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Good genes, old age and life-history trade-offs
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Summary

The possibility of using old age of a mate as an indicator of genetic quality is currently controversial. Early
verbal models as well as a recent simulation study noted that female choice for old mates is beneficial because
longevity indicates viability in the current environment. In contrast, a quantitative genetic model of the
relationship between age and breeding value of fitness casts strong doubts on the mechanism. The present
analysis shows, however, that these doubts are mainly the result of assuming that all variation among indi-
viduals arises from differences in allocation between components of fitness. This neglects the possibility of
variability in condition as a whole. Instead, when allowing for persistent variability in condition and assuming
optimal reaction norms in allocation, it is shown that correlations between survival and genetic quality or
fitness can easily be established at all ages. On the other hand, the results also suggest that the validity of
verbal arguments is limited, and counterexamples can be generated where low-quality individuals should
invest more in survival. Therefore, resolution of the old age indicator problem requires specification of the
constraints acting on life-history characteristics.
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Introduction

It has been suggested that a male with a long lifespan has proven his viability, and females should
consequently prefer such males as mates (Trivers, 1972; Halliday, 1978, 1983; Manning, 1985). This
hypothesis is a specific example of the more general ‘good genes’ model, or indicator mechanism,
for choosy behaviour in females (e.g. Andersson, 1994). Here, the indicator used for male quality
assessment is age, hence the name ‘age indicator mechanism’ used in this paper.

Indicator mechanisms with condition-dependent sexual traits have been shown to be both log-
ically consistent (Andersson, 1986; Grafen, 1990; Iwasa et al., 1991) and supported by empirical
studies (Johnstone, 1995), although the mechanism of maintaining sufficient levels of heritable
variation is still a controversial issue (e.g. Pomiankowski and Mgller, 1995; Rowe and Houle,
1996). When age has been used as the indicator of quality, however, modelling has been lacking for
a long time, the mechanism being expressed in the form of verbal arguments only (Trivers, 1972;
Halliday, 1978, 1983; Manning, 1985).

Much experimental and observational data have been collected documenting either female
choice for older mates (Burley, 1981; Grant and Grant, 1987; van Rhijn and Groothuis, 1987,
Conner, 1989; Komers and Dhindsa, 1989; Korpiméki, 1989; Poole, 1989; C6té and Hunte, 1993;
Enstrom, 1993; Hasselquist et al., 1996; Sundberg and Dixon, 1996) or a failure to find any such
effect (Berven, 1981; Alatalo et al., 1986; Halliday and Verrell, 1988; Hill, 1990; Koenig, 1991;
Petrie, 1993; Olsson and Madsen, 1995). Likewise, studies seeking heritable fitness advantages in
choosing old mates have provided conflicting results (Watt et al., 1986; Howard et al., 1994).
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Against this extensive empirical background, it is surprising that the very first formalization of the
old age indicator mechanism (Hansen and Price, 1995) leads to a complete rejection of the hy-
pothesis except in some very special cases. On the other hand, another analysis based on simulated
gene frequencies suggested that mate choice in favour of old age should be beneficial in a wide
variety of environments (Kokko and Lindstrém, 1996).

In this paper, I argue that these different results depend on two aspects of life-history theory,
both models taking one into account and neglecting the other. It is well known that the observed
correlations between all components of fitness may be positive despite an inherent negative trade-
off (Falconer and Mackay, 1996). This is because individuals may differ not only in allocation, but
also in acquisition of condition (van Noordwijk and de Jong, 1986; Houle, 1991; Rowe and Houle,
1996). Hansen and Price (1995), using a quantitative genetic model, implicitly assumed that all
differences between individuals are due to differences in allocation. Thus, high survival at old age is
correlated with low survival or fecundity at an early age via an intrinsic trade-off constraint. The
result is a decrease in breeding value for fitness with age, except in cases with sharply increasing
fecundity with age. On the other hand, in the study of Kokko and Lindstrém (1996), males differed
in condition only, and their model allowed no differences in allocation. As a result, high-quality
males will have increased survival at all ages, and the long-lived males will be a high-quality subset
of their cohort.

