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Studies on mate choice mainly focus on the evolution of signals that would maximize the probability of

finding a good-quality partner. Most models of sexual selection rely on the implicit assumption that
individuals can freely compare and spot the best mates in a heterogeneous population. Comparatively
few studies have investigated the consequences of the mate-sampling process. Several sampling stra-
tegies have been studied from theoretical or experimental perspectives. They belong to two families of
decision rules: best-of-n strategies (individuals sample n partners before choosing the best one within
this pool) or threshold strategies (individuals sequentially sample the available partners and choose the
first one whose quality exceeds a threshold criterion). Almost all models studying these strategies
neglect the effect of scramble competition. If each paired individual is removed from the population of
available partners, the distribution of partner quality dynamically changes as a function of the strategies
of the other competitors. By means of simple simulations assuming opportunity costs, to the exclusion of
all other costs, we show that scramble competition is a sufficient constraint to severely impair the
evolution of choosy decision rules. In most cases, the evolutionarily stable strategy is to have a very low
acceptance threshold or to sample two individuals at most in the population. This result may explain
some discrepancies between predictions from previous models and their experimental validations. It also
emphasizes the importance of considering the pairing process in studies of sexual selection.
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Mate choice is generally considered to be advantageous through
fitness benefits accruing from mating with a high-quality individ-
ual (Andersson, 1994; but see Kokko, Booksmythe, & Jennions,
2014; Kuijper, Pen, & Weissing, 2012). Because females are most
often the limiting sex, a majority of theoretical and empirical
studies have focused on female choice, with female choosiness
being defined as the effort a female is prepared to invest in mate
assessment in terms of the numbers of potential males sampled or
time spent per male (Castellano & Cermelli, 2011; Jennions &
Petrie, 1997; but see also Reinhold & Schielzeth, 2014). Most
models of female choice, however, rely on the implicit assumption
that females are able to freely compare and easily spot the best
partners in a large heterogeneous population. To what extent this
assumption holds in natural populations is still a matter of debate
(Castellano, 2009a; Lea & Ryan, 2015).
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Various strategies of female choice can be considered from a
theoretical point of view. In his seminal paper, Janetos (1980)
contrasted two main decision rules: best-of-n and fixed-threshold
rules. The best-of-n decision rule, which is sometimes also called
pooled comparison (Uy, Patricelli, & Borgia, 2001; Wittenberger,
1983) or fixed-sample strategy (Wiegmann, Angeloni, Seubert, &
Wade, 2013), is based on direct comparisons within a sample of
males, and the subsequent choice of the one with the highest
quality among them. The threshold decision rule, on the other
hand, assumes that a female sequentially samples one male at a
time, until she finds one whose quality exceeds an internal
threshold criterion, which is sometimes called an internal standard
(Leonard & Hedrick, 2009; Moore & Moore, 1988). The two decision
rules differ strongly in their underlying cognitive assumptions. In
the threshold decision rule the female is assumed to be able to
calculate the value of the different options on an internal scale
(Gibson, 1996; Moore & Moore, 1988). Conversely, the best-of-n
decision rule is based on direct scale-free comparisons which do
not require the assessment of an absolute score for each individual
encountered (Wiegmann, Real, Capone, & Ellner, 1996). However,
the best-of-n decision can also be a cognitively challenging task
because the individual has to remember the identity, quality and
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location of several potential mates (Castellano, Cadeddu, &
Cermelli, 2012; Leonard & Hedrick, 2009), and it relies on the
assumption that the individual is able to transitively order the
potential mates (Dechaume-Moncharmont, Freychet, Motreuil, &
Cézilly, 2013; Lea & Ryan, 2015). Differences in cognitive abilities
may then explain why the best-of-n decision rule has mostly been
reported in vertebrate species in which females are simultaneously
assessing several males (Bensch & Hasselquist, 1992; Byers,
Wiseman, Jones, & Roffe, 2005; Fiske & Kalas, 1995; Murphy &
Gerhardt, 2002; Trail & Adams, 1989; Uy et al., 2001).

Two types of cost can, however, limit the efficiency of mate
choice rules, direct costs and opportunity costs (Dombrovsky &
Perrin, 1994; Janetos, 1980; Luttbeg, 1996; Real, 1990; Wiegmann
et al. 1996; Wiegmann, Mukhopadhyay, & Real, 1999). First, direct
searching costs, in terms of time, energy or predation risk, can
strongly reduce the net benefit of mate choice (Jennions & Petrie,
1997, 2000; Hanna Kokko & Wong, 2007; Parker, 1983;
Pomiankowski, 1987; Real, 1990; Wiegmann et al., 1996). Indeed,
empirical observations suggest that females reduce their searching
effort when the sampling costs are high (Bakker & Milinski, 1991;
Bonachea & Ryan, 2011; Booksmythe, Detto, & Backwell, 2008;
Byers et al., 2006; Godin & Briggs, 1996; Milinski & Bakker, 1992;
Willis, Ryan, & Rosenthal, 2011). Models that take searching costs
into account (Parker, 1983; Real, 1990) lead to two consistent pre-
dictions. (1) Females become less choosy when the searching costs
increase. (2) Once searching costs are taken into account, threshold
strategies dominate best-of-n strategies (Real, 1990; Scheutz,
Harris, & Boyd, 2010; Wiegmann, Seubert, & Wade, 2010), essen-
tially because, by definition, a fixed-sample strategy such as the
best-of-n requires females to carry on sampling individuals even
when they have encountered a high-quality male among the first
sampled males. However, the best-of-n rule is probably better at
coping with a rapidly changing environment. If the distribution of
male quality either locally or temporarily shifts towards higher
values, a fixed-threshold strategy may result in mating with a
partner of mediocre quality. The best-of-n strategy, being scale free,
automatically adjusts to rapid changes in the male quality distri-
bution (McNamara & Fawcett, 2012).

