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Abstract
The strength of mate choice, pre-copulatory sexual selection more generally, is predicted to vary according to a range of social 
and demographic factors, including the operational sex ratio (OSR). The OSR influences the number of mating opportuni-
ties available to each sex, and can, therefore, strongly influence the degree of intrasexual competition and the cost of mate 
choice. Accordingly, many animals show short-term plasticity in the strength of mate choice in relation to changes in the 
OSR. However, whether such change persists over evolutionary time has rarely been tested experimentally. In this study, 
we examined how female mating success in relation to larval food level and body size differs according to the evolutionary 
history of their mates, in the Indian meal moth Plodia interpunctella. We used males from populations that have been reared 
at different adult sex ratios (and, therefore, OSRs) for 130 + generations. We found that small females were more likely to 
mate compared to large females; however, this effect could not be attributed exclusively to male mate choice. Larval food 
level also did not influence female mating success. Further, males from different sex ratio regimes did not differ in their 
likelihood of mating with small females, or those from high-food populations. We suggest that male post-copulatory choice 
is potentially more important than pre-copulatory choice in this species.

Keywords  Mate choice · Sex ratio · Experimental evolution · Plodia interpunctella · Body size · Sexual selection · 
Dichotomous choice

Introduction

Mate choice involves the acceptance of some partners as 
mates and the rejection of others, and is virtually ubiquitous 
across the animal kingdom (Andersson 1994; Bondurian-
sky 2001; Rosenthal 2017). Mate choice is favoured when 
potential partners vary in quality in some way, so that choos-
ers can gain direct or indirect (genetic) benefits from mat-
ing preferentially with high-quality individuals (Andersson 
1994; Kokko et al. 2003). However, there are also potential 
costs associated with mate choice, including time and energy 
costs associated with searching for and assessing potential 
partners (Milinski and Bakker 1992; Jennions and Petrie 
1997), and the risk of remaining unmated if acceptable part-
ners are not encountered (Barry and Kokko 2010; Greenway 
et al. 2015). Importantly, the potential costs and benefits of 

mate choice are not constant, but can vary depending on 
the social or ecological environment (Jennions and Petrie 
1997). This means that the optimal strength of choice for 
a given trait (or “choosiness” following the terminology of 
Reinhold and Schielzeth 2015) may depend strongly on the 
environment. Because of this, animals frequently exhibit 
plasticity in choosiness in relation to a range of factors that 
can influence the costs and benefits of choice (Jennions and 
Petrie 1997; Dougherty and Shuker 2015; Ah-King and 
Gowaty 2016). For example, the number of available mat-
ing opportunities is an important factor for determining the 
economics of choice, as it influences the risk of remaining 
unmated if suitable partners are not encountered (Jennions 
and Petrie 1997; Barry and Kokko 2010). The number of 
available mating opportunities is often strongly dependent 
on the adult sex ratio, or, more correctly, the operational 
sex ratio (OSR). The OSR represents the ratio of sexually 
active members of each sex in the population (Kvarnemo 
and Ahnesjo 1996), and represents the degree of competi-
tion for access to mates: intrasexual competition is stronger 
in sex which is more common. Accordingly, experimental 
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manipulation of the OSR in several species has shown that 
mate choice is stronger in sex which is less common (Ber-
glund 1994; Jirotkul 1999), and in extreme cases, changes 
in the OSR can lead to a complete reversal in sex which is 
choosy (Gwynne and Simmons 1990; Forsgren et al. 2004).

