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Abstract Environmental patterns of directional, stabiliz-

ing and fluctuating selection can influence the evolution of

system-level properties like evolvability and mutational

robustness. Intersexual selection produces strong pheno-

typic selection and these dynamics may also affect the

response to mutation and the potential for future adapta-

tion. In order to to assess the influence of mating prefer-

ences on these evolutionary properties, I modeled a male

trait and female preference determined by separate gene

regulatory networks. I studied three sexual selection sce-

narios: sexual conflict, a Gaussian model of the Fisher

process described in Lande (in Proc Natl Acad Sci

78(6):3721–3725, 1981) and a good genes model in which

the male trait signalled his mutational condition. I mea-

sured the effects these mating preferences had on the

potential for traits and preferences to evolve towards new

states, and mutational robustness of both the phenotype and

the individual’s overall viability. All types of sexual

selection increased male phenotypic robustness relative to

a randomly mating population. The Fisher model also

reduced male evolvability and mutational robustness for

viability. Under good genes sexual selection, males

evolved an increased mutational robustness for viability.

Females choosing their mates is a scenario that is sufficient

to create selective forces that impact genetic evolution and

shape the evolutionary response to mutation and

environmental selection. These dynamics will inevitably

develop in any population where sexual selection is oper-

ating, and affect the potential for future adaptation.

Keywords Mate choice � Gene network � Computational

model � Sexual conflict � Fisher process � Good genes �
Condition dependence

Introduction

Fitness results from both sexual and natural, or environ-

mental, selection but the effects of sexual selection on

evolutionary processes and population fitness are unre-

solved. Theoretical work indicates that sexual selection can

lower the deleterious mutation load and alleviate the cost

of sexual reproduction (Agrawal 2001; Siller 2001) and

increase naturally selected fitness (Lorch et al. 2003).

However, other authors predict that sexual selection may

lower fitness through costly displays (Haldane 1932; Lande

1980; Kirkpatrick and Ryan 1991; Price et al. 1993; Houle

and Kondrashov 2002) and intersexual conflict (Holland

and Rice 1999; Rowe et al. 2005). In addition to fitness

effects and the mutation load, sexual selection may influ-

ence genetic evolution and the genetic architecture of male

traits and female preferences. For example, other models

indicate that sexual selection may speed the fixation of

beneficial alleles (Whitlock 2000) and increase the rate and

extent of adaptation to novel environments (Proulx 1999;

Lorch et al. 2003). Empirical work has demonstrated that

intersexual pleiotropy, sexual dimorphism and sexual

selection can have genome-wide effects (i.e., Pischedda

and Chippindale 2006; Prasad et al. 2007; Foerster et al.

2007; Brommer et al. 2007; Rankin and Arnqvist 2008;

Delcourt et al. 2009; Bilde et al. 2009; Connallon and
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Jakubowski 2009; Svensson et al. 2009; Innocenti and

Morrow 2010; Cox and Calsbeek 2010; Arnqvist and Tuda

2010). Sexual selection may thus influence both genetic

and genomic evolution.

Sexual selection and mate choice are broad terms that

describe different mechanisms responsible for the evolu-

tion and maintenance of mating preferences (Andersson

1994), and the effects of sexual selection may depend on

the specific type of mate choice that is operating in the

population. Although mate choice occurs in both males and

females (Clutton-Brock 2007), in most species females

invest heavily in each gamete and exert mating preferences

on males. Currently, there are five major hypotheses that

address the evolution of female mating preferences (An-

dersson 1994; Fuller et al. 2005) and just one, the Fisher

model (Fisher 1930), proposes that sexual selection oper-

ates through ‘‘arbitrary‘‘ male traits and female prefer-

ences. Fisherian sexual selection operates when females

have genetically based variation to prefer a certain male

trait, and males have genetic and phenotypic variation in

the trait itself. Females preferring the trait mate with males

that carry the trait, and the resulting genetic covariance in

the offspring leads to indirect selection on female prefer-

ence. Exaggerated female preferences are then maintained

by the mating success of their sons. The trait is not con-

nected to quality or viability, and female preference does

not provide benefits.

Other models of mating preferences describe male dis-

play traits as honest indicators of quality, female mating

preferences resulting in direct benefits or consequences, or

both occurring simultaneously. The direct benefits model

proposes that males differ in the material benefits they can

provide females (Price et al. 1993). Alternatively, male

traits may provide no material or genetic benefits but

instead exploit a pre-existing ’’sensory bias‘‘ in females by

emulating certain stimuli that are significant in the natural

environment (Kirkpatrick and Ryan 1991; Endler and Ba-

solo 1998).

The good genes hypothesis proposes that females prefer

a trait or display that reflects variance in genetic quality

(Andersson 1994; also known as Zahavi’s ’’handicap

principle,‘‘ Zahavi 1975). By acting as a strong directional

force, sexual selection may deplete additive genetic vari-

ance and thus limit evolutionary potential (Kirkpatrick and

Ryan 1991). Female preferences may be subject to similar

effects through genetic covariances and indirect selection.

