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In species where males provide neither direct benefits nor paternal care, it is
typically assumed that female preferences are maintained by indirect selec-
tion reflecting genetic benefits to offspring of preferred males. However, it
remains unclear whether populations harbour sufficient genetic variation in
fitness to support costly female preferences — a problem called the ‘lek para-
dox’. Here, we ask whether indirect selection on female preferences can be
maintained by nongenetic inheritance. We construct a general model that
can be used to represent either genetic or nongenetic inheritance, depend-
ing on the choice of parameter values. Interestingly, we find that costly
preference is most likely to evolve and persist when fitness depends on an
environmentally induced factor that can be transmitted over a single gener-
ation only, such as an environment-dependent paternal effect. Costly prefer-
ence can also be supported when fitness depends on a highly mutable factor
that can persist over multiple generations, such as an epigenetic mark, but
the necessary conditions are more restrictive. Our findings show that nonge-
netic inheritance provides a plausible hypothesis for the maintenance of
costly female preferences in species where males provide no direct benefits
to females. Nongenetic paternal inheritance of fitness can occur in species
lacking conventional forms of paternal care. Indeed, transmission of paternal
condition via sperm-borne nongenetic factors may be more likely to evolve
than conventional forms of paternal investment because sperm-borne effects
are protected from cuckoldry. Our results furnish a novel example of an
interaction between genetic and nongenetic inheritance that can lead to
otherwise unexpected evolutionary outcomes.
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if males provide care directly to offspring and thereby

Introduction enhance offspring fitness, then choosy females can ben-

In many species of birds, mammals, insects and other
animals, females are choosy about their mates (Anders-
son, 1994). In some cases, the evolution and mainte-
nance of female preferences is attributable to direct
selection (Price et al., 1993; Schluter & Price, 1993;
Vahed, 1998). For example, males may vary in the pro-
vision of nutritious ‘nuptial gifts’” to females, or the
probability of infecting females with parasites. Likewise,
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efit indirectly (i.e. through enhanced offspring fitness)
by choosing mates on the basis of indicators of parental
care quality (Heywood, 1989; Hoelzer, 1989; Wolf et al.,
1997; Iwasa & Pomiankowski, 1999). In many other
cases, however, males contribute nothing more than an
ejaculate to females and their offspring. In such sys-
tems, females are assumed to benefit indirectly,
through the genetic benefits received by offspring of
attractive males. Such systems present a theoretical
conundrum, dubbed the ‘lek paradox’ (Borgia, 1979;
Taylor & Williams, 1982; Bradbury & Gibson, 1983;
Kirkpatrick & Ryan, 1991): because mutation rates are
low relative to the strength of purifying selection,
populations at evolutionary equilibrium are expected to
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exhibit negligible additive genetic variance in fitness.
Consequently, there should be little or no difference in
fitness between the offspring of attractive and unattrac-
tive males. Female mate choice is likely to be costly
(Reynolds & Gross, 1990) and should therefore be rap-
idly lost in the absence of compensating benefits.

Many theoretical studies have aimed to identify the
mechanisms that could maintain sufficient genetic vari-
ation in fitness to support costly female preferences
(reviewed in Radwan, 2008). Several mechanisms are
based on the idea that an evolutionary equilibrium is
never attained because of variable selection or gene
flow. Continual variation in selection could result from
coevolution between parasites and hosts (Hamilton &
Zuk, 1982), or antagonistic coevolution between sexes
(Iwasa & Pomiankowski, 1995; Gavrilets et al., 2001;
Gavrilets & Hayashi, 2006). Zeh & Zeh (2008) also
argued that exclusively maternal transmission of mito-
chondria, which precludes any response to selection for
nuclear-mitochondrial co-adaptation in males, could
maintain heritable variation in fitness. Likewise, if gene
flow occurs between subpopulations or host-races occu-
pying distinct environments, then indirect selection
could maintain female preferences for locally adapted
males (Day, 2000). Similarly, genetic variation in fitness
could be maintained if genotype—environment interac-
tions are strong, such that different alleles confer high
fitness in different ambient conditions or microenviron-
ments (Bussiere et al., 2008; Kokko & Heubel, 2008;
Ingleby et al., 2010). Other mechanisms posit develop-
mental-genetic architectures that amplify additive
genetic variance for fitness, or slow its depletion. Pomi-
ankowski & Moller (1995) suggested that nonlinear
effects of secondary sexual trait expression on male
mating success could drive the evolution of modifiers
that increase variance in signalling traits. Rowe &
Houle (1996) argued that condition-dependent sexual
displays reflect genetic variation at numerous loci,
providing a sufficient mutational target to maintain
additive genetic variance in fitness. The depletion of
additive genetic variance could be slowed by indirect
genetic effects on the expression of male displays (Wolf
et al., 1997; Miller & Moore, 2007). Even at realistic
mutation rates, it has been suggested that female pref-
erences could provide a benefit to sexual populations,
relative to asexual ones, by reducing the mutation load
(Siller, 2001). It has also been shown that, in small
populations, or under biased mutation rates, heterozy-
gosity may be ‘heritable’, and this can maintain female
preferences for outbred males (Neff & Pitcher, 2008;
Fromhage et al., 2009).

The empirical evidence bearing on the efficacy of
these mechanisms is mixed. Many traits exhibit abun-
dant additive genetic variance (Pomiankowski & Moller,
1995) and, in some populations, fitness is subject to
strong genotype X environment interactions (Zhou
et al., 2008). However, studies on laboratory populations
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of Drosophila suggest that multivariate additive genetic
variation in the direction of sexual selection is scant
(Blows et al., 2004; Hine et al., 2004; Van Homrigh et al.,
2007). Moreover, a growing body of evidence suggests
that many genes have sexually antagonistic effects on
fitness (Chippindale et al., 2001; Fedorka & Mousseau,
2004; Brommer et al., 2007; Foerster et al., 2007; Bondu-
riansky & Chenoweth, 2009; Innocenti & Morrow,
2010). Attractive males may thus typically sire poor-
quality daughters, negating any indirect benefits of mate
choice for females (Pischedda & Chippindale, 2006).

Here, we ask whether costly preference can be main-
tained by nongenetic inheritance — a set of inheritance
mechanisms mediated by the transmission from parents
to offspring of components of the parental phenotype or
environment that influence gene expression and devel-
opment in the offspring (Bonduriansky & Day, 2009;
Danchin etal., 2011). Nongenetic inheritance encom-
passes mechanisms such as transgenerational epigenetic
inheritance (i.e. transmission of DNA methylation or
chromatin structure variants), somatic inheritance (i.e.
transmission of components of the parental soma, such
as glandular secretions), behavioural inheritance (i.e.
influences of parents on offspring behaviour via learn-
ing) and environmental inheritance (i.e. parental influ-
ence on the ambient environment experienced by the
offspring). Such mechanisms of inheritance operate in
parallel with Mendelian genetic inheritance and influ-
ence many aspects of the phenotype (Jablonka & Lamb,
1995, 2005, 2010; Bonduriansky & Day, 2009; Danchin
et al., 2011). Empirical evidence suggests that some non-
genetically transmitted factors, such as epigenetic (DNA
methylation) patterns (epialleles), can be transmitted
over multiple generations like alleles, although they can
be subject to a higher mutation rate than is typically
observed (or assumed in models) under genetic inheri-
tance (Vaughn et al., 2007; Johannes et al., 2009; Teixe-
ira et al, 2009; Roux et al, 2011). Such semi-stable
factors can apparently arise spontaneously via a muta-
tion-like process (Vaughn et al., 2007), or in response to
an environmental inducer (Anway et al., 2005). Many
other examples of nongenetic inheritance involve fac-
tors that appear to wane over one or two generations
following environmental induction, unless re-induced
in subsequent generations (Mousseau & Dingle, 1991;
Rossiter, 1996; Magiafoglou & Hoffmann, 2003; Ander-
son et al., 2006; Bonduriansky & Head, 2007; Garcia-
Gonzalez & Simmons, 2007; Ng et al., 2010; Seong et al.,
2011). A potential role for nongenetic inheritance in the
maintenance of heritable variation in fitness and the
evolution of female preferences has been suggested pre-
viously (Bonduriansky & Head, 2007; Zeh & Zeh, 2008;
Pizzari & Bonduriansky, 2010), but this possibility has
not been verified in a formal model.

