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Female plasticity tends to reduce sexual conflict
David V. McLeod* and Troy Day

Sexual conflict is the divergence of evolutionary interests between the sexes. A neglected aspect of sexual conflict theory is 
that the conflict often occurs within the female’s body, which can lead to a power asymmetry between the sexes. In particular, 
the female may often be able to respond flexibly to the actions of the male, and so exhibits plasticity. Here, we consider the 
implications of female plasticity, and find that it tends to result in lower levels of sexual conflict. We then relate our results to a 
comparison of pre- versus post-copulatory sexual conflict, and we also show that this asymmetry between males and females 
reduces the likelihood of runaway selection, preventing co-evolutionary arms races. Finally, we discuss our results in the con-
text of the evolution of adaptive harm and sexual conflict when there are direct benefits.

That the evolutionary interests of males and females some-
times differ has long been of interest to biologists1–4. This  
divergence of interests is referred to as sexual conflict, and 

usually arises either from between-sex differences in optimal 
mating rate (pre-copulatory conflict) or from between-sex differ-
ences in optimal output per mating (post-copulatory conflict)4.  
Pre-copulatory conflict has resulted in the evolution of traits such 
as the grasping and anti-grasping morphology in water striders5  
and traumatic insemination in bed bugs4, whereas post-copulatory  
conflict may underlie the evolution of traits such as seminal fluid 
proteins (SFPs), which induce physiological and behavioural 
changes in females6 at the expense of female fitness7,8 (but see  
ref. 9), and the co-evolution of counteracting female-expressed 
traits10,11 (but see ref. 12).

Sexual conflict theory generally assumes that neither sex has 
an information advantage over their opponent2,13–17. Yet the arena 
of sexual conflict is often the female body, thereby potentially  
generating an informational power asymmetry18,19. In terms of 
evolutionary game theory, this asymmetry can be best understood 
as the difference between a simultaneous and a sequential game. 
When both sexes play their strategies simultaneously (for exam-
ple, the grasping and anti-grasping morphology of water striders),  
co-evolution proceeds according to a simultaneous game. However, 
often the male has to commit to a particular strategy (for example, 
some composition of SFPs), whereas because the ensuing interac-
tion takes place in her body, the female can potentially respond 
to the male’s attempt at manipulation by plastically altering  
her counter-strategy in a way that depends on what the male has 
done. When this occurs, co-evolution proceeds according to a 
sequential game.

Here, we show that the informational asymmetry of the sequen-
tial game tends to result in lower levels of sexual conflict compared 
with the simultaneous game. We then relate our results to a com-
parison of pre- versus post-copulatory sexual conflict, as pre-copu-
latory conflict may often be akin to a simultaneous game, whereas 
post-copulatory conflict often matches the sequential game. We also 
show that when the assumptions of the chase-away hypothesis20 are 
satisfied, the informational asymmetry often prevents runaway 
selection and co-evolutionary arms races otherwise predicted by 
the simultaneous game. Finally, we discuss how our results provide 
new insights into the evolution of adaptive harm and sexual conflict 
when the female receives direct benefits.

Results
Consider a large, well-mixed sexual population and two heritable 
traits, a male trait, ρ , and a female counter-strategy, κ . Trait expression  
is sex-specific and trait inheritance occurs by fair meiosis. Sexual 
conflict is frequently generated by male intrasexual competition, 
and therefore the evolution of ρ  maximizes relative male fitness, 
W♂(ρ ,κ ), which is the product of the expected number of matings, 
M♂(ρ,κ), and output per mating, F(ρ ,κ ). The term ‘relative’ is used 
because typically a male’s absolute reproductive success is deter-
mined by his ability to procure paternity relative to that of other 
males. On the other hand, in the absence of female intrasexual com-
petition, the evolution of κ  maximizes female lifetime production of 
offspring, W♀(ρ ,κ ) ≡  M♀(ρ ,κ )F(ρ ,κ ), at a demographic steady state 
(see Supplementary Information).

