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Polyandry is a taxonomically widespread mating system whereby females mate with 

more than one male within a single reproductive bout. While a number of hypotheses 

exist for such a phenomenon, one thing is evident – it sets the stage for post-

copulatory processes that lead to differences in individual reproductive success, 

including sperm competition, cryptic female choice, and sexual conflict. Here I 

investigate the causes and consequences of female multi-male mating in the seed 

beetle, Callosobruchus maculatus. In my first chapter, I examine the origin of 

polyandry and test a hypothesis that females benefit from multi-male mating by 

having sons with more competitive sperm. I demonstrate that females do not receive 

this indirect benefit and that, to the contrary, their sons are less competitive. For my 

remaining chapters, I examine the consequences of polyandry and first ask how 

variable females are in the timing of when they remate and how this time interval 

impacts sperm use patterns. I find that last-male sperm precedence patterns typical in 

this species are not upheld when females remate immediately and, thus, that the 

female remating interval affects sperm competition. Given this variable paternity and 

previous findings in this species that male seminal products influence female sexual 

receptivity, I further ask which sex benefits when females delay remating. My results 



 

 

reveal that male fitness is increased but female fitness declines when females delay 

remating and, thus, that there does appear to be sexual conflict over the female 

remating interval in this species. Last, I investigate whether females are capable of 

preferentially using sperm from certain males over others based on the males’ antennal 

traits and behaviors prior to mating. I find evidence for paternity bias in favor of males 

with shorter, slower antennae, which indicates that cryptic female choice may occur in 

this species. Altogether, these chapters identify mechanisms that can underlie 

differential reproductive success among individuals and, more generally, reveal the 

complexity of female mating behavior and the consequent post-copulatory processes 

responsible for much of the variation we see within animal systems, including 

behavioral, morphological, or physiological traits that affect reproductive success. 
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CHAPTER 1 

NO SUPPORT FOR THE SEXY-SPERM HYPOTHESIS IN THE SEED BEETLE: 

SONS OF MONANDROUS FEMALES FARE BETTER  

IN POST-COPULATORY COMPETITION  

Abstract  

The sexy-sperm hypothesis posits that polyandrous females derive an indirect fitness 

benefit from multi-male mating because they increase the probability their eggs are 

fertilized by males whose sperm have high fertilizing efficiency, which is assumed to 

be heritable and thus conferred on their sons. However, whether this process occurs is 

contentious because father-to-son heritability may be constrained by the genetic 

architecture underlying traits important in sperm competition within certain species. 

Previous empirical work has revealed such genetic constraints in the seed beetle, 

Callosobruchus maculatus, a model system in sperm competition studies in which 

female multi-male mating is ubiquitous. Using the seed beetle, I tested a critical 

prediction of the sexy-sperm hypothesis that polyandrous females produce sons that 

are more successful under sperm competition on average than sons from monandrous 

females. Contrary to the predictions of the sexy-sperm hypothesis, I found that sons 

from monandrous females had significantly higher paternity in competitive double 

matings. Moreover, post-hoc analyses revealed that these sons produced significantly 

larger ejaculates when second to mate, despite being smaller. This study is the first to 

provide empirical evidence for post-copulatory processes favoring monandrous sons 

and discusses potential explanations for the bias in paternity and implications for 

sperm competition theory.   
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Introduction 

Polyandry is a taxonomically widespread mating system whereby a female 

mates with two or more males over a single reproductive cycle (Thornhill & Alcock 

1983). Given that such a phenomenon likely has associated costs and that often a 

single mating results in more sperm than is required for fertilizing ova, why females 

mate with multiple males remains an evolutionary enigma (Slatyer et al. 2012). 

Multiple adaptive hypotheses exist for polyandry and may be divided into those that 

directly benefit the female by enhancing her fitness (i.e. her survival and/or 

reproductive success) and those that indirectly benefit the female by enhancing the 

fitness of her offspring (Jennions & Petri 2000; Birkhead & Pizzari 2002). One 

hypothesis that incites indirect fitness benefits for female multi-male mating is the 

“sexy-sperm” hypothesis, which posits that polyandrous females increase the 

probability their eggs are fertilized by males whose sperm have high fertilizing 

efficiency, which is assumed to be heritable and thus conferred on their sons 

(Curtsinger 1991; Keller & Reeve 1995). 

Analogous to Fisherian runaway selection (‘sexy sons’), the sexy-sperm 

hypothesis suggests that the female’s preference for polyandry coevolves and becomes 

genetically coupled with the male’s sperm competitive trait, which despite its name 

may include non-sperm male traits (Keller & Reeve 1995; McNamara et al. 2014). 

These competitive traits include the ability of the male to achieve multiple copulations 

with the same female (Bernasconi & Keller 2001), produce and/or transfer more sperm 

(Keller & Reeve 1995) or a larger ejaculate during mating, reach and fertilize the egg 

more successfully (Keller & Reeve 1995; Birkhead et al. 1999), displace previously 
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stored sperm within the female’s reproductive tract (Keller & Reeve 1995; Civetta 

1999), or prevent their own sperm in female storage from being displaced (Keller & 

Reeve 1995; Bernasconi & Keller 2001), which may occur by reducing female 

remating through chemical or physical barriers (Wolfner 1997; Simmons 2001; Sutter 

et al. 2016). Should the male competitive trait(s) and female preference for polyandry 

become genetically associated, positive selection for one will indirectly select the 

other, which lends itself to positive feedback on both and the maintenance of 

polyandry (Keller & Reeve 1995).  

An important assumption of the sexy-sperm hypothesis is father-to-son 

heritability of male traits that promote fertilization success, which explains how 

polyandrous females derive an indirect fitness benefit – by having sons that are more 

competitive; hence, a critical prediction is that polyandrous females should produce 

sons that are on average more successful under sperm competition than monandrous 

females (Keller & Reeve 1995). A number of recent empirical investigations in 

disparate taxonomic groups, including another beetle species, have tested and found 

support for this prediction as well as the prediction that female promiscuity genes are 

inherited by daughters (Bernasconi & Keller 2001; Pai & Yan 2002; Klemme et al. 

2008; Simmons & García‐González 2008; Iyengar & Reeve 2010; McNamara et al. 

2014; Egan et al. 2016). While there is mounting support for sexy-sperm processes, 

there are also examples for which no support was found for the evolution of sexy-

sperm processes (Jennions et al. 2007; Konior et al. 2009). One potential reason for 

these disparate findings is that father-to-son heritability may be constrained by the 

genetic architecture underlying traits important in sperm competition within certain 
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species. 

  The assumption of father-to-son heritability required for sexy-sperm processes 

to occur is contentious due to several possible theoretical constraints, all of which 

have some empirical support. One constraint is that there must be a response to 

selection by the genes in males for sperm competitiveness to evolve adaptively (Houle 

1992; Keller & Reeve 1995; Pizzari & Birkhead 2002), which is only possible if the 

phenotypic variation in sperm competitive traits exhibits additive genetic variance and 

is attributable to autosomal rather than maternal (e.g. X-linkage or cytoplasmic genes 

derived from mitochondria) genetic effects (reviewed in Evans & Simmons 2008; 

Radwan 1998; Birkhead et al. 1999; Morrow & Gage 2001; Simmons & Kotiaho 

2007). Further constraints include the nonadditive nature of genes (e.g. dominance, 

epistasis, or interactions) and trade-offs among ejaculate components (e.g. negative 

genetic associations due to pleiotropy or linkage disequilibrium), both of which likely 

impede an optimal, directional response to selection by sperm competitive traits 

(Moore et al. 2004; Birkhead et al. 2005; Evans & Simmons 2008).  

Previous empirical work has revealed such genetic constraints in the seed 

beetle, Callosobruchus maculatus, a model system in sperm competition studies in 

which female multi-male mating is ubiquitous (Eady 1995). Sperm competitiveness in 

this species has been shown to be contingent upon parental compatibility (i.e. 

interactions between maternal and paternal genotypes) and exhibit nonadditive genetic 

variation (Wilson et al. 1997; Dowling et al. 2007). Together these results undermine 

the plausibility of the response to selection necessitated by sexy-sperm processes, but 

whether females in this system derive such an indirect fitness benefit has never 
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previously been tested. Here I use the seed beetle to test a critical prediction of the 

sexy-sperm hypothesis that sons from polyandrous females are more successful under 

sperm competition on average than sons from monandrous females. Given the high 

last male sperm precedence in this species (83%, Eady 1991), I compare the paternity 

success of monandrous and polyandrous sons when second to mate in competitive 

double matings. Matings were directly observed to conduct post-hoc investigations of 

mechanisms for differential fertilization success between males. Results that would 

support the sexy-sperm hypothesis include polyandrous sons having a shorter latency 

to copulation and/or kicking, longer duration of kicking and/or copulation, and a larger 

body and ejaculate size.  
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Materials and Methods 

Culturing  

All seed beetles used in this experiment came from an outbred culture of a 

single wild-type population of C. maculatus originally collected in 1979 from infested 

pods of mung bean (Vigna radiata) in Tirunelveli, southern India (Messina & Mitchell 

1989). This culture has been maintained on its ancestral host at large population sizes 

(>1500 individuals) under controlled, lab conditions (in a growth chamber at 24ºC and 

constant light) for more than 100 generations. The beetle cultures used in this 

experiment were provided by Dr. Frank Messina of Utah State University in 

December 2013 and June 2014, referred to hereafter as stock one and stock two. Once 

acquired, both stocks were cultured in a 2-L glass jar containing approximately 750g 

of organic black-eyed beans (Vigna unguiculata, from Azure Standard in Durur, OR) 

in a laboratory growth chamber at Cornell University under constant conditions of 

26+1ºC, 10-50% RH, and with a 12L:12D cycle. The generation time under these 

conditions is on average 29 days (personal observation). At the start of the experiment 

for stock one, each generation was propagated by randomly transferring several 

hundred infested seeds from two source jars to a new 2-L jar with 750g of clean seeds. 

Upon receipt of the second stock, each generation was propagated by sieving 1500-

2500 adults in the middle of their emergence to a new 2-L jar with 750g of clean 

seeds. This change in culturing was to ensure simultaneous emergence of offspring to 

eliminate the possibility of overlapping generations and reduce inbreeding (F. 

Messina, personal communication). Stock one was acclimated for three generations 

and stock two for one generation before use in the experiment. Generation number 
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was included as a random effect in statistical analyses.  

Mating Observations 

Matings for this study were conducted between May and November of 2014. 

All mating trials were performed in the afternoon and were staged within the females’ 

35mm Petri dish. Highly stereotyped and easily observed, mating in the seed beetle 

begins once the male has successfully inserted his aedeagus into the female’s genitalia, 

at which point he leans back and remains relatively motionless until the female begins 

to kick him some interval of time after mating. A struggle ensues until the male is 

fully dislodged from the female’s genitalia and the pair separates. All mating 

behaviors were recorded within the nearest 10s, beginning with the time the male was 

placed into the mating arena, the start of antennal drumming on the female’s back, the 

time the male leaned back (a proxy for successful genitalia insertion), the start of 

female kicking, and the time the pair was separated (a proxy for successful genitalia 

removal). Copulation latency was calculated as the time the male was placed in the 

mating arena to the time he leaned back. Kicking latency was calculated as the time 

the male leaned back until the time the female began to kick. Kicking duration was 

calculated as the time the female began to kick until the male’s aedeagus was 

removed. Copulation duration was calculated as the time the male leaned back to the 

time the male’s aedeagus was removed. Immediately before and after mating, 

individuals were weighed using a Sartorious MP1601 micro-balance to the nearest 

+0.1mg. Individuals were weighed twice and resulting weights were averaged; values 

that differed by more than 0.1mg were re-measured and an average weight was taken 

using all three measurements. Ejaculate size was calculated by subtracting the male’s 
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post-mating weight from his pre-mating weight; one male that gained weight after 

mating was removed from the ejaculate size analysis.  

Experimental Procedure 

-- Development and Maintenance of Matrilines  

To create individuals with known relationships, matrilines were initiated from 

both stocks by isolating randomly infested seeds from the population to rear parental 

virgins. Once they emerged as adults from their natal seed, a randomly selected male 

and female were allowed to mate. After mating, females were isolated and provided 

fresh seeds on which to oviposit. Eggs were counted by visually inspecting each seed, 

and seeds with single eggs glued to them were separated individually into 35mm Petri 

dishes. Once they emerged as adults, all offspring were provided a unique 

identification number (ID) and their matriline, egg lay date, eclosion date, sex, and a 

qualitative estimate of their size (small, medium, or large) were recorded. Age was 

calculated as the day since eclosion. Matrilines were maintained each generation by 

mating a virgin daughter from each family group to a random male from the 

population culture. All beetles used in this experiment were derived from 23 paired 

matings from 11 of these matrilines across five generations and were reared 

individually as larva to avoid larval competition and to ensure that they were virgins at 

the time of mating (Figure 1A). Matrilines and patrilines of all focal individuals were 

included as a random effect in statistical analyses.  

-- Monandrous vs. Polyandrous Maternal Treatments  

Forty-six female offspring derived from matrilines were randomly assigned to 

one of six mating treatments that varied by number of mates (1 or 2), mating status of 
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mates (virgin or mated), or frequency of matings (1 or 2); sample sizes for treatment 

groups 1-6 were 13, 9, 9, 4, 6, and 5 females, respectively (Figure 1B). Treatment 

groups were initially designed to control for the ejaculate size each female received by 

controlling for mating frequency and male mating status, since virgin males produce 

significantly larger ejaculates than previously mated males (Eady 1995; Savalli & Fox 

1999). However, due to small sample sizes maternal treatments were collapsed into 

“monandrous” or “polyandrous” categories. Although the mating histories of the 

mothers used in this experiment do vary, they are likely to closely reflect the variation 

that persists within natural seed beetle populations due to the asynchronous nature of 

adult emergences (personal observation). Furthermore, these mothers were allowed to 

vary in their receptivity and remated either 0, 24, or 48 hours after their first mating 

before being provided with seeds for oviposition. Females that did not remate 48 hours 

after an initial mating were either discarded (N=2) or were included in a separate 

treatment group, monandry ‘by choice’ (N=6, Figure 1B). All eggs laid by these 

females were reared in isolation to produce the focal males to be used in competitive 

double matings.  

-- Competitive Double Matings of Monandrous vs. Polyandrous Sons 

Matriline-derived focal females (N=115) were double mated to age- and size-

matched sons from monandrous and polyandrous mothers. All individuals used in this 

stage of the experiment were unrelated virgins, and each male was used only once. A 

balanced design was used to control for the mating order – approximately half of all 

focal females were mated first with a polyandrous (P) son and second with a 

monandrous (M) son (PM matings, N=31), and half of all females mated first with a 
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monandrous son and second with a polyandrous son (MP matings, N=35) (Figure 1C). 

Focal females were weighed and then immediately provided with a first male mate. 

Each pair was continuously observed until the mating was complete. Females that 

failed to mate within 20 minutes of introduction (N=2, 1.7%) were discarded from the 

study. After the first mating, the female was re-weighed and then immediately 

provided the opportunity to mate with a different second male. Females that were 

unwilling to remate exhibited several resistance behaviors that prohibited successful 

copulation; they ran away from pursuing males, they moved their abdomen so males 

were unable to insert their aedeagus, and/or they kicked approaching males. Some 

females that remated exhibited these unreceptive behaviors at first but then eventually 

acquiesced and remained motionless so the male could mount her. As a measure of 

receptivity, the proportion of females remating within 20+5min was recorded. If 

copulation did not occur within this time frame, the male was removed and the female 

was provided a single seed for oviposition. A second opportunity to remate with the 

same second male was provided 24 hours later. Females that failed to remate at this 

time point were provided their same single seed for oviposition and another 

opportunity was given the next day (48 hours after the first mating). The same male 

was used in subsequent mating trials to remove variation in remating due to female 

preferences for certain males over others. Females that failed to remate in the trial that 

occurred 48 hours after their first mating were discarded from the experiment (N=44). 

Thus, females varied in their remating propensity and this variation corresponded to an 

inter-mating interval of either 0, 24, or 48 hours after an initial mating. Females that 

successfully remated (N=69) were re-weighed and then transferred to a new Petri dish 
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containing clean seeds for oviposition. Females were then transferred to a new dish 

with clean seeds every 24 hours until their natural death, at which point their eggs 

were counted and scored to determine siring success for each focal male.  

-- Paternity Assignment 

The sterile-male technique was used to assign paternity based on egg viability. 

This technique has been demonstrated to be a reliable means for determining paternity 

in the seed beetle, and fertilization ability of sterile and normal males are suggested to 

be equivalent (Eady 1991). Sterile males were produced by exposure to 70 Gy of 

gamma radiation from a cesium source at Cornell University. These males are capable 

of copulating and transferring their ejaculate normally but, due to genetic mutations in 

their sperm, eggs fertilized by their sperm fail to hatch and develop normally 

(Boorman & Parker 1976; Eady 1991). Eggs fertilized by normal males are easily 

distinguished from eggs fertilized by sterile males based on their color; whereas eggs 

fertilized by sterile males remain clear, eggs fertilized by normal males develop 

normally and either turn white after hatching due to accumulation of larval frass or 

feature a brown dot, which is the head of the hatched larvae (Wilson & Hill 1989; 

Eady 1991). For each female, only one of the two males was randomly assigned to be 

irradiated on the date of the female’s first mating, regardless of whether she remated 

on that day (see Table 1a in the Appendix for correction factors for temporal effects on 

sterilization and fertility). A balanced design was used to control for sterilization 

order, so approximately half of matings were NR matings (N=32), in which the first 

male to mate was normal (N) and the second male to mate was sterile ®, and half of 

matings were RN matings (N=34) (Figure 1C). Sterile order was included as a fixed 
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effect in statistical analyses.  

