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Mating decisions usually involve conflict of interests between sexes. Accordingly, males benefit from
increased number of matings, whereas costs of mating favour a lower mating rate for females. The
resulting sexual conflict underlies the coevolution of male traits that affect male mating success
(‘persistence’) and female traits that affect female mating patterns (‘resistance’). Theoretical studies
on the coevolutionary dynamics of male persistence and female resistance assumed that costs of
mating and, consequently, the optimal female mating rate are evolutionarily constant. Costs of
mating, however, are often caused by male ‘persistence’ traits that determine mating success.
Here, we present a model where the magnitude of costs of mating depend on, and evolve with,
male persistence. We find that allowing costs of mating to depend on male persistence results in
qualitatively different coevolutionary dynamics. Specifically, we find that male traits such as penis
spikes that harm females are not predicted to exhibit runaway selection with female resistance, in
contrast to previous theory that predicts indefinite escalation. We argue that it is essential to deter-
mine when and to what extent costs of mating are caused by male persistence in order to understand
and accurately predict coevolutionary dynamics of traits involved in mating decisions.
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interlocus sexual conflict; evolutionary arms races
1. INTRODUCTION
The outcome of reproductive interactions does not
always reflect the best evolutionary interests of both
sexes. Accordingly, mating decisions often result in
sexual conflict between males and females [1]. A com-
monly observed example of sexual conflict involves the
mating rate, where males generally benefit from
increased number of matings, whereas direct and indir-
ect costs of mating [2,3] favour a lower mating rate for
females [4,5]. Consequently, females would benefit
from traits that limit the mating rate to a value that is
closer to the female optimum (referred to as ‘resistance’
or preference [6]), whereas male traits that elevate the
mating rate would be favoured in males (referred to as
‘persistence’). Selection for counteracting traits as a
result of sexual conflict can lead to a coevolutionary
arms race between males and females [1,7].

In contrast to the accumulating evidence from
empirical as well as comparative research that coevolu-
tionary arms races may be common in nature [8–12],
there has been a relatively limited number of theoretical
studies that focus on the coevolutionary dynamics of
male and female traits under sexual conflict [13,14].
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In a verbal hypothesis, Holland & Rice [7] predicted
that sexual conflict over mating rate would result in
exaggerated male traits and discriminating females
through a chase-away process. This hypothesis was for-
malized by Gavrilets et al. [15] in a model that examined
the coevolutionary dynamics of a male persistence trait
and a counteracting resistance trait in females. The
model of Gavrilets et al. [15] confirmed the predictions
of Holland & Rice [7], and showed that sexual conflict
over mating rate would often be expected to result in a
coevolutionary arms race between male display trait
and female preference. Rowe et al. [16] later extended
the model of Gavrilets et al. [15] and found that consid-
ering the evolution of the shape of the female preference
function (‘sensitivity’) would generally not result in
escalating arms races, as previously predicted, but in
patterns of escalation, retreat and indifference. Finally,
models of Gavrilets et al. [15] and Rowe et al. [16]
both concluded that natural selection can prevent
further escalation in male and female traits and shut
down the coevolutionary arms race.

Theoretical models on the coevolution of male and
female reproductive traits under sexual conflict over
mating rate assume that significant costs of mating
for females result in an optimal mating rate in females
that is lower than that of males [15,16]. While mating
can be harmful owing to reproductive interactions
such as aggressive courtship or harassment by males
This journal is q 2012 The Royal Society
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[17,18], the act of mating per se can also involve costs
for females. On the one hand, these costs of mating
to females might not depend on male and female
reproductive trait values. For example, infection of a
female with pathogens transmitted by males [19] or
decreased lifespan owing to the presence of gonadotro-
pic substances transferred during copulation [20,21]
might decrease female fitness by a constant magnitude
per mating, independent of male traits involved in
mating. On the other hand, the magnitude of costs
of mating might depend directly or indirectly on the
value of male ‘persistence’ traits that determine male
mating success. For example, male genital structures
such as penis spines in the seed beetle Callosobruchus
maculatus that increase male mating success by serving
as an anchor during copulation might also physically
harm females [22]. Similarly, physical traits such as
claspers in male water striders [23] and fireflies [24]
that improve male mating success might also increase
the duration of mating, and consequently, energetic
costs [2] and the risk of predation [25] or injury [1]
to females. Therefore, costs of mating per se to females
and, as a result, the optimal female mating rate may
either be constant or may vary with male persistence
traits that are involved in mating.

