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1 | INTRODUCTION

| Suzanne H. Alonzo? | Maria R. Servedio® | Richard O. Prum?

Abstract

Sexual conflict over the indirect benefits of mate choice may arise when traits in one
sex limit the ability of the other sex to freely choose mates but when these coercive
traits are not necessarily directly harmful (i.e. forced fertilization per se). Although we
might hypothesize that females can evolve resistance in order to retain the indirect,
genetic benefits (reflected in offspring attractiveness) of mating with attractive
males, up to now it has been difficult to evaluate potential underlying mechanisms.
Traditional theoretical approaches do not usually conceptually distinguish between
female preference for male mating display and female resistance to forced fertiliza-
tion, yet sexual conflict over indirect benefits implies the simultaneous action of all of
these traits. Here, we present an integrative theoretical framework that draws to-
gether concepts from both sexual selection and sexual conflict traditions, allowing
for the simultaneous coevolution of displays and preferences, and of coercion and
resistance. We demonstrate that it is possible for resistance to coercion to evolve in
the absence of direct costs of mating to preserve the indirect benefits of mate choice.
We find that resistance traits that improve the efficacy of female mating preference
can evolve as long as females are able to attain some indirect benefits of mating with
attractive males, even when both attractive and unattractive males can coerce.
These results reveal new evolutionary outcomes that were not predicted by prior
theories of indirect benefits or sexual conflict.
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interfere with the potential indirect benefits (as realized through
offspring attractiveness or quality via potential Fisherian or “good

genes” effects) that females stand to gain by choosing a particular

Sexual conflict over the indirect benefits of mate choice may be
characterized by conflict arising from traits in one sex that limit the
ability of the other sex to freely choose mates but which are not nec-
essarily associated with direct harm (i.e. forced fertilization per se).

The underlying logic is that male coercive mating behaviour should

mate, and this should in turn give rise to selection for female resis-
tance to coercion. Although this has been of interest for quite some
time (Brennan & Prum, 2012; Gowaty, 1997; Gowaty & Buschhaus,
1998; Lessells, 2006; Moore & Pizzari, 2005; Parker, 1979), the
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mechanisms underlying the evolution of female resistance to forced
fertilization, and the resulting dynamics, have been difficult to evalu-
ate theoretically in large part due to the way that concepts of prefer-
ence and resistance have been traditionally approached in the study
of the evolution of female mating biases.

Preference and resistance are often considered to be “two sides
of the same coin” (Kokko, 2005) because both terms are used to
describe mechanisms by which a female biases mating or fertiliza-
tion success towards certain males as opposed to others (Arnqvist
& Rowe, 2005; Gavrilets, Arngvist, & Friberg, 2001; Kence & Bryant,
1978; Maynard Smith, 1987). Thus, “resistance” is often considered
a redundant term (Brooks & Griffith, 2010), such that the same phe-
nomenon could be described by either “preference” or “resistance.”

It follows that male mating display and coercion are also often
considered to be conceptually indistinguishable (Brennan & Prum,
2012). Although a male that physically restrains a female can easily
be seen as coercive, it has been argued that attractive displays can
be equally coercive in a sensory bias context, particularly if it leads
to harmfully high mating rates (Holland & Rice, 1998; Kokko, 2005).
Further, it has also been suggested that if a male successfully coerces
a female into mating, then he is “preferred” by definition (Cordero &
Eberhard, 2003; Eberhard, 2002, 2005).

At the same time, the sexual conflict literature does not usually
make a distinction between resistance to forced copulations to avoid
direct harm and (potentially concurrent) resistance to forced fertil-
ization itself that might mitigate only the indirect costs of coerced
mating. For example, in typical sexual conflict model constructions,
females may mitigate the direct harm associated with an attack by
fleeing, which coincidentally eliminates the possibility of forced
fertilization. Given that direct effects are generally expected to
dominate indirect effects (Andrés & Morrow, 2003; Cameron, Day,
& Rowe, 2003; Grafen, 1990; lwasa, Pomiankowski, & Nee, 1991;
Kirkpatrick & Barton, 1997; Kirkpatrick & Ryan, 1991), most studies
of sexual conflict have therefore focused on scenarios involving the
evolution of female resistance to directly harmful mating (Arnqgvist
& Rowe, 2005; Cameron et al., 2003; Chapman, Arnqvist, Bangham,
& Rowe, 2003; Gavrilets et al., 2001; Hoyle & Gilburn, 2010; Kokko
& Jennions, 2014; Rowe, Cameron, & Day, 2005). However, traits
that do not stop an attack but serve to reduce the chance of forced
fertilization are potentially subject to different evolutionary forces.

Up to now, it is unknown what dynamics will arise if we allow for
the simultaneous expression of female preference for display and
resistance to forced fertilization, along with male display and coer-
cion. Thus, sexual conflict over indirect benefits, wherein females
may evolve resistance to coercion in order to preserve the indirect
benefits of mate choice for an attractive display, remains theoreti-
cally unexplored.

There are some empirical indications that treating female
preference and resistance, as well as male display and coercion,
as separate modalities is appropriate and could lead to a fuller
understanding of the evolution of mating interactions (Brennan
& Prum, 2012). Most notably, perhaps, is the example of water-
fowl breeding: females in many species exercise behavioural

preferences for male courtship displays, but these social choices
are often subverted by violent forced copulations perpetrated
by extra-pair males (McKinney, Derrickson, & Mineau, 1983). In
spite of this pervasive and damaging behaviour, females are very
effective (up to ~92% in Mallard, Anas platyrhynchos) at avoid-
ing becoming fertilized as a result of these encounters (Evarts,
1990). In multiple lineages, females have complex vaginal struc-
tures that have co-evolved with the male phallic structures; ev-
idence suggests that these female traits specifically function to
frustrate intromission and decrease the likelihood of fertilization
during forced copulation (Brennan, Clark, & Prum, 2010; Brennan
et al., 2007). Evidently, in this system female preference and male
mating display are distinct in modality and timing from apparent
female resistance to forced fertilization and associated male co-
ercion, but it is difficult to know how these separate phenomena
may interact and evolve without an appropriate theoretical frame-
work (Brennan & Prum, 2012).

