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Abstract 13 

Males of many species harm females as a by-product of intrasexual competition, but 14 

this harm can be reduced if males are less competitive in the presence of familiar 15 

relatives. We determined the cue males use to identify competitors in this context. We 16 

assessed genetic variance in a putative kin recognition trait (cuticular hydrocarbons) in 17 

male seed beetles Callosobruchus maculatus and found that five hydrocarbons had 18 

significant components of additive genetic variance and could serve as relatedness cues. 19 

Next, we tested whether hydrocarbons were the mechanism males use to distinguish the 20 

social identities of competitors when strategically adjusting their 21 

competitiveness/harmfulness. Pairs of female and male C. maculatus were mated in the 22 

presence of hydrocarbons extracted from males that differed in their relatedness and 23 

familiarity to the focal male. Females were more productive after mating in the presence 24 

of extracts from the focal male’s non-relatives, if those extracts were also unfamiliar to 25 

the focal male. Relatedness had no effect on productivity when extracts were familiar to 26 

the focal male.  These results may be reconciled with those of previous studies that 27 

manipulated the relatedness and familiarity of competing males if the difference 28 

between the effect of harmfulness on productivity following a single mating and the 29 

effect on lifetime reproductive fitness after multiple matings is accounted for. This 30 

study provides a novel demonstration of the mechanism of social recognition in the 31 

moderation of sexual conflict.  32 



Introduction 33 

Sexual conflict occurs when males and females have different fitness optima during 34 

reproduction (Arnqvist and Rowe 2005; Parker 2006), and can lead to the evolution of 35 

traits that enhance the personal reproductive success of males but reduce the fitness of 36 

females and the productivity of populations (Parker 2006; Gay, Brown, et al. 2011; Gay, 37 

Hosken, et al. 2011; Berger et al. 2014; Wilson and Tomkins 2014; Berger, You, et al. 38 

2016).  Recently, both theoretical and empirical work has shown that males may adjust 39 

their harmfulness towards females in response to changes in the social 40 

environment(Rankin 2011; Pizzari and Gardner 2012; Carazo et al. 2014; Carazo et al. 41 

2015; Faria et al. 2015; Hollis et al. 2015; Pizzari et al. 2015; Lymbery and Simmons 42 

2017; Le Page et al. 2017; Tan et al. 2017). For example, relatedness and familiarity 43 

among competing males are important for female reproductive success in both the fruit 44 

fly Drosophila melanogaster (Carazo et al. 2014; Carazo et al. 2015; Le Page et al. 45 

2017) and the seed beetle Callosobruchus maculatus (Lymbery and Simmons 2017). In 46 

both these species, harm to females is considered to be a by-product of competition 47 

among males (pleiotropic harm hypothesis), and from this perspective the reduction in 48 

harm in certain social environments can be interpreted as a consequence of relaxed 49 

competition (Morrow et al. 2003; Hotzy and Arnqvist 2009; Rönn and Hotzy 2012). 50 

The importance of relatedness for this response has been attributed to changes in 51 

inclusive fitness payoffs when competing with relatives versus non-relatives (Pizzari 52 

and Gardner 2012; Pizzari et al. 2015; Lymbery and Simmons 2017; Le Page et al. 53 

2017), but the cue males use to assess the social identities of their competitors in this 54 

context is unknown. 55 



Although recognition cues will vary with species, cuticular hydrocarbons (CHCs) are 56 

likely candidates for insects. These chemicals occur on arthropod exoskeletons and are 57 

used by many species in desiccation resistance and mate assessment (Blows and Allan 58 

1998; Thomas and Simmons 2009; Chenoweth and Blows 2015; Berson and Simmons 59 

2018). Because they can vary with genetic relatedness, CHCs are also used by some 60 

species in self-referencing kin-recognition in which individuals learn their own 61 

phenotype and assess kinship based on their similarity to others (Sherman 1991; 62 

Dronnet et al. 2006; Thomas and Simmons 2008; Weddle et al. 2013; Breed 2014). 63 

CHCs can also vary with environmental factors (Boomsma et al. 2003; Hine et al. 2004; 64 

Chenoweth and Blows 2015) and may be important for phenotype-matching kin 65 

recognition in which individuals learn the phenotype of those around them and compare 66 

this template to other individuals encountered later in life (Sherman 1991; Mateo 2004). 67 

We tested whether CHC cues moderate sexual conflict in C. maculatus. 68 

Callosobruchus maculatus males harm females via pre-copulatory harassment and 69 

genital spines. These spines wound the female reproductive tract and are thought to 70 

enhance the uptake of accessory seminal fluids (Crudgington and Siva-Jothy 2000; 71 

Rönn et al. 2007; den Hollander and Gwynne 2009; Hotzy and Arnqvist 2009; Yamane 72 

et al. 2015; Dougherty et al. 2017; Dougherty and Simmons 2017). Males of this species 73 

harm females less when they compete with familiar relatives (Lymbery and Simmons 74 

2017), and C. maculatus possess distinct CHC profiles, which vary among individuals 75 

(Baker and Nelson 1981). We assessed the potential for CHCs to act as kin recognition 76 

cues by calculating the genetic contribution to variation in the CHC profiles of males. 77 



