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ABSTRACT Natural selection favors alleles that increase the number of offspring produced by their carriers. But in a world that is
inherently uncertain within generations, selection also favors alleles that reduce the variance in the number of offspring produced. If
previous studies have established this principle, they have largely ignored fundamental aspects of sexual reproduction and therefore
how selection on sex-specific reproductive variance operates. To study the evolution and consequences of sex-specific reproductive
variance, we present a population-genetic model of phenotypic evolution in a dioecious population that incorporates previously
neglected components of reproductive variance. First, we derive the probability of fixation for mutations that affect male and/or female
reproductive phenotypes under sex-specific selection. We find that even in the simplest scenarios, the direction of selection is altered
when reproductive variance is taken into account. In particular, previously unaccounted for covariances between the reproductive
outputs of different individuals are expected to play a significant role in determining the direction of selection. Then, the probability of
fixation is used to develop a stochastic model of joint male and female phenotypic evolution. We find that sex-specific reproductive
variance can be responsible for changes in the course of long-term evolution. Finally, the model is applied to an example of parental-
care evolution. Overall, our model allows for the evolutionary analysis of social traits in finite and dioecious populations, where

interactions can occur within and between sexes under a realistic scenario of reproduction.

N the absence of mutation, the change in allele frequency is

the result of natural selection and genetic drift. Natural
selection favors alleles that maximize their representation
within the gene pool, and a large body of work has investi-
gated how alleles achieve this by increasing the expected
number of offspring produced by their carriers. However,
genetic drift, which arises from randomness in reproduction,
reduces the efficacy of natural selection, thereby slowing
down or even preventing adaptation altogether.

While many studies have investigated how natural selec-
tion affects the expected number of offspring produced by
an individual, less attention has been given to the degree
to which selection acts on the variance in offspring number,
or reproductive variance. Gillespie (1974, 1975, 1977) in-
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vestigated how natural selection dampens randomness in
within-generation fertility in a haploid population. He de-
monstrated that between two alleles that on average pro-
duce the same number of offspring, natural selection favors
the allele that produces offspring with lesser variance when
the breeding adults of the next generation are sampled from
a finite pool of offspring.

Reproductive variance also correlates with the intensity
of genetic drift. By decreasing effective population size,
reproductive variance mitigates the effect of selection (Wright
1931). Gillespie (1974)’s haploid model also revealed that
the level of genetic drift affecting the segregation of two
alleles increases with the reproductive variance they code
for. As a consequence, fixation of the allele coding for lower
fertility variance reduces the intensity of genetic drift and
facilitates adaptive evolution in future generations.

The variance in fertility considered in Gillespie’s (1974,
1975, 1977) seminal articles had arbitrary causes and could
have resulted from randomness at any stage of an individual’s
life history, such as its development, its fertility, or the survival
of its offspring. Extensions of Gillespie’s models have since in-
vestigated the effect of selection against reproductive variance
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in the context of more specific life histories. Shpak (2007)
investigated the evolution of this variance in age-structured
populations and showed that selection favors alleles that code
for lower stochasticity in age-specific survival and fertility. Selec-
tion against reproductive variance has also been demonstrated
to affect the evolution of traits as diverse as sex allocation in
hermaphrodites (Proulx 2000), dispersal in structured pop-
ulations (Shpak 2005; Shpak and Proulx 2007; Lehmann
and Balloux 2007), and helping behaviors in social animals
(Lehmann and Balloux 2007; Beckerman et al. 2011).

These models have highlighted that selection against
reproductive variance may be a subtle yet significant force in
the evolution of many different traits in natural populations
(Rice 2008, for a general discussion). However, it remains
unclear how selection on reproductive variance, and its
feedback with genetic drift, affect the reproductive biology
and life history of sexual organisms. Most models so far have
omitted sex altogether. The only study that has taken into
account selection on reproductive variance in a dioecious
(two-sexes) population approximated reproduction as the
random union of gametes and assumed that gamete produc-
tion of different individuals was uncorrelated (Taylor 2009).
These assumptions miss fundamental aspects of the repro-
ductive biology of the vast majority of organisms, where it is
individuals, rather than gametes, that unite to mate. But
considering a realistic mating system would have significant
consequences for the variances and covariances in offspring
number among individuals of one sex and how these (co)
variances differ across the sexes (Bateman 1948; Wade
1979, for examples). If the effect of the mating system on
genetic drift has successfully been captured by calculations
of the effective population sizes (Nunney 1993; Nomura
2002), a more general approach is needed to make evolu-
tionary predictions that incorporate selection acting on the
traits that generate this variance.

In this article, we present a population-genetic model of
male and female phenotypic evolution that makes it possible
to predict the evolution of sex-specific reproductive traits
under the influence of selection and genetic drift. Using an
individual-based approach, the model incorporates a de-
scription of the mating system based on the first and second
moments (means and (co)variances) of the distribution of
individual offspring number. The article is divided into two
broad sections. In the first part of the article, we present our
model. We start by deriving the probability of fixation of
a mutant allele that affects male and/or female reproduction
in a finite dioecious population. Our derivation accounts for
sex-specific levels of reproductive variance, as well as for
covariances between members of the same sex. We then
extend the analysis of short-term evolutionary change by
deriving predictions of long-term phenotypic evolution,
which in turn makes it possible to calculate the equilibrium
for sex-specific phenotypes based on the probability of
fixation and properties of the mutational input. In the
second part of the article, we provide an illustration of
how our model can be applied and study the effects of sex-
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specific reproductive variance on the evolution of various
parental-care strategies. These simple examples allow us to
demonstrate that sex-specific reproductive variance can lead
to differences between the probability of fixation for mutants
affecting female traits and those affecting male traits and
between the phenotypic equilibria of these traits.

Model and Results
Probability of fixation in dioecious populations

We derive the probability of fixation of a mutant allele (A)
introduced as a single copy into a population fixed for a res-
ident allele (a). The population is dioecious and of any, but
constant, size, with N, adult males and N; females. Gener-
ations are nonoverlapping. The mutant A allele alters the
expression of a continuously varying phenotypic trait, which
may affect one or more aspects of reproductive biology, such
as mating success, fecundity, or offspring survival. The trait
can have different values in males and females and we de-
note by z,, the phenotypic value of a male homozygous for
the resident allele (genotype aa). The phenotype of a hetero-
zygous male (Aa) is denoted by 2z, + hd,,, where h is the
dominance coefficient of A. A male homozygous for the mu-
tant allele (AA) has phenotype 2z, + 8. Similarly, the phe-
notypes of the three genotypes in a female are 2z (aa), zr +
hé¢ (Aa), and z¢ + 6; (AA).

Weak selection approximation: The fixation probability of
the mutant is derived using an individual-based approach
that builds on previous works (Rousset 2003; Roze and
Rousset 2004; Lessard and Ladret 2007; Lehmann and Rousset
2009; and supporting information, File S1). Under weak
selection (small mutant deviations 8, and J¢), and if the
mutation rate is the same in males and females, the fixation
probability of a single mutant copy arising at random in a
monomorphic population with phenotypes 2, in males and
z¢ in females is

1
W(vazfv(va 6f7 h) = ﬁ + 6HII<III (zm7zf7 h)Gm (zm»zf)

+ 6fI<f (vazf7 h)Gf (vazf> =+ 0(62)7
€3]

where N = N, + N; is the total number of adults, and § is
such that 8, ~ O(8), 8s ~ O(8) (File S1, Equations SI.1-
S1.39). The functions G, (zm, 2¢) and Ge(z., 2p) are fitness
gradients: they measure the effect of the mutant on male
and female fitness and are further explained below (Fitness
gradients section). The functions K, (2n,, 2, h) and K¢(z,, 2, h)
are measures of the variance of mutant frequencies in males
and females over the segregation process, from the appear-
ance until the eventual fixation of the mutant. They are
inversely proportional to the intensity of genetic drift and
capture the efficacy with which selection acts on the mutant
(see Efficacy of selection section). Whether a mutant is
under positive selection [7 > 1/(2N)], evolves neutrally
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[7 = 1/(2N)], or is counterselected (7 < 1/(2N)), therefore
depends on the balance between male and female mutant
effects 6, and &, the fitness gradients G, and Gy, and the
measures of genetic variances K, and K;. In the following
sections, we lay out how these quantities depend on the
reproductive system of a population.

Fitness gradients: The fitness gradients express how the
expected number of adult offspring of a focal individual
changes in response to small alterations of its phenotype.
They are given by

Gm(zquf) _ (awﬁ(zmiaifmiagf) +NmaW (zmzazfmx Zf)>

(?Zmi Nf (}Zml Ezmi = Z;n
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where wY is the expected number of adult offspring of sex u
of a focal individual of sex v € {m, f}. This fitness function
depends on the phenotype z,; of the focal individual of sex v.,
on the average phenotype z_,; = Zi’;izvk /(N, — 1) among
sex v, but excluding the focal, and on the average phenotype
in the population of the opposite sex (&, = Z;Nmzmi for
males and z; = Z;Vfoj for females). The model can thus
easily accommodate for sex-specific interactions based on
games, like the classic battle of the sexes. The derivatives
of focal fitness w¥ are evaluated at the resident phenotypes
Zmi = Z-mi = Zm = Zm, Zfj = 3-fi = 3 = 2, SO that Gy, and G¢
measure the effects of phenotypic changes on male and fe-
male fitness with respect to the resident population.

The fitness gradients in Equation 2a indicate the direction
of phenotypic evolution in each sex that is favored by
selection. If G,(2m, 20 and Ge(zn, 2f) are positive, then se-
lection favors an increase in the trait in males and females; if
they are negative, then selection favors a decrease. Although
the gradients are derivatives of the expected average num-
ber of adult offspring produced (w™ and wf)), the direction
of selection depends on how the phenotype affects the av-
erage number of juvenile offspring produced as well as re-
productive variance. To demonstrate why this is the case, we
derive the fitness of a focal individual i of sex v in terms of
the distribution of juveniles in the population. Fitness is the
expected number of i’s offspring that become part of the
adult breeding population of the next generation. We sepa-
rate fitness gained through male and female offspring. We
write JI for the number of juvenile offspring of sex u born to
i, itself of sex v. In each generation, the set of reproductive
individuals is established by independently sampling Ny,
males from a pool of surviving male offspring and N; females
from a pool of surviving female offspring. The conditional
fitness of individual i of sex v gained through offspring of sex

u, i.e., the expected number of its adult offspring of sex u,
can then be calculated in terms of i’s reproductive success,
relative to that of the total population

JH
u (2
in|Jv = + ZJH ) 3)
where J; = (J)1,J15, - iy, )" is the realized offspring pro-

duction of all parents in the population. Note that the total
number of juveniles of either sex must be the same when
counted as the offspring of males or females (ie.,

Yol = Zkak) We assume nonextinction of the popula-
tion (3, J% =N,). To describe the fitness of individual i, we
need to calculate the expectation of Equation 3 over the
distribution of J;. Following the approach of previous work
(Gillespie 1975; Proulx 2000; Shpak and Proulx 2007; Lehmann
and Balloux 2007; Rice 2008), E[J};/> ";J% ] is approximated
using the delta method (Oehlert 1992), so that the expected

fitness w¥; = E[w'|J%] becomes
u u
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where ul is the expected number of juveniles of sex u pro-
duced by individual i, uf =) ui is the expected total
number of juveniles of sex u produced in the population,
vl is the variance of the number of offspring of individual
i (v =V[J4]), and pY, is the covariance between the num-
ber of offspring of sex u of individuals i and k of sex v
(phy = ClJ%,J%]). The fitness of an individual therefore
takes into account all first and second moments of the prob-
ability distribution that describes individual reproduction (see
Figure 1 for a depiction of those moments for a focal male).

The remainder R in Equation 4 is composed of central
cross moments of JJ of order 3 and higher. These terms
may be significant in certain scenarios (Rice 2008), but we
omit them in this analysis by assuming that the distribution
of J! is well behaved as the population size N increases.
Previous models used the central limit theorem to justify
this assumption (Shpak and Proulx 2007; Lehmann and
Balloux 2007, Equation A6). This is not strictly valid here
because the number of offspring produced by different indi-
viduals is not necessarily independent. However, the re-
mainder terms can be ignored if we assume that offspring
numbers are close to independence and that the “total” co-
variance between a given set of individuals decreases as the
number of individuals in that set increases (see Appendix,
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Figure 1 The moments of male reproduction. At generation t, a focal
male i sires an expected u; number of male offspring with variance v7;
and covariance p7, with the number of male offspring sired by another
male k. The males of the next generation t + 1 are established by sam-
pling the juveniles and the expected number of adult males of the focal
male i is w[T. Similarly, the focal male sires an expected uf; number of
female offspring with variance »{.; and covariance p;, with the number
of females sired by male k. Then, the expected number of adult females
of the focal male i is wf,. Finally, the number of male and female off-
spring of male i covary by pm;f.

Equation Al). In this case, the remainder terms in Equation
4 are of order (1/N?). Therefore, while the expression for
the fixation probability (Equation 1) holds for any popula-
tion size, the approximation for fitness (Equation 4) takes
into account only the first-order effects of finite population
size on offspring means and variances. If condition (A1) also
holds for the first and second moments of the distribution of
reproduction, then the effects of (co)variances on individual
fitness vanish as N — o, in agreement with previous studies
(Gillespie 1974).