Nongenetic inheritance has the potential to generate
and maintain heritable variation in fitness, both via the
high mutability of nongenetically transmitted factors
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such as epialleles (Vaughn ef al., 2007) and via the
potential for nongenetic mechanisms of inheritance to
mediate the transmission of environmental effects (i.e.
‘acquired traits’) from parents to offspring (Jablonka &
Lamb, 1995; Bonduriansky & Day, 2009; Danchin et al.,
2011). Importantly, such variation can be transmitted
paternally. This can occur via conventional forms of
paternal care, such as the provision of resources or pro-
tection to offspring (e.g. Hunt & Simmons, 2000). How-
ever, such effects can also occur in the absence of
conventional forms of paternal care, via mechanisms
such as transgenerational epigenetic inheritance, RNA-
mediated inheritance or the transmission of tiny
quantities of compounds in the gamete cytoplasm or
accessory gland products (reviewed in Bonduriansky &
Head, 2007; Bonduriansky & Day, 2009). For example,
in mammals, there is evidence that environmental fac-
tors can alter the patterns of DNA methylation in sperm
and thereby influence gene expression in offspring
(Guerrero-Bosagna et al., 2010; Stouder & Paoloni-Gia-
cobino, 2010; Feil & Fraga, 2012; Manikkam et al,
2012). Moreover, there is evidence that offspring devel-
opment can be affected by factors transferred to the
zygote via the sperm cytoplasm or membranes (Diaz &
Esponda, 2004; Rassoulzadegan et al., 2006, 2007) or via
compounds present in ejaculate fluids (Ying et al., 1998;
Chow et al.,, 2003). Such mechanisms might mediate
observed effects of paternal diet on offspring physiology
(Anderson et al., 2006; Ng et al, 2010). Likewise,
in insects, DNA methylation patterns are affected by
environmental factors such as diet (Field et al., 2004). In
Drosophila melanogaster, it has also been shown that
males can transmit stress-induced changes in chromatin
structure that affect offspring phenotype (Seong et al.,
2011). Male accessory gland products can also affect off-
spring development (Garcia-Gonzalez & Simmons, 2007;
Ivy, 2007; Simpson & Miller, 2007; Priest et al., 2008). A
male’s larval diet has been shown to affect the pheno-
type of its offspring in species lacking conventional
forms of paternal investment, such as the flies Drosophila
melanogaster and Telostylinus angusticollis (Bonduriansky
& Head, 2007; Vijendravarma ef al, 2010; Valtonen
et al, 2012), although the molecular mechanisms
involved are unknown. Our analysis is based on the
biology of T. angusticollis, in which males reared on a
nutrient-rich larval diet develop into large, high-condi-
tion adults, and also produce larger offspring (Bonduri-
ansky & Head, 2007). Males in high condition are
preferred by females as mates (C. Fricke, M. Adler,
R. Brooks and R. Bonduriansky, unpublished manu-
script).

As a factor in signaller-receiver coevolution, nonge-
netic inheritance of paternal condition can be modelled
in a similar way to environmentally generated variation
in the quality of paternal care or direct benefits to
females that have been shown in previous studies to
support the evolution of costly female preferences

(Heywood, 1989; Hoelzer, 1989; Price et al, 1993;
Schluter & Price, 1993; Iwasa & Pomiankowski, 1999).
However, our analysis differs from previous studies in
several important ways. First, previous models assumed
that condition was advertised via specialized and costly
ornaments, whereas we assume that condition affects
male phenotypic traits (such as body size) that can be
assessed directly by females. This assumption allows us to
simplity our analysis and focus on the potential for non-
genetic paternal effects to support costly female prefer-
ences. Second, previous studies considered systems with
conventional forms of paternal care, whereas we focus
on systems involving paternal effects that are not con-
ventionally classified as paternal care, but which appear
to be far more taxonomically widespread. Third, as a cor-
ollary of our focus on such paternal effects, we consider
the consequences for sexual coevolution of allowing
paternal condition to be transmitted over a single genera-
tion or multiple generations. This is an important and
novel question in relation to some types of paternal
effects, such as those mediated by epigenetic variation.

Our analysis also diverges in key assumptions from
earlier work on the role of condition-dependent male
signals as ‘handicaps’ (costly signals of male genetic qual-
ity). It was noted that Zahavi’s (1975) handicap principle
was most plausible if the handicap reflected nonheritable
environmental variation in condition, and only served to
‘test” and reveal the fitness of the remainder of the pater-
nal genome (Maynard Smith, 1976; Dominey, 1983).
Males bearing large handicaps would then pass on ‘good
genes’ to their offspring without also passing on the
costly handicap trait, and females would thereby derive
indirect benefits by mating with males bearing large
handicaps. In contrast, we assume that environmentally
acquired paternal condition is itself transmissible to off-
spring, whereas we do not assume the existence of any
genetic variation in fitness (‘good genes’). Rather, in our
model, costly female preferences are maintained because
offspring of high-condition males receive a fitness benefit
via a nongenetic paternal effect.

To examine the conditions whereby nongenetic
inheritance can generate sufficient indirect selection to
maintain female preferences, we first construct a gen-
eral model that can be used to explore both genetic
and nongenetic modes of inheritance with an appropri-
ate choice of parameters. We then use this model to
examine three main scenarios. First, we investigate the
case of strictly genetic inheritance, where condition is
determined by the allele at a single locus. Second, we
explore a case where condition is determined by a
semi-stable nongenetic factor, such as an epiallele,
which is subject to a much higher mutation rate than a
genetic locus. This case differs from the standard
genetic, single-locus model only in the assumption of a
much higher mutation rate, and can therefore also rep-
resent a case where condition is affected by many loci
that jointly provide a large mutational target (Rowe &
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Houle, 1996). Third, we explore a case where the
inherited nongenetic factor can be induced de novo by
the environment, such that offspring condition reflects
an environment-dependent paternal effect.

In our models, selection on female preference is
entirely indirect. The distinction between direct and
indirect selection is important because, under reason-
able assumptions, indirect selection is generally weak in
absolute terms (Kirkpatrick & Barton, 1997) and
weaker than direct selection (Kirkpatrick, 1996). Selec-
tion on preference is generally considered to be ‘direct’
when preference affects the female’s own viability or
fecundity, and ‘indirect” when preference only affects
the fitness of the offspring (e.g. see Price et al., 1993;
Schluter & Price, 1993; Kirkpatrick, 1996). In our
model, variation in male condition has no effect on
female viability or fecundity and thus can only generate
indirect selection on female preferences via effects on
offspring fitness. Indirect selection on female prefer-
ences has typically been envisaged in the context of
‘good genes’ and thus expected to result in a genetic
correlation between preference alleles and genetic qual-
ity (Kirkpatrick, 1996). Under nongenetic paternal
effects, instead, a covariance can be established
between the preference allele and the nongenetic factor
conferring high offspring fitness.