Second, opportunity costs arise when a choosy female spends
too much time on sampling a large number of mates before
reaching a decision, such that, in the meantime, the chosen male
has paired with another female (Etienne, Rousset, Godelle, &
Courtiol, 2014; Pomiankowski, 1987; Real, 1990). Thus, the oppor-
tunity cost is strongly affected by the presence of competitors and
empirical evidence suggests that individuals can become less
choosy in the presence of same-sex competitors (Dale, Amundsen,
Lifjeld, & Slagsvold, 1990; Lindstrom & Lehtonen, 2013). While the
effect of competition within the chosen sex on mate choice has
been widely investigated (review in Wong & Candolin, 2005), the
effect of competition within the choosy sex has received less
attention. It has, however, been suggested that the risk of remain-
ing unmated should strongly reduce the female's acceptance
threshold (Kokko & Mappes, 2005). This so-called ‘wallflower ef-
fect’ (De Jong & Sabelis, 1991; Kokko & Mappes, 2005) arises from
difficulties females have finding available males due to low
encounter rates, a female-biased sex ratio or reproductive asyn-
chrony (review in Kokko & Mappes, 2005). Similarly, in the case of
limited male encounter rates, females should tolerate a large
inbreeding depression from mating with kin instead of waiting for
possibly less-related mates that still have to be found (Kokko & Ots,
2006). However, for the sake of simplicity, these models assume a
constant distribution of male quality.

The link between scramble competition and choosiness itself
deserves closer attention. Searching strategies are influenced by
competition within a population and in turn influence the intensity

of competition. However, searching costs have generally been
modelled as being simply proportional to the sampling effort. For
instance, Real (1990) and Wiegmann et al. (1999) modelled the net
expected fitness with a best-of-n strategy as the expected fitness
gain from mating with the best male in the sample set of n males
minus a cost term proportional to n with a constant coefficient c,
corresponding to the cost of sampling one individual (this marginal
cost is measured in the same unit as the fitness gain due to the
quality of the male). A female that has sampled 10 males is assumed
to pay twice the cost paid by a female that sampled five males. On
the one hand, this simple way of modelling the searching costs
allows for the analytical expression of the optimal strategies. On the
other, these models rely on the implicit assumption that the dis-
tribution of male quality does not vary across time (Wiegmann &
Angeloni, 2007; Wiegmann et al., 1996). However, the sampling
strategies of other individuals in the population are likely to
dynamically modify the quality of the remaining partners if, once
mated, the individual is not available for a long period of time (or
during a time-out period). The probability of finding a good partner
is therefore neither static nor an intrinsic property of a given
strategy. It varies constantly over time and is a function of the
frequency of the other strategies in the population.

The decision to sample one more male before reaching a deci-
sion is obviously more costly when the female faces intense
competition than when she is alone in an infinite population of
available partners. Several models (Collins & McNamara, 1993;
Etienne et al., 2014; Ramsey, 2008) have investigated the effect of
scramble competition on the threshold criterion. In an infinite
population with a ratio o of number of females to number of males,
the evolutionarily stable strategy (ESS) is to rely on the threshold
criterion defined as the quantile above which lies the proportion o
of best males (Collins & McNamara, 1993). For example, in a pop-
ulation in which there are two males for one female, the ESS
strategy would be to accept any male whose quality is above the
median male quality at the population level. In other words, as long
as there are more males than females, the ESS threshold criterion
guarantees that every female will find a male and that every male
whose quality is above this quantile will be paired. This result has
been generalized in finite-sized populations by Ramsey (2008).
Here, we propose to extend these analyses of the ESS threshold in
three directions. First, there is much experimental evidence that
female choosiness decreases dramatically at the end of the court-
ship period or in the event of imminent spawning (Breedveld &
Fitze, 2015; Kodric-Brown & Nicoletto, 2001; Lea, Halliday, &
Dyson, 2000; Lynch, Stanely Rand, Ryan, & Wilczynski, 2005;
Moore & Moore, 2001). We thus consider the last-chance option
(Janetos, 1980): the female finally accepts the last encountered
male irrespective of his quality. She is always certain to secure
reproduction (as long as the sex ratio is female biased). This last-
chance option is thus expected to favour choosy behaviour and
lead the evolution of the ESS threshold towards larger values than
in the absence of the last-chance option. Second, mate-sampling
strategies have been reported to be sensitive to the uncertainty
related to the assessment of female fitness gain from mating with a
particular male (Castellano & Cermelli, 2011; Castellano, 2009b;
Collins, McNamara, & Ramsey, 2006; Luttbeg, 1996, 2004; Phelps,
Rand, & Ryan, 2006; Roff, 2015; Wiegmann & Angeloni, 2007).
This uncertainty arises from limited sensory and cognitive abilities
or because the information inferred from the observed male traits
is noisy or conflicting (Castellano et al., 2012). We investigated how
an imperfect assessment of male quality and the probabilistic de-
cision could affect the female threshold criterion in a situation of
scramble competition. Third, no model has investigated how the
best-of-n strategy evolves under competition. The best-of-n rule
has been criticized because it assumes that a previously
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encountered mate can always be remembered and revisited
(Dombrovsky & Perrin, 1994). Here, we investigated the effect of
scramble competition which involves a continuous removal of
partners: a previously unpaired partner might no longer be avail-
able when the female comes back to him later after having
completed her sample set. However, this decision rule should be
particularly robust in situations of strong competition. Even if all
the previously sampled males have been chosen by other females in
the meantime, the last one, at least, is still available.