Equation 4 shows that individual fitness depends on four
terms. The first is the relative expected number of offspring
produced (uY/u¥), which has a positive effect on fitness. The
remaining three terms capture the effects of reproductive
variance. Fitness decreases with the variance in offspring
number (v%), increases with the variance in offspring number
produced by the remaining individuals in the population
Qi and >y 1 iPhy), and decreases with the covari-
ance between the number of offspring produced and that of
the remaining individuals in the population (3 ;0 )-

The fitness effects of the variance terms stem from the
nonlinear relationship between fitness and the offspring
production of the focal (J%; see Figure 2 and Equation 3)
and the rest of the population (ZkﬁJﬁk; see Figure 2B and
Equation 3). For a given number of offspring produced by
the rest of the population, the fitness returns of a focal in-
dividual diminishes with its production of more offspring as
a consequence of the increased competition between related
juveniles for access to breeding. This results in a net nega-
tive effect of variance in the focal individual’s reproductive
output on its fitness (v}; in Equation 4 and Figure 2A). Con-
versely, for a given offspring production by the focal, the
advantage of competing within a population of individuals
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that are on average less fecund is expected to be greater
than the disadvantage of competing in a more productive
population. This leads to a net positive effect of population
variance on the focal individual’s fitness (3, vy and
> kzi2_1ziPwq 0 Equation 4 and Figure 2B). Finally, using
arguments similar to those presented in Figure 2, one can
see that the benefit of overperforming in a less competitive
population is on average greater than the cost of underper-
forming in a more competitive population. As a consequence,
the covariance between the numbers of offspring produced
by the focal individual and the rest of the population has
a negative impact on focal fitness (3 0, in Equation 4).
Selection on a phenotype (Equation 2) then reflects the
balance between the impact of the trait on the different
terms of Equation 4. Since the difference between two
phenotypes are small [of order O(8)], we can describe the
dependence between the moments and phenotypes without
explicitly characterizing the interactions between every in-
dividual in the population. Rather, we average the sums in
Equation 2 over mean population phenotypes (File S1,
Equation SI.4). Then, if the trait of interest affects all first
and second moments of individual reproduction, the fitness
function of a focal individual of sex v can be written as

- - N, | &y (zvi Z—vi ,Eo(v))
wh (Z iy 2 —yis 2, ) =3 |——
v\ 2O 2o0) | TN | T (3 B B )

ey (22050
— = | Y, | %vi, 2—vi, 2
Nvuﬁ(fv-iviom)z( v \ #vir #—vis o(v)

My (ZviZ—vi Zo(v) _
— A (E T y) v, 2y, 2y, Zo(v)

(%0 v Zory) )

N,—1 u ( = =
—————3 | Py \Bvir»Z—vi) Zo(v )
Nyt (2 2 Zory) ) ( v ’ *2ol)

sttt ()

Y (fv Zv,Zo(v) )

+0(1/N2,8%),
(5)

where %) denotes the average phenotype z,, of the sex
opposite to that of the focal, v, (e.g., Zo(f) = Zm). The function
M2 (2vi, Z—vi, Zo(v)) is the expected number of juveniles of sex u
produced by a focal of sex v, and ul(3y, 2y, %o is the aver-
age expected number of juveniles of sex u produced by sex v
individuals in the population; similar interpretations are
given to the variance and covariance functions (v} and
pY). Therefore, calculating the individual fitness functions
wl that go into the fitness gradients (Equation 2) requires
characterizing only the individual mean, variance, and co-
variance functions, (u¥, v¥, and p!), and these depend only
on the phenotype of the focal individual (z,;), the average
phenotype in the opposite sex (2,(,), and the average among
other individuals of the same sex (z_,;, as the average 2, is
written as 2, = (N, — 1)z_,;/N, + %,i/N,). Examples of such
calculations are given in the Example section.
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Figure 2 Effects of variance on focal fit-
ness. (A) Fitness of a focal individual
graphed against the random number of
offspring it produces and holding the
rest of the population constant. Ignoring
the sex of parent and offspring, the focal
produces on average w; offspring with
variance o?. It then produces more or
less than w; offspring. But fitness is a rel-

No.ofjuveniles  ative measure of reproductive success

produced by

Hi focal Hei

(Equation 3). The advantage of produc-
ing more offspring depreciates with the

rest of pop

number of offspring produced because sibs also compete against each other. Then, the benefits reaped when it produces more offspring than average
(gray arrow) are outweighed by the cost when it produces less (black arrow). (B) Fitness of a focal individual graphed against the random number of
offspring produced by the rest of the population and by holding the number of offspring of the focal constant. The rest of the population produces on

average u_; offspring with variance o

. The fitness function of a focal individual is convex with respect to the reproductive output of the rest of the

population, which means that the beneflts it reaps when they produce less (gray arrow) outweighs the cost paid when they produce more (black arrow;

see also Frank 2011).

The first line in Equation 5 reflects the fact that an indi-
vidual who produces on average a greater number of offspring
than the average individual in the population has higher
fitness. The second and third lines reflect the fact that an
individual with a lower variance in progeny number than
the average individual has higher fitness, as originally
described by Gillespie (1974). Finally, the last two lines of
Equation 5 reflect the fact that an individual whose offspring
production covaries with that of another individual to
a lesser degree than the average individual also has higher
fitness. In addition, we see that the effect of covariance on
fitness [of order (N, — 1)/N,] is potentially greater than that
of the variance (of order 1/N,).

Efficacy of selection: In addition to the fitness gradients, the
fixation probability (Equation 1) also depends on K,(2m, 25,
h) and K, (2, 2;, h), which weigh on the fitness gradients
and measure the sex-specific efficacy of selection in males
and females, respectively. The weight K, (Kp) is the
expected covariance between between genotype and pheno-
type in males (females), cumulated over the neutral segre-
gation of the mutant. Mathematically, this is

Ku=5n75.E [Zch,pm } ©)

where Clz,;, puil; is the covariance between the phenotype
2,; of an individual of sex u and the frequency p,; € {0, 1/2,
1} of the mutant it carries at generation t, and E°[-] denotes
expectation under neutral evolution, i.e., where only genetic
drift affects fluctuations of genotypic frequency p,; from one
generation t to the next (File S1, Equations SI.20, SI.21, and
S1.39). The factor 1/(2N) in Equation 6 is the initial fre-
quency of the mutant, while the factor 1/4 is the product
of the frequency of transmission of a gene by a parent to an
offspring (i.e., 1/2; File S1, Equation SI.2) and the repro-
ductive value of that class of offspring, which is here 1/2 for
both males and females. If mutant effects are additive (h =
1/2), then Clzy;, puil: = VIpuil: and K,, reduces to the cumu-
lative genetic variance in sex u, highlighting that the larger

genetic variance is, the more efficient selection can be. In the
simple case of asexual haploids, this variance reduces to the
familiar p.(1 — p,), where p, is the average frequency of the
mutant at generation t. More generally, K, (K¢) depends on
dominance and captures the association between pheno-
typic and genetic variance in males (females) on which se-
lection is then able to act.

Since the calculations for K, and K¢ are made over the
segregation of a neutral mutant (Equation 6), they can be
expressed in terms of coalescence times of neutral genes
(File S1, Equations SI.37-S1.38), which themselves can be
expressed in terms of how genes coalesce within individuals
of different sexes. Doing so links K, and K; back to the
mating system and hence to the evolving reproductive traits
zm and z; that are under study. The general expressions for
K, and K¢ in terms of the coalescence process depend on the
probabilities that individuals share the same parent in the
absence of selection, referred to here as “probabilities of
sibship.” We find that the coalescence process can be de-
scribed by 14 probabilities of sibship. Six of these describe
the probability that a pair of individuals share the same
parent; they are written as @, where u € {J, @} indicates
the sex of the parent, and v € {m, f, ¢} indicates whether
a pair of individuals consist of two males, two females or
a male and a female (Figure 3). The remaining eight prob-
abilities of sibship describe the probability of three individ-
uals (three males, two males and a female, two females and
a male, or three females) sharing the same parent (male or
female). Providing a general characterization of the neutral
coalescence process is complicated, but the system can be
simplified by taking into account only the first-order effects
of finite population size [O(1/N)]. In this case, we find that
the eight three-way probabilities of sibship may be ex-
pressed in terms of the pairwise probabilities ©;’s (File S1,
Equations SI.40-S1.42), which are then sufficient to describe
the entire coalescence process.

The pairwise probabilities of sibship @ capture different
aspects of reproductive variance. The probabilities that two
males have the same father (©2), that two females have the
same father (), and that a male and female have the same
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Figure 3 The paternal probabilities of sibship. With probability ®2, two

males sampled at generation t + 1 have the same father from generation
t. So, with probability 1 — ®2, they come from different fathers. Similarly,
a male and a female sampled at generation t + 1 have the same father
with probability ®7, and two females do so with probability ©F .

father (©7) measure the level of reproductive variance of
adult males and depend on the moments of the distribution
of male reproduction (Table 1). In a situation where all
males contribute equally to the next generation of individ-
uals of either sex, the paternal probabilities of sibship are all
0% = 1/Ny (x € {m, f, c}). With skewed paternity, the var-
iance in the number of offspring a male has increases and so
do the paternal probabilities of sibship (Table 1). The pater-
nal probabilities of sibship 05, @F, and ©F differ from one
another if the variance in the number of sons produced
differs from the variance in the number of daughters pro-
duced, i.e., if gene transmission is more variable through
offspring of one sex than through offspring of the other sex.

The difference between maternal (67 ) and paternal (©%)
probabilities of sibship reflect the difference between the
reproductive variances of males and females. In a monoga-
mous population, with equal number of males and females,
males and females have the same reproductive variance and
®f = 07. In contrast, a polygynous population has greater
reproductive variance in males than females (@S <07,
while a polyandrous population exhibits the opposite pat-
tern (O > 07).

Using the probabilities of sibship, we can express the
weights K, in terms of the coalescence process of a neutral
gene. In the simplest case, where a mutant is additive and
there is no difference between the probabilities of a gene
being transmitted through a son or a daughter (09 = 09 =
07 =07 and ©° = O = 07 = 0°), K, (Equation A2) sim-
plifies to

1 1 1
Ku(zm, 26, 1/2) = 5 (1 - E) (@d(zmzf) +0° (vazf>>'

(7

This expression decreases hyperbolically with the probabilities
of sibship. Thus, as reproductive variance increases in males
and females, the transmission of the gene from one generation
to the next becomes more stochastic and genetic variance is
reduced. As a consequence, the efficacy of selection K,
decreases, reflecting the smaller impact of selection on the
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Table 1 The probabilities of sibship

v m f c

OF 1/Nax(1+ v/ (43)°) /N (1 4+ o/ ai)?) 1/Neo(1 + P/ iy
O T/Ne(1 v/ (u)?) /N + v/ (D)) T/N(1 4 p{™ i isd)

The first row gives the paternal probabilities of sibship and the second row gives the
maternal probabilities of sibship. The moments w and v terms are defined in the
main text, except for pi’ = CU™,, Jf ], which is the covariance between the number
of male and offspring juveniles fathered by a resident male (Figure 3), and
p;"" = C[mej,Jffj], which is the covariance between the number of male and female
offspring a resident female gives birth to. Therefore, the probabilities of sibship
increase with reproductive variance.

probability of fixation in the face of increased drift (Equa-
tion 1).

Similar patterns are observed when reproductive vari-
ance varies with the sex of the parent and the sex of the
offspring. Analytical results for additive mutants (Equation
A2, Figure 4, A-C) and numerical results for nonadditive
mutants show that K,;, and K¢ both decrease hyperbolically
with all six probabilities of sibship. Numerical results also
show that K, and K; increase linearly with dominance (Fig-
ure 4D). This stems from the fact that dominance increases
the phenotype—genotype covariance at lower allele frequen-
cies (p,; < 1/2) and that the frequency of neutral mutants
remains on average low.

Because K, and K; weight male (G,) and female (Gy)
fitness gradients independently in the probability of fixation
(Equation 1), reproductive variance may affect male and
female evolution differently. For example, selection on
females has a greater impact on the probability of fixation
than selection on males when K, < K;. In this case, a fe-
male-limited mutation (6, = 0 or G, = 0) would have
a greater chance of reaching fixation than a male-limited
mutation (6 = 0 or G¢ = 0), even if both improve fitness
by the same amount. In the longer term, we would then
observe a faster rate of adaptation in females than males.
The reverse patterns are predicted when K,,, > K.

Differences between K., and K¢, and hence differences
between the efficacy of selection in males and females, occur
whenever genetic variance is lower in one sex than in the
other. For additive mutants (Equation A2 and Figure 4,
A and B), K, < K; requires that

0S + 0F > 067 + 67, ®)

i.e., the probability that two males have at least one parent
in common exceeds the probability that two females have at
least one parent in common. This inequality (Equation 8)
reflects that if at each generation male offspring are more
related than female offspring, then genetic variance in males
is lower than in females, and as a consequence, selection is
less efficient in males.

Calculating the probability of fixation: Based on the above
derivations, the probability of fixation can be explicitly
calculated, taking into account the fitness change caused
by the mutant, through its effect on first and second moments



Cc D i
2NN:Vi1K” M
5 8
4
3
2
0.2 04 06 08 7 O 0 0.2 05

of the distribution of offspring production and the impact of
segregation in the two sexes on the efficacy of selection. To
calculate the fixation probability, the probabilities of sibship
(Table 1) are substituted into K, and K¢ (Equation A2 if the
mutant is additive and File S1, SI.38 otherwise), and the
expressions for focal fitness (Equation 4) are substituted into
the fitness gradients G, and G; (Equation 2). Finally, K, K,
G, and Gy are substituted into the fixation probability
(Equation 1).