Our focus is on sexually antagonistic selection4,20, and so the 
action of the traits has a negative effect on the (relative) fitness of the 
opposite sex; that is, ∂ W♀/∂ ρ  <  0 and ∂ W♂/∂ κ  <  0. For example, in a 
pre-copulatory setting, mate competition might select for a higher 
male mating rate than that which is optimal for females, whereas in 
a post-copulatory setting, the male might attempt to increase the 
number of offspring produced per mating, and by doing so decrease 
the lifetime reproductive success of the female (for example, because 
SFPs increase female mortality7,8). We will suppose that the female 
trait controls the allocation of resources into the female’s physiologi-
cal/behavioural processes, and so without loss of generality, we sup-
pose that increasing κ  increases her number of matings, ∂ M♀/∂ κ  >  0, 
while decreasing her output per mating, ∂ F/∂ κ  <  0.

We denote the co-evolutionary outcome for the simultane-
ous game as ρ κ( , )* *  and the outcome for the sequential game 
as ρ κ ρˆ ˆ♀( , ( )), where κ ρ♀( ) is the female’s best-response func-
tion. We will let ρ ♂(κ ) denote the male best-response function, 
and assume that both the male and female best-response func-
tions are evolutionarily stable, that is, ∂ ∂ρ | <κ♂ ρ=ρ♂W / 02 2

( )  and 
κ∂ ∂ | < .κ ρ♀ κ= ♀W / 02 2

( )  The change in female fitness due to plasticity is 
then Δ ρ κ ρ ρ κ= ˆ ˆ −♀ ♀ ♀ ♀W W W( , ( )) ( , )* * , whereas the change in rela-
tive male fitness is Δ ρ κ ρ ρ κ= ˆ ˆ −♂ ♂ ♀ ♂W W W( , ( )) ( , )* * .

Although sexual conflict is typically defined as a difference in 
the fitness optima between sexes2,4,19,21, this definition cannot be 
used to compare populations differing in their trait composition in 
our model, such as two different co-evolutionary equilibria. This  
is because any difference in fitness optimum is a property of the 
fitness landscape, rather than a property of a particular population. 
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Thus the difference in fitness optima is a metric for potential rather 
than actual sexual conflict (this is related to one sex ‘winning’ a  
conflict19). Hence, when comparing co-evolutionary equilibria, 
what we are interested in is how close (in terms of fitness) a par-
ticular population is to either the male or female fitness optima. 
Consequently, we consider male and female sexual conflict sepa-
rately, and will say plasticity reduces female sexual conflict if it 
increases relative female fitness, Δ W♀ >  0, and similarly for male 
sexual conflict (if Δ W♂>  0).

As plasticity can only select for ρ  ≠  ρ * if relative male fitness 
increases (see Supplementary Information), it follows that plas-
ticity always reduces sexual conflict from the male’s perspective. 
However, the effect on sexual conflict from the female’s perspective 
is more subtle. The reason for this is that, although a female who 
is able to respond plastically to the actions of a male will always be 
individually fitter than one who can not (as we are not attaching 
explicit costs to plasticity; see also ref. 22), female plasticity also alters 
the selective pressures on the (co)-evolving male subpopulation. In 
doing so, the female inadvertently selects for male variants that may 
either increase or reduce female fitness in comparison with the male 
variants that are selected in the simultaneous game. Thus female 
plasticity, despite always increasing individual female fitness (and 
so being selectively advantageous22), induces selective pressure on 
the male, and this alters the phenotypic composition of the male 
subpopulation in a way that can be beneficial or detrimental to the 
female subpopulation.

To determine which long-term effect of plasticity is expected, 
suppose that plasticity results in a small change in the optimal male 
trait. Then we can approximate Δ W♀ as

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥Δ ρ κ ρ κ ρ ρ≈ ∂
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By definition of ρ κ( , )* * , ∂ W♀( ρ *,κ *)/∂ κ  =  0, whereas since  
ρ  is sexually antagonistic, ∂ W♀/∂ ρ  <  0. Therefore, if ρ ρˆ < *, then  
Δ W♀ >  0 and so plasticity decreases female sexual conflict. 
Conversely, if ρ ρˆ > *, then plasticity increases female sexual  
conflict. Which of these cases occurs will depend on the female  
fitness function W♀.