Clearly, a solution to this problem requires taking life-history theory into account (Partridge and
Endler, 1987), with consideration of both allocation and acquisition of condition. This paper
combines these into an age-structured optimization model, in which condition is to be allocated to
different life-history traits, and males vary in their condition. Condition is assumed to be of interest
to the female, inasmuch as it is associated with genetic quality, leading to higher fitness. Within the
scope of this paper, this means making the assumption that heritable genetic variation for con-
dition persists in the population, but the argument applies equally to cases where females benefit
directly from the good condition of their mate.

The optimal allocation is calculated for males differing in condition. It is then checked whether
males with good condition allocate more to survival at all ages than a male of poorer condition. If
this is the case, a female choosing an old mate will be choosing in favour of good condition. It turns
out that, even in cases where there is no fecundity increase with age, such solutions are far more
easily found than Hansen and Price (1995) suggest. On the other hand, it is also shown that the
verbal reasoning behind the early models (e.g. Manning, 1985) does not always hold: Examples can
be found where investment in longevity is beneficial for males of low quality only.

Resource allocation and life-history trade-offs

To show that the verbal description of the age indicator mechanism is possible within the
framework of quantitative genetics, there is no need to alter the equations given by Hansen and
Price (1995). It only has to be shown that both early and old age survival can increase simulta-
neously with fecundity, genetic quality and fitness, given that both the condition, C (cf. Rowe and
Houle, 1996), and allocation, A, can differ between individuals. I consider an optimality model of
condition-dependent resource allocation to male fecundity and survival. Condition-dependence of
allocation is expected in life-history problems (Roff, 1992), as well as in sexual advertisement (Nur
and Hasson, 1984; Price et al., 1993; Johnstone, 1995). On the other hand, the maintenance of
substantial levels of genetic variation in fitness-related traits has recently gained new support (Price
and Schluter, 1991; Pomiankowski and Mgller, 1995; Houle et al., 1996; Rowe and Houle, 1996).
I therefore assume that, at equilibrium, individuals will differ in condition, but that their allocation
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of condition to life-history traits — that is, the reaction norm of condition-dependent reproductive
effort — is optimal.

I use A, to denote the allocation of condition C, to fecundity F, at age x (e.g. sexual adver-
tisement), and A4 p, to denote the corresponding allocation to survival P,. Fecundity and survival at
age x are increasing functions of allocation to the corresponding trait:

dF, dp.
— > — >
>0 20 (D

dAp P

To analyse the worst-case situation for the age indicator model, I assume that there are strict
trade-offs between fitness components, so that allocation in one component always decreases the
availability of resources to another. In other words, sexual advertisement has viability costs in this
model. The constraint of individual condition then limits the total allocation:

Apc +Ap < C; (2a)

With fixed C,, this is the ‘age-specific constraint’ model. Alternatively, to allow for trade-offs
that act for the complete lifetime of an individual, the individual can increase the total usage of
resources within 1 year, but with the cost of reducing resources available in other years. Thus, the
constraint C = ) C, is interpreted as a single lifetime quality parameter:

iAFerZx:A&SC (2b)
x=1 x=1

With this ‘lifetime constraint’ formulation of resources, an individual can increase advertisement
effort in 1 year, but with the cost of decreasing survival or reproductive success in all other years
(see Gustafsson et al., 1995).

From the relationships in Equation (1), together with positive relationships between fitness and
F, and fitness and P,, it follows that the optimal solution will satisfy the equality in Equations
(2a,b). This is the dominance criterion: Any strategy that leaves resources unused is dominated by
another, and is therefore a suboptimal choice. Also, fitness will be a non-decreasing function of
condition, C,: A male can always obtain at least the fitness of a male with lower condition by
choosing the same allocation. The optimal choices for 4z, and Ap, depend on the functions
F (Afp,) and P,(Ap,) at each age x, as well as on the values of C,. Equation (2) suggests that better
overall condition, C,, is likely to lead to increased survival, since more resources are available to be
allocated to 4 p, when C, is high. However, investing the surplus in fecundity, 4., instead of A4p,,
may increase fitness more.