Experimental Analyses 

-- Paternity Success 

The proportion of offspring sired by the second male to mate (P2) was 

calculated for all double matings to compare the paternity success of monandrous and 

polyandrous sons when second to mate. When assigning paternity, female IDs were 

used so that eggs could be blindly scored as hatched or unhatched without knowledge 

of the female’s inter-mating interval, mating order, or sterile order. Eggs laid between 

matings were quantified for females with an inter-mating interval >0 hours, but only 

eggs laid after double mating were used to calculate P2 using the following formula 

from Boorman and Parker (1976);   

PR =(1−(x/p))+((z/p)[1−(x/p)]/[1−(z/p)]), 

where PR represents the proportion of eggs sired by the sterile male, x is the proportion 

of eggs that hatch after a double mating, p is normal male fertility, and z is sterile male 

fertility. The P2 values obtained from this formula for each doubly mated female were 

then multiplied by the total number of eggs laid after the second mating and rounded 

to a whole number to quantify the number of eggs fertilized by each male sire. Some 

egg values for first male sires were negative after applying the formula (N=3), but in 

two of these cases the females laid eggs during the inter-mating interval, which is 

evidence that the first males’ sperm were properly transferred and used. These data 

were not removed from the analyses because doing so would remove important 

instances in which paternity was biased in favor of a single sire. Thus, for these cases 

the first males’ eggs were rounded to 0, and the second males’ eggs were rounded to 
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the whole number that represented the full complement of the females’ eggs. In one 

case, however, first male egg counts were negative and the inter-mating interval was 0 

hours so no eggs were laid between matings. Because it could not be ruled out that the 

first mating was unsuccessful due to insufficient sperm transfer or male infertility, this 

female was excluded from the paternity analyses. Females that laid an unusually low 

number of eggs (<10) after their second mating (N=2) were also discarded from 

paternity analyses. 

-- Post-hoc Analyses for Mechanisms of Paternity Bias   

Post-hoc analyses were conducted to compare sons from monandrous and 

polyandrous females with regard to pre- and post-copulatory competition. For pre-

copulatory competition, I compared the proportion of females willing to remate after a 

first mating and copulation latencies for both males. For post-copulatory competition, 

I compared kicking latencies, kicking durations, and copulation durations for both 

males. I further examined male pre-mating weights and ejaculate sizes. 

Statistical Analyses  

All statistical analyses were conducted using R version 3.1.2 (R Development 

Core Team 2014). All means are presented ± 1 SE.   

-- Paternity Success 

Paternity success of the second male (P2) was analyzed using a generalized 

linear mixed model (GLMM) using the glmer function from the “lme4” R package and 

a logit link function (Bates et al. 2015). The binomial response was the number of 

eggs fertilized by the second male, with the number of eggs fertilized by the first male 

as the binomial denominator (N=66). Nested generations, matrilines, and patrilines for 
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all focal individuals as well as experimental group were initially included as random 

effects in the GLMM, but only those effects that contributed to residual variability 

were included in the final model. The final GLMM included only female generation 

and an observation-level random effect (OLRE), which controlled for overdispersion 

of these data indicated by a residual deviance that was greater than the residual 

degrees of freedom (Crawley 2013; Harrison 2014). These random effects were then 

used in bivariate analyses for variables of interest that could potentially explain 

paternity bias, which included the females’ pre-mating age and weight. Because 

experimental males were age- and size-matched, these variables were highly collinear 

between males (LM ages: F1,64=71.5, P<0.001; LM pre-mating weights: F1,64=13.66, 

P<0.001) and so were not considered as predictors. However, second male pre-mating 

ages and weights were denoted at the time just before the second mating and so 

differed among males based on the inter-mating interval; hence, the absolute 

differences in pre-mating weights and ages of males were considered, as were their 

absolute differences in kicking latencies, kicking durations, copulation durations, and 

ejaculate sizes. Only predictors that had a P-value at or below 0.20 were considered 

for final models, and these predictors were further screened for collinearity with other 

potentially significant predictors. Whenever collinearity was present, only one 

predictor was included in the GLMM. Non-significant terms were dropped one at a 

time, and models were compared using Akaike information criterion (AIC). Only the 

best fitting model is reported here. Fixed effects in the final model included the mating 

order, inter-mating interval, sterile order, absolute ejaculate size difference, and 

absolute copulation duration difference. Post-hoc comparisons were made using 
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Tukey HSD adjustments for multiple comparisons with the “LSmeans” R package 

(Lenth 2016). 

-- Post-hoc Analyses for Mechanisms of Paternity Bias   

The proportion of females remating at each inter-mating interval based on 

mating order was analyzed using a Pearson's Chi-squared test with Yates' continuity 

correction. Pre- and post-copulatory mating variables (copulation latency, kicking 

latency, kicking duration, and copulation duration) and male pre-mating weight were 

analyzed separately using linear mixed models (LMMs) to test for significant 

differences between monandrous and polyandrous sons (N=66). These models were 

run using the lmer function from the “lme4” R package (Bates et al. 2015), and all but 

the second mating kicking latency were modeled on the log scale in order to meet the 

model assumptions of normality and homogeneous variance. Male ejaculate sizes were 

initially analyzed using LMMs, but no random effects contributed significantly to 

residual variability in the response variables and so LMs were used instead. For 

LMMs involving the first mating, nested generations, matrilines, and patrilines of the 

female and first male and experimental group were included as random effects, but 

only those effects that significantly contributed to residual variability were included in 

the final models; these random effects were then used in bivariate analyses for female 

and first male ages and weights, sterile order, and mating order. For LMMs involving 

the second mating, nested generations, matrilines, and patrilines of all focal 

individuals and experimental group (based on mating date) were included as random 

factors, but only those effects that significantly contributed to residual variability were 

included in the final models; these random factors were then used in bivariate analyses 
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for female, first male, and second male ages and weights, first mating variables (e.g. 

copulation latency, kicking latency, kicking duration, copulation duration, ejaculate 

size), sterile order, inter-mating interval, and mating order. For the male pre-mating 

weight LMM, male development time in the natal seed (i.e. egg laying to eclosion 

date) was also included as a predictor. For all LMMs, only variables with significant 

effects were screened for collinearity and included as covariates in the final models. 

Non-significant terms were dropped one at a time based on model comparisons using 

ANOVA. Only the best fitting models are reported here. Post-hoc comparisons of 

male ejaculate sizes and pre-mating weights were made using Tukey HSD adjustments 

for multiple comparisons with the “LSmeans” R package (Lenth 2016). 
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Figure 1. Experimental design for testing the prediction that sons from polyandrous 

females will have higher average fertilization success than sons from monandrous 

females. Matings were staged to produce a generation of virgin females (A), which 

were then randomly assigned to either monandrous (M) or polyandrous (P) treatments 

(B). Their sons (M white circles, P gray circles) served as focal males in competitive 

double matings in which they were age- and size-matched virgins and randomly 

assigned to unrelated, virgin females (black squares) (C). Paternity success of the 

second male to mate (P2) was determined using the sterile male technique, in which 

one male was irradiated (R) and the other was not (N). A balanced design was used to 

control for both sterile order (RN and NR) and mating order (MP and PM). 

Paternity	
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Sons	reared	from	monandrous	(M)	and	polyandrous	(P)	mothers	

Daughters	reared	for	monandrous	and	polyandrous	treatments	
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Results 

Paternity Success 

The proportion of offspring sired by the second male to mate (P2) significantly 

differed based on mating order. When polyandrous sons were second to mate, P2 was 

significantly lower (polyandrous sons= 61.5 ± 3.6%, monandrous sons= 66.8 ± 4.3%; 

binomial GLMM: N = 57, P = 0.03) (Figure 2, Table 1). Fitted values from LSmeans 

for P2 were 62.3 ± 4.7% for polyandrous sons and 73.8 ± 4.0% for monandrous sons.  

Post-hoc Analyses for Mechanisms of Paternity Bias   

The proportion of females remating did not significantly differ between 

females that mated first with a monandrous or a polyandrous son for each inter-mating 

interval. For a 0h-inter-mating interval, the proportion of females remating did not 

significantly differ if the first mate was a monandrous son (13/57 females remated) or 

a polyandrous son (13/56 females remated) ( χ 2 = 0, df = 1, P = 1) (Table 2). For a 

24h-inter-mating interval, the proportion of females remating did not significantly 

differ if the first mate was a monandrous son (15/44 females remated) or a 

polyandrous son (10/43 females remated) ( χ 2 = 0.77, df=1, P = 0.38) (Table 2). For a 

48h-inter-mating interval, the proportion of females remating did not significantly 

differ if the first mate was a monandrous son (8/29 females remated) or a polyandrous 

son (10/33 females remated) ( χ 2 = 0, df = 1, P = 1) (Table 2). Moreover, polyandrous 

sons did not differ significantly from monandrous sons in copulation latencies when in 

the first male mating role (poly sons= 87.6 ± 10.5sec, mono sons= 86.7 ± 14.5sec; 

LMM: N = 58, P = 0.79) or second male mating role (poly sons=175.7 ± 21.6sec, 

mono sons=238.8 ± 26.5sec; LMM: N = 30, P = 0.53).  
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When the first male to mate, polyandrous sons did not differ significantly from 

monandrous sons in their kicking latencies (poly sons= 305.4 ± 26.3sec, mono sons= 

252.5 ± 11.8sec; LMM: N = 64, P = 0.13), kicking durations (LSmeans: poly sons= 

160.2 ± 22.3sec, mono sons= 139.4 ± 22.7sec; LMM: N = 62, P = 0.38), or copulation 

durations (poly sons= 465.6 ± 30.4sec, mono sons= 401.4 ± 23.7sec; LMM: N = 64, P 

= 0.10). When the second male to mate, polyandrous sons did not differ significantly 

from monandrous sons in their kicking latencies (poly sons= 221.6 ± 14.2sec, mono 

sons= 246.9 ± 23.2sec; LMM: N = 59, P = 0.49), kicking durations (poly sons= 139.2 

± 19.6sec, mono sons= 177.4 ± 29.9sec; LMM: N = 58, P = 0.25), or copulation 

durations (poly sons= 361.0 ± 21.2sec, mono sons= 433.5 ± 29.1sec; LMM: N = 60, P 

= 0.13).  

 When the first male to mate, polyandrous and monandrous sons did not differ 

in the size of their ejaculates (poly sons= 0.32 ± 0.03mg, mono sons= 0.38 ± 0.03mg; 

LSmeans fitted values from LM: poly sons= 0.34 ± 0.03mg, mono sons= 0.36 ± 

0.03mg; N = 64, P = 0.53); however, when the second male to mate, polyandrous sons 

produced significantly smaller ejaculates than monandrous sons (poly sons= 0.24 ± 

0.02mg, mono sons= 0.31 + 0.03mg; LSmeans fitted values from LM: poly sons= 0.24 

± 0.02mg, mono sons= 0.31 ± 0.02mg; N = 63, P = 0.03) (Figure 3). Furthermore, the 

average pre-mating weight of polyandrous sons was significantly greater than that of 

monandrous sons when correcting for age and inter-mating interval (poly sons = 3.86 

± 0.08mg; mono sons= 3.66 ± 0.07mg; LSmeans fitted values from LM: poly sons= 

4.11 ± 0.17mg; mono sons= 3.73 ± 0.17mg; N = 70, P = 0.006). 
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Figure 2. Violin plot of the proportion of offspring sired by the second male to mate 

(P2) in competitive double matings based on the maternal treatment of males in the 

second mating role. Sons from monandrous females sired significantly more offspring 

when second to mate than sons from polyandrous females, which is the opposite of 

what is predicted by the sexy-sperm hypothesis. Sample sizes are written in 

parentheses. 
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Figure 3. Mean (+SE) ejaculate size (mg) of focal males based on their mating role in 

the competitive double matings (first or second) and their maternal treatment. When 

first to mate, sons from monandrous mothers (gray bars) did not produce a different 

sized ejaculate than sons from polyandrous mothers (white bars). However, when 

second to mate, sons from monandrous mothers produced a significantly larger 

ejaculate than polyandrous sons, which is the opposite of what is predicted by the 

sexy-sperm hypothesis. Sample sizes are written in bars.  
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Table 1. Fixed effects from generalized linear mixed model examining the effects of 

mating order, sterile order, inter-mating interval, and mating variables on the 

proportion of eggs fertilized by the second male to mate (P2). Random factors that 

were included in the final model were female generation and an observation level 

random effect (OLRE). Significant terms are bolded and in italic. 

   

 

 

 

 

Table 2. The proportion of females remating after 0, 24, and 48 hours when mated 

first to a monandrous or polyandrous son. 

  

 

 
 

Second Male Paternity  
(Binomial Response: Second Male Eggs, First Male Eggs) 

N = 56 
Model Term Beta +  SE z p 

Intercept -0.29 + 0.27   
Mating Order (PM) 0.53 + 0.25 2.11 0.03489* 

Inter-mating Interval (24h) 0.83 + 0.31 2.70 0.00703 ** 
Inter-mating Interval (48h) 0.84 + 0.36 2.33 0.01970 * 

Sterile Order (RN) 0.38 + 0.26 1.49 0.13688 
Ejaculate Size Difference (Male 2-Male 1) -0.57 + 0.65 -0.88 0.37866 

Copulation Duration Difference (Male 2-Male 1) -0.04 + 0.15 -0.28 0.78287 

Inter-mating 
Interval (Hours) 

First Male Mate  

           (df=1) Monandrous Son Polyandrous Son 
0 0.23 (13/57) 0.23 (13/56) 0.00         P=1.00 
24 0.34 (15/44) 0.23 (10/43) 0.77         P=0.38 
48 0.28 (8/29) 0.30 (10/33) 0.00         P=1.00 

χ 2
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Discussion 

 The purpose of this study was to empirically test the sexy-sperm hypothesis in 

the seed beetle, C. maculatus, which has been shown to have genetic constraints that 

limit the likelihood of father-to-son heritability required for sexy-sperm processes to 

occur. Unexpectedly, the results of the present study contradict the sexy-sperm 

hypothesis; monandrous sons had significantly greater fertilization success and 

produced significantly larger ejaculates when second to mate than polyandrous sons in 

competitive double matings. This study is the first, to my knowledge, to provide 

empirical evidence for post-copulatory processes favoring sons from monandrous 

females.   

Despite the fact that several empirical studies across disparate taxonomic 

groups have provided support for the sexy-sperm hypothesis, the results from the 

present study indicate that sexy-sperm processes are unlikely to occur in the seed 

beetle. This result is unsurprising given the underlying genetic architecture for sperm 

competitive traits revealed through previous studies in this species (Wilson et al. 1997; 

Dowling et al. 2007). It’s possible that a directional and optimal response to selection 

by sperm competitive traits in this species is prohibited by nonadditive genetic 

variation (Pizzari & Birkhead 2002; Evans & Simmons 2008), as has been found in 

the fruit fly (Clark et al. 1999; Clark 2002). Yet another possibility is that its XY sex 

chromosome system makes it less conducive to sexual selection (Smith & Brower 

1974; Reeve & Pfennig 2003) or that coevolution of male fertilizing efficiency and 

female polyandry is restricted in this system due to either mating order effects on 

sperm precedence (Bocedi & Reid 2015) or sex linkage (Kirkpatrick & Hall 2004). 
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Alternatively, sexy-sperm processes may not evolve when the costs to females from 

the evolution of sperm competitive traits and genetic linkage exceed the benefits for 

polyandry and conferral of these traits on their sons (Pizzari & Birkhead 2002).  

A surprising result from this study was that monandrous sons had significantly 

higher fertilization success than polyandrous sons. While several previous empirical 

studies have demonstrated support for the prediction that polyandrous sons fare better 

in competition, few have revealed a competitive advantage for monandrous sons. In 

the field cricket, monogamous sons matured more rapidly and were favored in pre-

mating bias because they were more likely to win an encounter in direct mate 

competition against size-matched polyandrous sons (Jennions et al. 2007). In the red 

flour beetle, monogamous sons outcompeted polyandrous sons when mating in the 

first male role, but the opposite pattern was observed when they were second to mate 

(Bernasconi & Keller 2001). Moreover, female fruit flies mated singly (i.e. in a non-

competitive context) to males from monogamous lines produced offspring at a faster 

rate and produced more surviving offspring than females mated to males from 

polyandrous lines (Pitnick et al. 2001). The present study is the first to demonstrate an 

advantage to monandrous sons in post-copulatory processes within a competitive 

context.  

  One possible explanation for the fertilization bias towards monandrous sons is 

that monandrous mothers were of higher quality, but this was not supported since 

these females did not weigh more and were not younger or more fecund. Another 

possibility is that monandrous mothers compensated for their single mate or mating by 

maternally allocating more to their sons, which may include material benefits derived 
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from the ejaculate (Simmons 2005). Post-hoc analyses do not support this hypothesis, 

since polyandrous sons were found to weigh significantly more. While mothers did not 

differ in overall number of eggs laid, it cannot be ruled out that they chose to lay their 

eggs on more nutritious seeds and that developmental conditions that aid male 

offspring in being more competitive do not scale linearly with their body weight and 

so went undetected. Furthermore, the experimental design of this study allowing 

females to naturally vary in when they remated could have exacerbated the likelihood 

that females unwilling to remate had a higher quality first male mate (‘intrinsic male 

quality’ hypothesis; Jennions & Petrie 2000) than females willing to remate to ‘trade 

up’ (Halliday & Arnold 1983). While it cannot be ruled out that mothers based 

remating behavior on the intrinsic quality of their first mates, it is unlikely that they 

mated with males of differing qualities overall because polyandrous females had the 

choice to remate with a potentially higher quality second male and only those females 

that did so were included within the study.   

Other possible explanations for paternity bias in favor of monandrous sons 

involve the focal females and focal males in the competitive double matings. Because 

all copulations were directly observed in this study, potential mechanisms for the 

paternity bias favoring monandrous sons could be investigated, but none of these traits 

were found to differ between monandrous and polyandrous sons. Moreover, focal 

females did not differ in the number of eggs laid after the second mating, which were 

used to calculate P2, or the amount of weight they gained after either mating based on 

the mating order. 