Our analysis furnishes several novel insights. We
show that several forms of nongenetic inheritance can
support costly female preferences in the absence of
genetic variation in fitness. We also show, counterintu-
itively, that female preferences are most readily
maintained when fitness depends on an environment-
induced paternal effect that persists for a single
generation only. Our analysis suggests that nongenetic
inheritance of fitness provides an alternative to genetic
variation as a hypothesis for the maintenance of costly
preferences in species where males contribute nothing
except small ejaculates. Moreover, we argue that
paternal effects conveyed by the sperm (such as trans-
generational epigenetic effects, or RNA-mediated effects)
and, to a lesser extent, effects conveyed by the ejaculate
fluids may be more likely to evolve than conventional
forms of paternal investment because they are more
likely to benefit a male’s own offspring (see Discussion).
Finally, our findings provide a novel example of how
the interaction between genetic and nongenetic inheri-
tance can lead to unanticipated evolutionary outcomes.

Model structure

We model a sexual haploid organism with a 50 : 50 sex
ratio, using the framework of Day & Bonduriansky
(2011). The model assumes that male condition is
determined by a single locus (or nongenetic factor)
with two possible alleles (or states): C, which results in
high condition, and ¢, which results in low condition.
Female mate preference is also determined by a single

© 2012 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 76-87

Paternal effects and female choice 79

genetic locus with two segregating alleles: A, which
causes females to prefer high-condition males, and g,
which causes females to mate randomly. The frequency
of high-condition males in the population is denoted by
g, and the frequency of choosy females in the popula-
tion is denoted by p (see Table 1 for notation). Each
haploid individual therefore carries either C or ¢ and
either A or a at the condition and preference loci,
respectively. Because the organisms are haploid, the
allele/factor present at each locus is inherited, with
equal probability, from either the mother or the father.
For simplicity, we assume that the condition locus (or
factor) is expressed only in males and that the prefer-
ence locus is expressed only in females (Fig. 1).

We consider three models of the inheritance of condi-
tion (Fig. 1). First, we investigate a case where the con-
dition-determining factor is a single locus with two
segregating alleles (genetic model). Second, we consider
a case where the condition-determining factor is a single
locus with two segregating epialleles (e.g. distinct DNA
methylation patterns) that differentially affect condition
(epigenetic model). We assume that the epiallele at this
locus is unaffected by the environment, but subject to a
high mutation rate. This case can also represent a
genetic model with many loci influencing condition.
Third, we consider a nongenetic model where condition
is determined by the environment (environmental
induction model). This case can represent any type of
environment-dependent paternal effect, including a
transgenerational epigenetic effect where environment
induces epigenetic changes that affect condition. The
derivations and analysis described below are detailed in
an annotated Mathematica notebook (see Appendix S1).

Under the environmental induction model, males are
distributed randomly among good/bad quality environ-
ments (i.e. resource patches) in each generation. With a
certain induction probability, ¢, environment quality
induces a male’s condition (i.e. determines whether the
male carries C or ¢). With the complement probability,

Table 1 A list of notation.

Parameter  Interpretation

p Frequency of the female preference allele

q Frequency of the male condition allele or factor

d Linkage disequilibrium between preference and condition
components

W Viability of high-condition males (w,, > 1); low-condition
males are standardized to 1

Wy Viability of females with the preference allele (wy < 1);
nonchoosy females are standardized to 1

£ Fraction of environmental patches that are of high quality

L Probability of induction of male condition by the environment

19 Relative attractiveness of high-condition males (¢ > 1);
low-condition males are standardized to 1

u Mutation probability from high condition to low condition

during offspring production
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Fig. 1 Models of the inheritance of condition examined in the
analysis: Organisms are sexual and haploid. Boxes represent
genetic loci or types of nongenetically transmitted factors. Each
locus/factor has one of two possible alleles or nongenetic states:
Clc confer high/low condition in males, and A/a confer preference/
nonpreference in females. Shaded boxes represent expressed loci/
factors, whereas white boxes represent nonexpressed loci/factors.
In the epigenetic model, a higher mutation rate is assumed to be
possible, whereas in the environmental induction model, male
condition can be induced by the quality of the environment

(see text for further explanation).

1—¢, the male’s condition is unatfected by the environ-
ment (and thus continues to reflect the factor, C or ¢
inherited from its mother or father). Males then pass on
their factor (C or ¢) to their offspring, and this factor
affects offspring viability (probability of surviving to
adulthood). If they survive to adulthood, the sons are
then likewise distributed randomly among high-/low-
quality environments, and their adult condition either
reflects environment quality (with probability ¢) or the
factor (C or ¢) inherited from their mother or father (with
probability 1—¢). Note that by setting the probability of
induction to unity, we obtain a model in which the non-
genetically inherited factor is transmissible over a single
generation only (unlike an allele or semi-stable epiallele)
because adult condition is determined de novo in every
generation by the environment. We now describe each
stage in the life cycle of the model in more detail.

Sex determination

Haploid, newborn individuals develop as males or
females with equal probability, and in a way that is
independent of the genetic or nongenetic factors that
they carry.

Viability selection

We assume that viability selection occurs prior to adult-
hood (reproduction). In males, probability of survival to

adulthood (viability) depends on the allele or factor
(C or ¢) inherited from the mother or father. Individuals
carrying ¢ have a viability standardized to unity,
whereas individuals carrying C have a viability of
w,, > 1. In females, probability of survival to adulthood
is determined by the allele (A or a) carried at the
preference locus. Preference is assumed to impose a
viability cost, with a (nonchoosy) individuals having a
viability standardized to unity and A (choosy) individu-
als having a viability of wy < 1.

Sexual maturation

Males and females that survive viability selection then
undergo sexual maturation. In the absence of environ-
mental induction, male condition is determined by the
allele/factor C or c¢. If environmental induction occurs
(subject to induction probability ¢), then the male’s
adult condition is induced to match the quality of its
environment, such that a high-quality environmental
patch induces a C and a low-quality environmental
patch induces a ¢. We assume that high- and low-
quality environment patches occur with frequencies ¢
and 1—e¢, respectively, and that males settle randomly
in the environment. We assume that females are
uninfluenced by the environment in which they
develop.

Mating

After sexual maturation, mating occurs and females
carrying the A allele exert a mate preference for high-
condition (C) males. This preference operates as follows
(also see Kirkpatrick, 1982). Each male is assigned an
attractiveness score based on its condition, with ¢ males
having a score standardized to unity and C males hav-
ing a score of ¢ > 1. The probability that a female
chooses a given type of male is then equal to the fre-
quency of this type of male at the time of mating,
weighted by its score, divided by the average score in
the population at the time of mating. For example, if g’
is the frequency of high-condition males at the time of
mating, then the fraction of matings by A females with
such males is given by ¢'¢/(q'¢ + 1-q').

Mutation and segregation

Mating produces diploid zygotes which then segregate
into haploid offspring. Segregation is assumed to occur
independently for the preference locus and condition
locus or factor. Furthermore, prior to mating, the
high-condition allele or factor is assumed to mutate to
low condition with probability u. In the nongenetic
cases, such ‘mutation” might reflect a change in DNA
methylation pattern from the high-condition epiallele
to the low-condition epiallele, or it might reflect disease
or parasitism that prevents a high-condition male from
transmitting the viability-enhancing factor to his off-
spring. We assume that no mutation occurs at the
female preference locus.
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Given the above formulation, the genetic model is
obtained by setting the induction probability to zero
(¢ = 0), whereas the opposite extreme, in which condi-
tion inheritance is stable for a single generation only, is
obtained by setting the induction probability to unity
(¢ = 1). In both cases, we obtain the following three equa-
tions for the evolutionary dynamics of the preference fre-
quency, p, the condition frequency, ¢, and the covariance
(i.e. linkage disequilibrium), d, between the two:

Ap =p(1 —p)B; +dp,
Aq =q(1 —q)B,, + dp; + E[o4q] (1)
Ad = G(p,q,4d)

where f,, is the selection gradient on the condition fac-
tor, Bris the selection gradient on the preference locus,
E[0q] is the fitness-weighted average change in condi-
tion between a parent and its offspring over all indivi-
duals in the population, and G specifies the dynamics
of disequilibrium. Each of these elements takes on a
different form depending on whether or not condition
is induced by the environment (i.e. the value of ¢).