Long-term phenotypic evolution in
dioecious populations

The fixation probability of a mutant is useful for predicting
short-term evolution and to understanding how the in-
terplay between selection and genetic drift affects the fate of
a new mutation. However, it is often desirable to predict the
long-term evolution of phenotypes as a result of selection
and drift acting on an influx of new mutations. In this
section, we use the probability of fixation (Equation 1) to
determine the phenotypes most likely to be observed in
males and females at a selection—mutation—drift balance. To
that aim, we assume that the autosomal locus mutates at
a constant rate ¢. This rate is sufficiently weak compared to
the rate of fixation to ensure that there are only ever two
alleles segregating, thus complying with the weak-mutation
strong-selection limit of population genetics (e.g., Gillespie
1994; Sella and Hirsh 2005) and/or the trait substitution
sequence limit of evolutionary game and inclusive fitness
theory (e.g., Metz et al. 1995; Champagnat and Lambert
2007; Lehmann 2012). The effects (8, 8¢, h) of a mutation
are drawn from a distribution u(8,, 8¢, h), which is such that
the dominance (h) of a mutant is independent from its
homozygotic effects (6., 6r), and mutants have on average
no phenotypic effect E[6,,] = E[8¢] = 0. The rate at which
a population monomorphic for (z,, 2g) is substituted by

Figure 4 The effect of probabilities of sibship and dom-

inance on the weights K;,, and K. The effects of the prob-

abilities that two males (A) and two females (B) and that

a male and female (C) are sibs are shown for an additive

mutant (Equation A2) when all the other probabilities of

sibship are fixed at 0.1. In A and B, K, is shown in blue
@, and Ky is shown in red. How they change with the pater-
nal (®9) and maternal (®°) probabilities of sibship is
shown as solid and dashed lines respectively. In C, the
effects of paternal (©9) and maternal (@) probabilities
of sibship on K, and K are equal and shown as a single
solid line. In D, we solved for K., (blue) and K; (red) (File
S1, Equation SI.38) for 100 different values of dominance
h, with probabilities of sibship randomly perturbed around
0.1 (each probabilities of sibship was sampled from a nor-
mal distribution with mean 0.1 and variance 0.02).

0.8 1

a population with traits (2, + 6m, 2r + &f) can then be
written as

1 0
k(zm,zf,b‘m,éf,h) = 2N¢ u(ém,b‘f,h) <W + 51:6—;
om
‘I‘Sm@) + 0(52)a ©

where 2N is the number of gene copies in the population,
&u(dy, 65, h) is the probability that a single copy produces
a mutation of type (8., 65, h), and the term within brackets
is the probability that this mutation fixes in the population,
which is given by Equation 1.

The substitution rate k determines a jump process
(Gardiner 2009), which describes the stochastic evolution
of male and female traits as jumps between monomorphic
states in phenotypic space. Ignoring terms of order O(82) in
Equation 9, the jump process can be described in continuous
time by a diffusion process that eventually reaches a station-
ary distribution (2,27 (Appendix, Diffusion equation for phe-
notypic evolution in dioecious populations). This long-run
stationary state reflects a balance between the forces of mu-
tation, selection, and genetic drift, and the maxima of (2,
zg) correspond to phenotypes around which the populations
spend the greatest amount of time. These maxima are the
most likely outcomes of phenotypic evolution, and in single
phenotype models, they are the “convergence stable” states of
the system (Lehmann 2012). A phenotype is convergent stable
if populations sitting close to this phenotype are attracted to-
ward it. Convergence stability is an important concept of at-
tainability of equilibrium points, common to evolutionary
game and inclusive fitness theory (Rousset and Billiard
2000; Leimar 2009). Under the trait-substitution sequence
limit, a phenotype that is convergent stable is also evolution-
ary stable (Wakano and Lehmann 2012).
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Phenotypes that are multidimensional convergence sta-
ble can be found by considering the attractor points of the
system of differential equations

L — 2NE <bmme (zm, 2%, H) G (2m, 2t )+ bneKs (zm, 2%, E) Gt (2m, Zf))

% =2N¢ (bmem (zm, 2, E) Gm (zm7 Zf) + bgK; (zm,zf7 E) G (z'm7 Zf))
(10)

which describes the deterministic trajectory associated to
the underlying diffusion process. Here, h = E[h] is the aver-
age dominance of the mutation distribution and b, = C[J,,
8.] is the covariance between mutation effect in sex u and v.
If none of the attractor points (2}, z) of system Equation 10
lie on the boundary of the phenotypic space, then large de-
viation theory shows that as the population size grows, the
stationary distribution (2, 2zr) becomes peaked around
these attractor points (use Theorem 4.3 of Freidlin and
Wentzell 2012, p. 170, and observe that if none of the
attractor points (z,z¥) lies on the boundary of the pheno-
typic space, then a smooth domain can be drawn around all
attractor points, thereby satisfying condition A of Freidlin
and Wentzell 2012, p. 150). Therefore, when all attractor
points (z},z;) of Equation 10 lie in the interior of the phe-
notypic space, they correspond to the convergence stable
states and are the most likely phenotypic outcomes of evo-
lution. Furthermore, in the infinite size limit (N — o), the
stationary distribution becomes fully concentrated around
a single of these convergence stable states (Theorem 4.2
of Freidlin and Wentzell 2012, p. 167), which corresponds
to the highest peak of the adaptive landscape and the sto-
chastic stable state of the system (e.g., Foster and Young
1990; Van Cleve and Lehmann 2013).

For an interior point (2, 2f) of system Equation 10 to be
convergence stable, two conditions must be satisfied. First, dz,,/

dr = 0 and dz¢/dr = 0 must hold, but since Ky, (2m, 2¢,h) >0

and K¢ (2m, 2¢, h) > 0, this condition is equivalent to

Gm (28, 2F) = Ge(zh,2f) =0, (11)
i.e., that the male and female fitness gradients vanish, which
is equivalent to the condition for establishing singular points
in deterministic evolution (Leimar 2009). Second, the real
part of all the eigenvalues of the Jacobean matrix of Equa-
tion 10 must be negative. Combined with Equation 11 and
the properties of b, (Leimar 2009), this latter condition is
equivalent to the real part of the eigenvalues of
(KmGGm/azm 12)

KOG /0%
KfaGf/aZm

KfaGf/({)Zf

being negative at (zﬁl,zf) Conditions (11) and (12) extend
the one-dimensional condition of convergence stability for
finite populations (Rousset and Billiard 2000; Lehmann
2012), and when K,,, = Ky, it is equivalent to the condition
for multidimensional convergence stability for populations
of infinite size (Leimar 2009), which depends only on the
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fitness gradients G, and G. When attractor points (2, z) of
Equation 10 lie on the boundary of the phenotypic space or
outside of it, the shape of the equilibrium distribution can-
not in general be assessed (to the best of our knowledge),
and in this case, characterizing convergence stable points is
not straightforward.

Example

In this section, we illustrate a possible application of our
model by analyzing the evolution of maternal and paternal
care behaviors. The emphasis is on highlighting the effects of
selection on reproductive variance in driving the evolution of
reproductive traits. We consider a dioecious species with
a simple life cycle. An equal number N of adult males and
females randomly pair up to mate. All females mate once
with a single male, but males mate with harems of exactly
H females. If H = 1, the population is monogamous and all
males mate. If H > 1, then the population is polygynous and
some males mate H times while others do not reproduce at
all. Each female gives birth to exactly f offspring with an equal
sex ratio. The offspring survive with probabilities that depend
on the phenotypes z;,, and 2 of their parents. Female offspring
each survive independently from each other with probability
sf(zm, 2¢). In contrast, the survival of males is strongly corre-
lated within broods and the males of a brood either all survive
[with probability s™(zy,, 271 or all die [with probability 1 —
s™(zm, 2g)]. This is close to the assumptions of the hermaph-
roditic model of Proulx (2000). The difference in male and
female survival could reflect sex differences in the suscepti-
bility to random variation in the breeding environment pro-
vided by the male’s territory, for example. As a consequence
of their correlated survival, surviving males are more related
than surviving females. The next generation of adults is ran-
domly sampled from the population of surviving offspring as
described in the previous section.

The phenotypes that evolve are the level z,, of paternal
care provided by a male and the level z; of maternal care
provided by a female. The survival probabilities of daughters,
sf(zm, 2), and sons, s™(z,,, 2¢), are both increasing functions of
2m and z;. We analyze the fate of four different types of muta-
tions altering the parental-care phenotypes. These types are
characterized by the sex of the parent providing the care and
the sex of the offspring receiving it. We distinguish between
mutations that affect care for sons only and those that affect
care for daughters only. For both of those, we consider sex-
limited mutations that affect care only in males or only in
females. In total, the evolution of four different traits is stud-
ied, paternal care for daughters, maternal care for daughters,
paternal care for sons, and maternal care for sons.

The covariance between the survival of male offspring
depends on the sex of the parent for which care evolves. If
female care is evolving, then for each female, her entire
male brood either survives or dies, independently from other
females, even from those that have mated with the same
male. When care is provided by males, then for each male,



his entire male brood either survives or dies, independently
from other males, but his brood includes all the male
offspring he has had with different females. We assume
that the effect of mutations is additive and identical for all
traits. Thus, compared to the resident homozygote, the level
of care is increased by an amount §/2 in heterozygotes and
by & in mutant homozygotes.

Probability of fixation of new mutants

To calculate the fitness of a focal individual (Equation 5)
and evaluate the fixation probability of the different
mutants, we need to express the means and covariances of
offspring production in terms of care phenotypes. We first
consider the offspring production of a focal female j with
phenotype z;. Because the evolution of male and female
traits are treated separately, mutations for altered maternal
care always occur in the presence of constant resident pa-
ternal care z.,,, and we can therefore omit paternal care from
the survival functions. The expected number of daughters
(1f) and sons (™) the focal female produces are given by

g
ek (z5) —f (;fl), (13a)
P () =1~ (zsz), (13b)

where the factor 1/2 stems from the equal sex ratio.

The variance terms that contribute to the fitness of a focal
female are found by writing no and ng as the number of
daughters and sons, respectively, at birth before survival
selection. With the sex ratio being equal, no ~ Bin(f, 1/2)
(and ng = f — no). Given no, the variance in the number of
female offspring born to a female is nosf (z5) (1 — sf(zg)),
and the mean is nosf(zg). Therefore, applying the law of
total variance, the variance in the number of female off-
spring born to a focal female is

v (26) = Eng [nos" (25) (1 — 57 (25)) | + Vi, [n05" (267)]

In contrast, since sons do not survive independently from
each other, we have, given ng, that the variance in the num-
ber of male offspring is nZs™(z;)(1 — s™(z;)) and that the
mean is ngs™ (zg). Thus, the variance in the number of sons
produced by a focal female differs from the variance in the
number of daughters and is

(14

v (25) = Eng [nGs™ (357) (1 = 5™ (35)] + Vi, [nos™ (25)]

= (15 o) (1= 57 ).
(15)
Finally, since females give birth to and care for their offspring

independently of one another, the covariance between the
number of offspring of two females is zero (pf* = pt = 0).

The means and variances of the offspring numbers pro-
duced by a focal male i are obtained similarly (see Appendix,
Calculations for the evolution of parental care), but in contrast to
singly mating females, polygyny leads to a negative covariance
between the numbers of offspring sired by two males. The
additional variance terms (p® for male offspring and pf for
female offspring) must be taken into account when determin-
ing the fitness of a focal male and are calculated here. Since
maternal care is now constant, we can omit the female care
phenotype z¢ from the survival functions. By definition, the
covariance between the number of male offspring fathered
by the focal male i and an “average” male other than i is

2
O i) = (ENomaiNmar ) — 1) 5™ ™ (2 ),
(16)

where E[NyaiNmar—i] is the expected product between the
number of matings of the focal male i, Ny.y, and that of
another male, Ny, ;. Then, since N/H males are chosen
at random without replacement to mate exactly H times, E
[NmatiNmatfi] = (N - H)/(N - 1); and

_ N-H 2
P (Zmi> Z—mi) = (ﬁ— 1) Zsm

Similarly, the covariance number of females fathered by the
focal male i and an average male is

_ N-H 2
plf'n(zmivz*mi) = <m_ 1) fzsf

(Zmi)sm(z—mi)‘ (17)

(Zmi)s' (F-mi)-  (18)
As expected, these covariances vanish in a monogamous
population (H = 1), but become increasingly negative as
fewer males mate. For large H, they contribute significantly
to the fitness of a focal male.

Fitness gradients: Substituting Equations 13a and 14 into
Equation 5 and deriving according to Equation 2b give the
fitness gradient for alleles that code for maternal care of
daughters. Similarly, substituting Equations 13b and 15 into
Equation 5 and differentiating according to Equation 2b give
the fitness gradient for alleles that code for maternal care of
sons. The fitness gradients for alleles that code for paternal
care are obtained in the same way using Equation 2a.

To identify the different effects of sex-specific reproduc-
tive variance, we first consider a population that is strictly
monogamous (H = 1). If maternal and paternal care have
the same effect on offspring survival [i.e., 9s"(2m, 20)/0%f =
08 (2m, 2£)/02m], the fitness gradients for mutants that in-
crease maternal (Gy) or paternal (G,,) care of daughters are
identical and equal to

Ost(zm,z¢) 1 1 1
Gu(zrme) B O0zy Sf(zmazf> {(1 _N) +17f:|’

where u € {m, f} and 2, and 2 are the resident levels of
paternal and maternal care. Likewise, there is no difference

(19)
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between the fitness gradients for mutations that increase
maternal (Gg) or paternal (Gy,) care of sons, which are both

Os™ (2m, 2¢) 1 1 1 +l
2y s™(2m,2f) N/ N

Os™ (2m, 2f) 1
= 2
2y s™(2m,2) 20)

Gu (Zm7 Zf) =

u € {m, f}. The (1 — 1/N) term of Equations 19 and 20
describe the balance between the advantage of increasing
the expected number of offspring of the focal individual and
simultaneously increasing the total expected number of off-
spring in the population and the level of competition be-
tween kin. This is equivalent to the first term of Equation
5. It is equal for gradients describing care for sons and
daughters, in line with the fact that the effect of care on
the expected numbers of male and female offspring is iden-
tical. The second term in the brackets of Equations 19 and
20 captures the increase in fitness due to the reduction in
the variance of offspring number (reflecting the remaining
terms of Equation 5).

The variance term is greater for mutants that alter the care
of sons (Equation 20) because the variance in the number of
surviving sons is inherently greater than that of surviving
daughters. As a consequence, reducing that variance gener-
ates proportionately greater fitness benefits. The benefit of
reducing the variance in male offspring number is so large
that it completely offsets the reduction in fitness due to kin
competition (Equation 20). The benefits of decreasing the
variance in the number of surviving daughters vanish as
brood size f becomes large (Equation 19), due to the fact that
daughters survive independently of each other. As a result of
these different effects, selection favors the fixation of mutants
that increase the care of sons (Equation 20) with greater
strength than those that increase the care of daughters (Equa-
tion 19), especially when fertility is high.