By pairing females and males in the presence of CHCs extracted from individuals that 78 

differed in their relatedness and familiarity to focal males, we also tested whether CHCs 79 

are the recognition cues males use when strategically adjusting their competitiveness 80 

and consequently the harm inflicted on females. In Lymbery and Simmons (2017), each 81 

female was kept with a group of multiple males that were allowed to mate with her over 82 

her entire lifetime. Under these circumstances, groups of more competitive males are 83 

predicted to reduce the lifetime reproductive success of females (Crudgington and Siva-84 

Jothy 2000; Rönn et al. 2007; den Hollander and Gwynne 2009; Berger, Martinossi-85 

Allibert, et al. 2016). In the current study, by necessity, females were mated once with a 86 

single male before pairs were separated. Since harmfulness in this species is understood 87 

to be a side-effect of competitive male traits that either directly deter competitors 88 

(harassment during mate competition) or prompt females to invest more in the current 89 

reproductive event (increasing the uptake of accessory seminal fluids), the 90 

consequences of mating once with a single more competitive male are expected to differ 91 

dramatically from the consequences of coexisting with multiple competitive males over 92 

the entire lifetime of the female (Eady 1994a,b; Crudgington and Siva-Jothy 2000; den 93 

Hollander and Gwynne 2009; Hotzy and Arnqvist 2009; but see Rönn and Hotzy 2012). 94 

Specifically, we might expect an increase in female productivity in the former situation, 95 

but a decrease in the potential maximum lifetime fitness of females in the latter. 96 

By combining the two approaches described above, this study presents the first 97 

comprehensive analysis of a recognition cue that has the potential to moderate sexual 98 

conflict. If CHCs do operate as this cue, we expect: (i) that there will be significant 99 

additive genetic variance in the CHC profiles of males; and (ii) that males exposed to 100 

unrelated and/or unfamiliar CHC extracts during mating will prompt an increase in 101 



female productivity following a single mating due to their increased investment in 102 

competitive behavior. 103 

Materials and Methods 104 

(a) Quantitative Genetic Analysis 105 

Callosobruchus maculatus were sourced from stock populations at the University of 106 

Western Australia (UWA), which were originally obtained from the Commonwealth 107 

Scientific and Industrial Resource Organization in 2005. They have since been 108 

maintained at ambient laboratory conditions (22 to 24˚C) in plastic containers, with 109 

black-eyed beans (Vigna unguilicata) as laying substrate and larval food source. For 110 

more details see Wilson & Tomkins (2014, 2015) and Lymbery & Simmons (2017). 111 

Stock cultures were supplied with fresh beans as a laying substrate, and after four days 112 

500 beans with eggs were isolated into individual 1.5 ml Eppendorf tubes. One hundred 113 

and fifty unmated females and 50 unmated males were isolated as they emerged to form 114 

the parental generation. 115 

Each male (sire) was mated with one female (dam) per day over three days. After 116 

mating, dams were placed in individual plastic vials with 40 beans each. After two 117 

weeks, beans with single eggs were isolated into individual 1.5 ml Eppendorf tubes. 118 

Adults were isolated as they emerged to form the F1 generation. The full-sib / half-sib 119 

design was then repeated to form a pedigree (Supplementary Figure S1). One male from 120 

each F1 full-sib family was mated with three F1 females each (females were unrelated 121 

to the male they mated with and to the other females with which that male mated). After 122 

mating, females were isolated into individual plastic vials with 40 beans each, beans 123 

were isolated after two weeks, and offspring were collected as they emerged to form the 124 



F2 generation. The resulting pedigree encompassed a range of relatedness (𝑟) values, 125 

from full sibs (𝑟 = 0.5) to cousins (𝑟 = 0.125) and non-relatives (𝑟 = 0). The 126 

pedigree contained all individuals from all generations of the breeding design, with each 127 

individual assigned a sire and a dam (‘0’ for individuals from the parental generation). 128 

Two F2 males from each F1 dam family were frozen as soon as they emerged. Each 129 

male was immersed in 1 ml of hexane in a glass vial for five minutes. Beetles were 130 

removed, and hexane extracts were stored at -8˚C. 1 µL of each extract was injected into 131 

a gas chromatograph and mass spectrometer (GCMS; model QP2010, Agilent 20 x 0.15 132 

mm column) at the UWA Centre for Microscopy Characterization and Analysis. The 133 

temperature profile was from 40˚C (held for 1.5 min) to 240˚C at 20˚C / min, held at 134 

240˚C for 1 min, from 240˚C to 300˚C at 5˚C / min, and held at 300˚C for 10 min 135 

(Baker and Nelson 1981). Blank hexane samples were also injected into the GCMS to 136 

identify contaminants. In total, extracts from 326 individuals were analyzed. 137 

Peak analysis was performed in GCMSsolution Postrun Analysis. See Supplementary 138 

Figure S2 for an example chromatogram. CHCs from each sample were identified 139 

(contaminants were removed by comparison to blank hexane samples) and matched 140 

across samples by comparison of retention times and spectrograms of peaks. For each 141 

individual, we divided the area of each peak by the sum of all peak areas in the CHC 142 

profile (Supplementary Table S1) and retained the 20 peaks that contributed 1% or more 143 

of the total peak area across all individuals for downstream analysis. The identities of 144 