Previous studies that investigated the coevolution of
male and female traits under sexual conflict assume
that costs of mating to females and the optimal
female mating rate are constant over ecological and
evolutionary time [15,16]. Here, we extend existing
models and investigate the coevolutionary dynamics
in biological cases where costs of mating per se to
females are not constant, but vary with male traits
that determine male mating success. Our analyses
show that changes in costs of mating and the optimal
female mating rate as a result of the evolution of
male traits lead to qualitatively different patterns
of coevolutionary dynamics between sexes. For exam-
ple, in cases where previous theory predicted indefinite
exaggeration of the male trait or stable patterns of
escalation and retreat [15,16], we find that costs
of mating for females can shut down the coevolution-
ary dynamics or even cause the male persistence trait
to disappear from the population. Our results imply
that predicting the coevolutionary dynamics of male
persistence and female resistance traits will require
knowing whether or not the magnitude of the cost of
mating for females, and hence the degree of sexual
conflict over mating rate is determined by male
persistence traits that affect male mating success.
2. THE MODEL
In contrast to previous studies where the optimal
mating rate is assumed to be an evolutionarily fixed
parameter, our model allows the optimal mating rate
to arise dynamically from the interplay between costs
and benefits of mating. Accordingly, we develop a fit-
ness function (see later text) that incorporates
explicitly the costs and benefits of mating for females.
In our model, we assume that mating takes place in
discrete reproductive bouts or periods, and the fecund-
ity of females in a given reproductive period depends
on the number of matings such that an increase in
Phil. Trans. R. Soc. B (2012)
the number of matings results in greater reproductive
success, for example, owing to increased genetic diver-
sity of the offspring. We further assume that a greater
number of matings also imposes greater mortality on
females (but not on males; hence, sexual conflict
over mating rate) and decreases the probability of sur-
vival to the next reproductive period. We calculate the
expected female lifetime fitness through the sum of
expected reproductive success of females in each
reproductive period. Following the methodology of
previous studies, we analyse this fitness function with
a simplified quantitative genetic approach and estimate
the coevolutionary change in the male trait and the
female preference. In our analyses, we first assume
that the cost of mating per se to females does not
depend on the male trait that affects male mating
success (‘constant cost model’), which is analogous
to the assumptions of previous models. We then
assume that the cost of mating depends on the male
trait value (‘variable cost model’) and investigate if
this assumption leads to qualitatively different patterns
of coevolutionary dynamics. Our analyses focus par-
ticularly on asking whether the predicted qualitative
patterns of the coevolutionary dynamics of male persist-
ence and female resistance include indefinite escalation,
the loss of either male persistence or female resistance
or a stable equilibrium of both traits. Finally, in all of
our analyses, we assume a population with discrete,
non-overlapping generations.

Previous models of the evolution of female choice
under sexual conflict [15,16] focused on the female
sensory system and, consequently, on male display
traits such as bright coloration or patch size that
affect male mating success. In these models, mating
decisions are an outcome of the interplay between a
male trait P (‘persistence’) and female preference (or
‘resistance’) for the male trait that is determined by
two parameters of a sigmoidal function: the threshold
T and the sensitivity (or shape) s. The probability of
mating between a male with trait value P and a
female with preference determined by values of T
and s is given as

C ðP ; s;T Þ ¼ 1

1þ e�sðP�T Þ : ð2:1Þ

It is important to note that, even though we follow the
terminology of previous theoretical studies and refer to
the male trait and the female preference as ‘persistence’
and ‘resistance’, respectively, our model does not focus
on traits that are involved in costly harassment or mat-
ing struggles, but on male traits that increase mating
success but harm females directly or indirectly during
copulation, and female preference or choice traits
that affect the outcome of mate competition among
males. Accordingly, we adopt the modelling framework
described earlier, and investigate the evolution of female
preference under biological situations where a trait that
affects male mating success also harms females and,
therefore, constitutes a cost of mating per se. In our
model, we summarize costs of mating per se through
their effects on mortality, and assume that female
mortality increases with the number of matings.
Accordingly, in a population of males with persistence
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values P, the mortality of a female per reproductive
period, mf,t, with threshold T and sensitivity s is

m f ;t ¼ 1� e�ðbfþ½asðs�usÞ2þaT ðT�uT Þ2�þððbþgPÞMtCðP ;s;TÞÞÞ;

ð2:2Þ

where bf is baseline female mortality parameter, b is the
baseline cost of mating and Mt is the number of males
available for mating in a given time period. It is impor-
tant to note that the number of males available for
mating and, consequently, female mortality vary
among reproductive periods owing to male mortality
(see later text). The parameter g denotes the degree to
which the cost of mating (through mortality) depends
on the male trait value. Accordingly, setting g to zero
implies that the cost of mating does not depend on the
male trait value and corresponds to the ‘constant cost
model’, while positive values of g correspond to the
‘variable cost model’. Finally, female sensitivity and
threshold can be under natural selection towards their
respective optima, us and uT . Deviations from these
optima increase the female mortality rate, depending
on the strength of natural selection determined by par-
ameters as and aT .