Here, we present an integrative theoretical framework that al-
lows for the simultaneous coevolution of displays and preferences,
and of coercion and resistance. We demonstrate that it is possible
for resistance to coercion to evolve in the absence of direct costs of
mating to preserve the indirect benefits of mate choice. We further
show, counter-intuitively, that the mechanism can function even
when coercive and attractive males are not genetically distinct, and
expose a previously under-appreciated role of female resistance in

driving the evolution of mating interactions.

2 | THE MODEL

We developed a four-locus population-genetic model that treats fe-
male preference for a male display trait, female resistance to forced
fertilization, male display and male coercive traits leading to forced
fertilization as independent genetic and phenotypic traits. Although
we drew some inspiration from waterfowl, the model is a general
framework and is not tailored to that system's specifics.

2.1 | Genetic assumptions

For tractability, we assume a polygynous, haploid system, based
largely on earlier models of sexual selection (Barton & Turelli, 1991;
Kirkpatrick, 1982), expanded to incorporate four loci. All loci are au-
tosomal, but have sex-limited expression. Females express two loci:
P for mating preference and R for resistance to forced fertilization.
Males express T for a display trait, and C for coercive capacity (their
ability to attempt forced fertilization). Each locus has two possible al-
leles: T, males produce a display ornament whereas T, males do not,
and C, males exhibit some phenotype that allows them to coerce
females whereas C, males do not. P, females have a biased behav-
ioural preference for T, males, whereas P, females mate indiscrimi-
nately with respect to the male display trait. R, females have some
trait that lowers the fertilization success rate of coerced copulation,
and R, females do not. If the frequencies of C, and R, are set to zero,
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our model equations exactly recapitulate the sexual selection model
presented by Kirkpatrick (1982).

2.2 | Ecological and behavioural assumptions

We assume that the T, and C, alleles reduce male survival such that
a T, male has a probability of (1-s,) of surviving until the mating sea-
son relative to a T, male. Similarly, a C, male has a (1-s ) chance of
survival relative to a male with the C, allele. A male with both the
T, and C, alleles has a survival probability of (1-s)(1-s ) relative to a
T,C, male. As for females, the female resistance trait modelled here
is analogous to a female duck's convoluted genital tract, and there
is no reason to think that females with such a resistance mechanism
would sustain differential direct costs to fitness from a coercive at-
tack. Thus, viability costs due to the R, allele would be only in the
form of the costs of developing the structure itself. Under the as-
sumptions made in our numerical projections, we found that small
costs applied to P, and R, yield qualitatively similar results to those
produced when there are no costs (Figure S2); an assumption that
we make of constant diversity at the T locus (see Analyses section)
mimics the effects of biased mutation on the display trait, which al-
lows costly preferences and in this case resistance to be maintained
(Pomiankowski, Iwasa, & Nee, 1991). Thus, the model we present in
the main text does not assume differential viability costs associated
with the female-expressed P, and R, alleles, but see Appendix S1
and Figure S2 for a discussion of these effects.

After viability selection on males, mating occurs. All females have
equal mating success (are ultimately fertilized by one male each), but
males may mate multiply and vary in their relative success. Male rel-
ative mating success can be biased based on the combined effects of
female mate choice, mate coercion and female resistance to coercion.

First, females choose social partners based on their mate preference

TABLE 1 Summary of definitions of T,/ Tyt /t,
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allele. Females with the P, allele are biased by a factor of (1 +a) to-
wards choosing T, males that they encounter relative to the T, males
they encounter in the population. P, females mate randomly with
respect to the male T allele. Therefore, in this model females stand to
gain indirect “Fisherian” (Fisher, 1930; Kirkpatrick, 1982) benefits of
mate choice via sexually successful offspring. This is the simplest way
to model indirect benefits, but the processes described in this model
would apply equally within a “good genes” or “indicator trait” frame-
work (Kokko, 2001; Kokko, Brooks, McNamara, & Houston, 2002)

Once females have chosen their social partners, but before fer-
tilization, males with the coercive C, allele attempt to attack females
and coerce them away from other males through forced fertilization,
with the probability of these encounters being equal to the frequency
of C, males in the population. During coercive attacks directed to-
wards R, females, that is those females that lack the resistance allele,
C, males have a probability of successful forced fertilization b. R,
females have an effectiveness of resistance to forced fertilization v,
such that C, males have a chance of (1-y)b of successfully forcing a
fertilization. If y = 1, then C, males never succeed with R, females.
The definitions of terms are summarized in Table 1.

We define coercion in this model as activity that males employ
that biases mating success, but that expressly acts independently of,
and uninfluenced by, female-expressed mate preference. It is thus dis-
tinct from display, harmful mating per se, or “dominance” (e.g. Kokko,
2005). In our model, females may be able to resist an attempted forced
fertilization, but they are unable to differentially resist males based on
whether the male attempting the forced mating is an otherwise at-
tractive (T,) or unattractive (T,) male (i.e. we assume the display is not
visible or cannot be evaluated during coercion). This is a biologically
realistic assumption that applies well to many taxa, where behavioural
mating preference is based on the opportunity of the female to eval-

uate a complex mating display or experience an elaborate courtship.

