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Male genitals are strikingly divergent in animals with internal fertilization. Most studies 

attempting to explain this diversity have focussed on testing the major hypotheses of 

genital evolution (the lock-and-key, pleiotropy and sexual selection hypotheses) and 

quantifying the form of selection targeting male genitals has played an important role in 

this endeavour. However, we currently know far less about the selection that targets 

female genitals, how male and female genitals interact during mating or the longer-term 

evolutionary dynamics of genitals. Here we show that both male and female genital 

morphology are under strong sexual selection during mating in the red flour beetle, 

Tribolium castaneum. However, contrary to the sexual selection hypothesis that predicts 

strong directional sexual selection acting on genital morphology, we found that genital 

size and shape were subject to multivariate stabilizing sexual selection in both sexes. 

Moreover, there is significant sexual selection on the covariance between the sexes for 

specific aspects of genital shape suggesting that male and female genital shape interact to 

determine the successful transfer of a spermatophore during mating. Finally, we show 

that the mean genital morphology of an independent sample of males and females reared 

on four different experimental diets were located within the 95% confidence region of the 

global maxima on the fitness surface for each sex indicating that genital morphology has 

evolved to the peak of fitness in both sexes. Collectively, our work highlights the 

important role that both male and female genital morphology plays in determining mating 

success and shows that these effects can occur independently, as well as through their 

interaction. Moreover, our work shows how a complex pattern of multivariate stabilizing 

selection can shape the long-term evolutionary dynamics of genital morphology in both 

sexes and cautions against the overly simplistic view that the sexual selection targeting 

genital morphology will always be directional in form. 
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Male genitals in animals with internal fertilization are widely regarded as being the most 

highly divergent and variable of all morphological structures, to the extent that genital 

morphology is often used to distinguish between closely related species that are otherwise 

indistinguishable (reviewed in Hosken and Stockley 2004; Simmons 2014). Not surprisingly, 

the proximate mechanism(s) responsible for this variation has puzzled evolutionary 

biologists for several decades and has been the topic of investigation in almost all animal 

taxa (e.g. insects: House and Simmons 2003, House et al. 2013; spiders: Foellmer 2008, 

Kunter et al. 2016; reptiles: King et al. 2009, Klaczko et al. 2015; fish: Langerhans et al. 2005, 

Booksmythe et al. 2016; birds: Brennan et al. 2010, 2017; mammals: Stockly 2002, Ramm 

2007). More recently, there have been a growing number of studies showing that female 

genitals may often be as variable as male genitals and may also evolve as rapidly (e.g. 

Simmons 2014; Ah-King et al. 2014).  Despite this, there is a strong under-representation of 

studies on female genitalia that has worsening with time (Ah-King et al. 2014), as well as a 

general lack of studies examining how complex interactions between the sexes can shape 

genital coevolution (Ah-King et al. 2014; Brennan and Prum 2015). A more detailed 

understanding of genital evolution therefore requires a greater focus on female genitals and 

how they interact with male genitals during mating (Ah-King et al. 2014; Brennan and Prum 

2015). 

Historical explanations for the evolution of genitalia have largely focussed on three 

main hypotheses: the lock-and-key, the pleiotropy and the sexual selection hypotheses 

(Hosken and Stockly 2004). The lock-and-key hypothesis proposes that genital divergence is 

the result of natural selection acting on genital morphology to prevent hybridization by 

ensuring that only males of the correct species are able to provide the right “key” for the 

female “lock”(Dufour 1844). The pleiotropy hypothesis proposes that the divergence in 

genital morphology is due to the pleiotropic effects of selection on other non-genital traits 

(Mayr 1963). Thus, genital divergence is considered a neutral process with genitals only 

evolving because they are genetically correlated with other non-genital traits that are the 

target of selection (Mayr 1963). Finally, the sexual selection hypothesis proposes that a 

number of processes, most notably cryptic female choice for males with genitals that are 

most able to stimulate them during mating, sperm competition and/or sexual conflict, all 

have the potential drive genital divergence (Eberhard 1985; Hosken and Stockly 2004). 

While there is some empirical support for the lock-and-key (e.g. Arnqvist 1997; McPeek et 
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al. 2008; Wojcieszek and Simmons 2012a, b; Anderson and Langerhans 2015) and pleiotropy 

(e.g. Arnqvist et al. 1997; Arnqvist and Thornhill, 1998; Grieshop and Polak, 2014; 

LaVasseur-Viens and Moehring 2014) hypotheses, their general applicability has been 

questioned (Hosken and Stockly 2004). For example, the levels of variation observed in male 

and female genitals within and across populations (Eberhard 1985; Eberhard 2001) and the 

way that many genitals are known to functionally interact during mating (e.g. Siva-Jothy et 

al. 2996; Werner and Simmons 2008; Mouginot et al. 2015) challenge the lock-and-key 

hypothesis, while uncertainty over why pleiotropy should disproportionately influence 

genitals more than other traits challenges the pleiotropy hypothesis. In contrast, there 

appears to be widespread support for the sexual selection hypothesis and the general view 

that this process is a key driver of genital evolution (e.g. Arnqvist 1997; Hosken and Stockley 

2004; Mendez and Cordoba-Aguilar 2004; Simmons 2014).  

One important criterion that has been used to discriminate between these alternate 

hypotheses is the form of selection targeting male genitals (Arnqvist 1997; Hosken and 

Stockley 2004). According to the lock-and-key hypothesis, males with genitals that are 

poorly aligned with the average genital structure of females in the population are predicted 

to have reduced mating success, resulting in a pattern of stabilizing selection targeting male 

genitals (Arnqvist 1997). According to the sexual selection hypothesis, variation in male 

genital morphology is related to fertilization success, with males having extreme genitals 

being the most successful due to their stimulatory, competitive and/or coercive ability 

(Arnqvist 1997). Sexual selection is therefore predicted to impose strong linear (or 

directional) selection on male genitals (Arnqvist 1997; Hosken and Stockley 2004). In 

contrast, according to the pleiotropy hypothesis male genital morphology does not correlate 

with fitness and therefore should not experience any direct selection (Arnqvist 1997). 

However, if phenotypically correlated with other traits under selection, male genitals can 

experience indirect selection and this can take any form (Arnqvist 1997). The ability to 

empirically quantify the strength and form of selection acting on male genitals has been 

greatly enhanced by the use of multivariate selection analysis (Lande and Arnold 1983) and 

insects have played a key role in this endeavour (but also see Mautz et al. 2013; Devigli et al. 

