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a b s t r a c t

Extensive theoretical and empirical research has focused on male alternative reproductive tactics. In

comparison, female alternative tactics have attracted little attention, and further theoretical and

empirical research are needed. Using a game theoretical model, we examine female choice alternatives

(1) by considering assessment errors in a novel and more realistic manner than done previously, and (2)

for the first time, by highlighting the formation of groups of females as an important consequence of

copying behavior. We consider two alternatives: direct assessment of male quality by females and

female copying of the choice of other females. Assessment and copying are predicted to coexist under a

wide variety of circumstances and copying is favored when females make assessment errors, when

high-quality males are either common or very rare, and when female fitness declines with the number

of other females choosing the same male. We also find that the frequency of copying at equilibrium is

predicted to decrease when the presence of other females mating with the same male has a positive

effect on female fitness (e.g. through increased male parental effort, decreased predation risk or

cooperation among females). Female alternative choice tactics also influence the potential for sexual

selection. In our model, when the frequency of copying females is low, the potential for sexual selection

can be higher than in the absence of female copying. However, contrary to previous theory, we find that

as copying females become more common than assessing females, the potential for sexual selection will

be low as more females copy the mate choice of other copiers without assessment.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Extensive research has focused on explaining diversity within
and between species. One of the most striking patterns of
variation is the existence of discrete alternative phenotypes
within a population. Alternative reproductive tactics represent
a classic and well-studied example of such discrete variation
(e.g. Gross, 1982, 1991; Gross and Charnov, 1980; Lank and Smith,
1987; Lank et al., 1995; Shuster, 1989; Shuster and Wade, 1991b;
Shuster and Sassaman, 1997; Sinervo and Lively, 1996; Sinervo
et al., 2000; Widemo, 1998; Widemo and Owens, 1995).
Frequency-dependent selection and condition-dependent repro-
ductive success are the most common mechanisms invoked to
explain the coexistence of alternative reproductive behaviors
(Gross, 1984, 1996; Lucas and Howard, 1995; Lucas et al., 1996;
Rubenstein, 1980) and empirical evidence exists for both under-
lying mechanisms (reviewed in Shuster and Wade, 2003).

While most empirical and theoretical research on alternative
reproductive tactics has focused on male alternatives, female
alternative reproductive phenotypes certainly exist. For example,
alternative female color morphs occur in a variety of damselfly
species (Andres et al., 2002; Forbes, 1994; Van Gossum et al., 1999,
2001). In addition, genetically determined female throat-color and
clutch size morphs have been observed in the side-blotched
lizard, Uta stansburiana (Sinervo, 1999; Sinervo et al., 2000) and
more subtle examples of female alternatives exist in the form of
context-dependent female choice (Alonzo and Sinervo, 2001;
Qvarnstrom, 2001; e.g. Sih and Krupa, 1992) and intra-specific
brood parasitism (e.g. Ahlund and Andersson, 2001; Eadie and
Lyon, 1998; Lyon, 1993).

Little empirical research and even less theoretical work have
focused on understanding the factors that lead to discrete
variation in female reproductive patterns. While general theory
showing that frequency- and condition-dependent fitness can
explain the stable coexistence of alternative phenotypes should
also apply to females, it is less clear under which circumstances
female traits will exhibit these patterns of fitness. Given the many
differences between the sexes in reproductive traits and patterns
of selection, theory devoted specifically to understanding the
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evolution of female alternatives is needed. The intent of this paper
is to contribute to such a body of theory by examining the specific
case of discrete variation in female choice tactics and ask when
female alternatives are predicted to coexist.