CHCs were not central to the questions investigated in this study, but closest matches 145 

for peak identities were estimated based on retention times and molecular weights. 146 



The additive genetic component for each compound was assessed using a mixed effects 147 

animal model, which calculated a matrix of relatedness among all individuals using the 148 

information from the pedigree (Wilson et al. 2010). The inverse relatedness matrix 149 

calculated from the pedigree was included as a random effect in the animal model 150 

(Wilson et al. 2010). To account for possible maternal effects, we also included 151 

‘mother’ as a random factor in the model. The animal model was implemented using 152 

ASreml-R V3 (Gilmour et al. 2009). We assessed whether each factor explained 153 

significant variance in relative peak area using analysis of deviance likelihood ratio tests 154 

(LRTs) comparing models with and without each factor. Following the methods of 155 

Pinheiro and Bates (2000), we halved the reported p-values for testing the significance 156 

of single random effects using this method (i.e. for testing the effect of mother). All 157 

statistical analyses were performed in R (R Development Core Team 2013). 158 

Because the blend of CHC compounds on an individual is a multivariate phenotype, we 159 

also performed a principal components analysis (PCA) on the peak data. Proportional 160 

peaks were calculated by dividing the relative area of each peak by the relative area of 161 

an arbitrarily chosen peak that was present in all individuals (Peak 47), and the non-162 

independence of these scores was accounted for by calculating log contrasts (log10(1 + 163 

x) to allow for zeroes in the data) for each proportional peak (Thomas and Simmons 164 

2008). We constructed the matrix of correlations among log-contrast scores and 165 

calculated the determinant, assuming that correlations were not a problem for the PCA 166 

if the determinant was greater than 0.00001 (Field et al. 2013). When all peaks were 167 

included, the determinant was less than 0.00001 (determinant = 0.00000091). Following 168 

the recommendation of  Field et al. (2013), we removed the three peaks that were most 169 

commonly involved in the highest correlation scores (peaks 41, 37 and 18). After the 170 



removal of these three peaks, the determinant was greater than 0.00001 (determinant = 171 

0.00061). The PCA was performed on the remaining log-contrast scores. Principal 172 

components (PCs) with eigenvalues greater than one (PC1 to PC6) were retained for 173 

downstream analysis. We used the animal model to calculate h2 and CVa and to assess 174 

the genetic component of variation for each of these PCs. The significance of each term 175 

in the animal model was assessed using LRTs. We also calculated correlations between 176 

each peak and PC1 to PC6 (Supplementary Table S2), assuming that correlations 177 

greater than 0.7 times the largest correlation score for that PC were significant (Mardia 178 

et al. 1979). 179 

(b) Behavioral Assay 180 

Five hundred beans containing larvae were isolated from the stock populations. Beans 181 

were placed in individual 1.5 ml Eppendorf tubes and incubated at 28˚C, and 250 182 

unmated males and 250 unmated females were isolated on the days of their emergence. 183 

Twenty four hours after emergence, each female was paired with a random male of the 184 

same age, and each pair was placed in an individual 440 mL plastic container with 50 185 

beans as a laying substrate. After two weeks, beans containing larvae from each female 186 

were isolated into individual Eppendorf tubes. Individuals from this second generation 187 

were isolated on their days of emergence such that from each of 200 families at least 188 

one unmated female and three unmated males were available for experimental pairings. 189 

One male from each family was randomly selected as a focal male, and the other two 190 

males were selected as ‘CHC donors’ and frozen immediately. Each focal male was 191 

randomly assigned to one of four treatment combinations: Related/Familiar, 192 

Related/Unfamiliar, Unrelated/Familiar or Unrelated/Unfamiliar. After 24 hours, CHCs 193 



were extracted from donors by immersing them in 0.2 mL of hexane in 1 mL glass 194 

vials. Once the hexane had evaporated, the bodies of the donors were removed from the 195 

vials. Focal males were exposed to two rounds of CHC extracts over 48 hours according 196 

to their treatment combination, by placing them in the vials containing the extracts 197 

(Table 1). Familiarity was manipulated by exposing focal males to either the same 198 

(Familiar) or different (Unfamiliar) extracts during the first and second 24-hour 199 

exposures. During the second 24-hour exposure, focal males were allocated a single 200 

unmated female. Females were selected at random, with the restriction that they were 201 

always unrelated to the focal male and donors in their group, and a Monte Carlo 202 

simulation-based Aylmer test confirmed that females from each family were distributed 203 

randomly across treatments (simulated p > 0.99). We nevertheless included Female 204 

Family as a random factor in our analyses to account for the fact that multiple females 205 

from the same family were sometimes paired with different males. We included Female 206 

Family instead of female body size despite the fact that body size explains much of the 207 

variation in female fecundity in this species, because body size varies systematically 208 

with family and the effect of family also captures additional sources of genetic variation 209 

in fecundity (Messina 1993; Wilson and Tomkins 2014; Wilson and Tomkins 2015). 210 

