been 

wholly phenotypic.  

 

To conclude, I summarize my findings in an epilogue and discuss the future directions 

this research suggests would be fruitful. I have provided new understanding of the 

sexual interactions between Callosobruchus maculatus males and females by including 

manipulations of the sociosexual environment, mating history and number of matings 

and show how the sexual conflict in copulatory behaviour may be over the duration of 

kicking, rather than overall copulation duration, as had been thought. As a whole, these 

chapters come together to shed some light on the complicated interaction that is sexual 

reproduction and how each sex maximise their gains from it. 
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Sexual conflict in Callosobruchus maculatus  

(Coleoptera: Bruchidae) 
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1.1 Sexual Selection and Sexual Conflict 

 

Anisogamy - where the sexes differ in their investment into individual gametes (Parker, 

1970) drives males (for the most part) to compete for females and females to be choosy 

about the males with which they mate (Andersson, 1994; Clutton-Brock and Parker, 

1995). This simple asymmetry in investment can lead to the evolution of traits that 

increase the bearers’ chance of both attaining (the quantity) and enhancing (the quality) 

their reproductive effort (Andersson, 1994). Those traits that successfully increase 

reproductive effort can be under different forms of sexual selection: precopulatory 

intrasexual selection where there is competition within a sex for access to mates, and 

has resulted in the evolution of dominance displays; for example those seen in bonobos 

(Pan paniscus) (Surbeck et al., 2011) and in weaponry; for example, the larger antlers 

and body size in cervids (Clutton-Brock et al., 1980; Stewart et al., 2000). Conversely, 

postcopulatory intrasexual selection also where the sperm of two or more males 

compete for the fertilization of an ovum – leading to the evolution numerous traits and 

behaviours in males from mate guarding to the size and chemical composition of the 

ejaculate (Parker, 1970; Simmons, 2001). Precopulatory intersexual selection occurs 

between the sexes and is most often exemplified by females choosing mates with 

particular traits such as female cabbage-white butterflies (Pieris rapae) preferring more 

highly chromatic white males (Morehouse and Rutowski, 2010). Postcopulatory 

intersexual selection has evolved as well, where females alter the usage of inseminated 

sperm through cryptic female choice (Eberhard, 1996; Edvardsson, 2000). 

 

Another form of intersexual selection that has come to greater prominence recently is 

sexual conflict (Chapman et al., 2003; Arnqvist and Rowe, 2005; Parker, 2006). Sexual 

conflict has been widely studied (Plants: Uma Shaanker and Ganeshaiah, 1997; 

Mammals: Clarke et al., 2009; Humans: Mulder and Rauch, 2009; Fish: Baldauf et al., 

2013) but most prevalently in insects (Arnqvist and Rowe, 2002; Haerty et al., 2007; 

Gwynne, 2008; Gay et al., 2011a). Sexual conflict arises where the evolutionary 

interests of males and females differ. Fundamentally, sexual conflict arises because 

male fitness increases with additional matings at a faster rate than female fitness does. 

This difference in rate is because a single mating can fertilize all of a female’s gametes 

but males can mate multiply to maximize the number of fertilisations their gametes 

achieve (Bateman, 1948; Arnqvist and Nilsson, 2000). Since matings are always 

between a male and female, the average number of mating for males and females in a 
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population is the same; thus males will tend to be selected to coerce females to mate 

more often than is in their evolutionary interests while females will be selected to resist 

this male coercion (Clutton-Brock and Parker, 1995; Holland and Rice, 1998; Parker, 

2006; Arbuthnott et al., 2013). Perhaps, therefore, the most fundamental sexual conflict 

is over mating frequency, with male fitness quite simply determined and female fitness 

more heavily reliant on the trade-off between the potential benefits such as increased 

egg production (Ronkainen et al., 2010) or higher genetic diversity within progeny 

(Hughes and Boomsma, 2004) against the risks of multiply mating including higher risk 

of disease exposure (Knell and Webberley, 2004) or physical damage (Crudgington and 

Siva-Jothy, 2000) 

 

Sexual conflict can in turn lead to sexually antagonistic coevolution (SAC) where each 

sex evolves antagonistic traits that maximize their own fitness, at the expense of the 

evolutionary interests of the other sex (Clutton-Brock and Parker, 1995; Rice, 1996; 

Chapman et al., 2003; Arnqvist and Rowe, 2005). An excellent example of the 

coevolution of sexually antagonistic traits occurs in the water strider genus Gerris 

(Heteroptera: Gerridae). The females of many water strider species are intensely 

harassed by males and the actual mating process is costly to females (Arnqvist and 

Rowe, 2002). Gerrids show sexual dimorphism in the abdominal structures associated 

with mating; males are armed with claspers that hold to females coerce them to mate, 

while in turn, females have evolved resistance through anti-grasping traits (Arnqvist and 

Rowe, 2002). This is a coevolutionary process because the adaptations of one sex are 

met by counteradaptation in the other, SAC is characterized by cycles of adaptation and 

counteradaptation (Parker, 1979; Rice, 1996).  

 

Parker (1979) showed that because selection is usually more intense on males, males 

often win in the coevolutionary struggle between the sexes and females tend to bear the 

lion’s share of the fitness reductions from antagonistic coevolution. Indeed, Rice (1996) 

found that when female Drosophila melanogaster were prevented from coevolving with 

males, males develop traits that drastically reduce female fitness. Haerty et al. (2007) 

found further support for this idea in a broad taxonomic study of Drosophila where they 

demonstrate that male sex-related and reproduction-related genes evolve at a faster rate 

than in females. The variation and inheritance of these sexually conflictual traits fuels 

sexually antagonistic coevolution (Chapman and Partridge, 1996).  
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1.2 Callosobruchus maculatus 

 

Callosobruchus maculatus, (Coleoptera: Bruchidae) are a seed eating beetle originating 

from West Africa. They are a stored product pest of Vigna beans and are associated with 

agriculture. Due to human agricultural activity, C. maculatus have a cosmopolitan 

distribution. Eggs are laid on the seed coats of the bean, and the larvae burrow inside 

where they remain until they eclose as adults (Southgate, 1979) causing substantial 

damage to the value of the stored product (Melo et al., 2010). As well as being widely 

studied for pest management (Elhag, 2000; Kéita et al., 2001) C. maculatus have been 

widely used as a model system for the study of evolutionary biology (Polyandry: Fox, 

1993; Sperm competition: Eady, 1994; Population fitness: Rankin and Arnqvist, 2008; 

Inbreeding depression: Fox et al., 2011). 

 

C. maculatus feature prominently in the context of sexual selection and sexual conflict.  

These beetles are a productive model system to work with, as the sexes have 

conspicuous copulatory behaviours that are seemingly conflictual: males have spiny 

aedeagi that damage females during copulation and females in turn express a kicking 

behaviour during copulation. When this pericopulatory kicking behaviour is disabled 

through hind-leg ablation, the duration of copulation is extended (Crudgington and 

Siva-Jothy, 2000; Chapter 2: Wilson and Tomkins, 2014a). This readily observable 

change in the sexual interaction lead to a common assumption: pericopulatory kicking 

functions to shorten copulation. Crudgington and Siva-Jothy’s (2000) cornerstone 

research into how female C. maculatus that mate for shorter durations sustain fewer 

physical injuries from the spiny aedeagus of the male founded the notion that there is a 

sexual conflict over copulation duration in seed beetles (i.e. that female kicking shortens 

copulations) and has fuelled a large body of evolutionary research into sexual conflict in 

C. maculatus. Here we bring together these empirical studies and review changes in 

fitness in relation to sexual conflict, genital morphology and the copulatory behaviour 

of C. maculatus and how these traits coevolve. 

 

1.3 How Does Sexual Conflict Affect Fitness?  

 

Female 

A female can increase reproductive success through several mechanisms including 

laying more eggs, investing more resources into each egg to increase the chance of it 
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developing successfully or by strategic oviposition to maximize available natural 

resources for egg development. A small number of studies report effects on female 

fitness following changes in the intensity of sexual conflict, primarily through 

experimentally preventing females from kicking by severing their hind legs. For 

example, the proportion of eggs that develop into adult offspring (egg-to-adult survival) 

increased when females could kick (Wilson and Tomkins, 2014a), although this did not 

translate into greater offspring production. Edvardsson and Tregenza (2005), however, 

found that females that have their kicking legs removed prior to mating did not produce 

as many offspring as females that were intact during mating but had their hind legs 

removed directly afterwards. These two studies suggest that the pericopulatory kicking 

behaviour of females somehow affects reproductive success. Furthermore, Gay et al. 

(2009) found that females mating when rival males were present laid fewer eggs than 

females copulating in isolation. Maklakov et al. (2009) found similar evidence for a cost 

of male competition where females produced more offspring when copulating under a 

monogamous regime compared to a polygamous regime.  

  

A recent study by van Lieshout et al. (2014a) examined how female 

immunocompetence changes when sex ratios are skewed towards males or females. 

Under the high intensity scenario (high male to female ratio) immune function was 

lower both in females and males, but the reduction was greater in females compared to 

males under a parity sex ratio. These results suggest a greater cost of mating under 

male-biased environments where immune function trades-off with other reproductive 

investment traits (Adamo et al., 2001; Ardia, 2005).  

 

Female fitness can depend on how efficiently females utilize ejaculates. This efficiency 

may be linked to how females receive (size of the bursa copulatrix organ), store 

(spermatheca) or process (accessory glands) an ejaculate. Rönn et al. (2011) show 

positive correlated evolution between size of ejaculate transferred and female fecundity. 

Furthermore, ejaculate size is inherited through females rather than males (Savalli and 

Fox, 1998; Brown et al., 2009) which may be due to a strong genetic correlation 

between female body size and the amount of ejaculate that a female can receive 

(Chapter 5); larger females are predisposed (via large reproductive organs) to be able to 

receive larger ejaculates and should therefore have daughters that can receive larger 

ejaculates. Larger ejaculates are, in general, positively associated with female egg and 

offspring production (South and Lewis, 2011) and thus selection may favour females 
9 

 



that benefit both directly (through increased reproductive success) and indirectly (by 

having daughters that can hold more ejaculate) from storing and utilizing larger 

ejaculates. This reliance of female fitness on the composition and size of an ejaculate 

could generate a conflict given that the function of an ejaculate is different for each sex. 

Males seek not only to fertilize as many eggs as possible but to reduce the risk of future 

sperm competition, and seminal proteins in the ejaculate play a large role in these 

processes. For example, Yamane et al. (2008) have shown that females are less 

receptive to future matings if they are injected with aqueous extracts of particular 

molecules from the males’ seminal fluid, reducing the potential for sperm competition – 

this advantages males but disadvantages females – highlighting the potential conflict 

over ejaculate composition. Furthermore, females trade-off fecundity with longevity 

(Eady et al., 2007) and, given components of seminal fluid can induce oviposition 

(Yamane and Miyatake, 2010), males might be able to strategically ejaculate to induce 

oviposition at the expense of his mate’s life span, further reducing future remating 

potential. Currently, no research in this species investigates whether males can adjust 

the chemical composition of their ejaculates according to sociosexual circumstances like 

the presence of rival males.  

 

Longevity is a fitness related trait that, at least in seed beetles, can be affected by 

copulation duration (Crudgington and Siva-Jothy, 2000; Eady et al., 2007; Rönn and 

Hotzy, 2012; Chapter 2: Wilson and Tomkins, 2014a) and can be indicative of female 

susceptibility to male damage (Crudgington and Siva-Jothy, 2000; Gay et al., 2011b). 

Postmating longevity has been shown to steadily decline with an increase in kicking 

duration (Chapter 2: Wilson and Tomkins, 2014a). On the one hand, a decrease in 

longevity is not necessarily indicative of a decrease in fitness due to the longevity 

fecundity trade-off (Eady et al., 2007). On the other hand, if females terminally invest, 

then a reduction in longevity might benefit males through a decrease in the probability 

of remating and an increase in his mate’s egg laying rate (Lessells, 2005). 

 

Male 

Sperm competition is an important evolutionary force that has a large bearing on the 

fitness of males when ejaculates interact (Parker, 1970; Simmons, 2001). Male 

adaptations to sperm competition are frequently, but not exclusively, sexually 

conflictual, such as accessory gland proteins in Drosophila (Wolfner, 1997) and mate 

guarding in water striders (Arnqvist, 1988). The evolution of male harm, whether it is 
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‘collateral’ (i.e. a by-product of adaptations to sperm competition) or not (an adaptation 

to induce terminal investment), reflects a balance between adaptations that increase the 

males’ fitness at the expense of the female, and those that are so costly to the female 

that they reduce the male’s fitness as well (Rönn et al., 2007). C. maculatus is a highly 

polygamous species (Arnqvist et al., 2005), and so males are constantly exposed to 

sperm competition. Given this competitive postcopulatory environment, males that 

invest in sperm competitive ability should increase their chances of successful 

fertilisation (Simmons, 2001). Increasing the size or altering the composition of the 

ejaculate, strategically adjusting the transfer pattern, or facilitating the increase of 

nutrient uptake from the seminal fluid are just some of the potential mechanisms 

through which males might increase their paternity. Edvardsson and Canal (2006) 

removed the hind (kicking) legs of females and experimentally manipulated the length 

of copulation. In their population, the longer the copulation lasted, the greater the 

weight of ejaculate transferred (Edvardsson and Canal, 2006). This suggests that in 

natural populations, males that are able to induce longer copulations might be favoured. 

However, males do not spend all of a copulation transferring ejaculates; indeed we 

found that the amount of sperm stopped increasing over time during copulation and that 

there is a large proportion of copulation that is ‘damage-only’ (Chapter 3: Wilson et al., 

2014). Thus, males could extend copulation duration to increase damage and further 

perforate the walls of the female reproductive tract potentially delivering a greater 

proportion of male fitness-benefiting compounds into the females’ haemolymph (Hotzy 

et al., 2012).  

 

Males mating with females that cannot kick (ablated hind legs), transfer ejaculate at a 

slower rate than males mating with females that can kick (intact hind legs) (Chapter 3: 

Wilson et al., 2014). Assuming that this is not due to any physical trauma a female 

sustains from leg removal procedure and is in fact due to the absence of the hind leg – 

and therefore the disabling of the kicking behaviour, it seems kicking is an important 

process in the transfer of ejaculates; although the volume did not change in these 

different environments (Chapter 3: Wilson et al., 2014). Even though paternity does not 

change when males mate with either intact or leg-ablated females (Edvardsson and 

Tregenza, 2005), males mating with intact females finish transferring their ejaculates 

sooner (Chapter 3: Wilson et al., 2014) and thus when females can kick they receive 

greater amounts of damage from a copulation (Chapter 3: Wilson et al., 2014) as there is 

a greater period of a copulation that is damage-only. This damage from longer kicking 
11 

 



durations is negatively correlated with female postmating longevity (Chapter 2: Wilson 

and Tomkins, 2014a), and greater uptake of ejaculates into the female’s haemolymph 

could advantage males through ejaculatory substances inducing oviposition (Yamane 

and Miyatake, 2010) and reducing female refractory period (Yamane et al., 2008).  

 

How does remating affect fitness? 

The benefits to males of multiple mating are clear (Bateman, 1948; Simmons, 2001; 

Collet et al., 2014). The benefits to females, however, depend on the cost of mating (e.g. 

damage (Crudgington and Siva-Jothy, 2000; Gay et al., 2011b)) and how these compare 

to the benefits such as (in the case of C. maculatus) water or nutrients in the ejaculate 

(Fox, 1993; Wilson et al., 1999; Arnqvist and Nilsson, 2000; Arnqvist et al., 2005; 

Edvardsson, 2007). When females evolve in a monogamous mating system, baseline 

mortality is reduced compared to a polygamous mating system (Maklakov et al., 2007), 

suggesting a longevity cost to multiple mating consistent with the relationship between 

compounding genital damage over sequential copulations (Crudgington and Siva-Jothy, 

2000). Furthermore, Arnqvist et al. (2005) found that female C. maculatus have peak 

fitness (measured by offspring production) at either a low (one) mating frequency or a 

high (three to six) mating frequency when mated with multiple virgin males. However, 

as both ejaculate weight (Fox et al., 1995; Chapter 3: Wilson et al., 2014) and sperm 

count (Eady, 1995) decline with successive copulations, using multiple virgin males 

may not give a clear picture of the true females fitness benefits to polyandry. In light of 

this, we used males with unknown mating histories to more closely mimic the males 

that a female might encounter in the stock culture conditions that they are adapted to 

(Chapter 4: Wilson and Tomkins, 2014b). We found no fitness benefit to multiply 

mating females; in fact reproductive success (egg and offspring production and egg-to-

adult survival) declined with increasing copulation frequency (Chapter 4: Wilson and 

Tomkins, 2014b). We also compared the same fitness traits when rival males were 

present during copulation as it would be almost impossible for a copulation to occur in 

complete isolation in the conditions under which this population has evolved. There was 

no effect of this pericopulatory harassment on any reproductive success measures, 

although postmating longevity was affected such that females died soonest when they 

were harassed and mated two or three times or mated in isolation twice (Chapter 4: 

Wilson and Tomkins, 2014b). Given the discrepancy between studies/populations, there 

is a clear need for further replication addressing the question of the costs to females of 

mating and remating. 
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1.4 Genital Morphology 

 

Female 

Where there is sexual conflict, adaptations in males that have evolved to cause (either 

collateral or adaptive) harm to females should be met by counteradaptations in the 

female that resist this harm. A common measure of the damage sustained by females 

from males’ aedeagi is the area of melanized wound tissue or scarring points 

(Crudgington and Siva-Jothy, 2000; Eady et al., 2007; Rönn et al., 2007; Hotzy and 

Arnqvist, 2009; Gay et al., 2011a; Gay et al., 2011b). If longevity is taken as a measure 

of female fitness, scarring is indicative of male harm (Crudgington and Siva-Jothy, 

2000; Gay et al., 2011b) and females are expected to counteradapt. However, as the 

amount of scarring in a female’s reproductive tract does not correlate with the 

robustness of the tract (measured by the amount of connective tissue) (Rönn et al., 

2007), scarring in a female’s reproductive tract may not be the most accurate measure of 

male harm. This has been shown in Gay et al.’s (2011b) study where, for the same 

amount of scarring, females exposed to a recent (30 generations) history of polygamy 

outlived (and had higher reproductive output than) females with an exclusively 

monandrous history.  

