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Vol. 136, No. 4 The American Naturalist October 1990

BROOD REDUCTION AND OPTIMAL PARENTAL INVESTMENT
WHEN OFFSPRING DIFFER IN QUALITY

Any parent has finite amounts of resources available for reproduction. The
more resources supplied to an offspring, the greater should be the offspring’s
chances of survival and future reproduction, but the fewer resources should
remain for the parent to produce other offspring. Thus, a parent could invest a
small amount in each of a large number of inexpensive offspring or a large amount
in each of a smaller number of offspring. Smith and Fretwell (1974) developed
a simple graphic model of the selective consequences of different resource allo-
cations among offspring. They assumed that parental investment could be
represented as a single quantity and that an offspring’s fitness could be ex-
pressed as a function of the investment received. Parental fitness, for a given
allocation, was defined as the return in offspring fitness per unit of investment.
This corresponds to the slope of a line from the origin to the appropriate point
on the function. The tangent to the curve through the origin had the steepest
gradient and gave the allocation to individual offspring that maximized parental
fitness. Their model has been widely used and was recently formalized by Lloyd
(1987).

Smith and Fretwell’s model predicts that an optimal parent should invest the
same amount in each offspring. However, the model assumes that the function
relating offspring fitness to parental investment is the same for all offspring; more
precisely, the model assumes that a parent cannot detect differences in offspring
quality before resources are committed. Temme (1986) argued that equal invest-
ment does not maximize parental fitness if offspring differ in quality. Rather, the
parent should invest different amounts in offspring of different quality, such that
the marginal return from additional investment would be the same for all off-
spring.

In this note, I extend Temme’s argument by deriving the optimal parental
investment for different relative frequencies of offspring types. I also consider
when it is in a parent’s interests to abort rather than provision offspring of lower
quality. My model addresses a basic question: how should a parent allocate
resources among offspring when the offspring have different expectations of
fitness given the same parental investment? The answer is simple. Parental re-
sources are optimally distributed when (1) the marginal return from each pro-
visioned offspring equals the average return from all offspring, and (2) offspring
whose quality falls below some threshold are aborted and yield no return on their
cost.

Am. Nat. 1990. Vol. 136, pp. 550-566.
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THE MODEL

The model presented below assumes that the number of offspring produced by a
parent is determined by the parent’s allocation to individual offspring and the size
of the resource pool. A change in a parent’s allocation strategy or a change in total
allocation results in a change in the number of offspring. Changes in allocation
strategy are assumed to be without direct cost to the parent, but different strate-
gies may give different returns on investment. Three assumptions are made about
the function relating offspring fitness to parental investment: (1) there is some
minimum investment below which an offspring has zero fitness; (2) offspring
fitness is an increasing function of parental investment; and (3) the function is
convex (i.e., there are diminishing marginal returns). All these assumptions are
either implicit or explicit in the models of Smith and Fretwell (1974) and Temme
(1986). In my model, a parent cannot vary the proportion of offspring of a given
quality but can adjust the amount invested in individual offspring of different
quality.

Suppose that offspring belong to two types, A and B, with relative frequencies p
and 1 — p. A parent invests an amount a in each A offspring and 4 in each B
offspring. Each offspring makes an independent contribution to parental fitness,
and the offspring’s contribution is a function of the resources that it receives.
Differences in quality between A and B offspring are expressed as different
functions, fa(a) and fg(b). Parental fitness, w, can be defined as the average return
per unit of investment:

L _ pfa@ + (1= p)f(b)

pa + (1 — p)b (D

By assumption of the model, a and b are subject to diminishing returns. If the
marginal returns from A and B offspring are unequal, the parent could increase its
average return (fitness) by allocating a little more to each offspring with the higher
marginal return and a little less to each offspring with the lower marginal return. If
the marginal returns are equal but less than the average return, the parent could
increase its fitness by reducing the total number of offspring and allocating a little
more to each offspring. Therefore, the optimal set of allocations (d, b) occurs
when the marginal returns from investment in each type is equal to the average
return per unit of investment. That is,

