
How does an individual’s optimal behaviour depend on
its quality? An analysis based on relative ability

A.I. Houston,1 J.M. McNamara2* and M.L. Hernandez3

1School of Biological Sciences and 2School of Mathematics, University of Bristol, Bristol and
3QinetiQ Ltd, Malvern, Worcestershire, UK

ABSTRACT

We analyse how an organism’s behaviour is predicted to depend on its quality when there is a
trade-off between survival and reproduction and fitness can be written in the form of a product
of these two factors. The analysis is general, but we focus on two specific cases: the level of
display of a male trying to attract a female and the level of effort of a parent caring for young.
In each case, an increase in the level of behaviour increases the risk of mortality. The analysis is
based on a consideration of how the performance of a high-quality individual relative to a
lower-quality individual depends on behaviour. If relative performance increases, then higher-
quality individuals are predicted to work harder; conversely, if relative performance decreases,
then higher-quality individuals are predicted to work less hard. We also analyse the con-
sequences of optimal behaviour. In particular, we show that the young of a high-quality parent
may have a lower survival probability than the young of a lower-quality parent. We highlight
other cases in which fitness has a product form, but where the product terms are not necessarily
survival and reproduction. Our analysis still applies to these cases and again shows that relative,
rather than absolute, perfomance is the appropriate biological variable to consider.
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INTRODUCTION

The trade-off between survival and reproduction is a fundamental component of life-
history theory (e.g. Roff, 1992; Stearns, 1992). This trade-off may arise in a variety of ways.
For example, courtship may involve an increase in predation risk (Magnhagen, 1991;
Andersson, 1994). This can occur because predators respond to the signals that a species
uses to attract mates (Zuk and Kolluru, 1998). Another possibility is that the trade-off may
be based on the costs of parental care – a parent can only increase the prospects of its young
at a cost to its own survival (Clutton-Brock, 1991).

In our analysis of the trade-off between survival and reproduction, we will be concerned
with the effect of an animal’s quality on the behaviour that it adopts. We allow the term
‘quality’ to have a broad interpretation. Differences in quality could arise because of
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differences in a trait such as size, coloration, energy reserves or state of the immune system.
The quality of an individual may also be a measure of some external variable such as the
food availability of the individual’s territory or the condition of the individual’s mate. For
most of the analysis, we assume that animals can be ranked in terms of their quality x, with
high-quality individuals being better than low-quality ones in terms of either survival or
reproduction. The behaviour variable, u, represents some measure of reproductive effort.
If we consider an animal of given quality, survival decreases with the level of effort. The
trade-off arises because some aspect of reproductive success increases with u. For example,
consider a male displaying to a female. In this case, x might be male size or coloration and
u would be the male’s level of courtship. The question is, then, how does a male’s level of
courtship depend on his quality? Survival might decrease with u because of predation, but
reproductive success might increase with u because of an increase in the probability of
mating with a female. To model this, we could take a male’s survival probability and its
mating success to be functions S(u, x) and B(u, x), respectively, of its courtship level and
quality. On the assumption that survival is necessary to achieve reproductive success, the
male’s fitness is given by the product

w(u, x) = S(u, x)B(u, x) (1)

This problem of male courtship has been analysed by Reynolds (1993). One of our aims is
to re-analyse this example, to clarify why the functions that Reynolds used led to his particu-
lar theoretical predictions and to establish when the opposite conclusions are obtained.
As another example, consider a parent bringing food to its dependent offspring. For this
example, quality might be the availability of food in the parent’s territory, the parent’s
ability to obtain food or the parasite load of the offspring. If we take u to be the parent’s
foraging effort, then again parental survival will decrease with effort, but given that
the parent survives, the success of the young will increase with effort. Assuming that the
young only survive if the parent survives, then the fitness of the parent is given by equation
(1).

In the above examples, the decision variable u is a measure of effort, S is survival and B is
reproduction. There are, however, many examples in which fitness can be written in the form
of equation (1), but with a different interpretation of the variables. A product form for
fitness arises in various contexts, including the following:

• Lek size and male rank. The rate at which females visit a lek depends on the size of the lek.
The probability that a male mates with a visiting female depends on lek size and his rank.
The expected number of matings that a male obtains is a product of these two factors.
His optimal lek size maximizes the expected number of matings and depends on his rank.
We expand on this case and the analogous case of the optimal size of a foraging group in
the Discussion.

• Level of predator inspection. If an animal inspects a potential predator, the probability
of survival depends on both the animal’s quality and the level of inspection. The fitness
of the animal is the probability that the animal survives the inspection multiplied by its
reproductive value given the inspection.

• Number and quality of offspring. The reproductive value of an offspring in a batch of
young may depend on batch size and maternal quality. The contribution to the fitness
of the mother from a given batch of young is equal to the number of young multiplied by
their reproductive value.
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• Trade-off between growth and reproduction. Assume that an animal must reach a given
size to obtain any reproductive success, but that success is independent of the time at
which the critical size is reached. Let µ(u, x) be the predation rate and let γ(u, x) be the
net rate of energetic gain as a function of size x and foraging effort u. Gilliam (1982)
showed that the optimal choice of u as a function of x can be found by minimizing the
product µγ

−1.