To determine whether ρ ρˆ < * or ρ ρˆ > * we first write
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where the term in square brackets is the selection gradient of the 
male trait in the sequential game (see Supplementary Information). 
As before, we know that ∂ W♂( ρ *,κ *)/∂ ρ  =  0, whereas ∂ W♂/∂ κ  <  0 
by assumption. Therefore, the direction of change in ρ  as a result 
of plasticity will be opposite to the sign of κ ρ♀́( ): if κ ρ♀́( ) is posi-
tive then plasticity selects for reduced ρ  (that is, ρ ρˆ < *) and vice 
versa. This condition can be expressed in terms of the female fit-
ness function by noting that κ ρ♀́( ) has the same sign as ∂ 2W♀/(∂ ρ ∂ κ )  
(see Supplementary Information). This latter quantity represents  
the change in the selection gradient on the female trait with a change 
in ρ . Thus if larger values of ρ  result in stronger selection for female 
resistance (that is, greater investment in number of matings at the 
expense of output per mating), then ∂ 2W♀/(∂ ρ ∂ κ ) >  0 and thus 
κ ρ >♀́( ) 0. This means that ρ ρˆ < * and so the net result is that plastic-
ity reduces sexual conflict from the female’s perspective. Conversely, 
if larger values of ρ  result in weaker selection for female resistance 
(that is, greater investment in output per mating at the expense of 
number of matings) then ∂ 2W♀/(∂ ρ ∂ κ ) <  0 and thus κ ρ <♀́( ) 0. This 
means that ρ ρˆ > * and thus plasticity will increase sexual conflict 
from the female’s perspective.

Discussion
Pre- versus post-copulatory conflict. Consider how these predic-
tions relate to pre- versus post-copulatory conflict. Pre-copulatory 
conflict typically arises from male intrasexual competition select-
ing for a higher mating rate than that which is optimal for females. 
Although some pre-copulatory behavioural adaptations may involve 
both sexes dynamically adjusting their behaviour during the course 
of each encounter (for example, through a negotiation process23), 
many pre-copulatory adaptations are fixed strategies or investments, 
such as the grasping and anti-grasping morphology in water striders5,  
or the traumatic insemination seen in bed bugs4. Thus the pre-
dicted co-evolutionary outcome is that of the simultaneous game. 
Although some post-copulatory conflict should also be viewed as 
a simultaneous game, such as when the female counter-strategy is 
a morphological (and thus fixed) investment, as in the co-evolution 
of seminal receptacle length and giant sperm seen in Drosophila24, 
many post-copulatory processes involve females responding to 
actions by the male (such as when the male transfers SFPs in the 
ejaculate). For example, in many species SFPs form a mating plug to 
prevent females from remating25, and females may either physically 
remove26 or up-regulate proteases to degrade the mating plug27,28. 
Importantly, the female response to the mating plug depends on its 
size and complexity25; for example, in one study protease activity 
was negatively correlated with plug mass29. As the female response 
varies based on the mating plug, and by extension the male phe-
notype29, this is a sequential game. Another example is sex peptide 
(SP), an SFP that increases ovulation30 and reduces the receptivity of 
females to remating31, while imposing costs on females8. Evidence 
suggests that females have evolved resistance to elevated levels of 
SP by up-regulating proteases to regulate and degrade SP32, as well 
as down-regulating SP receptors required for SP functioning33. 
Although studies have not yet examined whether the level of up- 
or down-regulation on the part of the female is correlated with the 
amount of SP transferred, it seems likely that females will not, for 
example, produce the same quantity of proteases for a small versus 
large amount of SP present. Thus the female response (amount of 
protease produced or level of down-regulation of SP receptors) will 
be dependent on the male phenotype (quantity of SP transferred), 
and so we have a sequential game. Indeed, whenever the proteo-
lytic processing or degradation/inactivation of SFPs is dependent on 
either the type or quantity of SFPs present, the female response will 
therefore depend on the male phenotype, and so the co-evolutionary  
outcome is that predicted by the sequential game. When this holds, 
our model predicts that female plasticity lowers male sexual conflict 
while, provided the female resists males by increasing her invest-
ment in her number of matings at the expense of her output per 
mating, sexual conflict will be reduced from the female’s perspec-
tive as well. Indeed, consideration of the male selection gradient 
in equation (2) (term in square brackets) reveals that if the female 
resists the male, then selection on the male trait in the sequential 
game will always be reduced compared with the simultaneous game 
(see Supplementary Information). The biological implication is that 
the complex and costly adaptations seen in pre-copulatory conflict4 
should be less likely to evolve from post-copulatory interactions in 
which the female can respond flexibly to males.