 

Rönn et al. (2011) investigated the genetic architecture of female genital anatomy by 

examining correlated evolutionary changes in the sizes of three female genital organs: 

the bursa copulatrix, female accessory glands and the spermatheca, as well as the males’ 

ejaculate weight and female fitness. They found that the size of the bursa copulatrix and 

accessory gland showed positive correlated evolution while the size of the spermatheca 

did not correlate with either of these. The amount of ejaculate received by the female 

was, however, positively correlated with all three female genital traits, as was female 

fecundity (Rönn et al., 2011). Hence, females that have evolved larger reproductive 

tracts also evolve to receive larger ejaculates and lay more eggs. In support of these 

findings Chapter 5 also revealed the genetic correlation between female size and the 

amount of ejaculate received. The commonly found correlation between female size and 

fecundity may therefore be driven by these correlations, and separating the effects of 

ejaculate size and female size would be interesting. In the context of the relationship 

between sexual conflict and genital tract morphology, Cayetano et al. (2011) show that 

after 18-21 generations of enforced monogamy, the thickness of the connective tissue 

did not diverge from the ancestral state.  
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Male  

There is clear evidence that the spines on a male’s aedeagus damage the females’ 

reproductive tract (Crudgington and Siva-Jothy, 2000; Gay et al., 2011a), but what is 

the adaptive significance of this harm? While the function of male spines is somewhat 

contentious, there is evidence supporting a direct benefit to males from damage caused 

(Yamane et al., 2008; Yamane and Miyatake, 2010; Hotzy et al., 2012), however, the 

weight of research supports the idea of spines serving a different function and the 

damage being ‘collateral’ or a pleiotropic side effect (Morrow et al., 2003; Edvardsson 

and Tregenza, 2005; Hotzy and Arnqvist, 2009; Gay et al., 2011b; Hotzy et al., 2012; 

Rönn and Hotzy, 2012).  

 

Recently however, Hotzy et al. (2012) made important progress towards understanding 

the function of genital spines through both experimental evolution and physically 

altering (through laser ablation) the length of male spines. They found that males with 

longer spines inject more ejaculate into the body cavity of their mate, and experience a 

higher fertilization success, although the increase in fertilization success was marginally 

non-significant for laser-ablated males. As discussed above, increased transfer of 

ejaculates into a female’s haemolymph may increase a male’s fitness (Yamane et al., 

2008; Yamane and Miyatake, 2010). This evidence again suggests that longer spines are 

an adaptation to increase male fitness through the manipulation of female behaviour via 

seminal fluid chemistry rather than through harm per se. 

 

While Cayetano et al. (2011) found that the female tract did not evolve after 18-21 

generations of monogamy, they did find that males experiencing enforced monogamy 

had evolved reduced spine length. This suggests that investment in spine length is costly 

for males, and such investment in spines trades-off against other fitness measures. 

Although the evolutionary exaggeration of the spines under polyandry does not shed 

light on the argument as to whether male harm is adaptive or collateral, it reinforces the 

evidence for spines benefiting males in an environment where the risk of sperm 

competition is high.  
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1.5 Pericopulatory Behaviour  

 

Female 

There are surprisingly few studies of C. maculatus that separate copulation into 

different components and determine how behaviour varies with the environment. 

Recently, van Lieshout et al. (2014a) investigated how copulatory behaviours changed 

in populations that had evolved under either male-biased or female-biased regimens. 

They found that for females, the onset of female kicking was influenced by an 

interaction between their own sex-ratio regimen and that of their partner, such that 

females from female-biased regimens delayed the onset of kicking when mating with a 

male from the same selection history opposed to a male from male-biased selection 

history (van Lieshout et al., 2014a). These results suggest that females are more 

phenotypically plastic than males in regards to their copulatory behaviours. This might 

contrast somewhat with findings from my own research where we found that males 

controlled copulatory behaviours. This difference could be due to methodological 

differences of exposing the beetles to the risks of sexual conflict, although it is not clear 

whether the plasticity in females is due to females per se or instead is a difference in 

expression that is due to male control or sensitivity to male control of female behaviour. 

 

We found that when a copulation takes place in the presence of a harassing trio of 

males, females begin kicking sooner, but the duration of copulation does not change 

(Chapter 2: Wilson and Tomkins, 2014a). Furthermore, we showed that females do not 

exhibit any phenotypic control over these same copulatory behaviours. These 

phenotypic studies raise the question about how genetic variation in these traits might 

be distributed between males and females, particularly since an implicit assumption of 

the SAC hypothesis is that the male persistence and female resistance traits are 

heritable. Both Gay et al. (2011a) and Brown et al. (2009) found that copulation 

duration was inherited through both males and females, but we found that copulation 

duration is only inherited through males. While these results initially seem 

contradictory, both Brown et al. 2009 and Gay et al., 2011a showed heritability 

estimates for copulation duration in females were less than that of males. However, we 

also found that female ‘control’ has not been lost completely since the onset of female 

kicking is inherited through females (h2 = 0.11 ± 0.03) (Chapter 5). Interestingly, 

females expressed very little additive genetic variation for the duration of kicking, as 

this trait seems to be dominated both phenotypically and genetically by males (Chapter 
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5). The lack of a genetic correlation between female kicking duration and female 

copulation duration corroborates the notion that the function of kicking is not to 

disengage with males and shorten copulation duration. If there were a sexual conflict 

over copulation duration in this species, we might expect to find a negative intersexual 

genetic correlation between traits that are antagonistic, however we did not.  

  

One common experimental method used to favour male fitness has been to remove 

females’ kicking legs. This makes sense if the kicking is a behaviour controlled by 

females and is a counteradaptation to the male damage that shortens copula duration. 

Indeed, females that cannot kick males during copulation do mate for longer and sustain 

more damage to their internal reproductive tract (Crudgington and Siva-Jothy, 2000). 

These results imply that kicking is a mechanism that shortens copulation; females that 

cannot kick die sooner than those that can kick, adding further support to this idea 

(Crudgington and Siva-Jothy, 2000; Eady et al., 2007). However, the pericopulatory 

kicking behaviour expressed by females during copulation, does not shorten copula 

duration (van Lieshout et al., 2014a; Chapter 2: Wilson and Tomkins, 2014a) has been 

recently shown to be predominantly under male control (Chapter 2: Wilson and 

Tomkins, 2014a) casting doubt on the idea that kicking in C. maculatus is indicative of 

a sexual conflict over copulation duration. 

 

Male 

In addition to examining female copulatory behaviours and their plasticity under 

different levels of sexual selection, van Lieshout et al. (2014a) also examined these 

changes in males. They found that males did not show plasticity in any measured 

copulatory behaviour in regard to their own selection history, or that of their mate. 

However, we have previously shown found that the precopulatory sociosexual situation 

that males experienced did affect the phenotypic expression of copulatory behaviours, 

but this was not true for the precopulatory environment of females (Chapter 2: Wilson 

and Tomkins, 2014a). Examination of the genetic architecture of these traits revealed 

that males have significant heritabilities for both kicking duration (0.122 ± 0.036) and 

copulation duration (0.141 ± 0.039) but these traits did not correlate genetically with the 

same traits in the female. 

 

The primary function of copulation is to transfer sperm to the female. However the 

ejaculate contains a multitude of compounds and cells (Perry et al., 2013) so it is 
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perhaps not surprising that some of these compounds can have positive effects on the 

females fitness (for a recent review see: South and Lewis, 2011). Males mating in 

isolation begin transferring their ejaculates later than males mating with harassing males 

present (Chapter 3: Wilson et al., 2014). If we consider the transfer of ejaculate to be a 

copulatory behaviour, a male’s ability to respond efficiently to sociosexual environment 

can impact both his fitness and the fitness of his mate, potentially giving rise to 

antagonistic adaptations in response to ejaculate composition and transfer pattern. To 

make matters worse for females in regard to this particular conflict, the onset of female 

kicking is related to the weight of ejaculate transferred (Chapter 3: Wilson et al., 

2014).Thus, by adjusting the pattern of ejaculate transfer, males can influence their 

mates’ behaviour and, therefore, fitness (as female kicking is related to female fitness 

measures as outlined above).  

 

1.6 Conclusion 

This brief review has brought to light the potential sexual conflicts (over copulation 

duration, mating frequency, female kicking behaviour, ejaculate composition) that can, 

or have, arisen in Callosobruchus maculatus. By examining sex-specific fitness 

measures and how these measures change with sociosexual environment, we are able to 

begin untangling the complex interactions of sexual reproduction in this and other 

species. In C. maculatus, males seem to be winning the coevolutionary battle, as they 

appear to have control over more traits, or at least benefit the most, from the 

antagonistic traits and behaviours involved in copulation. 
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CHAPTER 2 

 

Countering counteradaptations: males hijack control of 

female kicking behaviour 
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2.1 Abstract 

 

Adaptations and counteradaptations are central to sexually antagonistic coevolution and 

understanding how males and females respond to the selection imposed by the other. 

Although adaptations such as seminal fluid components can be subtle, female seed 

beetles, Callosobruchus maculatus, have a conspicuous pericopulatory kicking 

behaviour thought to have evolved to shorten copula duration and reduce the damage 

from male genital spines. Our observations suggested, however, that the violent kicking 

may itself cause damage and negatively impact female fitness; therefore, we 

investigated the adaptive significance of kicking for both sexes. We show that females 

allowed to kick for longer die sooner and gain no benefit in lifetime reproductive 

success despite an elevated survival of fertilized eggs. The idea that kicking shortens 

copula was not upheld; when rival males were present during copulation, kicking 

duration doubled but copula duration remained unchanged. Furthermore, we found that 

males, not females, control the duration of kicking, indeed the duration of all copulation 

components, whereas females did not show any capacity to control mating behaviour in 

this situation. These findings support the notion that males have hijacked control of 

female kicking to serve their own evolutionary interests. 
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2.2 Introduction 

 

When it is adaptive for females to mate multiply in the search for higher fitness, male 

and female interests diverge: males that have adaptations to induce females to lay eggs 

before remating or prevent females from remating and females that circumvent such 

males are favoured by selection (Parker 1979; Clutton-Brock and Parker 1995; 

Chapman and Partridge 1996; Johnstone and Keller 2000; Arnqvist and Rowe 2002; 

Chapman et al. 2003; Lessells 2005). Typically, males win this battle as the intensity of 

selection tends to be higher in males, but if an equilibrium of coadaptation cannot be 

reached, a cyclic pattern of sexually antagonistic coevolution may arise (Parker 1979). 

In these cycles, males and females constantly evolve traits and behaviours that act to 

increase fitness, each responding to the adaptations of the other (Parker 1979; Rice 

1996; Arnqvist and Rowe 2002, 2005; Chapman et al. 2003). A great deal of attention 

has been paid to male traits that have evolved through sexual conflict, for example, 

ejaculate composition (Perry et al. 2012), male genital evolution (Hosken and Price 

2009), and coercive matings (Clutton-Brock and Parker 1995); less attention, however, 

has been paid to female traits such as ovarian fluid (Gasparini and Evans 2013), female 

genital evolution (Arnqvist and Rowe 2002), or physical behaviours to avoid/shorten 

mating that enable females to avoid the costs of numerous or prolonged copulations 

(Crudgington and Siva-Jothy 2000). Nevertheless, understanding how these female 

traits coevolve alongside male adaptations is critical to unravelling the complexities of 

sexual conflict.  

 

The evolution of sexually conflictual male harm is well documented in the seed beetle 

Callosobruchus maculatus (Coleoptera: Bruchidae). Males have spiny aedeagi that 

damage the females’ reproductive tract during copulation (Crudgington and Siva-Jothy 

2000; Gay et al. 2011b), reducing female longevity (Crudgington and Siva-Jothy 2000; 

Eady et al. 2007; Gay, Hosken, et al. 2011). There is likely to be sexual conflict over the 

duration of matings in C. maculatus because although larger ejaculates can be beneficial 

for female fitness (Savalli and Fox 1999a; Edvardsson 2007; South and Lewis 2011; but 

see Edvardsson and Canal 2006), they take longer to transfer (Edvardsson and Canal 

2006), and due to the association between damage and copula duration, result in 

reduced longevity (Crudgington and Siva-Jothy 2000; Edvardsson and Tregenza 2005; 

Gay et al. 2011b). Female C. maculatus have evolved counteradaptations to male harm 

through thickening of the reproductive tract (Rönn et al. 2007) and a conspicuous 
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kicking behaviour during mating that is thought to terminate matings (Crudgington and 

Siva-Jothy 2000; Edvardsson and Tregenza 2005; Rönn and Hotzy 2012). Whether 

males gain fitness advantages directly through the damage caused to females by their 

spines and the subsequent penetration of ejaculatory substances into the haemolymph 

(Yamane et al. 2008; Yamane and Miyatake 2010; Hotzy et al. 2012) or whether 

damage has evolved pleiotropically as a side effect of adaptations that increase male 

fitness (Morrow et al. 2003; Edvardsson and Tregenza 2005; Hotzy and Arnqvist 2009; 

Gay et al. 2011b; Hotzy et al. 2012; Rönn and Hotzy 2012) is an enduring question, 

with the weight of evidence currently favouring the pleiotropic side effect hypothesis.  

 

The notion that kicking by female C. maculatus is a female adaptation to shorten copula 

has arisen because females mate for longer when they are unable to kick during 

copulations (Crudgington and Siva-Jothy 2000; Edvardsson and Canal 2006). One 

explanation for this phenomenon has been that spines act to anchor males and females 

together during mating to increase copula duration in the male’s favour. However there 

is currently no evidence that variation in spine length correlates with variation in copula 

duration (Crudgington and Siva-Jothy 2000; Hosken and Stockley 2004; Edvardsson 

and Tregenza 2005; Edvardsson and Canal 2006; Rönn and Hotzy 2012). Instead, an 

explanation for the increase in copula duration when females are unable to kick could 

simply be the lack of assistance normally given by the female to evulse males at the end 

of copulation. An analogy one could make is of kicking at a door; the door will open 

only once it is unlocked from the inside, and the observation from the outside is, 

however, that it was the kicking that opened the door, especially because when the door 

is not kicked, it does not open, even when it is unlocked. Another explanation might be 

that males use the onset of kicking as a cue to begin disengaging from copulation; 

however, the patterns of kicking in relation to copula duration do not support this 

hypothesis (Chapter 3: Wilson et al 2014). Irrespective of the function of kicking, our 

observation of pericopulatory kicking is that it causes males to move around violently 

while females push against and drag males as they walk. The almost inescapable 

conclusion from these observations is that kicking must exacerbate damage to the 

female, given the male’s spiny aedeagus.  

 

Here, we test 3 hypotheses: 1) the onset of female kicking influences the duration of 

copula, 2) males have hijacked the control of kicking, and 3) kicking has fitness costs 

for females. If kicking is a female counteradaptation to shorten copulations and 
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therefore minimize damage, we expect that females that kick sooner should have shorter 

matings. Conversely, if males have (counter) adapted to be able to manipulate the 

female kicking behaviour in their favour, we would not expect kicking to shorten copula 

duration, but instead for kicking to exacerbate the genital damage to females that is 

known to increase seminal fluid uptake (Yamane et al. 2008; Yamane and Miyatake 

2010; Hotzy et al. 2012) and reduce female fitness (Crudgington and Siva-Jothy 2000; 

Edvardsson and Tregenza 2005; Gay, Brown, et al. 2011). Furthermore, if males have 

hijacked control of the female’s kicking behaviour, we expect kicking to negatively 

impact female fitness, and males, rather than females, to be in control of kicking, such 

that kicking covaries with the sociosexual circumstances that impact male fitness. 

 

2.3 Methods  

 

Population 

Beetles were sourced from the Commonwealth Scientific and Industrial Research 

Organisation (Canberra, Australia) in 2005 and have since been kept in a stock 

population of >500 adults per generation in ambient laboratory conditions 

(approximately 22 °C–24 °C) on black-eyed beans (Vigna unguiculata). All 

experimental animals were reared on black-eyed beans.  

 

Focal Individual Selection  

To gather experimental individuals, 100 stock females were placed in 70-mL plastic 

containers each with approximately 50 black-eyed beans on which to lay eggs and kept 

at 28 °C in a Binder 240K incubator as this is close to optimum temperature for egg-to-

adult survival (Fox and Reed 2011). After 3–4 days, each bean from each female was 

isolated into a labelled 2-mL microfuge tube with a pinhole in the cap for airflow. Only 

offspring which eclosed as singletons or same sex groups were selected to ensure 

virginity. Eclosion date was recorded. Once eclosed, adults were randomly assigned to 

treatment groups and all experimental work took place at ambient laboratory conditions 

stated above. This was repeated for each experiment.  

 

Experiment 1—The Effect of Kicking Duration on Female Life History  

Although females of this species also kick before copulation has begun, this study 

focuses only on the pericopulatory kicking behaviour. A mating was deemed to have 

commenced when males mounted females and remained stationary. Females were 
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randomly assigned to 1 of 2 treatments: 1) no kicking (females hind legs severed 

between the distal end of the femur and the proximal end of the tibia using 

microscissors, immediately before mating; n = 89) or 2) kicking (legs intact; n = 87). 

Females from this kicking treatment had their legs removed immediately after mating 

(Edvardsson and Tregenza 2005). To sever the legs, female beetles were anesthetized by 

placing the microtube in crushed ice; to control for the effects of the ice bath, all 

females regardless of treatment were anesthetized in ice before and after each mating. 

Each female was randomly assigned a male and mated only once. After mating, females 

were placed in a 70-mL plastic container with 50 beans to lay eggs. After 5 days, 

females were put back into their original tube and assessed for death daily. Longevity 

was analyzed as the number of days a female survived after copulation, fecundity as 

total number of fertile (opaque) eggs laid (Eady 1991), and offspring count taken 30 

days after laying (only offspring that eclosed as fully developed adults were included). 

Body size was measured as elytra length using a Leica MZ6 dissecting microscope and 

eyepiece graticule with a Schott KL250 light source and ring light.  

 

In addition to the kicking treatments, we manipulated the duration of kicking. Females 

across both kicking treatments were randomly assigned to kick durations from 1 to 4 

min. Kicking was deemed to have begun for leg-ablated females when they began 

moving their hind femurs. At the allocated time, the male’s aedeagus was severed with 

microscissors, ending copulation (Edvardsson and Canal 2006). The number of females 

in each kicking treatment was as follows - Kick: 1 min = 13, 2 min = 20, 3 min = 24, 4 

min = 30; No Kick: 1 min = 14, 2 min = 21, 3 min = 23, 4 min = 31; a total of 176 

females. When a copulation ended naturally, those females were assigned into the 

durations that most closely resembled the actual kicking time. These durations were 

chosen as I had observed that over several years, in this population, kicking lasted 

approximately four minutes.  