I consider the simplest possible age-dependent model, where condition C, depends on individual
quality only. For analytical tractability, I also assume a stationary population, so that the basic
reproductive number

Ry=Y FIIP (3)

can be used as a measure of individual fitness. The task of an individual of condition C, is now to
maximize Rq by choosing the allocations 4z, and A4p, optimally, with the constraint of Equation
(2a) or (2b).

For the form of Equation (2a), the solution is obtained recursively by dynamic programming.
Consider the term P, F, of the expression

Ry=PF+PPF+---+P---PF; (4)
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The optimal allocation at age k will be independent of previous allocations, so that the principle of
optimality of Bellman and Dreyfus (1962) is satisfied. Non-dominated allocation strategies (i.e. no
resources are wasted) lead to a negative trade-off between P, and F) through the equality in
Equation (2a), and the optimum can be graphically determined (Fig. 1A).

Differences in total quality can be seen to allow the possibility of a simultaneous increase in both
P, and F; when the quality of the male increases. Trade-offs at an earlier age behave similarly
(Fig. 1B). The expected number of offspring produced at age k is Ry = PiF;. Denoting its
maximum value by R}, the function to be maximized at age k — 1is Ry = Pr_1(Fy—1 + R}). The
value of R} never decreases with male condition since high-quality males can allocate at least as
much resources as lower-quality males. As a result, they have at age kK — 1 an advantage of
obtaining a greater increase in Ry _ | as well.

For the ‘lifetime constraint’ form of Equation (2b), the solution is obtained numerically by
considering combinations of C, values that satisfy Y C, = C, and solving the above procedure for
each allocation trial.

The number of functions satisfying Equation (1) is infinite, and a large variety of forms can be
considered biologically feasible. In cases where females benefit from choosing an old mate, the
slope of F\(Af,) probably steepens with both x and Ar,, but the exact form depends on the details
of female choice rules. The female, on the other hand, bases her preference on maximizing the
quality of her mate. Instead of determining the general outcome of such games between the sexes,
my aim is to show that, with given and fixed functions for F,(Ar,) and P,(A4p,), the strength (and
sign) of the correlation between male quality and survival depends on the form of the trade-off
between F(Ag,) and P(Ap,).

Results

Once male qualities are allowed to vary, early and old age survival and fecundity can all simul-
taneously increase with the quality of the male (Figs 1 and 2). With choices of F\(Ar,) and P, (A4p,)
with decreasing marginal gains, survival increases with condition C at all ages — not only when
allocating resources gives the highest response at old age (Fig. 2A), but also when the gains are
equal at all ages (Fig. 1), or if young age gives the greatest response (Fig. 2B). The ‘lifetime
constraint’ model (Equation 2b) gives different predictions because of the added freedom of al-
locating all conditions to a single year if necessary, such that differences among years are increased
(Fig. 2). The possibility of semelparity (Fig. 2B) is the most extreme case: Here, the correlation
between old age survival and male quality disappears (but does not become negative), because
survival after maturation becomes suboptimal for males of any quality. In iteroparous solutions,
none of the fitness components — early or late life fecundity and survival — show negative corre-
lations among individuals of different quality, despite the trade-offs that are intrinsically present
within an individual (Equation 2b).

Will quality differences always override the intrinsic trade-offs? There are three possible excep-
tions. First, if trade-offs act over the lifetime of the individual and not only within 1 year, early age
fitness benefits may override the late life benefits (Hansen and Price, 1995). However, as the above
example shows, both P, and F, can be increasing functions of C at all ages even with this as-
sumption (Fig. 2). Due to a decreasing marginal gain in P, and F,, it is not beneficial to spend
resources endlessly in young age reproduction and survival.