In contrast to this, the theory of condition dependence

(Rowe and Houle 1996) proposes that the high cost of

producing sexually selected traits means that a large

number of genes will contribute to their production. Sex-

ually selected displays under any type of sexual selection

may thus reflect variance in genetic condition through

genic capture. Mathematical models that predict a positive

effect of sexual selection on either beneficial or deleterious

mutations (Whitlock 2000; Agrawal 2001; Siller 2001;

Lorch et al. 2003) rely on the sexually selected trait sig-

nalling mutational condition.

Mating preferences may also evolve due to sexual

conflict. Under this model, the mating system is charac-

terized by conflicting male and female interests, often over

mating rate, and typically female fitness decreases while

male fitness increases (Holland and Rice 1998; Rowe et al.

2005). Males evolve to stimulate females into mating, and

females evolve to avoid harm. The male trait signals his

ability to coerce females into mating, and sexual selection

acts on female mating preferences to maximize fitness

while minimizing mating costs. Sexual conflict can lead to

sexually antagonistic coevolution as males and females

evolve in an arms race against one another (Rowe et al.

1994; Rice 1996; Holland and Rice 1998; Gavrilets et al.

2001). Sexual conflict describes male traits and female

preferences under direct, intense sexual selection, and is

therefore the furthest from Fisherian sexual selection in

terms of dynamics.

In this study, I use a gene network model to study the

effects that the Fisher process, sexual conflict and good

genes sexual selection have on the evolution of a popu-

lation. I focus on two system-level properties, evolvability

and mutational robustness, that describe how an organism

will respond to mutation and selection. Evolvability is the

capacity to evolve and therefore influences the direction,

tempo and mode of adaptive evolution. There are differ-

ent definitions of evolvability in use (reviewed in Pig-

liucci 2008; Schlichting and Murren 2004) and these refer

to either the variation present in the population (Houle

1992) or the potential for the population to produce var-

iability (Wagner and Altenberg 1996). Variation in the

response to selection, in proportion to the segregating

genetic and phenotypic variation present in the popula-

tion, is readily observed in both natural populations and

experimental evolution studies (Falconer and Mackay

1996). However, previous work has shown that complex

non-linearities in the genotype-phenotype-fitness rela-

tionships in gene network models mean that levels of

segregating variation do not adequately describe the

population’s ability to adapt to a new environment (Fierst

2011b). Instead, I focus here on evolvability as a system-

level property that describes the capacity of a genotype to

produce adaptive variants (Hansen 2006). Over an entire

population, variability-based evolvability is thus an

important measure of the possible rate and extent of

adaptation.

The complement to evolvability is mutational robustness

which describes how an organism responds to new muta-

tional input (Wagner 2005). If a trait has high robustness,

then new mutations have small effects on the phenotype.
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Phenotypic robustness is important for organisms to

achieve stability in the face of random mutations, but high

phenotypic robustness may constrain the potential for

phenotypic variance and innovation. At the whole organ-

ism level, fitness and viability may also show robust or

sensitive responses to mutation. To address this balance

between evolvability and robustness in sexually selected

populations, I measured the mutational robustness of male

and female phenotypes, and viability.

Methods

The model

The network model is similar to the model used in Fierst

(2011a, b) and variants of this framework have been

developed in a range of evolutionary studies (i.e.,Wagner

1996; Siegal and Bergman 2002; Bergman and Siegal

2003; Masel 2004; Azevedo et al. 2006; MacCarthy and

Bergman 2007; Ciliberti et al. 2007a, b; Siegal et al. 2007;

Palmer and Feldman 2009; Draghi and Wagner 2009;

Espinosa-Soto and Wagner 2010). In this article, I use this

gene network model as the genetic basis of the male dis-

play trait and female preference. The trait and preference

are determined by separate networks of interacting genes.

All individuals carry genes for male trait and female

preference but the expression of the network, and thus

phenotypic selection, is sex-limited.

Because the model has been described in detail in pre-

vious publications Fierst (2011a, b), I will describe it very

briefly here. Each network is a system of transcriptional

regulatory interactions between a set of genes

ðG1; . . .;GMÞ, where M is the number of genes (for the

results presented here M = 10). Genes activate or repress

other genes, and interactions are pairwise and independent

(a graphical depiction is shown in Fig. 1). Individuals are

haploid, and the genotype consists of two M 9 M matrices,

X and Y. The elements of X and Y are xij and yij, the effect

that gene j had on gene i, and are drawn from a Gaussian

distribution with N * (0,1). The set of interactions x1j are

cis-regulatory transcriptional factors, such as promoters,

acting on gene 1 in females.

Developmental stability

Each gene has an expression state, si(t), ranging from

-1 (repression) to 1 (activation). The vector SðtÞ ¼
½s1ðtÞ; . . .; sMðtÞ� describes the expression state of genes in

the network. Every generation, each individual must

achieve developmental stability (a stable S vector) to be

included in the population. The equation

siðt þ 1Þ ¼ f
XM

j¼1

xijsjðtÞ
 !

ð1Þ

specifies sequential vectors of expression states where

f ðgÞ ¼ 2
1þe�ag � 1 is a sigmoid regulating expression

dynamics. For the results presented here, a = 100 which

produces expression \-0.99 or [0.99. I rounded these

values to -1 or 1 to facilitate computation and comparison.