2015; Head et al. 2015 for other taxa). The majority of studies on insects have documented 

linear selection on male genitals (e.g. damselflies: Cordoba-Aguilar 1999, 2002, 2009; water 

strider: Arnqvist and Danielsson 1999, Danielsson and Askenmo 1999, Bertin and Fairbairn 
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2005; praying mantis: Holwell et al. 2010; oriental beetle: Wenninger and Averill 2006; 

earwig: van Lieshout 2011; van Lieshout and Elgar 2011), although stabilizing selection has 

also been shown to target some aspects male genital morphology as well (seed bug: Tadler 

1999; Dougherty and Shuker 2016; dung beetle: Simmons et al. 2009; millipede: Wojcieszek 

and Simmons 2011; broad horned beetle: House et al. 2016; water strider: Bertin and 

Fairbairn 2005). At first glance, this finding appears to add further support for the sexual 

selection hypothesis but it is important to note that it is statistically far easier to detect 

linear than stabilizing selection (Hunt et al. 2010) and that there are also many empirical 

examples showing that sexual selection is not always linear in form (e.g. Lebas et al. 2003; 

Blows et al. 2003; Chenoweth & Blows 2005; Brooks et al. 2005; Bentsen et al. 2006; 

Gerhardt and Brooks 2009; Wheeler et al. 2012; Steiger et al. 2013; Oh and Shaw 2013). 

Unfortunately, we currently do not have similar formal estimates of selection available for 

female genitals. 

Differences in the form of selection targeting male genitals is expected to have 

important consequences for how these traits evolve (Lande 1979, Lande and Arnold 1983), 

yet the dynamics of genital evolution has received far less empirical attention. Assuming 

sufficient additive genetic variance, the strong linear selection proposed in the sexual 

selection hypothesis is predicted to result in either a rapid increase or decrease in mean 

genital morphology in the population (Lande 1979). In support of this prediction, studies 

applying direct artificial selection to male genitals (Booksmythe et al. 2016a) and 

manipulating the intensity of sexual selection using experimental evolution (Simmons et al. 

2009; House et al. 2013) have shown rapid changes in mean genital morphology, and 

comparative studies have also shown a positive relationship between the intensity of sexual 

selection and mean genital morphology across species (Arnqvist 1998; Stockley 2002; Ramm 

2007; Rowe and Arnqvist 2011; Brindle and Opie 2016). For example, bidirectional artificial 

selection on mean relative gonopodium length in the mosquito fish (Gambusia holbrooki) 

resulted in a consistent divergence in the trait across replicate lines in as little as 4 

generations (Booksmythe et al. 2016). The genetic correlation between male genital 

morphology and other traits targeted by selection that is proposed by the pleiotropy 

hypothesis is predicted to drive the coevolution of the two traits (Lande 1979). In the 

simplest case, this coevolution can occur when genital morphology is genetically correlated 

with other male traits (e.g. Booksmthye et al. 2016a; Hopwood et al. 2016). For example, 
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bidirectional artificial selection on repeated mating rate in male burying beetles 

(Nicrophorus vespilloides) resulted in significant divergence in genital shape (Hopwood et al. 

2016). Coevolution can also occur when male genital morphology is genetically correlated 

with traits in females (i.e. intersexual pleiotropy). This includes the coevolution of male and 

female genital morphology that has been documented within species using experimental 

evolution (e.g. Simmons and Garcia-Gonzalez 2011) and a across species using comparative 

(e.g. Brennan et al. 2007; Kuntner et al. 2009; Lupše et al. 2016), as well as the coevolution 

of male genital morphology with other important phenotypic traits in females (e.g. brain 

size, Booksmythe et al. 2016b; mating rate, Kuntner et al. 2016). Finally, the strong 

stabilizing selection proposed by the lock-and-key hypothesis is predicted to decrease the 

variance in male genital morphology around the mean of the population (Lande 1979). 

Moreover on a fitness surface characterised by a single peak in fitness, it is predicted that in 

the absence of frequency-dependent selection, the population mean will evolve uphill until 

it converges on the fitness peak (Simpson 1953; Lande 1976, 1979). While this remains a 

central prediction in evolutionary biology, surprisingly few empirical studies exist 

(Armbruster 1990; Benkman 1993, 2003; Schluter 2000; Brooks et al. 2005) and there are 

currently no studies testing this prediction for male or female genital morphology. 

The red flour beetle, Tribolium castaneum (Coleoptera: Tenebrionidae) is a model 

species in the study of sexual selection (reviewed in Fedina & Lewis 2008). This species is 

highly polygamous and will mate every few minutes, yet as high as 55% of mating attempts 

do not produce viable offspring (Lewis and Iannini 1995; Bloch Qazi et al. 1996; Pai et al. 

2005; Fedina and Lewis 2008). This failure has been attributed to both peri (i.e. occurring 

during copulation) and post-copulatory processes and these two temporal aspects of mating 

behaviour have been shown to influence reproductive success in different ways (Fedina and 

Lewis 2006; Fedina 2007; Fedina and Lewis 2007; Tyler and Tregenza 2013). Peri-copulatory 

processes are known to result in the outright failure of the male to successfully transfer a 

spermatophore to the bursa copulatrix of the female and the production of viable offspring 

(Tyler and Tregenza 2013). In contrast, a number post-copulatory processes (i.e. sperm 

storage, sperm competition, female spermathecal morphology, cryptic female choice and 

female remating behaviour) have been shown to bias paternity after a spermatophore has 

been successfully transferred (Fedina and Lewis 2006; Fedina 2007; Fedina and Lewis 2007). 

While there is some (albeit conflicting) evidence to suggest that this bias in paternity is 
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associated with specific male traits, such as courtship “leg-rubbing” behaviour (e.g. 

Edvardsson and Arnqvist 2000, 2005; Fedina and Lewis 2006) and olfactory cues (e.g. Lewis 

and Austad 1994), similar traits have not been linked to the successful transfer of a 

spermatophore (Fedina and Lewis 2008), although attractive males are more likely to 

transfer a spermatophore when mating after an unattractive male (Fedina and Lewis 2007). 

Furthermore, it is unknown whether the genital morphology of males or females, or their 

interaction, influence the successful transfer of a spermatophore in T. castaneum, although 

it seems likely given this is the primary function of the genitals. 

In this study we use multivariate selection analysis (Lande and Arnold 1983) to 

characterize the strength and form of direct linear and nonlinear sexual selection acting on 

male and female genital size and shape in the red flour beetle T. castaneum. Having 

quantified the sexual selection that independently targets genital morphology in each sex, 

next we estimate the sign and strength of correlational selection that targets the covariance 

between male and female genital size and shape. The standardized selection gradients from 

this analysis therefore measure the importance of the interaction between male and female 

genital morphology to the successful transfer of a spermatophore during mating. As our 

analysis found that multivariate stabilizing selection was the dominant form of direct 

selection operating on genital morphology in both sexes, we conclude by testing the key 

prediction that the mean genital morphology in the population will evolve to the peak of the 

fitness surface. To do this, we used a nonparametric bootstrapping method to estimate the 

global maxima (i.e. fitness peak) and its 95% confidence region for the fitness surface of 

each sex. We then reared an independent sample of larvae to adulthood on four different 

experimental diets, measured male and female genital size and shape and mapped the 

mean genital morphology from these samples onto the fitness surfaces for each sex. If 

genital morphology in the sexes have evolved to the peak of the fitness surface, we predict 

that the mean genital morphology of males and females from our independent samples 

reside within the 95% confidence region for the global maxima on their respective fitness 

surfaces.  
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Materials and Methods 

STOCK POPULATIONS AND REARING PROTOCOL 

A total of 6 stock populations of the widely used Georgia 1 (GA1) “wild-type” strain of T. 

castaneum were originally derived from the Beeman Lab (US Grain Marketing Production 

Research Centre).  These populations were cultured in ad libitum standard medium (95% 

white flour and 5% bakers’ yeast) and maintained at 30oC, 60% humidity and on a 16:8 hour 

light:dark cycle. All populations consisted of over 200 beetles, maintained with overlapping 

generations and free mate choice. 