Efficacy of selection: Differences in the patterns of male and
female survival also affect the efficacy of selection on paternal
and maternal care, K, and K;. Both coefficients are calculated
using the probabilities of sibship (Equation A2), which are
themselves expressed in terms of the moments of offspring
production in Table 1. These moments are the same as those
appearing in the calculation of focal fitness and in addition
include the covariance between the number of male and fe-
male offspring produced by a resident individual (Appendix,
Calculations for the evolution of parental care, for calcula-
tions). We find that K,,, and K¢ both increase with male and
female survival but that their difference

1 —sm(zm,Zf)) 1)

Km (2m, 2f) = K¢ (2m, 2¢) (1 - 2Ns™ (2, 2¢ ))

[with f ~ O(N)] depends only male survival rate s™(z,, 2¢)-
In the extreme case where all males survive (s™(zn, 20) = 1),
selection is as efficient for male and female traits (K, = Kp).
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But as male survival rate decreases, the efficacy of selection
falls more rapidly in males than females. This is caused by the
different modes of survival for male and female offspring.
Because male offspring tend to be more related than female
offspring, genetic variation in males is lower. As a consequence,
the efficacy of selection in females is greater than that in males
(K¢ > K.), and alleles that code for maternal care are under
more efficient selection than those for paternal care.

Probability of fixation: Combining the weights K, and K;
(Equation 21) with the fitness gradients G, and G; (Equa-
tions 19 and 20) for the probability of fixation (Equation 1),
we find that differences between male and female survival
affect the evolution of paternal and maternal care in two ways.
First, the correlation in male survival creates a stronger selec-
tion pressure on increased care for sons than for daughters.
Second, the effect of more stochastic male survival increases
drift in males and makes selection on paternal care less effi-
cient than selection on maternal care. As a consequence of
these effects, the most probable form of parental care to evolve
in our model is maternal care for sons and the least probable is
paternal care for daughters (Figure 5 for H = 1). Obviously,
these conclusions are conditional on the assumptions underly-
ing our analyses, most importantly that mutations affect only
male and female care, and do so equally, and that increases in
paternal and maternal care result in identical changes in the
expected survival of sons and daughters.

Mating system: Polygyny generates a negative correlation
between the reproductive output of different males, and this
affects the evolution of parental care in two ways. First,
reproductive skew in males decreases the strength of
selection on male care, due to intensified sib competition
among the surviving offspring of a male. This effect can be
seen when inspecting the fitness gradients on paternal care
for a female offspring

ost(zm,z¢) 1 1 1 H
G (2o 26) =~ S emra) () *
(22)

and that on a male offspring

m
Gm(Zrmzf):aS (e 20) 1 (1 H

O%m  s™(2m, %) N2> ’ (23)
where both equations are here shown for a population that
is strongly polygynous [H ~ O(N)]. Equations 22 and 23
correspond to the gradients in a monogamous population
(Equations 19 and 20), with the exception of the last nega-
tive term. This term expresses the cost of intensified sib
competition and increases with the level of polyandry H.
The gradients for the care of female offspring are unaffected
by polygyny (see Equations 19 and Equation 20).

Second, polygyny affects the efficacies of selection K,
and Ky (Appendix, Calculations for the evolution of parental



Paternal Care Maternal Care

111

X X
x

=
R n
= 1.08} b
- b4 n
% X
X
1.05t ¥ B
1830 » ¥
=
- ¥ ]
Z 125 8
¥ %
147, . %
2| % %
2
% % n
Z 175, >
% @
x
1.554 %
i 2 3 2 3
H H

Figure 5 Approximate probabilities of fixation of parental care strategies
against harem size. The probabilities of fixation scaled to the total gene
number, 4N, of paternal (first column) and maternal (second column)
care are shown for populations with N = 12 (first row), N = 36 (second
row), and N = 108 (third row) males and females against harem size H.
Care for sons is shown in blue and care for daughters in red. The mo-
nogamous case corresponds to H = 1. Other parameters are set at = 10,
5=0.3,and 6 = 0.01.

care, for calculations). Polygyny, and the associated increase
in male reproductive variance, generate additional genetic
drift and reduce both K, and K; relative to monogamy. How-
ever, when male brood are brothers through their father, the
genetic variance in male offspring decreases with harem
size. As a consequence, the depreciation in K, with H is
steeper than in K¢

Kin (2m, %) = K¢ (2m, %) (1 _(1+H( —Sm(zm,Zf))>’

4Ns™ (zm, %) )
24

indicating that the evolution of paternal care is more
sensitive to polygyny than the evolution of maternal care.
The joint effects of reduced selection and lower efficacy of
selection on males compromise the evolution of parental
care in polygynous populations. Figure 5 shows analytical
predictions of the probability of fixation for varying levels of
polygyny. These show that mutants for parental care become
less likely to fix as the level of polygyny increases, and this
effect is exacerbated for paternal care, demonstrating the
double effect of reproductive variance on both the intensity
and the efficacy of selection on reproductive traits.

Long-term evolutionary equilibrium

The probability of fixation captures evolutionary dynamics
over a short timescale. But as shown above (Equations 9-
12), it can be used to predict long-term phenotypic outcome
under a recurrent inflow of mutations. We explore here how

reproductive variance affects the long-term evolution of pa-
rental care.

In the above parental care example, the evolutionary
dynamics governed by the selection gradients (Equations
19, 20, 22, and 23) eventually reach the trivial equilibrium
phenotypes of maximum care for sons and daughters
[s™(2m, 2p) = sf(zm, 2 = 1]. We therefore introduce the
realistic assumption that a parent’s resources are limited
and that as a consequence, there is a trade-off between
the efforts allocated to sons and daughters. The care pro-
vided to male offspring by a parent of sex u is written gz, and
1 — z, is the care allocated to daughters (with 0 = z, = 1).
As, before, the survival s¥(zy, 2f) of an offspring of sex v is
a function of the paternal and maternal care received. Here,
a simple additive function is assumed, where the survival of
a male offspring is s™(zn, 20) = (2m + 2£)/2, while that of
a female offspring is sf(zm, 2 = (1 — 2m + 1 — 2p)/2. Then,
because we consider the evolution of care in one sex while
maintaining the care of the other sex constant, Equation 10
shows that the long-term evolution of sex-limited traits can
be inferred from selection on that sex alone. In other words,
we can predict the phenotypic equilibrium of a male-limited
trait (b = 0 and bg = 0) from the zeroes of the fitness
gradient G,(zm, 29 = O of males and that of a female-
limited trait (b, = 0 and by, = 0) from the zeroes of
Ge(zm, 2¢) = 0.

Then, convergent stable states are found in three steps.
First, using calculations similar to those used in Equations
13-18 and Appendix, Calculations for the evolution of paren-
tal care, we calculate the moments of reproduction for a focal
male and a focal female in the presence of trade-offs to find
the fitness components of a focal individual (w?, wf;, Equa-
tion 4). Second, we add the fitness components of a parent
of sex u derived from male and female offspring to obtain
the gradient G,(znm, 2¢) as in Equation 2. Finally, solving for
G.(2m, 29 = 0, we find the convergence-stable level of in-
vestment in sons, z; is identical for male and female parents
when the population is monogamous, and such that male
survival is

1 f-1

s™(z8) = s™(zF) :§+—2+2f(2N—1)' (25)

This equation show that the equilibrium investment
approaches 1/2 as population size goes to infinity (N —
), This prediction is in line with the fact that kin compe-
tition vanishes in infinite populations and with it the selec-
tion pressures emanating from reproductive variance.
Parents in very large populations are then expected to en-
sure an even survival of male and female offspring. As the
population size decreases, however, reproductive variance
starts to affect fitness and it becomes beneficial to invest
more in the care of sons (s™(z5) > 1/2) to dampen the sto-
chasticity in reproductive output that results from their mor-
tality. The clutch size f has an additional, weaker, effect on
equilibrium care. At the extreme of single-offspring clutches,
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f = 1, the differences between the patterns of male and
female survival are irrelevant, and equilibrium care ensures
equal survival in males and females when sex ratio is equal
(s™(z%) = 1/2). As clutch size increases, the effects of repro-
ductive variance come into play and, for a given population
size N, larger clutch sizes result in male bias in care
(s™(z%) >1/2). However, this effect rapidly plateaus with
increasing f and is weaker than that of altering population
size.

Theory about sex ratio predicts that to minimize the
variance in offspring number, hermaphroditic females
should make more offspring of the sex that is less variable
in survival (Proulx 2000, 2004). In our model population,
females should then produce more daughters. Using the
same approach as above, we can calculate female fitness
when sex ratio r at birth (ratio of males to total offspring)
is maternally controlled; i.e., the number of females at birth
of a focal female with phenotype z5 now is no ~ Bin(f, 1 — r
(z)). As before, limited care is provided by females, and
covariance in survival is greater between related males. Cal-
culating the moments of reproduction as in Equations 13-15
with appropriate sex ratio (z5) and survival independent of
the trait, we find as expected,

- 1(A—s")
1+s™+fsm(2N —1) —f

1

1

that the evolutionary convergent sex ratio is biased toward
females [r(zf) <1/2].

Discussion
Capturing sex-specific reproductive variance

It has long been known that reproductive variance impedes
adaptation by increasing genetic drift (Wright 1931; Nunney
1993; Nomura 2002; Charlesworth 2009). In parallel, a body
of work has shown that reproductive variance is itself under
selection, favoring less variable offspring production (Gillespie
1974; Courteau and Lessard 1999; Proulx 2000; Shpak
2005; Shpak and Proulx 2007; Lehmann and Balloux
2007; Rice 2008; Taylor 2009; Proulx and Adler 2010).
Together, these studies have provided a solid theoretical
basis for understanding the effects of selection on offspring
distribution in a natural world that is inherently uncertain
within generations. Despite these advances, models for the
evolution of reproductive variance and its effects on adap-
tation have so far ignored biologically realistic cases of
sexual reproduction, where the role of the variance can
be expected to be most important. Closest to this, Taylor
(2009) studied the effect of sex-specific reproductive vari-
ance on adaptation, but by modeling mating as the random
union of gametes, key features of reproductive biology were
neglected, since in most cases it is individuals, not gametes,
that unite to mate. Finite numbers of matings and the struc-
ture of the mating system have important evolutionary
effects. Not only do they generate correlations between the
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number of offspring of different individuals of the same sex,
but they also often underlie disparities between male and
female reproductive variance.

In this article, we used an individual-based approach to
provide an analytical model for the evolution of male and
female reproductive traits within a biologically realistic
context of sexual reproduction. First, we calculated the
probability of fixation of a mutant that perturbs male and
female reproductive phenotypes (Equation 1), taking into
account all first and second moments of the probability
distribution that describes individual reproduction (Figure 1
and File S1). As a consequence, the fitness gradients, G, and
Gr (Equations 2 and 4), which express the direction and
intensity of selection on a mutant, reveal the many compo-
nents of reproductive variance that contribute to fitness and
are hence under selection. These include the variance in the
reproductive output of a focal individual (v%; Equations 4
and 5), which decreases fitness (Figure 2A), and the vari-
ance in the total reproductive output of the rest of the pop-
ulation (v, Equation 4 and 5), which increases fitness
(Figure 2B). The impact of these variances on fitness has
been accounted for in previous studies (Appendix, Link with
previous work, to see how previous works connect to the
model presented here). However, our model also takes into
account the covariance between the numbers of juveniles
produced by different individuals of the same sex (pl;
Equation 4 and 5), which had been ignored so far and po-
tentially have greater consequences for fitness than the var-
iance alone (Equation 5). This covariance would emerge as
a direct consequence to the biological constraints that the
number of matings and female fecundity are finite and
therefore cannot be ignored.

Efficacy of selection in males and females

The probability of fixation of a mutant (Equation 1) also
depends on the efficacy with which selection can act on
mutants. This is represented here by the scaling factors K,
and K;. They measure the degree to which neutral genetic
variation results in phenotypic variation is then exposed to
selection in males and females (Equation 6). As K,;, and K¢
increase, the probability of fixation of a mutant increasingly
reflects the effects it has on male and female fitnesses,
respectively.

The scalars K,,, and K; express effects similar to those
captured by the traditional heritability of a trait (Falconer
and Mackay 1996). However, while heritability is a snapshot
of a population in time, K, and K; take into account the
segregation of alleles and changes in frequency until loss
or fixation of a mutant. This is illustrated by the interpreta-
tion of K, and K; in terms of coalescence times (File S1,
Equation SI.37), which can themselves be expressed in
terms of probabilities of sibship (File S1, Equation SI.38,
and Figures 3 and 4), or how genes coalesce in different
individuals of both sexes. The probabilities of sibship depend
on the moments of offspring production (Table 1) and
thereby establish a link between the mating system of
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a population and the potential for selection to act on differ-
ent traits in that population. High probabilities of sibship
reflect a situation in which reproduction is monopolized by
a subset of individuals. This reproductive skew entails
a greater likelihood that a mutant is either transmitted or
lost by chance and hence reduces levels of genetic variation.
The factors K, and K; also increase with the dominance
coefficient h of the mutant. Dominance increases the covari-
ation between genotype and phenotype at low allele fre-
quency, which is the frequency dominating the segregation
process of a new mutation, and therefore increases the vis-
ibility of mutants to selection.

An important feature of K,;, and Ky are their sex specificity,
respectively scaling on male and female fitness gradients.
This reveals that genetic drift can influence male and female
evolution with varying strength. Traditionally, population-ge-
netic treatments of evolution in dioecious populations express
the effect of genetic drift on the segregation of two alleles
simply as the inverse of the overall effective population size or
as some mutant frequency-dependent function (Ethier and
Nagylaki 1988; Taylor 2009), but in both cases, the effect
of genetic drift on male and female selection is the same. This
simplification stems from the requirements to obtain a diffu-
sion limit for the segregation process, which ignore some
differences between male and female reproduction.