Allele for attractive display trait / allele for unattractive display trait,

terms used in the four-locus population-

genetic model
C,/Cpsc/ ¢y

P,/ Pyipy/ by

Ry/Rysry /1y

expressed by males; lowercase denotes the respective allele frequencies

Allele for the capacity to attempt forced fertilization (coercion) / allele for
the lack of capacity to coerce, expressed by males; the respective allele
frequencies

Allele for a biased behavioural mating preference for males with the T, allele
by a factor (1 + a) / allele for unbiased mating, expressed by females; the
respective allele frequencies

Allele for the capacity to resist attempted forced fertilization /allele for the
lack of capacity to resist attempted forced fertilization, expressed by
females; the respective allele frequencies

Viability cost to males with the T, allele of producing an attractive display trait

Viability cost to males with the C, allele associated with the capacity to
coerce females

Factor by which females with the P, allele prefer to mate with males having
the T, allele

Likelihood of a male with the C, allele to succeed in forced fertilization of a
female that lacks resistance (has the R, allele)

Effectiveness of the capacity to resist attempted forced fertilization in
females having the R, allele.
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TABLE 2 Mating table

Males

Females T,C, ... T,C, ... 1S o T,C, ...
b X
. PR, y1X; —by;x;c) 1%, y1Xg —by1Xc) YiX,
—by1X,c, +by, X, —by1X,c, +by,x]
Yok y2X, 20 y2X,
. PR, 1

-(1-y) by,xc]

4 !~ 4 !~ 4
LP,R, yax] —bysx,c, YaX,—bysx,c, +by;x,z
z z
YaX,
yaX; (1-7) Z L
—(1=7)bysx;c
- P3R, -(1-7) by,x,c) 22

. +(1—7) bysx)z
z

— (1-7) by xc)
+(1-7) by,x,
(1+a)ysx, (1+a) ysx,

-b(1+a) ygxc) —b (1+a) y3x,c, +bysx, 2

z z

(1+a) y4x;

(1+a) yax]
- (1-7) b(1+a) yaX,c, R
- +(1—7) bysX,z

4

Frequencies of matings between males and females of each of the sixteen genotypes, where z=x’1 +)<’2 + (1+a) x; + (1+a) x;. Although the model fol-
lows every genotype frequency in males and females independently, to aid in interpretation of the table, each column here represents the sum of all
male genotype frequencies after natural selection having the same alleles at the T and C loci. Since these traits are sex-limited, these groups of geno-
types function identically in mating. x’1 is the sum of all male genotype frequencies having the alleles T,C, (T,C,P,R;, T,C,P,R,, T,C,P,R, and T,C,P,R,).
Similarly, x’2 represents the sum of all male genotype frequencies having the alleles T,C, and so on. The frequency of the C, allele within males, c’z, is
therefore equivalent to (x’2 +x;). The prime notation is a reminder that the genotype frequencies for males have already been adjusted by viability selec-
tion. Each row represents the sum of all female genotypes (unaffected by viability selection) that have the same alleles at the P and R loci. For example,
y, is the sum of all female genotypes having the alleles P,R, (T,C,P,R,, T,C,P,R,, T,C,P,R; and T,C,P,R,).

The relative frequencies of matings between the various gen-
otypes after mate choice, coercion and resistance are shown in
Table 2. After matings are distributed, there is free recombina-
tion of alleles among gametes, yielding the genotype frequencies
for the next generation. (The full model can be found in Data
S1 and in the corresponding Mathematica notebook deposited in
Dryad.)

With the model thus defined, we focus our analysis on the fol-
lowing two questions. First, we ask whether a rare female resistance
(R,) allele can invade the population via a genetic correlation (linkage
disequilibrium) with the attractive male allele (T,). We hypothesize
that such indirect selection for resistance alleles will arise because
R, females more reliably mate with T, males and thus reclaim the
indirect benefits of mate choice that would otherwise have been
lost due to coercion by C, males. Second, we ask how the strength
of female preference (a), the effectiveness of coercion (b), and the
effectiveness of resistance (y) influence the conditions under which

resistance will spread, and equilibrium frequencies.

2.3 | Analyses

We performed all analyses and numerical projections using
Mathematica (Wolfram, 2013). First, we examined female resistance
evolution and the structure of sexual conflict over indirect benefits
arising from forced fertilization through a weak selection approxima-
tion of the model equations. Next, we explored dynamic outcomes
of the full model via numerical projections. Lastly, we analysed the
recursion equations of an informative subset of the model to further
explore the conditions under which resistance would invade.

As we are primarily interested in the conflict arising from the
subversion of existing mating preferences, and not the evolution of
basic mating preference and ornament themselves, we assumed in
our numerical projections that variation at the T locus is continu-
ously maintained. To this end, the frequency of the T, allele is reset
to its initial value at the end of every generation, whereas accrued
linkage disequilibria are retained (Bank, Hermisson, & Kirkpatrick,

2012). This is analogous to considering a quantitative, multiallelic
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male display trait of constant variance. Keeping the T, allele from
going to fixation prevents a shutdown of the dynamics of interest, al-
lowing sexual selection to be ongoing as long as the P, allele persists
in the population. This approximation thus allows processes, such as
coevolution due to indirect selection related to forced fertilization
by a random or unattractive mate, to proceed through the natural
build-up of genetic associations between the loci. It produces similar
qualitative effects to the more traditional assumption of biased mu-
tation (examined explicitly in Appendix S2), including, incidentally,
the effect that costly preferences can be maintained (Ilwasa et al.,
1991; Pomiankowski et al., 1991), but in this case, the goal is ex-
pressly to maintain variation.

We ran all numerical projections until genotype frequencies and
linkage disequilibria were constant to seven decimal places. To avoid
incorrect conclusions arising from slow convergence on an unstable
point (which we occasionally observed), we then applied a small ran-
dom perturbation and continued the projection until again constant
to seven decimal places. (See Data S1 and S2 and corresponding
Mathematica notebooks deposited in Dryad.)