Most models of intersexual selection assume the independence
of females’ mate choice (reviewed in Andersson, 1994; Jennions
and Petrie, 1997). However, female choice may be non-indepen-
dent for a variety of reasons (Galef and White, 2000; Godin et al.,
2005; Westneat et al., 2000). One form of non-independent
female mate choice that has received attention is copying,
wherein a female copies the mating decisions of another female
(Dugatkin, 1996a, b, 2005; Galef and White, 2000; Gibson and
Hoglund, 1992; Losey et al., 1986; Pruett-Jones, 1992; Shuster and
Wade, 1991a; Sirot, 2001; Stöhr, 1998; Wade and Pruett-Jones,
1990; Westneat et al., 2000). It has been suggested that copying
may be favored when it reduces mate choice errors or various
presumed costs of mate assessment (Dugatkin, 2005; Dugatkin
and Godin, 1993; Gibson and Hoglund, 1992; Losey et al., 1986;
Nordell and Valone, 1998; Pomiankowski, 1987; Pruett-Jones,
1992; Reynolds and Gross, 1990; Slagsvold et al., 1988; Stöhr,
1998).

However, non-independent female choice also has conse-
quences. If we define a ‘‘group’’ as the assemblage of females
that mate (simultaneously and/or sequentially) with a particular
male, then it is apparent that copiers increase the size of the
female groups they join, and this must be at the expense of other
males with whom they might have mated. A recognized
consequence of female mate choice copying is that variance in
male mating success can be greatly increased, thereby influencing
the opportunity for sexual selection and the evolution of preferred
male traits (Agrawal, 2001; Kirkpatrick and Dugatkin, 1994;
Laland, 1994; Wade and Pruett-Jones, 1990). Another consequence
that has not been addressed in the literature is the effect that
female group size might have on the fitness of females in those
groups, and thus on the evolution of female mating tactics. The
presence of other females can have a variety of fitness effects.
Larger female group sizes can be costly if there are limitations on
sperm availability, male parental care, critical habitat, or any
divisible resource (that contributes to fitness) that becomes
increasingly partitioned among more females in a group. Alter-
natively, larger group sizes could be beneficial when associated
with increased male parental care, cooperative care among
females, decreased individual risk of predation or mutualistic
resource exploitation. In general, there are many potential costs
and benefits to being part of a group. In this paper, we consider
the net effect (positive or negative) of female group size on female
fitness, and its consequences for the persistence of copying and
assessment female choice alternatives. A priori, one might expect
that a negative effect of female group size on female fitness might
disfavor copying while a positive effect might favor copying
depending of course on the relative costs and benefits of mate
assessment as well. As we show below, these intuitions are not
borne out.

We present a game-theoretic model of female alternative
reproductive tactics, which, for the first time, highlights the
formation of female groups as a biologically important conse-
quence of copying. We are particularly interested in the conditions
that permit the coexistence of mate assessment and copying
behaviors, while accounting for the influence of female group size
effects. We also consider the possibility that females make
assessment errors, and examine how the frequency of high-
quality males affects the costs and benefits of assessment and
copying behaviors in females, because previous theory (Dugatkin,
2005) has shown these factors to influence alternative female
choice tactics. We focus our analyses on two questions: (1) when
are female alternative reproductive tactics predicted to coexist

and (2) how do female alternatives affect the distribution of
mating success among males and hence the potential for sexual
selection?

2. Model description

We imagine that females choose among males either through
direct assessment and mate choice or by copying the mate choice
of others. Active choice may incur a fitness cost (e.g. reduced
fecundity due to energy or time lost), while copiers avoid that
cost. For the purposes of our model, we follow Pruett-Jones (1992)
and assume that this is a fixed cost that is paid by all assessors.
While the latter assumption may not capture the dynamic nature
of the costs and benefits associated with mate choice, it is the
simplest possible assumption and helps to keep the model
tractable. The main parameter of interest is the proportion of
copying females in the population (c), and we focus on the
conditions under which both female alternative reproductive
tactics (assessing and copying) may coexist. Our model extends
the model presented by Pruett-Jones (1992), which was chosen for
its simplicity and tractability. We also incorporate some ideas
from, and extend, the model presented by Dugatkin (2005), which
itself is an extension of the Pruett-Jones (1992) model that
considers errors.