 The most likely explanation for paternity bias favoring monandrous sons is 
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that they produced significantly larger ejaculates when second to mate, which 

corroborates a previous finding in this species that sperm precedence is in part 

determined by the number of sperm inseminated by the second (but not first) male 

(Eady 1995). However, this result defies sexy-sperm predictions and is perplexing 

given the significantly smaller pre-mating weights of these males, since smaller virgin 

males tend to produce smaller ejaculates in this species (K. Hook, unpublished data). 

If males in this species are capable of detecting female mating status, as has been 

shown in other invertebrates (Wedell 1992; Siva-Jothy & Stutt 2003), then this result 

suggests that these males make an adaptive decision to increase mating investment 

given high last (second) male sperm precedence. Future work is needed, however, to 

verify that males are capable of assessing female mating status to support that such 

decision-making for males is indeed adaptive.  

Under sperm competition theory, males that anticipate future competitors 

ought to reduce their ejaculate contribution, though this should vary among species 

based on occupied mating roles and sperm precedence patterns (Parker 1970a; 

Simmons 2001; Parker & Pizzari 2010). When in the second male mating role, 

monandrous sons in the present study produced significantly larger ejaculates than 

polyandrous sons, which supports a prediction of a previous sperm competition model 

that male ejaculate weights should increase with low female remating rates but 

decrease with high female remating rates (Parker & Ball 2005). It’s possible that this 

result reveals a male reproductive strategy to maximize fitness by optimally adjusting 

ejaculate size based on sperm competition risk and partitioning their ejaculate among 

successive mates (Dewsbury 1982; Pitnick & Markow 1994). The larval environment 
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in another species has been found to affect male development and reproductive 

allocations (Gage 1995), but given that larval environments did not vary for the males 

in the present study, it is unclear how males would be able to anticipate future mating 

opportunities. One intriguing possibility is that mothers can provide information to 

their offspring about socio-sexual experience, population density, or sex ratio. Given 

that the seed beetle’s mating system is akin to a scramble competition with 

protandrous and asynchronous emergences (K. Hook, personal observation), it may be 

beneficial for mothers to transmit this information to their offspring so they may 

plastically adjust their development or eclosion timing and, hence, allocation to their 

size and/or gamete production and fecundity based on fluctuating sex ratios. An 

important next step is to look for direct evidence that females are capable of 

transmitting such a signal and the mechanism through which they do so.  
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Appendix 

Methods 

Focal females used in this experiment were allowed to naturally vary in when 

they were willing to remate; females were provided with a second male mate 

immediately after mating (denoted as 0 hours later), 24 hours later, or 48 hours later; 

thus, there are three possible inter-mating intervals for each competitive double 

mating. For matings in which females mated first with a sterile male and had an inter-

mating interval >0 hours, time elapsed between the time of the male’s sterilization and 

the time of oviposition (i.e. female’s use of sperm). However, it is possible that the 

efficacy of sterility changes over time while in storage within the female’s 

reproductive tract, which may cause the number of hatched eggs to change and, 

therefore, paternity to be incorrectly calculated (Rugman-Jones & Eady 2001). 

Similarly, for matings in which females mated first with a normal male and had an 

inter-mating interval >0 hours, time elapsed between the mating and the time of 

oviposition, which may cause the fertility of normal male sperm to change while in 

female storage and, therefore, paternity to be incorrectly calculated (Rugman-Jones & 

Eady 2001). To correct for these temporal effects due to differing inter-mating 

intervals, I conducted a series of separate mating assays after the experiment to 

determine rates of hatch failure (i.e. natural infertility for normal males and 

incomplete sterilization for sterile males) by mating females singly to either a sterile or 

normal male and either a) immediately giving her seeds on which to oviposit, b) 

providing her with a single seed for 24 hours after mating (to mimic a 24 hour inter-

mating interval) and then providing her with seeds on which to oviposit, or c) 
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providing her with a single seed for 48 hours after mating (to mimic a 48 hour inter-

mating interval) and then providing her with seeds on which to oviposit. The number 

of eggs that were white or clear in color or that featured a brown dot was quantified 

for each female in these mating assays to determine correction factors for paternity 

analysis in the experiment. These mating assays also were used to determine the 

number and proportion of brown eggs resulting from both normal and sterile matings 

at each inter-mating interval and for each sterile order because brown eggs were 

incorrectly attributed to sterile males at the time of data collection; these eggs did 

hatch into larvae, however, so should have been accredited to normal males (Wilson & 

Hill 1989; Eady 1991).   

For each female mated to a sterile male, I calculated the number of eggs that 

hatched (either white in color or featuring a brown dot) as a proportion of the total 

eggs laid. A single rate of hatch failure for each separate inter-mating interval was 

then determined by summing the total number of hatched eggs and dividing this value 

by the total eggs laid for all females within that group; these are denoted as R-0, R-24, 

and R-48 (Table 1a). For each female mated to a normal male, I calculated the number 

of unhatched eggs (clear in color) as a proportion of the total eggs laid. A single rate 

of hatch failure for each separate inter-mating interval was then determined by 

summing the total number of unhatched eggs and dividing this value by the total eggs 

laid for all females within that group; these are denoted as N-0, N-24, and N-48 (Table 

1a).  

For experimental matings in which second males were sterilized but time 

elapsed until the female mated with these males (i.e. the first mate was normal and her 
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inter-mating interval was >0 hours), I conducted separate assays to determine rates of 

hatch failure for the sterile-male technique when sperm are stored within the male over 

time. In these assays, males were sterilized and then either a) mated to a female 24 

hours later, or b) mated to a female 48 hours later. All females received seeds on 

which to oviposit immediately after the mating, and failure rates (hatched eggs as a 

proportion of total eggs) were calculated for each female and then averaged across 

females within each treatment; these treatments are denoted as Rb-24 and Rb-48 (Table 

1a). These latter treatments are distinct from the other sterile treatments; whereas 

treatments R-24 and R-48 denote the failure rates for sterile sperm in storage within 

the female’s reproductive tract, treatments Rb-24 and Rb-48 denote the failure rates for 

sterile sperm in storage within the male prior to the time of his mating.  

The correction factors determined from these assays (Table 1a) were applied 

on a case-by-case basis (dependent on inter-mating interval and sterile order) and used 

within the Boorman and Parker formula (1976) to estimate paternity for each 

experimental female. To correct for overestimations of sterile male paternity in the 

experimental matings due to the incorrect attribution of brown eggs to sterile males, 

the proportion of brown eggs from these mating assays were applied to the number of 

eggs laid by each experimental female to estimate the number of brown eggs per 

female; these estimated brown egg counts were then added to the normal males’ eggs 

and subtracted from the sterile males’ eggs. P2 values were then calculated for each 

focal female to determine the number of eggs sired by each male. 
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Table 1a. Results from experimental assays to determine the proportion of eggs that 

fail to hatch after a single mating with a normal male (N) or that successfully hatch 

after a single mating with a sterile male (R) for three inter-mating intervals (0, 24, 48 

hours). Percent brown eggs are the proportion of eggs that feature a brown dot (i.e. 

larval head), thus representing hatching success but larval mortality. Failure rates 

represent the natural infertility for N matings and the incomplete sterilization for R 

matings. The failure rates obtained from these assays served as correction factors to 

determine paternity within the Boorman and Parker (1976) formula (Figure 2). Eggs 

are divided into those laid before the second mating (only for females with a 24h- or 

48h-inter-mating interval that received a single seed for oviposition between matings) 

and after the second mating; the mean total eggs laid is the sum of these two values.  

 

 
 
 

Treatment 

 
 
 

Description 

 
Number 

of 
females 

Mean (+SE) 
Eggs Laid 
Before 2nd  

Mating 

Mean (+SE) 
Eggs Laid 
After 2nd 
Mating 

Mean 
(+SE) 
Total 

Eggs Laid 

 
Percent 
Brown 
Eggs 

 
 

Failure 
Rates 

R-0 Sterile mating, 
immediately after 
female oviposits 

 
10 

  
66.0 + 3.28 

 
63.7 + 3.28 

0.068 
(43/637) 

0.068 
(43/637) 

R-24 Sterile mating, 
24h with 1º seed, 
female oviposits 

 
10 

 
5.3 + 0.63 

 
51.6 + 3.16 

 

 
61.5 + 3.12 

0.046 
(26/562) 

0.050 
(28/562) 

R-48 Sterile mating, 
48h with 1º seed, 
female oviposits 

 
10 

 
12.7 + 1.44 

 
34.1 + 4.65 

 

 
51.9 + 4.29 

0.031 
(12/392) 

0.031 
(12/392) 

N-0 Normal mating, 
immediately after 
female oviposits 

 
10 

  
63.7 + 1.56 

 
66.0 + 1.56 

0.026 
(17/660) 

0.012 
(8/660) 

N-24 Normal mating, 
24h with 1º seed, 
female oviposits 

 
10 

 
8.2 + 1.51 

 
61.5 + 3.85 

 

 
59.8 + 3.14 

0.027 
(14/516) 

0.021 
(11/516) 

N-48 Normal mating, 
48h with 1º seed, 
female oviposits 

 
11 

 
15.5 + 2.07 

 
51.9 + 3.45 

 
49.6 + 3.43 

0.013 
(5/375) 

0.024 
(9/375) 

Rb-24 Male sterilized, 
mating 24h later, 
female oviposits 

 
9 

  
64.2 + 1.36 

 
64.2 + 1.36 

0.055 
(32/578) 

0.064 
(37/578) 

Rb-48 Male sterilized, 
mating 48h later, 
female oviposits 

 
8 

  
53.4 + 4.20 

 
53.4 + 4.20 

0.080 
(34/427) 

0.089 
(36/427) 
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CHAPTER 2 

FEMALE REMATING DECISIONS AND A SHORTER INTER-MATING 

INTERVAL DIMINISH LAST-MALE SPERM PRECEDENCE 

 

Abstract 

Highly variable within and across species, patterns of sperm use are driven by post-

copulatory sexual selection but can also be impacted by experimental design. In 

investigations of paternity bias using competitive double matings, the inter-mating 

interval is a temporal factor that can affect sperm precedence patterns if the first 

males’ sperm is used or lost at an appreciable rate between matings or if its viability or 

relative competitiveness is influenced by the time since ejaculation. Rapid loss of first-

male sperm within the female after mating has been established in the seed beetle 

(Callosobruchus maculatus), a model system in sperm competition studies. However, 

our understanding of sperm precedence in this species, which disproportionately 

favors the last (second) male to mate, is based on long inter-mating intervals. Here I 

determine the effect of a shorter inter-mating interval on second male paternity (P2) 

and the extent to which females are willing to remate immediately. I find that P2 is 

significantly reduced when females remate immediately than when they remate 24 or 

48 hours after a first mating and that immediate remating is common, indicating that 

there is a substantial potential for female remating decisions to influence the intensity 

of sperm competition within species.  
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Introduction 

Female multi-male mating within a single reproductive cycle is the rule, not 

the exception, across animal taxa (Walker 1980; Thornhill & Alcock 1983; Eberhard 

1996). A commonly observed outcome of this female behavior in species with internal 

fertilization is sperm precedence, the phenomenon of nonrandom fertilization success 

among consecutive male mates (Lewis & Austad 1990; Simmons 2001). Such 

fertilization bias may be examined within a particular species by observing the 

average proportion of eggs fertilized by the last (second) male to mate in competitive 

double matings, denoted as P2 (Boorman & Parker 1976). Previous empirical studies 

have not only documented species averages for P2 but have also revealed a high 

degree of variation in these values both within and across species, with sperm 

precedence patterns either apportioned equally according to numerical sperm 

representation among the males or disproportionately favoring either the first or, more 

commonly among insects, the last male to mate (Parker 1970a; Wade & Arnold 1980; 

Lewis & Austad 1990).  

Variation in sperm use patterns has been attributed to a number of different 

factors (Table 1), but non-mutually exclusive sources for this variation are thought to 

have arisen via an arms race in which female and male interests are expressed via 

post-copulatory inter- and intra-sexual selection. In the former case, runaway 

processes such as those involved in cryptic female choice for preferred males’ sperm 

or stimulating genital morphologies are thought to be important (Eberhard 1996); in 

the latter case, male traits and/or behaviors that function in offense or defense of 

sperm competition are thought to be important (Parker 1970a; Simmons 2001). While  
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Table 1. Factors that have been found to affect P2 in a number of disparate taxa. 

 

these two post-copulatory mechanisms and their relative importance in driving sperm 

precedence patterns are difficult to disentangle and are likely species-specific, studies 

attempting to elucidate these causes can be further complicated by factors in 

experimental design that also lead to intra-specific variation in sperm use patterns 

(Danielsson 1998).  

In investigations of paternity bias using competitive double matings, the inter-

mating interval is a temporal factor that has been demonstrated to affect sperm 

precedence (Dickinson 1988; Schwagmeyer & Foltz 1990; Birkhead & Møller 1992). 

While most post-copulatory sexual selection studies control for the inter-mating 

interval, studies in which two distinct intervals were imposed or the interval was 

allowed to vary naturally based on female remating decisions have exposed changes in 

Factor affecting P2 Species Source 
Male size Yellow dung fly 

(Scatophaga stercoraria) 
Simmons and Parker 1992 
(but see Dickinson 1988; Eady 1994a) 

Male mating status Cowpea weevil 
(Callosobruchus maculatus) 

Eady 1995 

Number of sperm 
inseminated by second male 

Cowpea weevil 
(Callosobruchus maculatus) 

Eady 1995 

Spermatophore size Rattlebox moth  
(Utetheisa ornatrix) 

LaMunyon and Eisner 1994 

Copulation duration  Yellow dung fly 
(Scatophaga stercoraria) 
Milkweed leaf beetle 
(Labidomera clivicollis clivicollis) 
Damselfly 
(Mnais pruinosa pruinosa) 

Parker 1970b 
 
Dickinson 1986 
 
Siva-Jothy and Tsubaki 1989 
(but see Eady 1994a) 

Timing of copulation 
relative to oviposition 

Cowpea weevil 
(Callosobruchus maculatus) 
Fruit fly (Drosophila melanogaster) 

Eady 1994a 
 
Pitnick et al. 2001 

Female genotype Cowpea weevil 
(Callosobruchus maculatus) 

Wilson et al. 1997 
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sperm precedence patterns with varying times between matings (Retnakaran 1974; 

Boorman & Parker 1976; Cheng et al. 1983; Dickinson 1988; Yamagishi et al. 1992). 

Whereas some studies have revealed a reduction in P2 with increased time between 

matings (Wilkes 1966; Radwan 1997), many have revealed an increase in P2 with an 

increase in the inter-mating interval (reviewed in Simmons 2001). Results from these 

studies illustrate that the inter-mating interval is a critical component of paternity 

outcomes and that by controlling it to draw conclusions about species-specific sperm 

precedence patterns, we may be masking important variation in P2 (Eberhard 1996). A 

more informative approach may be to highlight the variation in sperm precedence 

values that exists within species and across contexts, which may allow us to elucidate 

mechanisms for sperm precedence patterns in the process (Eberhard 1996; Cook et al. 

1997). 

The inter-mating interval is likely to be salient for species in which sperm 

viability declines rapidly after copulation or over time while in storage within the 

female, the relative competitiveness of males’ sperm is influenced by the time since 

ejaculation, or the first males’ sperm is used or lost at an appreciable rate between 

matings. Indeed, one proposed explanation for the observed bias favoring last (second) 

male sperm use is the ‘passive sperm loss’ hypothesis, which posits that as time 

between matings increases, passive loss of the first males’ sperm from the female 

reproductive tract leads to a disproportionate use of the second males’ sperm (Lessells 

& Birkhead 1990; Birkhead & Biggins 1998). Thus, a prediction of this hypothesis is 

that P2 should increase as the inter-mating interval is increased.   

The seed beetle, Callosobruchus maculatus, is a widely used model system in 
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sperm competition studies, and previous investigations of its sperm precedence 

patterns have revealed high (83%) last (second) male sperm precedence (Eady 1991). 

However, the conclusion of last-male sperm precedence and other conclusions about 

sperm competition and relative male fertilization success in this species 

disproportionately are based on inter-mating intervals of 24- or 48-hours after an 

initial mating (Eady 1991, 1995; Eady et al. 2004; Hotzy & Arnqvist 2009). Previous 

empirical work in this species has revealed that sperm not only rapidly degrade in both 

long-term and short-term sperm storage sites (i.e. the spermatheca and bursa 

copulatrix) within the female reproductive tract, but that this passive loss of first male 

sperm occurs as early as four hours after an initial mating (Eady 1994b). Thus, first 

male sperm are likely to be so greatly reduced at longer inter-mating intervals that 

they are unable to numerically compete for fertilizations and, as is observed, second 

males’ sperm will be disproportionately favored. Whether this sperm precedence 

pattern is upheld when the time between matings is decreased has never been 

established. 

Here I use the seed beetle to test an indirect prediction generated by the passive 

sperm loss hypothesis that last-male sperm precedence, measured as the proportion of 

offspring sired by the second male to mate (P2), will be reduced with a shorter inter-

mating interval. Using competitive double matings from a separate experiment, I 

measured P2 at three inter-mating intervals (0, 24, and 48 hours after an initial mating) 

to examine how the timing of female remating influences sperm use patterns. Second, 

I ask how prevalent female remating behaviors are at a shorter inter-mating interval 

(i.e. when females remate immediately) in comparison to longer inter-mating intervals 
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(i.e. when females wait 24 or 48 hours to remate). If inter-mating interval is a critical 

determinant of P2 and there is significant variation in female propensity to remate, 

then most studies of sperm competition in this model system have likely lead to an 

overestimation of last-male sperm precedence and an under-appreciation the females’ 

role in governing sperm use patterns and, ultimately, sperm competition intensity. 

Furthermore, examining the effect and prevalence of a shorter inter-mating interval in 

a system with previously established last-male sperm precedence patterns can help us 

infer female decision rules about remating so that we may functionally interpret the 

adaptive evolution of male and female traits or behaviors involved in reproduction 

(Eberhard 1996).  
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Materials and Methods  

Experimental Protocol 

The seed beetles used in this study originated from southern India (Messina & 

Mitchell 1989) and were provided by Dr. Frank Messina of Utah State University. A 

detailed description of their culturing, maintenance of stock cultures and family lines, 

and the original experiment from which these data are derived is described in chapter 

one.  