We start with a general analysis of how the optimal value of a decision variable u is
predicted to depend on quality x when fitness is a function w(u, x) of these two variables.
This can be thought of as an extension of the results on signalling given by Getty (1998). We
then focus on the special case in which fitness has the form of a product given by equation
(1). Given the product form, we obtain novel general results about optimal behaviour in two
special cases. In one case, x influences S but not B; in the other, x influences B but not S.
In each case, we show that whether the optimal value of u increases with x (and hence with
fitness) depends on how the relative performance of two individuals with different qualities
depends on behaviour. We use our results to give a detailed analysis of the dependence of
effort on quality in the two cases mentioned above: that of a male choosing his level of court-
ship effort and that of a parent choosing how much effort to devote to feeding its young.

GENERAL RESULTS

Let w(u, x) denote the payoff to an animal of quality x when the animal chooses effort u.
Throughout this paper, we assume that w(u, x) is an increasing function of x for fixed
behaviour u, so that high-quality individuals have a larger payoff for given effort. Let u*(x)
denote the optimal effort given quality x. Our general analysis is based on the assumption
that the partial derivative of w(u, x) with respect to u equals zero at u = u*(x):

∂w

∂u �(u*(x), x)
= 0 (2)

Thus, the general analysis does not deal with cases in which u*(x) is at one extreme of the
possible range of u. In this section, we derive a condition that is sufficiently strong to ensure
that u*(x) is an increasing function of x for all x. An analogous condition ensuring u*(x) is
a decreasing function is also given.

When is

du*

dx �x
≥ 0 for all x? (3)

It can be shown that this condition is equivalent to

∂2w

∂u∂x �(u*(x), x)
≥ 0 for all x (4)

(cf. Reeve, 1989; Getty, 1998). Alternatively, since w(u, x) is maximized if, and only if,
log[w(u, x)] is maximized, condition (3) holds if, and only if,

∂2 log w

∂u∂x �(u*(x), x)
≥ 0 for all x (5)
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Note that, to verify either condition (4) or condition (5), it is necessary, for each x, to
evaluate the payoff at u = u*(x). Thus, in general, it is necessary to know u*(x) before
conditions (4) or (5) can be verified, although in special cases it is possible to avoid a direct
determination of u*(x) in verifying these conditions. But if u* has to be determined first,
then it can be directly established whether this function is increasing and conditions (4) and
(5) are redundant.

A useful, practical criterion for condition (3) to hold should be based on simple
properties of w(u, x) and should not require the explicit, and often difficult, determination
of u*(x). Both of the conditions

∂2w

∂u∂x �(u, x)
≥ 0 for all u and all x (6)

and

∂2 log w

∂u∂x �(u, x)
≥ 0 for all u and all x (7)

are sufficient to ensure that condition (3) holds. Neither is a necessary condition: it is
possible to construct examples for which condition (3) holds but conditions (6) and (7) both
fail to hold.

Condition (6) has been applied by Getty (1998). Here we focus on condition (7). As we
will demonstrate, the logarithm in this condition leads to especially simple criteria when
w is the product of two functions. The following central result reformulates condition (7) in
terms of ratios.

Condition (7) holds if, and only if,

w(u, x2)

w(u, x1)
is an increasing function of u for all x1 and x2 with x1 < x2 (8)

The proof is given in the Appendix. The analogous result when the inequality is reversed is
as follows:

∂2 log w

∂u∂x �(u, x)
≤ 0 for all u and all x (9)

if, and only if,

w(u, x2)

w(u, x1)
is a decreasing function of u for all x1 and x2 with x1 < x2 (10)

Thus, if condition (8) holds, then u*(x) is everywhere increasing, whereas if condition
(10) holds, then u*(x) is everywhere decreasing.

ARE HIGH-QUALITY MALES PREDICTED TO COURT MORE?

We now apply our general analysis to condition-dependent courtship. In this section, we
assume that a male courts a specific female and must choose his level of courtship u.
Following Reynolds (1993), we assume that courtship incurs a mortality cost and that if
the male dies during this period, he achieves no reproductive success. We thus take fitness
w(u, x) to be given by equation (1) where
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S(u, x) = the probability that the male survives

and

B(u, x) = the male’s future reproductive success given that he survives

S(u, x) is a decreasing function of the level of courtship u. B(u, x) takes into account both
the probability of mating with the female in the current bout of courtship (and hence the
reproductive success in the current bout) and also reproductive success in future bouts (if
any). B is an increasing function of u. Fitness w(u, x) is always taken to increase with quality
x for given effort u.

