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Here we present a method to estimate the fitness costs of
trade-offs between reproduction and survival. The approach
demonstrates that there is an apparent fitness cost to mating,
but not to egg production, in the fruit fly Drosophila mela-
nogaster. In light of this result, we argue that fitness trade-
offs in females that result from resources females allocate to
eggs are much lower than fitness trade-offs mediated in part
by male-female interactions.

Life histories are thought to evolve under the functional
constraints of trade-offs such that an organism may not max-
imize two or more components of fitness simultaneously
(Williams 1966; Gadgil and Bossert 1970; Schaffer 1974,
Stearns 1976; Charlesworth 1990). For example, an increase
in reproductive effort is expected to decrease lifespan, ceteris
paribus. A primary goal of studies of life-history evolution
is to describe such functional relationships and to understand
how they affect relative fitness. Many examples of trade-offs
have been described, both at the phenotypic and genotypic
levels (reviewed in Reznick 1985; Rose 1991; Roff 1992;
Stearns 1992). However, to demonstrate that such trade-offs
affect the evolution of life histories, experimental analysis
of these trade-offs must not only describe the range of ob-
served phenotypes, but must also demonstrate the potential
of the trade-off to constrain fitness (Stearns 1976, 1989).

The trade-off between reproduction and age-specific sur-
vival has been widely studied in D. melanogaster, and is
generally referred to as the cost of reproduction (Bell and
Koufopanou 1986). Through studies that experimentally ma-
nipulate levels of reproduction, two categories of reproduc-
tive costs have been identified for female D. melanogaster—
those of egg production and those of mating (Partridge 1989).
Typically in such studies, the experimenter restricts female
egg production or mating and then measures the correspond-
ing increase in female survival relative to an unmanipulated,
full-reproduction cohort (e.g., Partridge et al. 1987). For in-
stance, in the examples we will develop below, to reduce
costs of reproduction experimentally, the females’ egg-laying
substrate was withheld (Partridge et al. 1987), or the females’
exposure either to males or to particular elements in the sem-
inal fluid was reduced (Fowler and Partridge 1989; Chapman
et al. 1995). In these cases, and in general, relatively high
levels of egg production and mating within a cohort are both
associated with reduced levels of female survival. However,
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these data as such do not address whether the observed trade-
offs have the potential to actually constrain fitness. They
demonstrate a survival cost of reproduction, but what is the
fitness cost of the reproduction?

METHOD TO MEASURE FITNESS COSTS

Here we use existing data and an index of fitness to estimate
fitness costs of reproduction from experiments where either
egg production or mating were manipulated. We define the
fitness cost of reproduction as the reduction in fitness of a
cohort that expresses a reproduction-survival trade-off rel-
ative to a hypothetical cohort that has a life history that
maximizes both reproduction and survival. We use observed
schedules of age-specific reproduction and survival in the
unmanipulated, full-reproduction females to provide the
benchmark life table that exists in the presence of trade-off.
To produce a hypothetical cohort that represents demographic
traits in the absence of the trade-off, we combine the schedule
of survival from the experimentally restricted-reproduction
females with the fecundity schedule of the unmanipulated,
full-reproduction females. Thus, the hypothetical cohort com-
bines maximum observed survival and fecundity from dif-
ferent female cohorts.

We apply the fitness index developed by Charlesworth
(1970, 1994) to estimate the relative fitness of a cohort that
exhibits the trade-off between reproduction and survival ver-
sus a cohort that does not exhibit this trade-off. In general,
Charlesworth showed that for a population with overlapping
generations at demographic and genetic equilibrium, relative
fitness of genotype i is described by

wi= 2 e ki), 1

x=0

where x is adult age O through last reproduction w, 7 is the
equilibrium population growth rate and k; (x) = m(x)I(x), the
product of age-specific schedules of reproduction and sur-
vival. Here we extend this index to represent the fitness of
cohorts of alternative phenotypes i that do or do not include
reduced survival as a consequence of reproduction. We note,
as did Charlesworth (1994), that our estimate of fitness de-
pends strictly on the conditions of the laboratory environment
where the demographic parameters were estimated, and we
assume that juvenile mortality does not vary among geno-
types (Kozlowski 1993).