In contrast, mating is much less costly for males,
which underlies the sexual conflict between males
and females over mating rate. Accordingly, we
assume that males have a mortality rate that does not
depend on the number of matings. We give the male
mortality rate per reproductive period as

mm ¼ 1� e�ðbmþaP ðP�uP Þ2Þ; ð2:3Þ

where bm is the male baseline mortality parameter.
In our calculations of male mortality, we consider the
possibility that male persistence is under natural selec-
tion towards an optimum given by the parameter uP

and deviations from this optimum will increase the mor-
tality rate, depending on the strength of natural selection
on male persistence given by the parameter aP .

Finally, we calculate female fitness through discrete
reproductive periods, where female reproductive suc-
cess in a given period increases with the number of
matings, owing to, for example, increased genetic
diversity of the offspring [26]. We assume, however,
that the increase in expected reproductive success of
a female with the number of matings is limited by
female fecundity. Accordingly, in a single reproductive
period (e.g. between times t and t þ 1), the number of
offspring produced by a female with threshold T and
sensitivity s in a population of males with persistence
P is

R f ;t ¼ fbð1� eð�eMtCðP ;s;TÞÞÞ; ð2:4Þ

where fb is the female fecundity, and e determines how
strongly expected female fitness increases with the
number of matings. The assumption of an increasing
female fitness with the number of matings, combined
with the cost of mating for females, results in an
intermediate mating rate that is optimal for females.

Using the equations mentioned earlier, the expected
lifetime reproductive success, Wf , of a female with
threshold T and sensitivity s in a population of males
Phil. Trans. R. Soc. B (2012)
with persistence P is found as

Wf ¼Rf ;t¼0þRf ;t¼1ð1�mf ;t¼0ÞþRf ;t¼2ð1�mf ;t¼0Þ
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ð2:5Þ

where d ¼ bf þ ½asðs� usÞ2 þ aT ðT � uT Þ2� from
equation (2.2).

The expected lifetime reproductive success of a
mutant female with threshold T* and sensitivity s*,
Wf

*, in a population of males with persistence P is
found by replacing s and T with s* and T* in equations
(2.3)–(2.5).

Assuming that sperm competition among males fol-
lows a ‘fair raffle’ principle [27], the expected lifetime
fitness of a mutant male with persistence P*, Wm

* , in a
population of males with persistence P and females
with threshold T and sensitivity s is found by revising
equation (2.5) as

W �
m ¼

CðP�; s;T Þ
CðP ; s;TÞ

Ft¼0

Mt¼0
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"
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#1A;
ð2:6Þ

where Ft¼0 and Mt¼0 are the number of females and
males in the population, respectively. Equations (2.5)
and (2.6) also show that in a population of Mt¼0

males with persistence P and Ft¼0 females with
threshold T and sensitivity s, total fitness gained by
males is equal to total fitness gained by females, and
that our model is self-consistent.

Fitness equations (2.5) and (2.6) incorporate explici-
tly benefits and costs of mating (i.e. increased
reproductive success and mortality, respectively). This
approach allows costs of mating and, consequently,
the optimal mating rate to vary dynamically with the
male trait involved in mating, in contrast to assigning
the optimal mating rate as a fixed population parameter.



Table 1. Key variables used in the model.

variable definition

P male persistence
s female sensitivity

T female threshold
C(P,s,T ) probability of mating between a male with P, and a female with T and s
uP , us, uT naturally selected optimum of male persistence, female sensitivity and threshold, respectively
aP , as, aT strength of natural selection on male persistence, female sensitivity and threshold, respectively
mf, mm female and male mortality, respectively

bm, bf baseline male and female mortality parameter, respectively
Ft¼0 number of females in the population
Mt¼0 number of males in the population
b parameter for the baseline cost of mating for females

g strength of the effect of male persistence on the cost of mating for females
vP , vs, vT additive genetic variance in male persistence, female sensitivity and threshold, respectively
Wf, Wm expected lifetime reproductive success of an individual female and male, respectively
fb female fecundity
e the strength of increase in expected female fitness with the number of matings
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Following Rowe et al. [16], we use equations (2.5) and
(2.6) to approximate the coevolutionary dynamics of
average values of P, s and T through a simplified quanti-
tative genetic approach [28,29], where the change in
average male and female traits is found as