Genetic and Epigenetic Model (no environmental
induction, « = 0)

When condition is genetically or epigenetically deter-
mined but there is no environmental induction, the
selection gradients are given by

1 Wf—l
= 2a
b= =) 2
and
1(1 -7 —1 ! —
ﬂm:_( P') (Wi ) + 7' (Wnoc ‘70)_ (2b)
2 1 —q+qwy
where
P
Cddt1-q
1
Oc =~ )
and gé+1—gq
p/: pr
1 —p+pwr
q/: qWm
1—6]+6]Wm'

The quantity E[dq] represents the fitness-weighted
expected change in condition through mutation and is
given by

1+Wf

wr(1+pp2 — (1 = w)(wn + 1))
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1 1—-p' 4o 1pwr+1—p—241—w
Eloq] = —q ( 5wyt L0C d )
2 "1+ (wy—1)g 2 1—p+pwr

3)

We omit the expression for the dynamics of disequilib-
rium as it is very lengthy and difficult to interpret.

Environmental Induction Model (complete induction,
t=1)

For the nongenetic model with complete environmen-
tal induction, the selection gradient on female prefer-
ence is the same, but the selection gradient on male
condition is given by
1 Wy — 1
Bn=sr7————~- (4)
2(1—q+qwn)
The quantity E[dq] now represents the fitness-
weighted expected change in condition through both
mutation and environmental induction, and is given by

(1 (1 =p)(ept+1—e) —p(cen+6.(1—¢))
1pwr+1—p—4(1—wy) ))
2 1—p+pw #
(YA =p)e(l =) +p'Gce(1 —u)
+( q)(Z 1—g+qwpy
(5)
where
&C: ¢
ep+1—c¢
. 1
T ep+1—¢
Analysis

We explore the potential for female preference to
evolve by first letting male condition reach an equilib-
rium in the absence of female preference, and then
introducing a rare preference allele. A general analysis
is cumbersome, but simplifies greatly if we assume the
dynamics of disequilibrium are fast relative to allele fre-
quency dynamics. Numerical results suggest that this
approximation is reasonable under a wide variety of
parameter values (results not shown).

For the genetic and epigenetic case (no environmen-
tal induction), the female preference allele will spread
if the following inequality is satisfied:

2 A+ 1 =-p(-3—pu+wu(—44+w(1—p)))2=2¢0+ (1 —w)(-2+¢+wnd))
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Inequality (6) is difficult to interpret, but it simplifies
greatly at the upper and lower limits of mutation rate, u.
At intermediate mutation rates, the model’s behaviour
can be investigated numerically.

1+Wf

Wi — 1)(1 = £)o(1 + ) (1 — w)

For the nongenetic case with environmental induc-
tion, the female preference allele will spread if inequal-
ity (7) is satisfied:

20 204 -wr(1 = )2+ (=14 (W — 1)e)(1 = ) (1 + (¢ — 1))

When the mutation rate goes to zero (i.e. approxi-
mates a realistic mutation rate for a genetic locus),
inequality (6) simplifies to (1 + wp/2 > 1. Because
female preference is costly (wy< 1), this condition is
never satisfied (Fig. 2a), indicating that female prefer-
ence cannot evolve in the low mutation limit. When
mutation is low, female preference cannot evolve pre-
cisely because of the lek paradox: there is not enough
genetic variation in condition maintained to give utility
to female choice.

Intermediate mutation rate (e.g. in the range of 15—
60% under the parameter combination in Fig. 2a)
represents the epigenetic (noninduction) case (i.e. a
spontaneously mutating epiallele). It can also represent
a genetic case where condition is determined jointly by
many loci. This case can support the evolution of
female preference (Fig. 2a). However, for this to occur,
the strength of selection on male condition, w,, must
effectively balance the mutation rate, p in order to
generate sufficient variation in condition at equilib-
rium. This is indicated by the positive slope of the light
region in Fig. 2a.

When the mutation rate approaches one, inequality
(6) simplifies to 1/2 > 1, which is never satisfied. Under
very high mutation rates, female preference cannot
evolve because there is virtually no correlation between
the condition of a chosen male and the condition of his
offspring.

(p—1)>1 (7)

When the mutation probability goes to one, this
becomes (1 + wy)/2 > 1 which, again, is never satisfied.
When mutation probability goes to zero, however, we
get

1+ wy
. wr(Wy — 1)(1 — )¢ (8)
24 —wp) 2+ (14 (wy —1)g))(1 +e(¢p — 1))
(p—1)>1

which can be readily satisfied provided there is some
environmental variation (i.e. ¢ # 0 and ¢ # 1). Fig-
ure 2b shows the parameter space supporting the evo-
lution of female preference under the same conditions
as the genetic model and with ¢ = 0.5. In general, for a
given set of parameter values, there is some range of
environmental variability that supports the evolution of
female preference. Also note that it is no longer neces-
sary for selection, w,, to balance mutation, p, for
preference to evolve. When male condition is environ-
mentally induced selection can no longer erode the var-
iation because the environmental heterogeneity
remains unaltered by selection from one generation to
the next.

Finally, we can also explore the evolutionary dynam-
ics when the nongenetic factor is not completely
induced by the environment anew each generation, but

(@ (b)
1.0 i 1.0
3
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=
%
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Fig. 2 Regions of parameter space
supporting the evolution of costly
female preference. Preference evolves
and is maintained in the light region,
but not in the dark region. (a) Genetic
and nongenetic model without
environmental induction (parameter
values: ¢+ = 0, wy= 0.94, ¢ = 5).

(b) Nongenetic model with complete

0
1 2

Selective advantage of male condition, w,,

3 4 5 environmental induction (parameter

values: © = 1, wy= 0.94, ¢ = 5, and
¢ =0.5).
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rather has some degree of permanence from one gener-
ation to the next. This case can represent transgenera-
tional epigenetic inheritance of semi-stable epialleles
that can be induced by the environment, and it is mod-
elled by using an intermediate value of the induction
probability, ¢. In this case, the region of parameter
space supporting the evolution of female preference is
intermediate between the genetic and completely
induced nongenetic cases (results not shown).

Discussion

How could costly female preferences be maintained in
species where males provide nothing but small ejacu-
lates? Most previous attempts to answer this question
have endeavoured to resolve the ‘lek paradox’ by ask-
ing how additive genetic variation in fitness can be
maintained in the face of persistent directional selection
favouring alleles that confer high fitness (Borgia, 1979;
Hamilton & Zuk, 1982; Taylor & Williams, 1982; Kirk-
patrick & Ryan, 1991; Pomiankowski & Maoller, 1995;
Rowe & Houle, 1996; Miller & Moore, 2007), or
whether nonadditive genetic variation (Neff & Pitcher,
2008; Fromhage et al., 2009) or nuclear-mitochondrial
interactions (Zeh & Zeh, 2008) could play an equivalent
role. In contrast, we show that nongenetic inheritance
of fitness can support costly female preferences in such
species in the absence of genetic variation in fitness.
Our findings suggest that nongenetic inheritance of fit-
ness provides an alternative to genetic variation in fit-
ness as a potential mechanism for the maintenance of
costly female preferences.