We examine the circumstances in which the optimal courtship level u*(x) increases with
x. We also consider whether the resulting reproductive success given that the male survives
increases with x. In other words, our two issues are: (i) do high-quality males court more
and (ii) do high-quality males have greater reproductive success given that they survive?
Although B may include contributions from any future reproductive attempt, one scenario
is of particular interest for issue (ii). Suppose that the male gets no reproductive success
after courting and possibly mating the current female. Also suppose that if he mates with
the current female, his reproductive success does not depend on u or x. Then, B(u, x)
is simply proportional to the probability that the male mates with the female. Hence issue
(ii) now becomes (iia), does a high-quality male have a higher probability of being chosen by
the female?

We concentrate on two specific cases. In the first, quality influences survival but not
subsequent reproductive success; in the second, quality influences reproductive success but
not survival.

Quality influences only survival

In this case, reproductive success given survival, B(u), depends on courtship level u but not
on quality x. Thus, the only effect of quality is on survival during the courtship period. Here
quality might be some measure of the male’s condition that the female does not use in
deciding whether to mate with the male. For example, male wolf spiders (Hygrolycosa
rubrofasciata) attract females by drumming on leaves with their abdomen. Females prefer to
mate with males that drum at a high rate, but mating probability does not depend on the
male’s mass (Kotiaho et al., 1996). Mappes et al. (1996) showed that drumming is costly in
terms of energetic expenditure and they suggested that large males may be better able to
survive given this cost. It might, therefore, be reasonable to model the behaviour of the male
spider by taking u to be drumming rate and x to be quality, as indicated by body mass,
and assume that B increases with u, whereas S decreases with u and increases with x. In
other examples, quality could be some aspect of the environment that influences predation
risk, provided that the female does not allow this factor to influence her decision to mate.
Reynolds (1993) took quality to be a function of size, with large males having a higher
predation risk and hence a lower quality. This is only valid in the context of the current
analysis if females do not base their mating decision on male size.

Let x1 and x2 be qualities, with x1 < x2. Then

w(u, x2)

w(u, x1)
=

S(u, x2)B(u)

S(u, x1)B(u)
=

S(u, x2)

S(u, x1)
(11)
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We will say that the relative survival increases if

S(u, x2)

S(u, x1)
is an increasing function of u for all x1 and x2 with x1 < x2 (12)

Similarly, relative survival decreases if

S(u, x2)

S(u, x1)
is a decreasing function of u for all x1 and x2 with x1 < x2 (13)

By equation (11) and the conclusions established in the General Results section,

relative survival increases ⇒ optimal courtship level increases as quality increases (14)

relative survival decreases ⇒ optimal courtship level decreases as quality increases (15)

In his model, Reynolds (1993) took survival to decrease with body size. To re-analyse
Reynolds’ model, we take x to be a decreasing function of body size. Reynolds’ functions
can then be written as

S(u, x) = e−k − α(x)u (16)

where α(x) is a decreasing function of x and hence an increasing function of body size, and

B(u) = m(1 − e−gu) (17)

where m and g are positive constants. Reynolds (1993) found u* explicitly and hence showed
that optimal courtship level decreases with size – that is, u* increases with quality.

A limitation of Reynolds’ analysis is that it does not establish whether the relationship
between u* and x is general. Below we show that the relationship does not always hold.
Given that the relationship is not general, Reynolds’ analysis does not reveal what features
of his specific functions have given rise to the relationship. The results that we have
established make it straightforward to understand the results of Reynolds’ model. It follows
from equation (16) that

S(u, x2)

S(u, x1)
= e(α(x1) − α(x2))u

Thus, since α(x) is a decreasing function of x, relative survival is an increasing function of u
for x1 < x2. It follows from condition (14) that u* is an increasing function of x. This result
shows that Reynolds’ conclusion does not depend on the specific form of B that he
assumed, it just depends on the fact that relative survival is increasing.

In this case, the analysis based on relative survival is much more clean-cut than one based
on the partial derivative ∂2w/∂u∂x (condition 6). This partial derivative depends on both B
and S, and is positive for some values of x and u and negative for others, and thus provides
no insight into the behaviour of u*.

As Reynolds (1993) pointed out, whether high-quality males should court more depends
on how courtship level and male quality interact to determine survival. As we now
demonstrate, different biological scenarios lead to different forms of the interaction. For
illustrative purposes, suppose that the male courts for a time interval of fixed length T, after
which the female decides whether to mate with the male. During the courtship, predators
are encountered as a Poisson process of rate λ. If a predator is encountered, the male is
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killed with probability K(u, x), where u is the male’s courtship level and x is his quality. Then
the male survives the courtship period with probability

S(u, x) = e − λTK(u, x) (18)

We consider four cases. First, suppose that

K(u, x) = α(x)β(u) + constant (19)

where α(x) is a decreasing function of x and β(u) is an increasing function of u (see Fig. 1a).
The survival function of Reynolds (equation 16) implicitly has a K of this form. Various
circumstances could lead to this form of K. For example, suppose that animals differ in their
ability to escape from an attacking predator. Then, β(u) could be the probability that the
male fails to detect the predator until it is within attacking range and α(x) could be the
probability that the male fails to escape given that the predator gets into attacking range.
Suppose, instead, that males differ in their conspicuousness to predators. Then, β(u) could
be the proportion of time that the male is exposed to view, and hence could potentially be
seen by a predator, and α(x) could be the probability that the male is seen given that he is
exposed to view. Regardless of the underlying biology, if K has the form (19), then

S(u, x2)

S(u, x1)
= eλTβ(u)(α(x1) − α(x2)) (20)

which is increasing in u for x1 < x2. Thus optimal courtship levels increase with male quality
whatever the form of B(u).