 

EXPERIMENTAL PROCEDURE 

Male and female beetles used in this experiment were taken at random from the stock 

populations. To ensure virginity, pupae were collected from the stock populations over a 

two week period. A set of nested sieves were used to separate the pupae from the adults 

and medium. The pupae were then removed from the sieve with soft grip tweezers and 

their sex determined under a microscope. Each pupa was then placed into an individual cell 

of a unisex, square plastic transparent box (10cm2; 25 cells per box, 2cm2 per cell) with each 

cell, half-filled with medium. The boxes were checked daily and the eclosion date for 

emerging adults was recorded to ensure that only virgin adults aged 7-21 days were used in 

the mating trials (Attia and Tregenza 2004). 

 

MATING TRIALS 

Prior to mating, sexually mature adult males were marked with a blue gel pen on one of 

their elytra, to allow for quick recognition. Mating trials were conducted at 22±1 °C in a 

mating arena that consisted of 2 x 2 cm cells in a 25 cell box that was lined with paper to 

provide traction (Tyler and Tregenza 2012). In every trial, a female was first placed into one 

of the mating arena cells followed by a male. The time of male introduction and the start 

and end of mating was recorded. Males typically make multiple mounting attempts however 

we define mating as a mounting that lasted longer than 30 s as shorter mating attempts are 

unlikely to result in the transfer of a spermatophore (Tyler and Tregenza 2012). Following a 

mating longer than 30 seconds, the male was removed and frozen (n = 535). To verify 

whether a mating attempt had been successful or unsuccessful each female was placed in a 



9 
 

60ml breeding pot (sized 67 x 34mm) that contained 30ml of standard media to oviposit 

under the standard incubation conditions. After 7 days, each female was removed and 

frozen (n = 535). Forty days later each pot was checked for the presence or absence of 

offspring (now newly eclosed beetles) to verify whether mating was successful or failed. 

Mating pairs were classified as successfully mated if mating resulted in offspring and 

received a fitness score of one (n = 216). Mating pairs were classified as unsuccessfully 

mated if no offspring were produced and received a fitness score of zero (n = 282).  

 

DISSECTIONS AND GEOMETRIC MORPHOMETRICS  

The male genitalia were removed from the abdomen and mounted on a microscope slide in 

a drop of Hoyer’s solution. The female genitalia were squeezed out of the body by gently 

pressing the abdomen and mounted in a drop of Hoyer’s solution whilst still attached to the 

body. The genitalia are delicate and prone to damage during dissection furthermore we 

required both individuals from the interacting mating pair as we are interested in the 

covariance between the male and female structure. When damage to the genitalia occurred 

we removed the mating pair from the data set leaving a sample size of 498. All genitalia 

were placed in a consistent, longitudinal orientation and digital images were taken using a 

Leica DFC295 digital microscope-camera that was mounted on a dissecting Leica M125 

microscope (Figure S1 and S2). Due to the complexity of the male and female genitalia, 

geometric morphometric (GM) analysis was used to quantify the variation in the size and 

shape of the outline of the male aedeagus and female vagina and supporting structures. A 

description of the programs used to digitize the male and female genitalia and analyse the 

GM data is described in Figure S1 and S2. Although our shape analysis for males and females 

returned a total of 19 and 36 RW scores respectively, only the first four where used as they 

each accounted for over 75% of the shape variation (Gutierrez 2011).  

For a subset of 25 experimental males and females sampled from the parental 

population, we measured the repeatability of digitization of two images of the same 

genitalia using the R code provided in Wolak et al. (2012). The male and female genitalia 

both consist of thin membranous tissue so it is not possible to re-mount specimens and test 

the repeatability of mounting. All of our measurements of male and female genital 

morphology were repeatable (Males: centroid size = 0.953, 95% CIs: 0.916, 0.989; RW1 = 

0.936, 95% CIs: 0.887, 0.985; RW2 = 0.777, 95% CIs: 0.619, 0.933; RW3 = 0.745, 95% CIs: 
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0.568, 0.921; RW4 = 0.744, 95% CIs: 0.567, 0.921; Females: centroid size = 0.993, 95% CIs: 

0.988, 0.998; RW1 = 0.992, 95% CIs: 0.994, 0.999; RW2 = 0.963, 95% CIs: 0.934, 0.991;  RW3 

= 0.988, 95% CIs: 0.978, 0.997; RW4 = 0.940, 95% CIs: 0.895, 0.986). 

 

STATISTICAL ANALYSIS 

Characterizing Linear and Nonlinear Sexual Selection on Male and Female Genital Size and 

Shape 

We used standard multivariate selection analysis (Lande and Arnold 1983) to evaluate the 

strength and form of linear and nonlinear selection acting on male and female genital size 

and shape. An absolute fitness score was assigned to each male in our experiment, with one 

being assigned to males that successfully obtained a mating and zero being assigned to 

males that were unsuccessful. Following Lande and Arnold (1983), this absolute fitness 

score was transformed to relative fitness by dividing by the mean absolute fitness of the 

population.  

To estimate the standardized linear selection gradients (β), a first order linear 

multiple regression model was fitted using CS and the first four RW scores describing the 

variation in male and female genital shape as the predictor variables, and relative fitness as 

the response variable (Lande and Arnold 1983). We then used a second order quadratic 

multiple regression model that included all linear, quadratic, and cross-product terms to 

estimate the matrix of nonlinear selection gradients (γ) that describes the curvature of the 

fitness surface. Quadratic regression coefficients are known to be underestimated by a 

factor of 0.5 using standard multiple regression analysis, so we doubled the quadratic 

selection gradients derived from this model (Stinchcombe et al. 2008). 

 As relative fitness does not conform to a normal distribution, we used a resampling 

procedure to assess the significance of our standardized selection gradients (Mitchell-Olds 

and Shaw 1987). We randomly shuffled relative fitness scores across male and female pairs 

in our dataset to obtain a null distribution for each selection gradient where there is no 

relationship between our measures of genital size and shape and relative fitness. We used a 

Monte Carlo simulation to determine the proportion (p) of times (out of 10,000 iterations) 

that each gradient pseudo-estimate was equal to or less than the original estimated 

gradient, and this was used to calculate a two-tailed probability value (as 2p if p < 0.5 or as 
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2(1 - p) if p > 0.5) for each selection gradient in the model (Manly 1997). We conducted 

separate randomization tests for the linear multiple regression model and the full quadratic 

model (including linear, quadratic and correlational terms). 