We develop a general model that can be adapted, by
modifying parameter values, to examine genetic inheri-
tance or various forms of nongenetic inheritance. To
begin with, we use this model to show that genetic
inheritance (. = 0) can never support costly preference
when a realistic single-locus mutation rate is assumed.
This illustrates the classic lek paradox.

Next, we investigate the epigenetic model (v = 0),
which allows for a much higher mutation rate than
that conventionally assumed for a genetic locus (see
Fig. 2a). This can represent a situation where fitness
depends on a single, semi-stable epiallele that is not
subject to environmental induction (see Vaughn et al.,
2007). We find that an ‘intermediate’ mutation rate
(see Fig. 2a) can support costly preference, but only if
the mutation rate balances net selection strength on
male condition, so that heritable variation in fitness is
maintained at equilibrium. The epigenetic model might
also be interpreted as a situation where male condition
has a multilocus genetic architecture that furnishes a
large mutational target (Rowe & Houle, 1996).

Finally, we investigate cases where the nongenetically
transmitted factor is subject to environmental induction
(¢ > 0). Induction can occur in every generation (com-
plete induction, ¢ = 1), or with some intermediate prob-
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ability (0 < ¢ <1). Such a case is analogous to many
examples of environment-dependent parental effects
that wane over one or a few generations in the absence
of the inducing environmental factor (Mousseau & Din-
gle, 1991; Rossiter, 1996; Magiafoglou & Hoffmann,
2003; Anderson et al., 2006; Bonduriansky & Head,
2007; Garcia-Gonzédlez & Simmons, 2007; Ng et al.,
2010; Seong et al., 2011). Interestingly, of all the genetic
and nongenetic cases examined, we find that costly
preference is most likely to evolve under complete envi-
ronmental induction, where the fitness-determining fac-
tor can be transmitted over a single generation only.
This somewhat counterintuitive result occurs because,
under complete induction, all of the heritable variation
in fitness is re-generated in every generation by envi-
ronmental heterogeneity, and thus cannot be depleted
by selection. Because indirect selection on preference is
proportional to the magnitude of heritable variation in
fitness, complete induction therefore allows for maxi-
mum selection strength on preference.

In our models, we made the simplifying assumption
that paternal condition affects sons only. Assuming that
daughters” fitness is also influenced by the paternal
effect would generate stronger indirect selection on
female preferences. However, this assumption does not
alter our conclusions qualitatively because it only
affects the quantitative advantage gained by choosy
females. We also assumed that male condition could be
assessed directly by females. We did so because empiri-
cal studies show that condition often affects male traits
(such as body size) that are not likely to impose viabil-
ity costs, and can probably be assessed directly
by females (Bonduriansky & Head, 2007; C. Fricke,
M. Adler, R. Brooks and R. Bonduriansky, unpublished
manuscript). Furthermore, the evolution of costly indi-
cator traits has already been investigated in numerous
theoretical studies (Iwasa & Pomiankowski, 1999; Kok-
ko et al., 2003; Radwan, 2008), and avoiding this added
complication allowed us to focus our analysis on the
more novel question of the role of nongenetic paternal
effects in the evolution of female preferences.

The paternal effects that we model must be costly
and condition dependent in order for male condition to
provide an honest signal of offspring fitness. As with
other condition-dependent traits, the high costs of
expressing the most advantageous phenotype are
assumed to prevent ‘cheating’ (Zahavi, 1975). In the
noninduction case, we assume that a spontaneously
mutating epiallele affects both a male’s own condition
(which females can assess) and the viability of his off-
spring. Males lacking the appropriate epigenetic variant
are assumed to be incapable of expressing the high-
condition phenotype. In the environmental induction
case, environment quality is assumed to determine both
a male’s own condition and the viability of his
offspring. The costs of molecular mechanisms that
mediate paternal effects are unknown, but are likely to
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be nontrivial. Intracellular processes such as DNA repair
are highly complex, requiring precise regulation and
biosynthesis of numerous compounds (Park & Gerson,
2005), and are believed to be costly (Breivik & Gauder-
nack, 2004). Such costs are, for example, central to the-
ory on the evolution of ageing (Kirkwood & Rose,
1991). It is thus reasonable to assume that DNA meth-
ylation and processes involved in gamete formation and
biosynthesis of accessory gland products are costly, and
likely to exhibit condition-dependent expression.
Indeed, environmental effects on condition are reflected
in patterns of gene expression throughout the genome
(Wyman et al., 2010).

Condition-dependent paternal effects might evolve as
a cryptic form of paternal care (Bonduriansky & Head,
2007), if the net benefit of investing resources into such
effects exceeds the net benefit of investing those
resources into searching and competing for mates (Kok-
ko & Jennions, 2008). A key impediment to the evolu-
tion of paternal investment is uncertainty of paternity
and the possibility of cuckoldry (Trivers, 1972). As a
result of this impediment, little paternal investment is
predicted to occur in polygamous species, where males
can gain more fitness by investing their resources in
competition for additional mates (Kokko, 1999). Inter-
estingly, this impediment may be relaxed for paternal
investment mediated by some mechanisms of nonge-
netic inheritance. For example, if males transmit their
condition to offspring via transgenerational epigenetic
inheritance (i.e. variation in DNA methylation or chro-
matin structure), the investment cannot go to another
male’s offspring because it is inseparable from the sire’s
own DNA. Likewise, investment mediated by factors
transmitted in the sperm cytoplasm, such as RNA (Rass-
oulzadegan et al., 2006, 2007; Suter & Martin, 2009),
may be tied to fertilization, and protected from the pos-
sibility of cuckoldry, unless females can digest the
sperm and allocate beneficial compounds to the off-
spring of other males. To a lesser extent, factors trans-
mitted via ejaculate fluids (e.g. accessory gland
products) may also be less vulnerable to cuckoldry than
conventional forms of male investment, such as nuptial
feeding of females or even the provision of care directly
to offspring. Thus, paternal investment via epigenetic or
cytoplasmic inheritance, and perhaps other mechanisms
involving ejaculate-borne factors, may be more likely to
evolve than other forms of paternal investment.

Males might also transmit the effects of pathologies,
stress or toxins via paternal effects (Anway et al., 2005;
Ryabokon & Goncharova, 2006; Seong et al., 2011).
Such cases are exactly analogous to paternal effects that
evolve as a form of paternal investment, in that females
are selected to reject low-condition males because such
males produce offspring of lower fitness.

Our analysis suggests that the evolution and mainte-
nance of costly female preferences in species where
males provide no direct benefits to females, and no

conventional form of paternal care to offspring, could
potentially be explained by nongenetic paternal inheri-
tance of fitness. Our findings are similar to those of
analyses based on conventional forms of paternal
investment or direct effects of male condition on female
fitness, in that such sources of variation in male mate
quality can readily select for costly female preferences
(e.g. Dominey, 1983; Heywood, 1989; Hoelzer, 1989;
Price et al., 1993; Schluter & Price, 1993; Iwasa & Pomi-
ankowski, 1999). Our analysis goes beyond this earlier
work, however, by also showing that costly female
preferences are most likely to evolve when paternal
effects do not persist beyond the F1 generation, such
that variation in fitness is completely re-generated in
every generation by environmental heterogeneity. Our
analysis thus encompasses recently discovered mecha-
nisms of nongenetic paternal transmission of fitness,
such as transgenerational epigenetic inheritance.