Briefly, female remating propensity was allowed to vary in this experiment, 

and this variation corresponded to an inter-mating interval of either 0, 24, or 48 hours 

after an initial mating. The experiment began with 115 virgin females, and those that 

did and did not remate at each mating opportunity were recorded. Successfully double-

mated females (N=69) were transferred to a new Petri dish containing clean seeds as 

oviposition substrate every 24 hours until their natural death. Female IDs were used so 

that eggs could be blindly counted and scored to determine the siring success for both 

males without knowledge of the inter-mating interval.  

The sterile-male technique was used to assign paternity, in which one of the 

two males was randomly sterilized prior to mating. Sterilization order was reciprocally 

balanced such that half of the matings consisted of a sterile male first and a normal 

male second (RN), and half of the matings were NR matings. Sterilization order was 

included as a covariate in statistical analyses. Using the Boorman and Parker (1976) 

formula to correct for rates of hatch failure due to natural infertility and incomplete 

sterilization, P2 was measured for each focal female by dividing the number of eggs 

sired by the second male by the total eggs laid after the second mating. Females that 
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laid an unusually low number of eggs (< 10) after the second mating (N=2) were 

removed from the paternity analysis but were retained for the female remating 

propensity analysis. One case in which P2 was 100% and eggs laid between matings 

could not be quantified was excluded from the paternity analysis to remove the 

possibility of unsuccessful matings (e.g. no sperm transferred or male infertility in first 

mating). For comparison, an alternative calculation of P2 derived from Boorman and 

Parker (1976) was conducted using sums of eggs laid across females rather than 

averages for individual P2 values for each female (Table 3).  

Because the data used in this study came from an experiment meant to test the 

sexy-sperm hypothesis, the mothers of focal males presented here came from different 

mating backgrounds (monandry or polyandry). Mating order was reciprocally 

balanced such that half of the double matings were MP matings, in which monandrous 

sons mated first and polyandrous sons mated second, and half were PM matings. Thus, 

mating order was included as a covariate in statistical analyses in the present study, 

although it was not directly relevant to the hypothesis being tested.  

Mating Observations 

All mating behaviors were recorded within the nearest ten seconds. Copulation 

in seed beetles begins with the male drumming the females’ back with his antennae 

prior to mounting her; once he has successfully inserted his aedeagus, he leans back 

and remains relatively motionless while he transfers his ejaculate. Sperm are 

transferred to the female via a spermatophore, which first gets deposited in the bursa 

copulatrix before the sperm migrate to and enter the spermatheca, which reaches 

capacity approximately 0.5h to 2h after insemination (Eady 1994a, 1995). At some 
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interval after the onset of copulation, the female begins kicking the male, at which 

point a struggle ensues until his aedeagus is successfully dislodged from her genitalia. 

Kicking latency was calculated as the time the male leaned back until the time the 

female began to kick, and kicking duration was calculated as the time the female 

started to kick until the pair was separated. Copulation duration was calculated as the 

time of male lean back to the time of aedeagus removal (i.e. pair separation). All 

individuals were weighed immediately before and after mating using a Sartorious 

MP1601 micro-balance to the nearest + 0.1 mg. Male ejaculate size was calculated by 

subtracting his post-mating weight from his pre-mating weight.    

Post-Experiment Mating Assays 

 A follow-up series of matings were conducted in May and June of 2016 to 

examine female remating under more natural conditions than the original experiment. 

Thirty females of unknown ages and mating histories were pulled from a lab 

population, provided five seeds for ovipositing, and allowed to lay eggs for one hour; 

only sixteen of these females laid any eggs. Seeds with a single egg were collected, 

labeled, and isolated. Once they eclosed, these virgin adults were sexed and randomly 

assigned to a non-relative individual for a first mating. Singly-mated females from 

these matings (N=15) were then randomly assigned to a trio consisting of unrelated 

females, noted for unique phenotypes so that they could be identified, and placed into 

a 70-mm Petri dish containing 30 clean seeds and an unrelated trio of virgin males. 

Each arena (N=5) was continuously scanned for mating pairs, and when a mating pair 

was observed the mating female was recorded. After all individuals were placed in the 

arenas, continuous observations were made for the first two hours and then again 18 
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hours later for 30 minutes. The number of females that remated at each time point was 

recorded.      

Statistical Analyses 

All statistical analyses were conducted using R version 3.1.2 (R Development 

Core Team 2014). All means are presented ± 1 SE.  

Sperm Precedence  

Last-male sperm precedence (P2) was analyzed using a generalized linear 

mixed model (GLMM) using the glmer function with a logit link function from the 

“lme4” R package (Bates et al. 2014). The binomial response was the number of eggs 

fertilized by the second male, and the number of eggs fertilized by the first male was 

the binomial denominator (N=66). In the initial statistical model, the residual deviance 

was observed to be larger than the residual degrees of freedom, which is an indication 

of overdispersion (Crawley 2013). An observation-level random effect (OLRE) was 

used as a random factor in all subsequent analyses to control for overdispersion 

(Harrison 2014). Experimental group as well as nested matrilines and patrilines within 

generation number for all focal individuals were included as random factors in the 

initial model, but only those effects that contributed to residual variability were 

included in the final model. These random factors were then used in bivariate analyses 

for variables that could potentially explain paternity bias, including the females’ age 

and weight and absolute differences between second and first male demographic and 

mating variables (age at time of mating, pre-mating weight, ejaculate size, kicking 

latency, kicking duration, and copulation duration). Predictors that had a P-value of 

0.20 or below were considered for the final model, and these predictors were screened 
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for collinearity with other significant predictors and removed when collinearity was 

present so that only one was included within the final GLMM. Non-significant terms 

were dropped one at a time, and models were compared using Akaike information 

criterion (AIC). Only the best fitting model is reported here. The final model included 

female generation and OLRE as random effects, and mating order, inter-mating 

interval, sterile order, and absolute ejaculate size and copulation duration differences 

between males were included as fixed effects. Post-hoc comparisons were made 

among the inter-mating intervals using Tukey HSD adjustments for multiple 

comparisons with the “LSmeans” R package (Lenth 2016).  

Female Remating Propensity 

The number of females that remated at each inter-mating interval was divided 

by the number of available females within each mating trial to obtain proportions of 

females remating at each interval, which were then compared through a multiple 

proportions test.  
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Results 

Sperm Precedence  

The mean (±SE) proportion of offspring sired by the second male (P2) was 

53.8 ± 4.5% for a 0-hour inter-mating interval, 68.6 ± 4.7% for a 24-hour inter-mating 

interval, and 72.4 ± 4.3% for a 48-hour interval. P2 was significantly lower at an inter-

mating interval of 0 hours compared to longer inter-mating intervals (binomial 

GLMM: N = 57; 0-24h P = 0.007; 0-48h P = 0.02) (Table 2). Pairwise comparisons 

adjusted for multiple comparisons using LSmeans show that P2 did not significantly 

differ between 24- and 48-hour inter-mating intervals (P = 1.00). Fitted values of P2 

using LSmeans were 55.4 ± 5.8%, 74.0 ± 4.4%, and 74.2 ± 5.4% for 0, 24, and 48-

hour inter-mating intervals, respectively (Figure 1). The alternative calculation of P2 

yielded similar values – 56%, 68%, and 75% for 0, 24, and 48-hour inter-mating 

intervals, respectively (Table 3).  

Female Remating Propensity 

Out of 113 focal females, 26 remated immediately (23.0%); of the remaining 

87 females, 25 remated 24 hours after their first mating (28.7%); of the remaining 62 

females, 18 (29.0%) remated 48 hours after their first mating (Figure 2). In total, 

51.7% of females remated within a day of first mating, and 80.7% of females remated 

within two days of first mating. Forty-four females (38.9%) failed to remate within 

two days of first mating. Of the females that did remate, the proportion of females 

remating did not significantly differ among the inter-mating intervals (Multiple 

Proportions Test: χ2 = 1.14, df = 2, P = 0.57). From the post-experiment mating 

assays, three females remated within two hours after an initial mating (20%) and nine 
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females remated 18 hours later (60%). In total, twelve females (80%) remated prior to 

24 hours after their first mating. 

 

 

Figure 1. Violin plots of the proportion of offspring sired by the second male to mate 

(P2) across three different inter-mating intervals – 0, 24, and 48 hours after a first 

mating. P2 was significantly reduced at an inter-mating interval of 0 hours compared 

to 24 hours and 48 hours after an initial mating. Sample sizes are written in 

parentheses.  
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Figure 2. Proportions of females remating at three inter-mating intervals – 0, 24, or 48 

hours after an initial mating. These proportions did not significantly differ among the 

inter-mating intervals. Sample sizes are written in parentheses. Forty-four females 

remained un-remated after a 48-hour inter-mating interval.   
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Table 2. Output from binomial GLMM for effect of the inter-mating interval (0, 24, or 

48 hours after an initial mating) on the proportion of eggs fertilized by the second 

male to mate (P2). Significant terms are bolded in italic. 

 

 

 

 

Table 3. The proportion of eggs fertilized by the second male to mate (P2) in 

competitive double matings at various inter-mating intervals when the first male was 

sterile (R) and the second male was normal (N) and vice versa. Values below were 

calculated using sums rather than averages across females within the Boorman and 

Parker (1976) formula. Methods for determining fertility of N and R matings are 

outlined in chapter one.   

 
 

Second Male Paternity  
(Binomial Response: Second Male Eggs, First Male Eggs) 

N = 56 
Model Term Beta (SE) Exp (beta) 95% CI z Pr(>|z|) 

Intercept -0.29 (0.27)     
Inter-mating Interval (24h) 0.83 (0.31) 0.70 (0.56, 0.81) 2.70 0.00703 ** 
Inter-mating Interval (48h) 0.84 (0.36) 0.70 (0.53, 0.82) 2.33 0.01970 * 

Mating Order (PM) 0.53 (0.25) 0.63 (0.51, 0.74) 2.11 0.03489* 
Sterile Order (RN) 0.38 (0.26) 0.59 (0.47, 0.71) 1.49 0.13688 

Ejaculate Size Difference 
(Male 2-Male 1) 

-0.57 (0.65) 0.36 (0.14, 0.67) -0.88 0.37866 

Copulation Duration 
Difference (Male 2-Male 1) 

-0.04 (0.15) 0.49 (0.41, 0.56) -0.28 0.78287 

Inter-
mating 
Interval 
(hours) 

 
Sterile 
Order 

 
No. of 

females 

Eggs laid 
after second 

mating 

 
Eggs 

Hatched 

% 
hatched 

(x) 

N 
fertility 

(p) 

R 
fertility 

(z) 

 
 

P2 

 
 

Mean 

0 
 

RN 11 700 482 0.69 0.988 0.068 0.68 0.56 NR 14 870 510 0.59 0.988 0.068 0.44 
24 
 

RN 12 505 361 0.72 0.988 0.050 0.71 0.68 NR 12 464 177 0.38 0.979 0.064 0.65 
48 
 

RN 11 315 222 0.70 0.988 0.031 0.70 0.75 NR 6 172 46 0.27 0.976 0.089 0.80 
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Discussion  

The purpose of this study was to determine if last-male sperm precedence 

observed in the seed beetle, C. maculatus, is upheld at a shorter inter-mating interval. 

Because passive loss of first-male sperm in the female reproductive tract is expected to 

lead to disproportionate use of second male sperm as the time between matings 

increases (Lessells & Birkhead 1990; Birkhead & Biggins 1998), I predicted that last-

male sperm precedence (P2) would be diminished with a shorter time interval between 

matings. I found that P2 is significantly reduced when females remate immediately 

than when they remate 24 or 48 hours after an initial mating. I also found no 

difference in the proportions of females remating at each inter-mating interval, and 

that under more natural conditions the majority of females remated within 24 hours. 

Thus, short inter-mating intervals are relevant to this species, despite the traditional 

use of longer inter-mating intervals in experimental designs aimed at examining sperm 

competition and sperm precedence (Eady 1991, 1995; Eady et al. 2004; Hotzy & 

Arnqvist 2009). Together these results indicate that P2 is more variable than 

previously appreciated in this species and, more generally, there is a substantial 

potential for female remating decisions to influence the intensity of sperm competition 

within species.         

The sperm precedence patterns observed with varying inter-mating intervals in 

the present study are consistent with studies in other taxa that have revealed an 

increase in P2 by experimentally increasing the time between matings (Simmons 

2001). For example, P2 increased from 83% at a 1d inter-mating interval to 99% at a 

14d inter-mating interval in D. melanogaster (Boorman & Parker 1976). In the 
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milkweed leaf beetle, average P2 was close to 50% when matings were successive but 

increased to 87% with a 5d inter-mating interval (Dickinson 1988). Similarly, average 

P2 values were close to 50% for successive matings but increased as the inter-mating 

interval was increased in the melon fly (Yamagishi et al. 1992). Moreover, whereas 

two separate studies in the seed beetle have been used to suggest that P2 increases 

from a 24 to 48-hour inter-mating interval (Eady 1994a, 1995), this study reveals that 

P2 does not significantly differ between these two intervals. This result is unsurprising 

given that sperm numbers in both the bursa copulatrix and spermathecae most 

precipitously decline between a 0 and 24-hour inter-mating interval but asymptote 

between a 24 and 48-hour inter-mating interval (Eady 1994b).  

One possible explanation for why paternity is more evenly shared at a shorter 

inter-mating interval is that first male sperm are more numerically and equally 

represented when being transported to the spermatheca and/or when being selected to 

fertilize ova, which would provide support for the passive sperm loss hypothesis 

(Lessells & Birkhead 1990; Birkhead & Biggins 1998). This explanation seems likely 

given what we know about passive sperm loss in the spermatheca in this species – 

sperm numbers decline from 6000 to 4000 to 2000 for each 24-hour time interval 

since first mating (Eady 1994b). Another possibility is that the relative 

competitiveness of first male sperm declines with time since ejaculation, and first male 

sperm are more equally competitive when females remate immediately. This 

explanation seems unlikely, however, given that P2 in this study ranged from 4% to 

98% for the 24-hour inter-mating interval and 29% to 96% for the 48-hour inter-

mating interval. Another possible explanation is that sperm viability declines over 
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time while in storage within the female (Pizzari et al. 2008; Orr & Brennan 2015), and 

first male sperm are more viable when females remate immediately. Whether sperm 

mortality naturally occurs or can be accelerated by active movement by the female 

into certain sperm storage sites that increase sperm mortality remains unknown 

(Lessells & Birkhead 1990; Eberhard 1996). Further empirical studies are warranted to 

distinguish among these possibilities.  

Yet another possible explanation for the observed reduction in P2 is that 

females did not oviposit between matings for the shorter inter-mating interval and so 

had more first male sperm in storage to use. The effects of oviposition on patterns of 

sperm use have been demonstrated previously in the seed beetle, in which females 

given fewer oviposition sites had a lower P2 when they did remate, which the authors 

suggest is because they laid fewer eggs between matings and thus used less sperm in 

storage from their first mating (Eady et al. 2004). While this interpretation does align 

with the results of the current study, sperm and ova were not directly counted in either 

study, which is required to definitively test this assumption.  

In addition to demonstrating that sperm precedence depends on the inter-

mating interval, this study reveals that females commonly remate immediately, which 

differs from previous findings in this species (Edvardsson & Canal 2006; Edvardsson 

et al. 2008; den Hollander & Gwynne 2009). It’s possible that female remating 

behaviors differ among population strains based on subtle genetic differences and 

unintentional selection regimes in the lab. The female inter-mating interval has been 

shown to be quite variable but significantly heritable in Drosophila (Pitnick & 

Markow 1994; Lüpold et al. 2013) and, through artificial selection, was shown to be 
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significantly heritable within several generations in the seed beetle (Eady et al. 2004). 

While these studies revealed heritability of this trait, the current study reveals variation 

in this trait on which selection can act, as has been found in other seed beetles (Harano 

& Miyatake 2005; Maklakov et al. 2005). Although female mating strategies are likely 

to be complex and depend on a number of species-specific factors (e.g. life history, 

sperm longevity, female reproductive tract complexity, timing of sperm storage, 

mechanism for sperm precedence), what females gain from the timing of their 

remating decisions should be a point of focus for future studies.  

Conclusions that have been made about sperm use patterns in different taxa are 

likely to be dramatically impacted by experimental design (Danielsson 1998). For 

example, the last-male sperm precedence pattern found in a species of pseudoscorpion 

was discredited by a simple change in protocol from two to three matings (Zeh & Zeh 

1994). Moreover, investigators often discard females that are unwilling to remate at a 

designated inter-mating interval (but see Harano et al. 2006). Might we be missing 

important information here? While it is important to control for variables that 

potentially can affect sperm use and storage, discarding females unwilling to remate 

may mean the dataset includes only females that have lower thresholds for remating or 

lower quality first male mates. If so, then females with high remating thresholds or 

higher quality first male mates will never be screened for differential sperm use, which 

necessarily limits our understanding of the consequences for female behavioral 

decisions on sperm use patterns. Careful consideration is needed in future studies for 

factors in experimental designs that can influence sperm use patterns.   
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CHAPTER 3 

FEMALE REMATING BEHAVIOR IN THE SEED BEETLE:  

MALE MANIPULATION OR FEMALE OPTIMIZATION? 