Second, suppose that

K(u, x) = α(x) + β(u) (21)

where, as before, α(x) is a decreasing function and β(u) is an increasing function (see
Fig. 1b). A K of this form could, for example, arise if there were two different types of
predators, with mortality from the first sort depending on quality but not courtship level,
and mortality from the second sort depending on courtship level but not on quality. For this
form of K, relative survival does not depend on courtship level u and hence the optimal
courtship level is independent of quality.

Third, suppose that K is again given by equation (21), but that now time T is not fixed
but is a random variable with an exponential distribution with mean t0. A variable T would
be appropriate if different females required different courtship durations (and the exact
duration is unknown to the male). Then, taking expectations to find S, we have

S(u, x) = E{e − λTK(u, x)} =
1

1 + λt0(α(x) + β(u))
(22)

(see Fig. 1c). Thus

S(u, x2)

S(u, x1)
= 1 +

λt0(α(x1) − α(x2))

1 + λt0(α(x2) + β(u))
(23)

which is a decreasing function of u for x1 < x2. By condition (15), the optimal courtship level
decreases with male quality.

Finally, suppose that, on encounter with a predator, the predator immediately attacks.
The predator requires time τ for an attack; the attack is successful if the sum of the time to
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Fig. 1. Male survival S(u, x) as a function of courtship level u and male quality x in three cases.
In each case, we plot S(u, x) against u for x = 0.1, 0.3, 0.5, 0.7 and 0.9. (a) S(u, x) = e − λTK(u, x),
where λT = 1 and K(u, x) = (1 − x)u. In this case, relative survival, given by equation (20), increases.
(b) S(u, x) = e − λTK(u, x), where λT = 1 and K(u, x) = (1 − x) + u. In this case, relative survival is con-
stant. (c) S(u, x) = E{e − λTK(u, x)}, where λ = 1, T is a random variable with an exponential (1) dis-
tribution and K(u, x) = (1 − x) + u (see equation 22). In this case, relative survival, given by equation
(23), decreases.
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detect the predator and the subsequent escape time exceeds τ. Suppose that the male only
detects a predator if it takes time off from courtship to scan the environment, and assume
that the times between successive scans have an exponential distribution with mean β(u).
Thus the greater the courtship level, the lower the vigilance. The quality x now determines
the time α(x) taken to escape. For this scenario

K(u, x) = exp�−�τ − α(x)

β(u) �� (24)

Relative survival is no longer a monotonic function of u for this form of K. This can
result in optimal courtship levels that first decrease and then increase with male quality
(Fig. 2).

So far, we have considered the first issue – that is, whether optimal courtship increases
with quality. We now turn our attention to the second issue – whether males with higher
quality have higher reproductive success. Because B is increasing in u and independent of x,
it follows that B(u*(x)) is increasing if, and only if, u*(x) is increasing.

Trait influences only reproductive success

In this case, the male’s survival does not depend on his quality. To illustrate this case,
Reynolds (1993) assumed that a male’s mating success depends on both his level of court-
ship and his size, whereas his survival just depends on his level of courtship. We can view
size as an example of a measure of quality that can be observed by a female and is used by
her to influence her probability of mating, but does not influence survival. In addition to a
trait that can be observed by the female, B might depend on some aspect of male quality
that the female cannot observe but which has an effect on the male’s reproductive success
in future bouts. It is also possible that the quality measure refers to the female that the male
is courting rather than the male directly. For example, quality might be female fecundity,
which is usually positively correlated with female size in fish (e.g. Wootton, 1990) and
insects (e.g. Thornhill and Alcock, 1983), receptivity or paternity.

Fig. 2. Optimal courtship level u* when quality x determines the time α(x) taken to escape from
a predator once the predator has been detected. Survival during courtship is S(u, x) = e − λTK(u, x), where
K(u, x) is given by equation (24) with τ = 2, α(x) = 1 − x and β(u) = u. B(u) = e − 1/u. Three values of
λT are illustrated: (i) λT = 1.6, (ii) λT = 1.8, (iii) λT = 2.
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Applying our criterion to the case in which x does not influence survival, we have

w(u, x2)

w(u, x1)
=

S(u)B(u, x2)

S(u)B(u, x1)
=

B(u, x2)

B(u, x1)
(25)

We will say that relative benefit increases if

B(u, x2)

B(u, x1)
is an increasing function of u for all x1 and x2 with x1 < x2 (26)

Similarly, relative benefit decreases if

B(u, x2)