Developmental stability occurs when the system reaches

a stable, equilibrium gene expression state. Numerically,

this is when

wðSðtÞÞ ¼ 1

s

Xt

h¼t�s

DðSðhÞ; �SðtÞÞ; ð2Þ

is less than a specified value of � (here, � ¼ 10�4). �SðtÞ is

calculated over the range ðt � s; . . .; tÞ and

DðSU ; SVÞ ¼
PM

i¼1ðsU
i � sV

i Þ
2

4M
ð3Þ

specifies the hamming distance between two gene expres-

sion patterns. Here, SU = St and SV = St-s. For the results

presented here, � ¼ 10�4 and s = 10. Gene networks will

cycle for several iterations, and then reach a stable, equi-

librium state or continue to cycle indefinitely. Individuals

that cycle indefinitely are discarded from the population.

Male trait and female preference

The stable, equilibrium vector of gene expression states Ŝ

is the individual phenotype and the number of activated

genes determines trait y and preference x. The phenotype,

z, is calculated as z ¼
PM

i¼1ðŝi if ŝi ¼ 1Þ. This simple

representation is an ordinal phenotype-fitness map with a

Fig. 1 The network model envisions a set of regulatory elements,

like promoters, that are proximal to a gene. Each gene can up-regulate

(arrows) or down-regulate (bars) itself and other genes in the

network. These interaction strengths are quantitative and can be

described as a matrix of regulatory genes and their targets. The

network model is shown for an example of four genes for simplicity; a

network of ten genes was used in the simulated populations. After

Fierst (Fierst 2011b)
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minimum of 0 (all genes repressed) and a maximum of 10

(all genes activated). Stabilizing sexual selection favors

an intermediate number of activated genes, while direc-

tional sexual selection favors a higher number of acti-

vated genes. The mating functions and algorithms are

explained below.

Population genetic simulations

Each simulation begins with the creation of a single

founder individual with two networks, X and Y. The allelic

values are randomly selected with connectivity c, the

probability that xij = 0 (here, c = 0.75). Each gene’s

activation or repression state, si(0), is chosen randomly as

either -1 or 1. This founding network/initial gene

expression combination is iterated until the founder

achieves developmental stability. If this does not happen, I

repeat the procedure until a stable individual is found. This

founder is then cloned to form a population of N = 2,000

divided evenly between males and females. The founder’s

equilibrium gene expression for X is the naturally selected

optimum phenotype for females, and the Y equilibrium is

the naturally selected male optimum.

I replace the population each generation through sexual

reproduction. I evolve all populations without sexual

selection for the first 2,000 generations, at which point the

populations either continue to evolve without sexual

selection or begin to evolve with sexual conflict or Fishe-

rian selection (the algorithms for these populations are

given below). In the absence of sexual selection, repro-

duction occurs by randomly selecting one male and one

female and recombining the rows of their genotypes with

equal probability (i.e., all x1j, then all x2j, until the genotype

is complete). After reproduction, I introduce mutations

from the Gaussian distribution with N * (0,1) at a rate of
1

cM2. This results in, on average, one mutation, per network,

per generation. I preserve the original network topology by

mutating only non-zero xij.

Each individual must achieve developmental stability to

be included in the population. When there is no sexual

selection operating, fitness is determined by the distance

from the optimum

FðŜÞ ¼ e
�DðŜ;Sopt Þ

r ð4Þ

where r is the strength of selection (Siegal and Bergman

2002). I used very weak selection to allow genetic and

phenotypic variance to accumulate (here, r = 106). With

these parameters, an individual that deviates from the

optimum at all genes still has greater than 99 % fitness. All

simulations are run for 20,000 generations, and each set of

simulations is replicated 250 times. The results presented

here are averaged over these replicates.

Evolving the populations

Strong exaggeration of female mating preferences, and

corresponding exaggeration of male traits, requires weak

natural selection on preferences. In order to accurately

model this, I allow females to evaluate a large number of

males (20 % of the male population) and then mate ran-

domly if they have not found a male with an acceptable

trait. I calculate female fitness as 1 - sx * D(SU, SV) and

male fitness as 1 - sy * D(SU, SV), where D(SU, SV) is the

hamming distance from the optimum (given in Eqs. 2, 3).

The parameters sx and sy determine the strength of natural

selection on preference and trait. I simulated sets of natu-

rally selected costs ranging from 0.01 to 0.0001 and costs

within this range did not affect the results. For the results I

present here, sx = 0.001 and sy = 0.0001. In this case, a

male deviating from the optimum at all 10 genes has fitness

greater than 99 %.

Measuring the evolution of the populations

I measure male trait, female preference, phenotypic

robustness, viability robustness, and evolvability for each

population. I calculate trait and preference according to the

equations given above, and average over all individuals in

the population. The trait and preference dynamics fluctuate

over the evolution of the simulated populations, and in

order to better study the effects of sexual selection on

evolvability and robustness I standardized the responses to

that of a randomly mating population. I divided each

measurement by the corresponding average measurement

from a set of randomly mating populations. The evolv-

ability and robustness measures therefore represent the

average gain or loss due to sexual conflict, Fisherian

selection or good genes, relative to a population without

sexual selection operating.