As well as examining how behaviours change in response 
to social and ecological conditions, we can also use an 
experimental evolution approach to examine how such 
behaviours change over evolutionary time (Kawecki et al. 
2012). Experimental evolution is a powerful technique 
because it allows us to test whether changes in the environ-
ment lead to evolutionary responses, or whether there are 
other selection pressures which prevent this. Experimental 
evolution studies have shown that mating preferences can 
evolve following changes in larval diet (Dodd 1989; Rundle 
et al. 2005) and artificial selection on ornaments (Brooks and 
Couldridge 1999). They have also shown that other aspects 
of mating behaviour, including mating rate, can evolve in 
response to changes in the population sex ratio (Snook 
et al. 2005; Harano and Miyatake 2007; Ingleby et al. 2010; 
Fritzsche et al. 2016). However, we know of only one study 
that has examined changes in mating preferences in relation 
to a specific focal trait following experimental manipulation 
of the population sex ratio. Sales et al. (2018) manipulated 
adult sex ratio in the flour beetle Tribolium castaneum for 
82–106 generations, and then examined the frequency of 
male–male mating attempts, which may arise due to failures 
in mate recognition or a reduction in choosiness in relation 
to partner sex. They show that males from female-biased 
lines attempted to mate more frequently with other males 
compared to males from male-biased lines, possibly because 
there is reduced selection on males in female-biased lines 
to discriminate between the sexes. More widely, however, 
it remains unclear whether changes in the social environ-
ment can drive changes in the strength of mating preferences 
over multiple generations, and how rapidly these changes 
can occur.

In this study, we test whether the strength of male mate 
choice has evolved in response to experimental manipula-
tion of the adult sex ratio in the Indian meal moth Plodia 
interpunctella. We used populations of P. interpunctella that 
have been maintained under a male-biased (MB; 3 males: 1 
female) or a female-biased (FB; 1 male: 3 females) sex ratio 
regime for over 130 generations [the generation number dif-
fers between populations mainly because development time 
is slightly faster for male-biased lines (Dougherty, unpub-
lished data)]. These populations differ in the number of avail-
able mating opportunities available to each sex, in addition 
to mating rate: males gain more matings in the female-biased 
regime than the male-biased regime, and vice versa (Ingleby 
et al. 2010). Further, these populations have diverged in a 
number of traits related to mating and reproduction, includ-
ing male ejaculate investment (Ingleby et al. 2010), female 

reproductive anatomy (McNamara et al. 2019), and male 
and female immune activity (McNamara et al. 2013). We 
compare the mating success of females when mating with 
males from populations maintained at three different adult 
sex ratios. We examine male mate choice in relation to two 
female traits: body condition and body size. To manipulate 
female body condition, females were reared at two different 
larval food levels, and males were given a choice between a 
high-food and a low-food female during mating trials. After 
the trials, we also measured the wing of length of those same 
females to test whether female mating success was related 
to size. Differences in the strength of pre-copulatory sexual 
selection acting on females between males from different sex 
ratio regimes would provide evidence that male mate choice 
has evolved in these populations. Males in this species have 
been shown to allocate sperm strategically in response to 
female body size (Gage 1998; but see Ingleby et al. 2010), 
relatedness (Lewis and Wedell 2009), and age and mating 
history (Cook and Gage 1995). However, male pre-copula-
tory choice is yet to be examined in this species.

We have two main questions. First, does female mat-
ing success depend on larval food level? Second, does this 
relationship depend on the evolutionary history, in terms of 
population sex ratio, of her mating partner? We have three 
main predictions. First, we predict that males should prefer 
to mate with females that were reared at a high larval food 
level, as these females are assumed to be in better condition. 
Second, males should prefer to mate with larger females, as 
female size is positively correlated with fecundity in this 
species (Gage 1998; Lewis et al. 2011). Third, we predict 
that pre-copulatory sexual selection acting on females should 
be stronger when males originate from female-biased popu-
lations, as males here have more potential mating opportu-
nities and so should be more selective with regard to mate 
size or condition.