THE MODEL

Our goal was to assess the ESS in a self-consistent game-theo-
retic model (Houston & McNamara, 2002; Kokko & Wong, 2007;
McNamara, 2013). While most previous studies have assumed a
constant distribution of partner quality, we modelled the effect of
scramble competition not as a constant cost, but as an emerging
property of the other females' strategies. We assumed a simple
situation in which females search for sedentary males. The in-
tensity of competition arises directly from the sex ratio. We
considered a stable population (Nf females and Ny, males) within a
species with seasonal reproduction and one reproductive event per
season, which corresponds to a reproductive time-out longer than
the courtship period for both sexes, as in the case of biparental care
for instance. A female sequentially visits several males before
choosing a partner and coming back to his nest to mate. The quality
w; of male i is defined on a one-dimensional continuous scale and is
normally distributed (parameters: mean p and standard deviation
o). Following Janetos (1980), we first used u=10 and ¢=1 as
default values, but we later assessed the sensitivity of the model's
predictions to these parameters. With these default values, drawing
a negative quality was highly improbable (99.9% of males have a
quality between 6.7 and 13.3). However, the distribution was
truncated at O in order to ensure that no male has a negative
quality. Females have a directional preference for the highest
quality males. For simplicity and tractability, they do not differ in
fecundity, cognitive skills, sensory ability to locate an available
mate and capacity to defend a territory once mated. Their fitness
payoff is directly proportional to the quality of the chosen male,
which they are capable of estimating from male indicator charac-
ters (Wiegmann et al., 2013).

At the beginning of each generation, all individuals are unpaired.
We modelled asynchronous encounters between females and
available males as a Poisson process (Mangel & Clark, 1988). For a
given female, the time until the next encounter was a random
variable following an exponential distribution (constant rate
parameter r=1). Therefore, females sample males in random
order, and some females start searching earlier than others. Two
females cannot sample the same available male at the same time.
When it is the turn of a given female to sample a male, one male is
randomly sampled from the pool of available males (provided that
there is still at least one unmated male in the population). As soon
as a female accepts a male, they form a stable pair and they are both
removed from the pool of single individuals. The distribution of
quality of the available mates thus changes continuously as a direct
consequence of scramble competition between females. In-
dividuals only mate once in each breeding season. We assume no
extrapair copulation, and paired individuals have no further op-
portunity to reproduce. A female's fitness is proportional to the
quality w; of her partner i. Our aim was to investigate the effect of
opportunity costs, disregarding any other potential confounding
factors that are already expected to decrease choosiness. We
therefore assumed a constant encounter rate independent of the
number of available males and no direct sampling cost (such as
travel cost, energy expenditure or risk of predation). There was no

effect of reproduction timing either (Dunn, Winkler, Whittingham,
Hannon, & Robertson, 2011; Kokko, 1999): two females that pair
with males of identical quality, but at different times in the season,
have the same resulting fitness. The only benefit of pairing early is
to secure a partner: choosy females might never find a male
because less choosy females generally make a quicker decision.

Decision Rules

We considered two decision rules: threshold and best-of-n
(Janetos, 1980). Under the threshold decision rule, a female rejected
every male until she met one with a quality w; higher than her
critical threshold value w.. We let the females sample the available
males until the number of pairs converged to a steady state. Some
females remained unpaired because their threshold criterion was
too high and there were no males reaching the minimal quality.
When the last-chance option (Janetos, 1980) was considered, these
females were then paired with the next sampled male. Recalls were
possible: a female using a threshold decision rule could randomly
sample a previously sampled male again (Wiegmann et al., 1996).

The best-of-n decision rule assumes that the female samples n
males before choosing the best one within this pool. In our simu-
lation, a female sequentially sampled the available males, assessed
their qualities and memorized their locations until she had
completed her pool of n different partners. She finally ranked these
males according to their quality, and came back to the nest of the
best male. If the male was still available, they immediately paired. It
was also possible that, meanwhile, this best male had already been
chosen by another female and was no longer available. So the fe-
male came back to the next best male, and so on. All the previously
visited males could be paired, except the very last one. A female
only visited males that were available at the time step of the
sampling. By definition, her last male was thus always single when
she finally compared the potential partners and made her decision.
Consequently, as soon as she had completed her pool of n males,
she was certain to secure at least one mate (but not necessarily the
best of the sample set). The worst case scenario for a choosy female
would be to not find enough available males while trying to com-
plete a large collection of n males. In that case, she chose from
among the available ones, if any, in her incomplete sample set.

Calculation of the ESS

The calculation of the ESS was performed separately for each
decision rule; we did not confront one decision rule against the
other in the same population. When exploring the threshold de-
cision rule, the strategy of a given female was defined by her
threshold criterion w,. For the best-of-n decision rule, the strategy
of a given female was defined by the number n of males sampled
before choosing the best one. The value of n was not necessarily a
discrete number. We allowed continuous values of n assuming
stochastic behaviour: for example, a female following the mixed-
strategy best-of-3.2 had a probability of 0.8 of sampling three
males, and a probability of 0.2 of sampling four males (McNamara,
Webb, Collins, Székely, & Houston, 1997). A large value of w, or n
indicated a high level of choosiness which would theoretically
allow a female to find a high-quality male if she was alone in a large
population of males. However, the fitness of a female following a
given strategy was strongly dependent on the frequency of the
other strategies in the population through the background distri-
bution of an available male's quality.