I measured the male genotypic and phenotypic values,

the sexually selected fitness of each, and the distribution of

these values in the population to assess the genotype-phe-

notype-fitness relationship and fitness landscape created by

each type of sexual selection. I measured the male geno-

type by summing the allelic values according to the

equation G =
P

i=1
M P

j=1
M yij. The phenotypic value is the

male trait, z, calculated according to the equation above. I

calculated sexually selected fitness by assessing the num-

ber of females in the population who would mate with a

male with this trait value and dividing by the total number

of females in the population. I then calculated the distri-

bution of these values by summing the number of males

with each of the genotypic values calculated earlier.

Measuring robustness I measure robustness by taking

each individual at the end of the evolution of the popula-

tion, replicating it 100 times and replacing one, randomly
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selected element of the gene network with a new value

(following Siegal and Bergman 2002). The proportion of

individuals that achieve developmental stability after each

mutation measures viability robustness. Alternately, an

individual may respond to mutation by attaining develop-

mental stability with a different equilibrium phenotype. I

measure phenotypic robustness by calculating the propor-

tion of individuals that achieve the same phenotype before

and after mutation. I assess the significance of the differ-

ences in both viability and phenotypic robustness with a

one-way ANOVA and a Tukey HSD among sexual selec-

tion types.

Measuring evolvability I measure evolvability with an

algorithm used in Fierst (2011a, b) and similar to Draghi

and Wagner (2009). I randomly pick ten individuals at the

end of the simulations and replicate each individual,

without mutation, to create a new population of N = 100. I

place this small population in an environment with a new

phenotypic optima. In this model, phenotypes and geno-

types are connected in complex, non-linear ways and this

leads to populations that evolve very quickly in some

environments and less quickly in others. In order to mea-

sure across these possibilities, I evolve the populations

towards all possible new phenotypes (here, 10 genes results

in 1,024 different possibilities, i.e. 1,023 possible new

environments). This is computationally intensive, but

averages over biases related to individual phenotypic states

and gives a comprehensive picture of the ability of a

genotype to respond in a new environment. The popula-

tions are evolved under strong selection in the new envi-

ronment (r = 10 in Eq. 4) with a mutation rate equivalent

to the original evolving populations ( 1
cM2, introduced in

‘‘Population genetic simulations’’).

I then measure the hamming distance between the

equilibrium expression of each of the individuals and the

new phenotypic optimum. The hamming distance is a

measure of distance between two objects with binary states,

and describes the number of positions at which the two

objects differ. Here, the hamming distance measures the

number of genes for which the activation or repression

state is the same between the individual and the new

phenotypic optimum. It is 0 if si(t) is the same for both, and

1 if si(t) is different. The summed hamming distance is the

potential for the population to evolve towards the new

phenotypic optimum. I evolve the population, with muta-

tion, in the new environment for 25 generations and mea-

sure the hamming distance for each individual. The

difference between this initial and final distance is the

phenotypic progression of the population towards the

optimum. I average the performance of each genotype

across these new phenotypic optima, and average across

the genotypes to calculate an evolvability measure that

represents the population. I assess the significance of the

differences in evolvability with a one-way ANOVA and a

Tukey HSD to discriminate between selection selection

types.

Sexual selection algorithms and results

Sexual conflict

The sexual conflict algorithms follow a quantitative genetic

model of sexual conflict. Gavrilets et al. (2001) described a

scenario in which males and females conflict over some

aspect of reproduction, like mating rate. Male sexually

selected fitness is an increasing function of male trait y

while the sexually selected portion of female fitness is

maximized at an intermediate value. In order to implement

their framework, I divided the mating functions into two

parts. First, a male must stimulate a female into mating

according to

wðxjyÞ ¼ tanhð�ðy� xÞ þ 1Þ
2

ð5Þ

where w(x|y) is the probability that a female with prefer-

ence x mates with a male with trait value y. If the male

stimulates the female, his success is determined by

wðxjyÞ ¼ ð1þ byÞðe�qðy�hÞ2Þ). For the results presented

here, � ¼ 2; b ¼ 0:05; q ¼ 0:1 and h (the sexually selected

female optimum) was set by adding one activated gene to

the number of activated genes in the naturally selected

optimum. This is a limited representation of sexual conflict

that proposes an evolution of traits and preferences through

a fixed, unchangeable sensory bias (Brennan and Prum

2012; Prum 2012), but it captures the essential elements of

selective forces produced by mating preferences that are

the focus of this model. The male trait is subject to both

strong directional and stabilizing selection, and this pro-

duces stable exaggeration of trait values. The mating

functions are plotted in Fig. 2d.

Fisherian sexual selection

Lande (1981) described a ‘‘psychophysical model‘‘ of

female perception and preference, where females with

preference x mate with males with trait y with a Gaussian

tolerance of ±m. This models the Fisher process through

stabilizing selection around the female preference (exam-

ples of trait and preference dynamics are shown in Fig. 3).