 

Experiment 2—The Effect of Male Harassment on Copula 

We set up matings between virgin males and females in microfuge tubes as before and 

then assigned mating pairs randomly to 2 treatments. In the “no-harassment” treatment, 

40 mating pairs copulated without harassment and the “harassment” treatment had 40 

mating pairs with 3 randomly selected stock population males of unknown mating 

histories introduced 30 s after copulation commenced. 
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To distinguish focal males from harassing males, we put non-toxic blue marker onto the 

elytra of the focal males immediately before being put into the microfuge tube with 

females. Four copulation components were recorded: copulation latency, kicking 

latency, kicking duration, and total copulation duration.  

 

Experiment 3—The Effect of Male and Female Perceptions of Competition on Copulation 

Virgin females and males were divided into 1 of 2 premating treatments: crowded or 

isolated. In the crowded treatment, 110 females were contained individually in glass 

vials (height: 15 mm, radius: 5 mm) to allow visual contact. One end of the vial was 

sealed with 2–4 mm of plaster of Paris and the other covered with 125 μm mesh to 

allow pheromonal communication (Qi and Burkholder 1982). Vials were placed into a 

sealed plastic box (203 mm × 142 mm × 52 mm) containing 110 males. Males were able 

to move freely around the container and interact with each other and a layer of Fluon 

AD-1 was smeared on the sides and lid as barrier, restricting males to the base of the 

container with females. This container provided an environment where males 

experienced rivalry and females experienced a high number of males without access to 

mate with them. Individuals were held in this container for 3 days prior to the 

experiment and were not removed until immediately before mating. In the isolation 

environment, 110 virgins of each sex remained in individual 2-mL microfuge tubes until 

immediately before copulation. After 3 days, a random sample of individuals from both 

environments was used for a fully factorial design with approximately 30 pairs in each 

treatment. Matings took place in a 2-mL microfuge tube, and copulation latency, 

kicking latency, kicking duration, and copulation duration were measured.  

 

Statistical Analysis 

PASW, Statistics 19, Release Version 19.0.0 (SPSS, Inc., Chicago,IL, www.spss.com) 

was used for all statistical analyses.  

 

Experiment 1 

We used a Cox regression to analyze longevity and generalized linear models (GLMs) 

with a negative binomial probability distribution (we used a negative binomial 

distribution because the Poisson-distributed GLM was overdispersed) and a log link 

function to analyze fecundity and offspring production. We analyzed egg-to-adult 

survivorship with a generalized linear mixed model (GLMM) with a binomial 

probability distribution and logit link function. Each egg from each female was coded 1 
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or 0 as a successful or failed event, respectively, with female ID included as a random 

factor. We used Satterthwaite’s method of calculating degrees of freedom in the GLMM 

to account for unbalanced data. All models initially included kicking treatment, kicking 

duration, and their interaction, with male and female elytra length (proxies for body 

size) as covariates. We used backward stepwise elimination until only fixed effects 

(regardless of significance), and significant covariates/interaction remained. We 

compared all these models using Akaike information criterion (AIC) and only the best 

fitting models are reported here. The longevity analysis included fecundity to account 

for the trade-off between these 2 life history traits (Eady et al. 2007). 

 

Experiment 2 

Each copulation component was log transformed to attain normality and analyzed in a 

general linear model (ANOVA); all reported means are back transformations of the log-

transformed data.  

 

Experiment 3 

We used multiple regression to check for collinearity between any of the 4 copulation 

components and found the highest variance inflation factor was 1.08. As this means that 

the analyses were not compromised by collinearity, each copulation component was 

individually analyzed with a general linear model. We used the same backward stepwise 

elimination process as experiment 1. All dependent variables except kicking latency 

were log transformed to account for non-normal distribution of standardized residuals. 

Copulation latency, kicking latency, and kicking duration were included as covariates 

when not being analyzed as the dependent variable, as well as relative body size and the 

interaction between male and female treatment. Copulation duration was not included as 

a covariate because it is the sum of kicking latency and kicking duration. 

 

2.4 Results 

 

Experiment 1—The Effect of Kicking Duration on Female Life History 

Longevity 

We found an interaction between whether or not females kicked and the duration of 

kicking (Cox: Wald3 = 9.212, P = 0.027, n = 136). This interaction reveals how female 

postmating survival decreases when females kick their mates for longer (Figure 2.1). 

Higher fecundity reduced longevity (exp(β) = 1.030, 95% CI = 1.018–1.041; Wald1 = 
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26.431, P > 0.001), whereas greater female body size increased longevity (exp(β) = 0.1, 

95% CI = 0.010–1.000; Wald1 = 3.840, P = 0.050).  

 

 
Figure 2..1: Cox regression showing postmating longevity of females able to kick or not, for 
different “kicking” durations: (A) one minute, (B) two minutes (lines identical), (C) three 
minutes and (D) four minutes. Females that were able to kick (solid line) died sooner as kicking 
duration increased, where as females that were unable to kick (dotted line) showed practically 
no decline in longevity over time. 
 

Fecundity 

The presence or absence of kicking did not affect whether a female laid eggs (kick = 

90% laying, n = 81; no kick = 87% laying, n = 86; Pearson χ2 test: χ2
1,2 = 0.351, P = 

0.6). When excluding females that did not produce any offspring, fecundity was not 

affected by kicking treatment (GLM: Wald1 = 0.067, P = 0.8, n = 127; estimated 

marginal means (EMMs) ± standard error (S.E.): kick = 45.55 ± 2.29; no kick = 44.73 ± 

2.28) or kicking duration (Wald3 = 0.413, P = 0.9; EMMs: 1 min = 44.29 ± 4.34, 2 min 

= 44.09 ± 3.00, 3 min = 46.69 ± 3.13, 4 min = 45.53 ± 2.79). Fecundity was, however, 

positively affected by female body size (Wald1 = 6.691, P = 0.01, β ± S.E. = 1.044 ± 

0.3797) but not by male body size (Wald1 = 0.110, P = 0.7). 
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Offspring Production 

The presence or absence of kicking did not affect whether a female had offspring (kick 

= 82% with offspring, n = 84; no kick = 75% with offspring, n = 88; Pearson χ2 test: 

χ2
1, 2 =1.299, P = 0.3). When a female did produce offspring, neither kicking treatment 

(GLM: Wald1 = 1.140, P = 0.3, n = 133; EMMs: kick = 37.42 ± 2.34; no kick = 34.09 ± 

2.20) nor kicking duration (Wald3 = 0.946, P = 0.8; EMMs: 1 min = 34.86 ± 4.38, 2 

min = 34.80 ± 2.88, 3 min = 35.00 ± 2.97, 4 min = 38.32 ± 2.97) had a significant effect 

on offspring production. Female body size, the only significant variable, had a positive 

effect on offspring production (Wald1 = 7.302, P = 0.007, β ± S.E. = 1.311 ± 0.4852), 

whereas male body size had no effect (Wald1 = 0.008, P = 0.9). 

 

Egg-to-adult Survivorship 

When at least 1 offspring was produced, females that could kick experienced higher 

egg-to-adult survivorship than females prevented from kicking (GLMM: F1, 111 = 7.744, 

P = 0.006, n = 5844; EMM % hatching: kick = 84.6 ± 1.7; no kick: 76.9 ± 2.3), with 

variance due to the female also highly significant (Z = 6.103, P < 0.001, n = 226), but 

there was no effect of kicking duration (F3, 110 = 1.906, P = 0.1; EMM % hatching: 1 

min = 81.5 ± 3.7, 2 min = 80.5 ± 2.8, 3 min = 76.5 ± 3.1, 4 min = 84.9 ± 2.0). It is worth 

noting here that the EMMs predicted by the binary model are very similar to the values 

obtained when dividing the EMM for number of offspring by the EMM for fecundity 

for each treatment.  

 

Experiment 2—The Effect of Male Harassment on Copulation 

Both the harassment and no-harassment treatments are the same until the introduction of 

extra males in the harassment treatment after copulation commenced, and in line with 

this, we found no difference in copulation latency (ANOVA: F1, 78 = 0.056, P = 0.8; 

Figure 2.2). Harassed females, however, kicked for significantly longer than females in 

non-harassed mating pairs (F1, 71 = 23.215, P < 0.001), with kicking duration more than 

doubling with harassment (Figure 2.2). This doubling of kicking duration across 

treatments coincided with an almost halving of kicking latency in harassed mating pairs 

(F1, 78 = 17.846, P < 0.001, Figure 2.2); however, the increase in kick duration did not 

translate into a decrease in copula duration (F1, 78 = 0.036, P = 0.8; Figure 2.2). These 

results also indicate that the blue markings on the focal males’ elytra did not affect their 

copulatory ability or a female’s willingness to mate.  
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Table 2.1: Test of model effects of the two independent variables, female treatment and male 
treatment, on each of the components of copulation. 

 

Experiment 3—Effect of Male and Female Perceptions of Competition on Mating Behaviour 

Male treatment, but not female treatment, had a significant effect on all 4 copulation 

components; no other copulation components had any significant effect and were 

therefore removed (Table 2.1). Compared with males reared in isolation, precopulatory 

crowding increased all 4 copulation components (Table 2.1 and Figure 2.3).  

 

 
Figure 2.2: Mean duration of four components of copula, across two treatments: harassment and 
no harassment. There was no change in either copulation duration or copulation latency, but 
there was a significant decrease in kicking latency with harassment, which coincided with a 
significant increase in kicking duration. Values presented are back transformed means and 95% 
confidence intervals of log transformed data.  
 

2.5 Discussion 

 

Effect of Kicking on Female Life History Traits  

Males and females constantly coevolve as selection acts to increase the fitness of each 

sex, sometimes at the expense of the other, in what Parker (1979) described as an 

“evolutionary chase” of adaptation and counteradaptation. The kicking behaviour of 

female C. maculatus at first sight appears to be a female counteradaptation to the 

prolonged copula duration that is adaptive for males (Crudgington and Siva-Jothy 2000; 
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Edvardsson and Tregenza 2005; Edvardsson and Canal 2006). Despite the appeal of this 

idea, our data revealed evidence to the contrary; females allowed to kick experienced no 

increase in reproductive success, but suffered a longevity cost. The most pronounced 

longevity effect was in females that were allowed to kick for 4 min. In our experiments, 

the treatment most closely simulating the natural mating environment is where pairs 

were harassed during copula (harassed mating pairs in experiment 2); these females 

kicked on average for 275 s (Figure 2.2), slightly more than 4 min. This suggests that 

the natural duration of kicking would reduce female survival. Both Crudgington  

and Siva-Jothy (2000) and Gay et al. (2011b) found a negative association between 

damage within the female genital tract and longevity. Although we did not measure 

damage per se, we measured the evolutionarily significant outcome of damage through 

longevity and found females that could kick suffered greater longevity-reducing effects 

as the time spent kicking increased. Crudgington and Siva-Jothy (2000) attributed the 

increased damage associated with not kicking to the increase in copula duration that 

arises when females cannot kick (Crudgington and Siva-Jothy 2000; Edvardsson and 

Canal 2006). Our research shows that, when females can kick, kicking actually causes 

greater longevity reducing damage per unit time and the longer the kicking duration, the 

worse the consequences of damage. Our data also show that males have at least partial 

control over the duration of kicking and so can influence female fitness through the 

manipulation of kicking behaviour. The males’ influence over female kicking raises the 

question as to what the adaptive significance might be for males. If the 8% increase in 

egg-to-adult survival compensates for the reduction in longevity females suffer when 

free to kick, males may have won the battle and the selection acting on females to 

counter male-induced kicking may in fact be zero. One other possible explanation is that 

the kicking behaviour during copulation is a carryover trait related to precopulatory 

kicking used by females to resist male courtship attempts. It may be that females kick 

during copulation in a futile attempt to resist males when the function of kicking is 

actually to resist males before copulation has begun. Even if this is the case, our data 

show that males can manipulate the components of copulation, including female kicking 

during copulation, and may have an opportunity to exploit female kicking behaviour for 

their own evolutionary interests as kicking is related to female life history.  

 

 We found kicking increased egg-to-adult survival of fertilized eggs. Postfertilization 

survival may be mediated by accessory gland products (Gillott 2003); kicking may 

facilitate the movement or distribution of these within the female and increase the  
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Figure 2.3: Estimated marginal mean durations of each copulation component for both (A) 
female and (B) male pre-mating environment with 95% confidence intervals of back 
transformed log data. There is no difference between the components with female premating 
environment, but all components differed significantly with male premating environment (Table 
2.1). 
 

viability of fertilized eggs. García-González and Simmons (2007) have found male 

Australian field crickets, Teleogryllus oceanicus, that induce high embryo viability also 

increase the viability of embryos sired by rival males and suggest that accessory gland 

products may mediate these effects (Gillott 2003). The rate at which seminal fluid 

passes to the haemolymph of female C. maculatus is known to be greater in females that 

have mated with males with long spines (Hotzy et al. 2012) and males with long spines 

cause more damage (Hotzy and Arnqvist 2009). Therefore, if kicking increases the 

uptake of nutrients or chemical constituents from male ejaculates that promote viability, 

females may enjoy greater egg-to-adult survivorship when they kick.  
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Increases in ejaculate size are in some cases positively associated with both copula 

duration (Edvardsson and Canal 2006) and female fecundity (Savalli and Fox 1999b; 

but see Eady and Brown 2000). However, in the conditions of the present study, this 

was not the case as fecundity did not increase with longer copulation or kicking 

durations, yet kicking seems necessary to terminate copulations effectively 

(Crudgington and Siva-Jothy 2000; Edvardsson and Tregenza 2005). Thus, our 

observation that matings that were stopped after 1 min of kicking yielded the same 

reproductive success as matings stopped after 4 min suggests that females seem to 

commence kicking when the fitness requirements from the current mating appear to 

have been met (Savalli and Fox 1998).  

 

Contrary to our prediction that kicking exacerbates harm to females causing a decrease 

in female fitness when allowed to kick, we found no increase in lifetime reproductive 

success due to the presence or absence of kicking. Nevertheless, we did find support for 

this idea in that longer kicking durations negatively affect female longevity (Figure 2.1). 

Thus, the rate of longevity-reducing damage is increased by female kicking, yet the 

presence of kicking seems necessary to terminate matings, regardless of which sex is in 

control (Crudgington and Siva-Jothy 2000; Edvardsson and Tregenza 2005). 

 

Control of Kicking 

The life history data suggest that females are both “damned if they do and damned if 

they don’t” kick. In one sense, therefore, kicking might be viewed as being cost neutral 

for females with both costs and benefits; this would only be true if kicking was an 

effective means of shortening copula duration. However, our data show that even a 

doubling in the kicking duration in the presence of rival males did not shorten copula; a 

finding that undermines the notion that the adaptive significance of kicking is to 

mitigate the cost of prolonged mating durations, as is widely assumed (Crudgington and 

Siva-Jothy 2000; Hosken and Stockley 2004; Edvardsson and Tregenza 2005; 

Edvardsson and Canal 2006; Rönn and Hotzy 2012). Clearly, in this population, kicking 

is ineffectual as a means of shortening copula. Granted, kicking does help disengage the 

male, but apparently only when the male is ready. So the optimal female strategy to 

minimize damage would be to delay kicking until the male’s spines are no longer 

everted, but this is not what females do. Instead, the increased kicking duration under 

harassment shows that kicking is futile from the female’s perspective leading to more 
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damage, explaining the observed costs to longevity and fecundity that come with 

harassment (Gay et al. 2009; den Hollander and Gwynne 2009).  

 

Which sex controls the duration of kicking has never been explicitly tested; our data 

support the argument that males control kicking: although female crowding did not alter 

the duration of copula components, males perceiving a greater sperm competition risk 

prior to mating increased kicking latency and kicking duration (and therefore copula 

duration) compared with males that did not perceive any sperm competition risk. This 

suggests that these manipulations of copulatory behaviour by males may be antagonistic 

to the evolutionary interests of females because kicking (this study) and prolonged 

copulations negatively affect longevity (Crudgington and Siva-Jothy 2000; Edvardsson 

and Canal 2006).  

 

In general, male insects that perceive sperm competition have longer copulations 

(Simmons 2001), perhaps because they are synthesizing and transferring a larger 

ejaculate, although male C. maculatus do not appear to have higher second male 

paternity with larger ejaculates (Edvardsson and Tregenza 2005). Therefore, the 

increased copulation latency from males in a crowded environment may simply be a by 

product of producing a large ejaculate. However, we do not know of any evidence to 

show that premating exposure to rival males affects ejaculate size in C. maculatus. 

Edvardsson and Tregenza (2005) also found that males being kicked during mating did 

not achieve higher second male paternity (P2) than those mating to females that were 

not able to kick (mean actual P2 values with angular transformation: kicking females = 

0.92 ± 0.020; non-kicking females = 0.93 ± 0.026). Edvardsson and Tregenza (2005) is 

also the only study we know of that separated kick duration from other aspects of 

copulation; they found that P2 was negatively associated with the duration the second 

male was kicked for but positively associated with the duration of the first male’s time 

being kicked. This presents a result counter to the notion of adaptive male control of 

kicking but does show evidence for a relationship of kicking duration and male fitness 

measures.  

 

Kick Duration and Male Fitness 

We did not set out to quantify male fitness. This requires the quantification of the 

relationships between kick duration and P2, and remating rate, and including aedeagus 

morphology (number and/or length of spines). Although our experiments have not 
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quantified these traits, other studies support a role for seminal fluids and aedeagus 

morphology as discussed, but none have looked at remating rates and Edvardsson and 

Tregenza (2005) seems to be the only study that has examined a relationship between 

kick duration and P2. Clearly, to comprehensively conclude that males are adaptively 

manipulating female kicking behaviour, it would be necessary to address these male 

fitness traits.  

 

Adaptive Significance of Male Harm  

Male control of kicking, and of copulation generally, suggests that kicking increases 

male fitness. Most previous studies of this system refute the adaptive harm hypothesis 

(Morrow et al. 2003; Edvardsson and Tregenza 2005; Hosken and Price 2009; Gay et al. 

2011a; Rönn and Hotzy 2012). We have found evidence of an adaptive benefit (to both 

sexes) of kicking through increased egg-to-adult survivorship, albeit not translating into 

increased lifetime reproductive success. A number of recent studies point toward the 

adaptive significance of male genital armature and suggest why male interests might be 

served by increased kicking duration. For example, middle (3–14 kDa) and high (>14 

kDa) molecular weight molecules in the male ejaculate induce both short-term (middle 

molecular weight) and long-term (high molecular weight) reductions in female remating 

propensity (Yamane et al. 2008); furthermore, high–molecular weight molecules in the 

ejaculate stimulate oviposition (Yamane and Miyatake 2010). Remating propensity and 

oviposition rate are key traits to increase male fitness and potentially are in conflict with 

the interests of the female (Edvardsson and Tregenza 2005; Lessells 2005). Getting 

these large molecules through the female’s reproductive tract and into the females’ 

haemolymph represents a hurdle for males, which appears to have been overcome by 

male genital spines puncturing the female tract and by males with longer spines 

transferring more seminal fluid into the female body cavity than those with short spines 

(Hotzy et al. 2012). Hence, the increase in kicking duration that males induce when they 

perceive rivals to be present could be an adaptation to increase the permeability of the 

female reproductive tract; the movement of the male could increase the flux of fluid 

through the tract walls, thereby increasing oviposition and fertilization rates and the 

female refractory period.  