At the conclusion of the second 24-hour period all males were removed and females 211 

were placed in individual 440 mL plastic containers with 50 beans each. When the 212 

females died, the eggs for each female were counted. After all offspring from this 213 

generation had emerged, they were frozen and counted for each female. Egg and 214 

offspring counts were conducted blind with respect to treatment. 215 

Statistical analyses were performed in R (R Development Core Team 2013). We 216 

compared the probability of laying among treatments by assigning pairs that produced 217 



eggs a value of ‘1’, and pairs that did not produce any eggs a value of ‘0.’ Probability of 218 

laying was analyzed using a binomial generalized linear mixed model (GLMM), or a 219 

generalized linear model (GLM) if all random effects were removed. For pairs with a 220 

value of ‘1’ for probability of laying, we compared egg and offspring production among 221 

treatments using Poisson GLMMs. Since models for egg and offspring production 222 

reported significant and marginally non-significant Relatedness-by-Familiarity 223 

interactions respectively, we also separated the data into Familiar and Unfamiliar 224 

subsets and tested for an effect of Relatedness within each subset. For all models, 225 

Female Family was included as a random effect. Significance testing was performed 226 

using LRTs, following the method of Pinheiro and Bates (2000) of halving reported p-227 

values for the significance of single random effects. For Poisson models, overdispersion 228 

was assessed by comparing the residual deviance to the residual degrees of freedom and 229 

was considered to be non-significant if this ratio was less than two (McCullugh and 230 

Nelder 1989). 231 

Results 232 

(a) Quantitative Genetic Analysis 233 

We identified 71 peaks, of which 20 contributed more than 1% of the average total peak 234 

area (Supplementary Table S1).  Preliminary closest match estimations of these 20 235 

peaks characterized them as short to medium-chain alkanes with zero to three methyl 236 

groups, with the exception of Peak 22 which was identified as a C27 alkene (Table 2). In 237 

all cases, maternal effects did not explain significant variation in the animal models, so 238 

the random effect of ‘mother’ was dropped. The additive genetic component (the 239 

inverse relatedness matrix calculated from the pedigree information) explained 240 



significant variation in five peaks (Table 2) prior to sequential Holm-Bonferroni 241 

correction (Holm 1979). With the exception of Peak 68 (a straight chain C32 alkane), all 242 

peaks with heritable components contained at least one methyl group (Table 2). After 243 

Holm-Bonferroni correction, the additive genetic component explained statistically 244 

significant variation in two peaks (Table 2). Heritability estimates for peaks with 245 

significant additive genetic variance ranged from 0.22±0.12 for Peak 63 to 0.35±0.13 246 

for Peak 28 (Table 2). 247 

The PCA identified 16 PCs, of which six had eigenvalues greater than one (Table 3). 248 

Cumulatively, PC1 to PC6 explained 73.58 % of the total variance. The maternal effect 249 

did not explain significant variation in any of the PCs and was removed. The additive 250 

genetic component explained significant variation for PC4 (robust to Holm-Bonferroni 251 

correction) and was marginally non-significant for PC2 (Table 3). Heritability estimates 252 

for PCs ranged from 0.067±0.11 for PC3 to 0.32±0.13 for PC4 (Table 3). PC4 explained 253 

7.78% of the total variance (Table 3), was significantly negatively correlated with Peak 254 

24 (5-MeC27), and was significantly positively correlated with Peaks 22 (5-MeC27 255 

alkene), 56 (4-MeC30) and 68 (C32) (Supplementary Table S2). Of these, Peaks 56 and 256 

68 contained significant genetic components of variation, and Peak 68 was robust to 257 

Holm-Bonferroni correction (Table 3). Cumulatively, Peaks 56 and 68 contributed 3.54 258 

% of the total CHC abundance (Table 3). PC2 explained 15.56 % of the total variance 259 

(Table 3) and was significantly positively correlated with Peaks 20 (9-MeC27), 28 (8-260 

MeC28), 45 (7,11-DiMeC29) and 63 (9,19-DiMeC31). Peaks 28, 45 and 63 contained 261 

significant genetic components of variation, and Peak 28 was robust to Holm-262 

Bonferroni correction. These three peaks cumulatively contributed 12.58 % of total 263 

CHC abundance, but the majority of this was explained by Peaks 45 (6.60 %) and 63 264 



(4.41 %), which were not robust to Holm-Bonferroni correction. Peak 28 contributed 265 

only 1.58 % (Table 3). 266 

(b) Behavioral Assay 267 

Female Family explained significant variance in egg and offspring production, but not 268 

in probability of laying (Table 4). The Relatedness-by-Familiarity interaction and the 269 

first order effects of Relatedness and Familiarity were all non-significant for probability 270 

of laying (Table 4). The Relatedness-by-Familiarity interaction was significant for egg 271 

production (χ21 = 5.76, p = 0.016) and marginally non-significant for offspring 272 

production (χ21 = 3.40, p = 0.065), and these were therefore interpreted at the level of 273 

the interaction rather than subsequently testing for first order effects. Females were 274 

significantly more productive when focal males were exposed to CHC extracts from 275 

unrelated males, if those extracts were also unfamiliar to focal males (Eggs: χ21 = 13.86, 276 

p = 0.00019, Figure 1a; Offspring: χ21 = 12.14, p = 0.00049, Figure 1b). Relatedness 277 

had no significant effect if CHC extracts were familiar to focal males (Eggs: χ21 = 0.62, 278 

p = 0.43, Figure 1a; Offspring: χ21 = 0.34, p = 0.56; Figure 1b). None of the models 279 

were overdispersed (Table 4). 280 

Discussion 281 

The CHC profiles of C. maculatus males contained significant genetic components of 282 

variance at five peaks, so that CHCs could serve as reliable cues for kin recognition. 283 