For each set of parameters, we used genetic algorithms to
calculate the ESS value (Fawcett & Bleay, 2009; Kuijper et al., 2012).
We evolved the mate search strategies by iterating a simplified
process of mutation and selection over a large number of successive
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breeding seasons. The population size (Ny + Nf) and sex ratio
s = Nm /(Nm + Nf) were kept constant. We assumed that after each
breeding season, a new generation replaced the previous one. The
strategy of the Nf new females was inherited from the strategy of
the previous females. The frequency of a given strategy in the
population was a function of its relative outcome in the previous
generation. The probability p; that a female inherited her strategy
from female j from the previous generation was

where wj was the fitness of the female j (i.e. the quality of the male
she mated). If female j did not succeed in finding a male (w; = 0),
her strategy was not transmitted to the next generation. Accepting
a low-quality male (w; > 0) was still better than no reproduction at
all, because if a female remained unmated, she ended up with null
fitness. We started from a homogeneous population with a resident
strategy in which all females adopted an arbitrarily chosen value of
n (for the best-of-n decision rule) or critical value w, (for the
threshold decision rule). With a probability of 0.05 for each gen-
eration, one randomly sampled female inherited the strategy from
her mother but with a small normally distributed mutation, with a
mean centred on 0 and a variable standard deviation. This standard
deviation was adjusted during the simulation to improve ESS
search. The large initial value (SD = 0.5) allowed extensive explo-
ration of the possible strategies and quick convergence of the al-
gorithm. As the mean strategy value reached an equilibrium, we
decreased the standard deviation of the mutation (SD = 0.02) in
order to limit the effect of the stochastic noise on the estimation of
the ESS and the corresponding fitness gain (Poethke & Hovestadt,
2002).

If the mutation increased the female's fitness, her strategy could
therefore spread in the population and become the new resident. In
contrast, a mutant strategy that was less efficient than the resident
strategy disappeared. The process was iterated (typically over 1500
generations) until no mutant outperformed the resident population
and the simulation reached a steady state (less than 0.1% of varia-
tion for the value of the estimated ESS). We verified that the arbi-
trarily chosen initial condition had no effect on the final steady
state (Fig. 1). To assess the strength of the evolutionary response
(Hereford, Hansen, & Houle, 2004), we also estimated the shape of
the fitness landscape in the neighbourhood of the ESS. We calcu-
lated the difference between the average fitness of the resident
strategy at the ESS (w*) and the fitness of one single mutant (w,)
standardized by oy the fitness standard deviation in the popula-
tion: Aw = (W — W*)/ow. This gives the fitness cost of the muta-
tion in units of fitness standard deviation.

Sensitivity Analysis

The model had a limited number of variables in order to keep it
tractable. The main variable was the sex ratio s, which can be
strongly male biased in natural populations (Donald, 2007;
Kosztolanyi, Barta, Kiipper, & Székely, 2011). Values of s lower
than 0.5 corresponded to an excess of females and intense scramble
competition, while a value of s larger than 0.5 corresponded to an
excess of males and more opportunities for mate choice. The
number of females was kept constant (Nf= 100) as preliminary
simulations showed that larger population sizes had only a mar-
ginal effect on the estimated values of the ESS while they consid-
erably increased the calculation time. A smaller Ny value
quantitatively (but not qualitatively) modified the predictions. We
also assessed the effect of the distribution parameters (mean and
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Figure 1. Example of ESS calculation using a genetic algorithm for the threshold de-
cision rule with the last-chance option. Each curve corresponds to an initial strategy.
We started with homogeneous populations of 100 females and 150 males (sex ratio
s=60% males; the male quality followed a normal distribution with parameters
w=10and ¢ =1). A female contributed to the next generation proportionally to her
fitness (i.e. the quality of her mate). Daughters inherited the threshold criterion of their
mother with rare random mutation. If a mutation improved the fitness of the female,
its frequency increased in the population and modified the mean strategy at the
population level. For each initial value of the threshold criterion, the ESS was calcu-
lated as the mean strategy of 10 000 populations at equilibrium after 1500 generations.

variance) for male quality on the predicted ESS values (Wiegmann
et al.,, 2013).

Error-prone Response

In the threshold decision rule model described above, a female
based her pairing decision on a perfect assessment of the
encountered male's quality. The threshold is a step function with a
clear separation between males that were always rejected and
those that were always accepted. This clear-cut discrimination
between males is unlikely in nature (Valone, Nordell, Giraldeau, &
Templeton, 1996), especially when male quality is only weakly
correlated with female preference (McLean, Bishop, & Nakagawa,
2012). We thus considered the decision process to be subject to
errors (Fawcett & Johnstone, 2003; Houston, 1997; Johnstone, 1997;
McNamara et al., 1997). A female had a probability q of accepting a
male which depended on the difference between the male's quality
w; and the female's threshold criterion we:

1
1 + exp[ — A(w; — we)]

q

This probability tended towards 1 when the difference (w; — w¢)
increased towards large positive values, and towards O in the
opposite situation. The probability of an error decreased as its cost
increased: when a male had a much higher (much lower) quality
than the female's threshold, she accepted him with a high (low)
probability. When the male's quality was close to the female's
threshold criterion, the female's decision was subject to frequent
errors. Parameter A controlled the weight given to the errors on
mate choice. Large values of 1 corresponded to a precise assessment
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of male quality compared to the threshold and a sharp transition
between males that were always rejected and those that were al-
ways accepted. As A decreased, there was an increasing probability
of accepting a male whose quality was lower than the threshold, or
rejecting a male whose quality was higher than the threshold
criterion.

All the simulations were performed using the R programming
language (R Core Team, 2015).

RESULTS

The sex ratio had a similar effect on the ESS for both the
threshold (Fig. 2a) and best-of-n (Fig. 2b) decision rules. When
there were fewer males than females, neither of the strategies
could outperform random choice. For the best-of-n decision rule,
the ESS was best-of-1, i.e. to always accept the first encountered
male, which is identical to random choice strategy (Fig. 2b). The
calculation of the ESS for the threshold decision rule led to analo-
gous conclusions. The strategies converged to low threshold criteria
(we = 7.5, Fig. 2a), which corresponds to random choices. In the
case of pure random choice, the threshold is expected to be equal to
or lower than the minimal male's quality. The genetic algorithm
should theoretically converge towards infinitely low thresholds: a
finite, albeit very low, threshold leads to rare rejections of bad
quality males. Such a suboptimal strategy should be counter-
selected by the algorithm. However, because very low-quality
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Figure 2. Evolutionarily stable strategies as a function of the sex ratio (proportion of
males). For a given sex ratio value, the ESS was estimated using the genetic algorithm
as the mean strategy over 10 000 populations at equilibrium (Fig. 1). The male quality
followed a normal distribution (u = 10 and ¢ = 1). (a) Threshold decision rule with
(continuous line) or without (dashed lines) the last-chance option. The horizontal
dashed line shows the mean quality of the males. Because low-quality males were rare,
the genetic algorithm was unable to accurately converge towards extremely low values
for the threshold criterion, and any threshold criterion w. < 7.5 corresponded to a
random choice strategy. (b) Best-of-n decision rule. The ESS is defined by the mean
number of males sampled before choosing a mate. The ESS function is right contin-
uous: for a perfectly even sex ratio (vertical dashed line), the ESS is best-of-2.