Our findings suggest that nongenetic inheritance pro-
vides a general alternative to genetic variation in fitness
as a hypothetical mechanism maintaining costly female
preferences in such species. This hypothesis can be
tested by manipulating environmental parameters that
affect condition, and testing for the transmission of envi-
ronmentally generated variation in condition from
fathers to offspring (e.g. see Hunt & Simmons, 2000;
Bonduriansky & Head, 2007; Vijendravarma et al., 2010;
Seong et al., 2011; Valtonen et al., 2012). A corollary of
our findings is that laboratory studies performed under
carefully standardized environmental conditions may
fail to detect heritable variation in fitness because much
nongenetically heritable variation may depend on the
environmental variation to which individuals are
exposed.

Our analysis differs in an important way from analyses
based on indirect genetic effects (Wolf et al., 1997; Miller
& Moore, 2007). Under indirect genetic effects, male dis-
play is condition dependent and reflects the quality of
the environment experienced by the male. However,
environmental quality reflects genetic quality, and it is
the additive genetic variation in fitness that drives the
evolution of female preferences. Although indirect
genetic effects may slow the rate at which genetic varia-
tion is depleted (Miller & Moore, 2007), it is unlikely
that they can prevent the eventual fixation of alleles
conferring high fitness. In contrast, we show that nonge-
netically heritable variation that is uncorrelated with
genetic variation can maintain indirect selection on
female preferences, such that costly preferences can be
maintained without genetic variation for fitness.

Our model furnishes a novel example of the complex
interactions that can occur between genetic and nonge-
netic inheritance, and the potential for such inter-
actions to influence the course of evolution. The
best-known example of such an interaction is the evo-
lution of lactase persistence in humans, where alleles
that allow adults to digest the milk sugar lactose have
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evidently spread through cattle-herding populations via
their interaction with the nongenetically inherited, cul-
tural practice of milk use in the adult diet (Feldman &
Cavalli-Sforza, 1989; Swallow, 2003; Gerbault et al.,
2009). This example is of particular interest because the
evolutionary outcome — the evolution of lactase persis-
tence — is highly improbable in the absence of nonge-
netic inheritance, thereby illustrating the potential
importance of nongenetic inheritance in evolution
(Jablonka & Lamb, 2005; Richerson & Boyd, 2005;
Bonduriansky & Day, 2009; Laland et al., 2010). It is
less clear whether such outcomes are possible in non-
humans and, more generally, in organisms lacking any
form of cultural transmission (although see Avital &
Jablonka, 2000). A putative example of the interaction
between genetic and nongenetic inheritance systems in
nonhumans is furnished by sexual imprinting in birds,
which can be regarded as a nonhuman form of cultural
transmission (Freeberg, 2000). Laland (1994) showed
that such nongenetic inheritance of preferences can
influence the evolution of genetically inherited male
displays, although the consequences of nongenetic
inheritance are relatively subtle, and the persistence of
culture through uniparental transmission has been
questioned (Enquist ef al., 2010). In contrast, we model
a noncultural system where female preference is genet-
ically determined but male display is transmitted non-
genetically, and show that the presence of nongenetic
inheritance can lead to an evolutionary outcome — the
evolution of preference — that is unlikely under purely
genetic inheritance.

Acknowledgments

We thank A.J. Crean and A.F. Agrawal for helpful
suggestions on an earlier version of the manuscript. RB
was funded by an Australian Research Council Discov-
ery grant and Australian Research Fellowship. TD was
funded by a Natural Sciences and Engineering Council
of Canada operating grant and Canada Research Chairs
program. Our collaboration was supported by the Evo-
lution & Ecology Research Centre, University of New
South Wales, through a Distinguished Researcher Sab-
batical grant to TD.

References

Anderson, L.M., Riffle, L., Wilson, R., Travlos, G.S., Lubomir-
ski, M.S. & Alvord, W.G. 2006. Preconceptional fasting of
fathers alters serum glucose in offspring of mice. Nutrition
22: 327-331.

Andersson, M. 1994. Sexual Selection. Princeton University
Press, Princeton, NJ, USA.

Anway, M.D., Cupp, A.S., Uzumucu, M. & Skinner, M.K.
2005. Epigenetic transgenerational actions of endocrine dis-
ruptors and male fertility. Science 308: 1466—1469.

© 2012 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 76-87

Paternal effects and female choice 85

Avital, E. & Jablonka, E. 2000. Animal Traditions: Behavioural
Inheritance in Evolution. Cambridge University Press, Cam-
bridge, UK.

Blows, M.W., Chenoweth, S.F. & Hine, E. 2004. Orientation of
the genetic variance-covariance matrix and the fitness sur-
face for multiple male sexually selected traits. Am. Nat. 163:
329-340.

Bonduriansky, R. & Head, M. 2007. Maternal and paternal
condition effects on offspring phenotype in Telostylinus angu-
sticollis (Diptera: Neriidae). J . Evol. Biol. 20: 2379-2388.

Bonduriansky, R. & Chenoweth, S.F. 2009. Intralocus sexual
conflict. Trends Ecol. Evol. 24: 280-288.

Bonduriansky, R. & Day, T. 2009. Nongenetic inheritance and its
evolutionary implications. Annu. Rev. Ecol. Syst. 40: 103-125.

Borgia, G. 1979. Sexual selection and the evolution of mating
systems. In: Sexual Selection and Reproductive Competition in
Insects (M.S. Blum, N.A. Blum, eds), pp. 19-80. Academic
Press, New York.

Bradbury, J.W. & Gibson, R.M. 1983. Leks and mate choice.
In: Mate Choice (P. Bateson, ed.), pp. 109-138. Cambridge
University Press, Cambridge, UK.

Breivik, J. & Gaudernack, G. 2004. Resolving the evolutionary
paradox of genetic instability: a cost-benefit analysis of DNA
repair in changing environments. FEBS Lett. 563: 7-12.

Brommer, J.E., Kirkpatrick, M., Qvarnstrom, A. & Gustafsson,
L. 2007. The intersexual genetic correlation for lifetime fit-
ness in the wild and its implications for sexual selection.
PLoS ONE 2: e744.

Bussiere, L.F., Hunt, J., Stolting, K.N., Jennions, M.D. &
Brooks, R. 2008. Mate choice for genetic quality when envi-
ronments vary: suggestions for empirical progress. Genetica
134: 69-78.

Chippindale, A.K., Gibson, J.R. & Rice, W.R. 2001. Negative
genetic correlation for adult fitness between the sexes
reveals ontogenetic conflict in Drosophila. Proc. Natl Acad. Sci.
USA 98: 1671-1675.

Chow, P.H., Jiang, H.Y., Poon, HK., Lee, K.H. & O, W.S.
2003. Embryos sired by males without accessory sex glands
induce failure of uterine support: a study of VEGF, MMP
and TGF expression in the golden hamster. Anat. Embryol.
206: 203-213.

Danchin, E., Charmantier, A., Champagne, F.A., Mesoudi,
A., Pujol, B. & Blanchet, S. 2011. Beyond DNA: integrating
inclusive inheritance into an extended theory of evolution.
Nat. Rev. Genet. 12: 475-486.

Day, T. 2000. Sexual selection and the evolution of costly
female preferences: spatial effects. Evolution 54: 715-730.

Day, T. & Bonduriansky, R. 2011. A unified approach to the
evolutionary consequences of genetic and nongenetic inheri-
tance. Am. Nat. 178: E18-E136.

Diaz, H. & Esponda, P. 2004. Ageing-induced changes in the
cortical granules of mouse eggs. Zygote 12: 95-103.

Dominey, W.J. 1983. Sexual selection, additive genetic vari-
ance and the ‘phenotypic handicap’. J. Theor. Biol. 101: 495—
502.

Enquist, M., Strimling, P., Eriksson, K., Laland, K.N. & Sjo-
strand, J. 2010. One cultural parent makes no culture. Anim.
Behav. 79: 1353-1362.