For our numerical projections, we began with a population with
diversity in both female preference and the male display trait (fre-
quency 0.5 for both p, and t,). To focus on scenarios that might
demonstrate the potential for sexual conflict over indirect benefits,
we only considered starting conditions and parameters such that in
the absence of coercion and/or resistance, the female preference
allele P, is favoured, and T, males have a mating advantage over T,
males (Kirkpatrick, 1982). We then imagined that coercion and resis-
tance enter the population at low frequencies (0.05 for both r, and
¢,) and examined the effect of these introductions on the evolution-
ary outcomes. For a full summary of the parameter ranges investi-
gated, see Figures 3 and S2.

3 | RESULTS

In the first section, we present an examination of a weak selection
approximation of the model equations, followed by descriptions of
the general model dynamics and equilibria, and finally an analysis of

the invasion of female resistance.

3.1 | Weak selection approximation: Female
resistance evolves as a result of conflict over
indirect benefits

The complexity of the full model precludes a general analytical solu-
tion or stability analysis, but we can show the principal dynamics
of the model by examining the leading terms of a weak selection
approximation for the subset of the model in which all males have
evolved the capacity to coerce, that is c, = 1. With coercion present,
we can explore more closely the plausibility and the process of the
evolution of female resistance driven by conflict over indirect bene-
fits. (See full analysis in Data S3 and the corresponding Mathematica
notebook in Dryad.)

sournaL o Evolutionary Biology

For the approximation, we assumed weak selection (weak viabil-
ity selection, small s,and s, and weak sexual selection, small a), while
allowing the effectiveness of coercion and resistance (the parame-
ters b and y, respectively) to remain at any strength. We determined
the values of the linkage disequilibria, 13 between the T,, P, and R,
alleles at quasi-linkage equilibrium to the first order with respect to

the selection parameters assumed to be weak:
A 1
Drpw~ §0P1P2t1t29

A 1
D~ Eabypz"l"ztitz

apRzO

and

A 1
Drpr~ gabyp1p2r1r2t1t2
where

0=(1-b(1-ry))

Accordingly, we can approximate the expressions for At,, Ap,
and Ar, to the second order as follows (Note that terms containing
E)pR do not appear because we have already substituted in the first-
order approximation of zero for BPR. We use the first-order approxi-
mations for the linkage disequilibria because these terms are always
multiplied by a parameter assumed to be small when they appear in
the difference equations, thus generating appropriate second-order
terms. See Data S3.):

1 1
Aty o 1tz (a020-5) = S taty (sft2 +apyty0+asp,0 (ty —ty) )

1~

ApZ,approx ~ EDTP (ap26_$t)
1~

Ar2_appro>< ~ EDTR (ap2€ _St)

The term shared by all three expressions, (apze—st), represents,
to the first-order, direct selection at the T locus. Therefore, we can
see that both the female resistance and female preference (the R,
and P, alleles) are subject solely to indirect selection, the magnitude
of which is dictated by the linkage disequilibria between those re-
spective alleles and the T, allele. Moreover, the evolutionary change
in R, is driven by indirect selection on the same order of magnitude
as the evolutionary change in P,, with R, evolution governed by cor-
relation between T, and R,, whereas change in P, is governed by the
correlation between T, and P, (the basis for classic Fisherian sexual
selection; Kirkpatrick, 1982). This result implies that the evolution
of resistance (R,) via indirect selection in this system can be as im-
portant for the overall dynamics as the evolution of preference by
sexual selection.

This result also clearly demonstrates the mechanism by which

the resistant R, allele evolves. The R, allele increases because it
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FIGURE 1 Example of numerical projections for allele frequencies (a and b), the covariance between the T, (attractive male display) and
R, (female resistance) alleles, Dy (c and d), the proportion of matings that are with T, males for nonresistant (R,) females, for resistant (R,)
females and for matings overall (e and f), for the cases of no female resistance to forced fertilization (left panels a, c, e) and fully effective
female resistance (right panels b, d, f). In both cases, initial allele frequencies are T, = 0.5, P, = 0.5,R, = 0.05 and C, = 0.05; 5, =5_= 0.1,
b=0.29 and a = 23. The frequency of the allele for male attractiveness (t,; the black dotted line in a and b) remains constant because of
our assumption of maintained diversity at the T locus. Note that the number of generations to equilibrium is different for the two cases.
Proportion of matings with T, males was calculated each generation before recombination and mutation. The upper and lower black dotted
boundary lines in panels E and F represent the equilibrium proportion of matings with T, males for the system with free mate choice (a
projection with no coercion) and restricted mate choice (a projection with coercion and no resistance), respectively. The three lines in E
overlap because females do not differ in their ability to resist coercion. See Figure S3 for graphs of the remaining two-way linkages not

shown here

correlates positively with the attractive T, allele, revealing its role
in allowing females with the R, allele to resist coercion and more
reliably retain the indirect genetic benefits of mating with T, males
as compared to females with the R, allele.

At least in this scenario, resistance evolution is not correlated
with a specific preference allele (the linkage disequilibrium between
the P, and R, alleles, E)PR is very small and negligible), and the three-
way linkage (E)TPR, the extra association not accounted for by the
pairwise linkages) does not appear in any of the second-order allele
frequency expressions.

The salient 6 term describes the effects of coercion and resis-
tance on the efficacy of sexual selection by mate choice (ap,): sexual
selection is diminished by b but recovered by the effect of resis-
tant females (r,) and y. Thus, in the expression for At, ., we can
see that for a given value of the effectiveness of coercion (b), At,

will be more positive with higher frequencies of the resistant allele
and the effectiveness of resistance (r, and v, respectively). It is also
clear that if b = O, we return to basic sexual selection as modelled by
Kirkpatrick (1982).