D �T ¼ vT

Wf

� �
@W �

f

@T �

� �����
T�¼T

; ð2:7Þ

D�s ¼ vs

Wf

� �
@W �

f

@s�

� �����
s�¼s

ð2:8Þ

and

D �P ¼ vP

Wm

� �
@W �

m

@P�

� �����
P�¼P

; ð2:9Þ

where vP, vs, vT are additive genetic variances of respect-
ive traits. In these approximations, we make standard
quantitative genetic assumptions of a symmetric uni-
modal trait distribution and small additive genetic
variances [29]. Owing to the complexity of equations
that give expected lifetime male and female fitness (i.e.
equations (2.5) and (2.6)), we determine the change
in average trait values through numerical approxi-
mations using MATHEMATICA v. 6.0 [30]. Parameters
included in our model are summarized in table 1.
3. ANALYSIS OF THE MODEL
The main question that we are aiming to answer with
our model is whether allowing the cost of mating for
females to depend on the male trait involved in mating
would result in significantly different patterns than inde-
finitely escalating arms races and stable cycles of
escalation and retreat predicted by previous models. In
order to address this question in the face of the large
number of parameters included in our model, we fol-
lowed the following analysis strategy. First, we focused
on the version of our model that corresponds to a ‘con-
stant cost’ scenario and is analogous to previous models,
where the cost of mating and, consequently, the optimal
female mating rate do not vary with the male trait
involved in mating (i.e. g ¼ 0). Using this ‘constant
cost model’, we imposed various magnitudes of evolu-
tionarily constant costs of mating for females and
Phil. Trans. R. Soc. B (2012)
analysed the coevolutionary dynamics of male persist-
ence and female resistance. This analysis helped us
determine whether the ‘constant cost model’ produces
the same predictions as previous theory and therefore
constitutes a baseline for further analyses. Furthermore,
as we consider explicitly costs and benefits of mating for
females and allow the optimal mating rate to arise dyna-
mically from our model, in contrast to previous theory
where the optimal female mating rate was assumed an
evolutionarily constant parameter [15,16], our analyses
of the ‘constant cost model’ also helped us determine
a baseline range of female mortality values where the
baseline model produces the same predictions as pre-
vious theory. We then used the ‘variable cost’ version
of our model (i.e. g . 0) and allowed the mortality
cost of mating for females to dynamically vary in this
baseline range of female mortality values. We compared
our analyses of the ‘constant cost model’ and the ‘vari-
able cost model’ to determine whether considering
male persistence traits that constitute a cost of mating
for females results in novel patterns of coevolutionary
dynamics, such as stable equilibria or the loss of male
persistence or female resistance traits.

Following previous models, we used this analysis strat-
egy to explore several scenarios of how male persistence
and female resistance evolve. We first allowed only one
aspect of the female resistance (only T or s) to evolve in
the absence of natural selection. We then allowed both
the threshold and the sensitivity to evolve. Finally, we con-
sidered natural selection on male and female traits and
examined the coevolutionary dynamics of persistence
and resistance. Using these analyses, we investigated
whether considering variable cost of mating and optimal
female mating rate results in qualitatively different pat-
terns of coevolutionary dynamics of male persistence
and female resistance than predicted by previous models.
4. RESULTS
(a) Case 1: predicted dynamics when only female

sensitivity evolves without natural selection

In the case where only female sensitivity and male
persistence evolve, but the female threshold is evolutiona-
rily static, our analyses indicate that allowing the cost of
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Figure 1. When only the female sensitivity can evolve, the ‘variable cost model’ gives qualitatively different predictions about

the coevolutionary dynamics of male persistence and female resistance. Dashed lines denote the value of the female threshold
used in the analyses. The ‘constant cost model’ predicts either a stable cycle of escalation and retreat, or an indefinite exag-
geration of male persistence (a,c). The ‘variable cost model’, however, can shut down the exaggeration of male persistence
and cause the male trait to disappear from the population (b,d). In (a,c), trajectories coloured black to light grey denote increas-
ing cost of mating for females, given through parameter values b ¼ 1025, b ¼ 2 � 1025, b ¼ 3 � 1025, b ¼ 4 � 1025 and b ¼