B(u, x1)
is a decreasing function of u for all x1 and x2 with x1 < x2 (27)

By equation (25) and the conclusions established in the General Results section,

relative benefit increases ⇒ optimal courtship level increases as quality increases (28)

relative benefit decreases ⇒ optimal courtship level decreases as quality increases (29)

In his model, Reynolds (1993) took B to increase with size, so in this case we can take our
quality measure x to be size. The function used by Reynolds was

B(u, x) = m(1 − e−ux) (30)

where m is a positive constant. This function is illustrated in Fig. 3a. Reynolds found
u* explicitly for a particular survival function and showed that u* is a decreasing function of
size. In fact, if benefit is given by equation (30), this will be true for any survival function,
since relative benefit is decreasing, and so u* decreases with x.

It follows from our results that if relative benefit is increasing, then u* will increase with x
for any survival function. As an example, let

B(u, x) =
ux

1 + u + x
(31)

This function is illustrated in Fig. 3b. It is straightforward to show that, in this case, relative
benefit is increasing and hence u* is increasing.

We now consider the second issue – that is, the dependence of B on x if the male adopts
the optimal level of courtship. Let

B*(x) = B(u*(x), x) (32)

Then, given our assumption that ∂B/∂x > 0, it is clear that if u* is an increasing function of x,
then B* will also be an increasing function of x. If u* is a decreasing function of x, there
are two conflicting effects of an increase in x. The direct effect of x on B will increase B, but
the indirect effect through u* will decrease B. The outcome will depend on the relevant
functions, as can be seen from formalizing the above argument:

dB*(x)

dx
=

∂B

∂x
 +

∂B

∂u

du*

dx

It can be seen from this equation that the sign of du*/dx is not enough to determine the sign
of dB*/dx. For example, if u* decreases as x increases, B* may either decrease or increase.
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This is illustrated in Fig. 4. In both the cases considered,

B(u, x) =
u + x

1 + u + x
(33)

This function is illustrated in Fig. 4a. For this function, relative benefit is decreasing and
hence du*/dx is negative. The cases differ in terms of S(u) and hence in the magnitude of
du*/dx and the resulting behaviour of B* (Fig. 4b,c).

ARE HIGHER-QUALITY PARENTS PREDICTED TO WORK HARDER?

Although we have presented our analysis in terms of a male’s level of courtship, it applies in
other contexts as well. As an example, consider a parent looking after dependent young.
Assume that the parent must survive a certain period to obtain any reproductive success.
This assumption would hold if the young died following the death of the parent. Let

S(u, x) = the probability that the parent survives

Fig. 3. The male’s benefit from courtship B(u, x) in two cases. (a) B(u, x) is given by equation (30)
with m = 1. In this case, relative benefit is decreasing. B(u, x) is plotted against u for x = 0.4, 0.8, 1.2,
1.6 and 2. (b) B(u, x) is given by equation (31). In this case, relative benefit is increasing. B(u, x) is
plotted against u for x = 1, 2, 4, 8 and 16.
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and

B(u, x) = the reproductive success from current brood given that the
parent survives plus any future reproductive success.

Fig. 4. The courtship model with benefit B(u, x) given by equation (33). In this case, relative benefit
decreases. (a) B(u, x) as a function of courtship intensity u for x = 0.1, 0.3, 0.5, 0.7 and 0.9. (b) Optimal
courtship level u* and resulting benefit B* (equation 32) when S(u) = 1 − u. In this case, B* increases
with quality. (c) u* and B* when S(u) = 1/(1 + 0.8u). In this case, B* decreases provided u* > 0.
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Then fitness w(u, x) is again given by equation (1).
We illustrate predicted parental effort when S is independent of the quality x. Inde-

pendence might hold if u is the effort that the parent devotes to feeding the young and x is
the availability of food on the parent’s territory or the parent’s foraging ability. [In this case,
equation (31) might be appropriate.] Alternatively, x could be the food brought to the young
by the parent’s partner, provided that the partner’s behaviour is independent of the focal
parent’s behaviour and both parents are necessary for the young to survive. Similarly, x
could be the ability of the young to feed themselves, provided that the young cannot survive
if the focal parent dies. The benefit function given in equation (33) and illustrated in Fig. 4a
is a reasonable one in this case. As we have seen, relative benefit decreases in this case, so
u* is decreasing – that is, a higher-quality parent devotes less effort to feeding its young.
The example shows that the consequences for reproductive success depend on the survival
function. B* may either increase or decrease with x, which means that a higher-quality
parent may have a greater or smaller success with a brood than a lower-quality parent. Thus
when quality does not influence survival, a high-quality parent can achieve its greater fitness
in several ways. If relative benefit is increasing, then it has a higher optimal effort than a
low-quality parent. This effort results in the high-quality parent having a lower survival, but
this is more than compensated for by the increased value of the brood given that the parent
survives. If relative benefit is decreasing, then the high-quality parent has a lower optimal
effort than the low-quality parent. This means that the high-quality parent has a higher
survival probability than a low-quality parent and this, in turn, means that the brood has a
high survival probability. There are then two possibilities. Either the brood does better if
it survives (i.e. B* increases with x, as illustrated in Fig. 4b) or the brood does worse if it
survives (i.e. B* decreases with x, as illustrated in Fig. 4c), but the increase in survival with x
more than compensates for the decrease in B.