 

Currently, therefore, the best evidence for an adaptive effect of male spine length and 

damage is on paternity; males with longer spines cause more damage and enjoy a higher 

competitive fertilization success (Hotzy and Arnqvist 2009; Hotzy et al. 2012). These 
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findings are congruent with our own, that non-competitive fertilization success is 

associated with kicking, and supports a role for genital damage in the transfer and use of 

ejaculate components. Our study has provided the foundation for further research into 

the function of female kicking and we recommend that the next step in unravelling the 

dynamics of copulation in C. maculatus be testing relationships between both male and 

female fitness measures and other sexual (namely male aedeagus morphology) and 

behavioural traits in relation to female kicking and quantitative measures of damage.  

 

2.6 Conclusion 

 

In addition to thickened reproductive tracts, female seed beetles were thought to have 

adapted to male harm by kicking males to shorten copula and mitigate the effects of 

genital damage (Crudgington and Siva-Jothy 2000; Hosken and Stockley 2004; 

Edvardsson and Tregenza 2005; Edvardsson and Canal 2006; Rönn and Hotzy 2012). In 

contrast, our data show that the duration of female kicking is not related to copula 

duration and is under male control. Furthermore, kicking increases the rate at which the 

longevity-reducing effects of copula accumulate in females. Hence, sexual conflict in C. 

maculatus may not be exclusively over the duration of copula per se, but also over the 

duration of kicking, a trait that although expressed in females appears to have been 

hijacked by males as an adaptation for promoting male fitness. 
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CHAPTER 3 

 

Sociosexual environment influences patterns of ejaculate 

transfer and female kicking in Callosobruchus maculatus 
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3.1 Abstract 

 

There is growing evidence that many organisms adjust their physiology and behaviour 

during sexual encounters according to changes in their sociosexual situation. Selection 

tends to favour plasticity in males that can strategically ejaculate and females that can 

alter their resistance or remating behaviour adaptively. We investigated plasticity both 

in the ejaculate transfer patterns of males and in the pericopulatory kicking behaviour of 

female seed beetles, Callosobruchus maculatus. We altered the sociosexual 

environment of the beetles by (1) manipulating male mating history, (2) preventing 

females from kicking and (3) altering the risk of sperm competition. Males mating for 

the second time transferred half the weight of ejaculate of virgin males, but at the same 

rate. Males mating in the presence of rivals did not alter the weight of ejaculate, as 

might have been expected; however, the transfer of ejaculate began sooner. By looking 

at the effect of female kicking on male ejaculate transfer, we found that when females 

have their hind legs ablated to prevent kicking, the rate of ejaculate transfer slows, but 

the weight remains the same. From the female perspective we found that the probability 

of females kicking was positively related to both copula duration and ejaculate weight, 

but also to male mating history; females were less likely to kick males that had mated 

more times previously even after controlling for copula duration and ejaculate weight. 

Finally, we found that removing a female's hind legs increased the probability that 

females (attempted to) kick. Our results show that males are, to some extent, plastic in 

their ejaculatory responses to the sociosexual environment. More striking, however, and 

not previously documented, is that female kicking is affected by environmental 

variables, including male mating history. 
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3.2 Introduction 

 

Although individual sperm are not generally costly to produce, the complex package of 

seminal fluid and sperm that make up an ejaculate can be (Dewsbury, 1982; Kelly and 

Jennions, 2011; Perry, Sirot, and Wigby, 2013). In a recent review, Perry et al. (2013) 

described how the composition of an ejaculate as a whole (i.e. cells, molecules and third 

parties) can influence the reproductive success of both sexes. Given this, males that are 

able to strategically adjust their ejaculates depending on the sociosexual environment 

should be favoured (Simmons, 2001; review: Wedell, Gage, and Parker, 2002). There is 

a large body of evidence showing how males make such adaptive adjustments to the 

quality and quantity of their ejaculates based on a range of environmental circumstances 

(meta-analysis: Kelly and Jennions, 2011; review: Wedell et al., 2002). One of the most 

commonly studied sociosexual environments is the risk of sperm competition brought 

about by the presence of rival males (Parker, 1970). There is ample evidence to support 

the notion that ejaculate size increases with the risk of sperm competition across a wide 

range of taxa (see Table 1 in Kelly and Jennions, 2011). However, there are other 

factors that affect male ejaculate expenditure, in particular sperm depletion caused by 

male mating history (Preston et al., 2001).  

 

From a female perspective, the reproductive value of current and future matings may 

depend on the potential mate's mating history, as females in general have greater 

fecundity from larger ejaculates (South and Lewis, 2011) and males become sperm 

depleted with sequential matings (Preston et al., 2001). Female lepidopterans tend to 

show a greater reproductive output after mating with virgin males (Torres-Vila and 

Jennions, 2005), and males' spermatophore size is greatly reduced after the first mating 

(Cook and Wedell, 1996). Hence, in situations in which males strategically allocate 

ejaculate, or are limited in their ejaculate production, female fitness can be affected by 

male behaviour.  

 

The importance of dynamic ejaculate allocation is illustrated in the seed beetle 

Callosobruchus maculatus (Coleoptera: Bruchidae). Female C. maculatus benefit from 

receiving larger ejaculates in the form of increased lifetime fecundity (Savalli and Fox, 

1999a; but see Eady, 1995) and male C. maculatus have particularly large first 

ejaculates: 5-8% of their body weight (Fox, Hickman, Raleigh, and Mousseau, 1995; 

Savalli and Fox, 1998). However, producing such a large ejaculate is likely to be costly, 
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and male longevity has been suggested to decline as the volume of ejaculate transferred 

increases (Paukku and Kotiaho, 2005). Furthermore, males show a dramatic reduction 

in sperm number after successive matings (Eady, 1995). In terms of the adaptive 

plasticity of mating behaviours in species like C. maculatus, we expect to see males 

strategically tailoring their ejaculate expenditure, and females altering their behaviour in 

accordance with male mating status by increasing the rejection rate of males with little 

sperm or ejaculatory nutrition to transfer.  

 

Female seed beetles appear to resist males by kicking them during mating, a behaviour 

thought to be an adaptation to reduce the amount of damage caused to the females' 

reproductive tract by males' sclerotized penile spines (Crudgington and Siva-Jothy, 

2000; Gay, Hosken, Eady, Vasudev, and Tregenza, 2011). Savalli and Fox (1998) 

proposed that females begin kicking when a mating is complete and they get no further 

benefit from mating, i.e. when the male has finished transferring the ejaculate. From this 

hypothesis, the prediction arises that strategic ejaculation and patterns of sperm 

depletion over successive copulations should influence the patterns of female kicking 

behaviour.  

 

On the one hand, Savalli and Fox's (1998) hypothesis seems intuitive if the kicking 

phase starts when the female's interests change from continuing to terminating the 

copulation. On the other hand, however, Edvardsson and Canal (2006) found that 

ejaculate size continues to increase with copulation duration, i.e. females begin kicking 

before males have finished transferring their ejaculate. Understanding the behavioural 

and ejaculatory dynamics of copulation in this species depends on unravelling the 

relationship between the duration of mating, ejaculate transfer and the onset of female 

kicking. As males are, at least partially, in control of female kicking behaviour (Chapter 

2: Chapter 2: Wilson and Tomkins, 2014a), and male sperm count decreases with 

additional matings (Eady, 1995), we expect that the more times a male has mated, the 

slower ejaculate transfer will be and the longer it will take a female to begin kicking. 

Furthermore, we predict that the probability of a female kicking will increase not only 

with the weight of the transferred ejaculate, but also with copulation duration.  

 

Sperm competition theory predicts that males experiencing a risk of sperm competition 

should transfer a larger ejaculate (Parker, 1970). Here, we investigated whether the 

presence of rival males affects how males transfer their ejaculates and when females 
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begin to kick. If Savalli and Fox's (1998) hypothesis is correct, and females begin 

kicking when there is no further benefit to copulating, we expect females receiving a 

larger ejaculate, that is females mating in the presence of rival males (or with virgin 

males), to have a greater probability of kicking at any given time relative to females 

mating in isolation (or with non-virgin males).  

 

In the present study, we carried out a series of experiments that tested Savalli and Fox's 

(1998) hypothesis against Edvardsson and Canal's (2006) finding that ejaculate weight 

continues to increase with copula duration by exposing mating pairs to a range of 

sociosexual environments. To do this (1) we quantified the pattern of ejaculate transfer 

from males with different mating histories and environments with and without risk of 

sperm competition, (2) we investigated how female kicking behaviour is affected by 

male mating history and the risk of sperm competition and (3) we investigated how 

female kicking behaviour relates to ejaculate transfer. 

 

3.3 Methods  

 

Study Species 

Seed beetles, C. maculatus, are a global pest of stored legumes, and have been 

extensively studied in evolution and ecology. Females lay eggs on the seed coat of 

Vigna beans where larvae develop within the bean until eclosion as sexually mature 

adults (Southgate, 1979; Souza et al., 2011).  

 

Selecting Focal Individuals 

Beetles were sourced from CSIRO, Canberra, Australia in 2005 and have since been 

kept in ambient laboratory conditions (approximately 22-24 °C) in stock populations. 

We provided approximately 2000 black-eyed beans, Vigna unguiculata, to the stock 

population for females to lay eggs on and after 3 days isolated each bean in a 2 ml 

microfuge tube at 28 °C in a Binder 240K incubator. To ensure virginity of all 

experimental animals, we only used beetles that emerged individually or in same-sex 

groups.  

 

Experiment 1: Male Mating History 

The main effect we tested in experiment 1 was male mating history where males had 

zero (♂0), one (♂1) or three (♂3) previous copulations. We randomly allocated 100 
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virgin males and 100 virgin females to each treatment: ♂0 males were virgins prior to 

the experiment, ♂1 males mated the day prior to the experiment with one random stock 

female each, and ♂3 males mated once per day with a new random stock female for 3 

days prior to the experiment. A copulation was considered successful when males mated 

with females, females were not resisting and the pair remained stationary.  

 

We further divided each male mating history into 10 subgroups, each terminated at a 

different 1 min interval up to 10 min with approximately 10 mating pairs per min per 

male mating history (n: ♂0 = 94, ♂1 = 99, ♂3 = 97, total = 290). At the appropriate 1 

min interval, we terminated copulation by severing the male's abdomen through the 

transverse axis using microscissors, killing the males and causing the aedeagus to 

deflate (Edvardsson and Canal, 2006). During copulation, we recorded whether a female 

had been kicking during the copulation as a binary variable: 0 for no kicking observed 

or 1 for females seen to be kicking during the copulation. Female weight gain and male 

weight loss after a mating are highly correlated and can be used as a proxy for the 

weight of transferred ejaculate (Edvardsson and Tregenza, 2005; Savalli and Fox, 

1998). Thus, we weighed females to 0.01 mg before and after each mating on a 

Sartorius SE3 microbalance and attributed weight gain to ejaculate weight. We could 

not weigh males as they were not intact at the conclusion of copula. All experimental 

females were frozen until death immediately after being weighed.  

 

Experiment 2: Presence or Absence of Kicking and Harassment 

We assessed ejaculate transfer over 10 min in 1 min intervals in two different mating 

environments: with and without kicking and the presence or absence of harassment. The 

kicking treatment had females that were able to kick (intact, n = 180) or unable to kick 

(ablated hind legs, n = 180). Ablated females had the lower part of their hind legs 

severed at the proximal end of the tibia and the distal end of the femur essentially 

removing the ability of the female to kick the male during copulation (Crudgington and 

Siva-Jothy, 2000) but leaving the femur intact. Leg ablation is a common practice to 

prevent females kicking (Crudgington and Siva-Jothy, 2000; Edvardsson and Canal, 

2006; Edvardsson andTregenza, 2005), and does not affect a female's ability to lay eggs 

(Chapter 2: Wilson and Tomkins, 2014a), capacity to mate (Chapter 2: Wilson and 

Tomkins, 2014a) or general mobility (personal observation). The harassment treatment 

had mating pairs with either the presence (n = 179) or absence (n = 181) of three rival 

males during copulation, added to the tube in which beetles were mating 30 s after 
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copulation had begun. We noted whether females had begun kicking before termination 

of copula. As leg-ablated females still had their hind femurs intact, it was clear when 

they were trying to kick; this was taken as the start of kicking and hereafter is also 

referred to as kicking. The same binary coding as experiment 1 was used to record if a 

female had begun kicking. A total of 360 pairs were assessed over 4 days, each 

treatment being approximately equally represented on each day. We weighed females 

before and after mating as in experiment 1.  

 

Statistical Analysis 

We used R version 3.0.1 (R Development Core Team, 2012) with function ‘gnls’ from 

the library ‘nlme’ (Pinheiro, Bates, DebRoy, Sarkar, and R Development Core Team, 

2013) to determine whether a sigmoid (three- and four-parameter logistic, two- and 

three-parameter asymptotic and Michaelis-Menten) or a linear function best suited each 

data set (as in: Buzatto, Tomkins, and Simmons, 2012). We compared all functions 

using Akaike's information criterion (AIC) and selected the function with the lowest 

AIC. We then tested different variance structures to account for any heteroscedasticity 

in residuals and again used AIC to select the appropriate variance structure. Once 

residuals had a homoscedastic distribution, we built a set of nested models in which one 

(or all) of the parameters of the function of best fit could vary between treatments, and 

compared these models with a model in which all parameters had a single value for all 

treatments.  

 

Using the binary data taken on whether females were or were not kicking, we used a 

binary logistic GLM in SPSS (version 21.0.0.0) to analyze the probability that a female 

had begun kicking in each sociosexual environment. We analyzed each experiment 

separately with status (experiment 1) and cut and harassed (experiment 2) as main 

factors with copulation duration and ejaculate weight as covariates. All two-way 

interactions were included in initial models but, through backwards stepwise 

elimination, were removed. This model enables us to make predictions on the 

probability a female might be kicking under given circumstances and these  means 

presented are the EMMs. We used multiple regression in SPSS to test for 

multicollinearity between the predicted probability of a female kicking (or attempting to 

kick) and the covariates copulation duration and ejaculate weight. In R version 3.0.1 (R 

Development Core Team, 2012) we created an interpolated data set for 3D plots using 

the ‘akima’ library (Akima, Gebhardt, Petzoldt, and Maechler, 2013) and plotted the 
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relationship between the probability of a female kicking (or attempting to kick), 

copulation duration and ejaculate weight using the ‘persp’ function. 

 

3.4 Results 

 

Experiment 1: Male Mating History 

Ejaculate Transfer Pattern 

After 10 min of copulation, ♂3 males had not transferred ejaculates that differed 

significantly from zero, whereas ♂0 and ♂1 males had (♂0 = 0.110 mg, 95% CI = 

0.072-0.148 mg; ♂1 = 0.047 mg, 95% CI = 0.019-0.075 mg; ♂3 = 0.002 mg, 95% CI = 

0.002-0.006 mg). This made the comparison of the rate of ejaculate transferred against 

time impossible using non-linear models, because there was no significant transfer from 

the ♂3 males; hence ♂3 males were excluded from any further analysis of ejaculate 

transfer patterns, but were included in the analysis of when females started to kick.  

 

Of the six models tested to find the best fitting relationship between the weight of 

ejaculate transferred and time, the three parameter logistic function was the simplest 

model that best fitted the data of the models we tested (Table 3.1). As residuals had a 

heteroscedastic distribution, we allowed the residuals to increase as a power function of 

the fitted values to achieve homoscedasticity: 𝑓(𝑣) =  |𝑣|2𝑡 where 𝑓(𝑣) is the variance 

function evaluated at v (the variance covariate) and the variance function coefficient (t) 

differed across status treatments (t: ♂0 = 0.688, ♂1 = 0.603). We recalculated the values 

for the parameters in the three-parameter logistic model after accounting for 

heteroscedasticity and these are the values reported in Table 3.1.  

 

We found the models improved significantly if we allowed the asymptote (A) and the 

inflection point (xmid: the point on the x axis where the curve changes from being 

concave upwards to concave downwards) parameters to vary between treatments (Table 

3.2). The rate at which ejaculate was transferred (the scale parameter) was the same for 

both virgin and once-mated males (scale = 0.320; Figure 3.1A). The total amount of 

ejaculate transferred (A) was twice as large for virgin males as for once-mated males 

(♂0 = 0.099 ± 0.008 mg, ♂1 = 0.050 ± 0.006 mg) and the inflection point (xmid) 

occurred 69 s later in virgin males than once-mated males (♂0 = 3.68 ± 0.16 min, ♂1 = 

2.53 ± 0.22 min; Figure 3.1A).  
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Table 3.1: Models tested to determine the function that best suits both sets of data in order of 
best fit as judged by the lowest AIC. All models were compared with the best model and sorted 
by increasing ΔAIC where more negative values indicate a poorer fit. The formula for the 
function is italicized, and parameters that were significant are in bold font. x = input variable (in 
this case ejaculate weight), A = right-side asymptote, e = exponential, xmid = value of x at the 
inflection point, scale = growth rate on x axis, B = left-side asymptote, b = y intercept, R0 = the 
response when x is 0, lrc = the natural logarithm of the rate constant, Vm = the maximum value 
of the response, similar to an asymptote, k = value of x at half maximum, similar to xmid, a = 
slope of a linear curve. Non-convergence indicates a poor fit for the data, and so models that did 
not converge were not considered further. 
 

