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Abstract

Resolving the mechanisms that switch competition to cooperation is key to understand biological 

organization1. This is particularly relevant for intrasexual competition, which often leads to males 

harming females2. Recent theory proposes that kin selection may modulate female harm by 

relaxing competition among relatives3–5. We experimentally manipulated the relatedness of 

groups of male Drosophila melanogaster competing over females to demonstrate that, as expected, 

within group relatedness inhibits male competition and female harm. Females exposed to three 

brothers unrelated to the female had higher lifetime reproductive success and slower reproductive 

ageing compared to females exposed to triplets of males unrelated to each other. Triplets of 

brothers also fought less with each other, courted females less intensively and lived longer than 

triplets of unrelated males. However, associations among brothers may be vulnerable to invasion 

by minorities of unrelated males: when two brothers were matched with an unrelated male, the 

latter sired on average twice as many offspring as either brother. These results demonstrate that 

relatedness can profoundly affect fitness through its modulation of intrasexual competition, as flies 

plastically adjust sexual behaviour in a way consistent with kin selection theory.

We first tested the effect of relatedness of males within a group on female fitness, by 

quantifying different aspects of fitness and life-history (experiment 1) in females exposed to 

male triplets. Males were unrelated to the female and either full-sib brothers of each other 

(AAA) or unrelated to each other (ABC), and were replaced weekly until female death. 

Consistent with expectations3–5, we found that females exposed to AAA-males had 

significantly higher lifetime reproductive success than females exposed to ABC-males (Fig. 

1a). This was due to the fact that while total female lifespan did not differ on average 

between treatments (F1, 119 = 1.66, P = 0.2), females exposed to AAA-males had 

significantly longer reproductive lifespan (from eclosion to last egg-laying day6, Fig. 1b), 

and female reproductive lifespan was positively correlated with female lifetime reproductive 

success (F1, 117 = 484.59, P < 0.001). Two non-mutually exclusive mechanisms might cause 

this. First, high-fecundity females might die faster when exposed to ABC-males, leading to 

an average higher productivity of AAA-replicates (‘selective death’). Second, individual 
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females might suffer a steeper rate of age-dependent decline in reproductive output when 

exposed to ABC- rather than AAA-males (‘reproductive ageing’). We found no evidence of 

‘selective death’: across both treatments (AAA and ABC) females characterized by a 

relatively low (rather than high) initial oviposition rate died significantly faster than high-

fecundity females (F1, 117 = 11.038, P = 0.0012; treatment*oviposition rate interaction, 

F1, 117 = 0.224, P = 0.64), which does not support the prediction that high-fecundity females 

die faster in ABC- compared to AAA-trials. In contrast, we found robust support for 

‘reproductive ageing’: the rate of offspring production declined with age significantly faster 

for females exposed to ABC-males than for females exposed to AAA-males (Fig. 1c). This 

was partly due to the fact that offspring egg-to-adult viability declined significantly faster as 

females aged in the ABC- then the AAA-treatment (Fig. 1d). We explored the generality of 

these results by estimating rate-sensitive female fitness costs under different intrinsic rates of 

population growth6, and confirmed that exposure to ABC-males resulted in relative fitness 

costs, both for individual females and entire female cohorts, that were particularly 

pronounced in contracting or stable populations (SI). Experiment 1 therefore indicates that 

relatedness within male groups promotes female lifetime reproductive success largely by 

delaying reproductive ageing.

We then investigated the signature of within-group relatedness on male competition. 

Relatedness can influence the way males compete over access to mating opportunities (pre-

copulatory competition) and/or the way their ejaculates compete over fertilization (post-

copulatory competition)4. For example, when females mate in a patch, then disperse to a 

new patch where they mate again, pre-copulatory competition occurs locally and post-

copulatory competition, globally. We tested the effect of male relatedness within a group on 

male pre-copulatory competition (experiment 2), by measuring how males respond to 

changes in within-group male relatedness. We assembled male triplets that comprised three 

full-sib brothers (AAA treatment), two full-sib brothers and an unrelated male (AAB), or 

three males unrelated to each other (ABC), exposed each triplet to a single female unrelated 

to the males, and maintained vials without replacement. We detected no difference in mating 

rates across treatments (χ2
2 = 0.071, P = 0.965; mating rate [number of matings per 100 

scans] estimate±se: AAA = 0.70 ± 0.158, AAB = 0.76 ± 0.214, ABC = 0.83 ± 0.260). 