Females are paired randomly, and the two females in a pair
search together for males, both choosing the same male. Females
mate once, with only one male. For ‘‘assessors’’ (females who
evaluate male quality and make active choices accordingly), this
assumption does not affect their probability of mating with a male
since both females choose among males and pay assessment costs
as if on their own. When a copier is paired with an assessor, the
copier female always follows the choice of the assessor. The
assessor female pays an assessment cost while the copier female
does not. If the pair is composed of two copiers, these females
choose a male at random and do not pay any assessment costs.
The assumption of paired females is utilized, following the
previous studies (Dugatkin, 2005 implicitly; Pruett-Jones, 1992
explicitly) that are here being extended, because it fosters the
mathematical tractability of this dyadic game, without compro-
mising the central biology: assessors choose independently, and
copiers follow their lead. This assumption further implies that
females only know what their paired female does, rather than
having information about the mate choice other females in the
population. Instead, assessor females choose independently and a
copier female chooses based on the behavior of the one female she
is copying. We also assume that copier females cannot preferen-
tially copy the choice of assessor females. The importance of this
will become evident in the discussion of female group size effects.
More complex treatments of the decision-making process have
been considered by Uehara et al. (2005) but their approach was
applied only to a small number of females (three) choosing among
two males. We wish to examine a population of females choosing
among many males, and thus we have chosen simpler assump-
tions to retain tractability. Furthermore, these assumptions are
consistent with the many biological systems in which females
must directly observe the behavior of other females during
copying rather than using other more indirect cues of female
mating behavior.

We include three extensions of Pruett-Jones’ (1992) model. (1)
Following Dugatkin’s (2005) use of two generic resources that
differ in quality, males are here classified as either ‘‘high’’ or ‘‘low’’
quality, a proportion q being high quality. We assume that
variation in male quality is maintained in the population
(0oqo1). While male quality often varies continuously in real
systems, the simplifying assumption of discrete quality classes
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captures the essential biology (that males vary and this affects
female fitness) while keeping the model tractable. The qualitative
results reported here will apply to a wide variety of empirical
systems as long as males vary in quality in a way that affects
female fitness where q captures the relative availability of higher
versus lower quality males. (2) We also consider that assessors
sometimes make rejection or acceptance errors (with probabil-
ities pr and pa, respectively). This treatment of assessment errors
differs crucially from that of Dugatkin (2005). He assumed a single
assessment error term representing the (predetermined) overall
probability of ending up with the undesirable resource type
(e.g. a low-quality male). Instead, we posit that individual
assessment interactions are prone to errors. From this more basic,
and more realistic, assumption we then derive the overall
probability of ending up with each male quality type. As will be
seen below, this leads to a higher (and dynamic) rate of
acceptance errors, especially when high-quality males are rare,
because individual interaction errors become compounded. (3)
The number of females associated with each male (female group
size) influences the fitness of each female. As described above,
female copying affects the distribution of mating success among
males, which can affect female fitness and the costs and benefits
of mate choice copying. Due to these three extensions, we use
some of the variables slightly differently than Pruett-Jones (1992).
In our model, W is the fitness a female experiences by mating with
a low-quality male, W+f is the fitness of mating with a high-
quality male, and k is the cost of assessment, paid by assessors
only. We further introduce Z, the effect of female group size on the
fitness of individual females. Female group size, and thus its
effect, will differ between high (ZH) and low-quality (ZL) males as a
result of female choice. All variables are defined in Table 1.

Assuming that rejection of a male always leads to a new search,
then the probability, overall, that an assessor female ends up
mating with a high-quality male is

PH ¼ qð1� prÞ þ ððqpr þ ð1� qÞð1� paÞÞqð1� prÞÞ þ � � � ,

which is equal to

PH ¼ qð1� prÞ
X1
i¼0

ðqpr þ ð1� qÞð1� paÞÞ
i

 !
.