 Experiment 1 Experiment 2 

Model and Formula AIC Δ AIC Parameters AIC Δ AIC Parameters 
 

Three-parameter logistic 

     𝑓(𝑥) =
𝐴

1 + e �𝑥𝑚𝑖𝑑 − 𝑥
𝑠𝑐𝑎𝑙𝑒 �

 
-603.78  

A=0.083 
-912.37  

A=0.157 

xmid=3.752 xmid=4.592 

scale=0.529 scale=0.847 
 

Four-parameter logistic 

  𝑓(𝑥) = 𝐵 +
𝐴 − 𝐵

1 + e �𝑥𝑚𝑖𝑑 − 𝑥
𝑠𝑐𝑎𝑙𝑒 �

 -601.83 -1.95 

B=-0.003 

Did not converge 
A=0.084 

xmid=3.900 

scale=0.861 
 

Three-parameter asymptotic 
𝑓(𝑥) =  𝐴 + (𝑅0 − 𝐴). e (−e (𝑙𝑟𝑐. 𝑥) -598.75 -5.03 

A= 0.103 

-897.99 -14.38 

A= 0.32328 
 R0 = -0.042 R0 = -0.056 
 lrc = -1.415 lrc = -2.333 
 Two-parameter asymptotic 

      𝑓(𝑥) = 𝐴. (1 − e(𝑏 × 𝑥)) -595.00 -8.78 
A=0.167 

Did not converge  b=0.082 
Michaelis-Menten 
 𝑓(𝑥) =  𝑉𝑚. 𝑥

(𝑘+𝑥)
 -594.78 -9.00 

Vm=0.310 
Did not converge k=23.087 

Linear 
 𝑓(𝑥) = 𝑎𝑥 + 𝑏 -592.77 -11.01 

b=-0.001 
-894.43 -17.94 

b=-0.029 

a=0.010 a=0.022 
 

Male mating status significantly decreased the probability of a female kicking with 

increasing numbers of previous matings (GLM: Wald2 = 11.81, P = 0.003, n = 289; 

EMMs: ♂0 = 42.8 ± 7.1%, ♂1 = 24.2 ± 5.0%, ♂3 = 11.8 ± 4.1%; Figure 3.2A). In 

addition, copulation duration and ejaculate weight had independent significant positive 

effects on the probability of female kicking (Wald1 = 26.90, P < 0.001, b ± S.E. = 0.378 

± 0.07 and Wald1 = 17.76, P < 0.001, b ± S.E. = 15.95 ± 3.78, respectively; Figure 

3.2A). We did not detect any multicollinearity between copulation duration and 

ejaculate weight (highest variance inflation factor (VIF) = 1.6). 

 
 
Experiment 2: Presence or Absence of Kicking and Harassment 

Ejaculate Transfer Pattern 

As with experiment 1, we found that the function of best fit was the three-parameter 

logistic model (Table 3.1). To account for the heteroscedastic distribution of residuals, 
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we modelled the relationship between residuals and fitted values as a constant plus 

power variance function: 𝑓(𝑣) =  (𝑡1 +  |𝑣|𝑡2)2. Both t1 and t2 differed for the kicking 

factor (t1: kicking = 6.002x10-12, no kicking = 0.020; t2: kicking = 0.723, no kicking = 

0.886.  

 
Table 3.2: All variations are ranked in descending order of goodness of fit to each factor of each 
experiment. Degrees of freedom (df) and Akaike's information criterion (AIC) are reported for 
each model, as well as ΔAIC for model comparison. A more negative ΔAIC indicates a better 
fitting model by varying that parameter or combination of parameters, with the best model 
indicated by an asterisk (*). Comparing models using log likelihood instead of AIC yielded 
qualitatively similar results, and so only AIC is presented. 
 
 

 Varying Parameters d.f. AIC Δ AIC 
 Experiment 1 Base 6 -709.018   Status    1.1 xmid and A* 8 -794.102 -85.084 
1.2 A only 7 -744.507 -35.489 
1.3 xmid only 7 -731.597 -22.579 
1.4 all parameters 9 -701.346 7.672 
1.5 A and scale 8 Did not converge 
1.6 xmid and scale 8 Did not converge 
1.7 scale only 7 -699.513 9.505 
      Experiment 2 Base 8 -1289.169   Kicking    2.1 xmid and scale* 10 -1351.649 -62.481 
2.2 all parameters 11 -1348.270 -59.102 
2.3 xmid and A 10 -1346.219 -57.051 
2.4 xmid only 9 -1344.208 -55.040 
2.5 A and scale 10 -1316.837 -27.669 
2.6 A only 9 -1314.717 -25.549 
2.7 scale only 9 -1292.016 -2.848 
 Harassment    3.1 xmid only* 9 -1294.838 -5.670 
3.2 xmid and scale 10 -1294.316 -5.148 
3.3 xmid and A 10 -1292.831 -3.663 
3.4 all parameters 11 -1292.403 -3.235 
3.5 scale only 9 -1290.270 -1.102 
3.6 A and scale 10 -1289.138 0.030 
3.7 A only 9 -1288.911 0.257 

 

 

Probability of Kicking 

We found significant improvement within the function of best fit for each treatment if 

we allowed the xmid and scale parameters to vary for the kicking treatment, and xmid 

only for the harassment treatment (Table 3.2). The inflection point (xmid) when females 

were allowed to kick occurred 53 s earlier than when females were unable to kick 

(kicking = 3.81 ± 0.13 min; no kicking = 4.70 ± 0.18 min) and the rate at which 
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Figure 3.1: Three-parameter logistic curves representing the predicted pattern of ejaculate 
transfer in three different sociosexual environments: (A) virgin (circles/dotted line) and non-
virgin males (crosses/solid line); (B) males mated with females that were able to kick 
(crosses/solid line) and males mated with females that were unable to kick (circles/dotted line); 
(C) with harassing males present (crosses/solid line) and without harassing males present 
(circles/dotted line) during copulation 
 
ejaculate was transferred (scale) increased from 0.35 ± 0.04 with kicking to 0.54 ± 0.10 

without kicking. An increasing scale parameter indicates a decrease in the rate of 

transfer; thus males mating with females that were allowed to kick had a faster transfer 

rate (Figure 3.1B). The asymptote (A) was constant across both kicking and harassment 

treatments (kicking = 0.146 ± 0.007 mg; harassment = 0.142 ± 0.007 mg; Figure 3.1B). 

The scale parameter of the harassment treatment also remained constant (0.49 ± 0.05);  
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Figure 3.2: Three-dimensional plot of the predicted probability of females kicking derived from 
the model (see Methods) across copulation duration and ejaculate weight values, when (A) 
females mated with virgin males (white plane), males with one previous copulation (mid-grey 
plane) or males with three previous copulations (dark grey plane) or (B) female can kick (dark 
white) or cannot kick (white) males during copulation. 
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the only parameter to vary was xmid which occurred 12 s earlier with harassment 

(harassment = 4.22 ± 0.15 min; no harassment = 4.42 ± 0.15 min); while this difference 

is only small, it was significant (Table 3.2, Figure 3.1C). 

 

Probability of Kicking 

The presence of rival males did not affect the probability of female kicking (or 

attempting to kick; GLM: Wald1 =0.18, P = 0.668, n = 358; EMM ± S.E.: harassed: 

31.4 ± 3.9%; not harassed: 29.1 ± 3.8%) whereas the kicking treatment did (Wald1 = 

3.93, P = 0.047; Figure 3.2B) with leg-ablated females more likely to be trying to kick 

(EMM ± S.E.: 35.9 ± 4.1%) than intact females (EMM ± S.E.: 25.1 ± 3.7%). Again, 

both copulation duration and ejaculate weight had a significant positive effect on the 

probability of a female kicking or trying to kick (Wald1 = 26.233, P < 0.001, b ± S.E. = 

0.31 ± 0.06; Wald1 = 5.863, P = 0.015, b ± S.E. = 4.13 ± 1.7; Figure 3.2B). No 

multicollinearity was detected between copulation duration and ejaculate weight 

(highest VIF = 1.9). 

 

3.5 Discussion 

 

In this study, we conducted a series of experiments to test whether the sociosexual 

environment in which copulation takes place has an effect on ejaculate transfer 

dynamics and onset of female kicking. In line with our predictions, our results show that 

male C. maculatus exhibited plasticity not only in the size of the ejaculate, but also in 

how the ejaculate is transferred, across a range of different sociosexual environments. 

We also show how the onset of female kicking behaviour changed depending on the 

male's mating history, which, to our knowledge, has not been documented before.  

 

We found that virgin males transferred double the ejaculate weight (A) of once-mated 

males, yet the rate at which ejaculate was transferred (scale) was the same for both 

virgin and non-virgin males. Savalli and Fox (1999a) also found that once-mated males 

transferred less ejaculate (40% less as measured by percentage of male body weight) 

than virgin males. Given that the rate of transfer (scale) was the same between virgin 

and once-mated males, the difference between the inflection point (xmid) shows that 

non-virgin males finished transferring sooner. Not only did males with a previous 

copulation transfer less ejaculate (this study), males mating for the third time copulated 

for longer than a male mating for the first or second time (Paukku and Kotiaho, 2005). 
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This suggests that non-virgin males spend longer causing damage to females while 

imparting less benefit because of their reduced ejaculate size. Any sexual conflicts over 

the duration of mating (Crudgington and Siva-Jothy, 2000) or the duration of kicking 

(Chapter 2: Wilson and Tomkins, 2014a) will therefore be exacerbated when females 

are mating with non-virgin males. A larger proportion of damage-only copulatory time 

could advantage sperm-depleted non-virgin males if they rely on damage to get the 

components of their ejaculate that affect female behaviour (Chapter 2: Wilson and 

Tomkins, 2014a; Yamane and Miyatake, 2010; Yamane, Miyatake, and Kimura, 2008) 

into the female's haemolymph by perforating the reproductive tract with greater 

amounts of damage (Hotzy, Polak, Rönn, and Arnqvist, 2012).  

 

Our finding that males mating for the fourth time did not transfer a significant mass of 

ejaculate is consistent with a previous study (Savalli and Fox, 1999a) in which males 

mating for the fourth time fertilized significantly fewer females, and females fertilized 

by these males laid fewer eggs than females mated to males with fewer previous 

matings. Similarly, Paukku and Kotiaho (2005) found that females mated to a male with 

two previous copulations died sooner than females mated to virgin and once-mated 

males when allowed to oviposit, although this effect disappeared when females were 

prevented from laying. Hence in C. maculatus, much of the difference in ejaculate size 

affects resources for the female rather than causing sperm limitation. Indeed, Eady 

(1995) found no effect of the male's number of previous matings on female fecundity 

despite an 84% reduction in the number of sperm transferred by males mating for the 

fourth time compared with virgin males. Whether males transfer less ejaculate over 

sequential copulations as a strategy for spreading their reproductive effort over 

numerous females or whether the pattern reflects sperm depletion is unknown. 

 

Savalli and Fox (1998) hypothesized that females begin kicking when there are no 

further benefits to continuing a copulation. This hypothesis suggests that females can 

monitor and respond to ejaculate transfer and/or copulation duration. Indeed, we did 

find that the probability of a female kicking was related to both ejaculate size and 

copula duration, but also to the number of previous matings a male had had. Similarly, 

the duration of copulation might also be consistent with the increasing penetration of 

chemical cues, as the female's tract gets damaged, or simply with the act of the damage 

itself. However, it is less straightforward to explain the mating history effect, since, for 

the same amount of ejaculate and duration of mating, females are most likely to kick 
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virgin males and least likely to kick males mating for the fourth time. Thus, our results 

undermine Savalli and Fox's (1998) hypothesis since kicking is dependent on male 

mating status as well as ejaculate transfer and not ejaculate transfer alone. Exactly how 

females detect a male's mating history is unknown, but presumably the female's 

behaviour is a response to a cue passed to the female from the male, perhaps a seminal 

fluid component as these can affect female behaviours (Yamane and Miyatake, 2010). 

Our previous study shows that males can influence the onset and duration of female 

kicking, and that kicking might serve male interests (Chapter 2: Wilson and Tomkins, 

2014a). Savalli and Fox's (1998) hypothesis is further undermined by the finding that 

longer kicking durations do not shorten copulation duration (Chapter 2: Wilson and 

Tomkins, 2014a). Whether male or female interests are served by the patterns of kicking 

in relation to male mating history is worth investigating.  

 

A recent study by van Lieshout, McNamara, and Simmons (2014b) used a similar 

approach to Savalli and Fox (1998) by measuring fitness components when copulation 

was terminated at the onset of kicking (as a guide for female optimal copulation 

duration) compared with when matings were undisturbed. Our earlier demonstrations: 

(1) that female kicking is controlled more by males than females, (2) that doubling the 

kicking duration does not alter mating duration (Chapter 2: Wilson and Tomkins, 

2014a) and (3) that kicking varies with male mating history (this study) combine to 

refute the notion that the onset of female kicking carries information about the optimal 

mating duration for females and the benefits of polyandry.  

 

We found that males mated with non-kicking females transferred the same weight of 

ejaculate but at a slower rate than males mating with intact females. At first sight this 

suggests that the action of kicking influences ejaculate transfer, speeding it up 

somehow, again suggesting that female kicking might be a trait that advantages males 

(Chapter 2: Wilson and Tomkins, 2014a). In the absence of a treatment control (i.e. 

differentiating between the effect of cutting the females' legs and preventing a female 

from kicking without removing the legs) these findings should be interpreted with 

caution, since we are unable to rule out the possibility that this slower transfer rate is a 

result of some physiological stress in the female following the leg removal process 

itself. Either way, we were not measuring sperm movement within the female, only its 

passage from the male to the female's primary sperm storage organ and the change due 

to leg removal highlights the potential role for female effects to influence the dynamics 
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of ejaculate transfer. In another beetle species, Tribolium castaneum, females can 

cryptically bias sperm competitive fertilization success based on their perception of 

male copulatory courtship (Edvardsson, 2000). It is widely recognized that the risk of 

sperm competition can have a vast array of effects on an ejaculate including size (Gage 

and Baker, 1991; Kelly and Jennions, 2011) and composition (Perry et al., 2013). The 

expectation that harassed males would transfer a larger ejaculate was not supported nor 

was our prediction that the probability a female would be kicking at a given time would 

be greater in the presence of rival males. In fact, the only difference between isolated 

and harassed treatments was that harassed males began to transfer their ejaculates 

slightly sooner. Despite widespread documentation of the presence of rival males 

causing an increase in ejaculate size across a range of taxa (Kelly and Jennions, 2011; 

Wedell et al., 2002), we did not detect any change in the weight of ejaculate with the 

risk of sperm competition. This may be simply because both our males and females 

were reared in isolation, with rival males introduced only after copulation had begun, as 

opposed to being housed with other males for intense exposure to rival males before 

copulation. This ‘shock exposure’ without any precopulatory intrasexual exposure to 

rival males seems not to have allowed males sufficient time to strategically tailor their 

ejaculates or allocate resources based on this sociosexual cue beyond a slight decrease 

in the time before ejaculation begins. Furthermore, as we know from our previous study 

(Chapter 2: Wilson and Tomkins, 2014a), males can at least partially control female 

kicking. Thus, if males use a chemical or compound in their ejaculate to coerce females 

into kicking, we may not have seen a large difference between these kicking treatments 

because males did not have sufficient time to alter their behaviour or transmission of 

this compound to females.  

 

3.6 Conclusion 

 

We have shown that males strategically ejaculate by inseminating females sooner when 

there is the risk of sperm competition, and that female kicking has a plastic response to 

male mating status. We are able to reject Savalli and Fox's (1998) hypothesis as we 

have shown that the onset of female kicking is affected not only by ejaculate transfer 

but also by male mating history and copulation duration. Our results are also 

contradictory to Edvardsson and Canal's (2006) results where they found that ejaculate 

weight continued to increase with copulation duration, as we found a significant 

asymptote in ejaculate weight in each sociosexual situation. This asymptote means that 
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males do not continuously transfer ejaculate throughout a copulation, but have a period 

in which they are only causing more damage. Furthermore, our results show that the 

sexual conflict over copulation duration is likely to be greatly exacerbated when females 

mate with non-virgin males. This is because there is a substantial amount of time during 

a copulation that is damage-only. This highlights the importance of using animals with a 

range of mating histories in the assessment of sexual conflicts in this and other species. 

 

 

 

 

 

 

 

 

  

53 
 



 

 

 

 

 

 

 

 

  

54 
 



 

 

 

 

 

 

 

CHAPTER 4 

 

Female Callosobruchus maculatus can maximize  

long-term fitness through polyandry 
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4.1 Abstract 

 

Females often mate with multiple males even when a single mating is sufficient to 

fertilize their eggs. Remating can lead to direct and indirect benefits for females, but 

these benefits trade-off against the potential costs associated with polyandry. There is a 

growing understanding that not all males are equal in their ability to deliver sperm to the 

site of fertilization. Such differences can arise both from environmental (e.g. mating 

history) and intrinsic (genetic) sources of variation. Most studies that investigate female 

fitness control male mating history to overcome such effects, but this control may bias 

interpretations of the benefits of polyandry. Here we tried to avoid overestimating the 

benefits of polyandry that might accrue from mating repeatedly with virgin males. To 

do this we quantified six components of fitness in female bruchid beetles, 

Callosobruchus maculatus, that were mated between one and four times to males with 

unknown mating histories, either in isolation or with rival males present. As copulation 

number increased, fecundity, offspring production and egg-to-adult survival declined. In 

contrast to these short-term costs, the probability that a female remained completely 

infertile was highest at one copulation, and geometric mean fitness peaked after three 

copulations. Pericopulatory harassment by males did not affect female productivity. 

There was a significant interaction between this harassment and copulation number on 

longevity such that harassed females mating two or three times, and females mating 

twice in isolation, died soonest. Our results suggest that females may be selected to 

mate multiply, despite short-term costs to fitness. 
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4.2 Introduction 

 

Polyandry is an important evolutionary phenomenon because it affects the strength of 

pre- and postcopulatory sexual selection (Kvarnemo and Simmons, 2013; Pizzari and 

Wedell, 2013; Shuster et al., 2013). The principle evolutionary puzzle (Yasui, 1998; 

Arnqvist and Nilsson, 2000; Jennions and Petrie, 2000; Hosken and Stockley, 2003) is, 

why, when males transfer sufficient sperm to fertilize their eggs (many times over) in a 

single mating, do females continue to mate with other males? The answer seems to 

come down to the relationship between fitness and the number of matings: the 

“Bateman gradient” (Bateman, 1948). Although the Bateman gradient of males is 

usually straightforward, that is, positive and steeper than those of females, the gradient 

of females is more complex (Kvarnemo and Simmons, 2013). Females certainly can 

gain benefits from multiple mating, such as the nuptial gifts (Reinhold, 1999) or 

increased offspring production (Rodríguez-Muñoz et al., 2010), but such benefits will 

trade-off against associated costs. These costs can be higher disease risk (Knell and 

Webberley, 2004), greater susceptibility to predation when mating or searching for a 

mate (Magnhagen, 1991), reduced offspring production (Michalczyk et al., 2011b) and 

physical (Crudgington and Siva-Jothy, 2000) or chemical (Chapman et al., 1995) 

damage. In the insects at least, the balance between the costs and benefits to females of 

mating multiple times suggests that an optimal number of matings should exist rather 

than fitness increasing as a function of mating number as it does in males (Arnqvist et 

al., 2005). 