However, consistent with expectations, fighting was more common in triplets of unrelated 

males (ABC) than in AAA- and AAB-triplets (Fig 2a). ABC-males also courted the female 

more intensely than AAA-triplets (Fig. 2b). We further confirmed the effect of within-group 

male relatedness on male behavior using the first axis of a Principal Component Analysis 

summarizing different aspects of male fighting and courting (SI). Within-group relatedness 

was also associated with variation in male longevity. First, AAA-males lived on average 

longer than ABC-males (Fig. 2c). Second, survival analysis by means of a Cox proportional 

hazards model detected significant overall treatment effects in male mortality risk across 

treatments (Fig. 2d). While this experiment was not designed to test treatment effects on 

female fitness because males were allowed to co-age with females, we found non-significant 

trends for females exposed to ABC-males to suffer shorter reproductive lifespan and lower 

lifetime reproductive success, in line with the findings of experiment 1 (Table S1). We next 

tested whether within-group relatedness also influences the intensity of male post-copulatory 

competition. For example, competing with relatives may inhibit male ejaculate investment in 
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accessory gland products (Acps) such as Sex Peptide, which in D. melanogaster inhibits 

female re-mating, hence delaying sperm competition, and boosts female egg-laying rates7, 

8, but can also induce contribute to female harm and reproductive ageing under certain 

conditions9, 10. We tested this idea (experiment 3) by monitoring mating duration with the 

first male, latency to re-mate with a new male, and egg-laying rates in females, which were 

first mated to a male from the AAA-treatment, a male from the ABC-treatment or a control 

male kept in isolation. We found no difference in the mating duration, remating latency or 

egg-laying rate of the females first mated to AAA- vs. ABC-males (SI). These results 

suggest that within-group relatedness is associated with longer male lifespan and relaxes the 

key aspects of pre- (rather than post-) copulatory competition in this species: courtship and 

fighting.

To study how groups of relatives interact with unrelated competitors, we assembled 

(experiment 4) triplets comprising two brothers and one male unrelated to them (i.e. AAB), 

replicated across three different genetic stocks (wild-type -wt-, and two homozygous 

recessive mutants -sepia (sep)11 and sparkling (spa)12- each backcrossed into the wild-type 

Dahomey population9, 13, 14) and exposed to a single female double homozygous recessive 

for both sep and spa. This design enabled us to test whether males behaved differentially 

towards related (A) or unrelated (B) competitors, and to assign offspring paternity to A- or 

B-males in each trial. We found no evidence of differential behavioural interactions: an A-

male was just as likely to fight with his brother than with the unrelated B-male (mean±se 

proportion of all fights that were direct to the B-male = 0.51±0.07; effect of relatedness: z = 

0.20, P = 0.84). Similarly, the unrelated of the three males (B) did not court (0.34±0.03, 

difference from expected 0.33: z = 0.20, P = 0.84) or mate with the female more frequently 

than each of the two brothers (0.38±0.07, difference from expected 0.33: z = 0.63, P = 0.53). 

However, the unrelated B-male sired on average twice as many offspring as either A-male 

(Fig. 3), suggesting that a minority of selfish unrelated competitors may be able to invade 

and persist in groups of male relatives.

Sexual selection favours males that outcompete each other over access to females or their 

ova to a point that often harms female fitness2, with pronounced repercussions for the 

population as a whole, reducing productivity and even leading to local extinctions15, 16, a 

process akin to the tragedy of the commons17. In structured populations however, where 

local rivals can be genetically related to each other, harming females impacts the inclusive 

fitness of a male by reducing the reproductive success of his male relatives, and kin selection 

should discourage female harm by relaxing competition among related males3–5. Our study 

provides experimental support for these expectations in D. melanogaster. A proximate 

explanation is that elevated rates of harassment and male-male fighting, induced by low 

within-group male relatedness, impose cumulative costs on females and accelerate their 

reproductive ageing13. By mating with genetically different (i.e. unrelated) males, females 

may also incur higher immunological costs18. We found little evidence that differential 

female harm is mediated by post-copulatory traits, suggesting that post-copulatory male 

competition may occur on a more global scale than pre-copulatory competition4. It would 

therefore appear that in the evolutionary past, the structure of natural D. melanogaster 
populations generated sufficient opportunity for the evolution of kin-selected sexual 

behaviours. Natural fly populations display limited dispersal and a tendency for local 
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aggregations19, 20, and although the extent to which different lab-adapted populations have 

retained kin-biased sexual behaviour is unclear, evidence of differential sexual responses 

based on kinship have been shown in some fly lab populations including our own study 

population14.

Although insects have inspired a large body of literature documenting how relatedness 

among group members structures social interactions, this work has largely focused on the 

particular case of eusociality1, 21, 22. However, the influence of relatedness transcends 

eusociality and can modulate fundamental aspects of social behaviour more broadly. Sexual 

cooperation among related males has been observed in different animal societies23–27, 

however the fitness consequences for females have previously received little attention. While 

the possibility that sexual selection results in males harming females is well established2, we 

currently lack a framework to understand the high variability in female harm observed 

across and within taxa5. Our study indicates that variation in relatedness and conditional 

behavioural responses to kin are potentially key factors underpinning such diversity. Whilst 

the genetic make-up of social groups was proposed as a modulator of female harm28, 29, it 

was only recently that kin selection was explicitly applied to sexually-selected female 

harm3–5. This process is reminiscent of the way kin selection modulates virulence in 

pathogens30. In both female harm and virulence, selfishness leads to a tragedy of the 

commons, which is inhibited by the relatedness of local competitors5, 30. As in other 