The method we used here to calculate the probability
incorporates all second moments of male and female
individual reproduction and shows that it is possible for
genetic drift to affect selection on males and females
differently. When K; is larger than K, selection on females
contributes more to the probability of fixation than does
selection on males, and vice versa. A variety of factors can
lead to differences between male and female efficacy of
selection. As shown in the Example section, discrepancies
between K., and K; can occur as the result of differences
between male and female patterns of mortality that gener-
ate a greater level of genetic variance in females than in
males. This is not only a theoretical possibility. In the house
finch, for example, mite ectoparasitism affects related males
more strongly than related females, leading to male-biased
mortality (Badyaev et al. 2006). As a consequence, we ex-
pect K, to be smaller than K in this species.

Long-term sex-specific evolution

To predict the joint evolution of male and female phenotypes,
we embedded our model into a trait substitution sequence
process. We obtained a stochastic model of long-term
phenotypic evolution for dioecious populations that allows
one to conveniently evaluate convergence-stable states,
which correspond to the most likely phenotypic outcomes
of evolution at mutation-selection—drift balance (Equations
11 and 12 and Appendix, Diffusion equation for phenotypic
evolution in dioecious populations). When the reproductive
variances of males and females are such that there is
no difference in the efficacy of selection between the sexes
(Km = Kg Equations 11 and 12), then the conditions for

phenotypes to be convergence stable depend only on the
fitness gradients, in agreement with previous deterministic
models (Leimar 2009). When the efficacy of selection differs
between the sexes (K, # Kp), however, they may affect the
evolutionary trajectory and change the stability of internal
equilibria (Equation 12). Therefore, the most likely pheno-
types to be observed in natural populations can be signifi-
cantly affected by sex-specific reproductive variance.

Effects of sex-specific variance on parental care

To illustrate the many effects of reproductive variance on
the evolution of dioecious species, we calculated the
probability of fixation of mutants coding for maternal and
paternal care for sons and daughters in a situation where the
survival of sons is highly correlated within broods. While
very specific, this example allows us to illustrate some of the
key effects that our model can capture. First, our results
demonstrate how phenotypic evolution can be driven by
selection against reproductive variance. Thus, care for sons
evolves more readily than care for daughters, because the
former alleviates the high degree of reproductive variance
that arises as a consequence of correlated male survival
(Equations 19 and 20). Second, we showed that the pattern
of male survival reduced the efficacy of selection on male
traits by decreasing the amount of genetic variation in males
(Equation 21). This means that mutants coding for maternal
care have a greater probability of fixation than those coding
for paternal care, even if the effect of maternal and paternal
care on offspring survival is identical. Finally, male polygyny
generates a negative correlation between the reproductive
outputs of different males, which in turn generates an additional
selection pressure on the evolution of paternal care (Equations
23 and 22). These forces mitigate the strength of selection for
paternal care because as fewer males monopolize reproduction,
kin competition between the offspring of a male increases. The
selection pressures generated by (co)variances might be
minimal when populations are very large, polygamy exten-
sive and fecundity effectively unlimited. However, in most
biologically realistic scenarios, the complicated interactions
between the different components of reproductive variance
can be expected to affect the evolutionary process through
selection and genetic drift.

The phenotypic equilibrium predicted for both parental
sexes is, like the probability of fixation, affected by selection
against reproductive variance. Thus, fathers and mothers
will invest more in the care of sons to mitigate the
detrimental effects of their stochastic survival on parental
fitness (Equation 25). Interestingly, this prediction contrasts
with other results on the evolution of sex-ratio allocation
whereby females are expected to produce more daughters
when the survival of males within a brood is highly
correlated (Equation 26) (Proulx 2000, 2004). Therefore,
selection against reproductive variance leads to the counter-
intuitive equilibrium whereby females produce fewer sons
for which they care more. It would be interesting to further
explore the effect of sex-specific variance on the evolution of

Sex-Specific Reproductive Variance 247



sex allocation. In particular, we expect that the sex ratio at
birth would differ according to whether it is controlled by
the male or female parent and that the difference between
maternally and paternally controlled sex ratio depends on
the mating system. For instance, with the life cycle given in
the Example section of this article, if sex ratio is male con-
trolled and the population is polygynous, then selection on
males to minimize their reproductive variance would favor
a bias toward females that is even more pronounced than
when the sex ratio is female controlled (Equation 26).

Our analysis of the long-term evolution of male and
female care behavior showed that both sexes evolve toward
the same equilibrium level of care (Equation 25). This
contrasts with the predicted short-term dynamics, where
greater stochasticity in male survival caused a reduction in
the probability of fixation of mutants for paternal care,
compared to that seen for maternal care mutants. This
discrepancy intuitively implies a lower rate of adaptation in
the male than female trait and a longer time to reach the
evolutionary equilibrium. In general, the stochastic model of
phenotypic evolution (Appendix, Diffusion equation for phe-
notypic evolution in dioecious populations) suggests that the
rate of adaptation in males and females scales with the
efficacy of selection K, and K, respectively.

Outlook

The framework provided in this article is ideal for studying
complex social interactions between individuals of sexual
populations. Examples of such traits are those involved in
evolutionary games between the male and female of
a mating pair or strategies in games between individuals
of the same sex, for example, in male-male competition for
mating and fertilization success. In the latter case, the co-
variance between the numbers of offspring produced by dif-
ferent males is expected to have important effects. Use of
our model to study the social and sex-specific frequency-de-
pendent aspects of reproductive evolution is straightforward
because all parameters in Equations 1 and 10 can be derived
using only the phenotype of a focal individual and the av-
erage male and female phenotypes in the population. An-
other class of traits for which our model is particularly well
suited are sexually antagonistic ones (Parker 1979; Lande
1980; Bonduriansky and Chenoweth 2009; Pennell and
Morrow 2013). By taking into account the positive correla-
tion of mutational effects in males and females (b > 0 in
Equation 10), different selection pressures in males and
females (G, # Gp), and different levels of reproductive var-
iance in the sexes, the model is well adapted to investigating
the evolution of these traits under the simultaneous influen-
ces of selection and drift.

With selection on variance being inversely proportional to
the population size, selection on the variance will be mostly
relevant in small panmictic populations, where genetic drift
may therefore mitigate its effects. But if populations are
structured into local breeding groups, then selection against
reproductive variance is inversely proportional to local patch
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size (Shpak and Proulx 2007; Lehmann and Balloux 2007),
while genetic drift inversely scales with the total population
size, which can be very large. All the effects of selection on
reproductive variance described in this article may then be
particularly relevant in populations that are divided in small
patches but are globally large. In fact, if density-dependent
regulation takes place before dispersal (soft selection, Roze
and Rousset 2003), then selection against reproductive vari-
ance is as described by our panmictic model, with fitness
given by Equation 5 but with the number of individuals being
those in a local patch (Shpak 2005; Lehmann and Balloux
2007).

Explicitly taking spatial structure into account in regimes
of soft and hard selection may also reveal interesting
examples of sex-specific evolution. In structured and di-
oecious populations, we expect that sex-specific local
competition (e.g., Perrin and Mazalov 2000), but also re-
productive variance, will drive the evolution of sex-specific
dispersal. In turn, this will generate differences in genetic
variation across the sexes (i.e., between K, and Kp), thereby
influencing the evolution of sex-specific strategies. It would
therefore be particularly interesting to extend the model to
explicitly take into account spatial structure to investigate
the evolution of sex-specific dispersal strategies and how it
interacts with the evolution of other sex-specific traits.

Future development of the model should also accommo-
date for a greater variety of genetic architecture of traits.
Because K, and K; depend on the covariance between ge-
notype and phenotype, differences in the genetic determi-
nation of traits between the sexes would also translate into
differences between the efficacy of selection in males and
females. This is not unlikely as differences between male
and female heritability have been reported for phenotypic
traits in animals (e.g., Eisen and Legates 1966; Jensen et al.
2003), including humans (Weiss et al. 2006) as well as
plants (e.g., Ashman 1999). Such differences would natu-
rally arise for sex-linked genes. For instance, in species with
an XY sex-determining system, where males are hemizygous
for the X chromosome, dominance interactions can occur
only between the two X chromosomes of females (Wayne
et al. 2007). It would therefore be interesting to extend our
model for sex-linked genes and test whether the interaction
between selection on reproductive variance and the efficacy
of selection in males and females lead to different evolution-
ary dynamics than on autosomes.

To conclude, using a population-genetic approach that
takes into account all the relevant moments of reproduction
in the two sexes, we have shown that the effect of sex-
specific reproductive variance and covariances and selection
on it influences the evolution of dioecious species. In
particular, we have found that even if the fitness gradients
on male and female traits have the same steepness but
opposite directions, differences in male and female repro-
ductive variance can lead to selection in one sex dominating
selection in the other, and alter the trajectory of long term
phenotypic evolution.
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Given an index set of individuals i € 7 in the population and a corresponding set of powers defined by a mapping {: Z — Z*¥,
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holds, where |Z| is the number of individuals in set Z. The remainder terms that appear in R, given by the higher-order

terms of the Taylor expansion of F, are thus of order 1/N?2.

Weights for additive mutants

Using Equation SI.38 from File S1, the weights on male and female fitness gradients in the probability of fixation of an
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additive (h = 1/2) mutant are given by
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Calculations for the evolution of parental care

Here the remaining components of the probability of fixation of alleles coding for parental care are calculated. Because male
survival is different between populations in which maternal and parental care are provided (see main text), it is simpler to
consider separately the cases when care is maternal and when care is paternal.

Maternal care: To calculate the weight Ky, we need the probabilities of sibship (Table 1) in the resident population (zg =
z¢). To calculate the maternal probabilities of sibship ®¢, in addition to Equation 13-15 of the main text, the covariance
between number of male and female offspring that a female produces is also required, and it is given by

P (2m, 2¢) = En, [n6s™ (2m,2¢) (F — 16)s (2m, 2¢)] — Eng [n0s" (2m, 2¢)| En, [nos™ (2m, 2¢)]
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The paternal probabilities of sibship ®° also influence K; (Equation A2) and their components are derived below. The
expected numbers of male and female offspring of a male are given by Equation 13 evaluated at male phenotype z,,. The
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variance in the number of females fathered by a male is found by conditioning on the random number of matings Ny, of
a male
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Because each male is equally likely to mate, and if a male does, it mates exactly H times, we have E[N,.] = 1 and V[N, =
H — 1, so that
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The variance in the number of males fathered by a male, given that each male brood entirely survives or dies, reads
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To calculate the covariance between number of males and of females produced by a male, we define X as the random product
of males and females coming from the same mating. Then, since offspring survival is independent across matings, we have
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Finally, substituting Equations 13-15 and Equations A3-A8 into the probabilities of sibship (Table 1), and in turn, substitut-
ing the latter into Equation A2, we find the efficacy of selection on maternal care.

Paternal care: Most of the moments required to calculate focal male fitness and the probabilities of sibship to find K, are
the same as in the preceding section (evaluated at focal male phenotype 2., for focal fitness, and at resident male z,
instead of resident female z;). However, because male survival is different in a population in which parental care is
provided by males, the variance in the number of male offspring fathered by the focal male, and the covariance between
the number of male and female offspring fathered by a resident male (required for the probabilities of sibship) are
different. Using similar arguments as above, we find that they are respectively given by

v (2m, 2¢) = ‘l‘fsm(zm,zf) (1+f H~f s™(zm, 2))

(A9)
P (2, ) = =) o) e gy g g

Calculating the probabilities of sibship (Table 1) using the above and substituting into Equation A2, we find the efficacy of
selection on paternal care.

Diffusion equation for phenotypic evolution in dioecious populations

The substitution rate k (Equation 9) is the jump rate of a so-called jump process (Gardiner 2009), which here describes
a population “‘jumping” from a monomorphic phenotypic state to another. The moments of the infinitesimal jump of the
evolving phenotypes in each sex (Az,,, Az) characterize the distribution of phenotypic changes over an infinitesimally small
evolutionary time period, and they are found by integrating the phenotypic effects of a substitution over the p.d.f. of all
substitution rates, E[(Azp)' (Azf mﬁ 8’ k(2m, 2¢,6m, O¢, h)ddmdd¢dh. To the first order of §, we obtain for the first moment
of Az, for u € {m, f},
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au(2m, 2¢) = E[Azy] = 2N¢(buuKu (2m, 2¢, h) Gu (2m, 2¢) + buyKy (2m, 26, h) Gy (2m, 2¢) ) (A10)

for v € {m, f}, v # u, and where b = C[§,, 8,] are the second moments of mutant sex-specific effects. Because dominance is
independent of 8, and & and K is linear in h (File S1, Equation SI.38), Ky(2m, 2, h) is simply evaluated at expected
dominance E[h] = h. Similarly, it is possible to show that the Equation for E[Az,] still holds if mutants have sex-specific
dominance hy, and hy, as long as they are independent of 6,, and &; and that they are on average equal hy, = hf = h. The
second moments of infinitesimal phenotypic change of the first order of § are given by E[(Az,)?] = &b, and E[(Azy) (Az)] =
fbmf-

Assuming that the phenotypic changes are continuous in probability, the first two moments of infinitesimal change Az,
can be used to approximate the rate of phenotypic change by a Fokker-Planck equation (Gardiner 2009). This equation
characterizes the change of the distribution of male and female phenotypes (2, 25 7) in evolutionary time 7. The
distribution of phenotypes here is meant over many evolutionary trajectories or experiments, rather than over the popula-
tion. The population remains monomorphic: fixation of loss of mutants is instantaneous. If the male and female phenotypes
(2m, 2¢) at evolutionary time 7 have p.d.f. ¥(zm, 25 7), then it satisfies

6‘//(Zm ,Zfi,T)
or

— ot [am (zm 20) (2, 26 7)] = o, [a¢ (2m, 20 (2. 213 7)

2 . 92 . 2 .
+% <bmm 1% ‘l/(zm«,zfﬂ') + bff 0 ll’(zm-,zfﬁ) + bmf 0 ll’(zmvzfﬂ'))’

022, 022 0z 0z

(A11)

where the functions a, (2, 2¢) and ag(zy,, 2¢) are the expected infinitesimal changes of male and female phenotypes given in
Equation A10 and the stationary distribution is given by (zn, 2p) = lim,_, (2, 25 7).