Methods

We tested for male mating preferences using laboratory-
reared males from seven replicate lines of P. interpunctella: 
three lines subject to a male-biased selection regime (MB1, 
MB2 and MB3), three lines subject to a female-biased 
selection regime (FB1, FB2 and FB3) and one line main-
tained at an equal sex ratio. Effective population size was 
calculated using the average female mating rate presented 
in Ingleby et al. (2010), and the equation from Caballero 
(1994). Assuming a conservative estimate of 100 individuals 
per generation resulted in an approximate effective popula-
tion size of 67.6 for male-biased lines, 64.2 for equal sex 
ratio lines, and 59.6 for female-biased lines. All selection 
lines were initiated in 2004. The equal sex ratio (stock) 
population originated from individuals collected in Perth, 
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Australia, in 2001. Larvae were reared on a standard diet of 
bran, yeast, organic honey and glycerol, maintained at 28 °C 
with a 16:8-h light:dark cycle (Cook and Gage 1995). The 
selection lines have been maintained in the laboratory for 
over 10 years (for full methodology, see Ingleby et al. 2010). 
Briefly, the adult sex ratio is manipulated by introducing 
adults (between 100 and 120 adults per generation) into mat-
ing pots at the correct ratio (stock populations maintained 
at 1:1 sex ratio). Adults are then allowed to mate for 72 h, 
and eggs are collected into a pot below separated by gauze. 
After 72 h, 400 eggs are randomly sampled to establish the 
next generation. Therefore, larval sex ratio and density are 
the same for all populations. Due to divergence in the aver-
age development time, the exact generation number varies 
across populations; however, males from each replicate line 
were taken from a single-generation only. We tested males 
from generations 133 (FB3), 134 (FB1, FB2, MB3), 135 
(MB2) and 143 (MB1).

To control for female effects, all males were tested using 
females from the stock population. We manipulated larval 
food level for stock females by creating two food treatments, 
each having the same larval density (60 eggs per pot), but 
with either high or low food (high: 20 g of food per pot, 
333 mg per larvae; low: 4 g of food per pot, 66 mg per 
larvae). All experimental males were reared at the same 
density as the high-food treatment. Larvae were sexed and 
separated into individual tubes containing a small amount of 
food (larvae are more likely to pupate when food is present) 
after 14 days to ensure virginity. These tubes were checked 
daily for the presence of adults to accurately determine age.

To assess male mating preference, we used a dichotomous 
choice design, with two females introduced into a universal 
tube with a male, with one female from each larval food 
level. To distinguish between the females, a small portion 
of the wing was cut from one of the females the day before a 
trial under CO2 anaesthesia. We randomly allocated females 
so that half of the cut females were from the low-food level 
and half from the high-food level. The females that were not 
cut were also anaesthetised as a sham control. During tri-
als, the observer was blind to the female food level. In each 
tube, the females were matched for age, and only receptive 
females were used in trials (observed in the ‘calling’ position 
either on the previous day or on the morning of the trial). 
All individuals were virgins aged between 1 and 4 days 
post-adult eclosion. All trials were performed in the first 
3 h of the dark phase (10 a.m.–1 p.m.), under ambient light 
and at room temperature. We recorded the mating latency 
and which female mated. Trials were ended after 30 min if 
the male failed to mate with either female (N = 25). Mating 
pairs were allowed to finish copulation naturally (this takes 
between 60 and 120 min), and then all mated and unmated 
individuals were euthanised. We performed 270 mating tri-
als in total.

For mating trials in which one female mated (245 out 
of 270 trials), we measured the size of one of the fore-
wings for all individuals, as a proxy for body size (Lewis 
et al. 2011). Wings were removed and dipped briefly in 
HCl and then bleach to remove scales. Wings were then 
placed on a microscope slide and photographed using a 
mobile phone attached to a dissecting microscope. In the 
majority of cases, we removed the left forewing (428 out 
of 486, 88.1%); however, there was no significant dif-
ference in length between the left and right forewings (t 
test, t = −1.009, N = 486, P = 0.316). Wing lengths were 
measured using the software package ImageJ (Schneider 
et al. 2012). We measured a sample of wings twice, and 
found that measurements were highly repeatable (N = 36, 
R = 0.983). We obtained morphological data for 242 mated 
males (25–32 males from each replicate selection line and 
68 from the stock population) and 486 females (243 trials).