As the strength of nonlinear selection gradients can be underestimated by 

interpreting the size and significance of individual γ coefficients (Blows and Brooks 2003), 

we explored the extent of nonlinear selection acting on male and female genital size and 

shape  by conducting a canonical analysis of the γ matrix to locate major eigenvectors of the 

fitness surface in each sex (Phillips and Arnold 1989). For each sex, we used the permutation 

procedure outlined in Reynolds et al. (2010) to determine the strength and significance of 

nonlinear selection operating along the eigenvectors of γ. This procedure, however, does 

not estimate the strength of linear selection operating along the eigenvectors of γ and we 

therefore used the “double regression” method of Biasgaard and Ankenman (1996) to 

estimate this form of selection acting along each eigenvector. The strength of linear 

selection along each eigenvector (mi) is given by theta (θi) whereas the strength of nonlinear 

selection is given by their eigenvalue (λi).  

 We used thin-plate splines (Green and Silverman 1994) to visualize the major 

eigenvectors of the fitness surface extracted from the canonical rotation of the γ for males 

and females. We used the “Tps” function in the FIELDS package of R (version 2.13.0, www.r-

project.org) to fit the thin-plate splines, and visualized splines as a contour-map using the 

value of smoothing parameter (λ) that minimized the generalized cross-validation score 

(Green and Silverman 1994). 

 

Sexual selection on the interaction between male and female genital morphology 

As we measured the genital size and shape of both males and females in each interacting 

pair, as well as the outcome of this interaction, we were able to estimate the sign and 

strength of the correlational selection operating on the covariance between these traits 

across the sexes. We estimated these correlational gradients by fitting a linear multiple 

regression model using the standardized cross-product terms as the predictor variables and 

relative fitness as the response variable. As these gradients essentially measure how genital 

size and shape interacts between the sexes to determine fitness, we refer to the resulting 

covariance matrix from this analysis as the interaction matrix. We used the resampling and 
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thin-plate spline procedures outlined above to test the statistical significance and to 

visualize the standardized correlational selection gradients, respectively. 

 

Estimating the Location of the Global Maxima on the Fitness Surface and its 95% Confidence 

Region 

Existing methods for finding the confidence region associated with the location of the 

maxima of a regression function rely on the assumption that the data is normally distributed 

(Peterson et al. 2002), which is clearly not the case for our measure of fitness. Here, we use 

nonparametric bootstrapping method that we have previously developed (del Castillo et al. 

2016) that is not based on any distributional assumptions and uses a flexible regression 

spline approach. This approach is provided by the “OptRegionTps” function in the 

OPTIMAREGION package of R (del Castillo et al. 2016; see Rapkin et al. 2018 for an 

application of this package). 

In brief, a quadratic polynomial model was fit to the data using ordinary least 

squares regression implemented in the “lm” function of R, yielding a fitted response surface 

𝑦̂(𝑥) and residuals 𝑟𝑖 = 𝑦(𝑥) −  𝑦̂(𝑥). We then applied bootstrapping to the residuals to 

create bootstrapped realizations 𝑦∗(𝑥)= 𝑦̂(𝑥) + 𝑟∗ for each data point in our data set(𝑥). 

For each simulated set of 𝑦∗(𝑥), we fit a quadratic polynomial and found parameter 

estimates 𝛾∗. Following Yeh and Sing (1997), we repeated this procedure 1,000 times and 

computed Tukey’s data depth for each generated 𝛾∗ vector, keeping the 100(1 −  𝛼) % 

deepest (where in our case a = 0.95). This provides an approximate nonparametric 

bootstrap 95% confidence region for the quadratic polynomial coefficients (𝛾). The 

responses 𝑦∗(𝑥) that corresponded to the parameter vectors 𝛾∗ lying inside of their 

confidence region were then maximized numerically using the NLOPTR package of R 

(Johnson 2014; Ypma 2014) with respect to the regressors (𝑥1, 𝑥2 … 𝑥𝑛) yielding the 

bootstrapped response global maxima (𝑥∗). The nonparametric bootstrapped confidence 

region for the location of the global maximum of the fitness function is computed as the 

convex hull of all the bootstrapped maxima (𝑥∗) that were found. We use the centroid 

(average) of all the maxima found as our point estimate of the global maxima (or peak) of 

the fitness surface.  

 

Testing Whether the Population Mean is at the Peak of the Fitness Surface 
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To determine if males and females, on average, reside at the peak of the fitness surface for 

genital size and shape, we obtained four independent samples of beetles from each sex to 

map onto the fitness surfaces. We individually reared 50 larvae taken at random from our 

stock populations on four different diets varying in the ratio of protein to carbohydrates and 

total nutrition (P:C ratio, % total nutrition): diet 1 (1:3, 60%), diet 2 (1:3, 84%), diet 3 (1:8, 

60%) and diet 4 (1:8, 84%). At eclosion, 18 beetles of each sex were taken at random from 

each diet (n = 72 beetles per sex) and stored in individual eppendorfs at -20°C. These beetles 

were dissected and the genitalia removed, imaged and measured using the protocol 

outlined above to extract CS and RW scores. It is important to note that CS and RW scores 

were extracted from a single data set that also contained the beetles used in our 

multivariate selection to ensure that these measures of genital size and shape were 

comparable across data sets. In order to map the mean genital size and shape of males and 

females from these independent samples onto their respective fitness surfaces, it was 

necessary to project CS and RW scores for each sex into the same eigenspace as the fitness 

surface. This was achieved by multiplying these trait values for each beetle by the 

eigenvectors provided in Table 2. This produced a unique set of eigenscores for each male 

and female beetle in the data set.  

For each sex, we tested for differences among these independent samples along 

each of the dimensions of the fitness surface using Multivariate Analysis of Variance 

(MANOVA). Post-hoc univariate ANOVAs were used to determine which (if any) dimensions 

were contributing to any overall multivariate effects. To assess whether the mean of the 

four independent samples of males and females reside at the peak of their respective 

fitness surfaces, we visually compared the mean eigenscore of each sample with the 95% 

confidence region of the peak. If the 95% confidence interval for the sample mean (as 

determined by 1,000 bootstraps) overlaps the 95% confidence region of the peak, this is 

taken as evidence that the sample mean resides on the peak of the fitness surface. 

 

RESULTS 

Geometric morphometric analyses of 498 male and female genitalia yielded centroid size 

(CS) and 4 RW scores that collectively explained 78.40% and 85.38% of the total variation in 

genital shape, respectively. In males, RW1 explained 39.25% of the total variance in genital 
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shape with negative values corresponding to a short, wide aedeagus and positive values to a 

long, narrow aedeagus (Figure 1A). RW2 explained a further 15.04% of this total variance 

with negative values of RW2 corresponding to an anteriorly shortened tip of the aedaegus 

and positive values to an anteriorly lengthened tip (Figure 1C). RW3 explained 12.79% of the 

total variance in male genital shape with negative values corresponding to an anti-clockwise 

twist of the anterior tip of the aedeagus and positive values to a clockwise twist of the 

anterior tip of the aedeagus (Figure 1E). RW4 explained the remaining 11.32% of the total 

variance in male genital shape with negative values corresponding to a compression of the 

left-side, posterior of the aedeagus and positive values to a similar compression but on the 

right-side of the aedeagus (Figure 1G).  