Furthermore, females were more productive after mating in the presence of CHC 284 

extracts from focal males’ non-relatives, if those extracts were also unfamiliar to focal 285 

males. Relatedness between focal and donor males made no difference to female 286 

productivity if extracts were familiar to the focal male. This interaction effect can be 287 



reconciled with the importance of both relatedness and familiarity for the moderation of 288 

pleiotropic harm in sexual conflict (Lymbery and Simmons 2017; Le Page et al. 2017). 289 

We therefore provide evidence that CHCs function as cues used by males to recognize 290 

competitors when strategically adjusting their competitiveness. 291 

Based on relatedness-by-familiarity interactions, Lymbery and Simmons (2017) and Le 292 

Page et al. (2017) suggested that familiarity was an additional cue for kin recognition 293 

and that males were only able to recognize their kin if they were both genetically related 294 

and socially familiar. This would require the recognition cue to have both genetic and 295 

environmental components of variation, conditions that are likely to be fulfilled for 296 

CHCs. In this study, we found five peaks (Peaks 28, 45, 56, 63 and 68) with significant 297 

genetic components of variance in male C. maculatus, and two were robust to Holm-298 

Bonferroni correction (Peaks 28 and 68). Moreover, the closest matches for all peaks 299 

with significant components of genetic variance contained at least one methyl branch, 300 

with the exception of Peak 68 (C32). It has been suggested that methyl groups increase 301 

the potential of CHCs to communicate diverse information and enhance their 302 

effectiveness in signaling (Blomquist 2010). CHCs in male C. maculatus therefore 303 

contain a signal of genetic relatedness with the potential to function as a kin recognition 304 

cue. Genetic variance in CHC profiles has been found in T. oceanicus (Thomas and 305 

Simmons 2008) and in various species of Drosophila (Bartelt et al. 1986; Hine et al. 306 

2004; Foley et al. 2007; Sharma et al. 2012), but estimates of genetic variance remain 307 

rare relative to the number of studies on the functional roles of CHCs. Our results are an 308 

important contribution to understanding the underlying causes of CHC variation and 309 

their ability to respond to natural and sexual selection. 310 



Although we found a genetic signal in individual CHCs, only one (PC4) of the top six 311 

PCs exhibited significant additive genetic variance. PC4 was positively loaded by two 312 

peaks (Peaks 56 and 68) with significant genetic components of variation, one of which 313 

(Peak 68) was robust to Holm-Bonferroni correction. However, Peak 68 only accounted 314 

for 2.10±0.12% of the total abundance of CHCs (Table 2). While CHCs in this species 315 

do contain signals of genetic relatedness, therefore, much of the variation remains to be 316 

explained by non-genetic sources. In other species, CHC composition varies with the 317 

environment (Boomsma et al. 2003; Hine et al. 2004; Chenoweth and Blows 2015).  318 

Ingleby et al. (2013) found significant genotype-by-diet effects on CHC expression in 319 

both male and female D. melanogaster and a significant genotype-by-temperature effect 320 

in females. In social insects, a common group or colony profile is derived from the 321 

mixing of CHCs among workers and can also be influenced by diet and nesting material 322 

(Liang and Silverman 2000; Breed 2014). The importance of genetic and environmental 323 

sources of variation for CHC profiles aligns well with their suggested role in kin 324 

recognition based on both relatedness and familiarity. 325 

Females were more productive when mated with focal males who were exposed to 326 

unfamiliar CHC extracts from unrelated donors. Initially, these results may seem to 327 

directly contradict those of Lymbery et al. (2017) and Le Page et al. (2017), since both 328 

previous studies found an increase in female reproductive success when they were 329 

grouped with related and familiar males. The current results may be reconciled with 330 

those of Lymbery et al. (2017) and Le Page et al. (2017), however, if a crucial 331 

difference in the experimental design is considered. As discussed above, harmfulness in 332 

C. maculatus is understood to be a by-product of traits that enhance a male’s success in 333 

intrasexual competition (Morrow et al. 2003; Hotzy and Arnqvist 2009; Rönn and 334 



Hotzy 2012). For example, male genital spines are believed to enhance the uptake of 335 

accessory seminal fluids by females which may in turn increase immediate egg laying 336 

(Crudgington and Siva-Jothy 2000; Hotzy and Arnqvist 2009). Since paternity in this 337 

species is biased towards the most recently mated male, increasing the number of eggs 338 

laid before a female re-mates increases a male’s paternity share (Eady, 1994a; b, 1995; 339 

