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One general cost that has been ignored by most theoret-
ical studies in sexual selection is that choosy individuals
necessarily suffer a decrease in their mating rate (Etienne
et al. 2014; Dechaume-Moncharmont et al. 2016). This is
because choosy individuals spend time searching for par-
ticular mates instead of reproducing with the first member
of the other sex they encounter. When mating events are
sequential, the total number of matings for choosy individ-
uals is thus reduced and this cost—sometimes qualified as
an opportunity cost—occurs even if individuals mate only
once. This is because rejecting mates increases the probabil-
ity of dying before having reproduced. Furthermore, choosy
individuals are also less likely to find a partner before the end
of the reproductive season (see, e.g., Priklopil et al. 2015).
Mate choice is thus intrinsically associated with a trade-off
between the benefits per mating, which increases with choos-
iness, and the mating rate, which decreases with choosiness
(Owens and Thompson 1994; Kokko and Mappes 2005;
Härdling et al. 2008). We call this the fundamental trade-
off of mate choice. Etienne et al. (2014) evaluated the im-
portance of this trade-off under the assumption that mate
choice can evolve in only one sex (the other being considered
indiscriminate). They showed that, depending on the bio-
logical and ecological context, the strength of the trade-off
varies and influences the evolution of choosiness.

Here we extend the model of Etienne et al. (2014) to
study the influence of this fundamental trade-off of mate
choice when choosiness is allowed to evolve in both sexes.
Such a generalization is not trivial because the evolution
of choosiness in one sex influences the evolution of choos-
iness in the other (Johnstone et al. 1996; Johnstone 1997;
Kokko and Johnstone 2002). Indeed, choosiness in each
sex has an effect on the competition for mates in the other
sex, which in turn influences the benefits and costs associ-
ated with choosiness in both sexes. Or as Johnstone (1997)
put it, “the best strategy for males depends on the behav-
iour of females, and vice versa.” We also attempt to obtain
a simple metric that allows for general predictions about
the evolution of choosiness when the trade-off is the sole
evolutionary force shaping mate choice. Etienne et al. (2014)
showed that, within this scope, the evolution of choosiness
in one sex can be predicted in terms of the proportion of
a lifetime devoted to searching for mates, or the relative
searching time (RST). More specifically, the sensitivity of
RST (i.e., ∂RST)—the change in RST caused only by a varia-
tion in any biological or ecological parameter affecting the
mating rate of individuals, while choosiness is fixed—gives
the effect of such variation in selection on choosiness. When
∂RST is positive, lower choosiness is selected, and vice versa.
Here we investigate the predictive power of ∂RST for the
joint evolution of female and male choosiness.

Factors other than the fundamental trade-off ofmate choice
certainly influence the evolution of choosiness (e.g., indi-
rect benefits, sexual conflicts). Yet we chose to study the influ-
ence of this trade-off in isolation for two main reasons. First,
the evolutionary consequences of this trade-off have been
shown to be complex even when choosiness is free to evolve
in only one sex (Etienne et al. 2014). Second, other sources
of selection are likely to act in addition to, and not instead
of, the trade-off we consider. Hence, computing how this
trade-off influences the direct selection of choosiness should
help disentangle the effects of the various selection pressures
that shape the evolution of mate choice. In particular, we
consider the evolution of choosiness given a certain amount
of parental investment in each sex and do not study the
joint evolution that could occur between choosiness and pa-
rental care (Kokko and Jennions 2008). This assumption al-
lows us to study the fundamental trade-off of mate choice in-
dependently from the one between mating rate and parental
care.
Our work complements existing theoretical studies of the

evolution of mutual mate choice. Specifically, we consider a
continuous strategy set for choosiness and thereby extend
previous studies that considered two discrete categories of
choosiness (Crowley et al. 1991; Härdling et al. 2008). We
give game-theoretical solutions for such a continuous strat-
egy set, taking into account the influence of other-sex and
same-sex individuals’ behavior on the evolution of choos-
iness, contrary to some earlier models (Owens and Thomp-
son 1994; Kokko andMonaghan 2001; Simao andTodd 2002;
Kokko and Mappes 2005; Gowaty and Hubbell 2009). As
such, our approach complements the study by Johnstone
et al. (1996), which focused on the diversity of mating pat-
terns emerging from mutual mate choice, and the one by
Kokko and Johnstone (2002), which focused on joint evolu-
tion among choosiness, signaling, and care. Finally, we allow
for any number of mating events throughout a lifetime, in
contrast to models that assume that individuals mate only
once (Parker 1983; McNamara and Collins 1990; Johnstone
1997; Alpern and Reyniers 1999, 2005; Alpern and Katrantzi
2009; Ramsey 2011).
Model