The probability that a female with preference x mates with

a male with trait y is wðxjyÞ ¼ eð�x�yÞ2=2m2

. The parameter m
determines the width of the mating function, and describes

the extent to which a female will tolerate males that deviate
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from her optimal preference. If m is small, the female has

low tolerance for males that deviate from her preference

and if m is large she has greater tolerance for a range of

male traits. The m parameter is thus very important as it

determines the strength of selection females exert on

males, and drives the dynamics of sexual selection under

Fisherian selection. In order to analyze the effects of

varying female preferences, I simulated strengths of

Fisherian selection by evolving populations with

m = 0.5, m = 1, m = 2. I also tested the effect of variation

in female tolerance by evolving populations with

0.5 \ m\ 2. The mating functions are plotted in Fig. 4c.
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Fig. 2 Sexual conflict did not affect evolvability of either male trait

or female preference (statistical results are given in Table 6). a Mean

female preference ±SD and male trait ±SD over the evolution of a

single population (shown here as an example). The average male trait

evolves above a threshold necessary to stimulate females into mating,

while the average female preference remains near the naturally

selected optimum. b Evolvability for male trait and female preference

is not different from a randomly mating population. c Robustness in

the male trait and female preference, and viability robustness for

males and females (both are measured relative to a randomly mating

population). Male trait robustness increases under sexual conflict, but

female preference robustness and male and female viability robust-

ness are not different from a randomly mating population (statistical

results given in Tables 2, 3, 4, 5). d The mating functions used to

determine the probability of mating for a female with a naturally

selected preference of 5 activated genes
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Fig. 3 Fisherian sexual selection affects male trait values. The data

plotted are mean female preference ±SD and male trait ±SD over the

evolution of a single population (shown as an example). a Preference

and trait have different values in a randomly mating population.

b–e Fisherian sexual selection causes the male trait to closely track

female preference for all levels of female tolerance
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Good genes

The good genes algorithms follow a threshold mating

model. The male stimulates a female into mating according

to

wðxjyÞ ¼ tanhð�ðr � y� xÞ þ 1Þ
2

; ð6Þ

where r is the male’s mutational robustness for viability. If

he has high mutational robustness his trait is displayed to

the female at full value, and his display size decreases with

decreasing mutational robustness. Since the model is

directional, females prefer males with large trait values and

high mutational robustness. The good genes mating func-

tion is plotted in Fig. 5d.

Evolution of the populations under sexual selection

In a randomly mating population, female preference and

male trait values evolve independently (Fig. 3a). The

variance in male trait and female preference reflects the

phenotypic variance segregating in the population and the

effective strength of selection on that character (shown in

Table 1). Across randomly mating populations the variance

in male trait and female preference are roughly equivalent

(0.25 activated genes for males; 0.23 activated genes for

females). For the populations evolving under sexual con-

flict, the mean male trait evolves to stimulate females into

mating (Fig. 2a). The variance in male trait is reduced to

0.18 as a result of sexual selection and the variance in

female preference is equivalent to that of a randomly

mating population.

Under Fisherian sexual selection, the male trait evolves

to closely track female preference (Fig. 3b–e). Fisherian

sexual selection reduces variance in the male trait to

0.09–0.11 activated genes, and this happens for all values

of female tolerance (the m parameter described above). The

variance in female preference is slightly reduced relative to

a randomly mating population when females have low

tolerance for male traits outside their preferred range (small
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Fig. 4 Fisherian sexual selection consistently lowers male evolv-

ability and male viability robustness. The results shown are ordered

by female tolerance. Populations with the least tolerant females

(m = 0.5) are on the left, populations with more tolerant females are in

the middle (m = 1 and m = 2), and populations with variation in

female tolerance (0.5 \ m\ 2) are on the right. a Evolvability for

male trait and female preference, relative to evolvability in a

randomly mating population, with 95 % confidence intervals. Male

evolvability is consistently reduced under Fisherian sexual selection,

but female evolvability is not affected (statistical results given in

Table 6). b Average mutational robustness for male trait, female

preference, and male and female viability relative to a randomly

mating population. The 95 % confidence intervals are too small to be

seen. Fisherian sexual selection significantly reduces robustness in

male viability for all cases but m = 2 (statistical results are given in

Table 2). c The mating functions used in each simulated population,

where m determines the width of the female preference function
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m values; 0.5 and 1), and slightly increased when females

tolerate many male traits (m = 2) or have variation in their

tolerance levels (0.5 \ m\ 2). Under good genes sexual

selection, males evolve higher trait values that stimulate

females into mating (Fig. 5a). Good genes sexual selection

results in slightly increased variance in the male trait (0.38)

and roughly equivalent variance in the female preference

(0.25) relative to a randomly mating population (Table 2).

The sexually selected fitness landscape shows similar

patterns. The genotype-phenotype relationship in this

model is complex, and multiple genotypic values can

produce identical phenotypes. In a randomly mating pop-

ulation, genotypic evolution is only constrained by natu-

rally selected fitness and the phenotypic values percolate

across the fitness landscape (Fig. 6a). The population

density is similarly distributed across the landscape. In

populations evolving with sexual selection genotypic evo-

lution is constrained by the need to produce high-fitness

phenotypes and the distribution of genotypic values

remains broad while the phenotypic distribution narrows.

Sexual conflict results in a population that clusters around a

single high-fitness phenotype with other high-fitness phe-

notypes segregating in the population (Fig. 6b). Under

good genes sexual selection this distribution is more nar-

row (Fig. 6c), and under Fisherian sexual selection it is

tightly constrained with [99 % of males displaying a sin-

gle high-fitness phenotype (Fig. 6d).