 

Abstract 

The refractory period is a phase of sexual nonreceptivity exhibited by polyandrous 

females after mating in many species. Several empirical studies have revealed that 

products within the male ejaculate can induce this refractory period, which is often 

used as indirect evidence of male manipulation of female remating behavior driven by 

sexual conflict over female mating frequency. However, no experimental studies to 

date have directly assessed the reproductive outcomes for both sexes to determine if 

delayed remating by females either a) enhances male fitness or b) is incongruous with 

the reproductive interests of females. An often-overlooked, alternative hypothesis for 

the refractory period is that females modulate their remating decisions to optimize 

their own fitness. Using competitive double mating experiments in which females 

were allowed to choose when to remate (0, 24, or 48 hours after an initial mating), I 

examine the fitness of both sexes as a function of the remating interval to investigate 

who benefits when females delay remating in the seed beetle (Callosobruchus 

maculatus), a model system in sperm competition studies in which male seminal 

products have been shown to inhibit female sexual receptivity. My results provide 

direct support that there is sexual conflict over the female remating interval since 

female fecundity is significantly reduced but first male paternity is significantly 

increased at longer remating intervals. I further identify key differences between 
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females that did and did not remate at each interval and discuss potential mechanisms 

for variation in female refractoriness that are indicative of adaptive decision-making 

by females.  
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Introduction 

Sexual conflict occurs when the evolutionary reproductive interests of females 

and males within a species diverge and their fitness optima cannot be reached 

simultaneously (Parker 1979; Chapman et al. 2003; Arnqvist & Rowe 2005). A 

powerful selective force, sexual conflict has shaped the evolution of sex-specific 

adaptations associated with reproduction as both sexes attempt to reach their fitness 

maxima and reduce their fitness costs when they are driven far from it (Arnqvist & 

Rowe 2005). Theoretical models suggest that this results in sexually antagonistic 

coevolution, whereby a complex evolutionary chase ensues because a favorable 

adaptation in one sex leads to a reduction in the fitness of the other sex (Parker 1979; 

Rice 1996; Arnqvist & Rowe 2005). Hence, a key component of sexual conflict theory 

is that harmful adaptations can evolve even if they are detrimental to the other sex 

(Johnstone & Keller 2000; but see Lessells 2006). The typical oscillatory framework 

used in studies of reproductive traits hypothesized to be under sexual conflict is that of 

male imposed-costs (i.e. male adaptations or manipulation) and female avoidance of 

those costs (i.e. female counter-adaptations or resistance) (Chapman et al. 2003; 

Arnqvist & Rowe 2005). Despite the challenges of demonstrating sexual conflict, 

there is good empirical evidence that it influences the evolution of sexually dimorphic 

mating strategies related to reproductive decisions such as mating duration, number of 

matings, parental investment, and paternity (Rice 1996; Holland & Rice 1999; Sakaluk 

et al. 2006).  

Another reproductive decision that is likely a hotbed for sexual conflict is 
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female mating frequency. Although optimal mating rates for females depend on the 

costs and benefits for mating multiply and so are likely to be species-dependent, 

comparisons across taxa have revealed that females generally derive benefits from 

polyandry and, within the insects, that intermediate mating rates are optimal (Arnqvist 

& Nilsson 2000; Jennions & Petrie 2000; Slatyer et al. 2012). These mating rates are 

likely to conflict with the males’ reproductive interests, however, particularly for 

species with high levels of sperm competition (Parker 1970; Simmons 2001). Because 

a male’s reproductive success will be maximized if he can preemptively avoid or 

reduce sperm competition risk, selection will favor males that can impose suboptimal 

mating rates on females by either preventing or delaying female remating (Arnqvist & 

Nilsson 2000; Simmons 2001; Siva-Jothy 2006). One effective way males can do so is 

by ‘remote’ mate guarding through either physical (i.e. a mating plug) or chemical 

means, the latter of which entails covertly including products that inhibit female 

sexual receptivity in nuptial gifts (“Medea gifts”) and/or elaborate, nutritional 

ejaculates (Simmons & Siva-Jothy 1998; Arnqvist & Nilsson 2000). Hence, an 

interesting intersection between sexual conflict and sperm competition theory is that 

males are predicted to modify the components of their ejaculates to control female 

mating frequency (Parker 1970; Simmons 2001).  

The refractory period is a phase of sexual nonreceptivity exhibited by females 

after mating in many polyandrous species, and empirical investigations across these 

distinct taxa have revealed that male ejaculate components indeed can influence 

female sexual receptivity and delay female remating (Thornhill & Alcock 1983; 

Simmons & Gwynne 1991). For example, in an experimental evolution study that 
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enforced monogamy (i.e. removed sexual conflict by aligning female and male 

reproductive interests) in D. melanogaster, females mated to monogamous males were 

less inhibited from remating, which indicates that these males reduced their 

investment in ejaculate components that induce a longer female remating interval 

(Pitnick et al. 2001). Similarly, when female crickets in a non gift-giving species 

consumed the spermatophylax from a gift-giving species, they took significantly 

longer to remate than females that did not, an effect that was not observed in females 

from the gift-giving species; these results suggest that nuptial gifts in this system may 

be the result of sexually antagonistic coevolution in a sexual conflict over female 

remating and that females have evolved resistance to male attempts to control their 

remating behavior (Sakaluk et al. 2006).  

While results from such studies are often used as indirect evidence of male 

manipulation of female remating behavior driven by sexual conflict over female 

mating frequency, hereafter referred to as the ‘male manipulation’ hypothesis (Figure 

1b), whether refractory behavior observed in females across species is exclusively 

caused by male manipulation to enhance male fitness and is detrimental to female 

fitness remains equivocal. An alternative hypothesis is that females modulate their 

remating decisions to optimize their own fitness (Arnqvist & Nilsson 2000), hereafter 

referred to as the ‘female optimization’ hypothesis (Figure 1a,c). In this scenario, 

female refractory behavior is not strictly male-mediated or maladaptive and, 

dependent on whether the females’ fitness optima aligns with the males’ fitness 

optima, there may not be sexual conflict if delayed remating maximizes the fitness of 

both sexes (Figure 1a). Conversely, there may be sexual conflict if counter-selection 
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on females has resulted in behaviors that optimize their fitness at a cost to males 

(Figure 1c). A number of empirical studies do provide support for the female 

optimization hypothesis. For example, females that received a smaller ejaculate 

remated more in green-veined white butterflies and were more likely to remate in seed 

beetles, which suggests that is beneficial for them to do so since they can acquire 

additional sperm or nutrients present within ejaculates (Kaitala & Wiklund 1994; 

Savalli & Fox 1999). Moreover, the refractory period has been shown to fluctuate with 

female nutritional status; female katydids maintained on a poor nutrition diet had a 

shorter remating interval, and female seed beetles provided supplemental food or 

water were less likely to remate (Gwynne 1990; Savalli & Fox 1999; Edvardsson 

2007). Together these results suggest that female remating may be driven by nutrient 

deficiency and that remating intervals are adaptive for females.  

While some results suggest adaptive-decision making by females and others 

suggest manipulation by males, many results are ambiguous. For example, in a 

phylogenetic comparative study across fourteen bushcricket species, a negative 

association was found between ejaculate mass and degree of polyandry, which was 

proposed as evidence that males manipulate polyandry through large ejaculates 

(Vahed 2006). However, this result is also a prediction of the female optimization 

hypothesis if females compensate for smaller ejaculates by mating more frequently, as 

is suggested in other species (Kaitala & Wiklund 1994). Because many of these 

studies use indirect evidence and correlations, results are not clear-cut and make it 

difficult to disentangle the two mutually exclusive hypotheses. No experimental 

studies to date have directly assessed the reproductive outcomes for both sexes to 
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determine if delayed remating by females either a) enhances male fitness or b) is 

incongruous with the reproductive interests of females, both of which are required to 

demonstrate sexual conflict over female mating frequency.     

  Using competitive double mating experiments in which females were allowed 

to choose when to remate (0, 24, or 48 hours after an initial mating), I examine the 

fitness outcomes of both sexes as a function of the remating interval in the seed beetle 

(Callosobruchus maculatus). Sexual conflict over female mating frequency is assumed 

in this species because of the prevalence of sperm competition and the discovery of 

male seminal products that inhibit both short- and long-term female sexual receptivity 

(Eady 1991; Yamane et al. 2008; Hotzy & Arnqvist 2009). Moreover, previous studies 

have revealed that both low and high mating rates maximize female fitness, the 

remating interval significantly impacts paternity, and most females remate within a 

day of their first mating, all of which are likely to generate conflict between the sexes 

(Arnqvist et al. 2005; chapter two). Whether sexual conflict over female mating 

frequency exists in the seed beetle has never directly been tested. Hence, the goals of 

the present study were to: (1) determine how temporal delays in female remating 

affect female and first male fitness to assess the extent of sexual conflict over the 

female remating interval, and (2) identify key differences between females that did 

and did not remate at each remating interval to reveal potential mechanisms for female 

refractory behavior. For sexual conflict to be present, the fitness outcomes of females 

and males must be incongruous (Figure 1b, c). Moreover, a result that would support 

the ‘male manipulation’ hypothesis is if first male paternity is highest at a longer 

remating interval but female fecundity is lowest (Figure 1b), while a result that would 



 71 

support the ‘female optimization’ hypothesis is if female fitness increases (Figure 1a, 

c) or remains constant with a delay in remating.  
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Figure 1 

Theoretical fitness curves for females (solid blue line) and males (dotted orange line) when sexual 
conflict over the female remating interval is absent (a) or present (b, c). When there is no sexual 
conflict, fitness curves for females and males overlap, and both sexes benefit from a longer female 
refractory period (a). Conversely, when there is sexual conflict, fitness curves for the sexes do not 
overlap, and either male fitness is highest but female fitness is lowest (b) or female fitness is highest 
but male fitness is lowest (c) for a longer female refractory period. The ‘female optimization’ 
hypothesis is represented by scenarios a and c, while the ‘male manipulation’ hypothesis is 
represented by scenario b.   



 72 

Materials and Methods 

The seed beetles (Callosobruchus maculatus) used in this study originated 

from southern India and were provided by Dr. Frank Messina of Utah State University. 

A detailed description of their culturing, establishment of family lines, and the original 

experiment from which these data are derived is described in chapter one.  

Mating Behavior 

Seed beetle matings are characterized by a highly stereotyped sequence of 

events. The male first approaches the female from behind and begins stroking her 

elytra with his antennae while mounting her and attempting to insert his aedeagus. 

Once he has successfully done so, he leans back and remains relatively motionless 

while transferring his ejaculate via a spermatophore, which first gets deposited within 

the female’s bursa copulatrix before the sperm within it migrate into the spermatheca 

approximately five minutes into the mating (Eady 1994, 1995). The female eventually 

begins kicking the male until his aedeagus is fully dislodged from her genitalia and the 

pair separates.  

All matings in this study were observed, and behavioral variables were 

recorded within the nearest 10 seconds. These included the mating latency, which was 

calculated as the time the male was placed in the arena until the time he made antennal 

contact with the female, and kicking latency, which was calculated as the time the 

male leaned back until the female began kicking. Kicking duration was calculated as 

the time the female started to kick until the pair was separated, and copulation 

duration was calculated as the time the male leaned back until the pair was separated. 

Immediately before and after mating, all individuals were weighed using a Sartorious 
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MP1601 micro-balance to the nearest + 0.1 mg. Male ejaculate size was approximated 

by the amount of weight he lost after mating, which was calculated by subtracting his 

post-mating from his pre-mating weight. Female ejaculate uptake was approximated 

by the amount of weight she gained after mating, which was calculated by subtracting 

her pre-mating from her post-mating weight. For these analyses, I removed cases 

where males gained weight (N=1) and females lost weight (N=6) after mating, as these 

were likely due to measurement error.  

Experimental Protocol 

The focal individuals used in this study were reared individually from a single 

seed to ensure their virginity and, upon their adult eclosion, were provided with a 

unique identification number (ID), sexed, and aged (based on their eclosion date). 

Because the original experiment was designed to look at the effects of maternal mating 

regimes on male paternity in competitive double matings, mating order was 

reciprocally balanced such that approximately half of the double matings were MP 

matings, in which sons from monandrous mothers (M) mated first and sons from 

polyandrous mothers (P) mated second, and half were PM matings. Thus, although it 

was not directly relevant to the present study, mating order was included as a covariate 

in statistical analyses. 

The experiment began with randomly pairing a virgin male and female 

(N=115) for mating; females that failed to mate (N=2) were discarded from the study. 

After this first mating, each female was immediately provided the opportunity to 

remate with a new virgin male that was age- and size-matched to the first male mate. 

For pairs that did not copulate within 25 + 10 min of the mating trial, the male was 



 74 

removed and the female was provided with a single seed for ovipositing. Females 

were provided two further mating opportunities – 24 and 48 hours after their first 

mating – with the same male until they remated. Thus, female remating propensity 

was allowed to vary in this experiment, which corresponded to a remating interval of 

either 0, 24, or 48 hours after an initial mating. Females that did and did not remate at 

each mating opportunity were recorded. Successfully double-mated females (N=69) 

were transferred to a new Petri dish containing clean seeds for oviposition every 24 

hours until their natural death. Female IDs were used so that eggs could be blindly 

counted to measure female fecundity and scored to determine first male paternity 

without knowledge of the remating interval.  

-- Female Fitness 

Female fitness was measured as female lifespan, longevity after first mating, 

lifetime fecundity, and egg-to-adult survival of offspring. The date of death was used 

to calculate lifespan (days since eclosion) and longevity (days since first mating) for 

each female. Lifetime fecundity was measured as the total number of eggs laid by each 

female, which included eggs laid between matings for females with a remating interval 

> 0 hours. Because only eggs fertilized by non-sterile males hatch, only these eggs 

were used to measure egg-to-adult survival, which was calculated for each focal 

female as the number of eclosed adult offspring divided by the total number of 

hatched eggs.  

-- First Male Paternity 

To determine first male paternity, I used the sterile-male technique (Parker 

1970; Eady 1991). One of the two male mates for each focal female was sterilized by 
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exposure to 70 Gy of gamma radiation from a cesium source at Cornell University. 

Eggs fertilized by normal males hatch, whereas eggs fertilized by sterile males fail to 

hatch (Boorman & Parker 1976; Eady 1991). A balanced design was used to control 

for sterilization order; thus, approximately half of all matings were NR matings, in 

which the first male to mate was normal (N) and the second male to mate was sterile 

(R), and half were RN matings. Sterile order was included as a covariate in statistical 

analyses. For each focal female, first male paternity was indirectly calculated using the 

Boorman and Parker (1976) formula, which calculates second male paternity and 

corrects for natural infertility and incomplete sterilization. The percentages obtained 

from this formula were multiplied by the number of eggs laid after the second mating 

and then rounded to a whole number to quantify the absolute number of eggs fertilized 

by each male sire for each female (N=48). Females that laid < 1 egg (N=2) were 

excluded from the analysis. Eggs laid between matings were quantified for females 

with a remating interval > 0 hours and were included in the total number of first male 

eggs to determine first male paternity.  

-- Differences Among Females Based on Remating Interval 

To compare females that did and did not remate at each remating interval, all 

focal females were marked as either remated (“1”) or not remated (“0”) at a remating 

interval of 0 hours. Females that did not remate at this time point (N=87) were then 

marked as either remated or not at a remating interval of 24 hours. Females that did 

not remate at this time point (N=62) were then marked as either remated or not at a 

remating interval of 48 hours. Ages and weights of focal females and second males 

were documented at each remating interval since these varied with time. The amount 
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of weight lost between matings was also calculated for females with a remating 

interval > 0 hours.    

Statistical Analyses 

All statistical analyses were conducted using R version 3.1.2 (R Development 

Core Team 2016). I used the “lme4” R package and its lmer, glmer, and glm functions 

for all linear mixed models (LMMs), generalized linear mixed models (GLMMs), and 

generalized linear models (GLMs), respectively (Bates et al. 2014). For GLMMs and 

GLMs, I used a binomial probability distribution and logit link function. Random 

effects for nested matrilines and patrilines within the generation number for each focal 

individual (female, first male, and second male) as well as a group ID (based on when 

the matings were conducted) were considered for all models, but only those effects 

that explained a significant amount of the residual variability of the response variable 

were included in the final models. These random factors were then used in bivariate 

analyses for predictors that could potentially explain differences in the response 

variables. Only predictors that had a P-value < 0.20 were considered for final models 

and screened for collinearity with other significant predictors. Whenever collinearity 

was present between predictors, only one was included within the final model. Sterile 

order, mating order, and inter-mating interval were also included as covariates in 

initial models. Linear models (LMs) and LMMs were compared using ANOVA, while 

GLMMs and GLMs were compared using Akaike information criterion (AIC) (change 

in AIC < 2). Only the best fitting models are reported here. For female lifetime 

fecundity and first male paternity analyses, post-hoc comparisons were made using 

Tukey HSD adjustments for multiple comparisons with the “LSmeans” R package 
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(Lenth 2016). All means are presented ± 1 SE.   

-- Female Fitness 

 To investigate differences in fitness variables among females that differed by 

their remating intervals, I used a combination of LMs, LMMs, and GLMMs. Female 

lifespan and longevity were analyzed using LMMs. To investigate lifetime female 

fecundity, I initially used a LMM but because none of the random effects explained a 

significant amount of the residual variability of the response variable, I used a LM 

instead with the total number of eggs laid by females as the response variable. Egg-to-

adult survival was analyzed using a binomial GLMM, with the total number of adult 

offspring eclosed as the response variable and the number of hatched eggs that did not 

result in eclosed adults as the binomial denominator. Predictors considered for the 

LMMs and GLMMs included the female’s pre-mating weight, age at first mating, and 

development time in the natal seed. Predictors considered for the LM included female 

traits (age at time of first mating, initial pre-mating weight, and ejaculate uptake for 

both matings) and traits for both the first and second male (age at time of mating, pre-

mating weight, and ejaculate size).  

-- First Male Paternity  

To investigate differences in first male paternity among females that differed 

by their remating interval, I used a binomial GLMM. The binomial response was the 

total number of eggs fertilized by the first male, with the total number of eggs 

fertilized by the second male as the binomial denominator. The random effects 

included both male matrilines nested within their generation. The predictors 

considered for the binomial GLMM included female traits (age at time of first mating 
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and initial pre-mating weight), first and second male traits (age at time of mating, pre-

mating weight, and ejaculate size), first and second mating behavioral variables 

(mating latency, kicking latency, kicking duration, copulation duration), and the 

absolute differences in variables between second and first males (ages, weights, 

ejaculate sizes, and all aforementioned mating variables). 