Individual Traits

We consider an infinite population at demographic equilib-
rium with two sexes in equal proportion (sex ratiop 1∶1).
One sex, denoted x, is treated as the focal sex. The other
is denoted y. Each individual i of sex x is characterized by
an environmentally determined quality qx,i and a genetically
determined choosiness fx,i, both real numbers between 0
and 1 (for a summary of our notations, see table 1). We as-
sume qx,i to be directly proportional to the contribution of
a mate to the fecundity of one mating (i.e., it directly trans-
lates into offspring quantity), which is why we call it “qual-
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ity.” Quality is strictly environmentally determined and
follows a beta distribution (with its two parameters denoted
ax and bx), which we assume to be constant across gener-
ations. Assuming that quality has no genetic basis prevents
the emergence of linkage disequilibrium between choosiness
and quality. Thus, there is no indirect selection of choosiness
(and thereby no so-called good genes) in this model. Choos-
iness sets the proportion of other-sex individuals whose qual-
ity is too low to be accepted as mates. For instance, an in-
dividual i of sex x with fx,i p 0:4 rejects all individuals of
sex y in the lower 40% of the quality distribution and ac-
cepts all those whose quality is higher. We denote qy(fx,i)
the minimal value of quality in sex y that is accepted by
the individual i of sex x. Thus, qx and qy correspond to quan-
tile functions in each sex. We assume that individuals make
no error in assessing the quality of their potential mates and
that choosiness is strictly genetically determined by one sex-
specific locus and is expressed as a fixed threshold. Choos-
iness is therefore considered to be independent from indi-
vidual qualities.
Life Cycle

Time is discrete, and at each time step, each individual of
sex x survives with rate sx. We consider that sx is indepen-
dent from all other individual traits (i.e., qx,i and fx,i have
no effect on survival). The expected lifetime of individuals
of sex x is thus 1=(12 sx) (the time step during which an
individual dies is included in its lifetime). At any time step
for which an individual of sex x survives, it randomly en-
counters an individual of sex y with rate g. (Due to the bal-
anced sex ratio, individuals of sex y also encounter individ-
uals of sex x at the same rate g.) If both individuals are
available and accept each other, mating occurs. In this case,
mated individuals of sex x enter a latency period with rate
lx, during which they become unavailable for mating.
Biologically, latency can result from any process that pre-

vents individuals from remating instantly (gamete deple-
tion, mate guarding, parental care, etc.). Latency is not nec-
essarily all-or-nothing in real living organisms, as assumed
in our model. For example, an individual providing pa-
rental care may exhibit an intermediate level of latency
since remating is possible, albeit limited, during this period.
Nonetheless, latency is not all-or-nothing for a group of
individuals in our model. This is true in particular for all in-
dividuals sharing an allele for choosiness because these
individuals will each leave latency at different random times.
Hence, selection will be similar at the level of choosiness al-
leles regardless of whether latency is, at a given time, all-or-
nothing for each individual.
The latent individual, if it survives, then remains in la-

tency with rate lx at each following time step. We therefore
assume that the duration of latency is independent be-
tween the male and the female of a given mating pair. Once
latency is finished, the individual becomes available for mat-
ing again. The transition rates between “available” and “un-
available” states are thus given by the following matrix (see
also Etienne et al. 2014):

::: to available ::: to unavailable

Lx p
from available :::

from unavailable :::

sx(12 gmx,i lx) sxgmx,i lx
sx(12 lx) sxlx

� �
,

ð1Þ

where mx,i is the probability that an individual i of sex xmates,
given that it is available for mating and has encountered an
individual of sex y. Similarly, the transition rates for individ-
uals of sex y are obtained by substituting x for y in the previ-
ous matrix.