5 � 1025, respectively. Similarly, in panels b and d, trajectories coloured black to light grey are under increasing cost of mating,
through parameter values g ¼ 1026, g ¼ 2 � 1026, g ¼ 3 � 1026, g ¼ 4 � 1026, g ¼ 5 � 1026, with b ¼ 1025 across all ana-
lyses. Remaining parameter values are: F ¼M ¼ 1000, vP ¼ vS ¼ 0.5, vT ¼ 0.0, aP ¼ as ¼ aT ¼ 0.0, e ¼ 0.005, fb ¼ 100.
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mating, and the optimal mating rate, to depend on male
persistence trait qualitatively alters predicted coevolu-
tionary dynamics (figure 1). Accordingly, for the
baseline range of parameter values where the ‘constant
cost model’ (as well as previous models [15,16]) predicts
indefinite escalation of the male trait countered by a
decreasing sensitivity by females, or a stable cycle of esca-
lation and retreat (figure 1a,c), the ‘variable cost model’
predicts that male persistence traits that harm females
during mating would not exhibit indefinite exaggeration,
because greater costs of mating with more persistent
males would result in selection for decreased female
sensitivity and, eventually, female preference for less per-
sistent males, shutting down the coevolutionaryarms race
(figure 1b,d). Furthermore, in contrast to predictions of
previous theory, we found that female resistance may
even cause harmful male persistence traits to disappear
from the population, where female preference against
persistent maleswould result in a decrease in male persist-
ence, which in turn would decrease the cost of mating for
females and further increase female preference for less
persistent males (figure 1b,d ).
(b) Case 2: predicted dynamics when only female

threshold evolves without natural selection

When only female threshold and male persistence evolve,
but the female sensitivity is assumed to be evolutionarily
Phil. Trans. R. Soc. B (2012)
static, our analyses show that allowing the cost of mating
and the optimal female mating rate to depend on the
male persistence trait does not affect qualitatively the
predictions about the coevolutionary dynamics. Accord-
ingly, for the same baseline range of parameters, we
found that both the ‘constant cost model’ (that is analo-
gous to previous models) and the ‘variable cost model’
predict an indefinitely escalating coevolutionary arms
race between males and females (not shown), where
increasing male persistence and, consequently, costs of
mating are countered by increasing female threshold.
(c) Case 3: predicted dynamics when both female

sensitivity and female threshold evolve without

natural selection

Similar to the case where only female sensitivity evolves,
our analyses show that allowing the cost of mating to
depend on the male persistence trait significantly affects
the coevolutionary dynamics when both female sensitivity
and threshold evolve. Again, for the same baseline range
of parameter values where the ‘constant cost model’ pre-
dicts indefinite escalation of the male trait (figure 2,b) or
stable cycles of escalation and retreat (figure 2c), the ‘vari-
able cost model’ predicts that male persistence traits that
harm females during mating would not be infinitely exag-
gerated, because increasing costs of mating for females
would select for decreasing sensitivity and, eventually,
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female preference against persistent males, shutting down
the coevolutionary arms race (figure 2f–h). Furthermore,
while the constant cost model predicts that the evolution
of female sensitivity can result in the disappearance of
both the male persistence trait and the female threshold
(figure 2d,e), a significant positive female threshold is
always maintained in the population at a stable value
under the ‘variable cost model’ where the cost of
mating depends on the male persistence trait (figure 2i,j).
(d) Case 4: predicted dynamics when both female