Secondly, if differences in male quality are negligible but allocation varies markedly among
individuals (i.e. allocation is not optimal), the intrinsic trade-offs are not covered by differences in
total quality (Fig. 3). In the context of sexual displays, this interpretation requires that individuals
vary in their reaction norms of condition-dependence, but have no quality differences per se.
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Figure 1. (A) Forms of trade-off (solid lines) between survival P, and fecundity Fj in the last age class,
resulting from allocation functions P (4p;) = 0.8(1 — exp(—Api)) and Fi(Ag) = 10(1 — exp(—4x)), given
for values C, = 1.0 and C, = 1.5. The optimum allocation that maximizes R, = P;Fj is marked for high-
and low-quality males. High-quality (C, = 1.5) males have higher values for both F; and P, and hence for
their product R;. (B) Trade-off functions for age k — 1 in the above case, exemplified with Py _ (4 px - 1) and
Fj_1(Ap_) that are equal to Pi(A4p;) and Fi(Ap). The difference in high- and low-quality males remains, and
it is recursively transferred to each age class x =k, k—1,--- 1.
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Figure 2. Examples of optimal allocation and the resulting dependence of survival and fecundity on individual
condition. Solid lines refer to the ‘age-specific constraint” model (Eq. 2a), with condition referring to C,, and
dotted lines to the ‘lifetime constraint’ model (Eq. 2b), with condition referring to the annual average, C/3. Age
is given on the curves. Functions used to build the examples are F, = o, (1 — exp(—Afy) and P, = B(1 —
exp(—4p,)), with: (A) Gains increasing with age, x: oy = 1,00 = 5,03 = 20, ; = 0.5, 3, = 0.8 and B3 = 0.9.
(B) Gains decreasing with age, x: o = 20,0, = 5,03 = 1, B; = 0.9, B, = 0.8, and B; = 0.5. In the lifetime
constraint model, the optimum solution is semelparity at age 1, with zero fecundity and survival at later ages.

Thirdly, with specific forms of the trade-off between survival and fecundity, the optimal strategy
may shift with the condition of the male in more diverse ways than in the above examples. With an
increasing marginal gain in fecundity, it may become optimal for males of the highest quality to
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decrease survival in favour of very intense advertisement (Figs 4A, 5). Very high fecundity asso-
ciated with the highest resource allocations might result, for example, from females choosing the
most intense sexual displays of many males. Note, however, that an increasing marginal gain is not
sufficient in itself to produce this effect (Fig. 4B).

The prediction of dominance remains, whether or not longevity correlates with fecundity: high-
quality males produce more offspring in their lifetime. If their success is a result of female choice for
intense advertisement only, with no respect to age, this means that the choice itself remains ad-
vantageous for the female, even if trade-offs may allow the existence of short-term ‘cheaters’
(Kokko, 1997). Whether females can also use age as such as a criterion for quality, depends on the
form of trade-offs in a perhaps too delicate way to be measured in nature (Fig. 4). However, both
diminishing returns (Fig. 1) and increasing returns (Fig. 4B) provide solutions, where old age itself
— either alone or hand in hand with sexual advertisement — functions well as a choice criterion.

Discussion

Is it possible to infer genetic quality from old age? According to both a widespread verbal model
(e.g. Manning, 1985) and a simulation study with males varying in condition because of recurrent
mutation (Kokko and Lindstrém, 1996), one is tempted to conclude ‘yes’. However, using the
quantitative genetics model of Hansen and Price (1995), the answer is a fairly strict ‘no’. One of the
major points of Hansen and Price’s model is that the correlation between old age survival and
fitness is weak, and it may even be strongly negative due to trade-offs between old age survival and
the more important fitness components expressed in early age.

However, as shown in this paper, such a conclusion may be premature. A life-history model
incorporating strict trade-offs among all fitness components demonstrates that the different com-
ponents of fitness — early fecundity, late fecundity, early survival and late survival — may all
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Figure 3. The case of Fig. 1A with no quality differences, but assuming that allocation is not optimal and
varies among individuals. A high-survival male (solid square) will have low fecundity. As a result, he may
obtain a larger or smaller value of R, than a low-survival male (two open squares).
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Figure 4. (A) Case with optimal allocation with P, equal to the case of Fig. 2A, but with increasing marginal
gain in fecundity, F;, = 2 - tan(A4g). High-quality males (C, = 1.5) survive less well from age k — 1 to age k
than low-quality males (C, = 1.0), but their age class sires more offspring (higher R;) because of dispro-
portionately high fecundity of surviving males. (B) Another case with strongly increasing marginal gain in
fecundity, F;, = 3 - Ag, also results in a concave trade-off function between F; and Py, but this variant still
shows increasing survival with quality.