This simplifies to

PH ¼
ð1� prÞq

pa þ q� prq� paq
. (1a)

Similarly, the probability that an assessor mates with a low-
quality male is

PL ¼
pað1� qÞ

pa þ q� prq� paq
. (1b)

The average fitnesses of assessors, Wa and copiers, Wc will be:

Wa ¼ PHZHðW þ f � kÞ þ PLZLðW � kÞ, (2a)

Wc ¼ ðð1� cÞPH þ cqÞZHðW þ f Þ þ ðð1� cÞPL

þ cð1� qÞÞZLW . (2b)

It is worth noting that random mating would only be favored over
copying if there was no benefit associated with high-quality males
(e.g. when ZH(W+f)oZLW). Eqs. (2a) and (2b) also imply that
copiers can generally invade a population of all assessors since,
when rare, copiers have an equally high chance of mating with a
high-quality male as assessor females yet they do not pay the cost
of assessment. If a mixed ESS equilibrium of assessment and
copying exists, it must occur at a point when the fitnesses of these
two types of females are equal. Setting Wa ¼Wc and solving for c

(the frequency of copier females in the population) yields, with
simplification:

cn ¼
kðpaZL þ qðZH � prZH � paZLÞÞ

qðpr þ pa � 1Þðq� 1Þððf þWÞZH �WZLÞ
. (3)

While purposely general, this model is consistent with species
where males are territorial and females search for males as well as
with species where males search for females and females assess
males prior to mating. Hence, our results should apply to a wide
variety of systems in which females are capable of observing the
mate choice of another female and male quality varies in a way
that females can assess and that affects female fitness.

2.1. The simple case

Suppose that there are no errors in assessment by assessors
(pr ¼ pa ¼ 0), and that there are no effects of female group size
(ZH ¼ ZL ¼ 1). Then Eq. (3) simplifies to

cn ¼
k=f

1� q
. (4)

This is the same result as found by Pruett-Jones (1992), except
that we (like Dugatkin, 2005) also consider the frequency of high-
quality males in the population, leading to the additional (1�q)
term. The ratio of cost of assessment to the benefit of mating with
high-quality males (k/f where kof), scaled by the frequency of
high-quality males (q where qo1), determines the equilibrium
frequencies of copiers and assessors in the population (Fig. 1).

When female group size does not affect female fitness, copying
by females will be more frequent when high-quality males are
common (q large) and the fitness benefit of mating with a high-
quality male (f) is small compared to the cost of assessment and
active mate choice (k). As shown in Fig. 1, copiers are favored
increasingly as the proportion of high-quality males increases.
Intuitively, when high-quality males are common, costly assess-
ment of males is less beneficial. In fact, setting Eq. (4) equal to
zero or one (the biological boundaries) and then attempting to
solve for q shows that, for any non-zero level of costs and any
finite level of benefits: (1) copiers (or more precisely random
choosers when c� ¼ 1) will exclude assessors from the population
when q equals or exceeds 1�k/f, and (2) copiers will always
persist at some level in the population, since k/f cannot be less
than or equal to zero. Explicitly considering the effect of the
frequency of high-quality males increases the circumstances in
which copying (or at the extreme random mating) is favored and
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Table 1
Variables used in the model of female alternative tactics

Variable Definition

M, F The numbers of males and pairs of females in the population

W Fitness associated with mating with a low-quality male ( ¼ 1)

f Additional fitness benefit of mating with a high-quality male

k Fitness cost of assessing male quality

pr Probability of rejection error by assessor female

pa Probability of acceptance error by assessor female

q Proportion of males that are high quality (low-quality ¼ 1�q)

c Proportion of females in population that are copiers (c* represents

an equilibrium value of c)

ZH Average relative change in fitness due to presence of other females

around a high-quality male (will be a function of c, q, pa, and pr)

ZL Average relative change in fitness due to presence of other females

around a low-quality male (will be a function of c, q, pa, and pr)

G(x) Function determining costs/benefits to a female due to the presence

of other females mated with the same male

e Shape parameter for G(x) function

B.J. Brennan et al. / Journal of Theoretical Biology 253 (2008) 561–569 563
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leads to the general prediction that the coexistence of mate
assessment and female copying will be common.

2.2. Incorporating assessment errors

Suppose now that we let pr and pa take on values greater than
zero (but for the moment still ignore female group size effects, i.e.
ZH ¼ ZL ¼ 1). From Eq. (3), we have

cn ¼
kðð1� pr � paÞqþ paÞ

fqðpr þ pa � 1Þðq� 1Þ
. (5)

Differentiating the right hand side of Eq. (5) with respect to pa or
pr gives first partial derivatives that are positive for any
biologically realistic parameter values. Thus, errors in assessment,
either rejection or acceptance errors, decrease the frequency of
assessors at equilibrium (since benefits are diminished but costs
remain constant), and the resulting value of c� is higher than
without errors.