males were exceptional in a finite population, the genetic algo-
rithm converged towards finite thresholds which were sufficient to
accept almost every male. Simple Monte Carlo simulations show
that if one draws a set of 100 independent random numbers that
are normally distributed (x =10, ¢ = 1), the expected minimum
value would be approximately 7.5. For both decision rules, females
engage in a ‘generalized war of attrition’ (Mohamad et al., 2015),
and they are forced to be less choosy than their competitors: the
first female trying to increase her choosiness exposes herself to the
risk of remaining unmated.

At even sex ratios, the abrupt increase in choosiness with the
best-of-n decision rule (Fig. 2b) was due to the fact that every fe-
male was certain to mate with a male, even if he happened to be a
low-quality one. Females only assessed the quality of a single male
at the time of the sample. Thus, the last male visited, at least, was
available. This was also true for the threshold decision rule with the
last-chance option (Fig. 2a, thick line), which led unsuccessful fe-
males to finally accept one of the remaining low-quality males.
Females were certain to mate under a male-biased sex ratio. In
contrast, without a last-chance option, a choosy female was not
certain to find a male: the ESS for the threshold decision rule
without the last-chance option slowly increased without a sharp
transition around an even sex ratio (Fig. 2a, dashed line), and
remained lower than the ESS for the threshold strategy with a last-
chance option. For sex ratios larger than 0.5, the curve of the ESS
threshold without the last-chance option perfectly matched the
values predicted by Collins and McNamara (1993). When the sex
ratio became strongly male biased, ESS choosiness increased but in
order to observe a threshold criterion higher than the average male
quality (which would not be considered as a very high level of
choosiness in many sexual selection studies), there must be at least
twice as many males as females (s > 0.66). When the resident
population was at the ESS, a mutant increasing her threshold value
by one standard deviation of male quality (¢) suffered from a 0.26 ¢
decrease in her expected fitness payoff for s = 0.5 (Fig. 3a) and a
0.37 ¢ decrease for s= 0.6 (Fig. 3b). The best-of-n decision rule
followed the same qualitative properties, with a sharp transition
around an even sex ratio. The choosiness then increased with the
number of available males per female (Fig. 2b). When there were
twice as many males as females, the ESS was to compare four males
(best-of-4). By comparison, with the threshold decision rule
without a last-chance option at the same sex ratio, females that
found a male meeting the criteria of their ESS value sampled 3.6
males on average. When the resident population was at the ESS, a
mutant increasing her sample size by two males suffered a decrease
in her fitness payoff of 0.80 ¢ for s = 0.5 (Fig. 3c) and 0.10 ¢ for
s = 0.6 (Fig. 3d).

The two decision rules (at their corresponding ESS value) led to
a very close expected fitness gain (Fig. 4) around an even sex ratio.
With a female-biased sex ratio, the ESS was to mate randomly and
the expected fitness gain E(w) thus decreased as a function of the
sex ratio s, and the mean male quality u: £(w) = us/(1 —s). With an
increasingly male-biased sex ratio, both decision rules led to a
regularly increasing fitness gain while the best-of-n decision rule
exhibited a slightly lower gain than the threshold decision rule. For
large proportions of males, the threshold strategy dominated the
best-of-n strategy. This was expected because the best-of-n strat-
egy does not target any given male quality. If a female following a
best-of-3 strategy samples three low-quality males, she will accept
one of them. In addition, the best-of-n strategy is somewhat more
rigid than the threshold strategy. It forces the female to complete
her sample of n males, even when she has already found a high-
quality male earlier during the sampling process. In addition, at
the end of the process, a female could be forced to accept a very
low-quality male from those remaining in her sample set. This is
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Figure 3. Assessment of the strength of the evolutionary response around the ESS for the two decision rules and two values of the sex ratio. Assuming a single mutant in a resident
population at the ESS (as defined in Fig. 2), the cost of the deviation from the ESS was estimated as the standardized fitness of the mutant: the difference between its absolute fitness
of the mutant wy, and the average fitness of the resident strategy w* divided by the fitness standard deviation ay,. This gives the fitness cost of the mutation in units of fitness
standard deviation. Except when the mutant strategy is the same as the ESS (indicated by the arrow), the standardized fitness of the mutant is negative. The male quality followed a
normal distribution (u = 10 and ¢ = 1). (a) Threshold decision rule, proportion of males s = 0.5. (b) Threshold decision rule, s = 0.6. (c) Best-of-n decision rule, s = 0.5. (d) Best-of-n

decision rule, s = 0.6.

not usually the case with the threshold decision rule. The ESS
threshold criterion guarantees that every female finds a male
within the top ranked males.