To estimate the fitness of cohort i, w;, we use data on age-
specific survivorship and fecundity obtained by digitizing
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published figures (Huyser and van der Laan 1991). Let I(x)
and [I"(x) represent the survivorship schedules of the full-
reproduction and restricted-reproduction cohorts respective-
ly, and let m(x) represent the fecundity of the unmanipulated,
full-reproduction cohort. From these schedules and equation
(1), we calculate w and w*, respectively, as the relative fit-
nesses of a cohort that exhibits a trade-off between fecundity
and survival and one that does not, where k = m(x)I(x) and
k* = m(x)I"*(x). We then define the fitness cost of reproduction,
C, as

w* — w

C, = 2

w*

SOURCE DATA

We use equation (2) to estimate the fitness costs of repro-
duction in each of three studies conducted in a common lab-
oratory (L. Partridge). These studies examined different
trade-offs in D. melanogaster: the costs of egg production,
mating, and the receipt of main-cell products in male acces-
sory gland fluid. We calculate the fitness cost associated with
egg production from the data of Partridge et al. (1987), who
restricted rates of egg production in mated females by de-
priving them of a suitable egg laying substrate. The restricted-
reproduction females laid fewer eggs and lived longer than
similar, unmanipulated females that were permitted to lay
eggs. The study provides survival schedules for each treat-
ment [[*(x) and I(x)] and a fecundity schedule for unmani-
pulated, full-reproduction females [m(x)].

We calculate the fitness cost to females associated with
mating from the data of Fowler and Partridge (1989). Fowler
and Partridge mated females to males either daily or every
third day. Females exposed to males daily had shorter life-
spans than those exposed to males every third day. There
was no difference in fecundity among the treatments. Fow-
ler’s and Partridge’s study provides schedules of survival for
the high and low mating frequency cohorts [I(x) and ["x)]
and a common, full-reproduction schedule of fecundity for
both [m(x)].

Chapman et al. (1995) further determined that the mating
cost of reproduction was influenced by receipt of male ac-
cessory gland fluid. Accessory gland fluid is part of the male
semen, and recent studies suggest that its main cell products
may be involved in sperm competition (Harshman and Prout
1994). Chapman et al. exposed females to males that pro-
duced accessory fluid with main cell products, and to males
that lacked main cell products. Females that received main
cell products had relatively low survival but showed no dif-
ference in the rate of age-specific egg production. Chapman
et al. provided schedules of survivorship for the full- and
no-main cell product cohorts [I(x) and I*(x)], but the schedules
of fecundity were not reported. Therefore, to calculate the
fitness costs of receiving accessory gland fluid, we apply to
each cohort the fecundity schedule of the full-reproduction
females from both Partridge et al. (1987) and Fowler and
Partridge (1989). Although these fecundity schedules are de-
rived from experiments different from that of Chapman et
al., results from this particular case are of sufficient heuristic
value to warrant discussion. Furthermore, the results are ro-
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FiG. 1. Fitness costs of reproduction at various equilibrium pop-
ulation growth rates, 7. The fitness cost of reproduction is defined
as equation (2) where w” is the relative fitness of a hypothetical
genotype that is unconstrained by a trade-off between reproduction
and survival, and w is the relative fitness of a hypothetical genotype
that exhibits the typical schedules of reproduction and survival
when a trade-off between these traits occur (see text). A value of
one is a complete fitness cost, and a value of zero represents no
fitness cost. Three aspects of reproduction are examined for fitness
costs: the receipt of accessory fluid, mating, and egg production.
Two estimates of the fitness costs of the receipt of accessory fluid
are made: estimate A uses the full-reproduction fecundity schedule
of Partridge et al. (1987) and estimate B uses the full-reproduction
fecundity schedule of Fowler and Partridge (1989).

bust over a range of variation in fecundity values examined
here.

From equations (1) and (2), we see that the magnitude of
the difference in fitness costs between egg production and
mating or accessory gland fluid will be influenced by de-
mographic conditions, since fitness depends on the popula-
tion growth rate, 7. Accordingly, we estimate the fitness costs
of reproduction over a range of population growth rates 7# =
—0.4 to 0.4. This interval represents a range of estimated
natural values for laboratory cultured flies (Prout and
McChesney 1985).

RESULTS AND DISCUSSION

Egg production has a negligible effect on fitness in the
cohorts examined here. In contrast, mating and the receipt
of accessory gland fluid markedly reduce female fitness (Fig.
1) in these cohorts. When # = 0, which may occur when
larval survival is density dependent, egg production yields
a fitness cost of less than 0.4%. For the same value of 7,
mating or accessory gland fluid reduce female fitness by 15%
to 20%.

Fitness costs of mating or the receipt of accessory gland