Interestingly, our consideration of assessment errors leads to a
novel and qualitatively different relationship between the stable
frequency of copiers (c�) and the frequency of high-quality males
(q, compare Figs. 1 and 2). As in the case with no errors, there is an
upper threshold for q, beyond which only copiers (random
choosers) exist in the population. However, assessors no longer
have an advantage at very low values of q. When high-quality
males are very rare, assessors still pay an assessment cost, but
they rarely end up with a high-quality male since they often wind
up making an acceptance error before they encounter a high-
quality male. Thus, assessment errors increase the range of
parameter space in which copiers are in the majority, and,
surprisingly, random choice can be favored even when high-
quality males are rare and when intuition would thus suggest that
assessment would be very valuable.

Dugatkin (2005) also found that incorporating assessment
error (thus reducing the benefits of assessment) increases the
frequency of copying. However, he predicts a low frequency of
copiers when the frequency of the preferred resource is low. Recall
that Dugatkin (2005) uses a single fixed assessment error term
representing the overall probability of selecting a resource type. In
contrast, our biologically realistic manner of incorporating errors
allows the overall probability of selecting a male type to be a

function of acceptance and rejection error rates and male
frequency. This leads to the novel prediction of the U-shaped
relationship between copying and male quality shown in Fig. 2. In
fact, such a relationship could not result from the prior model
because of the unrealistic implicit assumption that assessors
(whether or not they correctly select it) are always successful in
finding the good resource no matter how rare.

3. Effects of female group size

Suppose now that the number of females associated with a
male (‘‘group size’’) affects each female’s expected fitness. Let G(x)
represent the change in fitness a focal female experiences due to
the fact that a total of x pairs of females have chosen the same
male as she has (x includes the pair to which a focal female
belongs). For tractability, we choose a simple functional form,
G(x) ¼ xe, where e is a scaling constant that can be negative
(the presence of additional females is costly), zero (the presence
of additional females has no effect on fitness), or positive
(the presence of additional females is beneficial, Fig. 3).

To determine the average effect of female group size on female
fitness (ZH and ZL), we need to derive the expected distribution of
female group sizes in the population. Let p(c) be the probability
that a randomly selected pair of females mates with a high-quality
male. A fraction c2 of the pairs are made up of two copiers; the
remaining proportion (1�c2) of the pairs have one or two
assessors. The former find a high-quality male only at random,
that is, with probability q. The latter find a high-quality male with
probability PH. Thus, we have:

pðcÞ ¼ PHð1� c2Þ þ qc2. (6)

If we have a total of F pairs of females in the population, then p (c)F
pairs of females mate with high-quality males, and (1�p (c))F pairs
of females mate with low-quality males. Similarly, if we have M

males in the population, then the numbers of high- and low-quality
males are, respectively, qM and (1�q)M. With these numbers
defined, we can write Fi(x), the probability that a randomly
selected male of quality i (i ¼ H or L) has a group of females of size
x pairs, using the standard formula for binomial probabilities:

FHðxÞ ¼
ðpðcÞFÞ!

ðx!ðpðcÞF � xÞ!

1

qM

� �x

1�
1

qM

� �ðpðcÞF�xÞ

, (7a)
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Fig. 1. The equilibrium proportion of copiers in the population (c�) as a function of

the proportion of high-quality males in the population (q) when assessors do not

make errors. Shown for k/f ¼ 0.1 (dashed line), 0.3 (solid line), and 0.5 (dotted

line).
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Fig. 2. The equilibrium proportion of copiers in the population (c�) as a function of

the proportion of high-quality males (q) when assessors make acceptance and

rejection errors; dashed line: pa ¼ pr ¼ 0.05 and solid line: pa ¼ pr ¼ 0.1, k/f ¼ 0.3.
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FLðxÞ ¼
ðð1� pðcÞÞFÞ!