Phenotypic robustness describes the ability of males and

females to produce the same traits and preferences after

random mutations. This is significant for populations where

sexual selection is operating because mating success and

fitness depend on an individual’s ability to reliably develop

traits and preferences. Male phenotypic robustness

increases under sexual conflict, Fisherian selection and

good genes sexual selection (Figs. 2c, 4b, 5c), but the

increases under strong or variable Fisherian selection (m =

0.5;1;0.5–2) are not statistically significant. Female phe-

notypic robustness is not significantly affected by sexual
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Fig. 5 Good genes sexual selection does not affect evolvability for

either males or females, but increases both male trait and viability

robustness (statistical results are given in Tables 2, 3). a Mean female

preference ±SD and male trait ±SD over the evolution of a single

population (shown here as an example). Male traits and female

preferences evolve erratically depending on the distribution of trait

and preference values in the population and mutational input.

b Evolvability for male trait and female preference is not different

from a randomly mating population. c Mutational robustness for male

trait and male viability, and for female preference and female

viability. Female robustness is unaffected relative to a randomly

mating population, but males show significantly increased mutational

robustness for viability and phenotype. d The mating functions used

to determine the probability of mating for a female with a preference

of 7 activated genes. Males with smaller trait values and high

mutational robustness for viability can more easily stimulate the

female into mating, while males with higher trait values and lower

mutational robustness will have a lower chance of mating with this

female

b
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selection (Table 3). All strengths of Fisherian selection

reduce male viability robustness relative to a randomly

mating population, but this difference is not statistically

significant for weak Fisherian selection (m = 2; Table 4;

Fig. 4b). Good genes selection results in a large increase in

male viability robustness (Table 4; Fig. 5c). Female via-

bility robustness is not significantly affected by any type of

sexual selection operating in the population (Table 5).

Evolvability describes how a trait or preference

responds to new mutational input and selection. This

capacity is important for populations evolving with sexual

selection because it describes their ability to change to a

new environment or selection regime. For example, the

environment could change or females could prefer different

male traits. The ability to adapt to either of these changes is

essential for fitness. All strengths of Fisherian sexual

selection reduce male trait evolvability relative to a ran-

domly mating population (Table 6; Fig. 4a). Sexual

conflict and good genes do not significantly affect male

evolvability, and female evolvability was not significantly

affected by any type of sexual selection.

Discussion

In a previous article I explored the influence of sexually

antagonistic pleiotropy on the evolution of evolvability and

mutational robustness and found that genetic networks that

are pleiotropically shared between males and females

evolve higher levels of evolvability and mutational

robustness (Fierst 2011b). The results presented here

indicate that sexual selection itself can also influence the

evolution of evolvability and mutational robustness. All

three forms of sexual selection increased male phenotype

robustness, and females directly selecting on male muta-

tional response through good genes sexual selection

increased male viability robustness. Male viability and

evolvability were lowered through Fisherian sexual selec-

tion, but none of the sexual selection scenarios increased

either male or female evolvability.

Over the last century, evolutionary geneticists devel-

oped a body of theory addressing how evolution should

proceed when phenotypic traits have a simple genetic basis.

Modern science has demonstrated that few, if any, traits

have simple underlying genetics. Complex sets of inter-

actions across networks and pathways are ubiquitous in

development and gene regulation, but we have little intu-

ition for how evolution should proceed given these con-

ditions. Both theoretical and empirical studies indicate that

system-level properties of the genotype-phenotype map,

like evolvability and mutational robustness, are large

determinants of adaptation and evolutionary response (for

review, see Schlichting and Murren 2004; Masel and Siegal

2009). Previous work has demonstrated that population

genetic factors like mutation rate, strength of selection, and

population size determine the evolution of system-level

properties. The research I present here demonstrates that

sexual selection also influences genetic evolution and

Table 1 Sexual conflict resulted in a small decrease in variance in

the male trait, but had no effect on variance in female preference

Male trait

variance

Female preference

variance

No sexual selection 0.25 0.23

Sexual conflict 0.18 0.23

Fisher

m = 0.5 0.11 0.20

m = 1 0.09 0.22

m = 2 0.11 0.28

0.5 \ m\ 2 0.10 0.24

Good genes 0.38 0.25

Fisherian sexual selection resulted in larger decreases in variance in

the male trait, and slight reductions in the variance in female pref-

erence when females had very narrow mating preferences (m = 0.5,

1). Fisherian sexual selection resulted in slight increases in the vari-

ance in female preference when females had broad mating prefer-

ences (m = 2) and when there was variation in female mating

preferences (0.5 \ m\ 2). Good genes sexual selection produced an

increased male trait variance and female preference roughly equiva-

lent to a randomly mating population

Table 2 Results of the Tukey HSD test for male phenotype robustness (df = 6; F = 7.12; p \ 0.001)