ð1Þ
Calculating Mating Probabilities

The probability mx,i that a focal individual i of sex x mates
with an individual j of sex y depends on the probability that
j accepts i and on the probability that i accepts j. Let us first
Table 1: Summary of notation
Variable
 Description
Individual level:

q
 Quality
Class level:

m, p
 Class (mutant, resident)

f
 Choosiness

q(f)
 Minimal quality for being accepted by an

individual of choosiness f

m
 Mating probability

a
 Availability

F
 Lifetime fecundity

r
 Mating rate

b
 Benefits per mating
Sex level:

x, y
 Sex (focal, other)

a, b
 Parameters of the beta distribution

of quality

s
 Survival rate

l
 Latency rate

f (q)
 Probability density of quality

f*
 Choosiness at equilibrium

RST*
 Relative searching time at equilibrium

R*
 Relative increase in mating rate

at equilibrium

B*
 Relative increase in benefits per mating

at equilibrium

Population level:
g
 Encounter rate

zr
 A given biological or ecological variable

affecting the mating rate

zb
 A given biological or ecological variable

affecting benefits per mating
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consider the probability that j accepts i. If i is not of suffi-
cient quality to mate with, it is never chosen by other-sex
individuals, and thus mx,i p 0. If so, it does not transmit
its choosiness alleles and thus does not influence the evolu-
tion of choosiness in the population. Therefore, only indi-
viduals that can obtain mates need to be taken into account
in our evolutionary analysis. In this case, the probability that
j accepts i equals 1.

Second, following our definition of choosiness, the prob-
ability that i accepts j directly depends on the choosiness of
i (i.e., fx,i) and, because individuals try to mate only with
available partners, this probability also depends on the prob-
ability that j is in the available state in equation (1), which we
now call the availability of j. The availability of j is in turn
related to the choosiness of other individuals of sex x. The
reason is that a given individual jmay be in latency after hav-
ing previously mated—and can thus be unavailable for a new
mating. To take this competition for mates into account in
a game-theoretical analysis, it is sufficient to analyze the case
where the variation in choosiness among individuals reduces
to the case where the focal individual i is a mutant in a pop-
ulation adopting some resident strategy. We therefore relabel
the individual i as “m” and consider that this individual has
choosinessfx,mandaqualitysufficienttomate(qx,m ≥ qx(fy,p)).
The mutant belongs to a population where all other indi-
viduals of sex x have choosiness fx,p (with “p” for popu-
lation). We also assume that all individuals of sex y show
the same choosiness, denoted fy,p. Together, fx,p and fy,p de-
fine the residents in the population.

Two situations need to be distinguished to compute the
probability that the mutant accepts j. First, if the mutant is
choosier than other same-sex individuals (fx,m ≥ fx,p), the
potential partners it is willing to mate with are also courted
by residents and are thus not necessarily available. The avail-
ability of such potential partners—that is, the probability that
any individual j of sex y with quality qy,j ≥ qy(fx,p) is in the
available state in equation (1)—is denoted ay,p. Second, if
the mutant is less choosy than residents (fx,m ! fx,p), it is
willing to mate with two types of individuals: those that
are also chosen by resident individuals of sex x, whose avail-
ability equals ay,p, and those whose quality ranges from qy
(fx,m) to qy(fx,p) and are thus always available for mating
with this mutant. Therefore, the mating probability mx,m

that a focal mutant individual i of sex xmates with an indi-
vidual j of sex y is given by

mx,m p

(
(12 fx,m)ay,p if fx,m ≥ fx,p,
(12 fx,p)ay,p 1 fx,p 2 fx,m if fx,m ! fx,p:

ð2Þ

To characterize the mating probability mx,p of a focal-sex
resident whose quality is sufficient to mate with (i.e., with
quality qx,i ≥ qx(fy,p)), we set fx,m p fx,p in the previous
equation. We obtain

mx,p p (12 fx,p)ay,p: ð3Þ

Calculating Mating Availabilities

To obtain the expressions for the mating availability ay,p,
we need to compute, in each sex, the expected time spent
by resident individuals in latency and to divide it by the
expected lifespan. Because the states of the life cycle con-
sidered here forms a Markov chain where death is an ab-
sorbing state, the expected time spent in each state can be
deduced from the transition probabilities between the non-
absorbing states of the life cycle (usingDx p (I2 Lx)