-- Differences Among Females Based on Remating Interval 

To investigate differences between females that did and did not remate at each 

remating interval, I used separate binomial GLMMs and GLMs with the response 

being whether focal females remated (“0” for no, “1” for yes) for each remating 

interval. For the 0-hour remating interval, I used a GLMM, and the only random effect 

was the second male generation. Because none of the random effects could explain a 

significant amount of the variability in the response variable for the 24- or 48-hour 

remating intervals, I used GLMs instead. Predictors that were considered for all 

models included female traits (age at time of first mating, pre- and post-mating weight, 

and ejaculate uptake), first male traits (age at time of first mating, pre-mating weight, 

and ejaculate size), first mating behavioral variables (mating latency, kicking latency, 

kicking duration, and copulation duration), and second male traits (age, pre-mating 

weight, and absolute age and weight differences between him and the first male at the 

remating interval). The females’ age at time of remating interval as well as her weight 

lost between matings were predictors considered for the 24- and 48-hour remating 

intervals. Additional predictors that were considered for the 24-hour remating interval 

included the number of eggs laid and proportion of eggs laid (as a function of the total 

number of eggs laid across lifetime) during the remating interval. This predictor was 
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not considered for the 48-hour remating interval, however, since these eggs were not 

quantified for females that did not remate beyond a 48-hour interval.  
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Results 

Female Fitness  

Female lifespan, longevity, and egg-to-adult survival of offspring did not differ 

based on the female remating interval (Table 1). However, female fecundity at the 

longest remating interval (48 hours) was significantly lower than female fecundity at 

the shortest remating interval (0 hours) (LM: F4,53=4.82; 0-48 P = 0.04, 0-24 P = 0.24) 

(Figure 2, Table 2). Post-hoc comparisons showed that female fecundity did not 

significantly differ between a 24-hour and 48-hour remating interval (LSmeans: 24-48 

P = 0.61). Raw values for female fecundity were 62.5 ± 2.3 eggs when females 

remated immediately, 57.8 ± 2.8 eggs for females with a 24-hour remating interval, 

and 56.1 ± 2.9 eggs for females with a 48-hour remating interval. Females with a 

remating interval of 24 or 48 hours laid an average of 24.0 ± 1.2 eggs before the 

second mating, and all females laid an average of 46.0 ± 2.3 eggs after the second 

mating. Fitted values for lifetime fecundity from LSmeans were 62.7 ± 2.2 eggs when 

females immediately remated, 58.6 ± 2.7 eggs for females with a 24-hour remating 

interval, and 54.7 ± 3.0 eggs for females with a 48-hour remating interval (Figure 2).   

First Male Paternity 

First male paternity was significantly higher at the longer remating intervals 

(24 and 48 hours) than at the shortest remating interval (0 hours) (binomial GLMM: N 

= 44; 0-24 P < 0.0001; 0-48 P < 0.0001) (Table 3). However, post-hoc analyses 

showed that first male paternity did not significantly differ between a 24- and 48-hour 

remating interval (LSmeans: 24-48 P = 0.42). Raw values for first male paternity were 

53.9 ± 4.3% when females immediately remated, 81.0 ± 2.3% when females had a 24-
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hour remating interval, and 87.4 ± 2.0% when females had a 48-hour remating 

interval. Fitted values for first male paternity from LSmeans were 57.5 ± 5.9% when 

females immediately remated, 84.8 ± 3.2% when females had a 24-hour remating 

interval, and 79.8 ± 4.3% when females had a 48-hour remating interval (Figure 3).  

Differences Among Females Based on Remating Interval 

Females that remated immediately spent a significantly shorter duration of 

time kicking their first male mate than females that did not remate (Remated = 103.3 ± 

14.8 sec, Didn’t Remate = 232.7 ± 22.3 sec; binomial GLMM: N = 108, P = 0.01) 

(Figure 4, Table 4). Females that remated 24 hours after an initial mating laid 

significantly fewer eggs during the remating interval (Remated = 34.3 ± 2.2%, Didn’t 

Remate = 54.5 ± 2.4%; GLM: N = 39, P = 0.00873) and weighed significantly less at 

the time of the second mating trial (Remated = 5.53 ± 0.11mg, Didn’t Remate = 5.82 ± 

0.09mg; GLM: P = 0.02031) than females that did not remate (Figures 5 and 6, Table 

4). Females that remated 48 hours after an initial mating were significantly younger 

(Remated = 4.2 ± 0.2 days, Didn’t Remate = 4.9 ± 0.2 days; GLM: N = 48, P = 

0.0118) and did not lose as much weight during the remating interval (Didn’t Remate 

= 1.35 ± 0.08 mg, Remated = 1.79 ± 0.09 mg; GLM: P = 0.0200) than females that did 

not remate (Figures 7 and 8, Table 4).  
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Figure 2. Mean (+SE) number of eggs laid by females across their lifetime based on 

when they remated (0, 24, or 48 hours after an initial mating). Female fecundity 

significantly declined at the longest remating interval (48 hours), which does not 

support the pattern predicted for the ‘female optimization’ hypothesis. Sample sizes 

are written in parentheses. Identical letters denote no statistically significant difference 

(P > 0.05). 
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Figure 3. Mean (+SE) proportion of offspring sired by the first of two males based on 

when the female remated (0, 24, or 48 hours after initially mating). First male 

paternity significantly increased when the female delayed remating, which is a pattern 

that is predicted by the ‘male manipulation’ hypothesis. Sample sizes are written in 

parentheses. Identical letters denote no statistically significant difference (P > 0.05). 

0.0

0.2

0.4

0.6

0.8

1.0

Pr
op

or
tio

n 
of

 O
ffs

pr
in

g 
Si

re
d 

by
 2

nd
 M

al
e 

(P
2)

0	

Female	Rema)ng	Interval	(Hours)	

Fi
rs
t	M

al
e	
Pa
te
rn
ity

	(%
)		
			
			

24	 48	

(25)	 (18)	 (14)	

A	 B	 B	



 84 

 

 

Figure 4. Mean (+SE) time duration the female spent kicking her mate during the first 

mating for females that did and did not remate immediately. Females that remated 

immediately spent a significantly shorter duration of time kicking their first male 

mate. Sample sizes are in parentheses. The asterisk denotes a statistically significant 

difference (P < 0.05). 
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Figure 5. Mean (+SE) proportion of eggs laid before the second mating for females 

that did and did not remate 24 hours after a first mating. Females that remated 24 

hours after their first mating laid a significantly smaller proportion of eggs prior to the 

second mating. Sample sizes are in parentheses. The asterisk denotes a statistically 

significant difference (P < 0.05). 
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Figure 6. Mean (+SE) female weight (mg) at the time of the second mating trial for 

females that did and did not remate 24 hours after a first mating. Females that remated 

24 hours after their initial mating weighed significantly less at this time point. Sample 

sizes are in parentheses. The asterisk denotes a statistically significant difference (P < 

0.05). 
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Figure 7. Mean (+SE) female age (days) at the time of the third mating trial for 

females that did and did not remate 48 hours after a first mating. Females that remated 

at this time point were significantly younger. Sample sizes are in parentheses. The 

asterisk denotes a statistically significant difference (P < 0.05). 
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Figure 8. Mean (+SE) weight lost between the first mating and the third mating trial 

for females that did and did not remate 48 hours after a first mating. Females that 

remated at this time point lost significantly more weight in the two days following 

their first mating. Sample sizes are in parentheses. The asterisk denotes a statistically 

significant difference (P < 0.05). 
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Table 1. Comparison of several fitness variables among doubly mated females (N = 

69) that remated either 0, 24, or 48 hours after an initial mating. Significant terms are 

bolded in italic. 

 

 

 

 

Table 2. Output from the LM for fecundity comparisons among females (N = 58) 

based on when they remated (0, 24, or 48 hours after an initial mating). Significant 

terms are bolded in italic. 

Female Fitness 
Variable 

Remating Interval (hours)  
Stats 0  24 48 

Lifespan (days) 9.0 + 0.2 8.1 + 0.2 8.8 + 0.2 LMM  
0-24h (P = 0.14) 
0-48h (P = 0.66) 

Longevity (days) 6.2 + 0.2 5.7 + 0.2 6.7 + 0.2 LMM  
0-24h (P = 0.15) 
0-48h (P = 0.55) 

Lifetime Fecundity (eggs) 62.5 + 2.3 57.8 + 2.8 56.1 + 2.9 LMM  
0-24h (P = 0.24) 
0-48h (P = 0.04) 

Egg-to-Adult Survival  
of Offspring (%) 

81.9 + 1.0 82.9 + 1.4 85.6 + 1.7 Binomial GLMM 
0-24h (P = 0.67) 
0-48h (P = 0.32) 

 
Model Term 

 
Beta (SE) 

Exp 
(beta) 

 
95% CI 

 
t 

 
Pr(>|t|) 

Intercept 50.51 (10.28)     
Remating Interval (24 hours) -4.13 (3.50) 0.02 (1.68e-05, 0.94) -1.18 0.24299 
Remating Interval (48 hours) -7.96 (3.80) 3.50e-04 (2.05e-07, 0.37) -2.10 0.04097 * 
Female Age at First Mating (days) -4.54 (1.57) 0.01 (4.94e-04, 0.19) -2.90 0.00546 ** 
First Mate Pre-Mating Weight (mg) 6.39 (2.34) 1.00 (0.86, 1.00)  2.72 0.00849 ** 
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Table 3. Output from binomial GLMM for first male paternity among females (N = 

44) based on when they remated (0, 24, or 48 hours after an initial mating). Significant 

terms are bold and in italic. 

 

 

Table 4. Output from the GLMM for differences between females that did and did not 

remate immediately after an initial mating and from the GLMs for differences between 

females that did and did not remate 24 or 48 hours after an initial mating. Significant 

terms are bolded in italic. 

 
Model Term 

 
Beta (SE) 

Exp 
(beta) 

 
95% CI 

 
z 

 
Pr(>|z|) 

Intercept -0.64 (0.46)     
Remating Interval (24 hours) 1.42 (0.26) 0.81 (0.71, 0.87) 5.48 4.28e-08 *** 
Remating Interval (48 hours) 1.07 (0.25) 0.74 (0.64, 0.83) 4.26 2.03e-05 *** 
Sterile Order (Sterile-Normal) 0.63 (0.22) 0.65 (0.55, 0.74) 2.89 0.00387 ** 
Female Age at First Mating 0.25 (0.13) 0.56 (0.50, 0.62) 1.95 0.05163 
Second Male Mating Latency -0.14 (0.10) 0.46 (0.42, 0.51) -1.45 0.14630 
Ejaculate Size Difference (Male 2 – Male 1) 0.25 (0.60) 0.56 (0.28, 0.81) 0.41 0.68185 
Kicking Duration Difference (Mating 2 – Mating 1) 0.02 (0.16) 0.50 (0.43, 0.58) 0.10 0.92049 

 
Remating 
Interval 
(Hours) 

 
 

Female Remated 
(Binomial Response: Yes, No) 

 
Model Term 

 
Beta (SE) 

Exp 
(beta) 

 
95% CI 

 
z 

 
Pr(>|z|) 

 
0 

Intercept -1.63 (0.46)     
First Mating Kicking Duration (sec) -1.43 (0.56) 0.19 (0.07, 0.42) -2.54 0.011224 * 

 
24 

Intercept 38.22 (15.72)     
Proportion Eggs Laid Between 
Matings (%) 

-19.26 (7.34) 0.90 (0.55, 0.99) -2.62 0.00873 ** 
 

Female Weight at 24-Hours (mg) -5.20 (2.24) 0.38 (0.19, 0.61) -2.32 0.02031 * 
 
 

48 

Intercept -0.52 (2.28)     
Sterile Order (Sterile-Normal)  1.29 (0.81) 0.78 (0.42, 0.95) 1.59 0.1127 
Female Age at 24-Hours (days) -1.17 (0.46) 0.24 (0.11, 0.44) -2.52 0.0118 * 
Female Weight Loss Between 0 and 
48 Hour Remating Interval (mg) 

2.82 (1.21) 0.94 (0.61, 0.99) 2.33 0.0200 * 
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Discussion 

Comparing the fitness outcomes for both sexes across three female remating 

intervals in C. maculatus reveals that female lifetime fecundity is reduced but first 

male paternity is increased by a longer delay in female remating. Because I found no 

differences in female survival, longevity, or egg-to-adult offspring survival based on 

the timing of remating, females do not appear to derive fitness benefits from a longer 

refractory period. While it is possible that the observed decline in fecundity is caused 

by variable female conditions, such as age or size, that led them to remate at certain 

intervals, post-hoc analyses reveal the same pattern of declining fecundity regardless 

of female age or size. Together these results provide direct evidence that there is 

sexual conflict over the female remating interval in the seed beetle and support the 

‘male manipulation’ hypothesis for the female refractory period. Previous 

investigations in the seed beetle have revealed that sperm competition is rampant and 

that immediate remating by females diminishes last-male sperm precedence patterns 

typical within this species (Eady 1991; chapter two). Both sperm competition and 

sexual conflict theory predict that selection will favor males that can impose 

suboptimal mating rates on females by delaying their remating to preemptively reduce 

the likelihood that another male will displace their sperm (Parker 1970; Arnqvist and 

Nilsson 2000; Simmons 2001). Although the presence of male ejaculate components 

that inhibit female sexual receptivity has led to the assumption of sexual conflict and 

male manipulation in this species, the present study is the first to directly measure the 

fitness benefits that males receive from doing so.  

In addition to assessing the fitness outcomes for both sexes when females 
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delay remating, I examined key differences between females that did and did not 

remate at each remating interval to reveal potential mechanisms for female refractory 

behavior and determine the extent of female control over the remating interval. If 

females are in control of their remating behavior, they should remate when it benefits 

them to do so, including when they risk sperm depletion or when they can obtain 

additional benefits present within the ejaculate (e.g. nutrients or hydration). Hence, 

results that would support female control of remating include either that they risk 

nutrient or sperm depletion (e.g. received a smaller ejaculate in their first mating, laid 

more eggs between their matings, or are younger), that they are in poor condition (e.g. 

older or smaller), or that their first male mate is of lower quality (e.g. older or 

smaller).  

Evidence in support of female remating due to risk of sperm depletion includes 

key differences in females remating at a 24- and 48-hour remating interval. Females 

that remated at a 24-hour remating interval laid a significantly smaller proportion of 

their eggs before their second mating, which may be because they did not have an 

adequate sperm supply and so remated to obtain more sperm. Moreover, females that 

remated at a 48-hour remating interval were younger than females that did not. Post-

hoc analyses revealed that these females are more fecund, which makes them more 

likely to run the risk of sperm depletion (Hook, unpublished results). Furthermore, 

females that remated at a 48-hour remating interval lost more weight between their 

matings. Given that female weight lost between matings is highly correlated with the 

number of eggs laid during this time interval, these females are more likely to have 

used more of the first males’ sperm to fertilize their eggs and run the risk of sperm 
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depletion (Hook, unpublished results). Results from a previous study in this species 

also suggest that first male sperm use during oviposition may stimulate female 

remating, since females were less likely to remate if they had few oviposition sites 

available (Eady et al. 2004; but see Edvardsson and Canal 2006). Another intriguing 

possibility is that it is the presence of sperm itself within the female reproductive tract 

that inhibits female remating, as has been found in the almond moth (McNamara et al. 

2008). Although quantifying sperm was beyond the scope of this study, an interesting 

follow-up would be to dissect the spermatheca of females that become receptive again 

to determine if they are sperm depleted, which was found not to be the case in 

katydids (Gwynne 1986). It cannot be ruled out that females that laid a smaller 

proportion of eggs before their second mating had a lower quality first mate and 

waited to lay the majority of their eggs after ‘trading up’ with a second male mate, 

which would support female remating based on male quality (Thornhill and Alcock 

1983).  

Evidence in support of female remating due to female condition includes a key 

difference between females remating at a 24-hour remating interval; females that 

remated weighed significantly less at the time of mating. That smaller, less fecund 

females would be more likely to remate at a 24-hour interval is perplexing and 

contradicts results from previous investigations of female remating propensities in D. 

melanogaster and the almond moth (Pitnick et al. 2001; McNamara et al. 2008). 

Further analyses revealed that these smaller females did not lay a different number of 

eggs between matings nor did they receive smaller ejaculates from the first mating, 

both of which make sperm deficiency in these females unlikely. One possibility is that 
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these smaller females were of inherently lower quality and so remated to acquire more 

resources through a second ejaculate (Edvardsson 2007). Alternatively, if 

manipulative compounds are limited and/or costly for males, perhaps they tailor the 

quantity of manipulative compounds within their ejaculates based on female size, and 

smaller and less fecund females are given fewer of these compounds than larger 

females. Further studies testing these ideas are warranted.  

At a shorter remating interval (0 hours), females that did not remate kicked for 

a   significantly longer duration of time during the first mating. Corroborating other 

studies of C. maculatus, this intriguing, unanticipated result has two potential 

explanations, both of which involve the males’ spiny genitalia that has been shown to 

cause an exceptional and cumulative amount of damage to the female reproductive 

tract (Crudgington and Siva-Jothy 2000; Arnqvist et al. 2005). One supported function 

of these genital spines is that they increase the rate at which male seminal products are 

transferred into the females’ circulatory fluid, since females that mated with males 

with longer spines had a larger proportion of the males’ ejaculate move from her 

reproductive tract into her body (Hotzy et al. 2012). From this study, it was suggested 

that the increased absorption of seminal products benefits males by affecting the 

pattern of sperm use by females. Although kicking has been shown to reduce female 

reproductive tract damage, results from the present study suggest that the females’ 

reproductive tract may undergo cumulative damage during the kicking phase of 

copulation and that females that kick longer incur more damage (Crudgington and 

Siva-Jothy 2000). If we assume this to be the case, one hypothesis for why female 

remating propensities differed based on kicking duration is that females that kicked for 
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a longer duration of time more quickly absorbed manipulative seminal products that 

immediately reduced their receptivity.  