We tested for the presence of male mate choice in 
two ways. First, we examined whether high- or low-
food females were more likely to mate, using only tri-
als in which one female mated. We ran a generalised lin-
ear mixed model with mated female coded as a binary 
response variable (high or low food). Sex ratio regime and 
male size were included as fixed factors in this model, and 
male replicate line was included as a random factor, nested 
within sex ratio regime. Second, we analysed female mat-
ing success with female individual (not trial; because we 
did not control for female size during trials) as the unit of 
analysis, using a generalised linear mixed model with mat-
ing success (mated or unmated) as a binary response vari-
able, and tube (243 trials) and male replicate line (nested 
within sex ratio regime) as random effects. We included 
sex ratio regime, female food level, female cutting treat-
ment, female size, and the interaction between female size 
and sex ratio regime, as fixed factors. We also present the 
results of a simplified model after excluding two fixed fac-
tors (sex ratio regime and the interaction effect) which 
had low explanatory power. The significance of all fixed 
effects was tested using type III analysis of variance. To 
visualise the (potentially non-linear) shape of sexual selec-
tion on female size, we produced fitness surfaces using 
nonparametric cubic splines (Schluter 1988). Curves were 
calculated using general additive models using the pack-
age MGCV v1.8 (Wood 2011), including female wing 
length as the single predictor variable and the smoothing 
parameter obtained by minimising the generalised cross-
validation (GCV) score of the GAM.

We also tested for differences in mating latency (irre-
spective of which female was chosen), using a linear mixed 
model, with male replicate line as a random factor nested 
within sex ratio regime, and sex ratio regime, male size, 
and male and female age (in days) as fixed factors. Latency 
data were log-transformed prior to analysis. All statistical 
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analyses were performed in R version 3.5 (R Development 
Core Team 2018).

Results

245 out of 270 mating trials resulted in 1 of the females mat-
ing. Across all trials, high-food females were no more likely 
to mate than low-food females (males mated with high-food 
females in 128 out of 245 trials; Chi-square test: χ2 = 0.49, 
df = 1, P = 0.48; Fig. 1). Further, the proportion of males 
mating with high-food females did not differ across the three 
sex ratio regimes (GLMM: χ2 = 0.54, df = 2, P = 0.76). The 
likelihood of a male mating with a high-food female was 
not influenced by male size (χ2 = 2.5, df = 1, P = 0.11). Post-
trial wing measurements revealed that there was no differ-
ence in size between high-food and low-food females (t test, 
t = -1.047, N = 243 high food, 243 low food, P = 0.29). This 
means that female body size is not confounded by larval 
food level, and so may separately influence female mating 
success.

We next examined predictors of female mating success, 
this time using all females (N = 486 females from 243 tri-
als). Smaller females were more likely to mate (Fig. 2), and 
this relationship was significant for the minimal model, but 
not for the full model (Table 1). However, this relationship 
was not influenced by the sex ratio regime experienced by 
males (Table 1: interaction between female size and male sex 
ratio). Further, female mating success was also influenced by 
wing cutting, with cut females more likely to mate (Table 1; 
243 mated females, 145 cut and 98 uncut). This effect is not 
due to a size difference between cut and uncut females (t test, 
t = 1.3, N = 486, P = 0.19).

We also tested for differences in male mating latency, 
irrespective of which female was chosen in a trial. Log-
transformed male mating latency (N = 242 trials) was not 
significantly influenced by sex ratio regime (χ2 = 1.18, df = 2, 
P = 0.55; Fig. 3), male size (χ2 = 1.8, df = 1, P = 0.18), male 
age (χ2 = 2.4, df = 1, P = 0.12) or female age (χ2 = 2.61, 
df = 1, P = 0.11).

Discussion

This study tested two main questions in relation to male 
mate choice in the Indian meal moth Plodia interpunctella. 
First, is there pre-copulatory sexual selection in relation to 
female body size or condition in this species? Second, has 
the strength of male mate choice for these traits evolved in 
response to contrasting adult sex ratios over 140 + genera-
tions? Female larval food level (a proxy for adult condition) 
did not influence female mating success, irrespective of the 
evolutionary history of her mating partner. We found that 
smaller females were more likely to mate across all replicate 
lines; however, this relationship was not influenced by the 
sex ratio regime experienced by males, despite large dif-
ferences in the number of available mating opportunities 
across regimes. This result, coupled with the fact that our 
experimental design does not allow us to explicitly attrib-
ute choice to either sex, suggests that male mate choice for 
female condition or body size is weak in these populations. 
We also found no difference in overall male mating latency 
in relation to male sex ratio regime.