W = fald = fub), (2a)

o _ PIN@ + (1 = p)fa(b) 2b)
pd + (1 — p)b

The values of 4 and b depend on p. The model’s behavior can be examined by
considering the extreme conditions when p = 1 (all type A),

fala*) = fala*)/a*, (3a)
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Fic. 1.—The optimal parental investment in type-A and type-B offspring is given by the
intercept of the solid tangent with the appropriate curve: view a, offspring predominantly of
type B; view b, offspring predominantly of type A.

and when p = 0 (all type B),
fB(b*) = fo(b*)/b*. (3b)

The allocations a* and b* are the Smith-Fretwell allocations for A and B offspring,
respectively. Suppose that, for an equivalent investment, A offspring have supe-
rior fitness to B offspring. If a parent produces predominantly B offspring (p = 0),
each B offspring should receive b*, and the rare A offspring should receive dq such
that f4(do) = fe(b*)/ b* (fig. 1a). The optimal allocation to each A offspring will be
greater than a*. As the proportion of A offspring increases, 4 approaches a*, and
b decreases below b*. If the parent produces predominantly A offspring (p ~ D,
each A offspring should receive a*, and the rare B offspring should receive b,
such that fg(by) = fa(a*)/a* (fig. 1b). The greater the proportion of A offspring,
the greater is parental fitness at the optimal strategy and the smaller is the
investment by the parent in individual offspring of either type.

Temme (1986) similarly assumed equal marginal returns from investment in
both types, but he did not consider variation in the proportion of offspring
belonging to each type. The dependence of optimal allocation on p is easily
explained. If A offspring are more common, the parent can achieve a higher
average return. Therefore, marginal returns from individual offspring of both
types will be greater (because marginal returns equal average returns for the
optimal strategy), and the allocation to individual offspring of both types will be
less (because of diminishing marginal returns).

The model can be extended to consider selective brood reduction. Suppose that
the parent aborts all B offspring at some cost ¢ per aborted offspring; then,

pfala)

Tpa+d-pc (42)

The optimal investment in A offspring when B offspring are aborted, d, occurs
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FiG. 2.—The optimal parental investment in A offspring when B offspring are aborted is
given by the intercept of the tangent AA’ with fa(a). The proportion of A offspring is p, and
the cost of aborting a B offspring is c. A strategy in which B offspring are provisioned is
superior to the abortion strategy if the line BB’ (parallel to AA’) intersects fg(b) (see the text).

when marginal returns equal the average return:

- [y PfA(d)
W= fA) = T (4b)
The optimal strategy is represented graphically in figure 2. The line AA’ is the
tangent to f4(a) drawn from the point (1 — p)c/p to the left of the origin. The point
at which this tangent touches the fitness function defines 4. The result is the same
as that of the Smith-Fretwell model for A offspring except that an additional cost
(1 — p)c/p is associated with each A offspring. The factor (1 — p)/p is the number
of aborted B offspring per provisioned A offspring.

Suppose that a parent provisions each A offspring with 4. The parent can
achieve equivalent fitness by aborting B offspring at cost ¢ or by provisioning B
offspring with amount b if

@ _ pfa@ + (= p)fu®) s
pa + (1 — p)c pa+ (1 -pb
which simplifies to
pfald) _ fsd) (Sb)

pi+ (1 —pc b-c

This result has the intuitive interpretation shown in figure 2. The left-hand side of
equation (Sb) is the average return per unit of investment for the best abortion
strategy. This is represented by the slope of the line AA’. The right-hand side of
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equation (5b) is the average return on that portion of investment in B that is in
excess of the fixed cost ¢. BB’ is the line, parallel to AA’, that cuts the horizontal
axis at the point c¢. The right-hand side of equation (5b) equals the left-hand side at
b' and b" where BB’ cuts fg (»). Since this function is convex (by the assumption
of diminishing returns), the parent could achieve higher fitness by investing b
between b' and b". Therefore, there exist allocations @ and b that give greater
average returns than the abortion strategy. If BB’ did not intersect f(b), then the
abortion strategy would be superior to any strategy in which B offspring were
provisioned. The distance between the horizontal intercepts of AA' and BB' is ¢/p
(= [1 — ple/p + c¢). The smaller the value of ¢/p, the smaller the difference in
quality between A and B offspring that would favor the abortion of the lower-
quality type.