 

The evolution of adaptive polyandry should be explained either by the direct (Arnqvist 

and Nilsson, 2000) or indirect (Yasui, 1998) fitness benefits that females receive from 

mating. Direct benefits advantage the female herself through a number of mechanisms 

such as increased egg production (Ronkainen et al., 2010), elevated post birth offspring 

survival (Firman and Simmons, 2008) or infanticide avoidance (Agrell et al., 1998). All 

of these benefits generally have positive effects on offspring production and are 

typically gained through material resources transferred before or during copulation. For 

example, female bella moths, Utetheisa ornatrix, receive multiple spermatophores that 

increase fecundity after three matings (LaMunyon, 1997). Likewise, by increasing the 

uncertainty of paternity through multiple mating, females may increase the number of 

paternal care givers (Ihara, 2002). Indirect benefits are “next-generation” benefits that 

increase the fitness of the individual’s offspring (Yasui, 1998). Such indirect benefits 
57 

 



can include inbreeding avoidance (Tregenza and Wedell, 2002), decreasing the chance 

of genetic incompatibility (Zeh and Zeh, 1996; Colegrave et al., 2002) increasing the 

chance of acquiring “good genes” from superior males (Kempenaers et al., 1997; Yasui, 

1997), or passing on high reproductive and fertilization success through the inheritance 

of competitive “sexy sperm” to sons (Harvey and May, 1989; Curtsinger, 1991). 

Multiple sires within a brood can also increase genetic diversity of offspring as 

exemplified by increased disease resistance in colonies of the leaf-cutting 

ant, Acromyrmex echinatior, with higher genetic diversity (Hughes and Boomsma, 

2004).  

 

The bruchid beetle, Callosobruchus maculatus, has been extensively used to study 

sexual conflict and the costs and benefits of polyandry. One reason for the interest in 

sexual conflict over mating number in these beetles is that males have a spiny aedeagus 

that is known to damage females during mating (Crudgington and Siva-Jothy, 2000) 

suggesting that numerous matings might inflict considerable harm. Despite this, female 

C. maculatus can benefit from multiple mating through increased fecundity (Wilson et 

al., 1999; Eady et al., 2000) and increased longevity when under conditions of 

starvation (Fox, 1993) or dehydration (Edvardsson, 2007). Arnqvist et al. (2005) 

specifically investigated the idea of an optimal mating number in C. maculatus, finding 

that females mated to two virgin males had lower offspring production than females that 

mated either once or between three and six times (female longevity was not affected by 

the number of copulations in this population). Arnqvist et al. (2005) concluded that 

females have two fitness peaks: after one copulation and with three or more copulations. 

In the present study, we expand on this research by testing the optimal number of 

matings for females when mating with males of unknown mating history.  

 

The environment in which mating takes place can have significant effects on mating 

behaviors (Wilson and Tomkins, 2014a) and hence, potentially, on the costs and 

benefits of copulation. Consequently, when measuring optimal mating number it is 

important to consider the environment of the individual being tested and the 

environment that the population has adapted to. In C. maculatus, the presence of rival 

males during copulation doubles the duration of female kicking (Wilson and Tomkins, 

2014a) and kicking is negatively associated with female longevity (Wilson and 

Tomkins, 2014a). Furthermore, females experiencing some form of sexual harassment 

from other males suffer reduced fecundity (Gay et al., 2009) and longevity (den 
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Hollander and Gwynne, 2009). We also know that pericopulatory harassment from 

these rival males affects how males transfer their ejaculate: males in copula with 

females when other males are present begin to transfer their ejaculates sooner (Chapter 

3: Wilson et al., 2014). We question the prevalent use of virgin males in studies of C. 

maculatus mating trials because this standardization is likely to overestimate the 

benefits that females receive from additional matings simply because the ejaculate of 

virgin males is greater in volume (Chapter 3: Wilson et al., 2014) and sperm number 

(Eady, 1995) compared with non-virgin males. In a natural setting, and in our stock 

population, the opportunity to mate with a virgin male would be rare and mating with a 

succession of virgin males would be even less likely. Thus, we propose that controlling 

male mating history by having only virgin males as mating partners is not an ideal 

environment to test the relationship between number of copulations and female life 

history optima. This is because the drastic reduction in ejaculate size associated with 

repeated mating may lead to a biased estimate of the benefits of multiple mating when 

only virgins are used (Eady, 1995; Savalli and Fox, 1999a; Chapter 3: Wilson et al., 

2014). Therefore we test after how many copulations females optimize: (1) longevity, 

(2) fertility, (3) fecundity, (4) egg-to-adult survival (5) offspring production and (6) 

reproductive output (geometric mean offspring production) and when females mated 

with males of unknown mating history, either in the presence of rival males or in 

isolation.  

 

4.3 Methods 

 

Focal Individuals 

Beetles were sourced from the Commonwealth Scientific and Industrial Research 

Organisation (Canberra, Australia) in 2005 and have since been kept in a stock 

population of >500 adults per generation in ambient laboratory conditions 

(approximately 22 - 24 °C) on black eyed beans (Vigna unguiculata). We isolated 2500 

black eyed beans from the stock population into 2 mL microfuge tubes (with a 

punctured cap for airflow); tubes were kept in a Binder 240K incubator. In anticipation 

of females mating six times (Arnqvist et al., 2005), and to get 40 females in each 

treatment (described below), we selected 480 females that had eclosed into the tubes as 

singletons or in same sex groups to ensure virginity. We randomly selected males from 

the stock population to sample a range of male mating histories.  
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Experimental Design 

We set up 480 matings between focal virgin females and randomly selected males from 

the stock population. The matings were initiated by adding the male to the microfuge 

tube containing the female. Half of the matings had a harassing trio of males 

haphazardly selected from the stock introduced to the microfuge tube once mating had 

commenced. These copulations, with pericopulatory harassment (hereafter simply 

referred to as harassment), made up a “harassment” treatment, and similarly, those 

mating in isolated were the “non-harassed” treatment. All matings were conducted in 

ambient room conditions (22 - 24 °C). After each copulation had finished, all females 

were put into individual 90 mm Petri dishes with approximately 140 beans (Credland, 

1986). 24 h later, all but 40 females from each treatment were removed from the beans 

and placed into a microfuge tube. Then, the following day, we conducted the same 

mating protocol with the same females that were harassed two days prior experiencing 

harassment for their next copulation, and those that were not harassed, again 

experiencing no harassment. Each trio of harassing males harassed four mating pairs 

and was then discarded. Each day, we sourced new males from the stock to form new 

harassment groups. Again, after a copulation had ended, the female was placed back 

into the same Petri dish as before, and 24 h later, all but 40 females from each treatment 

were removed and put into their microfuge tubes.  

 

We repeated this mating protocol for all four matings (see Copulation Number). If a 

female died after isolation from beans but before the next copulation, they were not 

replaced with females already assigned to a fewer number of matings and were analyzed 

as the number of copulations completed. This meant that females that had an inherently 

shorter longevity due to factors other than those imposed by the experimental treatment 

were not all in low copulation number treatments.  

 

Copulation Number 

On the day of the fifth copulation, and after 30 min of courting by males, no females 

showed any sign of receptivity to the courting males, and so four matings were 

considered the highest realistic number of copulations in this population. These females 

were put back into the Petri dishes and treated as females with four copulations. As the 

initial design of the experiment was for six copulations, and with deaths during the 

experiment, there is an unbalanced sample size: one copulation: not harassed = 38, 
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harassed = 42; two copulations: not harassed = 47, harassed = 50; three copulations: not 

harassed = 101, harassed = 83; four copulations: not harassed = 53, harassed = 65. 

 

Trait Measurement 

We measured five life history traits of females during the experiment: longevity 

(eclosion date was recorded and we checked females once daily for death), fertility (a 

binary variable determined by whether a female laid fertile eggs [coded “1”] or not 

[coded “0”] (Eady, 1991)), fecundity (a count of fertile eggs 28 days after initial 

copulation), egg-to-adult survival (proportion of fertile eggs that survived until eclosion 

from the bean as an adult) and offspring production (count of offspring that eclosed [as 

adults] 40 days after initial copulation).  

 

We waited 28 days after a female’s first copulation before counting eggs to ensure the 

eggs laid in the final days before death had sufficient developmental time to turn 

opaque, but eggs laid in the days after their initial copulation had not yet eclosed 

(unpublished data). Females that did not lay any fertile eggs were not included in the 

fecundity analysis (n = no harassment: one copulation = 36, two copulations = 41, three 

copulations = 98, four copulations = 51; harassment: one copulation = 38, two 

copulations = 50, three copulations = 82, four copulations = 63). Similarly, we counted 

offspring after 40 days as this was more than enough time for offspring to eclose, but 

those offspring that eclosed early did not have sufficient time to produce offspring of 

their own (unpublished data). Females that did not produce offspring were not 

considered in the offspring production analysis (n = no harassment: one = 37, two 

copulations = 43, three copulations = 100, four copulations = 52; harassment: one 

copulation = 38, two copulations = 50, three copulations = 82, four copulations = 65). 

Egg-to-adult survival is the proportion of fertile eggs that produced an adult offspring (n 

= no harassment: one copulation = 27, two copulations = 38, three copulations = 92, 

four copulations = 49; harassment: one copulation = 27, two copulations = 43, three 

copulations = 79, four copulations = 59). We used pronotum width as measure of body 

size.  

 

Due to an unfortunate oversight when arranging females to be checked for death, 

females from the “no harassment” treatment with two copulations were overlooked for a 

period of time. Only those females that had a definite known death date were included 

in the longevity analysis (n = no harassment: one copulation = 20, two copulations = 8, 
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three copulations = 98, four copulations = 52; harassment: one copulation = 22, two 

copulations = 45, three copulations = 81, four copulations = 65). 

 

Statistical Analysis 

We used IBM SPSS statistical package (SPSS, 2012) for all statistics except 

bootstrapped CI (see below). We analyzed longevity, fecundity, offspring production 

and egg-to-adult survival with separate ANOVAs beginning with the full model that 

included main effects (harassment treatment and copulation number), their interaction 

and body size as a covariate. Using backwards stepwise elimination, we removed the 

interaction if it was not significant, and then body size if it was not significant. We 

applied the most appropriate transformation to the data if the residuals of the final 

model were not normally distributed with back transformations for the estimated 

marginal means; no data points were removed. We used a general linear model rather 

than a generalized linear model to analyze egg-to-adult survival because diagnostic tests 

showed normally distributed residuals that were not bound by 100% after an angular 

transformation. We calculated the 84% CIs to compare means of these traits as any 

overlap or abuttal of the 84% CIs indicates no significant difference between means 

(Austin and Hux, 2002; Julious, 2004).  

 

We used a three-way (layered) χ2 test to test if each treatment (harassment treatment and 

number of copulations) affected whether a female was fertile or not. Females that did 

not lay any eggs were considered infertile. We used a layered chi-square test (layer 1: 

harassment treatment, layer 2: copulation number, cells: number of infertile females [i.e. 

females coded “0”]) to determine whether the number of infertile females differed 

among the harassment treatment according to the number of times mated. 

 

 We used the geometric mean (μg) as a measure of reproductive output (offspring 

production) as: �𝑅1 × 𝑅2 … . .× 𝑅𝑛
𝑛  (Sokal and Rohlf, 1995) where R1 is the value of 

one female’s offspring production, R2 is the value of a second female’s offspring 

production and so on. As there were some females that produced no offspring and the 

result of any product equation containing 0 returns 0, we added 1 as a constant to each 

female’s offspring production. No females were excluded from the analysis, but females 

from both the harassment and no harassment treatments were pooled into their 

respective copulation number as there was no difference in offspring production due to 

harassment treatment (see results).  
62 

 



 

To attain 84% CIs around the geometric mean and fertility percentages, we 

bootstrapped the geometric means (or percentage fertility) for each copulation number 

(100 000 repeats) using the functions ‘boot’ and ‘boot.CI ‘ from the ‘boot’ library 

(Canty and Ripley, 2014) in R (R Development Core Team, 2012).  

 

Results 

Longevity 

We found a significant disordinal interaction between the harassment treatment and 

number of copulations on longevity (log transformed ANOVA: F3, 359 = 2.883, 

P = 0.036; Figure 4.1). As the interaction is disordinal, main effects cannot be 

interpreted directly and are therefore are not reported. After a double copulation, 

harassment significantly reduced longevity, but this effect disappeared when the 

females had three and four matings. Nevertheless the CIs (Figure 4.1) show two and 

three matings were equally costly in longevity terms when females were harassed, 

whereas when females were not harassed the longevity cost was greatest at three 

matings. In both harassment treatments four matings increased longevity compared to 

three. Body size had a positive effect on longevity (β = 0.154 ± 0.054; F1, 359 = 8.26, 

P = 0.004) and fecundity had a negative effect on longevity (β = -0.001 ± 0.0003; F1, 

359 = 5.812, P = 0.016).  

 

Fertility 

We found that within each harassment treatment, the number of times a female had 

mated had a significant effect on the number of females that were infertile (no 

harassment: Pearson χ2
3  = 15.53, P = 0.001, with harassment: Pearson χ2

3  = 13.543, 

P = 0.004), but there was no effect of harassment treatment within each copulation 

number (one copulation: Pearson χ2
1  = 0.025, P = 0.9, two copulations: Pearson χ2

1 

= 3.043, P = 0.081, three copulations: Pearson χ2
1 = 0.938, P = 0.3, four copulations: 

Pearson χ2
1 = 0.187, P = 0.7). The chance of a female being fertile was lowest at a 

single copulation: (% fertile: one copulation = 76% [84% CI: 68.7 – 82.7], two 

copulations = 90% [85.7 – 94.5], three copulations = 95% [92.7 – 97.3], four 

copulations = 95% [91.8 – 97.7]).  
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Figure 4.1: Effect of the interaction between number of copulations and the presence (white 
bars) or absence (gray bars) of pericopulatory harassment from males on female longevity 
(days). Error bars are the 84% confidence intervals to allow non-overlapping intervals to be 
interpreted as significantly different (Julious, 2004). Females from both treatments had the 
lowest longevity at three copulations, but an increase at four copulations. 
 

Fecundity 

There was no interaction between harassment and number of times mated (ANOVA: F3, 

393 = 0.341, P = 0.9) on fecundity and so this term was removed. The harassment 

treatment did not have a significant effect on fecundity (F1, 396 = 0.774, P = 0.4; Figure 

4.2A); however, number of copulations did have a significant negative effect on 

fecundity (F3, 396 = 3.868, P = 0.010; Figure 4.2A). The covariate of the female’s body 

size also had a positive effect on fecundity (F1, 396 = 11.993, P = 0.001; β = 30.6 ± 8.8).  

 

Egg-to-adult Survival 

There was no significant interaction between harassment and number of times mated on 

egg-to-adult survival and this term was removed. Egg-to-adult survival was not affected 

by the harassment treatment (angular transformed GLM weighted by fecundity: 

F1, 394 = 0.158, P = 0.7; Figure 4.2B), but egg-to-adult survival declined with more 

copulations (F3, 394 = 13.8, P < 0.001; Figure 4.2B). Once again, body size showed a 

positive effect on egg-to-adult survival (F1, 394 = 14.9, P < 0.001; β = 0.625 ± 0.162). 

 

Offspring Production 

There was no significant interaction between harassment and number of times mated on 

offspring production (ANOVA: F3, 390 = 0.871, P = 0.5) and so it was removed. The 

harassment treatment did not significantly affect offspring production (F1, 393 = 0.701, 
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Figure 4.2: Female reproductive success (as measured by A: fecundity, B: egg-to-adult survival 
and C: offspring production) declines as the number of copulations increases but females mating 
in isolation (gray bars) suffered no greater cost compared to females copulating with rival males 
present (white bars). Error bars represent 84% confidence intervals to compare between means 
such that any overlap or abuttal indicates no difference. 
 

P = 0.4; β = 34.67 ± 1.03; Figure 4.2C) but number of times mated did (F3 ,393 = 10.7, 

P < 0.001), such that there was a steady decline in offspring production as the number 

of matings increased (Figure 4.2C). Consistent with the results of the fecundity analysis, 

body size had a positive effect on offspring production (F1, 393 = 21.7, P < 0.001; 

β = 37.7 ± 8.1).  

 

Reproductive output 

By comparing the 84% CIs, we found that there was a peak net reproductive output for 

three copulations, whereas copulating for one, two or four times yielded no difference 

(μg: 1 copulation = 11.7 [84% CI: 8.20 – 14.77], 2 copulations = 17.51 [13.85 – 20.90], 

3 copulations = 24.05 [21.7 – 26.3], 4 copulations = 16.55 [13.73 – 19.14]; Figure 4.3). 
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We should note that due to our addition of 1 to all offspring values, the trend of these 

values rather than the absolute values is of greater importance. In addition, adding a 

coefficient of 0.01 and 0.1 to all values opposed to 1, we attained qualitatively similar 

results. As a whole, these results indicate that females remate to increase their net 

reproductive output up to three copulations, after which there is no benefit, indeed a 

decline in reproductive output. 

 

 
Figure 4.3: Geometric mean for female offspring production including those females that did 
not produce any offspring across copulation number. Error bars presented are bootstrapped 84% 
confidence intervals for comparison between means. 
 

4.5 Discussion 

 

We examined a range of potential direct benefits that females might accrue as a result of 

multiple mating, in an attempt to understand why females remate in a species where 

genital damage occurs (Crudgington and Siva-Jothy, 2000). We tested if the presence of 

rival males during copulation translated to a cost in females’ reproductive output as we 

have previously shown that when rival males are present the duration of pericopulatory 

kicking doubles and that longer kicking causes reduced longevity (Wilson and Tomkins, 

2014a). Furthermore, males of the same population can alter their ejaculate transfer 
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patterns when copulating in the presence of rival males (Chapter 3: Wilson et al., 2014). 

In the present study, we found female longevity was affected differently over successive 

matings depending on the harassment treatment with harassed females dying sooner 

when they mated twice. This constitutes further support for the idea that males can alter 

their damaging behaviors in relation to the sociosexual environment in which they mate. 

Reducing female longevity would be adaptive for males if it resulted in an increase in 

reproductive output through terminal investment (Lessells, 2005). Why the pattern does 

not continue to four matings is unclear to us. 

 

The longevity data also show that females from both harassment treatments had the 

lowest longevity when they mated three times, as longevity increased at four matings. 

This is contrary to the findings of Arnqvist et al. (2005) who found that female 

longevity in this species was not affected at all by the number of times a female had 

mated. The difference could be methodological as Arnqvist et al. (2005) used only 

virgin males whereas we used males with an unknown mating history. Female C. 

maculatus can divert resources in an ejaculate towards longevity (Fox, 1993), and 

ejaculate volume (Chapter 3: Wilson et al., 2014) and sperm number (Eady, 1995) both 

drastically decrease with multiple mating. Hence, by only using virgin males Arnqvist 

et al. (2005) may have masked the detrimental effects of polyandry with the constantly 

high resource input from the ejaculates. It seems odd that the effects of harassment do 

not continue to accumulate with successive matings. However, remating can increase 

longevity in C. maculatus (Fox, 1993), and females mated four times likely receive 

more ejaculate in total and invest less into egg production than females receiving fewer 

matings. Thus, prioritizing somatic maintenance may explain why we found that 

longevity increases across both harassment treatments when they mated four times. 