ðx!ðð1� pðcÞÞF � xÞ!

1

ð1� qÞM

� �x

1�
1

ð1� qÞM

� �ðð1�pðcÞÞF�xÞ

.

(7b)

With Eqs. (6)–(7), we can thus write formulae for ZH and ZL, which
are simply the means (expected values) of group size effects:

ZH ¼
XpðcÞF
x¼1

GðxÞFHðxÞ, (8a)

ZL ¼
Xð1�pðcÞÞF
x¼1

GðxÞFLðxÞ. (8b)

Although some males will likely experience a female group size of
zero, no female can experience such a group size, thus the sums in
Eqs. (8a) and (8b) begin at one, not at zero. Note that because of
this fact, in practice, the probabilities Fi(x) must be rescaled such
that the sum of such probabilities over the limits given in Eqs. (8a)
and (8b) would be unity (as is required of any discrete probability
distribution function).

Even though the functions we have chosen are simple, c�, the
equilibrium value of c, cannot be found analytically in this case.
The reason is that the sums in Eqs. (8a) and (8b) only have defined
upper limits when c is known, but c cannot be known without
evaluating these sums. To derive predictions about this scenario,
we thus adopted a numeric analysis of the model, which we
present graphically. All analyses were performed in Mathematica
and files can be provided on request. In the figures that follow, we
present plots of the fitnesses of assessors and copiers as a function
of c (using Eqs. (2a) and (2b) and (6)–(8) above). If copier fitness
declines with c, and if the fitness functions have a point of
intersection, then that point is a stable mixed ESS.

Fig. 4 shows how c� varies with q and with the effects of
females on each other, as encapsulated by the exponent e. Fig. 5
shows the distribution of female group sizes among males of high
and low quality for the corresponding cases. Wc, the fitness of
copiers, is always negatively frequency dependent. However, the
fitness of assessors can be either negatively or positively
frequency dependent, which is determined by whether e is
negative or positive. When e is negative (Fig. 4A–B), females have

negative effects on each other’s fitness. Assessor fitness is thus
negatively frequency dependent, since the assessors tend to
aggregate around the good males more than the copiers do (this
is most pronounced for the cases when high-quality males are
rare, Fig. 4A). For the same reason, assessor fitness is positively
frequency dependent when e is positive (Fig. 4C–D). Paradoxically,
assessor fitness is highest when e is positive and when high-
quality males are rare (Fig. 4D), because the condition of few
high-quality males results in the largest aggregations of females
(Fig. 5D). Another interesting result is that, if females impact each
other negatively, assessors do not dominate even if high-quality
males are rare (Fig. 5A). This is because assessors hurt each other
by aggregating in larger female groups around the few high-
quality males that are in the population. This contrasts greatly
with the simple cases (Figs. 1 and 2) in which assessors do very
well relative to copiers when high-quality males are rare
(e.g. compare to dashed lines in Figs. 1 and 2 at q ¼ 0.2). It is
also worth noting that the difference between the dashed and
solid lines in Fig. 5 represents the expected distribution of mating
success among high and low-quality males. When high-quality
males are common, copying replaces assessment and high-quality
males do not have a mating advantage. The potential for sexual
selection on males is predicted to be highest when high-quality
males are rare and the net effect of female group size on female
fitness is positive (note in Fig. 5C that the curve for high-quality
males is skewed farther right, while that of low-quality males is
skewed farther left, resulting in the greatest discrepancy between
average ‘‘harem’’ sizes).