21, with
I the identity matrix and Lx from eq. [1]; see, e.g., Caswell
2001, p. 112). Assuming that individuals start their repro-
ductive life available for mating, we can therefore deduce
the average number of time steps d (first element of the ma-
trix Dx) that a focal-sex resident spends available for mat-
ing throughout its lifetime:

d p
1

(12 sx)(11 (sxgmx,plx)=(12 sxlx))
: ð4Þ

By dividing d by the expected lifespan (1=(12 sx)) and
substituting mx,p for the value obtained from equation (3),
we obtain the probability ax,p, which represents the avail-
ability of residents of sex x whose quality is sufficient to
mate (i.e., with quality qx,i ≥ qx(fy,p)). Substituting x for y,
we similarly obtain the availability ay,p for a resident of sex
y whose quality is sufficient to mate (i.e., with quality qy,i ≥
qy(fx,p)) at a given time step. This leads to the following sys-
tem of two equations with two unknowns:

ay,p p
12 syly

12 syly 1 syg(12 fy,p)ax,ply
,

ax,p p
12 sxlx

12 sxlx 1 sxg(12 fx,p)ay,plx
,

8>>><
>>>: ð5Þ

the solution of which yields

ay,p p
1

2sxgfx,plx(12 sy ly)

�
sxglx(syly(fx,p 2 fy,p)2 fx,p)1 (12 lx)(12 ly)2 1

2 ððsxglx(sy ly(fx,p 2 fy,p)2 fx,p)1 (12 lx)(12 ly)2 1Þ2

1 4sxgfx,plx(12 sxlx)(12 sy ly)
2Þ1=2
�
:

ð6Þ
Exchanging x and y in this expression gives ax,p.
As further computations require the expression of the avail-

ability of a mutant of sex x, we used the same approach to
compute ax,m and obtained

ax,m p
1

11 sxgmx,mlx=(12 sxlx)
, ð7Þ

where mx,m (a function of ay,p) is given by equation (2).

ð6Þ
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Computing the Expected Lifetime Fecundity of a Mutant

Let us define the lifetime fecundity of an individual i as the
number of offspring it produces as a result of all mating
events. We define the expected lifetime fecundity as the life-
time fecundity computed in a lineage of individuals. That
is, the expected lifetime fecundity is computed over the dis-
tribution of contexts in which an individual of this lineage
could be. To obtain this expected lifetime fecundity, we first
compute the expected fecundity Fx(qx,i) of an individual i
of sex x given its quality qx,i. Then we will compute its ex-
pectation over the distribution of quality of qx,i. For these
computations, we assume that the number of offspring ob-
tained from any mating (i.e., the benefits per mating) de-
pends neither on the number of previous matings nor on
the number of offspring obtained from these previous mat-
ings. Therefore, by Wald’s formula for optional stopping
(e.g., Durrett 2010, p. 185), Fx(qx,i) is the product of the in-
dividual’s mating rate (rx,i); its expected benefits per mating
(integrated over the distribution of each partner’s quality),
which we call b(qx,i); and its expected lifetime (1=(12 sx)):

Fx(qx,i) p rx,i b(qx,i) 
1

12 sx
: ð8Þ

To compute the expected benefits per mating b(qx,i), we
assume the reproductive success of a mating pair to be
equal to the mean of qualities of the two members of the
pair, which makes it linear in the individual quality qx,i
and in the expected quality �qy (i) of its mates:

b(qx,i) p
qx,i 1 �qy (i)

2
: ð9Þ

That all individuals of sex y are assumed to have the same
choosiness (see above) implies that among individuals with
different qx,i above the threshold of sex y, rx,i is independent
of qx,i, and individuals of quality lower than the threshold
never mate. Furthermore, �qy (i) differs among individuals
with different choosiness but is identical among individuals
with the same choosiness. Thus, the expected lifetime fecun-
dity Fx,m among all mutants representing amutant lineage can
be written as the product of expected values of the different
terms of Fx(qx,i):