The model’s overall dynamics can be summarized. As p (the proportion of
higher-quality A offspring) increases, the optimal allocations, d and b, decrease.
Above some threshold value of p, the parent’s optimal strategy is to abort B
offspring at cost c¢. If B offspring are aborted, increases in p continue to decrease d
because this reduces the cost of abortion per A offspring (i.e., reduces [1 — p] -
c/p). At the limit (when p = 1), 4 equals the Smith-Fretwell allocation a*. For
given fa(a) and fg(b), the smaller the value of ¢, the smaller is the threshold
value of p.

The model presented here is a specific case of the economic principle that a
profit-maximizing firm tends to equalize the ratio of marginal product over cost for
all activities (see Bloom et al. 1985; Lloyd 1988; any economics text). This
principle defines both the optimal parental allocation among offspring of different
quality and the optimal time spent foraging in patches of different quality. In both
cases, an individual attempts to maximize the return (fitness or energy) from an
investment (resources or time) in units (offspring or patches) of different quality.
There is a strict analogy between Charnov’s (1976) conclusion that an optimal
predator should abandon a patch once the marginal capture rate drops to the
average capture rate for the habitat and my conclusion that an optimal parent
should terminate investment in an offspring once the marginal return falls to the
average return from all offspring.

Because of the close analogy to optimal-foraging theory, theorems about forag-
ing can be translated into theorems about parental allocation. Arditi and Daco-
rogna (1988) have developed an elegant model of optimal foraging in a one-
dimensional environment with an arbitrary food distribution. In their model, a
forager moves through the environment, adjusting its speed to the local availabil-
ity of food. The slower the forager’s movement, the greater the investment of time
in foraging. The optimal strategy is to move at the maximal rate (without foraging)
through areas with food availability below some threshold and to slow down in
areas above the threshold so as to reduce local food availability to the threshold.
Their model can be translated into a statement about parental allocation for an
arbitrary distribution of offspring quality. Successive offspring of a parent can be
represented as contiguous patches encountered by a forager. Aborted offspring
are patches below the threshold, and the cost of abortion is the time spent in such
patches. A parent’s optimal strategy is to abort all offspring whose quality falls
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below some threshold and to provision each remaining offspring until the marginal
return from investment equals the average return.

DISCUSSION

In a metaphorical sense, a parent can be said to possess information about its
expected reproductive success from alternative allocation strategies. The source
of this information is natural selection: the differential reproductive success of
parents employing different strategies under similar circumstances. The precision
of adaptation is related to the quality of information, that is, to the number of
different circumstances recognized by the parent in determining allocation. The
classic Smith-Fretwell model corresponds to the case in which a parent has
information about the average relation between offspring fitness and amount
invested but has no information about (i.e., does not recognize) differences among
offspring. The parent’s optimal strategy is to invest the same amount in each
offspring (Smith and Fretwell 1974).

Offspring differ in quality to the extent that they have different expected fit-
nesses given the same parental investment. Temme (1986) and I have shown that
equal investment does not maximize parental fitness if a parent can detect differ-
ences in offspring quality. Rather, a parent should equalize the expected marginal
returns from all provisioned offspring. As a result, some offspring should receive
more resources than others. The ‘‘expected fitnesses’” and ‘‘expected marginal
returns’’ are the expectations given the information available to the parent. A
parent might recognize only broad categories of offspring (e.g., offspring with
gross developmental abnormalities vs. normal offspring; male vs. female) or might
be able to make finer distinctions.

Variation in quality is not necessarily genotypic. Thus, seeds produced late in
the season are often smaller than seeds produced early in the season (Cavers and
Steel 1984). A possible explanation is that late seeds have lower expected fitness
than early seeds given the same parental investment. Other explanations are
possible (McGinley and Charnov 1988), but the hypothesis does make testable
predictions about the relative success of seeds sown at different times.

Brood reduction is an extreme case of differential investment. Lloyd (1987)
demonstrated that brood reduction may be adaptive if total reproductive alloca-
tion is uncertain when offspring number is being determined. This note demon-
strates that brood reduction may also be adaptive if offspring differ in quality. My
model identifies when it is in a parent’s interests to abort rather than provision
offspring of lower quality. This formalizes the hypothesis that selective brood
reduction can enhance parental fitness if abortion occurs before substantial re-
sources are committed to offspring (for recent discussions of this hypothesis, see
Queller 1987; Stearns 1987).
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