Chase-away hypothesis. The role played by female plasticity also 
has important implications for the chase-away hypothesis20, which 
supposes that males have some persistence trait increasing male 
fitness at a cost to females. This, in turn, selects for female resis-
tance, leading to increased male persistence20. Models based on 
this hypothesis have used the framework of a simultaneous game 
to show that various evolutionary outcomes are possible, including 
speciation, runaway evolution and evolution to fixed equilibria13–16. 
Our model predicts that female plasticity will not only reduce selec-
tion for exaggeration of the male trait, but it can lead to qualitatively 
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different co-evolutionary outcomes. For example, suppose the male 
strategy is to transfer some quantity of SP or form a mating plug of 
some desired size and complexity. Such a strategy increases the male’s 
expected output per mating (for example, SP elevates female ovula-
tion rate and reduces the likelihood of female remating30); however, 
increasing the amount of SFPs transferred comes at some energetic 
cost to the male4, potentially increasing his mortality and thereby 
reducing his ability to procure future matings. Thus ∂ F/∂ ρ  >  0  
and ∂ M♂/∂ ρ  <  0. The male trait is sexually antagonistic and  
so the costs to the female outweigh any short-term reproductive 
benefits that the female may obtain from the male manipulation 
(as in the case of SP8). Now suppose the female counter-strategy 
to manipulation is to reduce her investment in the current mat-
ing, such as by degrading SFPs or removing mating plugs, so as to 
increase her likelihood of remating. Thus the female trait is sexu-
ally antagonistic. In Fig.  1, we have constructed such an example 
using these general assumptions (see Supplementary Information 
for specific details). In this example, in the simultaneous game the 
male is selected to ‘manipulate’ the female, which leads to the evo-
lution of the male trait in the direction given by the red arrows, in 
turn selecting for the female to resist the actions of the male, leading 
to evolution of the female trait in the direction given by the blue 
arrows. As the female resistance does not depend on the value of 
the male trait in the simultaneous game, female resistance selects 
for increased male antagonism, leading to runaway selection on the 
male trait and a co-evolutionary chase between the sexes (Fig. 1). 
Conversely, in the sequential game the female resistance depends 
on the value of the male trait and so predicts evolution to a fixed 
co-evolutionary equilibrium, as there is a clear maximum of male 
fitness restricted to the female best-response function (Fig. 1). Thus 
female plasticity provides an additional mechanism preventing the 
exaggeration of male traits, and can lead to dramatically different 
co-evolutionary outcomes.