4. Discussion

When we consider the effects of female group size and realistic
errors on female alternative mate choice tactics, we find that
female choice alternatives are predicted to be very common. Our
model predicts the equilibrium frequency of copiers may often
exceed that of assessing females (Figs. 1, 2, and 4). We also predict
the presence of copiers even in situations where the assessment of
males may be especially easy (e.g. leks: in terms of energetics,
Gibson and Bachman, 1992; and predation risks, Höglund and
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Fig. 3. The effect of female group size, x, on female fitness is described by the function G(x) ¼ xe. Representative values of the shape parameter, e, are shown; dashed line:

e ¼ 0.2, solid line: e ¼ 0, and dotted line: e ¼ �0.2.
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Alatalo, 1995) and intuition suggests that choosing might be
favored. In fact, it is precisely when assessment is favored that
we expect copying to coexist with assessment. We predict a
homogenous population (of randomly mating females) only when
assessment itself does not benefit females, and we never predict
assessment without some copying. Our model implies that the
propensity of mate choice copying in leks (reviewed in Jennions
and Petrie, 1997) may be due less to reduced assessment costs

(which should actually favor assessment not copying) than to the
ease of copying at a lekking aggregation.

While we predict that female copying may be common, it is
operationally difficult to demonstrate, with most examples
coming from relatively unnatural studies (but see Alonzo, 2008;
Goulet and Goulet, 2006). Copying cannot be identified by simply
examining female mating patterns with respect to male traits or
other types of inferred ‘‘preference functions.’’ Instead we need
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more information on how females move in space and select
among males in the wild. We also must pay much greater
attention to interactions among females and the effect of other
females on female fitness. When we find patterns of mate choice
that are hard to understand based on standard sexual selection
theory (e.g. Bradbury et al., 1985), we should consider female
copying and the effect of female group size on female fitness as
potential explanations for these counter-intuitive patterns. In
general, however, our model demonstrates that female copying
can persist in a wide variety of circumstances and more generally
that female choice alternatives may be more common than
previously recognized. Further, empirical and theoretical research
examining discrete variation in female choice behavior is certainly
warranted.

Because little is known about the actual mechanisms of
copying in wild populations, we have represented copying (and
mate choice in general) in our model in a very simple manner.
Females always select mates in pairs, and the two members of a
pair always make the same selection. These assumptions certainly
do not capture the diversity and complexity of mating systems
observed in the wild. More complicated and potentially more
realistic mechanisms can certainly be constructed (e.g. Uehara et
al., 2005). However, the representation we used captures the
essential aspects of copying and assessment: assessors tend to
find high-quality males, and copiers benefit from the presence of
assessors. As a result, our model is consistent with a wide variety
of species where females move in small groups and select males
that vary in quality. For example, in species where male parental
care increases with mating success (i.e. e40) as in many fishes
with paternal care, female mate choice copying is predicted to be
common if low-quality males are rare. Altering our representation
of copying and mate choice in an attempt to make it applicable to
a particular system is unlikely to alter the predictions of our
model qualitatively as long as the basic biology of the species is
consistent with the general assumptions. While adding complex-
ity to the copying process is possible, thus far it has made the full
model (with errors and female group size effects) intractable. In
general, our model predicts that female mate choice copying may
be more common than previously predicted and occur in wide
variety of mating systems. However, future theory should
examine the effect of our assumptions regarding female copying
and male quality in further detail.

The operational sex ratio (OSR) has been shown to influence
alternative mating tactics of males (Lucas and Howard, 1995), and
Jennions and Petrie (1997) suggest it may also influence
alternative sampling tactics and mate-choice decisions of females.
Our model, which permits independent variation of the number of
males and females (parameters M and F) and thus OSR, lends
limited support to these ideas. We find no effect of OSR in our first
two scenarios. In our full model, female group sizes and OSR have
pronounced effects on fitness and on the ESS copier frequency
only when high-quality males are rare. The intuitive reason is that
we only observe large aggregations of females—and hence, we
only have many females experiencing the effects of female group
size and/or OSR—when there are relatively few high-quality
males for the assessors (and their copiers) to find. When the
density of preferred mates is low, there can be increased distance,
energetic and time costs to sampling (Real, 1990), and increased
risk of failure to mate (Moller, 1992). Such increased assessment
costs should lead to a reduction in choosiness according to
Jennions and Petrie (1997) and a greater proportion of copiers in
our model. However, a model in which OSR, assessment cost, and
mating success are not independent parameters may be more
appropriate for testing these ideas.

If copying reduces costs, we might expect females that are
more sensitive to assessment costs to be more likely to copy.