How the damage caused by harassment accumulates over successive matings would be 

an interesting area for future research. 

 

Pericopulatory harassment showed that the presence of rival males did not significantly 

affect our measures of reproductive output. Our results do, however, contradict previous 

studies reporting harassment effects, although this is likely due to different ways of 

inducing harassment. Gay et al. (2009) imposed postcopulatory harassment on females 

and found a decrease in fecundity, suggested to be from discouragement or prevention 

of oviposition. Both Edvardsson (2007) and Rönn et al. (2006; Brazil strain only) also 

found a cost of postcopulatory harassment to once-mated C. maculatus where females 
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kept with two males after copulating had reduced fecundity compared to females 

ovipositing in isolation. Despite the effects of pericopulatory harassment on longevity 

found in this study, the fact that we found no effect of harassment on reproductive 

output suggests that postcopualtory harassment is much more detrimental to females’ 

reproductive performance than pericopulatory harassment.  

 

When excluding infertile females as we did in the univariate analyses of fecundity and 

offspring production, we are analyzing the best case scenario for females  that is as if 

they were in a population in which every copulation results in successful fertilization. In 

this case, the estimated marginal means showed that, given a female is fertilized, there 

is no benefit to remating as fecundity, egg-to-adult survival and offspring production all 

decline. The geometric mean reproductive output, however, includes the risk of 

remaining infertile, regardless of the mechanism by which females are rendered infertile 

– genetic incompatibility, sperm depletion or sterile males. We found that females 

should mate three times to maximize this long-term reproductive output. This suggests 

that the risk of remaining infertile is too great at one (24%) and two copulations (10%) 

and by mating for a third time, females reduce the chance of infertility to 5% (even 

though the 84% CIs showed no difference between 10% and 5%) but accept a cost to 

absolute offspring production. The notion that it is long-term fitness that is being 

maximized comes from the idea of bet-hedging against environmental variability 

(Starrfelt and Kokko, 2012). Here, males represent the environment factor that can leave 

females infertile. Therefore, females that mate only once might mate with a male that 

leaves them infertile and, at that point, their genes will be removed from the population. 

Hence, selection can favour polyandry by avoiding the occasional event that causes zero 

fitness (Starrfelt and Kokko, 2012). 

 

Our data show that despite the costs to direct measures of reproductive output, i.e., 

fecundity and offspring production, there is the potential for selection to act on female 

remating for fertility assurance in this population. The fertility assurance hypothesis 

predicts that female C. maculatus use remating to reduce the risk of total infertility, 

something shown in common lizards, Lacerta vivipara, where a higher number of 

copulations results in a lower proportion of infertile eggs (Uller and Olsson, 2005). 

When a female mates four times, there is a 19% increase in the probability of laying 

fertile eggs compared with a single mating, and a 15% increase in the probability of 

producing any offspring. It could be that selection favors females that “hedge their bets” 
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by employing multiple mating as a strategy despite this strategy having a lower 

arithmetic mean fitness (Starrfelt and Kokko, 2012) in terms of absolute offspring 

production as geometric mean offspring production peaks at three copulations. 

 

The idea of female C. maculatus risking reduced reproductive output and placing their 

bets on polyandry to gain fertility assurance and/or indirect benefits sounds appealing. 

Yasui (2001), however, concluded that in stable environments with large populations 

multiple mating is unlikely to evolve solely through bet-hedging. However Yasui’s 

(2001) bet-hedging scenario was for genetic diversity in the offspring, whereas bet-

hedging for fertility assurance will presumably be most favored where many matings 

fail through incompatibility or failed sperm transfer (non-sperm representation: García-

González, 2004). Colegrave et al. (2002) modelled the evolution of polyandry for 

compatibility benefits and showed that polyandry is only favored where there is some 

kind of sperm selection by the female. Where non-sperm representation occurs, which it 

does in many insect species at rates between 0 and 60% of mating (García-González, 

2004), there is no need to infer sperm selection mechanisms as the sperm themselves are 

self selecting for fertilization. In addition, Michalczyk et al. (2011a) have shown that 

females sourced from a population that has undergone a genetic bottleneck are more 

likely to remate than the outbred control group and conclude that this is to avoid the 

chance of genetic incompatibility. In C. maculatus, females experience maximized 

geometric mean reproductive output at three matings. However, females also readily 

mated for a fourth time. One potential mechanism for the evolution of this seemingly 

maladaptive polyandry is that remating is a by-product of a genetic constraint. Females 

may be constrained to remate because they have evolved to be less choosy to avoid the 

risk of remaining a virgin (Kokko and Mappes, 2013) although this has not been 

specifically researched in C. maculatus. Presumably this theory can be extended to the 

avoidance of failed matings as well. Our study provides further support for how 

polyandry might be driven by fertility assurance.  

 

Arnqvist and Nilsson (2000) concluded that the direct benefits of multiple mating are 

sufficient to explain the evolution of multiple mating and indirect benefits need not be 

inferred. Our results for the geometric mean (a direct benefit) somewhat support this 

theory in that remating increases long-term reproductive output up to three matings. 

Indirect benefits have not been extensively studied in this species; although Edvardsson 

et al. (2008) have shown that females do not use remating as a way to minimize the risk 
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of inbreeding (but see Michalczyk et al., 2011a). Bilde et al. (2008) not only found 

offspring that fitness is dependent on the interaction between parent genomes but also 

report that the presence of significant additive genetic variance in offspring productivity 

providing the opportunity at least for good genes sexual selection. Although there may 

be indirect benefits of polyandry such as mating with genetically compatible males (Zeh 

and Zeh, 1996; Colegrave et al., 2002), acquiring “good genes” from superior males 

(Kempenaers et al., 1997; Yasui, 1997), or having sons with “sexy sperm” with higher 

chances of reproductive and fertilization success (Harvey and May, 1989; Curtsinger, 

1991), maximizing the geometric mean of offspring production may compensate for the 

evident costs of polyandry. 

 

Conclusion 

By not controlling male mating status we have shown that female C. maculatus that 

mated to fertile males suffer a continuous decline in reproductive output when they 

mate with increasing numbers of males. This contrasts the geometric mean offspring 

production that represents long-term fitness and peaked at three matings. Both of these 

results should be taken alongside a previous study suggesting that an intermediate 

number of matings (two) was maladaptive but fewer or more made little difference to 

female fitness (Arnqvist et al., 2005). The drivers of population differences in these 

patterns in particular whether the costs of polyandry are offset by indirect benefits, and 

the potential for non-sperm representation to drive polyandry even where the Bateman 

gradient is negative, seem worthy of further attention. 
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CHAPTER 5 

 

Inheritance struggles: male and female seed beetles battle 

over female kicking behaviour 
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5.1 Abstract 

 

Where the evolutionary interests of males and females have divergent optima, sexually 

antagonistic coevolution can arise if the adaptations that benefit one sex impair the 

fitness of the other. Implicit in the coevolution of sexually antagonistic traits is that 

there is evolutionary potential for each sex to respond to the adaptations of the other. 

Seed beetles, Callosobruchus maculatus, are often thought to have an easily observable 

conflict over copulation duration because females kick males during mating. Here we 

use a quantitative genetic approach to show that the duration for which males are kicked 

is inherited only through males and not through females even though kicking is a 

behaviour expressed by females. This suggests that the potential for females to evolve 

counteradaptations to kicking duration is weak. Nevertheless, we find a positive genetic 

correlation between how long a male is kicked for, and how long it takes females to 

begin kicking, suggesting these two different aspects of the kicking behaviour are in an 

antagonistic coevolutionary cycle. We discuss these results in the context of the 

previously established phenotypic relationships between these traits and reproductive 

success and longevity.  
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5.2 Introduction 

 

Mating behaviours are a consequence of an intricate coevolutionary process between 

males and females. Where the evolutionary interests of males and females differ, 

conflict arises and each sex is thought to evolve traits that maximize their own 

evolutionary gain (Parker, 1979; Clutton-Brock and Parker, 1995; Chapman and 

Partridge, 1996; Johnstone and Keller, 2000; Arnqvist and Rowe, 2002; Chapman et al., 

2003; Lessells, 2005). Sexual conflict can, in turn, lead to adaptations that are sexually 

antagonistic, where adaptations that increase the fitness of one sex reduce fitness in the 

other (Chapman et al., 2003). If equilibrium cannot be reached, these processes give rise 

to cycles where males and females constantly coevolve in response to the adaptations of 

the other (Parker, 1979) in a cyclic pattern. 

 

An implicit assumption of the coevolutionary cycles of males and females is that there 

is heritable variation in both sexes (Fricke et al., 2010). Experimental evolution studies 

have shown coevolutionary responses when the intensity of sexual selection has been 

manipulated (Rice, 1996; Cayetano et al., 2011; Gay et al., 2011b). Such studies 

necessarily push the populations away from equilibrium conditions, however Parker’s 

(1979) model suggests that, at equilibrium, males will often win in the coevolutionary 

struggle between the sexes because selection tends to be more intense on males. Indeed, 

a study of numerous species from the genus Drosophila has shown that sex and 

reproduction-related genes in males evolve at a much faster rate than in females (Haerty 

et al., 2007). Furthermore, Edward et al. (2014) recently found that, although both males 

and females had a significant additive genetic contribution to copulation duration in 

D. melanaogaster, the estimate for females was lower than for males; Krebs (1991) 

found similar results in D.mojavensis. While substantial phenotypic evidence is 

available from manipulations of sexual selection, formal estimates of the genetic 

variances of conflictual mating behaviours in males and females in unmanipulated 

populations seem to be relatively sparse (Brown et al., 2009; Gay et al., 2011a; Hall et 

al., 2013)  

 

Further evidence for male predominance in the evolutionary struggle between males and 

females comes from the seed beetle Callosobruchus maculatus. Copulation in this 

species lasts beyond the point at which males stop transferring ejaculate (Chapter 3: 

Wilson et al., 2014), suggesting that a sexual conflict exists over copulation duration. 
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Indeed, males have spiny aedeagi that damage the walls of the females’ reproductive 

tract (Crudgington and Siva-Jothy, 2000) allowing direct transfer of a male’s ejaculate 

into the females’ body cavity (Hotzy et al., 2012). Females exhibit pericopulatory 

kicking that was thought to be a female counter adaptation that mitigates the damage 

received from the males spiny aedeagus (Crudgington and Siva-Jothy, 2000; Rönn and 

Hotzy, 2012). However, longer periods of kicking have not been shown to shorten 

copula duration (van Lieshout et al., 2014a; Chapter 2: Wilson and Tomkins, 2014a) 

and indeed prolonged kicking reduced female postmating longevity (Chapter 2: Wilson 

and Tomkins, 2014a). At a phenotypic level, it appears that males control the 

pericopulatory kicking behaviour of their mate (Chapter 2: Wilson and Tomkins, 

2014a). Does this phenotypic control stem from a difference in the genetic architecture 

of these copulatory behaviours? 

 

Here, we examine the sex-specific genetic architecture of the behavioural components 

of copulation in C. maculatus: copulation latency, kicking latency, kicking duration and 

total copulation duration, as well as ejaculate weight and one life history trait 

(postmating longevity). Previous work on this population indicates that, phenotypically, 

males can manipulate all components of copulation (Chapter 2: Wilson and Tomkins, 

2014a); we expect that this will be reflected in the underlying genetic architecture and 

that males have a greater genetic contribution to variance within the trait (Brown et al., 

2009; Gay et al., 2011a). The probability of a female kicking also has a positive 

phenotypic correlation to the weight of ejaculate received (Chapter 3: Wilson et al., 

2014). We also explore how the behavioural components of copula correlate genetically 

with ejaculate size and postmating longevity. 

 

5.3 Methods 

 

Stock Population and Origin 

The stock population of C. maculatus (Coleoptera: Bruchidae) was sourced from 

Commonwealth Scientific and Industrial Research Organisation, Canberra, Australia in 

2005. Since 2005 it has been cultured exclusively on black eyed beans (Vigna 

unguiculata) at 22-24 °C at a population size in excess of 500 beetles. 
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Parent Generation  

We put approximately 1000 black eyed beans into a stock population. After 12 hours of 

oviposition, each bean was isolated into a 2 mL microfuge tube (with a punctured cap 

for airflow) and stored in a Binder 240K incubator at 28 °C until eclosion as this is close 

to the optimum temperature for egg-to-adult survival (Fox and Reed, 2011). We 

harvested virgin adults from tubes once per day until we had 250 virgin females and 125 

virgin males; to ensure virginity we only used beetles that eclosed individually or in 

same sex groups. We used a standard half-sib breeding design where 98 males mated 

with a virgin female on day one and, the following day mated again to a different virgin. 

Of these 98 males, 72 had offspring with both females and 8 produced offspring with 

only one female. We had a further 27 males that mated to only one virgin female on the 

first day; producing another 21 families for a total of 173 families. After mating, 

females were put in a Petri dish with 50 black eyed beans. We isolated each of these 

beans into a 2 mL tube and we stored them in the incubator at 28 °C.  

 

Quantifying Copulation Components 

From each dam, we collected up to ten virgin male and ten virgin female offspring over 

five days recording the eclosion date and ensuring virginity in the same way as the 

parent generation. From these offspring, we haphazardly selected mating pairs and 

observed 1678 copulations over five days; each mating took place in the female’s tube, 

with males returned to their tube after copulation had finished. A mating was deemed to 

have commenced when males mounted females and remained stationary. During the 

mating trials, we recorded four time points: (A) the time beetles were put together, (B) 

when mating started, (C) when females began kicking and (D) when mating ended. 

From these points we calculated four copulation components: copulation latency (B-A), 

kicking latency (C-B), kicking duration (D-C) and copulation duration (D-B).We 

weighed half of the females before and after copulation as a measure of ejaculate 

transfer weight (Edvardsson and Tregenza, 2005). After mating, all individuals were 

returned to the incubator and checked for death once per day until all beetles had died to 

measure postmating longevity. We measured body size as dry weight (to 0.01 mg) on a 

on a Sartorius SE3 microbalance.  

 

Statistical Analyses 

We excluded data points as outliers if they were more than three median absolute 

deviations (MADs) from the median (Leys et al., 2013). To calculate additive genetic 
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(VA) and residual (VR) variances and the narrow sense heritabilities (h2) of all traits we 

fitted univariate restricted maximum likelihood Animal Models of the form (𝑦 ~ 𝜇 +

 𝑎𝑛𝑖𝑚𝑎𝑙) using ASREML 3 (Gilmour et al., 2009) in which the trait y is modelled in 

terms of μ, the population mean, and the additive genetic effects of the invidivual 

animal as a random term. If the spread of residuals was not normal we used an 

appropriate transformation to normalize the residuals, and these values are reported in 

Table 5.1 instead of results from an Animal Model. We calculated the coefficients of 

additive (CVA = 100 × �VA
�̅�

 ) and residual (CVR = 100 ×� VR
�̅�

 ) variance to avoid bias 

interpretation of VA due to dependence on the trait means (García-González et al., 

2012). Again in ASREML 3, we used bivariate Animal Models to estimate the genetic 

correlations (RG) between traits of interest. Male copulation latency and male ejaculate 

weight would not converge using bivariate Animal Models so we used family means for 

correlations in IBM SPSS statistical package (2012) and these values are reported in 

Table 5.2. These values, however, generally give a conservative estimate of correlations 

(Astles et al., 2006) and so we only considered directionality of any significant 

correlations rather than the strength. A correlation was considered significant if 
RG
S.E.

< 1.96 (Sokal and Rohlf, 1995) where RG is the genetic correlation and S.E. is its 

estimated standard error. 

 

5.4 Results 

 

Copulation latency did not show significant heritability through either sex (Table 5.1). 

The duration before a female began kicking was heritable only through females (Table 

5.1; Figure 5.1A), while both kicking duration and copulation duration were heritable 

only through males (Table 5.1; Figure 5.1B). While body size and postmating longevity 

had significant heritability for both males and females, ejaculate weight was only 

heritable through females (Table 5.1; Figure 5.1C) and not males (Table 5.1; Figure 

5.1D). Females had a higher CVA for both copulation and kicking latency, while males 

had a higher CVA for kicking and copulation duration (Table 5.1). 

 

Female kicking latency was significantly negatively correlated with female copulation 

latency and significantly positively correlated with male kicking duration, and both 

female and male copulation duration (Table 5.2). There were no other significant 

correlations between copulatory behaviours. Male and female body size, female 
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Table 5.1: Genetic components for all measured traits. h2 = heritability, CVA = coefficient of additive genetic variation, CVR = coefficient of residual variation, VA = 
additive genetic variation, VR = residual genetic variation, d.f.A = degrees of freedom from an animal model, d.f.R = residual degrees of freedom, MAD range = the 
range of values not excluded based on the median absolute deviation.  

Trait n �̅� ± σ h2 ± S.E. CVA CVR VA VR d.f. A d.f.R MAD range 
Copulation latency           

Female*  1647 39.99 ± 1.98 0.039 ± 0.026 2.5 2.75 1.00 1.21 566.42 1079.58 4.62 – 382 
Male*  1567 40.27 ± 1.97 -** 2.48 2.74 1.00 1.22 431.52 1134.48 4.93 – 358 

Kicking latency           
Female 1579 357.1 ± 105 0.112 ± 0.035 10.3 27.55 1351.68 9679.12 728.19 849.81 32 – 672 

Male 1517 348.6 ± 97.36 0.027 ± 0.026 4.59 27.55 255.72 9224.75 490.68 1025.32 43 – 639 
Kicking duration           

Female^ 1521 292.41 ± 27.65 0.004 ± 0.025 0.04 9.41 1.44x10-2 757.90 477.41 1042.59 0 – 861 
Male 1515 315.1 ± 192 0.122 ± 0.036 21.28 57.12 4494.86 32397.60 711.84 802.16 0 – 869 

Copulation duration           
Female 1516 672.5 ± 192.9 0.025 ± 0.027 4.54 28.48 931.32 36680.70 516.38 998.62 23 – 1304 

Male 1513 663 ± 197.6 0.141 ± 0.039 11.18 27.66 5499.12 33624.00 759.41 752.59 19 – 1307 
Body size           

Female 1494 1.33 ± 0.15 0.261 ± 0.048 5.68 9.55 5.710 x10-3 1.614 x10-2 981.15 511.85 0.89 – 1.78 
Male 1478 0.94 ± 0.11 0.399 ± 0.057 7.41 9.09 4.851x10-3 7.293 x10-3 1175.33 301.67 0.57 – 1.29 

Ejaculate weight           
Female 696 5.49 ± 0.54 0.537 ± 0.084 7.29 6.82 0.16 0.14 623.14 71.86 3.8 – 7.16 

Male 717 5.493 ± 0.54 -** 0.004 9.8 5.585x10-8 0.29 n/a** 716 3.81 – 7.15 
Postmating longevity           

Female 1335 13.31 ± 4.16 0.250 ± 0.050 15.63 27.08 4.33 12.99 859.82 474.18 0 – 26 
Male 1389 8.9 ± 3.07 0.294 ± 0.053 18.77 29.08 2.79 6.70 970.04 417.96 0 - 17 

* = log transformation 
^ = square root transformation  
** = not estimable 
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Table 5.2: Genetic correlations between all measured traits. Significant correlations denoted in bold. 