Turning to the expression for AP, 4pprow WE Can see that r, and
y also play a key role in the evolution of female preference, not only
due to their effect on the efficacy of sexual selection on the male
attractive display trait (T,) via the (apza—st) term, but also directly
by increasing the magnitude of the linkage disequilibrium IsTp in the
face of large values of b (note the presence of 0 in the expression for
E)TP). This points plainly to the role of the R, allele in bolstering the
efficacy of female preference.

Looking now to the expressions for Al approx and E)TR, R, will only
evolve whether all of y, a, p,, b are nonzero. In other words, resis-
tance evolution requires that the R, allele has any effectiveness to
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resist forced fertilization, female preference for display is acting, and
there is successful coercion occurring in the population as a result of

the proliferation of the C, allele.

3.2 | Numerical projections

The numerical projections of the full model (without the as-
sumption that ¢, = 1) in Figure 1 demonstrate the process of the
evolution of female resistance to forced fertilization by indirect
selection. In the first case (Figure 1a), female resistance is com-
pletely ineffective (y = 0), so the R, allele is equivalent to the non-
resistant R, allele.

At the outset, coercion (C,) increases and ultimately fixes in the
population because coercive males gain a direct mating advantage
over C, males (Table 2). Although attractive T, males are still able
to retain relatively more mates, female choice is significantly sub-
verted by coercion (Figure 1e). Females all evolve to have a pref-
erence for T, males (P, becomes fixed), but once C, is fixed, they
are in practice often forced to mate contrary to their preference at
equilibrium (Figure 1e). The sexual conflict over indirect benefits
arising in this scenario would be masked in traditional theoretical
formulations of the evolution of mating behaviour, since there is
generally no distinction drawn between male display and coercion
traits; coercion and display simply add together to dictate which
males are most “attractive” (Cordero & Eberhard, 2003; Eberhard,
2002, 2005).

However, if we consider the same scenario but this time allow
for an R, allele that is effective at resisting forced fertilization (i.e.
a positive value for y), we see that the evolution of resistance can
generate an entirely different outcome (Figure 1b). As coercion
begins eroding the advantage of attractive T, males, females with
the R, allele can resist coercion and retain the indirect benefits of
mating with T, males. They are more likely to mate with T, males
than nonresistant R, females (Figure 1f), and therefore, R, becomes
positively correlated with the T, allele, in contrast to zero correlation
arising in the first case where resistance is completely ineffective
(i.e. positive vs. zero linkage disequilibrium; Figure 1d,c). Resistant
females have offspring that are more attractive as well as resistant to
coercion, and in this case wherein y is large, R, rises to the point that
it is no longer advantageous for males to coerce (given the cost) and
females are able to choose mates freely (Figure 1b,f).

3.3 | Evolutionary equilibria and the role of
female resistance

We can learn more about the mechanism behind the evolution of
resistance to forced fertilization and its implications for the system
at equilibrium by looking at the final allele frequencies of a range
of numerical projections. Using the same starting frequencies and
values for a, s, and s_(Figure 1) but varying the values for the key pa-
rameters: b (the effectiveness of coercion) and y (the effectiveness
of resistance), we find that the equilibrium outcomes fall into four
domains, defined by the equilibrium frequencies for P,, C, and R,
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(Figure 2). We have summarized the equilibrium outcome domains of

the full range of parameter values we investigated in Figure 3.

3.3.1 | Domain I: Free female choice in the
absence of coercion

Domain | represents conditions where females’ ability to choose
preferred mates based on their behavioural preference is fully re-
alized because coercion (the C, allele) fails to become established
(p, =1, c,=0). In projections where resistance is ineffective (y = 0),
this domain is restricted to scenarios where coercion is not effective
enough to increase the success of either T, or T, males, given the
cost, s, of having the C, allele (Figure 2a). The C, allele is eliminated
from the population and preference (P,) fixes due to correlation with
the display-derived mating advantage of T, males.

In instances where we allow R, females to effectively resist
(y > 0), the parameter space for the effectiveness of coercion, b, over
which Domain | arises is greatly expanded to include much higher
values of b that, without resistance, would otherwise have favoured
the fixation of the C, allele (Figure 2b,c). In these cases involving
larger b, coercion is initially favoured and c, begins to increase over
time, which produces conflict over the indirect benefits of mate
choice. The R, allele increases concurrently because resistant R,
females are able to retain the indirect benefits of unhindered mat-
ing with an attractive T, male. As R, proliferates, it acts to reduce
coercion's overall effectiveness in the population. Ultimately, just
as in the example in Figure 1b, the increase in R, brings the system
back to a state consistent with Domain | where coercion is no longer
sufficiently effective to increase the success of either T, or T, males
given its cost, and thus c, diminishes to zero at equilibrium.

Note that in Domain |, the frequency of the resistance allele, r,,
is often less than 1 at equilibrium. This clearly demonstrates the R,
allele's specific role in mitigating conflict over the indirect benefits of
mate choice arising from forced fertilization. When there is no coer-
cion (because the coercive allele is lost), there is no longer selection
to resist and r, ceases to evolve.

3.3.2 | Domain ll: Resistance ineffective; restricted
freedom of female choice due to coercion

Domain Il represents conditions where females maintain a pref-
erence for attractive T, males, but that preference is largely cir-
cumvented by coercion against which they have no mechanism of
resistance (p2 =1, c,=1, and r, fails to increase; Figure 2a). This
outcome is demonstrated in Figure 1(a,e): Females with the P, al-
lele for preference are able to achieve some indirect benefits of
mating with T, males, but choice based on the P, allele is restricted
since a sizeable portion of the matings are forcibly redistributed
by coercion.