Fx,m p rx,mbx,m 
1

12 sx
: ð10Þ

We will now detail expressions for these expectations.
The expected mating rate rx,m of a focal-sex mutant equals

its availability (ax,m) multiplied by the probability that it finds
an individual of the other sex and mates with it at this time
step (sxgmx,m). From equation (7), this is

rx,m p ax,msxgmx,m p
sxgmx,m

11 sxgmx,mlx=(12 sxlx)
: ð11Þ
From the expression for mx,m (eq. [2]), this becomes

rx,m p

sxg(12 fx,m)ay,p

11 (sxg(12 fx,m)ay,plx)=(12 sxlx)
if fx,m ≥ fx,p ,

sxg((12 fx,p)ay,p 1 fx,p 2 fx,m)
11 (sxg((12 fx,p)ay,p 1 fx,p 2 fx,m)lx)=(12 sxlx)

if fx,m ! fx,p:

8>>><
>>>:

ð12Þ

The expected benefits per mating bx,m of a mutant equals
themean of the respective terms in equation (9), which we re-
write (qx,m 1 �qy )=2. Because other-sex resident individuals
accept any focal-sex individual whose quality is higher than
qx(fy,p), the expected quality of the mutant qx,m is the mean
of the quality distribution in sex x restricted to the range
between qx(fy,p) and 1. This can be written

qx,m p

ð1
qx(fy,p)

q f x(q) dqð1
qx(fy,p)

f x(q) dq
p

ð1
qx(fy,p)

q f x(q) dq

12 fy,p

, ð13Þ

where fx(q) denotes the probability density of quality in sex x
and where the denominator of the right-hand side results
from the definition of fy,p as the proportion of other-sex in-
dividuals whose quality is too low to be accepted as mates.
We need to distinguish two cases when computing the ex-

pected quality of the mutant’s mate (�qy ). First, if the mutant
is choosier than resident individuals of its sex (fx,m ≥ fx,p),
it accepts any individual of sex y whose quality is higher
than qy(fx,m). In this case, the expected quality of its mates
is thus themean of the quality distribution in sex y restricted
to the range between qy(fx,m) and 1. Second, if the mutant is
less choosy than resident individuals of its sex (fx,m ! fx,p),
it can mate with two types of individuals that differ in their
availabilities: those whose quality ranges from qy(fx,m) to qy
(fx,p) (which are always available) and those whose quality
is higher than qy(fx,p) (which are also courted by focal-sex
resident individuals and thus are available with probability
ay,p). In this case, the expected quality of the mates of the
mutant is thus the mean of the quality distribution in sex
y restricted to the range between qy(fx,m) and 1, weighted
by the respective availabilities of the two kinds of potential
mates. By denoting fy(q) the density of the distribution of
quality in sex y, we therefore have

�qy p

ð1
qy(fx,m)

q f y(q) dq

12 fx,m

if fx,m ≥ fx,p,

ðqy(fx,p)

qy(fx,m)
q f y(q) dq1 ay,p

ð1
qy(fx,p)

q f y(q) dq

(12 fx,p)ay,p 1 fx,p 2 fx,m

if fx,m ! fx,p:

8>>>>>>>><
>>>>>>>>:

ð14Þ

ð12Þ
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The general expression for the expected benefits per mat-
ing of the mutant is the average of the expressions for qx,m
and �qy:

bx,m p

1
2

ð1
qx (fy,p )

q f x(q)dq

12 fy,p

1

ð1
qy (fx,m )

q f y(q) dq

12 fx,m

0
BB@

1
CCA if fx,m ≥ fx,p ,

1
2

ð1
qx (fy,p )

q f x(q) dq

12 fy,p

1

ðqy (fx,p )

qy (fx,m )
q f y(q) dq1 ay,p

ð1
qy (fx,p )

q f y(q) dq

(12 fx,p)ay,p 1 fx,p 2 fx,m

0
BB@

1
CCA if fx,m ! fx,p:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð15Þ

In some particular cases, bx,m take a simple form. For
example, if the mutant is choosier than the resident (i.e.,
fx,m ≥ fx,p) and if quality is uniformly distributed in both
sexes (i.e., fx(q) and fy(q) are the beta distribution with ax p
bx p ay p by p 1), then the expected quality of the focal-
sex mutant lineage and of mates are, respectively, (11
fy,p)=2 and (11 fx,m)=2 (as q(f) p f under the uniform
distribution). In this case, the expected benefits per mating
of the mutant is simply given by

bx,m p
1
2

11 fy,p

2
1

11 fx,m

2

� �
: ð16Þ

Analytical Study of the Model

The full analytical methods are described in appendix A
(apps. A, B are available online), but all key steps will be
presented here. We first assessed the existence of a joint
equilibrium for choosiness (i.e., a situation in which both
sexes are simultaneously at an equilibrium for choosiness)
and studied its convergence and evolutionary stability
(sensu Eshel 1996) using standard methods from adaptive
dynamics (Metz et al. 1996; Rousset 2004). A joint equilib-
rium, if it exists, corresponds to the joint solution (f*

x ,f*
y)

of the following system:

∂Fx,m

∂fx,m

�����
fx,mpfx,ppf*

x

p 0,

∂Fy,m

∂fy,m

�����
fy,mpfy,ppf*

y

p 0:

8>>>>><
>>>>>:

ð17Þ

We identified such a solution and studied the convergence
stability in each sex before investigating the joint conver-
gence stability. The study of the joint convergence stability
required the additional assumption of independent muta-
tional effects between females and males. We also assessed
the joint evolutionary stability.

Second, we analyzed the effect of a change in a given bio-
logical or ecological variable z on the equilibrium for choos-
iness in sex x while assuming that other-sex choosiness re-
mains fixed at the equilibrium value reached before the

ð15Þ
change happens (i.e., fy,p p f*
y). This implies the study of

the effect of a change in z on the mating rate and/or the
expected benefits per mating near f*

x (but not on the ex-
pected lifetime because this latter is not related to choos-
iness). Indeed, at equilibrium we can rewrite equation (10) as

0 p
∂1 ln(Fx,m)

∂fx,m

�����
fx,mpf*

x

p
∂1 ln(rx,m)
∂fx,m

�����
fx,mpf*

x

zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{R*
x

1
∂1 ln(bx,m)

∂fx,m

�����
fx,mpf*

x

zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{B*
x

, ð18Þ

where ∂1 represents the right derivative (i.e., we consider the
case fx,m ≥ fx,p in eqq. [12] and [15], but considering the
other case leads to the same results as shown in app. A),
R*

x represents the relative change in mating rate in sex x at
equilibrium, and B*

x represents the relative change in ex-
pected benefits per mating at equilibrium. Biologically, the
value of 2R*

x quantifies the decrease in mating rate when
choosiness increases, that is, the cost of being choosy. The
value of B*

x quantifies the increase in expected benefits per
mating when choosiness increases, that is, the benefit of be-
ing choosy. We demonstrate in appendix A that when z in-
fluences the mating rate only (hereafter called zr), (i) the ef-
fect of a change in zr on the evolution of focal-sex choosiness
can be deduced from the effect of zr on R*

x and (ii) this effect
can also be deduced from the effect of zr on the RST (i.e., the
proportion of a lifetime that is devoted to searching for
mates):

sgn
∂f*

x

∂zr

� �
p sgn

∂R*
x

∂zr

� �
p 2sgn

∂RST*
x

∂zr

� �
: ð19Þ

The term ∂RST*
x=∂zr (which is more compactly denoted

∂RST) corresponds to the sensitivity of the RST of sex xwith
respect to zr, that is, the variation in the RST caused by the
change in zr while choosiness remains fixed in both sexes.
We also demonstrate in appendix A that when z influ-

ences the expected benefits per mating only (hereafter called
zb), the effect of a change in zb on the evolution of focal-sex
choosiness can be deduced from the effect of zb on B*

x :

sgn
∂f*

x

∂zb

� �
p sgn

∂B*
x

∂zb

� �
: ð20Þ

In this situation, we did not find a simple metric such as
∂RST to summarize the effect of a change in zb.
Third, we analyzed the effect of a change in z on the joint

equilibrium for choosiness. Indeed, in the analysis used to
obtain equations (19) and (20) we considered only the di-
rect effect of z on f*

x while f*
y remains fixed, but z can also
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influence f*
y , and f*

y could in turn also influence f*
x . For-

mally, the total variation in the choosiness in both sexes fol-
lowing a change in z is described by the system

df*
x

dz
p

∂f*
x

∂z
1

∂f*
x

∂f*
y

df*
y

dz
,

df*
y

dz
p

∂f*
y

∂z
1

∂f*
y

∂f*
x

df*
x

dz
,

8>>><
>>>: ð21Þ

where df*
x=dz (df*

y=dz) represents the total variation in
choosiness in sex x (y), which includes the effect of z on
the choosiness of both sexes, and ∂f*

x=∂f*
y (∂f*

y=∂f*
x) is

the variation in f*
x (f*

y) caused by a change in f*
y (f*

x) while
z remains fixed.