Crudgington & Siva-Jothy, 2000; Hotzy & Arnqvist, 2009). We therefore predicted that 340 

females paired with more competitive males would be more productive following a 341 

single mating, although an effect of harmfulness on the rate of egg-laying per se has yet 342 

to be explicitly demonstrated in this species. Because matings in this study had to take 343 

place in the presence of CHC extracts and in isolation from male competitors, 344 

productivity was compared following single matings. 345 

Previous studies that have examined the effect of the male competitive environment, 346 

rather than isolating putative cues, have kept females with groups of three competing 347 

males over their entire lifetimes (Carazo et al. 2014; Lymbery and Simmons 2017; Le 348 

Page et al. 2017). Under these conditions, ongoing harassment and repeated matings 349 

with multiple males leads to the expectation that groups of more competitive males will 350 

reduce the lifetime fitness of females. Under these conditions females are also exposed 351 

to harm resulting from interference competition among males and additional harassment 352 

from attempts to interrupt matings. Neither of these harmful processes occur during a 353 

single mating in isolation from additional males. Although we expected productivity to 354 

be higher after a single mating with a more competitive male, lifetime productivity of 355 

females is reduced when they mate repeatedly with multiple competitive males (Eady, 356 

1994a; b; Crudgington & Siva-Jothy, 2000; den Hollander & Gwynne, 2009; Hotzy & 357 

Arnqvist, 2009). If these predictions are correct, the results of the current study and 358 



those of Lymbery and Simmons (2017) and Le Page et al. (2017) can all be reconciled 359 

with the general expectation that males are more competitive when competing with non-360 

relatives. 361 

On the other hand, the prediction that an incremental increase in female productivity 362 

following a single mating translates into a reduction in female lifetime reproductive 363 

success after longer exposure to multiple matings is, while theoretically plausible, yet to 364 

be empirically demonstrated. The results of the current study should therefore be 365 

interpreted with a degree of caution. Rönn and Hotzy (2012) conducted single matings 366 

between female and male C. maculatus and found that genital spine length was 367 

negatively correlated with female fitness. This suggests that male harmfulness actually 368 

reduces female fitness even after a single mating, results that would be counterintuitive 369 

given that this effect also reduces male fitness. In Rönn and Hotzy’s (2012) experiment, 370 

pairs were not isolated: additional competitor males were introduced after copulation 371 

had commenced, and these may have imposed additional harm on females by harassing 372 

the mating pair and attempting to interrupt mating. This may contribute to the difference 373 

between our results and those of Rönn and Hotzy (2012). To determine whether our 374 

predictions regarding the association between male competitiveness and female 375 

productivity following a single mating are correct, however, future studies should 376 

measure the mechanisms of competition and harm (such as duration of harassment, 377 

ejaculate weight, latency to mate, copula duration, and scarred area) when mating takes 378 

place in the presence of CHC extracts that differ in their relatedness and familiarity. 379 

Future studies could also improve upon the current experimental design by measuring 380 

both immediate and lifetime reproductive success of females following single matings 381 

and comparing these parameters. If our predictions are incorrect, then future work will 382 



be required to explain why the effect of CHC relatedness and familiarity is in opposition 383 

to the effect of competitor relatedness and familiarity. 384 

The importance of familiarity of both competitor males (Lymbery and Simmons 2017; 385 

Le Page et al. 2017) and CHC extracts (this study) may be due to a role in kin 386 

recognition. Both Lymbery and Simmons (2017) and Le Page et al. (2017) favored this 387 

interpretation, pointing out that relatedness and early-life familiarity may be expected to 388 

co-occur in natural conditions, and therefore familiarity may serve as an additional cue 389 

for relatedness. While this interpretation has merit, recent work has suggested that 390 

familiarity effects could also be explained by changes in the perceived level of 391 

competition. Lymbery et al. (2019) pointed out that in Lymbery and Simmons (2017) 392 

males in familiar treatments were exposed to fewer total competitors than males in 393 

unfamiliar treatments (this effect is also present to a much smaller, and possibly 394 

negligible, degree in Le Page et al. (2017)). Since males are predicted to adjust their 395 

investment in reproductive events based on the level of competition, this could 396 

contribute to the importance of familiarity in these studies (Gage and Baker 1991; 397 

Parker et al. 1996; Parker et al. 1997; Pilastro et al. 2002; Evans et al. 2003; Engqvist 398 

and Reinhold 2005; Simmons et al. 2007; Thomas and Simmons 2009; Bretman et al. 399 

2010). Lymbery et al. (2019) demonstrated that male C. maculatus could sum the 400 

number of competitors encountered over separate 24-hour periods and showed that 401 

males adjusted their ejaculate size in response to changes in the total number of 402 

competitors encountered but not in response to changes in social familiarity when it was 403 

separated from the level of competition. This confounding of the level of competition 404 

with social familiarity necessarily occurred in the current study. A focal male in a 405 

familiar treatment was exposed to the CHCs of one donor for 24 hours and then the 406 



same CHCs in the presence of the female. A focal male in an unfamiliar treatment was 407 

exposed to the CHCs of one donor for 24 hours and then the CHCs of a second donor in 408 

the presence of the female. As for Lymbery & Simmons (2017), therefore, the 409 

importance of familiarity could be attributed to either social familiarity per se or to 410 

differences in the level of competition. Any explanation of the importance of 411 

familiarity, however, must be reconciled with the fact that it was significant via its 412 

interaction with relatedness rather than through a first order effect. Why the level of 413 

competition would interact with competitor relatedness in this way represents an 414 

interesting avenue for future research. Faria et al. (2015), for example, suggest that 415 

higher numbers of competitors may serve to dilute average within-group relatedness. 416 