We found evidence for pre-copulatory sexual selection 
across our experimental populations: smaller females were 
more likely to mate following dichotomous choice tests. 

Fig. 1   Female mating success 
(proportion of trials mated) in 
relation to larval food level, 
across the seven male replicate 
lines. Filled bars are high-food 
females, open bars are low-food 
females. FB female-biased sex 
ratio, stock equal sex ratio, MB 
male-biased sex ratio. Sample 
sizes = 29, 26 and 28 trials for 
FB1, FB2, and FB3 respec-
tively; 68 trials for stock; and 
32, 30 and 32 trials for MB1, 
MB2 and MB3, respectively. 
All females originated from an 
equal sex ratio population
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This is in the opposite direction to our prediction that larger 
females should be preferred by males, given that they have 
a higher reproductive potential (Gage 1998; Lewis et al. 
2011), and that males allocate more sperm to larger females 
during mating (Gage 1998). Why would smaller females 
be more likely to mate in this species? One problem with 

interpreting our results is that our experimental design 
does not test male mate choice directly; because males and 
females were able to fully interact before mating, we cannot 
rule out the possibility that females also contribute to mating 
decisions (Dougherty and Shuker 2014). Female mate choice 
has not been studied in this species, but this pattern could 
arise if smaller females were more likely to accept matings 
than large females, perhaps because the latter have higher 
fecundity and so may be choosier. Courtship involves short-
range male pheromone (Grant 1974) and ultrasound produc-
tion (Trematerra and Pavan 1995), but the actual behavioural 
interactions between males and females are very brief. How-
ever, successful coupling does require female cooperation, 
and females are able to reject matings (Grant 1974; Lewis 
et al. 2013). Alternatively, the observed pattern could also 
be due to smaller females being less able to resist forced 
matings, as seen in other species (Arnqvist and Rowe 2005). 
There is little evidence for active mating struggles in this 
species. However, the last stage of courtship involves the 
male attempting to grab the end of the female abdomen with 
his genital claspers (valvae) while both are in a face-to-face 
position (Grant and Brady 1975), a manoeuvre which would 
likely be easier if the female was small and so closer to his 
size. The importance of female resistance is also supported 
by the fact that females were more likely to mate when they 
had a portion of the wing removed before the trial. It is not 
clear why this would make females more attractive to males, 
but it could possibly make females less able to resist male 
mating attempts by hindering their ability to escape.

Fig. 2   Relationship between 
female wing length and mat-
ing success (0 = unmated, 
1 = mated) for stock females 
mating with males from all rep-
licate lines combined (N = 243 
mated and 243 unmated 
females). Fitted curve is a cubic 
spline (dotted lines shows ± 1 
standard error) fitted using a 
general additive model, see text 
for details. Scale for histogram 
not shown
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Table 1   Determinants of female mating success across all trials 
(N = 243 trials and 486 females in both cases)

The full model (left) includes all relevant predictors and interactions, 
including female food level (243 high-food females and 243 low-
food females), male sex ratio regime (83 males from female-biased 
lines, 66 males from stock, and 94 males from male-biased lines), 
and female wing cutting treatment (243 cut, 243 sham). The minimal 
model (right) shows the remaining predictors are removing non-sig-
nificant interactions and the main effect of male sex ratio regime. The 
significance of fixed effects was determined using Type III analysis of 
variance

Factor χ2 df P

Full model
 (Intercept) 0.49 1 0.48
 Body size 0.3 1 0.59
 Food level 0.54 1 0.46
 Male sex ratio regime 2.1 2 0.35
 Wing cutting 20.08 1  < 0.001
 Body size × male sex ratio regime 2.13 2 0.35