sensitivity and female threshold evolve under

natural selection

Analyses of the coevolutionary dynamics of female
resistance and male persistence become much more
Phil. Trans. R. Soc. B (2012)
complicated when one or more of the traits is con-
sidered to be under natural selection. The strength
and direction of natural selection influence how
much a trait can deviate from a naturally selected opti-
mum owing to sexually antagonistic selection. It is
possible, however, to reach some general conclusions
about how male persistence and female resistance
would be expected to evolve when natural and sexual
selection interact. For example, when the female
threshold is under strong natural selection, it cannot
evolve much from its naturally selected optimum,
and the coevolutionary dynamics closely resemble
the case where only female sensitivity and male persist-
ence evolve (§4a; [15]). Accordingly, we find that male
persistence traits that harm females and constitute a
cost of mating are not expected to show indefinite
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exaggeration and can even disappear from the popu-
lation owing to the evolution of female resistance.
Similarly, if the female sensitivity is under strong natu-
ral selection, it is evolutionarily restricted to values
close to its naturally selected optimum. Consequently,
the coevolutionary dynamics of male persistence and
female resistance reduce to patterns we found in our
analyses where only female threshold evolves, and
predict an indefinitely escalating coevolutionary arms
race between male persistence and female resistance
(§4b; [16]).
5. DISCUSSION
Evolutionary interests of males and females regarding
mating decisions are usually in conflict, where males
often benefit from increased number of matings,
whereas various costs of mating favour a lower
mating rate in females. The resulting sexual conflict
over mating rate can drive the evolution of male
traits that help males to increase the number of
matings (referred to as ‘persistence’ traits), and coun-
teracting female traits that limit the increase in the
mating rate (referred to as ‘resistance’ or preference).
Previous theoretical studies that examined the coevo-
lutionary dynamics of counteracting male and female
traits under sexual conflict over mating rate [15,16]
assumed that costs of mating for females result in an
optimal female mating rate that is lower than that of
males and does not change over ecological or evol-
utionary time. Costs of mating, however, can often
be caused, directly or indirectly, by male traits that
increase the mating success of males. Here, we show
that the expected coevolutionary dynamics of male
persistence and female resistance can change signifi-
cantly when the costs of mating for females depend
on the male trait and, consequently, the optimal
female mating rate is not evolutionarily constant. For
example, in the case where female resistance evolves
only through changes in female sensitivity, natural
selection is absent or very weak, and the cost of
mating for females does not depend on male persist-
ence and, therefore, is evolutionarily constant,
previous theory (as well as our ‘constant cost’ model;
§4a) predicts a coevolutionary arms race of indefinitely
exaggerated male persistence and decreasing female
sensitivity (figure 1a,c; [16]). In contrast, we found
that male persistence traits that harm females during
mating are not expected to exhibit indefinite exagger-
ation, because greater costs of mating for females
owing to increasing male persistence would result in
selection for decreased female sensitivity, and even-
tually for female preference for less persistent males,
shutting down the coevolutionary arms race (‘variable
cost model’; figure 1b,d). Similarly, when the female
resistance evolves through changes in both female sen-
sitivity and female threshold (§4d), the version of our
model where the cost of mating for females does not
depend on male persistence (‘constant cost model’)
predicts that male persistence could exhibit an indefi-
nite exaggeration countered by decreased female
sensitivity (figure 2a,b). In contrast, however, we
found that male persistence traits that harm females,
and therefore constitute a cost of mating, would not
Phil. Trans. R. Soc. B (2012)
be predicted to show an indefinite exaggeration (‘vari-
able cost model’; figure 2g,h). Furthermore, in
contrast to previous theory, we found that male per-
sistence traits that harm females during mating could
even disappear from a population owing to female
resistance (‘variable cost model’; figure 1b,d), where
female preference for less persistent males would
result in selection to decrease male persistence and,
consequently, the cost of mating, which in turn
would cause a greater female preference for less per-
sistent males. In sum, our analyses demonstrate that
in order to be able to understand and accurately pre-
dict the coevolutionary dynamics of male and female
traits under sexual conflict, it is essential to assess
explicitly, whether, and to what extent, the costs of
mating experienced by females, and consequently the
degree of sexual conflict over mating rate, are deter-
mined by male reproductive traits that affect male
mating success.

An important conclusion of theoretical investigations
of the coevolutionary dynamics of male persistence
and female resistance under sexual conflict is that the
coevolutionary arms races verbally predicted by
Holland & Rice [7] may be observed only in some
restricted biological circumstances. Gavrilets et al. [15]
formalized this verbal argument and showed that the
evolution of female choice under sexual conflict results
in coevolutionary arms races between male persistence
and female resistance. Extending the models of
Gavrilets et al. [15], Rowe et al. [16] showed that the
evolution of female resistance through changes in
female sensitivity, rather than female threshold, can pre-
vent coevolutionary arms races. Results of our analyses
suggest that coevolutionary arms races should be even
much less common than this previous theory has pre-
dicted. For example, in cases where only female
sensitivity evolves and previous theory predicted a co-
evolutionary arms race between male persistence and
female resistance, we found that male persistence traits
that affect the cost of mating for females, such as
penis spikes that physically harm females [22] or clas-
pers that increase the duration of mating [23,24],
would not be expected to exhibit an indefinite exagger-
ation owing to increasing costs of mating and the
resulting female preference for less persistent males.
Furthermore, while the patterns arising from our
model agree with conclusions from previous studies
that the strength and direction of natural selection
have an important role in shaping the dynamics of
male persistence and female resistance and shutting
down coevolutionary arms races (§4d; [15,16]), our
analyses reveal direct costs of male persistence on
females as an equally important but mostly neglected
factor in coevolutionary dynamics under sexual conflict.
For example, we observe that the exaggeration of a
harmful male persistence trait increases the cost of
mating for females, which results in a decrease in
female sensitivity and, eventually, in female preference
for less persistent males, and shuts down the coevolu-
tionary arms race between males and females
(figures 1 and 2). We argue that we need further empiri-
cal research on the genetic architecture of male
persistence and female resistance traits [31], nature of
selection on these traits [32], as well as the extent to
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which costs of mating to females, and the degree of
sexual conflict over mating rate, depend on male persist-
ence traits, complemented with theoretical models that
explicitly incorporate this information, before we can
reach general conclusions about the coevolutionary
dynamics of males and females.