Although the importance of male relatedness for female productivity can be more 417 

robustly attributed to changes in indirect fitness payoffs than can the importance of 418 

familiarity, there are two other explanations as to why a male might reduce his 419 

investment when mating in the presence of related CHC extracts. First, the odor of a 420 

female coated with CHCs from a focal male’s relatives would be similar to the odor of a 421 

female with whom the focal male has already mated (Tan et al. 2013; Pizzari et al. 422 

2015). Males in polygynous species distribute their reproductive investment 423 

strategically over multiple partners and reduce investment in females with whom they 424 

have already mated, a process known as the Coolidge effect (Dewsbury 1981; Pizzari et 425 

al. 2015). In the current study, however, focal males were all sexually naïve, unmated 426 

individuals and the Coolidge effect should not apply. Second, Pizzari et al. (2015) 427 

pointed out that odors from multiple related males may show less variation than odors 428 

from the same number of unrelated males. A male presented with multiple CHC 429 

extracts from relatives might therefore perceive the level of competition to be lower 430 



than a male exposed to multiple extracts from non-relatives (Carazo et al. 2007; Pizzari 431 

et al. 2015). This effect cannot explain the importance of relatedness in our experiment, 432 

however, because although the two CHC donor males in an Unrelated / Unfamiliar 433 

sample were unrelated to the focal male, they were selected from a single full-sib 434 

family. The variation in CHC extracts within Related and Unrelated treatments should 435 

therefore be equal. 436 

So far, we have interpreted our results in terms of possible male responses to changes in 437 

the social environment because females did not undergo exposure to CHCs in the first 438 

24 hours of the experiment, and moreover females were always exposed to CHCs that 439 

were unrelated and unfamiliar to themselves in the second 24 hours. Since we compared 440 

female productivity rather than directly measuring the mechanisms of harm, however, 441 

the female perspective must also be considered as an alternative (or additional) 442 

explanation for these results. It is possible, for example, that females ‘anticipate’ the 443 

expected levels of male harmfulness depending on a combined assessment of the social 444 

environment and the status of the male they are introduced to, and adjust their resistance 445 

appropriately. In C. maculatus, female resistance seems to be based on the thickness of 446 

the reproductive tract, a trait that may not be amenable to plastic adjustments (Rönn et 447 

al., 2007; Dougherty et al., 2017). Although females also kick during copulation, the 448 

functional role of kicking is uncertain (Wilson & Tomkins, 2014). The plastic 449 

adjustment of resistance traits in response to different social environments, however, 450 

may have greater relevance for other species where females are able to prepare 451 

behavioral and/or physiological defences. In fact, the entire field of the social evolution 452 

of sexual conflict has neglected the importance of the female perspective, and 453 

addressing this should be a priority for future studies. 454 



In conclusion, we showed that females are more productive when mated in the presence 455 

of CHCs from focal males’ non-relatives if those extracts are also unfamiliar to focal 456 

males. If, as we predicted, female productivity is enhanced after a single mating with a 457 

more competitive male, these results can be reconciled with previous studies showing 458 

that males are less harmful when competing with familiar relatives (Lymbery and 459 

Simmons 2017; Le Page et al. 2017). CHCs are therefore at least one of the cues males 460 

use to identify different competitors in this context. Future work could identify 461 

additional environmental variables (such as diet) that might be important for CHC-462 

based recognition, and measure mechanisms of investment and harm in response to 463 

different CHC environments. 464 
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Table 1 Exposure procedure for male Callosobruchus maculatus to cuticular 674 

hydrocarbon (CHC) extracts from full-sibs and non-relatives prior to and during 675 

mating with females. 676 

Treatment 

Combination 

First 24 Hours Second 24 Hours 

 

 

Related / Familiar 

 

Focal Male + 

CHC Extract from Full Sib A 

 

Focal Male + 

CHC Extract from Full Sib A + 

Female 

 

Related / Unfamiliar Focal Male + 

CHC Extract from Full Sib A 

Focal Male + 

CHC Extract from Full Sib B + 

Female 

 

Unrelated / Familiar Focal Male + 

CHC Extract from Non-

Relative A 

Focal Male + 

CHC Extract from Non-

Relative A + 

Female 

 