simultaneously be correlated with each other as well as with the fitness Ry and the condition C of
the male. Trade-offs act as constraints within individuals, not among individuals that may well
differ in their condition (van Noordwijk and de Jong, 1986; Rowe and Houle, 1996). Given that
variability in condition exists, high survival at old age does not necessarily correlate with low values
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Figure 5. The optimal survival and fecundity curves for the example in Fig. 4A, showing a non-linear rela-
tionship between quality and longevity of the male.

of other fitness components among individuals, despite the existence of an inherent trade-off
between fitness components (Charlesworth, 1990). This pattern is commonly found in field studies
of reproductive success (Clutton-Brock, 1988; Clinton and Le Boeuf, 1993), and careful experi-
mentation is required to reveal the intrinsic trade-off (e.g. Cordts and Partridge, 1996).

On the other hand, the results also provide counterexamples for the age indicator mechanism. In
some cases, semelparity with maturation age 1 is favoured in males of any quality (Fig. 2B), and
there is no need to assess the quality of older males since they never exist. Also, more severe
counterexamples can be constructed, where males of lower quality invest more in survival than
high-quality males. Although it is unclear whether such extreme life histories occur in nature, such
examples show the pitfalls that may be overlooked when using verbally expressed ideas without
careful verification.
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The results emphasize the importance of specifying whether one is interested in the trade-offs
themselves — the inherent constraints causing negative correlations between life-history traits, as-
suming that individual condition does not vary or is controlled for (Partridge and Sibly, 1991) — or
in the observed correlations caused by these trade-offs plus the differences in condition between
individuals. The former is of interest to life-history theory, including the evolution of senescence
(Medawar, 1946; Williams, 1957; Rose, 1985, 1991), and its demonstration requires controlling for
variability in condition (van Noordwijk and de Jong, 1986; Alatalo et al., 1990; Schluter et al.,
1991). The latter, however, is of interest when inferring condition on the basis of the observed life-
history traits of an individual (e.g. for a female performing mate choice). These differences in
condition become important for mate choice if heritable genetic variation of condition can be
maintained in the population (Kokko and Lindstrém, 1996; Rowe and Houle, 1996), or, in the case
that phenotypic variability is of environmental origin only, if the female obtains direct benefit from
a male in a good condition (Price et al., 1993). As shown in this paper, the outcome depends on
both allocation (which in turn depends on the form of inherent life-history trade-offs) and on the
condition distribution of potential mates.

To summarize, the simple model described in this paper demonstrates that strong correlations
between genetic quality and old age survival are by no means impossible; indeed, on the contrary,
they are probably widespread. In cases where correlations are found (e.g. Watt ez al., 1986), it
remains to be shown whether they can counteract other arguments presented by Hansen and Price
(1995) against the benefit of old age — that is, the effects of evolutionary disequilibrium and germ-
line mutations. However, given that strong correlations between longevity and condition can be
easily established once male condition is allowed to vary, old age advertising for good genes surely
remains a plausible hypothesis for female choice.

Acknowledgements

I thank Mikko Heino, Olof Leimar and Esa Ranta for comments on a previous version of the
manuscript, and Jan Lindstrém for discussion. This study was funded by the Academy of Finland.

References

Alatalo, R.V., Lundberg, A. and Glynn, C. (1986) Female pied flycatchers choose territory quality and not
male characteristics. Nature 323, 152—153.

Alatalo, R.V., Gustafsson, L. and Lundberg, A. (1990) Phenotypic selection of heritable size traits: Envi-
ronmental variance and genotypic response. Am. Nat. 135, 464—471.

Andersson, M. (1986) Evolution of condition-dependent sex ornaments and mating preferences: Sexual se-
lection based on viability differences. Evolution 40, 804-816.