Conflict Fisher Fisher Fisher Fisher Good genes

m = 0.5 m = 1 m = 2 0.5 \ m\ 2

Random mating -0.009*** -0.003 -0.005 -0.007* -0.005 -0.011**

Conflict 0.006* 0.003 -0.002 0.004 -0.002

Fisher m = 0.5 -0.003 -0.004 -0.002 -0.008***

m = 1 -0.001 0.001 -0.005

m = 2 0.001 -0.004

0.5 \ m\ 2 -0.006*

Reported are mean differences (row minus column) and significance levels with *** p \ 0.001; ** p \ 0.01; * p \ 0.05
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Fig. 6 a In a randomly mating population, there is a broad range of

high-fitness phenotypes and males are distributed across these

phenotypes. The left hand panel shows the sexually selected fitness

of each male in the population (under random mating, sexually

selected fitness is roughly 99 % for all male phenotypes) and the right
hand panel shows the number of males with each genotypic and

phenotypic value. These values are plotted at the end of the evolution

of a single population to illustrate the fitness distributions in the

populations. b Under sexual conflict high-fitness male phenotypes are

confined to a smaller region of the genotypic and phenotypic space,

and the population density is concentrated on the phenotypes with the

highest sexually selected fitness. c Male phenotype and population

density are more constrained in a population evolving with good

genes sexual selection, and show the most narrow distributions in d a

population evolving under Fisherian sexual selection

Table 3 Results of the Tukey HSD test for female phenotype robustness (df = 6; F = 2.85; p = 0.001)

Conflict Fisher Fisher Fisher Fisher Good genes

m = 0.5 m = 1 m = 2 0.5 \ m\ 2

Random mating 0.002 -0.003 -0.003 -0.001 0.001 0.001

Conflict -0.006* -0.005 -0.003 0.005 -0.001

Fisher m = 0.5 0.001 0.003 0.001 0.005

m = 1 0.003 0.001 0.004

m = 2 -0.002 0.002

0.5 \ m\ 2 0.004

Reported are mean differences (row minus column) and significance levels with *** p \ 0.001; ** p \ 0.01; * p \ 0.05

Table 4 Results of the Tukey HSD test for male viability robustness (df = 6; F = 54.58; p \ 0.001)

Conflict Fisher Fisher Fisher Fisher Good genes

m = 0.5 m = 1 m = 2 0.5 \ m\ 2

Random mating 0.002 0.01*** 0.01*** 0.002 0.007*** -0.009**

Conflict 0.008*** 0.007** -0.001 0.005*** -0.011***

Fisher m = 0.5 -0.001 -0.007*** -0.002 -0.019***

m = 1 -0.006*** 0.001 -0.017***

m = 2 0.005** -0.011***

0.5 \ m\ 2 -0.016***

Reported are mean differences (row minus column) and significance levels with *** p \ 0.001; ** p \ 0.01; * p \ 0.05
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responses to mutation and selection. In these simulated

populations the evolution of male trait and female prefer-

ence results entirely from mating dynamics. These

dynamics are strong enough to increase and decrease

mutational robustness, and to decrease evolvability.

Measuring mutational robustness for both the phenotype

and viability captures the total effect of sexual selection on

the population. Fitness results from the combination of

fecundity and viability. Male reproduction depends on

producing a trait that appeals to females, and males that

produce the correct trait value after random mutations are

more likely to mate successfully. This results in an increase

in the average phenotypic robustness, and hence the

fecundity-related portion of fitness. The phenotype is an

ordinal character in this model, and these results may differ

for a continuous character like tail size. In that situation,

we may instead see a cluster of trait values close to an

optimum, and the patterns of genetic and genotypic vari-

ation may also differ. Additionally, the naturally selected

costs in this model are quite low and the population size is

fixed in each generation which means there are no fecun-

dity-related costs of sexual selection. Incorporating dif-

fering types of cost functions may also change how sexual

selection influences the evolution of the populations.

In this model, evolvability essentially measures robust-

ness after several rounds of mutation and recombination. If

selection to produce a certain phenotype is extremely

strong, reduced evolvability will also be favored in the

population. However, the reduction in viability robustness

seen under Fisherian selection could have two explana-

tions, particularly because viability robustness increases

under good genes sexual selection. This indicates that there

is not a necessary trade-off between these two types of

robustness, or between robustness and evolvability.

First, the genotype-phenotype map describes the rela-

tionship between genetic changes and phenotypic effects

(Lewontin 1978), while fitness landscapes describe areas of

high and low fitness as peaks and valleys (Wright 1932).

The relationship between genetic changes and fitness

effects necessarily requires two separate mappings, one

from genotype to phenotype and one from phenotype to

fitness. The phenotypic and fitness landscapes may not

coincide, particularly if the mappings are complex and this

may be determined by the strength of selection acting in

the population. In this model, changes across the fitness

landscape are complex composites of phenotypic effects,

viability effects, and mating success and this may create a

rugged landscape where few phenotypic and fitness peaks

align. Jones et al. (2007) found that in an individual-based

simulation the genetic architecture evolved to align muta-

tional effects with the selective landscape. This suggests

that instead of necessary trade-offs, there are certain areas

of the landscape where phenotypic and viability robustness

coincide and other areas where the two types of robustness

Table 5 Results of the Tukey HSD test for female viability robustness (df = 6; F = 2.37; p = 0.03)

Conflict Fisher Fisher Fisher Fisher Good genes

m = 0.5 m = 1 m m 2 0.5 \ m\ 2

Random mating 0.001 0.003 0.001 -0.001 0.001 0.001

Conflict 0.002 0.000 -0.001 0.001 0.001

Fisher m = 0.5 -0.002 -0.004* -0.002 -0.001

m = 1 -0.002 0.001 -0.001

m = 2 0.002 -0.001

0.5 \ m\ 2 0.000

Reported are mean differences (row minus column) and significance levels with *** p \ 0.001; ** p \ 0.01; * p \ 0.05