When the male quality variance increased while the mean was
kept constant (Fig. 5a), the ESS for the best-of-n rule remained
constant. This was expected because it is a comparative rule based
on rank and not the absolute value of the potential mate
(McNamara & Fawcett, 2012). For the threshold decision rule with a
last-chance option, the absolute value of the ESS either decreased
or increased with the variance as a function of the sex ratio (Fig. 5b).
This behaviour is consistent with that predicted by Collins and
McNamara (1993) for the threshold decision rule without a last-
chance option. In their model, the ESS threshold criterion was the
upper quantile of the male quality distribution which corresponded
to a proportion of males equal to the ratio of the number of males
over the number of females. In a large population, the ESS threshold
corresponded to the maximal male quality which guarantees that
when ffemales are paired, the fbest males have been chosen. When
there were at least two males per female, the ESS threshold was
larger than the median quality of the males and the absolute value
of the threshold should increase when the male quality variance
increases. With lower proportions of males, the ESS threshold lies
below the median male quality and therefore should decrease

when the variance increases. We observed the same pattern with
the last-chance option. The absolute value for the ESS threshold
criterion corresponded to a quantile of the male quality distribu-
tion. Once this value was standardized w. = (w¢— u)/o, the
threshold criterion w.' corresponded to a distance to the mean
quality and was measured in standard deviation units. This stan-
dardized ESS threshold criterion w."* remained constant when the
variance of the male quality distribution changed (Fig. 5c). Irre-
spective of the variance or the mean quality distribution, as long as
the worst males had a low probability of leading to null fitness (no
large overlap of the quality distribution with zero), the ESS criterion
can therefore be seen as a constant percentile of the male popu-
lation. The female should accept or reject a male as a function of his
rank in the population and not as a function of the absolute value of
his quality. The mean male quality had only limited effect on the
ESS (see Appendix).

The precision of the male's quality assessment for a female using
a threshold decision rule had an effect on choosiness (Fig. 6).
Increasing the uncertainty (a higher probability of accepting a low-
quality male or rejecting a high-quality male) led to decisions being
made more cautiously and a higher level of choosiness. However,
too much uncertainty made the process of quality assessment
difficult and the ESS choosiness decreased.



E-X. Dechaume-Moncharmont et al. / Animal Behaviour 114 (2016) 249—260 255

11
& 10.5f
2
=
o
[}
=
S
o
<
[}
= 10}
1
1
|
\ —— Threshold
X --- Best-of-n
| Random choice
9.5F |

0.45 0.5 0.55 0.6 0.65 0.7 0.75
Proportion of males

Figure 4. Mean fitness gain as a function of the sex ratio for the threshold decision rule
with the last-chance option (continuous line) and the best-of-n rule (dashed line). The
fitness gain of each rule was estimated as the mean quality of the males chosen by the
females using the ESS criterion predicted for the corresponding sex ratio (as illustrated
in Fig. 2). The quality of the males was normally distributed (u =10 and ¢ = 1). The
vertical dashed line shows an even sex ratio. The horizontal dotted line shows the
expected fitness with random choice. With female-biased sex ratios, the mean fitness
gain with random choice decreased with the sex ratio as not all of the females
managed to find a male.

DISCUSSION

Opportunity costs arising from scramble competition represent
a sufficiently strong constraint to severely reduce and, in many
cases, almost suppress female choosiness. Importantly, this result
holds even when there are more available males (chosen sex) than
females (choosy limited sex). More generally, non-negligible op-
portunity costs are a crucial component of decision making under
scramble competition, and they should be observed in all contests
for possession, consumption or use of any indivisible goods
(whether they are sexual partners, nest sites or territories). For
simplicity and tractability, we did not consider any sampling costs
other than opportunity costs. It was a conservative assumption
because the addition of other sampling costs, such as energy cost,
risk of predation, risk of injuries during competition for a mate or
time cost, has been reported to decrease choosiness in many
models (Fawcett & Johnstone, 2003; Pomiankowski, 1987; Real,
1990; Wiegmann et al., 1996).

In many species, choosiness has been reported to increase when
the number of competitors decreases (Kvarnemo & Simmons, 1999;
Lindstrom & Lehtonen, 2013; Madden & Whiteside, 2013; Schacht
& Borgerhoff Mulder, 2015; Stoffer & Uetz, 2015), eventually lead-
ing to a sex role reversal in the case of a biased operational sex ratio.
The more abundant available sex is assumed to be more intra-
sexually competitive than the limited sex because there is a lack of
available partners at any one time (Berger-Tal & Lubin, 2011;
Kvarnemo & Ahnesjo, 1996). However, this does not mean that
there is no competition at all among the limited sex. As pointed out
in the review by Rosvall (2011), females rarely compete for a
number of mates; they mainly compete for high-quality partners.
Care should thus be taken to avoid thinking that female intrasexual
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Figure 5. Comparison of ESS choosiness as a function of the variance of male quality.
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populations centred around the mean value u = 10 and with a standard deviation of
either ¢ =1, ¢ =2 or ¢ =4.(b) ESS for the threshold criterion with the last-chance
option as a function of p and the proportion of males: s = 0.5 (triangle), 0.6 (cross)
and 0.75 (black circle). (c) Standardized value for the ESS threshold criterion. The
parameters and key are the same as in (b).

competition
population.

The benefit of choosing a good partner is not always as large as it
may appear at first sight. Random mate choice could be an adaptive
strategy in many situations. For instance, it is useless (or even
costly) to be choosy if only the best males manage to control a
territory (Meuche, Brusa, Linsenmair, Keller, & Prohl, 2013) or
exhibit sexual displays over a lengthy period of time (Castellano,
2009b; Friedl & Klump, 2005). In such situations, the probability
of large fitness gain is sufficiently high when randomly picking a
male or when simply mating with the closest one. Even extreme
costs, such as a high risk of being cannibalized (Barry & Kokko,
2010) or a large inbreeding depression (Kokko & Ots, 2006)
arising from mating with a carelessly chosen partner, do not sys-
tematically lead to a high level of choosiness when the mate
encounter rate is low. Therefore, observations of mating patterns
consistent with random mating have been reported in several field
studies (review by Castellano et al., 2012).

rarely evolves within a strongly male-biased

Experimental Assessment of the Decision Rules

Several authors have discussed whether one can infer the fe-
male's decision rule by experimentally manipulating male quality
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distribution (Roff, 2015; Seubert, Wade, & Wiegmann, 2011;
Wiegmann et al., 2013, 1996). It is an important and complex
question. So far, experimental studies have not allowed researchers
to unambiguously identify the sampling strategy followed by ani-
mals because sampling behaviours seem to be compatible with
both decision rules (Castellano et al., 2012). If one could rely on
strategy-specific predictions about female behaviour as a function
of the male quality distribution, it would be very useful to design
efficient experimental set-ups to investigate mate-sampling
strategies.