Andersson, M. (1994) Sexual Selection. Princeton University Press, Princeton, NJ.

Bellman, R.E. and Dreyfus, S.E. (1962) Applied Dynamic Programming. Princeton University Press, Princeton,
NJ.

Berven, K.A. (1981) Mate choice in the wood frog, Rana sylvatica. Evolution 35, 707-722.

Burley, N. (1981) Mate choice by multiple criteria in a monogamous species. Am. Nat. 117, 515-526.

Charlesworth, B. (1990) Optimization models, quantitative genetics and mutation. Evolution 44, 520-538.

Clinton, W.L. and Le Boeuf, B.J. (1993) Sexual selection’s effects on male life-history and the pattern of male
mortality. Ecology 74, 1884-1892.

Clutton-Brock, T.H. (ed.) (1988) Reproductive Success. University of Chicago Press, Chicago, IL.

Conner, J. (1989) Older males have higher insemination success in a beetle. Anim. Behav. 38, 503-509.

Cordts, R. and Partridge, L. (1996) Courtship reduces longevity of male Drosophila melanogaster. Anim.
Behav. 52, 269-278



Old mates and life-history trade-offs 749

Coteé, .M. and Hunte, W. (1993) Female redlip blennies prefer older males. Anim. Behav. 46, 203-205.

Enstrom, D.A. (1993) Female choice for age-specific plumage in the orchard oriole: Implications for delayed
plumage maturation. Anim. Behav. 45, 435-442.

Falconer, D.S. and Mackay, T.F.C. (1996) Introduction to Quantitative Genetics, 4th edn. Longman, Harlow.

Grafen, A. (1990) Sexual selection unhandicapped by the Fisher process. J. Theor. Biol. 144, 475-516.

Grant, B.R. and Grant, D.P.R (1987) Mate choice in Darwin’s finches. Biol. J. Linn. Soc. 32, 247-270.

Gustafsson, L., Qvarnstrom, A. and Sheldon, B. (1995) Trade-offs between life-history traits and a secondary
sexual character in male collared flycatchers. Nature 375, 311-313.

Halliday, T.R. (1978) Sexual selection and mate choice. In Behavioral Ecology: An Evolutionary Approach
(J.R. Krebs and N.B. Davies, eds), pp. 180-213. Blackwell, London.

Halliday, T.R. (1983) The study of mate choice. In Mate Choice (P. Bateson, ed.), pp. 3-32. Cambridge
University Press, Cambridge.

Halliday, T.R. and Verrell, P.A. (1988) Body size and age in amphibians and reptiles. J. Herpetol. 22, 253-265.

Hansen, T.F. and Price, D.K. (1995) Good genes and old age: Do old mates provide superior genes? J. Evol.
Biol. 8, 759-778.

Hasselquist, D., Bensch, S. and von Schantz, T. (1996) Correlation between male song repertoire, extra-pair
paternity and offspring survival in the great reed warbler. Nature 381, 229-232.

Hill, G.E. (1990) Female house finches prefer colourful males: Sexual selection for a condition-dependent trait.
Anim. Behav. 40, 563-572.

Houle, D. (1991) Genetic covariance of fitness correlates: What genetic correlations are made of and why it
matters. Evolution 45, 630—648.

Houle, D., Morikawa, B. and Lynch, M. (1996) Comparing mutational variabilities. Genetics 143, 1467-1483.

Howard, R.D., Whiteman, H.H. and Schueller, T.I. (1994) Sexual selection in American toads: A test of a
good-genes hypothesis. Evolution 48, 1286—1300.

Iwasa, Y., Pomiankowski, A. and Nee, S. (1991) The evolution of costly mate preferences. II. The ‘handicap’
principle. Evolution 45, 1431-1442.

Johnstone, R.A. (1995) Sexual selection, honest advertisement and the handicap principle: Reviewing the
evidence. Biol. Rev. 70, 1-65.

Koenig, W.D. (1991) Levels of female choice in the white-tailed skimmer Plathemis lydia (Odonata: Libel-
lulidae). Behaviour 119, 193-224.