Another non-mutually exclusive hypothesis is that females that kick for a 

longer duration of time may avoid quickly remating to avoid the cost of more 

reproductive tract damage. If damage from kicking is cumulative, then males that can 

induce female refractoriness by inflicting harm can reduce the benefit to females for 

remating (Johnstone and Keller 2000). Whether the harm caused by genital spines in 

male seed beetles is adaptive or ‘collateral’ remains unknown, but such harmful male 

tactics are suggested to be more likely in species with a greater last-male mating 

advantage (Johnstone and Keller 2000; Lessells 2006; Parker 2006). Furthermore, why 

the influence of kicking on female remating would be significant for one remating 

interval but not others is unclear, but perhaps it coincides with the time it takes for 

damaged female tissues to heal or represents the threshold of when the benefits for 

female remating exceed the costs. One obvious hypothesis that emerges from these 

results is that the time the female spends kicking during copulation is a primary cause 

of reproductive tract damage as well as a mechanism for rapid transfer and absorption 

of manipulative ejaculate compounds. Further studies are warranted to investigate 

these relationships between the female kicking duration, reproductive tract damage 

and repair, and the timing and extent of ejaculate component absorption within female 

bodily tissues.   

One surprising result is that the ejaculate size itself did not significantly affect 

female remating at any remating interval, as larger ejaculates have been found to cause 

longer refractory periods in females in a number of other species (Svärd and Wiklund 
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1991; Wedell 1993; Kaitala and Wiklund 1994). The large ejaculate size in this 

species is presumed to serve a similar function by reducing female propensity to 

remate (Fox et al. 2006; Edvardsson 2007), and previous studies have confirmed this 

(Eady 1995; Savalli and Fox 1999). However, these latter studies manipulated 

ejaculate size by varying male mating status, whereas in the present study male mating 

status is controlled and ejaculate sizes naturally vary among virgin males. That the 

results between these studies and the present study differ suggests that there are 

confounding effects of ejaculate components that likely vary by male mating status 

rather than ejaculate size. That no differences in female remating were observed based 

on ejaculate size in the present study suggests that that there are no dosage-dependent 

effects (Eberhard 1996). This result in combination with previous results implicate the 

importance of male mating status and suggest virgin males either produce more of 

these manipulative compounds or their refractory effects are more potent. It also 

seems plausible and likely that these compounds vary among males, and there is 

potential that males are capable of tailoring these compounds to their advantage based 

on environmental or social context (e.g. female mating status and/or male mating role) 

(Harano and Miyatake 2007; Sirot et al. 2011; Yamane et al. 2015). Males are 

assumed to control female mating frequency through the ejaculate by varying its size 

and hydration benefits contained within it, thus changing how beneficial female 

remating is (Savalli and Fox 1999; Edvardsson 2007; Rönn et al. 2011), but the results 

from the present study do not support this assumption. Future studies should look into 

the ejaculate components and how these differ among and within males across 

contexts.  
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 The results from the present study implicate the refractory period as being 

costly to females. Sexual conflict theory predicts that females will be counter-selected 

to resist these costs, which they may do by varying the extent to which these 

compounds are able to manipulate them (Gowaty 1997; Arnqvist and Nilsson 2000). 

One suggested form of female resistance is the active metabolization and exploitation 

of nutrients within the ejaculate to neutralize its refractory effects (Oberhauser 1992; 

Arnqvist and Nilsson 2000; Edvardsson 2007). Several results from the analyses of 

female differences may provide support for this idea. For example, smaller females 

were more likely to remate at a 24-hour remating interval, and post-hoc analyses 

reveal that these females did lose more weight without having laid more eggs between 

matings (Hook, unpublished results). Similarly, for the 48-hour remating interval, 

females that lost more weight over the two-day remating interval were likely to 

remate. One interpretation of these results is that rates of ejaculate metabolization vary 

by female body size, and smaller females can more rapidly metabolize these products, 

thereby neutralizing their refractory effects. Another interpretation is that once females 

have exploited the contents of the ejaculate during metabolization, they remate to 

acquire more of these benefits. Variation in the female refractory period even within 

species may itself be indicative of such sexually antagonistic coevolution, and further 

research on how variable ejaculate metabolization is among females is needed to 

distinguish between these possibilities.  

While the current study reveals that there is a zone of sexual conflict over 

female mating frequency in the seed beetle, there does appear to be evidence that 

females are winning this conflict. Although it is difficult to assess natural remating 
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intervals within this species, a previous study found evidence that most females remate 

within a day of first mating under more natural conditions (chapter two), which, as the 

present study reveals, results in the highest female lifetime fecundity but lowest first 

male paternity. Furthermore, comparisons of females that do and do not remate 

provide some support that females remate because it benefits them to do so. Together 

these results provide support for the female optimization hypothesis and reveal the 

complexity of sexual conflict and sexually antagonistic coevolution. To better 

understand this coevolution, it is important to investigate the interactions between the 

sexes entailed within it and not just male-mediated mechanisms over reproductive 

traits that are under conflict. The presence of female refractoriness and male seminal 

products that affect it are not sufficient to demonstrate such conflict. Future 

investigations of reproductive traits assumed to be under sexual conflict should 

directly assess the fitness outcomes of both sexes to determine the degree of overlap in 

their reproductive interests. By doing so, we highlight the highly active role of females 

in sexual conflict and evolutionary games over mating rates as they make their own 

adaptive decisions (Hammerstein and Parker 1987; Gowaty 1997).  
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CHAPTER 4 

MALES WITH SHORTER ANTENNAE  

OBTAIN MORE PATERNITY IN COMPETITIVE DOUBLE MATINGS 

 

ABSTRACT  

Behavioral courtship displays are thought to provide a way for males to convince 

females to mate, and considerable efforts have been put into investigating the effects 

of these courtship displays on male mating success. Fewer studies have investigated 

the effects of courtship displays on post-copulatory processes, including the 

preferential use of sperm by females after mating. Here we ask whether pre-copulatory 

antennal traits or behaviors in male seed beetles, Callosobruchus maculatus, serve as a 

form of courtship and lead to paternity bias. We hypothesized that females would bias 

sperm use in favor of males that 1) had longer antennae, 2) had faster antennal 

stroking rates, and/or 3) spent a longer duration of time antennating the female. We 

determined the effects of these male traits on female fecundity in single matings and 

on relative paternity success in double matings. We found that these traits did not 

affect female fecundity. Contrary to expectations, paternity was biased in favor of 

males with shorter antennae and those that had slower antennation rates. Furthermore, 

males antennated virgin females at significantly faster average rates than once-mated 

females. Together these results suggest that antennal traits in male seed beetles do not 

provide direct benefits to females but that they may be under selection by cryptic 

female choice.  
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INTRODUCTION 

Behavioral courtship displays are as ubiquitous across taxa as they are diverse 

and are thought to play an important role in sexual selection (Darwin 1871; Andersson 

1994). Because courtship displays are highly dependent on morphology and behavior, 

these displays can vary among males within a given species and may provide females 

with an honest indicator of male quality if they are energetically costly (Andersson 

1994; Jennions et al. 2001; Fusani et al. 2007). From the male’s perspective, courtship 

displays function to convince the female to mate with him. For example, male satin 

bowerbirds build elaborate bowers that are then used as sites to court and mate with 

females, and female mating preferences have been shown to be influenced by the 

quality of the bower and its decorations as well as the males’ abilities to adjust their 

display in response to female feedback throughout courtship (Borgia 1985; Patricelli et 

al. 2002).  

Beyond mating, courtship behaviors may also be used by males as a way to 

convince females to preferentially bias their sperm to fertilize her ova, a phenomenon 

known as ‘cryptic female choice’ (Thornhill 1983; Eberhard 1994, 1996). Empirical 

evidence for courtship that influences such female-mediated post-mating processes 

includes an experimental study in the red flour beetle, Tribolium castaneum, in which 

males rub the lateral edges of the females' elytra with their tarsi during copulation and 

removal of these tarsi resulted in changes in relative fertilization success of males 

compared to males with intact tarsi (Edvardsson & Arnqvist 2000). Thus, even though 

courtship behaviors can occur before, during, or after mating, they have the potential 

to affect post-copulatory processes.   
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 In addition to operating through visual and acoustic modalities, behavioral 

courtship displays can involve tactile and chemical modalities as well. In insects, one 

of the many sensory organs that appears to be important in these latter two modalities 

are the antennae. Although present in both sexes, insect antennae are often used by 

males before, during, or after mating to stroke various parts of the female’s body, 

hereafter referred to as ‘antennation.’ Through experimental removal and/or chemical 

ablation, previous investigations of insect antennae have demonstrated their 

importance in chemosensory sex recognition and mate identification, both of which 

are critical components of mating success (Balakrishnan & Pollack 1997; Murakami & 

Itoh 2003; Ryan & Sakaluk 2009). Less understood is their use in courtship as a means 

to influence female decisions after mating. Because a male’s mating success may be 

decoupled from his reproductive success if females are promiscuous and exercise 

cryptic female choice, the effects of male antennation on post-copulatory processes 

remain poorly understood.   

Several lines of evidence indicate that male antennae are a sexually selected 

trait and that females exhibit preferences for certain antennal traits or behaviors. For 

example, investigations of antennal morphology have revealed them to be sexually 

dimorphic in length; the ratio of antennal to body length is nearly doubled in the male 

compared to the female in seed beetles, and males have 18% longer antennae than 

females in a closely related species, the spotted cucumber beetle (Rup 1988; 

Darlington 2007). Moreover, investigations of male antennal behaviors in the spotted 

cucumber beetle reveal that faster antennation rates predict a greater likelihood of 

successful spermatophore transfer to females, antennal stroking speed is heritable, and 
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fast-stroking sons are more likely to be accepted as mates (Tallamy et al. 2003; 

Darlington 2007). Because females in this species did not allocate resources 

differentially to eggs sired by slow- or fast-stroking males and did not differ in 

fecundity or fertility based on these male antennal traits, females appear to derive 

genetic benefits but not direct benefits from these traits (Tallamy et al. 2003). 

Together these results provide support that there can be father-to-son heritability of 

antennal traits and that females potentially prefer males with long antennae or that are 

capable of antennating at a faster rate during their courtship display, both of which are 

the raw materials necessary for a “sexy-sons” mechanism for female choice of male 

antennal characters. However, because the spotted cucumber beetle is a monandrous 

species, our understanding of the relationship between antennal courtship and post-

copulatory effects in a competitive context (i.e. in which post-copulatory sexual 

selection is pervasive) remains elusive (Tallamy et al. 2002, 2003; Darlington 2007).  

Given that antennal traits are sexually dimorphic, heritable, and affect female 

mating decisions in a closely related species, here we ask if male antennal traits lead to 

a bias in sperm use in the seed beetle (Callosobruchus maculatus), a polyandrous 

species with variable paternity in which sperm competition is rampant and cryptic 

female choice may occur (Eady 1991; Wilson et al. 1997; chapter two). Prior to the 

onset of copulation, males approach females from behind and rapidly antennate the 

female’s elytra, but the function for this behavior remains unknown. We hypothesized 

that antennal traits in this species function in courtship, which would be substantiated 

by female bias in paternity towards males with particular traits. We predicted that 

females would preferentially bias sperm use in favor of males that either 1) had longer 
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antennae, 2) antennated at a faster rate, and/or 3) antennated for a longer duration of 

time.  

First, we used single matings to determine if any of the aforementioned traits 

affect female fecundity and therefore confer a direct benefit to females. We then used 

competitive double matings to determine if any of these traits affect paternity 

outcomes. Because sperm precedence patterns in the seed beetle disproportionately 

favor second males in competitive double matings, we predicted that the proportion of 

offspring sired by the second male to mate (P2) would increase when second males 

exhibit any of the traits listed above (Eady 1991). To our knowledge, this study is the 

first to investigate the role of male antennae in post-copulatory processes in a 

competitive mating context within a promiscuous species. Investigating these 

observable male behaviors and their effects on paternity can provide us with evidence 

for cryptic female choice, a phenomenon that, as the name implies, has traditionally 

been difficult to observe.  
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MATERIALS AND METHODS 

General Methods 

The seed beetles used in this study were originally derived from Tirunelveli, 

southern India (Messina & Mitchell 1989) and were reared under controlled conditions 

at large population sizes (>1500 individuals) for more than 100 generations at Utah 

State University prior to their acquisition and rearing in a growth chamber under 

constant conditions (26+1ºC, 10-50% RH, 12L:12D cycle) at Cornell University. 

Beetles were reared for at least ten generations prior to the start of the experiment. A 

detailed description of the maintenance of stock cultures can be found in chapter two.  

Prior to the start of the experiment, females across two generations (N=66) 

were selected at random from the population and were provided with several black-

eyed peas on which to oviposit in a 35mm Petri dish. Females were then removed 

from the Petri dishes and seeds were searched for single eggs. Females that did not lay 

any eggs were discarded (N=13), and seeds without eggs were discarded. Only four 

eggs were collected from each female; these were kept individually in 35mm Petri 

dishes to ensure their virginity upon adult eclosion and were put into four separate 

groups (A-D for generation 10 and E-H for generation 11). This design was used to 

ensure that no individuals paired in the experiment were siblings; hence, only 

individuals from within a single group were paired for matings. Petri dishes were 

monitored daily and, upon adult eclosion, all focal individuals were provided with a 

unique identification number (ID) that included the group identity, sexed, and aged 

(based on the eclosion date). ‘Group’ was included as a random effect in statistical 

analyses. 
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All mating behaviors in this study were recorded within the nearest 10s and 

took place within the female’s 35mm Petri dish. Seed beetle mating begins when the 

male successfully inserts his aedeagus, leans back, and remains relatively motionless 

while transferring his spermatophore until the female begins to kick him, at which 

point a struggle ensues until the male’s intromittent organ is fully dislodged from the 

female’s genitalia and the pair separates. Mating behaviors recorded in this study 

included the time the male was put into the female’s petri dish, the time the male 

leaned back (a proxy for successful aedeagus insertion), the start of female kicking, 

and time the pair was separated (a proxy for successful aedeagus removal).  

Mating latency was calculated as the interval from the time the male was 

placed in the arena until he began stroking the female with his antennae, and kicking 

latency was calculated as the interval from the time the male leaned back until female 

kicking began. Kicking duration was calculated as the interval from the time the 

female started kicking until the pair was separated, and copulation duration was 

calculated as the interval from the time of male lean back to the time his aedeagus was 

removed from the female’s genitalia. All focal individuals were weighed using a 

Sartorious MP1601 micro-balance to the nearest + 0.1 mg before and after mating. 

Male ejaculate size was approximated by the amount of weight lost after mating and 

was calculated by subtracting the post-mating weight from the pre-mating weight. 

Female ejaculate uptake was approximated by the amount of weight gained after 

mating and was calculated by subtracting the pre-mating weight from the post-mating 

weight.  

Antennal behaviors recorded in this study included the start and end of male 
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antennal stroking so that the duration of antennation could be calculated. We also 

counted the number of antennal strokes on the female for a single antennae (either left 

or right) within a five second video clip, which was carefully selected towards the 

beginning of male antennal stroking for consistency across males. For consistency, 

only one experimentalist (K. Hook) analyzed video recordings. Each video was 

analyzed twice, and an average of the two values was taken to obtain final values. The 

antennal rate for each male was calculated as number of strokes per second. Antennal 

stroke number was calculating by multiplying the antennal rate for each male by the 

total time he spent antennating the female.  

Upon their death, focal males were analyzed for the length of their antennae 

and elytra using a mounted camera attached to a stereomicroscope (Olympus SZX9), 

which was calibrated with MICAM (Microscope Image Capturing and Measuring) 

software (version 1.4) for accuracy of measurements. Photos were taken of each 

individual and were labeled using the male’s ID so that body morphometrics (antennal 

length and elytral length) could be measured blindly without knowledge of the males’ 

antennal rate. For consistency, only one experimentalist (K. Hook) analyzed photos. 

All photos were analyzed twice, and an average of the two values was taken to obtain 

all final values.    

Single Matings – Female Fecundity 

To determine male antennation rates prior to the competitive double matings, 

each focal male in the experiment was first mated to a single virgin female. Males that 

would be competing against one another in the competitive double matings were age- 

and weight-matched prior to these matings to ensure that competing males produced 
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approximately equal-sized first ejaculates, which highly corresponds with male size 

and has been shown to affect paternity success (Eady 1995; chapter one; Hook, 

unpublished data). Females were also age- and weight-matched to control for their 

quality as much as possible in case males in this system are capable of cryptic male 

choice (Bonduriansky 2001). All females were within 0-2 days of age, and all males 

were within 1-2 days of age. A total of 134 pairs were observed (Gen 10: N=86; Gen 

11: N=48), and all but one successfully mated. Each female and male mating pair was 

selected at random and staged in a raised arena with fresh, white filter paper as the 

substrate for maximum contrast of antennal movement for video recordings. Females 

were first placed onto the filter paper with their Petri lid covering them. Males were 

then added to the arena, and the lid was removed so that film footage was unimpeded. 

All pairs were recorded using a GoPro HERO3+ (silver edition) camera, although all 

pairs were allowed to finish the mating, and all mating behaviors were continuously 

observed.  

After mating, both males and females were re-weighed, and only a subset of 

females from the first generation were placed in a larger Petri dish containing seeds 

for oviposition, where they remained until their natural death. Fecundity was 

determined for the subset of females (N=49) by quantifying the total number of eggs 

laid after mating, and female IDs were used so that eggs could be quantified blindly 

without knowledge of their male mate and antennal rate. Prior to the competitive 

double matings, the videos from these single matings were analyzed to categorize each 

male as having a “fast” or “slow” antennation rate based on the average number of 

antennal strokes per second observed among all the males; males categorized as 
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“slow” fell below the average, whereas males categorized as “fast” fell above the 

average. 