As the projections indicate, and as we demonstrate in more de-
tail analytically in Appendix S3, a Domain Il outcome is only possible
when the effectiveness of resistance, 7, is zero. When y > 0, there
will always be selection for R, to increase whenever coercion exists
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frequencies for the preference (Pz), coercion (Cz) and resistance (Rz) alleles from a numerical projection of the model like the ones shown in
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female choice in the absence of male coercion; Il is female preference restricted by male coercion; Il is extensive reclamation of the efficacy
of female preference through resistance, though coercion remains; IV is the absence of female preference and the domination of the mating

system by male coercion

and the P, allele is favoured, indicating the presence of conflict over

the indirect benefits of mate choice.

3.3.3 | Domain lll: Extensive reclamation of the
efficacy of female preference through resistance,
though coercion remains

Domain lll represents equilibrium conditions of largely, but incom-
pletely, reclaimed freedom of female choice. Although coercion re-

mains fixed, narrowing the gap in relative mating success between T,

and T, males, females with behavioural preference for T, males also re-
sist coercion, mitigating the loss of indirect benefits to the fullest extent
thatthey can(c, = 1,p, = 1andr, = 1). This is made possible when there
is effective resistance (y > O; Figure 2b,c). Unlike scenarios in Domain |
in which we allow y > 0 and resistance entirely overcomes the effect of
coercion, in Domain Ill, b is large enough (coercion effective enough)
that all males ultimately evolve the capacity to coerce at equilibrium
in spite of the effect of female resistance (and the cost of coercion, sc).

The presence of functional resistance (y > 0) differentiates Domain

Il from coercion-dominated Domain Il. The R, allele invades because
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females are getting their preferred male less often than they would
if coercion were absent; resistance fixes in the population, mitigating
the loss of indirect benefits caused by coercion and maximizing the
efficacy of females’ mating preferences. Domain Ill therefore demon-
strates that in the case where females are observed to “prefer” to mate
with males that are simultaneously attractive and coercive (have both
theT,and C, alleles), there is indeed conflict over indirect benefits that

drives the evolution of female resistance to forced fertilization.

3.3.4 | Domain IV: Female mate preference lost
following the evolution of male coercion

Domain IV is defined by equilibrium outcomes in which the female
preference for attractive T, males is evolutionarily lost (p, = 0). Here,
coercion is sufficiently effective (b sufficiently large) to decrease
the relative mating success of T, males such that the cost of having
the T, allele (s) is no longer compensated for by the sexual selec-
tion advantage conferred by female preference. Past this threshold,
there are actually indirect costs to females associated with prefer-
ring T, males since T, males have lower overall fitness than T, males
(Figure 4b,c). Thus, females evolve to lose all mating preferences (P,)

at equilibrium (Figure 4a).

Likelihood of successful coercion, b

As the effectiveness of resistance (y) increases, Domain IV be-
comes more restricted in parameter space (Figure 2), but within
Domain IV, R, fails to evolve. Coercion only produces conflict over
the indirect benefits of mate choice if it acts to circumvent female
preference, and in Domain 1V, coercion is sufficiently effective to
make preference disfavoured. Resistant R, females mate more re-
liably with attractive T, males, but in Domain 1V, this is not enough
to rescue the indirect benefits of preference (Figure 4c). The pos-
sibility for sexual conflict over indirect benefits is eliminated, and
resistance is lost (Figure 4a). The Domain IV outcome can be thought
of as conceptually similar to the evolution of de facto preference for
coercive males demonstrated by some previous models (Eberhard,
2002; Kokko, 2005).

3.4 | Invasion of the allele for resistance to forced
fertilization

Eigenvalue analysis is inconclusive (the leading eigenvalue equals
one) for this model, which precludes drawing conclusions from tra-
ditional invasion analyses. However, we can gain further insights
from the scenario in which all females have a behavioural prefer-

ence for mating with T, males, but all males use coercion as part of
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FIGURE 4 Example of a Domain IV outcome. Here, we show a
numerical projection for allele frequencies (a) and the associated
correlation between the T, (male attractive display) and P, (female
preference) alleles, Dy, (b). We also show the proportion of matings
with T, males for nonresistant (R,) females, for resistant (R,)
females, and for matings overall (c). Male coercion (C,) fixes quickly,
whereas female preference is ultimately lost, but slowly. To show
both processes, we have displayed generation time on a logarithmic
scale. Initial allele frequencies are T, = 0.5, P, = 0.5, R, = 0.05 and
C,=0.05;5,=5.=0.1,a=4,b=0.9 and y = 1. Again, the frequency
of t, remains constant because of our assumption of maintained
diversity at the T locus. The black dotted line in panel C represents
the 0.5 threshold at which T, and T, males have equal fitness and
females mate randomly with respect to attractiveness. See Figure
S4 for graphs of the remaining two-way linkages not shown here

their strategy for getting mates (c, and p, are equal to one; Domain
Il above). Dispensing with the assumption of constant frequency
at the T locus employed in our numerical projections, we can iden-
tify conditions where coercion acts to decrease the relative mating
success of T, males such that, given the viability selection on the
T, allele, there will be a stable mixed equilibrium at the T locus
in the absence of female resistance (Appendix S3). Simultaneously
accounting for the effects of display and coercion in this way re-
veals sexual conflict over indirect benefits that would be unap-

preciated in theoretical formulations where coercion is considered

indistinguishable from display. Indeed, it can be shown analytically
that female resistance (the R, allele) will always invade in such a
scenario (Appendix S3).

Essentially, coercion interferes with the efficacy of female pref-
erence. Before R, invades, coercion has the effect of diminishing the
force of sexual selection on the male display trait, and thus, coercion
restrains the T, allele from rising to fixation. The invasion of the R,
allele allows females to avoid forced fertilization and reclaim indirect
genetic benefits of mating with popular T, males. As long as females
with a mating preference are able to attain some indirect benefits
of mating with attractive males in the face of coercion, there will
always be selection for alleles that improve females’ ability to realize

their preference.