Fedorka, K.M. & Mousseau, T.A. 2004. Female mating bias
results in conflicting sex-specific offspring fitness. Nature
429: 65-67.

JOURNAL OF EVOLUTIONARY BIOLOGY © 2012 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



86 R. BONDURIANSKY AND T. DAY

Feil, R. & Fraga, M.F. 2012. Epigenetics and the environment:
emerging patterns and implications. Nat. Rev. Genet. 13:
97-109.

Feldman, M.W. & Cavalli-Sforza, L.L. 1989. On the theory of
evolution under genetic and cultural transmission with
application to the lactose absorption problem. In: Mathemati-
cal Evolutionary Theory (M.W. Feldman, ed.), pp. 145-173.
Princeton University Press, Princeton, NJ, USA.

Field, L.M., Lyko, F., Mandrioli, M. & Prantera, G. 2004. DNA
methylation in insects. Insect Mol. Biol. 13: 109-115.

Foerster, K., Coulson, T., Sheldon, B.C., Pemberton, J.M.,
Clutton-Brock, T.H. & Kruuk, L.E.B. 2007. Sexually antago-
nistic genetic variation for fitness in red deer. Nature 447:
1107-1109.

Freeberg, T.M. 2000. Culture and courtship in vertebrates: a
review of social learning and transmission of courtship sys-
tems and mating patterns. Behav. Process. 51: 177-192.

Fromhage, L., Kokko, H. & Reid, J.M. 2009. Evolution of mate
choice for genome-wide heterozygosity. Evolution 63: 684—694.

Garcia-Gonzalez, F. & Simmons, L.W. 2007. Paternal indirect
genetic effects on offspring viability and the benefits of poly-
andry. Curr. Biol. 17: 32-36.

Gavrilets, S. & Hayashi, T.I. 2006. The dynamics of two- and
three-way sexual conflicts over mating. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 361: 345-354.

Gavrilets, S., Arnqvist, G. & Friberg, U. 2001. The evolution of
female mate choice by sexual conflict. Proc. R. Soc. Lond. B
268: 531-539.

Gerbault, P., Moret, C., Currat, M. & Sanchez-Mazas, A. 2009.
Impact of selection and demography on the diffusion of lac-
tase persistence. PLoS ONE 4: 36369.

Guerrero-Bosagna, C., Settles, M., Lucker, B. & Skinner, M.K.
2010. Epigenetic transgenerational actions of vinclozolin on
promoter regions of the sperm epigenome. PLoS ONE 5:
e13100.

Hamilton, W.D. & Zuk, M. 1982. Heritable true fitness and
bright birds: a role for parasites? Science 218: 384-387.

Heywood, J.S. 1989. Sexual selection by the handicap mecha-
nism. Evolution 43: 1387-1397.

Hine, E., Chenoweth, S.F. & Blows, M.W. 2004. Multivariate
quantitative genetics and the lek paradox: genetic variance
male sexually selected traits of Drosophila serrata under field
conditions. Evolution 58: 2754-2762.

Hoelzer, G.A. 1989. The good parent process of sexual selec-
tion. Anim. Behav. 38: 1067-1078.

Hunt, J. & Simmons, L.W. 2000. Maternal and paternal effects
on offspring phenotype in the dung beetle Onthophagus tau-
rus. Evolution 54: 936-941.

Ingleby, F.C., Hunt, J. & Hosken, D.J. 2010. The role of geno-
type-by-environment interactions in sexual selection. J. Evol.
Biol. 23: 2031-2045.

Innocenti, P. & Morrow, E.H. 2010. The sexually antagonistic
genes of Drosophila melanogaster. PLoS Biol. 8: ¢1000335.

Ivy, T.M. 2007. Good genes, genetic compatibility and the evo-
lution of polyandry: use of the diallel cross to address com-
peting hypotheses. J. Evol. Biol. 20: 479-487.

Iwasa, Y. & Pomiankowski, A. 1995. Continual change in mate
preferences. Nature 377: 420-422.

Iwasa, Y. & Pomiankowski, A. 1999. Good parent and good
genes models of handicap evolution. J. Theor. Biol. 200: 97—
109.

Jablonka, E. & Lamb, M.J. 1995. Epigenetic Inheritance and Evo-
lution. Oxford University Press, Oxford, UK.

Jablonka, E. & Lamb, M.J. 2005. Evolution in Four Dimensions.
The MIT Press, Cambridge, MA, USA.

Jablonka, E. & Lamb, M.J. 2010. Transgenerational epigenetic
inheritance. In: Evolution — The Extended Synthesis (M. Pig-
liucci, G.B. Miiller, eds), pp. 137-174. The MIT Press, Cam-
bridge, MA, USA.

Johannes, F., Porcher, E., Teixeira, F.K., Saliba-Colombani, V.,
Simon, M., Agier, N. et al. 2009. Assessing the impact of
transgenerational epigenetic variation on complex traits.
PLoS Genet. 5: €1000530.

Kirkpatrick, M. 1982. Sexual selection and the evolution of
female choice. Evolution 36: 1-12.

Kirkpatrick, M. 1996. Good genes and direct selection in the
evolution of mating preferences. Evolution 50: 2125-2140.
Kirkpatrick, M. & Barton, N.H. 1997. The strength of indirect
selection on female mating preferences. Proc. Natl Acad. Sci.

USA 94: 1282-1286.

Kirkpatrick, M. & Ryan, M.J. 1991. The evolution of mating
preferences and the paradox of the lek. Nature 350: 33-38.
Kirkwood, T.B.l. & Rose, M.R. 1991. Evolution of senescence:
late survival sacrificed for reproduction. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 332: 15-24.

Kokko, H. 1999. Cuckoldry and the stability of biparental care.
Ecol. Lett. 2: 247-255.

Kokko, H. & Heubel, K. 2008. Condition-dependence, geno-
type-by-environment interactions and the lek paradox. Gene-
tica 132: 209-216.

Kokko, H. & Jennions, M.D. 2008. Parental investment, sexual
selection and sex roles. J. Evol. Biol. 21: 919-948.

Kokko, H., Brooks, R., Jennions, M.D. & Morley, J. 2003. The
evolution of mate choice and mating biases. Proc. R. Soc.
Lond. B 270: 653-664.

Laland, K.N. 1994. On the evolutionary consequences of sex-
ual imprinting. Evolution 48: 477-489.

Laland, K.N., Odling-Smee, F.J. & Myles, S. 2010. How culture
shaped the human genome: bringing genetics and the
human sciences together. Nat. Rev. Genet. 11: 137-148.

Magiafoglou, A. & Hoffmann, A.A. 2003. Cross-generation
effects due to cold exposure in Drosophila serrata. Funct. Ecol.
17: 664-672.

Manikkam, M., Guerrero-Bosagna, C., Tracey, R., Haque, M.
M. & Skinner, M.K. 2012. Transgenerational actions of envi-
ronmental compounds on reproductive disease and identifi-
cation of epigenetic biomarkers of ancestral exposures. PLoS
ONE 7: €31901.

Maynard Smith, J. 1976. Sexual selection and the handicap
principle. J. Theor. Biol. 57: 239-242.

Miller, C.W. & Moore, A.J. 2007. A potential resolution of the
lek paradox through indirect genetic effects. Proc. R. Soc.
Lond. B 274: 1279-1286.

Mousseau, T.A. & Dingle, H. 1991. Maternal effects in insect
life histories. Annu. Rev. Entomol. 36: 511-534.

Neft, B.D. & Pitcher, T.E. 2008. Mate choice for non-additive
genetic benefits: a resolution to the lek paradox. J. Theor.
Biol. 254: 147-155.