Unrelated / Unfamiliar Focal Male + 

CHC Extract from Non-

Relative A 

Focal Male + 

CHC Extract from Non-

Relative B + 

Female 



Females were always unrelated to focal males and CHC donors. For treatments in which 677 

focal males were exposed to extracts from two different CHC donors, these CHC 678 

donors were always from the same full-sib family as each other.  679 



Table 2 Genetic estimates and significance values for relative abundance scores of 680 

cuticular hydrocarbon compounds that contributed more than 1 % of the average 681 

total peak area for male Callosobruchus maculatus. 682 

Peak # Compound % RA ± SE CVa h2 ± se p HB p 

18 C27 16.05±0.30 0.13 0.14±0.12  0.18 - 

20 9-MeC27 2.87±0.077 0.15 0.10±0.11 0.33 - 

22 5-MeC27 

alkene 

3.82±0.25 0.0005 ~ 0 0.99 - 

24 5-MeC27 6.20±0.12 0.15 0.18±0.13 0.15 - 

27 C28 1.69±0.027 0.07 0.06±0.10 0.53 - 

28 8-MeC28 1.58±0.029 0.20 0.35±0.13 0.0019 0.033 

37 3-MeC28 1.47±0.21 0.0006 ~ 0 0.99 - 

39 C29 8.23±0.23 0.0001 ~ 0 0.99 - 

41 11-MeC29 11.24±0.26 0.0002 ~ 0 0.99 - 

42 6-MeC29 1.57±0.23 0.0007 ~ 0 0.99 - 

44 9,13-DiMeC29 10.45±0.22 0.04 0.01±0.11 0.91 - 

45 7,11-DiMeC29 6.60±0.073 0.09 0.23±0.12 0.025 0.38 



46 3-MeC29 5.36±0.082 0.11 0.17±0.12 0.11 - 

47 5,9-DiMeC29 1.03±0.015 0.12 0.21±0.13 0.067 - 

53 C30 1.85±0.054 0.10 0.034±0.10 0.73 - 

55 9,12-DiMeC30 1.08 ±0.029 0.18 0.13±0.12 0.22 - 

56 4-MeC30 1.44±0.061 0.39 0.26±0.13 0.0098 0.16 

61 13,18-

DiMeC30 

1.31±0.034 0.0003 ~ 0 0.99 - 

63 9,19-DiMeC31 4.41±0.11 0.21 0.22±0.12 0.035 0.50 

68 C32 2.10±0.12 0.60 0.33±0.12 0.00058 0.010 

Peaks numbered according to their relative position in the profile. I calculated the 683 

coefficient of additive genetic variation (CVa), narrow sense heritability and standard 684 

error (h2 ± se), p-values for the additive genetic component of variation (p), and Holm-685 

Bonferroni corrected p-values (HB p). Relative abundance (% RA: average percentage 686 

that each peak contributed to the total abundance of hydrocarbons) is provided. 687 

Preliminary estimations of compound identity are based on their closest match 688 

according to retention times and molecular weights.  689 



Table 3 Genetic estimates and significance values for principal components of 690 

variation in cuticular hydrocarbon profiles of male Callosobruchus maculatus. 691 

PC Eigenvalue  % Variance h2 ± se p HB p 

PC1 3.93 24.54 0.12±0.12  0.28 - 

PC2 2.49 15.56 0.17±0.12 0.081 - 

PC3 1.96 12.26 0.067±0.11 0.50 - 

PC4 1.25 7.78 0.32±0.13 0.0046 0.028 

PC5 1.15 7.19 0.012±0.11 0.93 - 

PC6 1.00 6.26 0.053±0.10 0.56 - 

Principal components with eigenvalues greater than one are presented (PC1 to PC6). 692 

Calculated parameters are the percentage of variance explained by the PC (% Variance), 693 

narrow sense heritability and standard error (h2 ± se), significance of the additive 694 

genetic component of variation (p), and significance following Holm-Bonferroni 695 

correction (HB p). 696 

  697 



Table 4 Productivity of female Callosobruchus maculatus when mated in the 698 

presence of cuticular hydrocarbon extracts of different relatedness and familiarity 699 

to the focal male. 700 

Response Deviance:df Factor χ21 p 

PL 1.26 Female Family 0.009 0.46 

  Relatedness × Familiarity 0.99 0.32 

  Familiarity 0.03 0.87 

  Relatedness 0.46 0.50 

Eggs 0.29 Female Family 1191.90 <0.001* 

  Relatedness × Familiarity 5.76 0.016* 

  Familiarity NA NA 

  Relatedness NA NA 

Offspring  0.50 Female Family 11474.00 <0.001* 

  Relatedness × Familiarity 3.40 0.065 

  Familiarity NA NA 

  Relatedness NA NA 

χ21 and p values from analysis of deviance likelihood ratio tests are given for the 701 

random effect of Female Family and the first and second order effects of extract 702 

Relatedness and Familiarity on probability of laying (PL), number of eggs produced 703 

(Eggs) and number of offspring produced (Offspring). Significant p values are marked 704 

*, and first order Relatedness and Familiarity effects were not assessed (NA) if the 705 

interaction was significant or marginally non-significant. The ratio of the residual 706 

deviance to the residual degrees of freedom (Deviance:df) for binomial (PL) and 707 

Poisson (Eggs and Offspring) generalized linear models are also provided.  708 



Figure 1 Egg (A) and offspring (B) production by female Callosobruchus maculatus 709 

when mated with a single focal male in the presence of cuticular hydrocarbon extracts 710 

from other males. Extracts were taken from the focal male’s full siblings (red) or non-711 

relatives (blue) and were either familiar or unfamiliar to the focal male. Points indicate 712 

least-squares mean estimates while controlling for the effect of female family. Error 713 

bars show 95% confidence intervals. 714 

 715 

 716 