Adaptive harm. Until now we have focused on conflict in which 
the action of the male increases output per mating, ∂ F/∂ ρ  >  0, 
and damage to the female is attributable to pleiotropy. It has been 
argued, however, that it may sometimes be selectively advantageous 
for males to intentionally harm females34,35, a phenomenon called 
adaptive harm. Adaptive harm assumes that the harm potentially 
reduces the female’s overall reproductive output, and so relative 
male fitness is a non-increasing function of harm as well (that is, 
∂ W♂/∂ ρ  ≤  0). Thus if the female response is fixed, harm will never 
be adaptive. However equation  (2) indicates that this may not be 
true under female plasticity (note that plasticity is also assumed by 
refs 34,35). Closer inspection of equation (2) reveals that in addition 
to plasticity, adaptive harm requires a minimum of two precondi-
tions: (1) that the female does not resist harm (for example, divert 
resources to survival/remating) and (2) that effectively synergis-
tic interactions between the harm and female response occur (see 
Supplementary Information). This is likely to be satisfied in a very 
limited number of situations and so harm will rarely be adaptive, 
contrary to what previous models have suggested35,34. Indeed, an 
experimental test showed that the female resists harm (by remat-
ing36), which our model predicts would preclude the possibility 
of harm being adaptive. These difficulties are likely to explain the 
paucity of empirical evidence for adaptive harm6. Notably, when the 
stringent conditions are satisfied, adaptive harm represents a case 
in which plasticity backfires and female sexual conflict increases.

Direct benefits. Although we have assumed the male trait is sexu-
ally antagonistic (∂ W♀/∂ ρ  <  0), sexual conflict can also be generated 
if, for example, SFPs are beneficial to females (∂ W♀/∂ ρ  >  0). Now 
the conflict arises because the female wants the male to ‘manipulate’  
at a level greater then he wants; this is the difference between  
models of sexually antagonistic selection and those of direct benefits4.  

For example, nuptial gifts are protein-rich substances in the ejacu-
late providing direct benefits to females (e.g. increased nutritional 
uptake37,38), while representing a significant investment by the  
male, as the ejaculate can be up to 15–30% of male body weight 
(reviewed in ref. 4).

Our predictions about how plasticity alters the optimal level  
of ‘manipulation’ still hold; however, our expectation for the effect 
on female sexual conflict is reversed (this is a consequence of  
taking ∂ W♀/∂ ρ  >  0 in equation  (1)). In a direct benefits scenario, 
plasticity reduces female sexual conflict if manipulation causes 
females to invest more in output per mating and less in the num-
ber of matings. The logic here is simple: females wish males to 
provide costly benefits, and so to entice them to do so, the female 
must ‘reward’ the male’s investment by increasing her short-term 
reproductive output. If she instead ‘punishes’ the male by increasing 
her remating effort, plasticity will select for males to provide fewer 
benefits to females.

For example, comparative studies of butterflies indicate that 
female remating increases with the size of nuptial gift4,39. As female 
remating rates in these species are often low, it has been suggested 
that perhaps the ejaculate contains compounds inhibiting remating 
and, rather than nuptial gifts, the male ejaculate should be viewed 
as a ‘Medea’ gift38,4. Our model indicates that because the female 
responds to increasing nuptial gift size by increasing her investment 
in remating, the female is actually selecting for the male to reduce 
his investment in nuptial gifts, increasing sexual conflict. Therefore, 
the largest nuptial gifts should be expected for species whose remat-
ing rate decreases with the size of the gift.

That plasticity can sometimes worsen the conflict outcome for 
females, such as when nuptial gifts prompt females to invest in remat-
ing or as in the case of adaptive harm, is counter-intuitive because 
plasticity provides the female with more information. Although it 
is true that having additional information improves individual fit-
ness22,40, it has selective consequences at the population-level. In 
particular, female plasticity changes the selective environment for 
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Figure 1 | Existence of a co-evolutionary outcome for the sequential  
game despite the simultaneous game predicting runaway selection. 
Plotted surface is relative male fitness, W♂(ρ ,κ ), the black curve is the 
female best-response function, κ ♀(ρ ) and the green curve is the male 
best-response function, ρ ♂(κ ). The red circle on the female best-response 
function is the maximum of male fitness restricted to the female best-
response function; this is the co-evolutionary outcome predicted by 
the sequential game. The arrows indicate the direction of evolution 
(blue for female trait and red for male trait) for the simultaneous game, 
demonstrating runaway selection on the male trait. Details on this  
example can be found in the Supplementary Information.
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