Inexperienced females or those in poor condition should be more
likely to copy (Pruett-Jones, 1992), and age-related changes in
propensity to copy have been reported in several groups (Jennions
and Petrie, 1997). Further theory on context- and condition-
dependent alternative female choice tactics is needed. Because
female copying directly affects female group size, it can increase
the variance in male reproductive success. This effect of copying
can be further amplified if copiers can serve as models for further
copying. Modeling such an ‘‘information cascade’’ (Gibson and
Bachman, 1992) would be a useful extension of the present model.
Allowing copiers to copy each other would also draw attention to
the consequences of acting on poor, or even deceptive, mate
choice information.

We have shown that female group size effects can greatly
influence the evolution of female alternative mating strategies.
This raises the possibility that females might base their mating
decisions on female group size itself. Recall that our definition of
group size (the number of females that mate with a male) is broad
enough to include both situations of simultaneous aggregations
(e.g. joint nesting, harems, females at male leks) and multiple
mating separated in time and/or space. Our model is well-suited
to analysis of the latter situation, where multiple mating has
fitness consequences but is not directly, or profitably, assessable.
One promising extension of this model would be to incorporate
female group assessment tactics.

Another important prediction of our model is that including
the very realistic possibility of errors in female assessment leads
to qualitatively different predictions. When female assessment is
assumed to be perfect, copiers can coexist with assessor females
but are only predicted to become common when high-quality
males are common, and thus assessment has little advantage over
random mating (Fig. 1). However, in the presence of assessment
errors, copying is favored at both high and low frequencies of the
preferred, high-quality males. This arises because of the com-
pounding error that occurs as assessor females search for rare
high-quality males. Assessment errors favor copying females that
avoid the cost of assessment, which is highest when preferred
males are rare.

It is also worth highlighting the important effect of the
frequency of high-quality males (q) on the costs and benefits of
assessment versus copying. This has been considered briefly in
previous theory of female copying (Dugatkin, 2005) and clearly
has a large effect on the outcome of our model (Figs. 1, 2, and 4).
Furthermore, if male quality is heritable, then, in the presence of
assessor females, high-quality males should increase in frequency
between generations. However, our model predicts an increase in
q will lead to an increase in the frequency of copying females
(Fig. 4), leading to a decrease in the mating advantage of high-
quality males (Fig. 5). A coevolutionary model of female choice
alternatives and a male trait is an obvious extension of the theory
we present here. In general, however, female copying should
increase in frequency when high-quality males become more
common and thus the mating advantage of these males may
decrease over time (Fig. 5). When low in frequency, copying can
increase the potential for sexual selection. However, in contrast to
previous predictions (Wade and Pruett-Jones 1990), our model
also illustrates that copying can decrease the potential for sexual
selection on male traits when copying becomes more common
(Fig. 5).

There has long been interest in the phenomenon of female
choice, and the evolution of both female preferences and
choosiness have clear theoretical importance (Jennions and Petrie,
1997). However, while we know something about the empirical
benefits of female choice (e.g. Hill, 1991; Norris, 1993; Petrie,
1994), we still know nearly nothing about its costs. Our model,
which hinges on the cost/benefit ratio to females of assessing
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males, highlights the need for such empirical data. More generally,
this model points to the importance of considering vari-
ability among females and their mating patterns as well as
interactions among females. Female choice has been shown to be
capable of both suppressing and generating male alternative
reproductive behaviors in circumstances where the opposite
would have been predicted by male intra-sexual mechanisms
alone (Alonzo and Warner, 2000). Discrete variation in female
choice will also affect inter- and intra-sexual interactions. The
neglect of such complexity represents a clear gap in our
theoretical understanding of sexual selection. Female alternative
reproductive behaviors (of which copying is but one example)
need to be integrated into our general view of alternative
phenotypes. Our model also illustrates that female choice
alternatives will affect the distribution of mating success among
males. However, copying will not universally increase the
potential for sexual selection as previously suggested. In general,
our theory demonstrates that we must consider more carefully
how variation among females might alter our understanding of
female preference functions, the distribution of mating success
among males and hence the potential for and dynamics of sexual
selection.
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