In females, RW1 explained 59.26% of the total variance in genital shape with 

negative values corresponding to a wide, short vaginal aperture and positive values to a 

narrow, elongated vaginal aperture (Figure 1B). RW2 explained a further 14.26% of the total 

variation in female genital shape with negative values corresponding to narrower, longer 

supportive structures of the vagina and positive values to broader, curved supportive 

structures (Figure 1D). RW3 explained 7.82% of the total variance in female genital shape 

with negative values corresponding to an extreme posterior elongation of the supportive 

structures of the vagina and positive values to an extreme posterior broadening of these 

supportive structures (Figure 1F). RW4 explained the remaining 4.04% of the total variance 

in female genital shape with negative values corresponding to a shorter, wider vaginal 

aperture and posterior broadening of the supportive structures and positive values to a 

narrower, tapering vaginal aperture and posterior elongation of the supportive structures 

(Figure 1H). 

Standardized linear, quadratic and correlational selection gradients for genital size 

and shape in males and females are presented in Tables 1A and B, respectively. In males, 

there was significant linear selection favouring increased values of RW1 (long, narrow 

aedeagus), RW3 (clockwise twist of the anterior tip of the aedeagus) and RW4 (posterior 

compression on the right-side of the aedeagus) (Table 1A). There was also significant 

stabilizing selection on CS and RW2 (length of the tip of the aedeagus) (Table 1A). In 

females, there was significant linear selection favouring reduced values of RW3 (extreme 

posterior elongation of the supportive structures of the vagina) and RW4 (shorter, wider 

vaginal aperture and posterior broadening of the supportive structures) (Table 1B). There 
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was also significant stabilizing selection on CS, RW1 (length and width of the vaginal 

aperture) and RW4 and negative correlational selection on CS and RW1.  

We conducted a canonical rotation of the γ matrices presented in Table 1 to locate 

the major dimensions of nonlinear sexual selection for male and female genital size and 

shape. The resulting M matrices of eigenvectors and their associated eigenvalues are 

presented in Tables 2A and B, respectively. In males, three of the five eigenvectors (m3 to 

m5) had negative eigenvalues, whereas the remaining two eigenvectors (m1 and m2) had 

positive eigenvalues (Table 2A). However there is only significant nonlinear selection 

operating on m4 and m5 demonstrating that the fitness surface is best described as a 

multivariate peak in shape (Figure 2A). There was also negative linear selection operating on 

m2 which largely favours an increase in RW1 and RW4 (Table 2A). In females, four of the five 

eigenvectors (m2 to m5) had negative eigenvalues, whereas the remaining eigenvector (m1) 

had a positive eigenvalue (Table 2B). As shown for males, significant nonlinear selection was 

only detected on m4 and m5 indicating that the fitness surface for females is also best 

described as a multivariate peak in shape (Figure 2B). There was also significant positive 

linear selection on m4 which largely favours a reduction in RW4 and negative linear selection 

on m2 which largely favours a reduction in RW3 (Table 2B). 

Table 3 provides the interaction matrix of standardized correlational selection 

gradients for genital size and shape across the sexes. There was significant negative 

correlational selection on RW1 in males and RW4 in females (Table 3) and inspection of the 

thin-plate spline (Figure 3A) showed that fitness was highest at negative values of RW1 in 

males and positive values of RW4 in females (Figure 3A). Consequently, the fitness of an 

interacting male and female beetle is highest when males have a short, wide aedeagus 

(Figure 1A) and females have a narrower, tapering vaginal aperture and posterior elongation 

of the associated supportive structures (Figure 1H). There was also significant negative 

correlational selection on RW3 in males and RW4 in females (Table 3) and inspection of the 

thin-plate splines (Figure 3B) showed that fitness was highest at negative values of RW3 in 

males and positive values of RW4 in females. As a result, the fitness of an interacting pair is 

highest when males have an anti-clockwise twist to the anterior tip of the aedeagus (Figure 

1E) and females have a narrower, tapering vaginal aperture and posterior elongation of the 

supportive structures (Figure 1H).  
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Having shown that the fitness surfaces for males and females contained a 

multivariate peak, we next estimated the global maxima and its 95% confidence region for 

m4 and m5 on each fitness surface. These are presented in Figures 2C and D for males and 

females, respectively. It has been argued that a fitness surface containing a peak should only 

be referred to as stabilizing selection if the peak resides within the phenotypic space 

sampled (Mitchell-Olds and Shaw 1987). The global maxima for m4 and m5 in males (m4 = 

0.222, m5 = 0.275; Figure 2C) and females (m4 = 0.202, m5 = -0.236; Figure 2D) both exist 

within the distribution of phenotypic data sampled in our experiment and we can therefore 

formally define the observed pattern of nonlinear selection in the sexes as multivariate 

stabilizing selection (Figure 2A and B). We mapped the mean and 95% confidence intervals 

for male and female beetles reared on four independent diets along these two major axes 

of the fitness surface and these can be visualized in Figures 2C and D. In both sexes, the 95% 

confidence interval for each dietary mean overlapped the confidence region for the global 

maxima.  

MANOVA revealed an overall multivariate effect of diet on the size and shape of the 

genitals along the eigenvectors of the fitness surface for both sexes and post-hoc ANOVAs 

showed that this overall effect was driven by significant differences in m3 for males and m2 

and m3 for females (Table 4). Importantly, diet did not influence genital size and shape along 

m4 or m5 in either sex (Table 4). Collectively, this provides compelling evidence that the 

mean genital size and shape of male and female beetles reared on different diets reside on 

the peak of the fitness surface. Interestingly, even though the means of these samples are 

aligned with the peak of the fitness surface, many individual males (Figure 2E) and females 

(Figure 2F) from each of the diets fall outside the 95% confidence region for the peak. This 

shows that there is variation in morphology despite the operation of stabilizing selection 

and suggests that males and females are not somehow mechanically or physiologically 

constrained to occupy this region of the fitness surface.  

  

Discussion 

Explaining why the genital morphology of males are so highly divergent in species with 

internal fertilization has intrigued evolutionary biologists for decades (Hosken and Stockely 

2004; Simmons 2014). Here we show that male and female genital size and shape play an 
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important role in the successful transfer of a spermatophore during mating in the red flour 

beetle (Tribolium castaneum). This imposes strong sexual selection on male and female 

genital morphology that is multivariate stabilizing in form and characterised by a well-

defined peak in fitness at intermediate values of genital size and shape. We also found that 

sexual selection targeted the covariance between the sexes for specific aspects of genital 

shape indicating that the interaction between male and female genitals also plays an 

important role in the successful transfer of a spermatophore during mating. The mean 

genital morphology of males and females taken from an independent sample of beetles 

reared on different diets were found to reside on their respective fitness peaks suggesting 

that genital morphology has evolved from a region of low to high fitness in both sexes. 