Ng, S.-F., Lin, R.C.Y., Laybutt, D.R., Barres, R., Owens, J.A. &
Morris, M.J. 2010. Chronic high-fat diet in fathers programs
p-cell dysfunction in female rat offspring. Nature 467: 963—
967.

© 2012 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 76-87

JOURNAL OF EVOLUTIONARY BIOLOGY © 2012 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Park, Y. & Gerson, S.L. 2005. DNA repair defects in stem cell
function and aging. Annu. Rev. Med. 56: 495-508.

Pischedda, A. & Chippindale, A.K. 2006. Intralocus sexual con-
flict diminishes the benefits of sexual selection. PLoS Biol. 4:
2099-2103.

Pizzari, T. & Bonduriansky, R. 2010. Sexual behaviour: con-
flict, cooperation and co-evolution. In: Social Behaviour:
Genes, Ecology and Evolution (T. Szekely, A.J. Moore, J. Kom-
deur, eds), pp. 230-266. Cambridge University Press, Cam-
bridge, UK.

Pomiankowski, A. & Moller, A.P. 1995. A resolution of the lek
paradox. Proc. R. Soc. Lond. B 260: 21-29.

Price, T., Schluter, D. & Heckman, N.E. 1993. Sexual selection
when the female directly benefits. Biol. J. Linn. Soc. 48: 187—
211.

Priest, N.K., Roach, D.A. & Galloway, L.F. 2008. Cross-genera-
tional fitness benefits of mating and male seminal fluid. Biol.
Lett. 4: 6-8.

Radwan, J. 2008. Maintenance of genetic variation in sexual
ornaments: a review of the mechanisms. Genetica 134: 113—
127.

Rassoulzadegan, M., Grandjean, V., Gounon, P., Vincent, S.,
Gillot, I. & Cuzin, F. 2006. RNA-mediated non-mendelian
inheritance of an epigenetic change in the mouse. Nature
441: 469-474.

Rassoulzadegan, M., Grandjean, V., Gounon, P. & Cuzin, F.
2007. Inheritance of an epigenetic change in the mouse: a
new role for RNA. Biochem. Soc. Trans. 35: 623-625.

Reynolds, J.D. & Gross, M.R. 1990. Costs and benefits of
female mate choice: is there a lek paradox? Am. Nat. 136:
230-243.

Richerson, P.J. & Boyd, R. 2005. Not by Genes Alone: How Cul-
ture Transforms Human Evolution. The University of Chicago
Press, Chicago, IL, USA.

Rossiter, M.C. 1996. Incidence and consequences of inherited
environmental effects. Annu. Rev. Ecol. Syst. 27: 451-476.

Roux, F., Colomé-Tatché, M., Edelist, C., Wardenaar, R., Guer-
che, P., Hospital, F. et al. 2011. Genome-wide epigenetic
perturbation jump-starts patterns of heritable variation
found in nature. Genetics 188: 1015-1017.

Rowe, L. & Houle, D. 1996. The lek paradox and the capture
of genetic variance by condition dependent traits. Proc.
R. Soc. Lond. B 263: 1415-1421.

Ryabokon, N.I. & Goncharova, R.I. 2006. Transgenerational
accumulation of radiation damage in small mammals chroni-
cally exposed to Chernobyl fallout. Radiat. Environ. Biophys.
45: 167-177.

Schluter, D. & Price, T. 1993. Honesty, perception and popula-
tion divergence in sexually selected traits. Proc. R. Soc. Lond.
B 253: 117-122.

Seong, K.-H., Li, D., Shimizu, H., Nakamura, R. & Ishii, S.
2011. Inheritance of stress-induced, ATF-2-dependent epige-
netic change. Cell 145: 1049-1061.

Siller, S. 2001. Sexual selection and the maintenance of sex.
Nature 411: 689-692.

Simpson, S.J. & Miller, G.A. 2007. Maternal effects on phase
characteristics in the desert locust, Schistocerca gregaria: a
review of current understanding. J. Insect Physiol. 53: 869—
876.

Stouder, C. & Paoloni-Giacobino, A. 2010. Transgenerational
effects of the endocrine disruptor vinclozolin on the methyl-

© 2012 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 76-87

Paternal effects and female choice 87

ation pattern of imprinted genes in the mouse sperm. Repro-
duction 139: 373-379.

Suter, C.M. & Martin, D.I.LK. 2009. Paramutation: the tip of an
epigenetic iceberg? Trends Genet. 26: 9-14.

Swallow, D.M. 2003. Genetics of lactase persistence and lactose
intolerance. Annu. Rev. Genet. 37: 197-219.

Taylor, P.D. & Williams, G.C. 1982. The lek paradox is not
resolved. Theor. Popul. Biol. 22: 392—409.

Teixeira, F.K., Heredia, F., Sarazin, A., Roudier, F., Boccara,
M., Ciaudo, C. et al. 2009. A role for RNAi in the selective
correction of DNA methylation defects. Science 323: 1600-
1604.

Trivers, R.L. 1972. Parental investment and sexual selection.
In: Sexual Selection and the Descent of Man, 1871-1971
(B. Campbell, ed.), pp. 136-179. Aldine Publishing Co.,
Chicago, 1L, USA.

Vahed, K. 1998. The function of nuptial feeding in insects: a
review of empirical studies. Biol. Rev. 73: 43-78.

Valtonen, T.M., Kangassalo, K., Polkki, M. & Rantala, M.
2012. Transgenerational effects of parental larval diet on off-
spring development time, adult body size and pathogen
resistance in Drosophila melanogaster. PLoS ONE 7: e31611.

Van Homrigh, A., Higgie, M., McGuigan, K. & Blows, M.W.
2007. The depletion of genetic variance by sexual selection.
Curr. Biol. 17: 528-532.

Vaughn, M.W., Tanurdzi¢, M., Lippman, Z. Jiang, H.,
Carrasquillo, R., Rabinowicz, P.D. et al. 2007. Epigenetic nat-
ural variation in Arabidopsis thaliana. PLoS Biol. 5: e174.

Vijendravarma, R.K., Narasimha, S. & Kawecki, T.J. 2010.
Effects of parental larval diet on egg size and offspring traits
in Drosophila. Biol. Lett. 6: 238-241.

Wolf, J.B., Moore, A.J. & Brodie, E.D. III 1997. The evolution
of indicator traits for parental quality: the role of maternal
and paternal effects. Am. Nat. 150: 639-649.

Wyman, M.J., Agrawal, A.F. & Rowe, L. 2010. Condition-
dependence of the sexually dimorphic transcriptome in Dro-
sophila melanogaster. Evolution 64: 1836—1848.

Ying, Y., Chow, P.H. & O, W.S. 1998. Effects of male acces-
sory sex glands on deoxyribonucleic acid synthesis in the
first cell cycle of golden hamster embryos. Biol. Reprod. 58:
659-663.

Zahavi, A. 1975. Mate selection — selection for a handicap.
J. Theor. Biol. 53: 205-214.

Zeh, J.A. & Zeh, D.W. 2008. Maternal inheritance, epigenetics
and the evolution of polyandry. Genetica 134: 45-54.

Zhou, Y., Kuster, H.K., Pettis, J.S., Danka, R.G., Gleason, J.M.
& Greenfield, M.D. 2008. Reaction norm variants for male
calling song in populations of Achroia grisella (Lepidoptera:
Pyralidae): toward a resolution of the lek paradox. Evolution
62: 1317-1334.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 This notebook derives the general model
and then presents each of the special cases.

Received 22 August 2012, accepted 24 September 2012

JOURNAL OF EVOLUTIONARY BIOLOGY © 2012 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