Link with previous work

Substituting Equation 4 into Equation 2, we find fitness gradients that are consistent with previous work on the evolution of
reproductive variance. For instance, Lehmann and Balloux (2007) models the evolution of a helping trait z¢ that disrupts the
mean u(z) ~ O(N) and variance vf (2¢) ~ O(N) in fertility. Mating is random, each female gives birth independently of one
another, and sex ratio is equal at birth and in the population. Substituting Equation 4 into Equation 2, we have that the
fitness gradient on z; is proportional to

+0(1/N?), (A12)

1[. 1-¢2] dlnpe(z) 1¢2dInv7(z)
Glaf) = {1— } _1g amtE)
2 N¢ dz¢ 2N;  dz
where C2 = vj% / ,u]% is the squared coefficient of variation in fertility in the resident female, in agreement with Equation A37 of
Lehmann and Balloux (2007).

The original fitness gradient by Gillespie (1975, Equation 11a) or equivalently, that derived for a dioecious population by
Taylor (2009, Equation 14 for an additive mutant) may be found directly from Equation Al2. These analyses use the
diffusion approximation, which requires that the difference between the mean fertilities of the resident and mutant pheno-
types tend to zero as the population size tends to infinity, i.e., that d In uq(z¢)/dzs ~ O(1/N). Applying this assumption to
Equation A12, we have

RS CLLIICA Rt LLYC)
f 2 de 2Nf de

+0(1/N?), (A13)

where the deleterious effects of sib competition on expected fecundity fall victim to the order condition required by the
diffusion approach of Gillespie (1975) and Taylor (2009).
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File S1
Derivation of the fixation probability of a mutant

Expected change of mutant frequency. In order to derive the probability of fixation of a mutant, we first evaluate
the expected change of mutant frequency over one generation. The frequency of the mutant in a male indexed
i € {1,...,Nn} is written as pm; € {0,1/2,1}, and the frequency in a female j € {1,..., Nt} is written
p;; € {0,1/2,1}. The indicator variables 14, and Lo, respectively take the value one if the paternally and
maternally inherited alleles of individual ¢ are mutant, and zero otherwise. Then, the mutant frequencies in male
7 and in female j are

and py =29 ¥ (S1.1)

We write P, , = Zfiml Pmit/Nm and pg, = Z;V:flpfj’t/Nf for the average mutant frequencies in males and
females in the population and denote by q, the vector collecting the realization of mutant frequencies (the realized

values of 1 ;. and 1o;) in the population at time .

If the mutant changes male and female phenotypes by ., and d; and a parent transmits its maternally or paternally
inherited gene with equal probability, the expected average male and female mutant frequencies in the next

generation is

mel 1w (Om, O) + prj 1w (O, )

j=1

E[pm,t+1 la;] = ON.
m

(S1.2)

ED 11 la,] = 2N me 1Wh; (O, 6) +prg swf; (0m, 0) |
j=1

where w, (dm, d¢) is the expected number of adult offspring of sex u of individual ¢ (itself is of sex v) (Price 1970).
Eq. (SI.2) extends Rice (2008)'s "selection differential" to a two-sexes populations (his cov(¢, Q) term assuming a

constant population size).

If selection is wealk, it is sufficient to approximate allele frequency change to the first order of phenotypic ef-
fect in males and females ., and d. The fitness terms wY; are approximated as wY;(dm,d) = w¥(0) +
Sm(Ow,(0)/9dm) + 5t(0w?;(0)/d8) + O(6%), with (0) = (0,0). There are two things to note about the fit-
ness terms and their derivatives. First, in the absence of phenotypic differences, each individual is expected to
contribute equally to the next generation, and so w;(0) = N,,/N,. Second, the partial derivatives of an individ-
ual's fitness with respect to phenotypic effect in the other sex is zero dw?;(0)/9d,, = 0 with u # v. For instance,
when all males are the same (d,, = 0), changes in female phenotype have no effect on the expected number of

adult offspring of a focal male. So substituting for w, (0m, d¢) in eq. (SI.2) gives

1 1
EPm,e+1l9] = 5(?m,t + Pry) TN Om mez e + 5prth +0(6%)
(S1.3)
_ 1 1 & dw ,
E[Dgiq1lae] = §(pm,t +Pry) + 2N Om ;pmzt + 5prf]t + 0(67).
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Another consequence of weak selection is that the fitness derivative of an individual in eq. (SI.3) can be ap-
proximated in terms of only three phenotypic values: the phenotype of an individual, the average male phe-
notype and the average female phenotype. To see this, consider the expected number of female adults pro-
duced by male ¢, wfm.. This depends on his phenotype zn,;, as well as the collection of the phenotypes of all
the other males in the population, z_n; = {zmk;k : 1 — Ng,k # i}, as well as those of all the females
in the population, zz = {z;;7 : 1 — N;}. Expanded about male population average, excluding male 1,

Z_mi =1/(Nm—1) Zk# Zmk, and female population average z; = Z 2t/ N¢, wy,,; reads

f f = i
Wh (Zmis 2-mis 26) & Wh (2mis Zomis Z6) + D 3ka (Zmis — )+ Z 6sz (217 — Z1), (S1.4)
k=1,k+i
and the remainder is O(52) because the difference between any two phenotypes of the same sex is of order
0(0). The effect of changing the phenotype of any female has the same effect on the fitness of male 4, so
that all dw,;/dz; are equal, and Zﬁl(ﬁwfm/é)zfj)(zfj —z) = (Owf;/0z;) Z] 1 (267 — %), but by defini-
tion, Zj»\il(ij — Zf) = 0. A similar argument shows that Zg;“m#i(@w;i/azmk)(zmk — Z_mi) = 0. Hence,
the female component of fitness of male 4, wf ;(2mi, 2_mi, z), can be approximated by w! .(zm:, Z—mi, Z); that
is, as a function of its phenotype, zn;, the average male phenotype excluding the focal, Z_.,;, and the aver-

age phenotype of females in the population. However, for computational purposes it may be more conve-

f
me

nient to express w' . in terms of z,; and the average male phenotype Z,,. This can be done since Z_,,; =
(NmZm — 2mi)/(Nm — 1), so from now on we write the fitness of individual i as w' ;(2mi, Zm, Zf), keeping in
mind that with this notation w’ ;(2mi, Z_mi, Zf)/02mi = Ow (2, Zm, %) /0% + (Ow',;(2mis Zm, Z¢)/0Zm) / N
Using the chain rule, the derivatives of fitness with respect to ¢, is Ow, /06, = (OwY,/0zyi)(dzy;/dd,) +
(oW, /0Zm)(dZm/ ddy,) + (0w, /0%)(dZs/ dd,). By observing that the average male phenotype is insensi-
tive to changes in female mutant effects (dZ,/dd = 0), and that the average female phenotype is insen-
sitive to changes in male mutant effects (dzs/ dé,, = 0), the derivatives of fitness collapse to dwY; /05, =
(0w, | 0zy;)(dzy; / ddy) + (Ow?, /0Z,)(dZ, / ddy ). This may be further simplified by noting that since the number
of adults of either sex held constant at each generation, any fitness gain made by a focal individual due to a change
of phenotype must be compensated by a decrease in fitness by the rest of the population (Rousset 2004, p. 96),
i.e., Qwg; /02mi + 0wy, /0Zm = 0 and Q! /Oz; + Qwy; /0Z = 0. Thus, we eventually obtain for the derivatives

of fitness

(S1.5)

Owy; 8wm dzyi  dZy
351) 62?)1 d51) d5?)

Eq. (SI.5) is used to substitute for the derivatives of fitness in eq. (SI.3). To see how, consider the substitution for

dw™.(0)/95m in

Al Al dzmi dzm(0
o me = me ( dé()— dé( )>. (S1.6)

m
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At (0m,dr) = 0, i.e. where all males are the same, the rate of change of fitness of a male i with respect to its
phenotype is the same for all males Qwy;(0)/0zm; = 0wy, (0)/0zmk. Thus, the index i denotes a representative
male (or a focal male), rather than a specific one. Then, dw,(0)/0zm; may be taken out of the sum in eq. (SI.6)

and the index dropped for the function wp); is dropped, giving

N,
1 ow.(0) Zmi _ dZm \ Owl(0)
~ mit—s— = | Pmi=e — Pm e e, S1.7
N, 2 Pmiegp, (p dom 7 d6m> . (51.7)
Nm

where the overbar with index mi denotes averaging over all males Z,; = > ., ;/Np. Using a similar argument

for all derivatives of fitness in eq. (SI.3), we obtain

€ 011190] = 5P +F10) + 3D 5o + 63D ) 1 0() .
€712/ = 3 + 710+ n 2D 222D 1 60, O o), |
where - -
I~ —pmfg:)t ond, Dri =5 (22 —pfji)t, (519)

and the overbar with index fj denotes averaging over all females Zf; = Z;V:fl xj/Ns. We have added the sub-
script ¢ in eq. (S1.9) to make the time dependence of Dr, ;+ and Ds ; explicit, since they depend on the population

genotypic realization at generation ¢, q,.

The expectation of mutant frequencies in males and females from generation ¢ to generation ¢ + 1 are found by

marginalizing eq. (SI.8) over q,

Pm,t+1 = E[E[Dr ¢41]a.]] = Z E[Pm,c+119¢] Pr(ay)

% (1.10)

pee+1 = E[E[Preqla,]] = Z EPt¢41la,] Pr(a,),
q¢

where Pr(q,) is the distribution of allele frequencies at time ¢. By inspection of eq. (SI.8), we see that only Pt
Dt tr Dy ¢ and Dy, depend on g, and thus have to be marginalized over q,. Doing so will define the moments of
the distribution Pr(q,) required to calculate the expected allele frequency change over one generation. Since Pt
Dt.tr D ¢ and Dy 4 are all evaluated in the absence of phenotypic differences ((6m, 05) = 0), they are marginalized
for a neutral process, and the expectation operator is written E°[-]. We have E°[p, ;] = pm and E°[p¢ ;] = pr, and

evaluate E°[Dp, ¢] and E°[Ds ] below.

We will calculate E°[pm;i(dzmi/dom)] and E°[pg;(dz;/dd;)] together, and then E°[py,(dZm/ddm)] and
E°[ps(dzs/dds)], but first, we note that individual phenotype in terms of individual allele frequencies are
given by zm; = 2m + Om (2hpmi + (1 — 2h)10’i19i): and z; = 2¢ + 0¢(2hps; + (1 — 2h)]].o7|j]].9j). So that average
male and female phenotypic values are written as Zm = >_; zmi/Nm = zm + 0m (2P, + (1 — 20)T 5, To;,)

and zf = 3 2t/ Ne = 2 + 0¢(2hpg, + (1 — 2h)1 5 ;1g;¢). We then obtain the derivatives with respect to ¢ of
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these averages and the phenotype of male ¢, which are needed for the population statistics, as

dZmi

5 = 2w+ (1= 201, 1o,

‘;‘;—m = 2P, + (1 - 20) T, 1g;, (S1.11)
m

dzs _ .

Using eq. (SI.1) together with eq. (SI.11), we have

° Trm o ]107‘7.+J1Q"
E |:pmid6m]t =E # (h(]lozz + ]191) + (1 a 2h)]lozl]lgl)‘|
Y R t (S1.12)
R dzsj o | T QJ
£ [pfjcwﬂ —E #ﬂ (h(]].ozj +1o;) + (1 - Zh)]lozj]lgj>| ,
' t

which expanded gives

T dem
£ |y 25 | — e {h/g(ﬂoz.+2]1Cf}]19¢+]191)+(1—2h)ﬂo"]191}
dom |, o Lo

Nm

1 o
- [Z h/2(1g, + 2141, + 1g;) + (1 — 2h)1 4, 1g; (51.13)
i=1

t

= E°[h/2(1g,; + 21, 1o; + 1gs) + (1 — 2h)1 5, Loils,

where we have used that at neutrality, all males are expected to have the same genotypic composition. More

succinctly, we write

° dz, i
E |Pmi—e— | = h(Pms+me) + (1 — 2h)n,
o |,

— (S1.14)

Py

E° {pfjdéfﬂ = h(pst +ne) + (1 — 2h)m,
t

where nH =F° []1@2.]1@] is the probability that both the paternal and maternal alleles of an individual are mutants.
In the absence of phenotypic differences, this probability is equal for all individuals E°[1 ;,1o;] = E°[1 5, Toy]
for all 7 and k and irrespective of the sexes of the individuals. To see this, consider the recurrence for 7 over one
generation: n;41 = EO[]lo?li]lQi]t_Arl. If individual 7 of generation ¢ 4 1 has father indexed a and mother indexed ¢

at generation ¢,

1
M4+1 = ZEO[(]]‘Oza + ]lga)(]].ozc + ]].Qc)]h (S|15)

since the paternally inherited mutant of i is equally likely to be the paternally or the maternally inherited mutant
of its father a, and the maternally inherited mutant of i is equally likely to be the paternally or the maternally
inherited mutant of its mother c. This argument holds whatever the sex of i, so 17 = E°[1 5, 10;] does not depend
onthe sex of individual i. A similar argument shows that 1) is also equal to the probability that a paternally inherited

allele and a maternally inherited allele of two different, randomly sampled individuals are mutants, i.e. 1 =

E°[1 g, 1g;] = E°[1 5, 1o;] with i # j.
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We now calculate E°[p,,,(dZm/ddm)] and E°[ps(dZ¢/dd¢)]. Using eq. (SI.11) and rearranging to collect the terms
that involve the same male 4, and those that involve two different males i and k, we have E°[p,,(dZm/ddm)]: =
E°[2/ N (3, Di + 2 iz Pmipk) + (1 = 21) /(N2 (32, Pmil g Lgi + 22 g iz Pmil gy, Loi)]e. Letting ex-
pectation run through gives 2h /Ny, (E° z]t + (Nm — 1)E°[PmiPrle) + (1 — 2h)/Nm(E°m]t + (N —