Table 6 Results of the Tukey HSD test for male evolvability (df = 6; F = 2.85; p = 0.001)

Conflict Fisher Fisher Fisher Fisher Good genes

m = 0.5 m = 1 m = 2 0.5 \ m\ 2

Random mating 0.008 0.027* 0.035*** 0.032*** 0.03** -0.001

Conflict 0.020 0.027** 0.023* 0.019 0.008

Fisher m = 0.5 0.008 0.003 0.001 -0.028***

m = 1 -0.004 -0.008 -0.036***

m = 2 -0.004 -0.032**

0.5 \ m\ 2 -0.028**

Reported are mean differences (row minus column) and significance levels with *** p \ 0.001; ** p \ 0.01; * p \ 0.05. There were no

significant differences for female evolvability
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do not coincide. The strong stabilizing selection produced

from Fisherian selection may make the landscape so rug-

ged that neutral evolution is very limited.

The second possibility is that viability robustness may

decrease due to stabilizing selection alone. Sexual conflict

and good genes produce directional selection on male trait

values but once males have evolved sufficiently high trait

values, the directional forces are moderate. In contrast,

Fisherian selection produces consistent stabilizing forces of

varying strength determined by the parameter m. This can

be seen in the low phenotypic variance across the popu-

lations, which indicates that even under weak or variable

Fisherian selection the realized selection on male traits is

still very strong in this model. This was unexpected, as

females in these simulated populations evaluated large

numbers of males and could mate randomly. Even under

these weak conditions, mating preferences created strong,

self-reinforcing selection.

Epistatic interactions can create a complex relationship

between stabilizing selection and the evolution of muta-

tional robustness (de Visser et al. 2003; Hermisson et al.

2003; Hansen 2006). Previous papers using a network

model similar to the one I used here have shown that the

random genetic networks used to initialize populations

have low mutational robustness (Wagner 1996; Siegal and

Bergman 2002). Robustness evolves over the evolution of

the populations in response to high mutation rates, and

sexually reproducing populations evolve higher mutational

robustness relative to asexually reproducing populations as

an evolved response to recombination (Azevedo et al.

2006). In contrast, evolvability is highest for random

genetic networks and, under stabilizing selection, decreases

over the evolution of the populations (Fierst 2011b).

Robustness also shows a nonlinear relationship with the

strength of stabilizing selection. Weak and moderate

strengths of stabilizing selection result in the evolution of

mutational robustness but strong stabilizing selection limits

robustness (Wagner et al. 1997; Azevedo et al. 2006). In

this network model very strong stabilizing selection pre-

vents new mutations from entering the population; under

these conditions robustness can not evolve. Strong realized

selection may be an accurate representation of mating

preferences operating in natural populations. Exaggerated

traits like the male peacock’s tail or stalk-eyed fly mor-

phology indicate that sexual selection dynamics result in

selection so strong it overrides the clear fitness costs of trait

exaggeration (Andersson 1994).

Mutational robustness is an important determinant of

evolution, and has been a major focus of biological

research over the past 20 years (for review, see Wagner

2005). In this model, females selecting on male robustness

to mutation is sufficient to increase these values relative to

a randomly mating population. Empirical studies (for

example, Borenstein and Ruppin 2006; Proulx et al. 2007)

have found evidence suggesting direct selection on genetic

robustness but the majority of theoretical work has focused

on the evolution of robustness as a indirect consequence of

mutation rates, recombination, sexual reproduction, and

population genetic factors like the strength of selection and

population size (for review, see de Visser et al. 2003;

Masel and Siegal 2009). The results of this model dem-

onstrate that mutational robustness is a quality that can be

directly selected, and without apparent trade-offs in either

phenotypic robustness or evolvability. Robustness indicates

the capacity to maintain stability while evolvability indi-

cates the capacity to change, and would seem to be

opposing properties with necessary trade-offs. There is a

body of literature supporting the idea that rather than hin-

der evolvability robustness actually promotes it (reviewed

in Masel and Trotter 2010) but other studies suggest a more

complex picture. For example, Wagner (2008) studied

RNA genotypes and secondary structure and concluded

that genotypic robustness hinders evolvability while phe-

notypic robustness promotes it. Bor-Sen Chen et al. (2011)

reported a complex relationship between genetic robust-

ness, environmental robustness, and phenotypic evolution

for linear networks. These studies indicate that different

forms of robustness and evolvability have markedly dif-

ferent relationships and possible trade-offs, and further

detailed studies are necessary to understand these

dynamics.

The genic capture hypothesis (Rowe and Houle 1996)

posits that any trait under strong sexual selection will

eventually act as an honest indicator and reflect the male’s

genetic condition. Theoretical work (Agrawal 2001; Siller

2001) indicates that this effect may be sufficient to main-

tain sexual reproduction despite the reduced reproductive

output relative to an asexual population. Empirical evi-

dence for condition dependence in sexually selected traits

abounds (for example, David et al. 2000; Bonduriansky

and Rowe 2005; Delcourt and Rundle 2011). The results I

present here suggest that female mating preferences

directly increasing the mutational condition of males in

their population may be ubiquitous in natural populations.
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