3.5 | Coercive and attractive males need not
be distinct

It has been hypothesized that in order for female resistance to
forced fertilization to evolve, coercive males must be distinct from
attractive males (Brennan & Prum, 2012). Brennan and Prum (2012)
reasoned that if attractive males also act coercively, it would erase
the indirect benefits to females gained by resisting forced fertiliza-
tion. However, this prediction is not correct; the evolution of female
resistance does not require attractive and coercive males to be com-
pletely distinct individuals.

In our model, any male with the C, allele has the capacity to
coerce, independent of its allele at the T locus. In numerical pro-
jections, we have seen that the C, allele will often be fixed at equi-
librium, yet in these scenarios often there is also selection favouring
the evolution of female resistance.

Coercion generally diminishes the force of sexual selection by
reducing the variation in mating success between male genotypes
caused by female preference. As expected, because both attractive
and unattractive males have the opportunity to coerce, coercion
perpetrated by attractive males has the effect of bolstering mating
success for T, males and maintaining the indirect benefits to females
of preferring attractive males.

However, attractive males are also subject to the loss of mates
via coercion perpetrated by unattractive males, such that they will
never fully reclaim (through their own coercive behaviour) their orig-
inal proportion of mates garnered through display. Thus, the ineffi-
ciency produced by coercion remains, and we find that the evolution
of general resistance to forced fertilization will always be favoured
in order to improve females’ ability to fully realize their mating pref-
erences (provided that the effectiveness of coercion is not sufficient

to produce a Domain IV outcome).

3.5.1 | Resistance to attractive coercers

It has been further suggested that if attractive males were in fact
superior at coercion compared to unattractive males, then there
would never be conflict over indirect benefits since the interests
of females and males would be aligned, with the effect of coercive
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behaviour by T, males simply adding to the effect of their attrac-
tive display (Getty, 1999; Kokko, 2005; Kokko, Brooks, Jennions,
& Morley, 2003).

Although it would be possible for attractive T, males to obtain
a net benefit from coercion if they were better at coercion than un-
attractive T, males, we can now see that conflict over indirect ben-
efits will only be eliminated if the gains made by T, males through
coercion alone are so large that they confer relatively greater mating
success than would be conferred through display alone. There is a
significant portion of parameter space wherein the matings lost by
T, males due to coercion perpetrated by T, males are not completely
made up for, even if T, males are superior coercers. Thus, in such
cases there would continue to be selection favouring a resistance al-
lele that allows females to mate with T, males in a proportion nearer
to their actual preference.

We can show this analytically using the same, simpler model
subset applied in our invasion analysis for R,, where we set c, and
p, equal to 1. This time, we identify specific values of the effective-
ness of coercion, b: b, for T, males and b, for T, males. Now we will
define a coefficient ¢, the factor by which T, males are the superior
coercers, so thateb, = b,, where 1 < e<1/b, and O < b,<1. Analysis of
the newly parameterized model equations reveals that R, will always
invade if (a + 1) > € (Appendix S4).

This result has a very straightforward interpretation: for co-
ercion to confer indirect benefits to attractive T, males such that
conflict over indirect effects is eliminated and resistance does not
evolve, the coefficient of superior coercion, ¢, must be greater than
the attractiveness coefficient (1 +a). Indeed, when 1< (a+1)<e,
the intermediate equilibrium for T, in the absence of R, becomes
unstable, since past this threshold the effects of coercion and sexual
selection are no longer in opposition. In other words, it is not enough
for T, males to simply be the superior coercers. The benefit T, males
get from coercing must be absolutely greater than what they would
get from display alone. Otherwise, female resistance will always be
favoured.

Significantly, for empiricists, this indicates that the presence of
individuals that concurrently engage in, and gain success from, both
display-oriented and coercive behaviours in a system by no means
precludes the possibility of ongoing conflict over indirect benefits
or the presence of selection for resistance to coercive acts such as
forced fertilization.

4 | DISCUSSION

By modelling female preference and resistance, and male display
and coercion as independent, simultaneously evolving traits, our
new integrative framework demonstrates a clear and plausible
mechanism for the evolution of female resistance to forced ferti-
lization in the absence of direct harm to females via sexual conflict
over indirect benefits. Coercion circumvents female mating pref-
erences, causing females to mate (on average) with less attractive
males than they would otherwise prefer. In this model, resistance
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evolves because females that resist forced fertilizations are bet-
ter able to retain the indirect genetic benefits of mating with their
preferred male.

Our model further reveals a previously unappreciated potential
role for sexual conflict over indirect benefits in generating evolu-
tionary outcomes that would have been difficult, if not impossible,
to describe using traditional formulations. Rather evolving de facto
preferences for coercive males (Kokko, 2005) or losing their mating
preferences entirely (Rosenthal & Servedio, 1999; Rowe et al., 2005),
females can evolve new resistance traits and mechanisms that allow
them to maintain the effectiveness of mate choice. Indeed, the evo-
lution of resistance to mitigate sexual conflict over indirect benefits
can often prevent male coercion from becoming established under
conditions where coercion would have otherwise evolved (Domain
I; Figure 2). Resistance only fails to evolve in a very narrow band of
parameter space representing very (perhaps unrealistically) high ef-
fectiveness of male coercion (Domain |V; Figure 2).

Selection for resistance will always exist when: (1) females are
unable to mate with preferred males at a frequency that matches
what they would obtain in the absence of coercion and (2) attractive
males retain a sufficient mating advantage to overcome the viability
cost of display. The evolution of resistance either results in increased
effectiveness of females’ preference (Domain Ill) or a shift in male
behaviour to abandon coercion (Domain | with effective resistance
(y > 0)).