DE®[pmil 5, Lox]t) where i # k. Finally, factoring by 1/ Ny, yields

o |= fm 1 o O [ o o
E B | = 2 (20 (B2 — EPmmrle ) + (1= 20) (E°pmiT 5, Toule — E Pl 5, Toe)e)
dom |, Nm (S1.16)

+ 2hEO[pml‘pk]t + (1 — 2h)Eo mel:u.ozk]].Qk]t

Expanding the above in terms of indicator variables for paternally and maternally inherited alleles, we have
E°[p2,] = E°[(1g,; + Loi + 21 5,10:)/4] = (pm + 1)/2, and we write E° [pm;px] = (21 + /ﬂr?j + H%)/Zl, where
nf = EO[]].Ozi]].ozk] is the probability that two randomly sampled males i # k both inherited the mutant allele
from their fathers, and rq, = E°[To;1og] is the probability that they inherited the mutant allele from their moth-
ers. Then, E°[pmilp,1o;] = 7, and finally E°[pmil g, Tox] = (oS + p,%)/Z, where pd = B[l Ly pLow] is
the probability that randomly sampled male i has inherited the mutant from its father and that another randomly
sampled male k is homozygous for the mutant, and p,% = EO[JlQi]lozk]le} is the probability that randomly sam-

pled male 7 has inherited the mutant from its mother and that another randomly sampled male & is homozygous

for the mutant. After using the similar argument for E°[prdZz;], we find that at generation ¢

o dZm 1 w + K] 7+ of
- {pmm}tm{th’tz =20 (e = T
d Q ot ?
+h<nt+”t2+”t>+(12h)<pt2+pt>,
_ dz 1 nfﬂ +n? p? er?
g | = — | pp— ) 4 (1—2h) [ — P2
[pfdéfL Nf{ <pf,t 5 +( ) | e 5

o ? J ?
+h<nt+’€t;—’£t>+(1—2h) (W),

where for two randomly sampled females j # |, /<;foz = E°[]10zj]lozl} , n? = E°[lg;1o], pfd = Eo[ﬂozj]lozl]lgz]

(S1.17)

and pf = E°[lg;1 5, Loy).

Substituting egs. (S1.14) and (SI.17) into eq. (SI.8), we find that the unconditional expected allele frequencies in

the males and females of the next generation are given by

owl(0) n Nt owf"(0)

Pm,i+1 = %(pm,t +Pte) + O K arznmi 6fN7me’t Oz (S1.18)
Prt+1 = %(pm,t + prt) + 5mNWr:Km’t alavinf?) + 6fo’tag]ig)>. |
where g Q o4 ?
o R
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for u € {m,f}. The latter can be interpreted as the neutral expectation of the covariance between genotype and

phenotype at generation t in an individual of sex u. Indeed, from eqs. (SI.6) and (S1.10), we have that K, is also

1 dz4i(0)  dZ,(0)
E [Nu;pm,t< T ) : (S1.20)

equal to

u

11 1 o
Ku,t = i(siE [Nu Zpui,t (ZUL - Zu)]

11 1 &
557EO [Nu Z(pui,t _T)ui,t) (Zuz - Zu)] .

K3

(S1.21)

Therefore, K, ; is proportional to the expected covariance E° [C[py; ¢, zui]] at generation ¢ between individual

genotype and phenotype in sex u, when mutant frequencies p,,; + evolve neutrally.

Closing the recursion. Eq. (SI.18) gives the change of p,, and ps over one generation, which depends on higher
moments of the distribution of the mutant in the population (7, Iiit, Hf’t, pit, and pg’t). These latter also
change from one generation to the next, and in order to evaluate the change of pn, ; and ps; over more than one

generation, we need to characterize these recursions. Since they are evaluated at (6, d) = 0 in eq. (SI.18), it

?

is sufficient to evaluate the recursions for 7, Hit, mf’t, pft, and pg ,

at neutrality, where they are only affected
by genetic drift. We give these recursions below using standard population genetic methods (Karlin 1968, for

example).
The probability that a gene sampled in an individual is mutant does not depend on the sex of the individual as it

comes with equal probability from its father or its mother

o 1
Pmi+1 = Prest = 5 (B[l + L i) = 5 (Pme +pri)- (s1.22)

DN =

The probability that the paternally and the maternally inherited allele of individual i at time ¢+ 1 are both mutant,
N1, is given in terms of neutral moments of gene frequency at generation ¢ in eq. (SI.15) which, if expanded,
gives

1
Mear = (2 + K+ REy). (1.23)
; . . J _ o _ o
where for a male i and a female j, kK =E [ldi]lozj], and k& = E°[Lo;lg;].

The probability that two paternally inherited alleles randomly sampled in two different males are both mutants at
generationt+1, nf,tﬂ, depends on whether the two males have the same father, which occurs with a probability
denoted @i or not (which occurs with probability 1 — @ﬁ). These probabilities are referred to as probabilities of
sibships. If the two males have the same father, which we index a, then their paternal alleles can be either both

copies of the paternal gene of a (with probability 1/4), both copies of the maternal gene of a (with probability
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1/4), or one is a paternal copy and one is a maternal copy (with probability 1/2). So, if two males have the same
father, their two paternally sampled genes are mutants with probability (1/4)E°[(1 5, + Lg,)?];. If they have
different fathers, indexed a and b, then the paternal copy of the first male may be the paternal or maternal copy
of a (each with probability 1/2), and the paternal copy of the second male may be the paternal or maternal copy
of b (also each with probability 1/2). In this case, the paternal alleles of the two individuals are both mutants with
probability (1/4)E°[(1 4, + 1o,4)(1 4, + Lop)]:- Combining these two cases, the probability that two randomly
sampled paternal alleles of different males at generation ¢ + 1 are mutants is nﬁtH = @§(1/4)E°[(]loza +
Toa)?]s + (1 — @f)(l/él)Eo[(]loza + 1oa) (14, + Lop)]: which, after letting expectation E°[.] run through and
using previous definitions, gives nﬁtH =09 (2n, + Pt + i) /4 + (1 — 09 (2n, + f—@ﬁit + H‘,n%,t)/4. In fact,
we find more generally that the probabilities that the paternal alleles of two males (x = m), or of two females

(x = 1), or of a male and female (x = c) are mutants at generation ¢ + 1 are given by

od 1-09
Ky 441 = T( Nt + Pm,t + D) + T(Qﬁt + “r?:t + K%,t) (S1.24)

where @?z is the probability that two females have the same father and, 9? is the probability that a male and a

female have the same father.

Using a similar argument, we find that the probabilities that the maternal alleles of two males (x = m), or of two

females (z = f), or of a male and female (x = ¢) are mutants at generation ¢ + 1 are given by

: 1- 07

K1 = 1 2+ e+ pee) + —

(20 + K, + k), (51.25)
where @% is the probability that two individuals, whose sexes are given by x, have the same mother.

The probability pﬁt+1 = EO[]lozi]lozk]lgk]tH that two (different) paternally inherited alleles and one mater-
nally inherited allele at generation £ + 1 are mutants depends on whether the males from which the paternal
alleles are sampled (males 7 and k here) have the same father (indexed a) or different fathers (a and b). Us-
ing a similar argument as in the preceding section, and indexing by ¢ the mother of the male who holds the
maternal allele, we have pg,t_ﬂ = @g(l/S)Eo[(]loza + 1gq)*(1g, + Lol + (1 — @g)(l/&%)Eo[(]loza +
Toa)(1gy, + 1op)(1g, + Loc)li- Then, expanding and letting expectation run through, we have: ,o,?:’tJrl =
9?(%h+«3l+ﬁir+%ﬁl+20i)/8+(1—@§)(éﬁt+éi¢+ﬂpi-%%ﬁt+pﬁt+p%0/&WMem
gf;i =E[1gy,15,15.]¢and gé?m’t = E°[1gq Loy lo.]: are the probabilities that the paternal and maternal alle-
les, respectively, of two randomly sampled (without replacement) males a and b and a female ¢ at generation ¢

are all mutants. We find in general that for z € {m, f, ¢}

607'
Pf,wl :?Z (277t + Hgt + ’%Q,t + 2:021 + 2P§,t)

1-0Y
= (<SS + 2055+ 208, + 05+ 00

(S1.26)
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Similarly, the probability that two (different) maternally inherited alleles and one paternally inherited allele from
two individuals are mutants at generation ¢ + 1, pf’tﬂ = Eo[]lgi]lgj]lozk]t+1, depends on whether individuals ¢
and j from which maternal genes are sampled have the same mother (indexed c) or different mothers (c and d),
Pii1 = OF(1/8)E° (g, + 10.)* (1, + Lol + (1 — OF)(1/8)E° (L, + Loo) (L gy + Loa) (L, + 1ou)le,

where a is the father of the individual whose paternal gene is sampled. Then for z € {m, f, ¢}

607l
pS,t+1 :?x (277t + th + “St + 2P§t + 2/)?,1‘,)
(51.27)
1-e7

d d (o
t— (czm,t + s + 200, + 208 + 0y + pf?t)

where gg”u =E[lgy, 15, 15,ltand gzgf’t = E°[lg,lo.lo4]: are the probabilities that the paternal and maternal

alleles, respectively, of a male a and of two different females ¢ and d at generation t are all mutants.

The probability that three alleles sampled from different individuals are mutants depends on the probabilities
of sibship of three individuals. In order to consider the iteration of the probability gfz, i.e. that three randomly
chosen paternally inherited genes are mutants, we need to separate the cases where all three individuals are
males (subscript x = 3m), all three are females (x = 3f), two are males and one is female (x = 2m), or two
are females and one is male (x = 2f). The probabilities that three paternal alleles are mutants then depend on
whether all three individuals have the same father, which occurs with a probability we write as 535, whether
only two have a same father (with probability E2§EJz ), or if none of the three have the same father (with probability
1-— ESQ?,z — EQf). If they all have the same father (indexed a), then they are all mutants if they have inherited
the mutant gene from the maternal or paternal locus from a. And similar arguments apply for the case when only
two have the same father (indexed a, and the other father is indexed b) or if they have three different fathers
(indexed a, b and c) to give ¢J, ;= Z3TE°[(L 4, + Loa)?]e/8 + E2T E°[(1 g, + Lga)2(1y, + Lop)le/8 +
(1 —239 — =29 )e° [(1g, + Log)(1gpy + Top)(1gp, + ]190)]t /8, which, expanding and letting expectation

run through, results in

=3¢ =29
Tt = g (Pma P 6m) + =g (20 R R+ 20, + 208) 28
51.28
1-239 —=2¢

J J
+ (§3m,t + §39m,t + 3pm,t + 3P2,t)-

8

?

Similarly, the probability that three randomly chosen maternally inherited genes ¢; are mutants can be expressed

in terms of the probabilities that the individuals have the same mother,

=32 =29
§§t+1 = 7(pm,t +pf,t + 67715) + (27715 + deili + Kth + 2pf01 + 2p1?t)
’ 8 8 ’ ’ ’ ’ (51.29)
1— =37 — =9F

ot d
) (Sar,¢ + g??f,t + 3pr; + 3[)]%)

where 532 is the probability that the three holders (whose sexes are given by x € {3m, 3f, 2m, 2f}) have the
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same mother, and 523 is the probability that out of the three individuals, two have the same mother. The mo-
ments ggtﬂ and <§,t+1 (z € {3m, 3f}) also satisfy the recurrences given by egs. (S1.28)(SI.29), and complete the

necessary moments to iterate eq. (S1.18).

Probability of fixation of an autosomal mutant. We proceed to calculate the probability of fixation of the mutant

by iterating its expected change over many generations. Egs. (S1.22) - (SI.29) define the changes in the moments of

the population genotypic distribution of a neutral mutant. Since egs. (S1.22) - (S1.29) are all linear in the relevant

moments, we may express the set of recurrences as a matrix operation: p,,; = A’p;, where p; isa 23 x 1
Jd .2 ? J

vector which collects the necessary moments of Pr(q;) (pm, ps, 7, K5 , Kz, pf, Pz, Sy ,gf,?) forz € {m,c,f},

y € {3m, 3f,2m, 2f}, and A° is a 23 x 23 matrix defined by egs. (SI.22) - (S1.29).

Eq. (S1.18) adds the effects of selection to the expected mutant frequency change. Since it is also linear in pn,, ps,

n, ng’”, /@g, ,Of, and pg, it may also be represented as a matrix operation, giving

Prir = Ap, with A=A + dnAy, + 6A; + O(5?), (S1.30)

where the 23 x 23 matrices i\m and Af describes the first order perturbation of average frequency change due to
mutant effect in males and females respectively. Eq. (SI.30) fully characterizes the expected frequency change of

a mutant in a sexually dimorphic population at any generation i.e., the model is dynamically sufficient.