Minimal model
 (Intercept) 12.55 1  < 0.001
 Body size 10.96 1  < 0.001
 Wing cutting 19.85 1  < 0.001
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Overall, the results suggest that male mate choice with 
respect to either female body size or condition is weak. This 
is surprising given the biology of this species. P. interpunc-
tella do not feed as adults; all spermatogenesis occurs during 
larval development (Cook and Gage 1995), so that males 
have a limited sperm supply that cannot be replenished 
during adulthood. This life-history strategy as well as the 
potential reproductive benefits associated with mating with 
larger females (Gage 1998; Lewis et al. 2011) both support 
the idea that mate choice would benefit males in this species. 
However, female mating success was only weakly related 
to condition or body size, suggesting that male mate choice 
in relation to these traits is very weak. This is surprising 
given that males have been shown to exhibit post-copulatory 
choice in relation to female body size (Gage 1998), sug-
gesting that males may be able to assess this in females. 
One reason for this could be that male mating success more 
strongly depends on a high mating rate or a high level of 
polygyny. Males have been recorded as mating up to eight 
times in 8 days in staged mating trials (Ryne et al. 2001). 
However, in our experimental populations, the male mating 
rate is more modest, averaging only three matings in the 
female-biased lines (Ingleby et al. 2010). Alternatively, in 
wild populations, it may be that long-range male attraction to 
pheromone-emitting females is more important than short-
range mating interactions (Zhu et al. 1999). However, such 
long-range signalling is probably not important in our lab 
populations, given the high densities and small pots used for 
maintenance (1045 cm3).

Another possibility is that males may have historically 
been selected to accept essentially all matings, and then stra-
tegically allocate sperm during mating. This is supported 

by the fact that male post-copulatory choice appears much 
stronger than pre-copulatory choice, with males being much 
more prudent when it comes to sperm allocation in relation 
to female size, age, mating history and relatedness (Cook 
and Gage 1995; Gage 1998; Lewis and Wedell 2009). How-
ever, we must note that male mate choice in relation to the 
latter three traits has not been tested in this species. This 
difference between pre- and post-copulatory choice could 
arise, for example, if males are unable to assess female state 
before mating.

We did not detect any changes in male mating latency 
or choosiness due to the differing sex ratio regimes. This is 
surprising given that males gain four times as many matings 
on average in female-biased lines compared to male-biased 
lines (Ingleby et al. 2010), and theory suggests males should 
become choosier as their expected number of mating oppor-
tunities increases (Jennions and Petrie 1997). In light of the 
overall results, this could be explained by the fact that male 
mate choice in the ancestral population is weak, so that there 
is no preference that selection is able to act on. Further, any 
selection favouring pre-copulatory choice arising from the 
sex ratio regime would have to be strong enough to over-
come selection favouring post-copulatory selection, such 
as the high level of sperm competition faced by males. If 
selection favouring post-copulatory choice is strong, it could 
be that a more biased sex ratio regime (e.g. 10:1) would be 
needed to favour the evolution of pre-copulatory choice.

This study provides a rare examination of whether mate 
choice evolves in response to consistent changes in the 
costs and benefits of choice over multiple generations. We 
detected no difference in male mate choice or mating latency 
between selection lines maintained at contrasting operational 

Fig. 3   Mating latency (natural 
log, in seconds) of mated males 
in relation to male replicate 
line. Sample sizes = 29, 26 and 
28 males for FB1, FB2, and 
FB3, respectively; 68 males 
for stock; and 32, 30 and 32 
males for MB1, MB2 and MB3, 
respectively. All females origi-
nated from an equal sex ratio 
population
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sex ratios. This is surprising given the importance of the 
OSR for driving short-term changes in choosiness (Jennions 
and Petrie 1997; Ah-King and Gowaty 2016), as well as 
being a key determinant of the strength of sexual selection 
acting on each sex (Janicke and Morrow 2018). Neverthe-
less, we suggest that the evolvability of mate choice should 
be investigated further, both in relation to the operational 
sex ratio and to other factors that influence the economics 
of mate choice, such as predation risk or population den-
sity (Jennions and Petrie 1997; Ah-King and Gowaty 2016). 
Such work is needed to bridge the gap between the many 
studies showing short-term plasticity in choosiness, and 
long-term population-level changes. Doing so will help us 
to better elucidate the conditions favouring the origin and 
maintenance of mating preferences over evolutionary time.
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