Double Matings – Second Male Paternity  

From the single mating video analyses, categorizations for male antennation 

rates (i.e. fast or slow) were used to reciprocally balance the mating order for the 

paired males so that approximately half of the competitive double matings were SF 

matings, in which the first male had a “slow” antennation rate and the second male 

had a “fast” antennation rate (N=10), and half were FS matings (N=20). Cases in 

which the antennation rates of both first and second males could not be assessed in the 

videos (N=9) or were exactly the same (N=1) were removed from the paternity 

analyses.  

Approximately two days after their first mating, these pairs of males were 

randomly paired and sequentially mated to a new focal female (N=71). Because of this 

design, males in the first mating role mated with the focal female when she was a 

virgin, while males in the second mating role mated with the focal female when she 

was once-mated. All females were within 1-3 days of age and all males were within 3-

4 days of age at the time of the double matings. All matings were set up and conducted 

as described above for the single matings, and videos were analyzed for all matings to 

quantify male antennation rates and verify mating order. Some videos were of poor 

quality and so a video clip of less than five seconds was used to determine the male’s 

antennal rate (N=5). Females that were successfully double mated were provided with 

fresh seeds every 24 hours until their natural death. Paternity analyses were restricted 

to include only females that immediately remated (N=41), since the inter-mating 
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interval has been shown to affect sperm precedence patterns in this species (chapter 

two).  

To determine second male paternity (P2), I used the sterile-male technique and 

the same methods described in detail within Hook (chapter one). Briefly, one male 

chosen at random within each mating pair was sterilized just prior to their second 

mating through exposure to 70 Gy of gamma radiation from a cesium source at 

Cornell University. Eggs fertilized by normal males hatch and turn white or feature a 

brown dot (the larval head), whereas eggs fertilized by sterile males fail to hatch and 

remain clear (Boorman & Parker 1976; Eady 1991). A balanced design was used to 

control for sterilization order; thus, approximately half of all matings were NR 

matings (N=14), in which the first male to mate was normal (N) and the second male 

to mate was sterile (R), and half were RN matings (N=16). ‘Sterile Order’ was 

included as a covariate in statistical analyses. Female IDs were used so that eggs could 

be blindly scored as hatched or unhatched without knowledge of the females’ mating 

or sterilization order. For each focal female, the second male’s paternity was indirectly 

calculated using the Boorman and Parker (1976) formula, which corrects for rates of 

hatch failure due to natural infertility and incomplete sterilization, which were 

calculated to be 8.8% and 4.8% (see Supplementary Materials). The percentages 

obtained from this formula were then multiplied by the total number of eggs laid per 

female and were rounded to a whole number to quantify the absolute number of eggs 

fertilized by each male sire. Only one female was excluded from paternity analyses 

because she failed to lay any eggs.  
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Statistical Analyses  

All statistical analyses in the present study were conducted using R version 

3.1.2  

(R Core Team 2014). Linear models were used to assess collinearity, and Student’s t-

tests (paired, two-tailed) were used to analyze repeatability of male antennation rates. 

All means are presented ± 1 SE. 

Single Matings - Female Fecundity 

To investigate fecundity differences among females based on male antennal 

traits (e.g. length, rate, duration of antennation), we used a linear model (LM) with the 

response variable being the number of eggs laid by females (N=49). Bivariate analyses 

were used for variable selection for the final linear model, and the predictors 

considered included female traits (initial pre-mating weight and weight gained after 

mating), first male traits (pre-mating weight, ejaculate size, elytral length, antennal 

length, antennal rate, duration of antennation, antennal stroke number, and antennation 

type), and mating traits (mating latency, kicking latency, removal latency, copulation 

duration). Only those predictors that had a P-value at or below 0.20 were considered 

for final models, and these predictors were further screened for collinearity with other 

potentially significant predictors. Whenever collinearity was present between 

predictors, only one was included within the final model. Only the best fitting model is 

reported here.  

Double Matings: Second Male Paternity 

To investigate differences in second male paternity among females based on 

male antennal traits (e.g. length, rate, duration of antennation), we used a generalized 
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linear mixed model (GLMM) using the glmer function from the “lme4” R package 

(Bates et al. 2014). We used a binomial probability distribution and logit link function, 

and the binomial response was the number of eggs fertilized by the second male, with 

the number of eggs fertilized by the first male as the binomial denominator (N=26). In 

the initial statistical model, the residual deviance was observed to be larger than the 

residual degrees of freedom, which is an indication of overdispersion (Crawley 2013). 

An observation-level random effect (OLRE) was used as a random factor to control 

for overdispersion, which was then used in bivariate analyses for predictors that could 

potentially explain differences in female fecundity (Harrison 2014). ‘Group’ was 

initially included as a random effect in the GLMM, but it did not explain a significant 

amount of the residual variability of second male paternity and so was not included in 

the final model. The fixed factors considered for the binomial GLMM included female 

traits (initial pre-mating weight and weight gained from both the first and second 

mating), first and second male traits (pre-mating weight, ejaculate size, elytral length, 

antennal length, antennal rate, duration of antennation), first and second mating 

variables (mating latency, kicking latency, kicking duration, and copulation duration), 

sterile order, and the absolute difference in antennal rate (strokes/sec) between the 

second male and the first male (calculated by subtracting the second male from the 

first male antennal rate). Only those predictors that had a P-value at or below 0.20 

were considered for the final GLMM, and these predictors were further screened for 

collinearity with other potentially significant predictors. Whenever collinearity was 

present between predictors, only one was included within the final model. GLMMs 

were compared using Akaike information criterion (AIC) and only the best fitting 
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models are reported here.  
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RESULTS  

Values represent means ± SEM.  

Antennal Traits  

Single Matings 

The average male antenna length was 1.55 ± 0.02 mm, and across males 

ranged from 1.14 to 1.96 mm. The average male elytral length was 1.47 ± 0.01 mm, 

and across males ranged from 1.29 to 1.69 mm. Males with longer elytra had longer 

antennae (LM: F1,45 = 28.95, P < 0.001). Males that weighed more before mating had 

both longer elytra (LM: F1,45 = 31.03, P < 0.001) and longer antennae (LM: F1,45 = 

21.07, P < 0.001).  

The average number of antennal strokes in five seconds was 63.5 ± 1.0 strokes, 

and across males ranged from 40 to 78.5 strokes. The average antennation rate was 

12.7 ± 0.2 strokes per second, and across males ranged from 8 to 15.7 strokes per 

second. The average duration of time the male spent antennating the female was 36.4 

± 4.6 seconds, and across males ranged from 11 seconds to 212 seconds.  

Double Matings 

The average elytral length for first males was 1.48 ± 0.02 mm and for second 

males was 1.48 ± 0.02. The average antennal length for first males was 1.59 ± 0.02 

mm and for second males was 1.57 ± 0.02 mm. The average number of strokes was 

66.3 ± 2.1 strokes for first males and 56.4 ± 3.1 strokes for second males. The average 

antennation rate for first males was 13.4 ± 0.4 strokes per second and for second males 

was 12.1 ± 0.4 strokes per second. The average total duration of time the male spent 

antennating the female’s elytra was 33.9 ± 3.8 seconds for first males and 40.8 ± 4.2 
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seconds for second males.  

Single Matings – Female Fecundity  

Females laid an average of 57.5 ± 1.1 eggs, which did not significantly differ 

based on their male mates’ antennal length (LM: F1,45 = 0.33, P = 0.57), antennation 

rate (LM: F1,47 = 0.77, P = 0.39), or duration of time spent antennating (LM: F1,47 = 

0.05, P = 0.83). The final LM included only the female’s pre-mating weight, which 

significantly affected female fecundity (LM: F1,47 = 25.16, P < 0.001).  

Double Matings – Second Male Paternity 

Females laid an average of 55.3 ± 2.7 eggs, and the proportion of eggs sired by 

the second male to mate (P2) was significantly reduced when the first male mate had 

shorter antennae (binomial GLMM: N = 26, P = 0.02070) (Figure 1, Table 1). 

Absolute and relative antennation rates of first and second males did not affect P2 

,which was also true for the duration of time the males spent antennating; hence, 

neither were included in the final GLMM. P2 was significantly affected by the sterile 

order, and so this predictor was controlled for in the final model (Table 1).  

In looking at focal males based on the mating status of their second female 

mate (either virgin or once-mated), antennation rates did not differ between these 

males for their first mating (in which all of their female mates were virgins) (Student’s 

t-test: df = 86.63, t = -1.06, P = 0.29); however, males that were in the second mating 

role (i.e. their female mate was once-mated) had significantly higher average 

antennation rates than males in the first mating role (i.e. their female mate was a 

virgin) (Student’s t-test: df = 90.96, t = -2.16, P < 0.05) (Figure 2).  
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Figure 1. The relationship between the proportion of eggs sired by the second male to 

mate (P2) and the antennal length (mm) of the first male to mate in competitive double 

matings. Line represents least squares regression. First male antennal length was 

significantly negatively correlated with P2, such that first males with shorter antennae 

sired significantly more offspring (binomial GLMM: N = 26, z = 2.31, P = 0.02070).    
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Figure 2. The relationship between the average male antennation rate (strokes/sec) 

and the second female mates’ mating status. All focal males mated with a virgin 

female in their first mating, and their average antennation rates did not significantly 

differ prior to this mating (Student’s t-test: df = 86.63, t = -1.06, P = 0.29). For their 

second mating, however, males that mated with virgin females (open circles) had 

significantly faster average antennation rates than males that mated with once-mated 

females (open rectangles) (Student’s t-test: df = 90.96, t = -2.16, P < 0.05) 
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Table 1. Output from the binomial GLMM for second male paternity in competitive 

double matings in which males differed by rate of antennal stroking (strokes per 

second) (N = 26). Second mating female kicking latency was rescaled to reduce the 

eigenvalue ratio. Significant terms are in italic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Model Term 

 
Beta (SE) 

Exp 
(beta) 

 
95% CI 

 
z 

 
Pr(>|z|) 

Intercept -3.54 (1.98)     
Sterile Order (Irradiated-Normal) 0.86 (0.32) 0.70 (0.56, 0.82) 2.66 0.00779 ** 
First Mate Antennal Length (mm) 2.72 (1.18) 0.94 (0.60, 0.99) 2.31 0.02070 * 
First Male Raw Ejaculate Size (mg) -2.95 (1.19) 0.05 (0.01, 0.35) -2.48 0.01300 * 
Second Mating Female Kicking Latency (sec) -0.39 (0.15) 0.40 (0.34, 0.48) -2.62 0.00888 ** 
Elytral Length Difference (Male2-Male1)  -1.40 (1.79) 0.20 (0.01, 0.89) -0.78 0.43442 
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DISCUSSION   

Our results suggest that females do not receive fecundity benefits based on any 

of the three male antennal characters of interest in this study –antennal length, 

antennal rate, or the duration of time spent antennating the females’ elytra. This 

finding corroborates results previously found in a closely related beetle in which 

female fecundity and fertility were not affected by male antennation rates (Tallamy et 

al. 2003). However, because fertility and egg-to-adult survivability of offspring were 

not measured in the present study, it cannot be ruled out that females derive direct 

benefits from these male traits.  

Our results from the competitive double matings show that, contrary to 

expectations, second male paternity decreased with first male antennal length. In other 

words, first males with short antennae maintain higher paternity (i.e. P2 decreases), 

and first males with long antennae lose more of their paternity to the second male (i.e. 

P2 increases). This effect was not observed for the absolute antennal length of second 

males or the relative antennal length of both males. Post-hoc analyses further reveal 

these males did not produce a larger ejaculate, spend more time spent in copula, or 

spend more time antennating their mates prior to mating, and so none of these provide 

adequate explanations for why males with shorter antennae have better siring success. 

Interestingly, post-hoc analyses do reveal that females gain more weight after mating 

with males with shorter antennae. It is unclear if females are more willing to accept 

more of the ejaculate from males with shorter antennae or if these males are better at 

persuading females to take up more of their ejaculate. Further studies are warranted to 

determine why this might be the case. Moreover, whether females derive a genetic 
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benefit from males with shorter antennae remains to be tested.     

This result is the first to our knowledge to demonstrate a benefit to males for 

having short antennae. Given that male antennal length was found to be allometric 

with male body size, this result may imply a small size advantage for males in the first 

mating role. Male body size in the seed beetle is likely to be extremely skewed due to 

selection on males to emerge earlier (e.g. enhanced male reproductive success from 

increased reproductive opportunities; Dickinson 1992) and the interdependence 

between development time and body size (Zonneveld 1996), and selection by females 

for males to produce larger, nutritious ejaculates (Fox et al. 1995). One possible 

explanation for a small male advantage is that perhaps males face a resource allocation 

trade-off between their body size and sperm production or viability such that smaller 

males produce either more viable sperm or a larger quantity of sperm, the latter of 

which has been found in species with alternative reproductive tactics (Gage et al. 

1995). Such a finding would contradict a previous finding in the seed beetle, however, 

that first male ejaculate size is less important in determining siring success than 

second male ejaculate size (Eady 1995). This explanation is also unlikely given that 

the same result was not observed for the second mating as well.  

Another possibility is that smaller males use a different mating tactic 

(Schneider et al. 2000) that was not observed in this study or that is inconspicuous 

and/or that occurs during mating internal to the female (Eberhard 1996). Yet another 

explanation is that antennal length is correlated to a different male trait that is 

important in sperm competition (e.g. aedegal spine length; Hotzy & Arnqvist 2009) 

but that our use of size-matched male competitors in our experiment makes these 
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correlations less obvious. Future research is warranted to investigate the importance of 

antennal length in sperm competitiveness and should allow male competitors to vary 

in their body sizes to better understand these differences and their effects on paternity 

outcomes.   

Furthermore, we found that males in the second mating role during their 

second mating had significantly higher average antennation rates than males in the 

first mating role, which suggests that males antennate females at different rates 

depending on their mating status. This finding corroborates another finding in this 

species in which males seem to be capable of detecting female mating status, as has 

been found in a number of other species (Siva-Jothy & Stutt 2003; Friberg 2006; 

chapter one; reviewed in Thomas 2011). Given the high last-male sperm precedence 

evident within this species, such a capability would be beneficial to males so that they 

may assess the risk of sperm competition, which appears to be highly variable in this 

species, and adjust their ejaculates accordingly to maximize their fitness (Eady 1991; 

Simmons 2001; chapter two).  

One possible reason for this antennation rate difference based on female 

mating status is that males adjust their courtship behaviors in response to subtle female 

feedback, as has been found in bowerbirds (Patricelli et al. 2002). If such interactions 

do occur, they were undetected in the current study. Alternatively, males that detect 

the female is receptive to them may antennate at slower rates. However, this seems 

unlikely given that virgin females are nearly always receptive to first male mates, and 

males antennated their elytra much more rapidly (Hook, unpublished data). As is 

suggested by the diversity of sensilla on their antennae (Rup 1988; Hu et al. 2009), it 
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is highly likely that males in this species use their antennae and antennal movements 

to detect female mating status. Hence, another possibility is that males antennate 

virgin females more rapidly to verify the mating status of the female.    

In conclusion, we find that male antennal traits do not provide females with a 

fecundity benefit but that antennal length of first male mates does affect paternity 

outcomes. To our knowledge, this is the first systematic attempt to establish and 

demonstrate a relationship between male antennal traits and behaviors and post-

copulatory processes in a competitive context. Because sperm quantities and ejaculate 

compositions were not directly investigated in this study, we are unable to conclude 

whether biases in sperm use were the result of male competitiveness or preferential 

use by females. Cryptic female choice has previously been implicated in this species, 

as male success in sperm competition was only repeatable when the females’ genotype 

was controlled, which suggests that females mediate sperm precedence (Wilson et al. 

1997). Collectively, the results from our study suggest that cryptic female choice 

based on male antennal traits is possible and warrants future experimental 

manipulations of these male traits and investigation of how females benefit from this 

choice to provide more definitive evidence. 
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APPENDIX 

Methods 

All focal males used in this experiment were double mated with a two-day 

remating interval, and approximately half of these males were sterilized just prior to 

their second mating. It is possible that the efficacy of sterility and/or natural infertility 

differs for once-mated males with a two-day remating interval, which could result in 

incorrect calculations of paternity. To correct for these possible effects, I conducted a 

series of separate mating assays in June 2016 to determine rates of hatch failure (i.e. 

natural infertility for normal males and incomplete sterilization for sterile males) by 

mating virgin females (N = 22) singly to either 1) a once-mated sterile (R) male or 2) a 

once-mated normal (N) male. Each male had a two-day remating interval. Eggs laid by 

these females were kept separate, counted, and scored to determine hatch failure rates, 

and Females IDs were used so that the sterility status of her male mate was unknown 

at the time of egg scoring. For each female, I recorded the number of eggs that hatched 

(either white in color or featuring a brown dot) and failed to hatch (clear in color). I 

summed these values across all females mated to a sterile male to determine a single 

rate of hatch failure based on incomplete sterilization, which was calculated by 

dividing the number of eggs that hatched by the total number of eggs laid (Table 1a). 

Additionally, I summed these values across all females mated to a normal male to 

determine a single rate of hatch failure based on natural infertility, which was 

calculated by dividing the number of eggs that failed to hatch by the total number of 

eggs laid (Table 1a). These correction factors were then used within the Boorman and 

Parker formula (1976) to estimate paternity and determine P2 for each experimental 
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female.  

 

Table 1a.  Results from mating assays to determine the proportion of eggs that fail to 

hatch after a single mating with a once-mated normal male (N) or that successfully 

hatch after a single mating with a once-mated sterile male (R) for males with a two-

day remating interval. Failure rates represent the natural infertility for N matings and 

the incomplete sterilization for R matings. The failure rates obtained from these assays 

served as correction factors to determine paternity within the Boorman and Parker 

(1976) formula and presented within Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Treatment 

Number of 
Females 

Failure  
Rate 

Normal Male 9  0.048 
(34/711) 

Sterile Male 11 0.088 
(47/ 536) 
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