 Copulation latency Kicking latency Kicking duration Copulation duration Body size Ejaculate weight Postmating 
longevity 

 Female Male* Female Male Female Male Female Male Female Male Female Male Female 

Copulation latency            
 

 
Male 0.027 ± 0.097           

 
 

Kicking latency            
 

 
Female -0.950 ± 0.451 -0.258 ± 0.085          

 
 

Male -0.241 ± 0.581 -0.098 ± 0.106 0.543 ± 0.396         
 

 
Kicking duration            

 
 

Female -0.502 ± 0.835 0.098 ± 0.101 -0.545 ± 0.629 -0.261 ± 0.900        
 

 
 Male  -0.395 ± 0.362 -0.0286 ± 0.102 0.473 ± 0.193 0.290 ± 0.386 -0.961 ± 0.613       

 
 

Copulation duration 
           

 
 

 Female  -0.647 ± 0.642 -0.110 ± 0.092 0.889 ± 0.414 0.463 ± 0.726 -0.100 ± 1.430 -0.200 ± 0.387      
 

 
Male -0.428 ± 0.349 -0.295 ± 0.100 0.555 ± 0.183 0.494 ± 0.298 -0.960 ± 0.564 0.851 ± 0.028* -0.122 ± 0.370     

 
 

Body size            
 

 
 Female  0.162 ± 0.298 -0.120 ± 0.096 -0.022 ± 0.174 0.087 ± 0.303 -0.922 ± 1.926 0.067 ± 0.173 -0.757 ± 0.437 0.060 ± 0.165    

 
 

 Male  0.107 ± 0.264 -0.050 ± 0.114 -0.082 ± 0.157 -0.275 ± 0.272 -0.411 ± 0.479 -0.026 ± 0.162 -0.387 ± 0.325 -0.104 ± 0.153 0.692 ± 0.106   
 

 
Ejaculate weight            

 
 

 Female  0.022 ± 0.280 -0.156 ± 0.089 0.035 ± 0.170 -0.206 ± 0.299 -0.314 ± 0.474 0.252 ± 0.167 -0.097 ± 0.316 0.189 ± 0.161 0.908 ± 0.057 0.844 ± 0.078  
 

 
Male* -0.004 ± 0.105 0.031 ± 0.103 0.041 ± 0.142 -0.037 ± 0.098 0.045 ± 0.110 0.042 ± 0.098 0.079 ± 0.121 0.0106 ± 0.098 -0.024 ± 0.123 0.137 ± 0.103 0.008 ± 0.095  

 
Postmating longevity            

 
 

 Female  -0.162 ± 0.297 -0.008 ± 0.111 0.191 ± 0.180 0.420 ± 0.323 -0.096 ± 0.454 0.064 ± 0.178 0.177 ± 0.347 0.159 ± 0.169 0.444 ± 0.139 0.644 ± 0.106 0.601 ± 0.103 0.058 ± 0.101  
Male 0.111 ± 0.281 -0.077 ± 0.094 -0.134 ± 0.168 0.648 ± 0.380 0.024 ± 0.426 0.173 ± 0.174 -0.125 ± 0.325 0.310 ± 0.165 0.176 ± 0.139 0.476 ± 0.110 0.497 ± 0.121 0.126 ± 0.098 0.742 ± 0.109 

 

* = calculated as family mean bivariate correlations 

 
 



ejaculate weight and male and female postmating longevity were positively correlated 

with each other, but there were no correlations between male ejaculate weight and any 

other traits, nor was there a correlation between female body size and male postmating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Family (sire) means for: (A) the duration females kicked, (B) the duration males 
were kicked for, (C) the weight of ejaculate females received and (D) the weight of ejaculate 
males transferred. Means calculated excluding values more than three median standard 
deviations from the median. 
 

longevity (Table 5.2). As these genetic correlations did not control for other covarying 

traits, we suggest that many of the morphological correlations seen may be at least 

partly due to the significant strong positive correlation between male and female body 

size (Table 5.2) and that the significant correlations here may be inflated by this.  

 

5.5 Discussion 

 

There is increasing interest in the sex-specific heritabilities of both behavioural and 

physical traits and how they interact in a reproductive context (Hall et al., 2013; 

McGhee and Travis, 2013; Edward et al., 2014). Our previous research revealed that, at 

a phenotypic level, males can control the female kicking behaviours (Chapter 2: Wilson 

and Tomkins, 2014a) and here we provide genetic support for the same idea by 
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revealing asymmetries in the levels of additive genetic variation for copula duration and 

pericopulatory kicking.  

 

Fundamental to the notion of evolution through sexual conflict is that adaptation and 

counteradaptations must be heritable (Fricke et al., 2010), indeed that they fuel the 

maintenance of additive genetic variation (Hall et al., 2010). We did indeed find 

evidence for the heritability of some components of copulation - kicking duration and 

copulation duration - but surprisingly only through males, while the onset of kicking 

was only heritable through females. The duration of both kicking and copulation affect 

female fitness through longevity (Crudgington and Siva-Jothy, 2000), offspring 

production (Edvardsson and Canal, 2006) and egg-to-adult survival (Chapter 2: Wilson 

and Tomkins, 2014a). Hence our data show how, in this population, there is variation in 

the ability of males to manipulate the fitness of their mates through copulatory 

behaviour (Chapter 2: Wilson and Tomkins, 2014a; this study) but females show no 

evidence of variation that would allow them to counteradapt to these traits specifically. 

There was heritable variation for the onset of kicking through females but the fitness 

consequences of delayed/expedited kicking latency is still unknown and warrants 

investigation into whether kicking latency could be a potential counteradaptation. It is 

tempting to interpret these findings as females having lost ‘control’ of the trait; however 

the interpretation should be more cautious - there is no variation in the level of control 

exhibited by females even though they express the trait. 

 

We find a lower heritability for the male copula duration than is reported for another 

population of C. maculatus (Brown et al. (2009): 0.36 ± 0.14 and Gay et al. (2011a): 

0.41 ± 0.15). This might lead to the notion that in general our population has been 

purged of genetic variation. Counter to this however we find that the heritabilities of 

female fresh weight (h2 = 0.525 ± 0.086), male dry body weight (h2 = 0.399 ± 0.057) 

and male and female post mating longevities (h2 = 0.294 ± 0.053 and 0.250 ± 0.050 

respectively) are all what one would expect for these morphological and life history 

characters (Roff, 1992). Furthermore, we find an asymmetry between the sexes that 

suggests different processes affect the genetic variances in the different sexes. Finally, 

males had a higher CVA for kicking duration and copulation duration - the two traits 

that were heritable through males only - thus heritability comes as a consequence of 

higher VA not simply elevated VR in females (Table 5.1)The male biased asymmetry in 
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genetic variance we found for copula duration contrast to the findings of Brown et al. 

(2009) and Gay et al. (2011a). Consistent with our study, however, both Brown et al. 

(2009) and Gay et al. (2011a) found reduced genetic contributions of female C. 

maculatus to copulation duration compared to males. Similarly, Edward et al. (2014), 

Krebs (1991) and Hall et al. (2013) found female D. melanogaster, D mojavensis and 

female field crickets (Teleogryllus commodus ) (respectively) also had a lower female 

contributions to copulation duration (flies) and spermatophore attachment time (cricket). 

Thus there is a body of evidence showing that females have lower heritabilities of some 

copulatory behavioural traits than males. These results fit with Parker’s (1979) model 

where the intensity of sexual selection among males means that males tend to dominate 

sexually conflictual battles. If males do dominate, any mutation benefiting female 

fitness would be under strong selection and sweep rapidly to fixation, leaving male 

traits more free to accumulate variation. 

 

We did not find strong or significant genetic correlations between male and female 

copulation duration. Edwards’ (2014) study of Drosophila found a similar pattern and 

suggested that copulation duration could be controlled by different traits in each sex. 

Indeed, copulation duration can be broken down into different phases (kicking and not 

kicking) in C. maculatus, each of which appear to be controlled by a different sex. 

Looking at the phases of copulation independently, we begin to better understand the 

complexities of copulation in this species. If we interpret kicking latency to be the point 

at which kicking begins, in females there is genetic variation for this trait and this allelic 

variation in males affects the duration that they are kicked for by females and copula 

duration overall. The fact that some males can extend copula duration against the 

females interests (Chapter 3: Wilson et al., 2014) indicates that males are currently 

‘ahead’ in the coevolution of these traits. Further to this idea, Rönn et al. (2007) show 

that the evolution of damaging male spines, or indeed female susceptibility to damage 

due to thin walls in their reproductive tracts, was associated with an increase in the cost 

of mating and a decrease in female fitness. It is worth noting that the traits that we have 

measured are not exhaustive of potential female resistance traits and females certainly 

have counteradaptations that have not been measured here. For example, alongside and 

the variation in the onset of female kicking (Chapter 3: Wilson et al., 2014) documented 

here, adaptations in the genital tract wall, (Rönn et al., 2007) and immunocapacity (van 

Lieshout et al., 2014a) could also be female counteradaptations with significant genetic 

variance, particularly as these traits respond to changes in sociosexual environment. 
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There was no genetic correlation between female kicking duration and copulation 

duration, thus the notion that that kicking shortens copulation is further undermined 

(van Lieshout et al., 2014a; Chapter 2: Wilson and Tomkins, 2014a). The negative 

genetic correlation between female kicking latency and male kicking duration may 

reveal sexual conflict: males that are kicked for longer (i.e. make females kick them for 

longer) have alleles that when expressed in a female (e.g. sisters) delay the onset of 

kicking. Additionally, the duration a male is kicked for is positively correlated to male 

copulation duration (0.851 ± 0.028). If sexual conflict is present, we would expect to see 

antagonistic fitness consequences between the sexes associated with kicking latency, 

kicking duration and copulation duration. We have shown previously that at a 

phenotypic level, females that have greater egg-to-adult survival do have longer kicking 

durations, but they suffer a postmating longevity cost (Chapter 2: Wilson and Tomkins, 

2014a). Brown et al. (2009) show a negative genetic correlation between a male’s 

copulation duration and the longevity of his sons; however no significant genetic 

correlation between these two traits. The next step in unravelling the sexual conflict 

over mating in this species would be to examine how traits linked to reproductive 

success correlate genetically with copulatory behaviours - in particular kicking latency 

and kicking duration - for both males (second male paternity, ejaculate penetration, 

mate refractory period etc) and females (fecundity, and egg-to-adult survival, offspring 

production etc).  

 

We found no heritable component of ejaculate weight attributable to males 

corroborating previous studies by Brown et al. (2009) and Savalli and Fox (1998). 

Additionally, we found evidence for why this might be: a very strong positive genetic 

correlation between the amount of ejaculate that a female received and female body size 

(0.908 ± 0.057). Thus we propose that the weight difference before and after copulation 

measured in females actually measures how much ejaculate a female can hold rather 

than how much ejaculate her partner transfers, although the possibility that a female can 

somehow differentially control how much ejaculate is received from a mating (either 

through expulsion of ejaculate or blocking more ejaculate being injected) cannot be 

discarded either . This idea is supported by our finding of no additive genetic variation 

for male ejaculate weight (Savalli and Fox, 1998). Larger ejaculates can be beneficial to 

female fitness traits such as fecundity (Savalli and Fox, 1999a), and so females that 

evolve to be able to hold larger ejaculates could be favoured by selection. Indeed, Rönn 
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et al. (2011) describe positive correlated evolution between ejaculate size, the size of 

three internal female reproductive characters (bursa copulatrix, accessory gland and 

spermatheca) and female fecundity. The effects of the interacting male and female 

genotypes on the evolutionary genetics of ejaculate size is worthy of further attention. 

 

We found that postmating longevity was heritable, as Brown et al. (2009) have also 

shown, and that males and females correlate in this trait. Brown et al. (2009) showed a 

phenotypic effect of copula duration on postmating longevity suggesting that female 

postmating longevity could be a measure of female resistance to male damage. We 

found no evidence for a genetic basis to this correlation or between this ‘resistance’ trait 

and any other copulatory trait.  

 

5.6 Conclusion 

 

Our study has made significant progress towards understanding the genetics behind the 

interaction of males and females at mating in C. maculatus. We have shown that 

kicking duration and copulation duration are inherited solely through males, rather than 

females, challenging the idea that kicking duration is a female counteradaptation to 

male evolution. Nevertheless, we did find that the onset of kicking is inherited through 

females. On the whole therefore, males appear to be at an evolutionary advantage in the 

arms race between the sexes, since they harbour greater genetic variation in traits that 

are demonstrably sexually conflictual. The positive genetic correlation between male 

kicking duration and female kicking latency identifies these traits as likely candidates 

for sexually antagonistic coevolution since these traits have opposing fitness 

consequences for males and females.  
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EPILOGUE 
  

85 
 



The sociosexual environment in which copulation takes place can significantly, and 

sometimes drastically, impact the fitness of one or both individuals. By breaking down 

sexual interactions into discrete components and quantifying changes brought about by 

altering the sociosexual circumstances under which copulation occurs, it is possible to 

explore sexual conflict and sexually antagonistic coevolution. My thesis documents 

such changes in four pericopulatory behaviours: copulation latency, kicking latency, 

kicking duration, copulation duration, and ejaculate weight and female fitness 

(fecundity, offspring production, egg-to-adult survival and postmating longevity) in a 

seed beetle, Callosobruchus maculatus.  

 

I begin with a literature review highlighting the potential conflicts over copulatory 

behaviours (including ejaculate transfer) and these conflicts formed the basis for my 

experimental chapters. Chapter 2 revealed a startling new finding: males seem to have 

hijacked phenotypic control over all copulation components, including both the onset 

and duration of female kicking. In addition, doubling the kicking duration did not affect 

the duration of copulation, essentially dispelling the idea that the adaptive function of 

female kicking is to reduce the duration of copulation. In fact, my results suggest that 

female kicking actually increases male fitness, bringing to light a potential sexual 

conflict over the duration of kicking. 

 

My third chapter documented the patterns of ejaculate transfer and female kicking 

across a range of different sociosexual environments. I found that the more previous 

matings a male has the less ejaculate he transfers; something consistent with other 

research. Most interestingly, we found that a female is more likely to be kicking a male 

if he has had fewer copulations. This effect of male mating history was independent of 

the weight of ejaculate transferred and the duration for which the copulation had lasted, 

suggesting either that females can detect how many copulations their mate has had and 

adjust their kicking behaviour accordingly, or if (as my data suggest) males are in 

control of kicking that males alter (adaptively or otherwise) the onset of female kicking 

depending on their mating history.  

 

In my fourth chapter I investigated how multiple mating affects female fitness. Given 

that I found a large difference in the weight of ejaculate transferred between virgin and 

once mated males in Chapter 3, I used males that had unknown life histories; i.e. they 

were of unknown age and mating history. Multiple mating has previously been shown 
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to provide females with fitness benefits, and thus the results that I found were surprising 

in that females did not experience increases in fecundity, offspring production or egg-

to-adult survival. However, the chance that a female laid no fertile eggs decreased with 

sequential matings, suggestive of a trade-off between future reproductive success and 

the chance of being infertile: i.e. multiple mating may serve as a form of female fertility 

assurance.  

 

My final chapter builds on the results I found in Chapter 2; however, instead of looking 

at the phenotypic control of copulation I quantified the genetic architecture of 

copulation components and ejaculate weight. The results of this chapter did not align 

exactly with that of the first, as I found that only the duration for which a male was 

kicked and overall copulation duration were inherited through males, whereas the onset 

of kicking was inherited through females and copulation latency showed no genetic 

component in either sex. Furthermore, the weight of ejaculate received by females was 

significantly heritable, but the weight of ejaculate transferred by males was not 

significantly heritable. I revealed a positive genetic correlation between how long a 

male is kicked for and the onset of female kicking. This correlation could be evidence 

for antagonistic coevolution between these traits if the delayed onset of kicking is a 

female resistance trait. 

 

I started out my thesis with the intention of unravelling the sexual conflict over 

copulation duration, but instead I found very different patterns to what I expected; 

indeed my results challenge the basic assumptions of copulation in Callosobruchus 

maculatus. By refuting the assumption that the kicking behaviour seen in female C. 

maculatus is a female controlled behaviour, I highlighted the importance of questioning 

assumptions, no matter how straightforward they may seem, and the dangers of 

anthropomorphising behaviour. It seems that males can control the duration that a 

female kicks for, and, given that female fitness can change with this kicking behaviour, 

males can therefore manipulate female fitness. Furthermore, the genetic correlation 

between the onset of kicking and the duration of kicking alludes to a sexual conflict in 

C. maculatus over the kicking behaviour expressed by females. My research also 

emphasizes how a male’s ejaculate (in both size and likely composition) plays a vital 

role in the behavioural and fitness outcomes of copulation. It is likely that a sexual 

conflict also exists over ejaculate composition as some chemical components are related 

to female fitness, and therefore a male’s own fitness.  
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Future Directions 

I think that these research outcomes are critical for future studies of sexual conflict, as I 

have shown that apparently obvious adaptations may not always be as simple as they 

seem. I think one of the next steps in this research would be to investigate the ejaculate 

composition of males and how this changes with the sociosexual environment. I believe 

that understanding why males puncture the female tract is of central importance to the 

outcomes of sexual interactions, in terms of both fitness and the behaviours that affect 

fitness (i.e. remating). I have shown that male mating history can have a profound effect 

on copulatory behaviours and female fitness, and so as a general rule, I suggest that 

future research should account for this by randomising male mating history, or at least, 

not limit focal males to being virgins. Additionally, I think that examining how sex-

specific genetic architecture changes under different sociosexual environments would 

be a very interesting area, particularly in respect to female kicking behaviour. By 

incorporating these unexplored areas into the current knowledge about copulatory 

behaviours and traits, we would come much closer to understanding sexual conflict and 

sexually antagonistic coevolution in C. maculatus, and more generally. 
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