Our framework also allowed us to explicitly examine some pre-
vious verbal predictions about sexual conflict over indirect benefits
and the evolution of resistance to forced fertilization. We have shown
that, contrary to Brennan and Prum (2012), attractive and coercive
males need not be genetically distinct in order to produce sexual
conflict over indirect benefits. Our invasion analyses further reveal,
contrary to previous suppositions (Getty, 1999; Kokko, 2005; Kokko
et al., 2003), that female resistance will always evolve (given the
conditions in the previous paragraph) even in cases where attractive
males are superior coercers, as long as the mating success attractive
males garner through coercion is not greater than the mating success
they would have achieved through their attractive display.

Lastly, our model employs specific concepts of coercion and re-
sistance in the context of sexual conflict over indirect benefits that
will be useful from a theoretical perspective as well as for future
empirical studies. Up to now, when the term “resistance” has been
applied in the sexual conflict literature, it has largely meant a change
in female behaviour or morphology that acts to mitigate direct costs
associated with mating, either by reducing mating rate or by reduc-
ing the direct costs of mating (e.g. Rice & Holland, 1999). By treating
preference and resistance as independent female traits, our model
highlights an additional and distinct kind of resistance: specifically,
female traits that evolve to mitigate the loss of indirect benefits
arising from male traits that circumvent female choice. Similarly,
coercion as treated here is distinct from display, “dominance” or
“persuasion” (Eberhard, 2002; Kokko, 2005) because it only is mean-
ingful (and only produces sexual conflict) in the context of the cir-
cumvention of an existing preference.
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Our model also draws a distinction between coercion that may
produce direct harm to females and the aspect of coercion that only
acts to circumvent female mate choice. As we have shown, a co-
ercive trait can be any trait that serves to circumvent an existing
mating preference, giving rise to conflict over the loss of potential
indirect benefits. This specific form of coercion may be concurrent
with direct costs of mating to females, but not necessarily. Consider
a scenario where coercive mating is directly harmful, and females
evolve traditional resistance in the form of fleeing from their attack-
ers. We do not necessarily expect females to be perfectly success-
ful at avoiding attacks, even if all females evolve to attempt to flee.
Among those females that are coerced, we predict that there will still
be potential selection for a copulatory or post-copulatory resistance
mechanism that allows them to retain the indirect benefits of mating
with a preferred male, giving rise to dynamics that we have explored
in this paper. Under our framework, this would be a five-locus model
(including female resistance by fleeing), and as such, we have not
undertaken such an analysis here, but exploring the intersection be-
tween traditional sexual conflict scenarios involving direct harm and
our model of conflict arising from forced fertilization is a clear next
step.

Taken all together, it is clear that whenever there is mate choice,
there will nearly always be selection for coercion. Unattractive
males will always be under pressure to circumvent female prefer-
ence (using some means besides display) in order to increase their
relative mating success. It is also evident that because coercion
can include any mechanism that produces sexual conflict over in-
direct benefits, it is not limited only to obvious behaviours such as
harmful physical restraint. Coercion and sexual conflict over indi-
rect benefits are therefore likely ubiquitous, and can take many
previously unexplored and less obvious forms. For example, al-
though infanticide may be directly harmful to female fecundity, it
also concurrently interferes with females’ ability to have offspring
sired by a particular male. Thus, infanticide may also be fruitfully
examined as conflict over indirect benefits. Indeed, “friendships”
between females and subordinate males have been suggested as
an evolved response to mitigate infanticide in baboons, and such
behaviour would easily fit the definition of a “resistance” trait in
our framework (Palombit, 2009, 2014; Prum, 2017; Smuts, 1985).
Competitive behaviour among males may also be construed as
coercion that gives rise to sexual conflict if the effect of male-
male aggressive interactions biases female matings in a direction
contrary to their mating preferences (Prum, 2017). This could be
a significant, yet unexplored factor in the evolution of systems
where males have the opportunity to directly interfere with each
other as well as with females, such as lek-breeding or harem-based
systems.

There are also likely many well-studied empirical systems that
bear all the hallmarks of sexual conflict over indirect benefits
that been overlooked because we lacked the appropriate theo-
retical framework. These would include breeding systems, like
waterfowl, that plausibly involve distinct, concurrent processes
of male display and coercion, female preference and resistance.

For example, Calopteryx damselflies (Odonata: Calopterygidae)
have a system of male courtship display and female evaluation,
but matings and subsequent oviposition are often interrupted and
these choices subverted by forced mating from interloping males
(Cordoba-Aguilar, 2002; Waage, 1979). Significantly, this scenario
is also coupled with complex, co-evolved genital morphologies,
with males apparently able to eject sperm from competing males
and females coevolving genital traits to resist such attempts
(Cordoba-Aguilar, 2005).

Yellow dung fly females (Scathophaga stercoraria; Diptera:
Scathophagidae) must visit dung to oviposit, where there they
encounter incessant coercive attacks from multiple competitive,
territory-holding males (Sigurjonsdottir & Parker, 1981). Smaller
males seek matings with females away from dung, and it has been
suggested that females may behaviourally prefer these less violent
males (Gress et al., 2015). Intriguingly, there is also evidence that fe-
male dung flies may exercise “cryptic choice” among males outside
the context of copulation through sperm storage and selective in-
semination (Ward, 2000). Beyond observations of morphology and
behaviour that is likely associated with sexual conflict over indirect
benefits, future studies may employ pedigree analysis or experimen-
tal manipulations to disentangle the direct and indirect fitness ef-
fects of coercion and their relationships to female resistance traits.

Our finding that ongoing conflict over indirect benefits can
exist when both attractive and unattractive males may coerce
(even when attractive males are the superior coercers) is also sig-
nificant for empiricists as it implies that sexual conflict may be
playing an important role in many systems where no one would
have thought to look for it before. Finally, our model suggests that
resistance to coercion that circumvents preference will contrib-
ute to the strength of sexual selection due to mate choice, with
important implications for the expected rate of sexual ornament
elaboration within populations, and the diversity of ornaments

among lineages.
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