DISCUSSION

In our analysis of a male’s courtship behaviour, we have concentrated on two cases. In the
first, the male’s trait (e.g. body size or condition) influences his survival S but not his
subsequent reproductive success B. In this case, if relative survival S(u, x2)/S(u, x1) is an
increasing function of courtship effort u for all qualities x1 and x2 with x1 < x2, then optimal
courtship u* increases with male quality. Conversely, if relative survival decreases with u,
then higher-quality males have a lower level of courtship. In the second case, the male’s trait
does not influence survival but does influence subsequent reproductive success. In this case,
the dependence of u* on x is determined by the relative benefit B(u, x2)/B(u, x1). If relative
benefit increases with u, then higher-quality males have a higher optimal level of courtship
(condition 28). Conversely, if relative benefit decreases with u, higher-quality males have
a lower level of courtship. Reynolds (1993) suggested that there could be either a positive or
a negative correlation between male quality and the level of courtship. We have given a
general formal account that establishes the conditions for each sort of correlation. Our
analysis has been based on relative quantities, whereas Grafen (1990) and Getty (1998) used
conditions on mixed partial derivatives (cf. inequality 6). Which approach is the most useful
will depend on the circumstances. When fitness is given by a product (equation 1) and one
of the terms in the product does not depend on quality x, then our approach is likely
to provide more insight, as our re-analysis of the cases considered by Reynolds (1993)
shows.
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We note that when there is a negative correlation between male quality and level of
courtship, B*(x) may decrease with x. Interpreting B(u, x) as the probability that the female
mates with the male, this translates into females being more likely to mate with low-quality
males. Whether we expect such a preference to evolve depends on the details of the biology,
such as the costs and benefits to a female, including her risk of predation (see Pocklington
and Dill, 1995; Warner and Dill, 2000).

We pointed out that, in the case of a trait that influences reproduction, the trait could be a
property of the female that is positively correlated with the male’s reproductive success.
Examples might be female size or an indicator of receptivity. For example, the benefit
function given by equation (33) might be appropriate if B is the probability that the female
mates with the male and x is the female’s receptivity. Although the probability of mating
increases with receptivity for a given level of courtship u, relative benefit decreases. As a
result, optimal courtship level decreases with receptivity in this case.

We have given a complete analysis for the two special cases in which the quality only
influences survival S or only influences subsequent reproductive success B. It is, of course,
possible that quality has an effect on both S and B. For example, both the survival and the
subsequent reproductive success of a male guppy may depend on both his colour pattern
(trait value) and his courtship display (behaviour) (for reviews, see Endler, 1995; Magurran
et al., 1995; Houde, 1997). In some guppy populations, females prefer to mate with large
males (Reynolds and Gross, 1992); in this case, body size might influence both survival and
reproductivity. Candolin (1999, 2000) argues that body condition (as measured by lipid
content) in male sticklebacks influences survival and reproduction. She shows that reducing
a male’s condition by depriving him of food can result in an increase in the male’s courtship
signal (red coloration). Although we have not provided a complete analysis of such cases,
some insight can be gained from conditions (8) and (10), which are based on relative fitness.
For example, if both relative survival and relative benefit are increasing, then u* will increase
with x*.

We have based our analysis on a continuous range of possible courtship levels. In some
cases, however, we may be concerned with choice between two options given male state
and environmental conditions. For example, Reynolds et al. (1993) discussed how a male’s
choice of courtship as opposed to gonopodial thrusts depends on his size and the amount
of light. It is straightforward to adapt the analysis to a discrete range of u. The predictions
based on relative ability will carry over in an obvious way to this case.

Although we have concentrated on courtship, we have also shown how our analysis can
be applied to the effort that a parent devotes to feeding its young. In this context, we have
shown that a high-quality parent does not necessarily devote more effort to feeding its
young than a low-quality parent. We have also shown that when the effort decreases with
quality, the success of the young may either increase or decrease (Fig. 4b,c).

In addition to courtship and parental effort, we have mentioned various other contexts in
which fitness is given by the product SB (equation 1) and hence our analysis can be used. In
some of these examples, S does not represent survival and B does not represent subsequent
reproductive success. We now establish how our analysis applies to two of these cases.