Collectively, our work highlights the important yet often ignored role that female genital 

morphology plays in determining mating success (Ah-King et al. 2014; Simmons 2014) and 

shows that these effects can occur independently, as well as through their interaction with 

male genital morphology. Moreover, our work shows how a complex pattern of multivariate 

stabilizing selection can shape the evolution of genital morphology in both males and 

females and cautions against the overly simplistic view that the sexual selection targeting 

genital morphology will always be directional in form (Arnqvist 1997). 

Over two decades ago, Arnqvist (1997) provided a set of criteria to distinguish 

between the three major hypotheses of genital evolution (lock-and-key, pleiotropy and 

sexual selection hypotheses) for use in single species studies. An important criterion in this 

checklist is the form of selection targeting male genital morphology (Arnqvist 1997). More 

specifically, it has been proposed that stabilizing selection is the dominant form of selection 

targeting male genital morphology under the lock-and-key hypothesis, directional selection 

is the dominant form of selection under the sexual selection, whereas according to the 

pleiotropy hypothesis there will be no direct selection targeting male genital morphology 

(Arnqvist 1997). It is important, however, to make a subtle distinction on how stabilizing 

selection is proposed to operate in the lock-and-key hypothesis. In the original proposal of 

the lock-and-key hypothesis (Dufour 1848), male genital morphology is subject to stabilizing 

natural selection to prevent hybridization by ensuring that only males of the correct species 

are able to provide the right “key” for the female “lock”. Arnqvist (1997), however, 

proposed that because the poor alignment of male and female genitals within a species will 

reduce male mating success, this will also generate a pattern of stabilizing sexual selection 
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on male genital morphology. Thus, while both scenarios predict that male genital 

morphology will be under stabilizing selection, the mode of selection is fundamentally 

different (i.e. natural versus sexual selection). The results of our multivariate selection 

analysis on the effects of male genital size and shape on mating success in T. castaneum is 

therefore in general agreement with Arnqvist’s (1997) within species view of the lock-and-

key hypothesis and demonstrates a clear and important role for sexual selection in male 

genital evolution in this species. Furthermore, it illustrates the inherent difficulty in 

distinguishing between the lock-and-key and sexual selection hypotheses, especially when 

sexual selection is largely non-linear in form, and supports the view that these hypothesis 

for genital evolution are not exclusive (Simmons 2014). 

Multivariate selection analysis (Lande and Arnold 1983) has proved a powerful 

approach in quantifying the strength and form of selection acting on male genital 

morphology and formal estimates of selection gradients now exist for numerous species. In 

insects where the majority of estimates exist, linear selection on male genital morphology 

(Cordoba-Aguilar 1999, 2002, 2009; Arnqvist and Danielsson 1999, Danielsson and Askenmo 

1999, Bertin and Fairbairn 2005; Wenninger and Averill 2006; Holwell et al. 2010; van 

Lieshout 2011; van Lieshout and Elgar 2011) appears more common than stabilizing 

selection (Tadler 1999; Simmons et al. 2009; Wojcieszek and Simmons 2011; House et al. 

2016; Dougherty and Shuker 2016). This pattern also appears true more generally for 

selection on male sexual traits, although it should be noted that most experimental designs 

have far greater power to detect linear than non-linear forms of selection (Hunt et al. 2009). 

Interestingly, stabilizing sexual selection does appear common in a number of signaller-

receiver systems (e.g. Greenfield 2002). For example, female mate choice exerts 

multivariate stabilizing selection on temporal and spectral components of the male 

advertisement call in grasshoppers (Butlin et al. 1985), field crickets (Brooks et al. 2005) and 

anurans (Gerhardt 1991; Gerhardt and Brooks 2009; Polakow et al. 1995). In these systems, 

the transmission of an acoustic signal is constrained by the biophysics of signal generation 

and emission and how the sensory organs of the receiver perceive and process the signal 

(Endler and Basolo 1998). As the sensory system of the female can only detect call 

components within a narrow range, they are not attracted to calls that are produced 

outside of this range, resulting in a pattern of multivariate stabilizing selection acting on 

male call structure (Endler and Basolo 1998). While the most parsimonious explanation for 
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the pattern of multivariate stabilizing sexual selection we observe on male genital 

morphology in T. castaneum is the “mechanical fit” of genitals, we cannot rule out the 

possibility that a similar “sensory based” lock-and-key process does not exist. Indeed, 

Eberhard et al. (1998) has argued that male genitals are perceived by the female using 

tactile channels, with an intermediate male genital morphology being favoured because 

they best stimulate the average female in the population (the “one-size-fits-all” hypothesis). 

Distinguishing between mechanical and sensory lock-and-key processes, however, has 

proven difficult (Eberhard et al. 1998) and clearly more work is needed before this can be 

achieved in T. castaneum. 

While the evolution of male genital morphology has been the subject of intense 

research, female genitals have been relatively understudied and this pattern appears to be 

getting worse with time (Ah-King et al. 2014). This bias in genital research likely stems from 

the long held view that males play the dominant role in sex and that female genitals are 

largely invariant (Ah-King et al. 2014). Our work, however, directly challenges this view by 

showing that female genital morphology in T. castaneum is far from invariant and that the 

existing variation in this trait is also subject to strong multivariate stabilizing sexual 

selection. In fact, the nonlinear selection gradients that describe the pattern of multivariate 

stabilizing sexual selection acting on female genital morphology were as strong as those 

reported for male genital morphology, further highlighting the equally important role that 

females play in determining the outcome of mating in this species. While the major models 

of genital evolution do not provide any clear predictions regarding the strength and form of 

selection acting on female genitals, we believe that the pattern of sexual selection we 

document for female T. castaneum adds further support to an important role for a “lock-

and-key” process in the evolution of genital morphology in this species. The operation of the 

“lock-and-key” process centres on the alignment of the male and female genitals during 

mating, with the optimal male genital morphology being the one that, on average, most 

closely aligns with the average female genital morphology in the population. As any 

deviation from this optimal morphology decreases the fit with the female genitals and 

reduces subsequent mating success, stabilizing selection is predicted to target male genital 

morphology (Arnqvist 1997). However, because the successful outcome of mating depends 

on both sexes, the poor alignment of genitals and the resulting reduction in mating success 

can also be caused by the female genitals deviating from the “average” in the population, 
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which should also generate stabilizing selection on female genital morphology. 

Furthermore, as the “lock-and-key” process is based on the interaction between male and 

female genitals during mating, sexual selection should also target the covariance between 

these traits across the sexes: a finding that is also supported by our study. Collectively, our 

work highlights the value of formally estimating sexual selection on genital morphology in 

both sexes and supports recent claims that our understanding of genital evolution will 

continue to be hampered until the persisting male bias in genital research is addressed (Ah-

King et al. 2014).  

Our work shows that male and female genital morphology not only has important 

independent effects on the successful transfer of a spermatophore during mating in T. 

castaneum but also that the interaction between these traits influences mating success. 