With that in mind, Seubert et al. (2011) compared optimal
thresholds in two populations with different distributions of male
quality. When the male quality from these two populations was
normally distributed with the same mean value, the distribution
with lower variance was stochastically dominant over the other at
the second order. In this situation, the authors predicted that the
optimal threshold value should always be higher for a female in
the population with the highest male variance. However, this
analytical result only holds if one assumes constant (eventually
null) searching costs and a constant quality distribution. With
scramble competition, these two assumptions no longer hold.
Scramble competition constantly modifies the distribution of
available mates and induces variable opportunity costs. When one
takes opportunity costs into account not as a constant but as a
dynamic constraint emerging from the sampling process itself, the
absolute value of the ESS threshold appears to be strongly
dependent on the sex ratio. Our simulation partly confirmed some
of Seubert et al.'s (2011) results: in a situation of very low
competition (more than two males for one female), the ESS
threshold increased with the variance. However, we also found the
opposite result in more competitive situations (fewer than two
males for one female): the absolute ESS threshold decreased with
the male variance. This example illustrates the crucial importance
of taking the effects of the perceived competition into account in
mate-sampling experiments. For instance, rearing conditions
involving a high density of same-sex individuals could induce a
strong bias in the perception of competition by the females and
thus severely decrease their choosiness at a later time during mate
choice experiments.

Our results could also partly explain the apparently suboptimal
behaviours reported in ‘secretary problem’ experiments, a classic
optimal stopping problem in economics (Ferguson, 1989; McCall &
McCall, 2008), which can immediately be interpreted as a mate
choice problem. The problem is stated as follows. A recruiter has to
choose one (and only one) secretary from among a finite set of n
candidates. He interviews them sequentially. During the interview,
he can immediately and precisely estimate their quality. He then
has to decide whether he accepts the candidate (and rejects all the
remaining candidates without interviewing them), or he rejects the
candidate and never sees her again. Human subjects in these ex-
periments have been observed to terminate their search much
sooner than the predicted optimal strategy (Seale & Rapoport, 1997,
2000). Several alternative decision rules (for instance, rules based
on ranks or a predetermined number of high-quality candidates)
have been proposed in order to reduce the discrepancies between
theoretical predictions and experimental observations (Bearden &
Murphy, 2007; Stein, Seale, & Rapoport, 2003). However, the
calculation of optimal strategies in the ‘secretary problem’ assumes
no effect of scramble competition (but see Collins & McNamara,
1993; Ramsey, 2008). If one considers that most sampling strate-
gies have evolved to cope with highly competitive situations, it is
possible that subjects adopt a low level of choosiness because it is a
generally adaptive strategy under scramble competition. What
appears to be a cognitive bias could be adaptive in a more realistic
ecological context (Fawcett et al., 2014; Kacelnik, 2006; Todd &
Gigerenzer, 2012).

Decision Rule under Uncertainty

Our simulations predicted a nonmonotonic effect of uncertainty
in the assessment of male quality. The ESS level of choosiness first
increased when the reliability of the cues regarding male quality
decreased. We then observed a decrease in choosiness when the
assessment reliability decreased too much: if there is not enough
information to be gained from assessing a given quality cue, it is
useless to be choosy with respect to that cue. This result is not fully
consistent with the analytical predictions by Wiegmann and
Angeloni (2007) in a nongame-theoretical model. These authors
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assumed that the expected fitness gain from pairing with a given
male was a random variable defined from both observed and un-
observed male attributes. The level of uncertainty in the quality
assessment, which increased the variance of the potential fitness
gain for the female, did not affect the optimal threshold criterion.
However, in their study, the mate quality distribution was assumed
to remain constant and was not a function of the other female
strategies.

Our simulation might explain why some experimental studies
have reported apparently contradictory results. In the wolf spider,
Schizocosa floridana, females rely on both visual and seismic
courtship signals to assess male quality. The use of these multi-
modal signals is reported to facilitate the detection of available
partners and increase information about mate quality (Candolin,
2003). When they could not rely on visual cues and only used
one component of the multimodal signal (which should reduce the
accuracy of the mate quality assessment), the choosiness of the
females increased (Rundus, Sullivan-Beckers, Wilgers, & Hebets,
2011). In contrast, female three-spined sticklebacks, Gasterosteus
aculeatus, spent less time searching and visited fewer males in the
absence of visual stimulation (Heuschele, Mannerla, Gienapp, &
Candolin, 2009). It is possible that the level of uncertainty was
lower in the first experiment than in the second, leading to an in-
crease in choosiness in the former and a decrease in the latter.

In our model, the assessment error was assumed to be inde-
pendent of the threshold criterion: for instance, the probability of
accepting a male whose quality was lower than the female
threshold criterion by one unit of standard deviation was the same
when the threshold corresponded to the mean of the male quality
distribution or to the top 5% of males. It is possible that the
assessment precision is higher for the best or worst males than for
the medium quality ones. For the sake of simplicity, we also
assumed a linear functional relationship between the perceived
male quality and the female's fitness gain. However, it is possible
that the perceived male quality is translated in terms of female
fitness gain, assuming a nonlinear (for instance, concave) function
(Wagner, 1998; Widemo & Saether, 1999; Wiegmann et al., 2013).
The predicted level of the optimal threshold or number of males
sampled could thus be quantitatively different (Wiegmann et al.,
2013, 1999).