cooperative systems1, we found that in groups of relatives unrelated rivals can have 

disproportionate success. This may be due to a number of mechanisms, including an 

imperfect kin recognition system1, e.g. males might respond to the average relatedness of 

the group because they are unable to recognize their relatedness to individual group 

members. Although it is difficult to extrapolate these experimental findings to the 

complexities of natural populations (e.g. variable patterns of relatedness among the offspring 

of polyandrous females), these results indicate that the benefits of relaxed competition 

among relatives may be dynamic, diminishing rapidly as populations become less viscous, a 

result consistent with our finding that the benefits of within-group male relatedness are 

higher in contracting populations. In conclusion, we present an experimental demonstration 

that genetic relatedness of social groups modulates the switch between sexual competition 

and cooperation. Future work should investigate the generality of these results and further 

resolve underpinning proximate mechanisms and evolutionary dynamics.

Methods Summary

Across experiments, male triplets were set-up by collecting recently hatched (virgin) males 

from controlled 24h pairings of one-week-old (virgin) pairs of flies. Families were brought 

up in the same vials. Triplets consisted of three full-sib males (AAA), two full-sib males and 

one unrelated male (AAB), or three unrelated males (ABC). Male triplets were set up 

between 48-72h before the beginning of a trial, which begun by introducing a 48/72h-old 

virgin female (unrelated to any of the males in the triplet) into a vial with a male triplet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effect of male-male relatedness on female fitness.
(a) Female lifetime reproductive success was higher in the high-male relatedness (AAA) 

than in the low-male relatedness treatment (ABC, F1, 119 = 4.11, P = 0.045). This difference 

was highly significant when we included female reproductive lifespan and its interaction 

with treatment as factors in the analysis (F1,117 = 20.83, P < 0.001). (b) Female reproductive 

lifespan was longer (ABC, F1,119 = 6.55, P = 0.012) and the probability to cease 

reproducing at any given time was lower (χ2
2 = 3.95, P = 0.047; nAAA = 63, nABC = 62) in 

the high-male relatedness (AAA) than in the low-male relatedness treatment (ABC). (c) 
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Female reproductive rates declined more sharply in individual females exposed to ABC- 

rather than to AAA-male (average number of offspring produced by AAA- and ABC-

females over successive days of their life: treatment, χ2
1 = 4.11, P = 0.043; day, χ2

1 = 

1570.8, P < 0.001; treatment*day interaction, χ2
1 = 7.55, P = 0.006). (d) Offspring viability 

(egg to adult survival) declined more sharply over time in females exposed to ABC- rather 

than AAA-males (treatment*week interaction: χ2
1 = 9.23, P = 0.002, estimated difference in 

viability drop AAA-ABC, mean±se: estimate = -0.231±0.075). Vertical bars = se, horizontal 

bar with asterisk = significant comparisons; nAAA = 61, nABC = 60, unless stated otherwise.
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Figure 2. The effect of male-male relatedness on males.
(a) Triplets of unrelated males (ABC) had a significantly higher frequency of male-male 

fighting than triplets of brothers (i.e. AAA, proportion of focal scans in which male-male 

fighting was observed, χ2
2 = 14.46, P < 0.001; Tukey, ABC-AAA, z = 3.73, P < 0.001, 

ABC-AAB, z = 2.92, P = 0.01, nAAA=47, nAAB=47, nABC=45). (b) Compared to triplets of 

brothers (AAA), triplets of unrelated males (ABC) were characterised by higher courting 

intensity (i.e. number of courting males when courting was observed, χ2
2 = 5.01, P = 0.081; 

Tukey ABC-AAA: z = 2.38, p = 0.045; nAAA=47, nAAB=47, nABC=45). (c) Male longevity 
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was significantly lower in unrelated triplets (ABC) than among full-sib brothers (AAA, 

F2, 128 = 3.77, P = 0.026; Estimated differential lifespan for ABC, mean±se: -5.62±2.63, t = 

-2.139, P = 0.034; nAAA=43, nAAB=44, nABC=45). (d) We found significant differences in 

male mortality risk across treatments (χ2
2 = 10.47, P = 0.005), and post-hoc direct 

comparisons between the treatments indicated that this effect was due to males in unrelated 

triplets (ABC) being more likely to die than in AAA- (χ2
2 = 9.55, P = 0.002) and AAB-

triplets (χ2
2 = 6.66, P = 0.010; nAAA = nAAB = nABC = 47). Vertical bars = se, horizontal bar 

with asterisk = significant post-hoc comparisons.
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Figure 3. Unrelated males outcompete brothers.
Proportion of offspring sired by the unrelated male (B) in male triplets in which two brothers 

were matched with an unrelated male (AAB, n =54). The B-male sired on average half of the 

offspring produced by the female, leaving the two brothers to share the other half. This 

distribution of paternity deviated significantly from an equalitarian distribution of paternity 

across the three males (i.e. 033, dashed line, z = 3.99, P < 0.001), and was independent of 

male stock (i.e. sep, spa). Vertical bars = se.
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