That is, sexual selection targets male and female genital morphology directly, as well as 

indirectly via the covariance between these traits. To our knowledge, this is the first time 

such an approach has been used to study genital evolution, despite offering a novel means 

to assess how important the interaction of male and female genital morphology is to mating 

success. In T. castenum, we found significant negative correlational selection gradients for 

two aspects of genital shape: RW4 in females with RW1 and RW3 in males. Biologically, this 

means that a mating pair will have a higher success in transferring a spermatophore when a 

male with either a short, wide aedeagus (RW1) or an anti-clockwise twist to the anterior tip 

of the aedeagus (RW3) mates with a female having a narrower, tapering vaginal aperture 

and posterior elongation of the supportive structures (RW4). Explaining these relationships 

at this stage would be purely speculative and highlights the limitation of our approach: 

correlational selection gradients do not identify a mechanism. Isolating a mechanism would 

require functional studies (Brennan & Prum 2015; Ah-King et al. 2014; Simmons 2014) and 

unfortunately only a handful such studies exist for insects (Ronn et al. 2007; Werner & 

Simmons 2008; Polak & Rashed 2009; Kahn et al. 2010; Hotzy et al. 2012). For example, 

Werner and Simmons (2008) used histology to show that three the genital sclerites in male 

dung beetles (Onthophagus taurus) form a functionally integrated unit that generates the 

tubular-shaped spermatophore and delivers its opening to the female’s spermathecal duct, 

whereas a fourth serves as a holdfast device during mating. It is possible that a similar 

mechanical process enables a short, wide aedeagus in T. casteneum or one with an anti-

clockwise twist to the anterior tip more efficiently deliver a spermatophore or better 
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anchors the male when mating to a female with a narrower, tapering vaginal aperture with 

posterior elongation of the supportive structures, but functional studies are clearly be 

needed to confirm this. Irrespective of the exact mechanism, theory (e.g. Cheverud 1984, 

1996; Blows and Hoffman 2005) predicts that correlational selection will generate a genetic 

correlation between the two traits and a meta-analysis across 22 animal and plant species 

provides empirical support for this prediction (Roff and Fairbairne 2012). It is therefore likely 

that the aspects of genital shape that are subject to correlational selection in T. castaneum 

will also be genetically correlated across the sexes. Ultimately, this will facilitate the co-

evolution of male and female genital shape in T. castaneum (Lande 1980), as has been well 

documents in a range of other animal species using both experimental evolution and 

comparative approaches (reviewed in Brennan and Prum 2015). We are currently using a 

half-sibling breeding design to estimate the genetic architecture of genital size and shape 

within and across the sexes in T. castaneum, as well as experimental evolution to examine 

the co-evolutionary dynamics of these traits. 

 In a population that has experienced a history of strong and persistent stabilizing 

selection and the absence of frequency-dependent selection, theory predicts that the 

population mean should evolve to match the peak in fitness (Simpson 1953; Lande 1976, 

1979). Despite being central too much of evolutionary biology (Fear and Price 1998; Arnold 

2003; Dietrich and Skipper 2012; Skipper and Dietrich 2012) and receiving formal 

mathematical support (Lande 1976; Bürger and Lande 1994), surprisingly few empirical 

studies have actually tested this prediction (Travis 1989; but see Armbruster 1990; Benkman 

1993, 2003; Schluter 2000; Brooks et al. 2005). One reason for this is the difficulty in 

formally estimating stabilizing selection, especially in natural populations where designs 

including several hundred individuals are required to provide accurate estimates (Hersch 

and Phillips 2004; Hunt et al. 2010). Consequently, while many estimates are likely to be 

biased (Hersch and Phillips 2004), the general consensus is that stabilizing selection is weak 

in natural populations (Kingsolver et al. 2001; Kingsolver and Diamond 2011). Our selection 

analysis of genital morphology in T. casteneum, however, challenges this view by 

documenting quadratic gradients in both sexes that are much stronger than the average 

reported across studies based on mating success (median γ = |0.16|, Kingsolver et al. 2001). 

Given this strong stabilizing sexual selection, which appears consistent with estimates from 

other genital studies in insects (e.g. Tadler 1999; Bertin and Fairbairn 2005; House et al. 
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2016; Dougherty and Shuker 2016), it is perhaps not surprising that we found the mean 

genital morphology of male and female T. castaneum reside within the 95% confidence 

region of the stationary point (peak) on their respective fitness surfaces. What is more 

surprising is that this convergence on the peak occurred even though we estimated mean 

genital morphology from an independent sample of males and females that had been 

reared on very different diets during development and suggests that stabilizing selection is 

not only strong but is also likely to be both persistent and have a stable peak location over 

evolutionary time in this species. Indeed, Estes and Arnold (2007) found that a quantitative 

genetic model where the fitness optimum was able to move within an adaptive zone with 

stable boundaries performed significantly better than five other competing models in 

explaining the evolution of phenotypic means using an extensive database (Gingerich 2001) 

of phenotypic divergence across species. Importantly, this model performed better across 

all timescales examined, ranging from a few to as many as 10 million generations, 

suggesting that the process of the population mean evolving to the fitness peak we observe 

may have important implications for both the micro and macroevolution of genital 

morphology (Estes and Arnold 2007). For example, if populations evolve in response to 

stabilizing selection imposed by stable adaptive optima it is relatively easy to envisage intra 

and interspecific differences in genital morphology evolving as a result of variation in the 

location of the adaptive optima (Hansen 1997). This would certainly help explain the 

adaptive radiation in genital morphology frequently observed across natural (e.g. 

Wojcieszek and Simmons 2012b; Heinen-Kay and Langerhans 2013; Oneal and Knowles 

2013) and experimental (e.g. Simmons et al. 2009; House et al. 2013) populations, as well as 

the extreme diversification in genital observed across closely related species (e.g. Arnqvist 

1998; Brindle and Opie 2016; Kuntner et al. 2016). 

In conclusion, our study shows that male and female genital morphology is subject 

to strong multivariate stabilizing selection in T. castaneum but that sexual selection also 

targets the covariance between the sexes for aspects of genital shape, indicating that how 

the genitals interact during mating is also important to the successful transfer of a 

spermatophore in this species. Both findings provide empirical support for the “lock-and-

key” hypothesis of genital evolution, although we cannot determine at this stage whether 

this process is driven by a mechanical or sensory-based interaction (or both) during mating. 

Moreover, our finding that the mean genital morphology of male and female beetles reared 
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on different diets has converged on the peak on their respective fitness landscape also 

shows that this pattern of multivariate stabilizing selection can shape the long-term 

evolutionary dynamics of genital morphology in T. castaneum. The ability of the population 

mean to converge on the peak in fitness is likely to have important implications for the 

adaptive radiation of genital morphology across populations of T. castaneum, as well as the 

diversification of male and female genitals across Tribolium species. 
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FIGURE LEGENDS 

 

Figure 1. Frequency distribution of the four relative warp (RW) scores characterizing the 

variation in male (A, C, E and G) and female (B, D, F and H) genital shape. For each RW, we 

provide thin-plate spline visualizations (inset) that characterize a positive and negative 

score. 
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Figure 2. (A, B) Thin-plate spline visualizations (contour view) of the two major axes of 

nonlinear selection (m4 and m5) on the fitness surface for males and females, respectively. 