Lek size

When males gather on a lek to display to females, there is typically considerable variation
between males in the probability that they will mate with a female (e.g. Höglund and
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Alatalo, 1995; Mackenzie et al., 1995). Assume that males can be ranked in terms of ability
to get matings, and that a male’s probability p(n, r) of mating with a female depends on the
number of males on the lek, n, and his rank, r. It is usual to assign low values of r to
successful males, so p(n, r) decreases with r for fixed n. Let f (n) be the rate at which females
visit the lek. Bigger leks tend to have higher visit rates (e.g. Höglund and Alatalo, 1995), so
typically f (n) is an increasing function. The reproductive success of a male with rank r on a
lek of size n is

w(n, r) = f (n)p(n, r)

A model based on this equation is analysed by Widemo and Owens (1995); for related
models see Kokko (1997) and Kokko and Lindström (1996). Widemo and Owens (1995)
were interested in how a male’s optimal lek size depended on his rank. Define the optimal
lek size n*(r) for a male of rank r to be the value of n at which w(n, r) is maximized. In
the example given by Widemo and Owens, n*(r) is an increasing function of r – that is,
better males have a smaller optimal lek size than worse males. This result is not
general. Hernandez et al. (1999) showed that whether n* was increasing or decreasing was
independent of f(n) and depended on the relative competitive ability

p(n, i )

p(n, j )

of two males, the better male with rank i and the worse one with rank j ( j > i). If relative
competitive ability increases with n, then n* decreases with rank – that is, better males have a
smaller optimal lek size. Conversely, if relative competitive ability decreases with n, then
n* increases with rank – that is, better males have a larger optimal lek size. This result follows
from the analysis that we have presented here. The male’s success is a product of two
functions: the form given in equation (1). If we identify rank r with −x, the negative of
quality, and identify lek size n with behaviour u, then we have a case in which quality
influences B(u, x) ≡ p(n, r) but not S(u) ≡ f (n) and the qualitative dependence of n* on
r is given by conditions (28) and (29).

Foraging in groups

In many species, animals forage in groups. The interactions between group members can be
analysed in a variety of ways (see Giraldeau and Caraco, 2000, for a review). We note here
that one aspect of group foraging is analogous to the lek size model that we have just
discussed, and hence can be analysed using conditions (28) and (29). Assume that the rate
f (n) at which a group finds food items depends on group size n, and the probability p(n, x)
that a focal member of the group obtains an item that has been found depends on the group
size and the animal’s competitive ability x. Then, the animal’s rate of intake is

f (n)p(n, x)

Define the optimal group size for an animal of competitive ability x to be the value of n that
maximizes this intake rate. It is clear that the dependence of optimal group size on x is
determined by the relative competitive ability

p(n, x2)

p(n, x1)
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where the animal with trait value x2 is a better competitor than the animal with trait value x1

– that is, p(n, x2) > p(n, x1). It follows from conditions (28) and (29) that, if relative com-
petitive ability increases with n, then optimal group size is greater for better competitors,
whereas if relative competitive ability decreases with n, then optimal group size is smaller
for better competitors. Models of competition in which each competitor has a fixed
competitive weight and the probability of obtaining an item depends on an animal’s
weight divided by the total competitive weight of the animals in the group (e.g. Parker and
Sutherland, 1986; Ranta, 1993) result in relative competitive ability being independent of
group size. There is, however, evidence that relative competitive ability depends on group
size (e.g. Humphries et al., 1999, 2000) and attempts to relate such effects to models of
competition have been made (Hernandez et al., 1999; Humphries et al., 2000).

ACKNOWLEDGEMENTS

We thank Marc Mangel, John Reynolds, Liz Smith and Liz White for comments on a previous draft
of the manuscript.

REFERENCES

Andersson, M. 1994. Sexual Selection. Princeton, NJ: Princeton University Press.
Candolin, U. 1999. The relationship between signal quality and physical condition: is sexual

signalling honest in the three-spined stickleback? Anim. Behav., 58: 1261–1267.
Candolin, U. 2000. Increased signalling effort when survival prospects decrease: male–male

competition ensures honesty. Anim. Behav., 60: 417–422.
Clutton-Brock, T.H. 1991. The Evolution of Parental Care. Princeton, NJ: Princeton University Press.
Endler, J.A. 1995. Multiple-trait evolution and environmental gradients in guppies. Trends Ecol.

Evol., 10: 22–29.
Getty, T. 1998. Handicap signalling: when fecundity and viability do not add up. Anim. Behav.,

56: 127–130.
Gilliam, J.F. 1982. Foraging under mortality risk in size-structured populations. Doctoral

dissertation, Michigan State University, Ann Arbor, MI.
Giraldeau, L.A. and Caraco, T. 2000. Social Foraging Theory. Princeton, NJ: Princeton University

Press.
Grafen, A. 1990. Biological signals as handicaps. J. Theor. Biol., 144: 517–546.
Hernandez, M.L., Houston, A.I. and McNamara, J.M. 1999. Male rank and optimal lek size.