We have already described the analysis of ∂f*
x=∂z in terms

of R*
x and B*

x , so the same goes for ∂f*
y=∂z (swapping x and

y). To study ∂f*
x=∂f*

y , we would similarly consider the
changes in R*

x and B*
x caused by a change in fy,p. However,

no more definite analytical result could be obtained for
∂f*

x=∂f*
y and thus for the overall effect of z on the joint

equilibrium for choosiness.
Numerical Analysis

Despite the simplicity of the life cycle we consider, some
mathematical complexity emerges because of the joint evo-
lution between sexes. As a consequence, some specific results
cannot be analytically derived from the equations presented
above. We thus complemented the analysis of our model by
computing the numerical solution of our analytical equations
using the software R (R Core Team 2015). To minimize the
risk of missing exceptions to our main conclusions, we in-
vestigated a large number of parameter sets.

To study equilibrium conditions for choosiness in each
sex, we considered the 16 possible combinations between
four different quality distributions for females and males:
uniform (a p b p 1), bell curve (a p b p 10), right
skewed (a p 4 and b p 10), and left skewed (a p 10 and
b p 4). For each of these 16 cases, we generated two tables
of 105 combinations of the other parameters (g, sx, sy, lx, and
ly), one for which values for each parameter were randomly
drawn from a uniform distribution between 0 and 1 (which
we call the continuous tables) and the other for which all
combinations of values among the following range were
considered: 0.001, 0.1, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.99, and
0.999 (which we call the discrete tables). In total, we there-
fore analyzed 3:2# 106 (i.e., 16# 105 # 2) different pa-
rameter sets. We also used the continuous tables to study
the joint evolution of choosiness between sexes.1
1. The procedure is described in the legend of figure 3.
Finally, we studied the predictive power of ∂RST nu-
merically. To do so, we first randomly drew 106 pairs of pa-
rameter sets differing in the value of only one parameter
from each of the 16 discrete tables. For each pair of param-
eter sets we computed the partial variation in choosiness,
the total variation in choosiness, and ∂RST. Second, we
then randomly drew 106 pairs of parameter sets (which
could here potentially differ in g, sx, sy, lx, and ly) from the
same discrete tables. We computed again the partial varia-
tion in choosiness, the total variation in choosiness, and
∂RST for all these pairs. We were therefore able to deter-
mine the predictive power of ∂RST when only one pa-
rameter changes as well as when all parameters are free to
change at the same time, using 1:6# 107 (i.e., 16# 106)
different parameter sets in each case. The numerical analysis
of the predictive power of ∂RST was not replicated using the
continuous table, as most of the parameter space sampled in
the continuous tables does not lead to situations of mutual
mate choice and unilateral choice situations have already
been analyzed in Etienne et al. (2014).
Results

Scope

We will indicate below whether a given result has been ob-
tained analytically (hereafter labeled as an analytical result),
whether it has been obtained for the complete numerical
exploration (numerical result), or whether it has been ob-
tained numerically and corresponds to an effect found in
only part of the parameter space (restricted result). Nu-
merical results are consistent across the entire numerical
exploration and are likely to be as general as our analytical
derivations, that is, true within the scope of the assumptions
made in this model.
Evolution of Mutual Mate Choice

Result 1: There is always one and only one convergence stable
and evolutionary stable (joint) equilibrium for choosiness in
both unilateral choice andmutual mate choice (numerical re-
sult). We numerically solved equilibrium conditions (17)
for the 3:2# 106 parameter sets and found that there is al-
ways one single combination of choosiness that satisfies the
equilibrium condition (numerical result). For these 3:2#
106 equilibria we found only two outcomes for both conver-
gence and evolutionary stability. First, when the equilibrium
is characterized by a null choosiness in at least one sex
(f*

x p 0 and/or f*
y p 0), the values of choosiness at equilib-

rium are the same as in the model of Etienne et al. (2014), in
which the choosiness of the nonfocal sex was constrained
to be null. In this case, the equilibrium is always conver-
gence and evolutionarily stable (numerical result). Second,
