Individuals can also optimize their assessment effort (for
instance, by spending more time assessing each candidate) as a
function of the level of perceptual errors (Abbott & Sherratt, 2013;
Bogacz, Brown, Moehlis, Holmes, & Cohen, 2006; Chittka,
Skorupski, & Raine, 2009; Trimmer et al, 2008). Following
Wiegmann and Angeloni (2007) and Phelps et al. (2006), in order to
keep our model simple, the level of uncertainty was a given prop-
erty of the environment; females could not lower the risk of
accepting a low-quality partner by increasing the effort put into cue
assessment. In uncertain environments, one strategy of the female
could be to increase the time spent evaluating each individual
rather than increasing the total number of sampled partners. In a
nongame-theoretical situation, Castellano and Cermelli (2011)
showed that both the threshold level and the time spent evalu-
ating prospective mates decreased as the time cost increased.
When one adds the effect of scramble competition, ESS choosiness
could be affected by the possibility of trading speed for precision.

Alternative Mate-sampling Strategies

The aim of this paper was to emphasize the importance of
opportunity costs arising from scramble competition. We have
therefore focused our attention on the two most extensively
studied decision rules in mate choice instead of systematically
investigating all the alternative rules proposed in the literature: a

decision based on prior information about the distribution of mate
quality at the population level (Castellano et al., 2012; Dombrovsky
& Perrin, 1994; Mazalov, Perrin, & Dombrovsky, 1996); a decision
rule that is flexible across the season or towards the end of the
reproductive or courtship period (Bleu, Bessa-Gomes, & Laloi,
2012; Dukas & Baxter, 2014; Johnstone, 1997; Ramsey, 2008); and a
decision relative to female quality (Beckers & Wagner, 2011;
Cotton, Small, & Pomiankowski, 2006) or competitive ability
(Fawcett & Johnstone, 2003; Hardling & Kokko, 2005; Venner,
Bernstein, Dray, & Bel-Venner, 2010). More generally, pair forma-
tion can result from mutual mate choices (Alpern & Katrantzi,
2009; Bergstrom & Real, 2000; Johnstone, 1997; Johnstone,
Reynolds, & Deutsch, 1996; Ramsey, 2011; Real, 1991). We
modelled a simplified situation in which territorial males were
passively visited by mobile females. However, even territorial
males can express choice through their motivation to engage in
courtship or, in contrast, to chase a low-quality female away
(Rowell & Servedio, 2009).

Conclusion

The variation in female mating decisions has been poorly
investigated despite its central role as a selective force acting on
the evolution of male traits (Cotton et al., 2006). However, the
level of female choosiness is highly constrained by scramble
competition. The effects of opportunity costs described herein are
far from negligible. They should considerably decrease the
strength of sexual selection. Sexual selection models have classi-
cally discussed the effect of preference on competition, but there is
a complex interplay between the preference functions and pat-
terns at the population level. In our model, the opportunity cost
can be seen as an emerging property of competition resulting from
the bias of the (operational) sex ratio, and in turn it shapes the ESS
level of choosiness. Future models of coevolution between male
traits and female preferences should take into account the
dynamical effect of competition within the choosy sex. The op-
portunity costs should decrease female choosiness and, therefore,
the intensity of sexual selection. One cannot simply dismiss this
effect on the basis that there are generally many more males than
females. Our study exemplifies that non-negligible opportunity
costs can arise even in the case of a strongly male-biased opera-
tional sex ratio.
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APPENDIX: SENSITIVITY ANALYSIS: EFFECT OF THE MEAN
MALE QUALITY.

Following Janetos (1980), as default values, the male's quality
was normally distributed (x = 10, ¢ = 1). With these parameters,
pairing with one of the males from the lowest quantile of the
quality distribution was still far better than no reproduction at all.
As the fitness can be understood as a relative measure, changing the
distribution parameters of male quality had generally no effects on
the ESS. However, in the case of large variance or low mean quality,
the distribution of male quality was truncated in order to avoid
negative fitness gain for the female: each negative fitness gain was
reduced to a null fitness, which corresponds to the pairing with a
sterile male. When the mean quality decreased while the variance
remained constant (i.e. when the relative difference between the
best and worst male increased while their absolute difference
remained constant), the proportion of low-quality males leading to
a truncated fitness increased (Fig. Ala). The ESS threshold criterion
thus increased, but this increase corresponds to a modification of
the operational sex ratio as the number of fertile males decreased
(Fig. A1b). This effect became apparent for a proportion of sterile
males larger than a few per cent (for instance, with u = 2, 2.2% of
the males were sterile on average). The best-of-n decision rule was
less sensitive than the threshold decision rule to the modification of
the distribution parameters (Fig. Alc). This was expected because it
is a comparative rule based on rank. The fact that the lowest quality
males within the fixed sample led to a poor (eventually null) fitness
gain had no serious consequences for the decision rule.
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Fig. A1. Comparison of ESS choosiness as a function of the mean male quality. (a)
Probability density function of male quality for four populations centred around either
u=1u=2, u=>5 or u=10. The standard deviation was kept constant, ¢ = 1. With
=2, 2.2% of the males were expected to have a quality truncated at zero (a female
would have no fitness gain to mate with these males). With u = 1, this percentage was
16%. (b) ESS for the threshold decision rule with the last-chance option for three
proportions of males: s=0.45 (circle), 0.5 (triangle) and 0.6 (cross). Because the
threshold criterion is defined as an absolute value of quality, it is expected to decrease
with u. To compare the ESS criteria across the condition, they have been shown as
standardized values (w.*—u)/a, which represents a distance (in standard deviation
units) to the mean male quality. (c) ESS for the best-of-n decision rule. The sex ratio
and key are the same as in (b).
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