Kokko, H. (1997) Evolutionarily stable strategies of age-dependent sexual advertisement. Behav. Ecol. So-
ciobiol. 41, 99-107.

Kokko, H. and Lindstrém, J. (1996) Evolution of female preference for old mates. Proc. R. Soc. Lond. B 263,
1533-1538.

Komers, P.E. and Dhindsa, M.S. (1989) Influence of dominance and age on mate choice in black-billed
magpies: An experimental study. Anim. Behav. 37, 645-655.

Korpimiki, E. (1989) Mating system and mate choice of Tengmalm’s owls Aegolius funerus. Ibis 131, 41-50.

Manning, J.T. (1985) Choosy females and correlates of male age. J. Theor. Biol. 116, 349-395.

Medawar, P.B. (1946) Old age and natural death. Mod. Q. 1, 30-56.

Nur, N. and Hasson, O. (1984) Phenotypic plasticity and the handicap principle. J. Theor. Biol. 110, 275-297.

Olsson, M. and Madsen, T. (1995) Female choice on male quantitative traits in lizards — Why is it so rare?
Behav. Ecol. Sociobiol. 36, 179—-184.

Partridge, L. and Endler, J.A. (1987) Life-history constraints on sexual selection. In Sexual Selection: Testing
the Alternatives (J.W. Bradbury and M.B. Andersson, eds), pp. 265-277. Wiley, Berlin.

Partridge, L. and Sibly, R. (1991) Constraints in the evolution of life histories. Phil. Trans. R. Soc. Lond. B
332, 3-13.

Petrie, M. (1993) Do peacock’s trains advertise age? J. Evol. Biol. 6, 443-448.

Pomiankowski, A. and Meller, A.P. (1995) A resolution of the lek paradox. Proc. R. Soc. Lond. B 260, 21-29.

Poole, J.H. (1989) Mate guarding, reproductive success and female choice in African elephants. Anim. Behav.
37, 842-849.

Price, T. and Schluter, D. (1991) On the low heritability of life-history traits. Evolution 45, 853-861.



750 Kokko

Price, T., Schluter, D. and Heckman, N.E. (1993) Sexual selection when the female directly benefits. Biol. J.
Linn. Soc. 48, 187-211.

Roff, D.A. (1992) The Evolution of Life Histories. Chapman & Hall, London.

Rose, M.R. (1985) The evolution of senescence. In Evolution: Essays in Honour of John Maynard Smith (P.J.
Greenwood, P.H. Harvey and M. Slatkin, eds), pp. 117-128. Cambridge University Press, Cambridge.

Rose, M.R. (1991) The Evolutionary Biology of Aging. Oxford University Press, Oxford.

Rowe, L. and Houle, D. (1996) The lek paradox and the capture of genetic variance by condition-dependent
traits. Proc. R. Soc. Lond. B 263, 1415-1421.

Schluter, D., Price, T.D. and Rowe, L. (1991) Conflicting selection pressures and life-history trade-offs. Proc.
R. Soc. Lond. B 246, 11-17.

Sundberg, J. and Dixon, A. (1996) Old, colourful male yellowhammers, Emberiza citrinella, benefit from extra-
pair copulations. Anim. Behav. 52, 113-122.

Trivers, R. (1972) Parental investment and sexual selection. In Sexual Selection and the Descent of Man 1871—
1971 (B. Campbell, ed.), pp. 139-179. Aldine Press, Chicago, IL.

van Noordwijk, A.J. and de Jong, G. (1986) Acquisition and allocation of resources: Their influence on
variation in life-history tactics. Am. Nat. 128, 137-142.

van Rhijn, J. and Groothuis, T. (1987) On the mechanism of mate selection in black-headed gulls. Behaviour
100, 134-169.

Watt, W.B., Carter, P.A. and Donohue, K. (1986) Females’ choice of ‘good genotypes’ as mates is promoted
by an insect mating system. Science 233, 1187-1190.

Williams, C.G. (1957) Pleiotropy, natural selection and the evolution of senescence. Evolution 11, 398-411.