Explicit expression for these large matrices are omitted from this paper, but they can be found straightfor-
wardly from eqs. (S1.22) - (SI.29) for A° and from eq. (SI.18) for Am and Af. Their entries will of course de-

pend on the order chosen for the entries of p,. We will assume here that the first 15 entries of p, are p, =

(P 01, K 68 RS ki k8 k8 0208 pS o s pF - )T

We derive the expression for the fixation probability 7 of the mutant by estimating the asymptotic sum of expected
allele-frequency change of the allele in males and females (Leturque and Rousset 2002; Rousset 2004; Lessard and
Ladret 2007; Lehmann and Rousset 2009). The fixation probability of the mutant 7, in males, and 7; in females

is the asymptotic average frequency of the mutant in each sex
Tm = lim pmy, 7= lim pg,. (S1.31)
t—o00 t—o00

Because the mutant allele eventually is either eliminated or fixated in the population, the fixation probability in
males and females is the same 7, = 7 = m. The fixation probabilities in males and females could be obtained
from the asymptotic vector lim;_. o Atpo, but this is difficult as it requires the calculation of A's eigenvectors. We
rely on an alternative scheme to obtain 7. To that aim, it is convenient to express the fixation probability of the
mutant as the average

T =amm + (1 — o), (S1.32)
where the weight « is chosen such that the expected frequency change of a neutral mutant in any generation t is
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zero: aE[Apm] + (1 — &)E[Aps¢] = 0. In this case, « = 1/2 for a diploid, autosomal genetic system. Together,
egs. (S1.31) & (S1.32) imply that 7 is the average sum of gene frequency change in males and females, from the

appearance to the eventual fixation or loss of the mutant

7= apmo + (1= a)pro+ > (QE[Apm] + (1 = )E[Ap] ). (51.33)
t=0

The probability of fixation of a mutant with initial frequencies pn, o in males and po females is approxi-
mated to the first order of 6 : @ = apmo + (1 — a)pro + adm(07(0)/00m) + (1 — a)d¢(O7(0)/Dd) +
O(6%). We begin by considering the first order effects of male phenotype on 7. Using eq. (SI.33), it is
Om(0)/0m = (0/00m) > o (AE[Apm 4] + (1 — a)E[Apf4])s,=s=0,- In matrix notation, this is 97(0)/d0m =
Y2 (0/06m)(Pis1 —Py)on=6=0 Where p = pm,ps, ...and a = (a,1—a,0,...,0)is such that when dot mul-
tiplied with p,, it collects and sums pr, ; and pr ; weighted by the reproductive values. Then, using egs. (S1.30), we

have O(p; 41 — P;)/00m = Ampt. So the male perturbation of the probability of fixation may be written as

or(0)
e (S1.34)

e .
= a'ZAmpt

t=0

Om=0=0

The sum >°,° ) py|s,—s—0, Which we write as >°.° | p; where py, ; = A°pg, does not converge as A’ is not regular.
This means A cannot be factored out of the sum in eq. (SI.34). To circumvent this problem, we construct an
iteration around a centred variable using the zero row-sum property of matrix A'\m (Lehmann and Rousset 2009).
To that aim, we define a vector g7 and a matrix Q° such that (i) >~ , Amp,‘f => s I'\m(pf—q,‘?), (i) py 1 —agy, =
(A —Q°)(p; — qy), and (iii) lim;—00 (P; — q7) = 0. The choice of g7 with all vector elements being equal to
aps+ (1 — a)p,m, which acts as a reference variable, and Q° = (qij) with all elements of column 1 being equal
to o, all elements of column 2 being equal to 1 — «, and zero otherwise satisfies all three conditions. In effect, this
choice of the vector qf centers the iteration around the mutant frequency averaged across the sexes according to
their reproductive class (this average is the reference variable), while Q° provides the iteration of the reference

variable.

Using properties (i)-(iii) in the preceding paragraph, we can now factorize Etoio Ampt = Am Etio(pf —q7) =
Ay, YooK — Q%) (py — qf). With all eigenvalues of (A — Q°) being less than 1 in absolute value (Lehmann
and Rousset 2009, p. 47), the sumd® = Y 7° (A — Q°)*(py — qg) can be evaluated as [I| — A + Q°] "', wherel

is the identity matrix, so we have

—a-Ad®, where d°=[1—&+Q°] " (p, —qp)- (S1.35)

All the arguments used to derive eq. (51.35) can be used for 7 (0) /35, and we find 97 (0) /35 = o - Ad®. Hence,
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the fixation probability to the first order in selection intensity is

T =apmo+ (1 —a)pro + dmax - Amdo + drax ~Afd° +0(6%). (S1.36)

The entries of d° can be interpreted in terms of mean coalescence times in the resident population. To see
this, we first note that if the expected initial frequency of the mutant is the same in males and females, then
DPmo = DPro = Do, Which is equivalent to assuming that mutation rate is the same in males and females.
Then, if the mutant arose as a single copy, po = 1/(2N), where N = N,, + Ny, and we have p, — qy =
(0,0,—1/(2N),—1/(2N),...,—1/(2N)). In this case, element dS fori > 3 of d° is

d; = =T@y/(2N), (S1.37)

where T(; is the mean coalescent time into a single individual of a set of gene lineages initially residing in state
i (Lehmann and Rousset 2009, eqgs. A-28 & A-29). State here refers to the configuration of the sampled gene
lineages, which are given by the entries of p,;, e.g., for « = 3, if the third entry of p, corresponds to 7, the
probability that an individual's paternal and maternal alleles are both mutant, so d5 = —T(S)/(2N), where T(3) is

the expected number of generations taken for the paternal and maternal genes of an individual to coalesce.

Substituting for « = 1/2 (for an autosomal gene) and for matrices I:\m and Af into eq. (S1.36), the probability of

fixation of a single copy mutant (pm o = pro = 1/(2V)) can be expressed as eq. (1) in the main text, where if

p; = (Pm, Pt 1, /-; f’z, I-ifd‘,lﬁ%, n?, n?, pg,ps”,pgf,pﬁ,p?,p?, ...)T, the sex-specific weights K, and K; are

1 1 dg + d2 Ao+ dSs
Km_4(1 Nm> [ h( . ) (1 2h)< 5 5

1 1 dg + dg Aoy +dSs
K=~ (1 Nf) { h< 5 > (1 2h)( . a )|,

with d; as the ¢th entry of the vector d° defined in eq. (SI.35). This shows that K, and Kt may be interpreted in

given by

(S1.38)

terms of coalescent times for sampled genes (eq. SI.37). Alternatively, using eq. (SI.21), we see that K, and K;
can be interpreted as the expected covariance between between genotype and phenotype in males and females

respectively, cumulated over the neutral segregation of the mutant

R 1
Ku = S5 Z Ku,t T AT o C[pui,ta Zuz]] (S|39)

where the sum runs from the appearance to the eventual fixation or loss of the mutant.

Probabilities of sibships of three individuals. Until now, all our results hold for any arbitrary population size, but
this implies tracking many gene associations. Indeed, as egs. (S1.22) - (SI.29) show, the iteration of eq. (SI.18) over
multiple generations depends on the six probabilities of sibships over two individuals, @Oz and @9 (z € {m,c,f}),

and the eight probabilities of sibships over three individuals Zv and 2 S0l (v € {2,3}, w € {m,f}). Therefore,
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K. and K5 (eq. SI.38) also depend on these fourteen probabilities. As we show below, we can significantly reduce
the number of necessary probabilities of sibships by approximating the probabilities of sibship of three individuals
Q

Evgz and Zwv;, as functions of the probabilities of sibship of two individuals G)ff and 6% when we only consider

the first order effects of finite population size O(1/N).

The probability that three randomly sampled adult males have the same father is 235, = E°[S2 (") /(%))

In the absence of phenotypic differences, each male has the same distribution of reproductive output and E3§’; =
1/((Np = 1) (N — 2))E°[W™? — 3WW M2 4 2™ ], If we assume that the distribution for W™ is sufficiently well-
behaved, and that the number of adult descendants of a male stays bounded as populations size (V) tends to
infinity (or that E°[W "], z > 0, remains bounded as N — o0), we find that none of the terms in 533?:1 are
of order 1/N or more, i.e. ES??;] = 0+ O(1/N?), so the probability that three randomly sampled adult males
have the same father can be approximated to being zero when [V is large. Similarly, we find that all probabilities

of sibship three genes in the same individual are approximately zero, 532.f = 3% =0+ O(1/N?) forz €

{3m, 3f, 2m, 2f}.

Rather than calculating 523?; the probability that out of three males only two have the same father directly, it is

easier to consider the probability that out of three males, none have the same father. These two probabilities are
related by 1 — 239 — 229 =1 — 229 (since 235, = 0 + O(1/N2)). The probability that out of three males,
none have the same father is given by the expected value of the ratio of the number of ways three individuals
may be sampled from the male offspring of three different adult males to the number of ways of sampling three
males out of the entire male population 1 — 225 = [vajmk W;‘“iW;‘jW;]“k/(A;m)]##k#, which after taking the
sum and denominator outside reduces to E°[W WL W, 12 ;2.i. Again by assuming that the number of adult

descendants of a male stays bounded as populations size tends to infinity, using the delta method (Oehlert 1992),

and observing that E°[IV™] = 1, we obtain 1 — 2§, = 1 + 3C° (wm

mai?

Wl +O00/N?).

The covariance term C° [WnT,i,

WQJ’L# may be expressed in terms of @ﬁ. The probability that two males do

not have the same father is, by definition, 1 — ©F, but it is also given by B D WnTiWr’;“j/(A;m)} =

EO [Wm

mi?

Wilizi = COWaWh]iz; + 1, so that C° (wm WnTjL#j = —09. Hence substituting back into
the probability that out of three males none have the same father, and solving for 523?:1, we obtain that the

probability that out of three males only two have the same father is
229 =309 + O(1/N?). (51.40)
The remaining probabilities can be derived by using the same argument, and that E°[W/.] = N;/Np,, produc-

ing
229 =309 + O(1/N?)

=50 2 40, 1log
=2%m = gy~ T 39 T 36m +O(1/N?) (S1.41)

g 2/ 2 1 4 ¢ 1 _ 5 )
=g =2 2 - )42 - 1/N?).
A S(Nm Nf>+390+3@f +O(1/N7)
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By symmetry, we find that the probabilities of sibship of three maternal genes are given to the order O(1/N)
by
228 =303 + O(1/N?)

228 =307 + O(1/N?)

51.42)
22 Z2(2 1Y e 169 o <
H22m—3<Nf Nm)+3@c+3@m+0(l/N)

=99 _ 2 é Q 1 ? 2

225 = 3N, + 3@C + 3@f + O(1/N7).

So assuming the population is large, the iteration of eq. (SI.18) over many generations depends only on the six

probabilities of sibships over two individuals, @f and @S (z € {m,c,f}).

Solving for K, and Kj; in terms of the probabilities of sibships of two individuals. Having expressed the eight
probabilities of sibships of three individuals in terms of the probabilities of sibships of two individuals Y, the
matrix A’ now only depends on these latter six probabilities of sibships, and therefore, so do K, and K (eq. S1.38).
Despite this simplification, solving explicitly for K, and K still requires inverting a 23x23 matrix, (I — A + Qo)fl,
which is computationally expensive and unlikely to yield results easy to interpret. Numerical results for K, and
Ky with arbitrary dominance are shown in fig. 4.D of the main text. However, if h = 1/2, only the first nine entries
of p, are required to generate the expected frequency change over many generations, and hence the probability

of fixation. Thus, A’ reduces to a 9 x 9 matrix. In this case, (1 — A + Q°)71 can be inverted analytically, and using

(SI.38) with h = 1/2, K, and K5 are as eq. (A.2) in the main text.

Probabilities of sibship of two individuals. The probability of fixation of a mutant depends on the probabilities
of sibship of two individuals in the resident population. Here, the probabilities of sibship are expressed in terms
of the first (u's) and second (v and p) moments of the distribution of offspring produced by a resident male and a

resident female to give table 1 of the main text.

The probability that two randomly sampled adult males have the same father, @f, is given by the expected
value of the ratio of the number of ways two individuals may be sampled from the number of adult males pro-
duced by each male, to the number of ways of sampling two males out of the entire male population, i.e.,
0 = e[ (") /(%m)], where W is the random variable for the number of male breeders produced
by male i. In the absence of phenotypic differences in the population, each male has the same distribution for
their reproductive output, so the sum may be taken out in @f, and the subscript ¢ now denotes a randomly sam-
pled male: 1/(Ny, — 1) [VO[W™m] + E°[Wm](E°[Wm.] — 1)]. The expected number of male adults produced by a
male in the absence of phenotypic differences, E°[W,] = 1, so the probability that two randomly sampled adult

males have the same father reduces to ©F = V°[W™]/(Ny, — 1). Conditioning on the number of male juveniles

produced in the population, and using the law of total variance, this gives

1 m
od = ] (N,ivo [”;m} + E° [VO[WWTZ.J,’Qi,Jm]O . (51.43)

The second variance term in eq. (SI.43) depends on how culling or regulation is assumed to take place, which is
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assumed here to occur by sampling juveniles without replacement. In this case, W follows a hypergeometric
distribution with Ny, draws and parameters given by the realization of JT}, with initial probability of success J7; / Jm
and a total population size of Jy,. Then, E°[V°[W™ |J™  Jo]] = E°[Nmd ™ (Jm — J™) (Jm — Nen) /(J2(Jm — 1))]-

Both variance terms in eq. (S1.43) are approximated omitting terms of order 1/N? using the delta method. With

assumption eq. (A.1) in the main text, the second variance term can be approximated as

1 E° N i (Jm — Jii) (Jm — Nim) ~ E°[/mi) _ Pomi _ L (S1.44)
Nm —1 Jr%(Jm_l) Eo[Jm] oL N .
Then, using the delta method with the variance operator, the first variance term in eq. (S1.43) is
N2 Jo vel[Jgm ] 9 v 9
Ve[ = N, m 1/N*) = N,—2& 1/N°). S1.45

Finally, substituting eqs. (S1.44)(S1.45) into eq. (SI.43) gives @Sf in table 1 of the main text. Using the same argu-
ment, we find a similar form for the probabilities that two females have the father @?z, that two males have the

same mother G)% and that two females have the same mother @? (see table 1 in the main text).

The probability that a male and a female have the same father @Sz is given by E° [vaz"‘l WrWE. /(NmNs)], where
Wr‘:n is the random variable for the number of female breeders produced by male i. By conditioning on the juvenile
production of every individual and using the assumption that male and female offspring are culled independently,

we have @5 = NnE°[JT.JE . /(JmJf)]. The delta method is used to approximate the latter. Then, expanding

about the means of J™., J°

mis Jmi» Jm and Jr and using condition eq. (A.1) in the main text, we have

f

d 1 Cl s Thi] 1 Prmii

O = —+Np—5——t=— 11+ 1, (S1.46)
Nm " E[Jm]E[H] Nm Homi M

where p2;2 = C[J™., Jf ] is the covariance between the number of male and offspring juveniles fathered by a

male. Using a similar argument, the probability that a male and a female have the same mother is found as in

table 1 of the main text.
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