Behav. Ecol., 10: 73–79.
Houde, A.E. 1997. Sex, Color, and Mate Choice in Guppies. Princeton, NJ: Princeton University

Press.
Höglund, J. and Alatalo, R.V. 1995. Leks. Princeton, NJ: Princeton University Press.
Humphries, S., Metcalfe, N.B. and Ruxton, G.D. 1999. The effect of group size on relative

competitive ability. Oikos, 85: 481–486.
Humphries, S., Ruxton, G.D. and Metcalfe, N.B. 2000. Group size and relative competitive ability:

geometric progression as a conceptual tool. Behav. Ecol. Sociobiol., 47: 113–118.
Kokko, H. 1997. The lekking game: can female choice explain aggregated male displays? J. Theor.

Biol., 187: 57–64.
Kokko, H. and Lindström, J. 1996. Kin selection and the evolution of leks: whose success do young

males maximize? Proc. R. Soc. Lond. B, 263: 919–923.
Kotiaho, J., Alatalo, R.V., Mappes, J. and Parri, S. 1996. Sexual selection in a wolf spider: male

drumming activity, body size, and viability. Evolution, 50: 1977–1981.

Houston et al.210



Mackenzie, A., Reynolds, J.D., Brown, V.J. and Sutherland, W.J. 1995. Variation in male mating
success in leks. Am. Nat., 145: 633–652.

Magnhagen, C. 1991. Predation risk as a cost of reproduction. Trends Ecol. Evol., 6: 183–186.
Magurran, A.E., Segers, B.H., Shaw, P.W. and Carvalho, G.R. 1995. The behavioral diversity and

evolution of guppy, Poecilia reticulata, populations in Trinidad. Adv. Study Behav., 24: 155–202.
Mappes, J., Alatalo, R.V., Kotiaho, J. and Parri, S. 1996. Viability costs of condition-dependent

sexual male display in a drumming wolf spider. Proc. R. Soc. Lond. B, 263: 785–789.
Parker, G.A. and Sutherland, W.J. 1986. Ideal free distributions when individuals differ in

competitive ability: phenotype-limited ideal free models. Anim. Behav., 34: 1222–1242.
Pocklington, R. and Dill, L.M. 1995. Predation on females or males: who pays for bright male traits?

Anim. Behav., 49: 1122–1124.
Ranta, E. 1993. There is no optimal foraging group size. Anim. Behav., 46: 1032–1035.
Reeve, H.K. 1989. The evolution of conspecific acceptance thresholds. Am. Nat., 133: 407–435.
Reynolds, J.D. 1993. Should attractive individuals court more: theory and a test. Am. Nat., 141:

915–926.
Reynolds, J.D. and Gross, M.R. 1992. Female mate preference enhances offspring growth and

reproduction in a fish, Poecilia reticulata. Proc. R. Soc. Lond. B, 250: 57–62.
Reynolds, J.D., Gross, M.R. and Coombs, M.J. 1993. Environmental conditions and male

morphology determine alternative mating behaviour in Trinidadian guppies. Anim. Behav.,
45: 145–152.

Roff, D.A. 1992. The Evolution of Life Histories. New York: Chapman & Hall.
Stearns, S.C. 1992. The Evolution of Life Histories. Oxford: Oxford University Press.
Thornhill, R. and Alcock, J. 1983. The Evolution of Insect Mating Systems. Cambridge, MA:

Harvard University Press.
Warner, R.R. and Dill, L.M. 2000. Courtship displays and coloration as indicators of safety rather

than of male quality: the safety assurance hypothesis. Behav. Ecol., 11: 444–451.
Widemo, F. and Owens, I.P.F. 1995. Lek size, male mating skew and the evolution of lekking.

Nature, 373: 149–151.
Wootton, R.J. 1990. The Ecology of Teleost Fishes. London: Chapman & Hall.
Zuk, M. and Kolluru, G.R. 1998. Exploitation of sexual signals by predators and parasitoids.

Q. Rev. Biol., 73: 415–438.

APPENDIX: RATIO CONDITIONS

Let x1 < x2 and define

fx1, x2
(u) = log �w(u, x2)

w(u, x1)�
Then, w(u, x2)/w(u, x1) is an increasing function of u if f �x1, x2

(u) ≥ 0 for all u. We have

fx1, x2
(u) = log[w(u, x2)] − log[w(u, x1)]

= �
x2

x1

∂ (log w)

∂x �(u, x)
dx

Thus

f �x1, x2
(u) = �

x2

x1

∂2 (log w)

∂u∂x �(u, x)
dx (A1)
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To prove that conditions (7) and (8) are equivalent, first suppose that condition (7) holds. Then, by
equation (A1), f �x1, x2

(u) ≥ 0 for all u and all x1 and x2 with x1 < x2. Thus condition (8) holds.
Now suppose that condition (8) holds. Then, by equation (A1),

�
x2

x1

∂2 (log w)

∂u∂x �(u, x)
dx ≥ 0 (A2)

for every u and every x1 and x2 with x1 < x2. If we hold u fixed in equation (A2), then the function

g(x) =
∂2 log w

∂u∂x �(u, x)

of x has a non-negative integral between any two limits x1 and x2 with x1 < x2. Assuming that g is
continuous, it follows that g(x) ≥ 0 for all x. Since this is true for all u, condition (7) holds.
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