Finally, our analyses show that coevolutionary
dynamics of male persistence and female resistance
strongly depend on parameter values that determine
the magnitude of costs of mating for females as a
result of male persistence. For example, in the case
where female resistance evolves only through changes
in the sensitivity (§4a), predicted patterns vary from
stable values of male persistence to stable cycles of esca-
lation and retreat or disappearance of male persistence
from the population, depending on how costly male per-
sistence is for females (figure 1b,d). Furthermore, in
addition to costs of mating per se, females often incur a
variety of additional costs, such as injuries sustained
owing to harassment [17,18] and increased predation
during courtship [33]. We argue that empirically asses-
sing the relative importance and the magnitude of these
costs in different mating systems will be essential to
understand the coevolutionary dynamics of male and
female traits involved in mating decisions, such as per-
sistence and resistance.

Decisions over mating often involve conflict of inter-
ests between males and females, where males usually
benefit from a greater number of matings, whereas var-
ious costs of mating favour a lower mating rate in
females. The resulting sexual conflict over mating rate
underlies the coevolution of male traits that affect
male mating success (‘persistence’) and female traits
that regulate the outcome of mating interactions (‘resist-
ance’ or preference). Here, we showed that costs of
mating per se to females that are directly or indirectly
caused by male traits that determine male mating suc-
cess lead to qualitatively different coevolutionary
dynamics between male persistence and female resist-
ance than predicted by previous theory where costs of
mating, and the optimal female mating rate, are
assumed to be evolutionarily constant. Specifically, we
found that male persistence traits that impose a cost of
mating on females are not expected to exhibit indefinite
exaggeration, in contrast to escalating coevolutionary
arms races predicted by previous theory. Further
empirical research that identifies the extent to which
various costs of mating for females depend on male
reproductive traits and affect the optimal female
mating rate, and theoretical studies that explicitly incor-
porate this information will be critical to predict and
understand the evolution of traits involved in
reproductive decisions.

We thank Kate Lessells and an anonymous reviewer for
their constructive and helpful suggestions. This research
was supported by NSF grant nos EF-0827504 and IOS-
0950472 to S.H.A.
REFERENCES
1 Parker, G. 1979 Sexual selection and sexual conflict. In

Sexual selection and reproductive competition in insects (eds

M. S. Blum & N. A. Blum), pp. 123–166. New York,
NY: Academic Press.
Phil. Trans. R. Soc. B (2012)
2 Daly, M. 1978 Cost of mating. Am. Nat. 112, 771–774.
(doi:10.1086/283319)

3 Chapman, T., Arnqvist, G., Bangham, J. & Rowe, L.

2003 Sexual conflict. Trends Ecol. Evol. 18, 41–47.
(doi:10.1016/S0169-5347(02)00004-6)

4 Rowe, L., Arnqvist, G., Sih, A. & Krupa, J. 1994 Sexual
conflict and the evolutionary ecology of mating patterns:
water striders as a model system. Trends Ecol. Evol. 9,

289–293. (doi:10.1016/0169-5347(94)90032-9)
5 Arnqvist, G. & Nilsson, T. 2000 The evolution of polyan-

dry: multiple mating and female fitness in insects. Anim.
Behav. 60, 145–164. (doi:10.1006/anbe.2000.1446)

6 Kokko, H., Brooks, R., Jennions, M. & Morley, J. 2003
The evolution of mate choice and mating biases.
Proc. R. Soc. Lond. B 270, 653–664. (doi:10.1098/rspb.
2002.2235)

7 Holland, B. & Rice, W. 1998 Perspective: chase-away

sexual selection: antagonistic seduction versus resistance.
Evolution 52, 1–7. (doi:10.2307/2410914)