In each surface, white colouration represents regions of highest fitness, whereas red 

colouration represents regions of lowest fitness. Individual data points are provided as black 

circles on the surface. (B,C) Thin-plate spline visualizations mapping the 95% confidence 

region of the global maxima (grey region) on the fitness surface for males and females, 

respectively. In each surface, the solid black dot represents the global maxima and the 

coloured symbols (closed) represent the means of the four diet treatments and the coloured 

bars their 95% confidence interval, where the blue circle is diet 1, the red square is diet 2, 

the green diamond is diet 3 and the orange triangle is diet 4. (E,F) Thin-plate spline 

visualizations mapping the 95% confidence region of the global maxima (grey region) on the 

fitness surface for males and females, respectively. In each surface, the solid black dot 

represents the global maxima and the coloured symbols (closed) represent the means of the 

four diet treatments (as defined above). The open coloured symbols represent the actual 

data points for each treatment so their location on the fitness surface can be observed.  

 

Figure 3. Thin-plate spline visualizations (contour view) showing the two significant cases of 

negative correlational selection operating on the covariance between male and female 

genital shape: (A) RW1 in males and RW4 in females and (B) RW3 in males and RW4 in 

females. In both instances, white colouration represents regions of highest fitness, whereas 

red colouration represents regions of lowest fitness. Individual data points are provided as 

black circles on the surface. 
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Tables 

Table 1. The vector of standardized linear selection gradients (β) and the matrix of 

standardized quadratic and correlational selection gradients (γ) for successful matings in 

male and female Tribolium castaneum. Randomization test: * P < 0.05, ** P < 0.01, *** P < 

0.001. 

  γ 
 β CS RW1 RW2 RW3 RW4 

A. Male       
CS 0.030 -0.290***     

RW1 0.110* -0.061 -0.018    

RW2 -0.043 -0.015 -0.015 -0.244**   

RW3 0.136** -0.065 -0.052 0.093 0.100  

RW4 0.110* -0.024 0.063 0.060 0.015 -0.010 
B. Female       

CS -0.019 -0.236**     
RW1 0.037 -0.242* -0.364*    

RW2 0.033 -0.137 -0.137 0.082   
RW3 -0.110* 0.057 -0.003 -0.017 -0.044  

RW4 -0.092* 0.015 -0.052 -0.045 -0.028 -0.140** 
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Table 2. The M matrix of eigenvectors from the canonical analysis of γ for successful 

matings in male and female Tribolium castaneum. The linear (θi) and quadratic (λi) gradient 

of sexual selection acting along each eigenvector are provided in the last two columns. The 

quadratic selection gradient (λi) of each eigenvector (mi) is equivalent to the eigenvalue. 

Randomization test: * P < 0.05, ** P < 0.01, *** P < 0.001.  

 M  Selection 

 CS RW1 RW2 RW3 RW4  θi λi 

A. Male         

m1 0.120 0.229 -0.249 -0.927 -0.105  -0.098 0.149 
m2 0.172 -0.654 -0.123 -0.024 -0.726  -0.144** 0.063 

m3 -0.190 0.682 -0.136 0.253 -0.645  0.038 -0.077 

m4 -0.024 -0.072 -0.951 0.210 0.214  0.084 -0.279*** 
m5 0.959 0.222 0.003 0.176 0.021  0.079 -0.317** 

B. Female         

m1 0.299 0.093 -0.929 0.150 0.128  -0.061 0.149 

m2 0.496 -0.430 0.232 0.718 -0.007  -0.096* -0.009 

m3 0.418 -0.450 0.071 -0.576 0.535  -0.008 -0.060 

m4 0.375 -0.191 -0.071 -0.359 -0.830  0.099* -0.175*** 

m5 -0.591 -0.753 -0.271 0.043 -0.089  -0.022 -0.610* 
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Table 3. Interaction matrix containing the standardized correlational selection gradients 

operating on the covariance between male and female genital size and shape. 

Randomization test: * P < 0.05. 

  Males 

  CS RW1 RW2 RW3 RW4 

Fe
m

al
es

 

CS 0.029     

RW1 0.073 0.017    

RW2 -0.034 0.015 -0.024   

RW3 0.024 -0.048 -0.041 0.065  

RW4 -0.062 -0.071* 0.026 -0.099* 0.029 
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Table 4. Multivariate Analysis of Variance (MANOVA) comparing the means genital size and 

shape of the four independent dietary samples of (A) males and (B) females along each of 

the five eigenvectors derived by canonical rotation of γ for each sex. In each sex, univariate 

ANOVA and means (± 95% confidence intervals) are also provided for each eigenvector. 

A. Males MANOVA (Pillai’s trace = 0.535, F15,198 = 2.864, P = 0.0001) 

 Means (95% CIs)  ANOVA 

 Diet 1 Diet 2 Diet 3 Diet 4  F3,71 P 

m1 0.195 
(-0.181,0.592) 

-0.387 
(-0.878,0.094) 

0.172 
(-0.302,0.587) 

0.052 
(-0.324,0.524) 

 1.371 0.259 

m2 0.074 
(-0.348,0.462) 

0.310 
(-0.276,0.809) 

-0.440 
(-0.779,-0.116) 

-0.013 
(-0.466,0.378) 

 1.856 0.145 

m3 0.463 
(0.027,0.935) 

0.272 
(-0.272,0.819) 

0.256 
(-0.130,0.621) 

-0.949 
(-1.287,-0.570) 

 7.559 0.0001 

m4 -0.116 
(-0.523,0.267) 

0.359 
(-0.119,0.827) 

-0.148 
(-0.353,0.065) 

-0.124 
(-0.545,0.315) 

 1.440 0.239 

m5 -0.229 
(-0.454,0.001) 

0.324 
(-0.165,0.841) 

-0.219 
(-0.527,0.094) 

0.090 
(-0.307,0.475) 

 1.803 0.155 

B. Females MANOVA (Pillai’s trace = 0.610, F15,198 = 3.368, P = 0.0001) 

 Means (95% CIs)  ANOVA 

 Diet 1 Diet 2 Diet 3 Diet 4  F3,71 P 

m1 -0.088 
(-0.496,0.294) 

0.446 
(-0.012,0.888) 

-0.281 
(-0.549,-0.019) 

-0.133 
(-0.521,0.276) 

 2.551 0.063 

m2 -0.340 
(-0.660,-0.029) 

0.492 
(-0.073,1.048) 

-0.490 
(-0.868,-0.119) 

0.250 
(-0.321,0.743) 

 3.662 0.017 

m3 -0.380 
(-0.921,0.083) 

-0.348 
(-0.935,0.236) 

-0.207 
(-0.593,0.211) 

0.903 
(0.492,1.292) 

 5.826 0.001 

m4 0.241 
(-0.098,0.612) 

0.181 
(-0.367,0.711) 

-0.324 
(-0.667,0.015) 

-0.162 
(-0.574,0.195) 

 1.587 0.201 

m5 -0.108 
(-0.481,0.288) 

-0.070 
(-0.457,0.312) 

0.120 
(-0.152,0.389) 

0.076 
(-0.238,0.356) 

 0.402 0.752 
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Figure 1 
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Figure 2 
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Figure 3 
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