8 Holland, B. & Rice, W. 1999 Experimental removal
of sexual selection reverses intersexual antagonistic
coevolution and removes a reproductive load. Proc.
Natl Acad. Sci. USA 96, 5083–5088. (doi:10.1073/
pnas.96.9.5083)

9 Bergsten, J., Toyra, A. & Nilsson, A. 2001 Intraspecific
variation and intersexual correlation in secondary
sexual characters of three diving beetles (Coleoptera:

Dytiscidae). Biol. J. Linn. Soc. 73, 221–232. (doi:10.
1111/j.1095-8312.2001.tb01359.x)

10 Arnqvist, G. & Rowe, L. 2002 Correlated evolution
of male and female morphologies in water striders.

Evolution 56, 936–947. (doi:10.1111/j.0014-3820.2002.
tb01406.x)

11 Rowe, L. & Arnqvist, G. 2002 Sexually antagonistic
coevolution in a mating system: combining experimental
and comparative approaches to address evolutionary

processes. Evolution 56, 754–767. (doi:10.1111/j.0014-
3820.2002.tb01386.x)

12 Arnqvist, G. & Rowe, L. 2005 Sexual conflict. Princeton,
NJ: Princeton University Press.

13 Parker, G. A. 2006 Sexual conflict over mating and ferti-

lization: an overview. Phil. Trans. R. Soc. B 361, 235–
259. (doi:10.1098/rstb.2005.1785)

14 Parker, G. A., Baker, R. R. & Smith, V. G. F. 1972 The
origin and evolution of gamete dimorphism and the
male–female phenomenon. J. Theor. Biol. 36, 529–553.

(doi:10.1016/0022-5193(72)90007-0)
15 Gavrilets, S., Arnqvist, G. & Friberg, U. 2001 The evol-

ution of female mate choice by sexual conflict.
Proc. R. Soc. Lond. B 268, 531–539. (doi:10.1098/rspb.

2000.1382)
16 Rowe, L., Cameron, E. & Day, T. 2005 Escalation,

retreat, and female indifference as alternative outcomes
of sexually antagonistic coevolution. Am. Nat. 165,
S5–S18. (doi:10.1086/429395)

17 Fielding, K. & Knisley, C. 1995 Mating behavior in
two tiger beetles, Cicindela dorsalis and C. puritana
(Coleoptera, Cicindelidae). Entomol. News 106, 61–67.

18 Le Boeuf, B. J. & Mesnick, S. 1991 Sexual behavior of
male northern elephant seals: I. Lethal injuries to adult

females. Behaviour 116, 143–162. (doi:10.1163/
156853990X00400)

19 Hurst, G. D. D., Sharpe, R. G., Broomfield, A. H., Walker,
L. E., Majerus, T. M. O., Zakharov, I. A. & Majerus,
M. E. N. 1995 Sexually transmitted disease in a promiscu-

ous insect, Adalia bipunctata. Ecol. Ent. 20, 230–236.
(doi:10.1111/j.1365-2311.1995.tb00452.x)

20 Fowler, K. & Partridge, L. 1989 A cost of mating in
female fruit flies. Nature 338, 760–761. (doi:10.1038/
338760a0)

http://dx.doi.org/10.1086/283319
http://dx.doi.org/10.1016/S0169-5347(02)00004-6
http://dx.doi.org/10.1016/0169-5347(94)90032-9
http://dx.doi.org/10.1006/anbe.2000.1446
http://dx.doi.org/10.1098/rspb.2002.2235
http://dx.doi.org/10.1098/rspb.2002.2235
http://dx.doi.org/10.2307/2410914
http://dx.doi.org/10.1073/pnas.96.9.5083
http://dx.doi.org/10.1073/pnas.96.9.5083
http://dx.doi.org/10.1111/j.1095-8312.2001.tb01359.x
http://dx.doi.org/10.1111/j.1095-8312.2001.tb01359.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01406.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01406.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01386.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01386.x
http://dx.doi.org/10.1098/rstb.2005.1785
http://dx.doi.org/10.1016/0022-5193(72)90007-0
http://dx.doi.org/10.1098/rspb.2000.1382
http://dx.doi.org/10.1098/rspb.2000.1382
http://dx.doi.org/10.1086/429395
http://dx.doi.org/10.1163/156853990X00400
http://dx.doi.org/10.1163/156853990X00400
http://dx.doi.org/10.1111/j.1365-2311.1995.tb00452.x
http://dx.doi.org/10.1038/338760a0
http://dx.doi.org/10.1038/338760a0


Male persistence and female resistance E. Kazancıoğlu and S. H. Alonzo 2347
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