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ship between behavior (e.g., patch residence time)
and the distribution of food reward. Here, the effect

of stochasticity is to require that we postulate (or- -

measure) a second type of function; that is, we need
not only relate behavior to food gains (Schoener’s
cost-benefit functions), but we must relate food gains
to preference (utility functions).

Currency vs Expected Utility

There are two approaches to the problem of finding
a forager’s utility function. The conventional ap-
proach of utility theorists (cf. Raiffa 1968) is to allow
the subject to specify its own utility function by
giving it a series of preference tests. This approach
has been adopted by Caraco etal. (1980) to make
the important point that foraging animals have pre-
ferences over variance. The approach of determinis-
tic foraging theory (cf. Pyke etal. 1977) has been to
guess a reasonable currency based on our knowledge
of the forager’s natural hystory. These a priori cur-
rencies, with their connection to natural history, are
one of the strengths of optimality analysis. Both
approaches can be useful in the study of foraging
behavior. But allowing the forager to specify its own
utility function is, in a sense, the least satisfactory of
the two alternatives because we want to know not
only what a forager’s preferences are, but why it has
these preferences. We do not mean that these ques-
tions cannot be asked separately, but the second
question is the biological one; utility theory, per se,
sheds no light on the answer, only on the form the
answer should take, i.e., a utility function.

Fitness and expected utility are both tautologi-
cally defined maximization criteria. To call them
tautological is not a complete condemnation be-
cause they can both be interesting and helpful
tautologies (see Maynard Smith 1969). Neither idea
tells us much about the adaptive nature of foraging
behavior. To say that selection has favored maximi-
zation of fitness or utility is simply too glib. We
must go a step further and postulate how food and
feeding are related to ultimate fitness. In the models
we have presented. we postulated a simple connec-
tion between the forager’s natural history and its
risk-sensitivity: minimization of the probability of a
short-fall. If our model fits natural foraging be-
havior. we can take satisfaction in having under-
stood natural history well enough to have made an
a priori guess about the appropriate utility, more so
than if we had simply measured utility functions.

Description and Ultility

The expected-utility hypothesis may fail; that is, no
utility function may exist which describes the be-

havior. In economics there are famous examples of
where humans show preferences which are incon-
sistent with the expected-utility hypothesis (e.g., Al-
lais 1953). The replgy of utility theorists is that their
theory is prescriptive, not descriptive, of human be-
havior (Raiffa 1968). Utility theory tells us how ra-
tional human decisions should be made, not how
human decisions are made. In foraging theory we do
not want to prescribe animal preferences; we wand
to describe them. We do not want to instruct ani-
mals in how to make better decisions. We want to
describe the decisions they do make. Perhaps we
should consider whether animal decisions are more
likely to satisfy the criteria of the expected-utility
hypothesis than human decisions. When we adopt
techniques from other disciplines, we should look
hard at their internal difficulties. In the case of util-
ity theory there is a large body of literature on the
pros and cons of its application (e.g., Raiffa 1968:
Keeney and Raiffa 1978. who provide discussions).

Variance Discounting

The formal machinery of utility theofy may not be
necessary in practice, especially if food reward is
normally distributed. While normality cannot be
guaranteed, it is likely to be the most general food
reward distribution; this is suggested by the results
in section one and less restrictively by the central
limit theorem itself. When normality does occur. the
intuitive idea of a trade-off between a measure of
central tendency (mean) and a measure of variability
(variance) can be justified by rigorous mathematics
because the mean and variance provide a complete
specification of a normal distribution. If we take
normality to be general. we then have the problem
of trying to find some general way to combine mean
and variance to provide a measure of quality. Sec-
tion two proposed that the Z-score of the standard
normal distribution is a sensible currency for the

- case of acquiring a threshold food requirement.

Many authors have proposed that a straightfor-
ward linear combination of mean and standard de-
viation may be a generally useful currency (Oster
and Wilson 1978; Caraco 1980; Real 1980a.b). This
currency has the form:

max (u—ko)

where u is the mean and o is the standard deviation
of the reward distribution, and k is a constant
measuring the forager's risk-sensitivity. We maxi-
mize the mean. discounted by a certain amount for
‘undesirable’ variability, because k is usually posi-
tive. While this formulation is recommended by its
simplicity, its claim to generality may be strong as



well. Using arguments from utility theory, it has
been shown that this formula is approximately cor-
rect under very general conditions using a series
expansion argument (Oster and Wilson 1978; Real
19804, b). It is exactly correct if the underlying dis-
tribution is normal and the utility function is a
simple exponential function (Oster and Wilson 1978;
Caraco 1980).

Uncertainty and Information in Patches

The marginal-value theorem (Charnov 1976a), a de-
terministic model finding optimal patch residence
times, has been severely criticized because, according
to Oaten (1977), sensible optimal leaving procedures
‘must be based on a stochastic model’. Green (1980).
Iwasa et al. (1981) and McNamara (in press) have,all
added mathematical weight to Oaten’s criticism. It is
unfortunate and misleading that Oaten and his col-
leagues have been so insistent in their campaign for
stochasticity because the differences between Oaten’s

stochastic model and Charnov’s deterministic model .

are not due to stochasticity per se.

Consider the following simple example. Imagine
that a scientist is given two opaque urns, each con-
taining different proportions of red to green balls,
and is asked to obtain as many red balls as possible
in some fixed number of draws, without replace-
ment. If the scientist is told that the urn labelled 4
has initial proportion p, of reds and the urn labelled
B has reds in initial proportion p,, the problem is
closely analogous to Charnov’s “patch-use model
where the urns are patches and the scientist is a
forager. However. if the scientist is not told what the
labels mean, he has Oaten’s problem; because he
cannot recognize patches he will do well to use
knowledge gained while ‘foraging’ to improve his
decisions. The difference here is not stochasticity.
Both problems are stochastic. The difference is the
amount of information the forager (scientist) is sup-
posed to have. To call Oaten’s model the stochastic
~case is to confuse the problems of risk and infor-
mation.

Stochastic Rates

Pyke etal. (1977) have argued that maximization of
the net rate of energy intake is the most sensible
general currency of obtimality in foraging because it
subsumes both of the reasonable currencies pro-
posed by Schoener (1971), energy maximization over
a fixed time and time minimization to a fixed energy
gain. Templeton and Lawlor (1981) have recently
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pointed out that in a stochastic world, maximization

_of the expected rate of energy intake is not nec-

essarily equivalent to either of these strategies. In
this case, what Templeton and Lawlor called the
‘fallacy of averages’ stems from the fact that the
expectation of a quotient is not equal to the quo-
tient of the expectations.

Let G be the random variable which specifies the
net food gain over a random time T. Then each of
following currencies of optimality is possible and
generally distinct from the others.

1. Maximize E(G/T).

2. Maximize E(G)/E(T).

3. Maximize E(G|T =t), where t is a fixed value.

4. Minimize E(T|G =g), where g is a fixed value.

Currencies three and four are stochastic versions
of Schoener’s (1971) energy maximizer and time min-
imizer. However, a good deal of controversy sur-
rounds the interpretation of currencies one and two
(Templeton and Lawlor 1981; Gilliam etal. in
press; Turelli etal., in press). Templeton and Lawlor
claim that currency one is the average of energy
intake and that models of optimal foraging which
have claimed that currency two is the average rate
of intake (specifically Charnov 1976b and Pulliam
1974) are wrong. Templeton and Lawlor are in-
correct because both currencies are average rates of
intake. The important question is which average is
appropriate, not which is the average.

The precise. meanings of these currencies depend
on the definitions of G and T. If G is the amount of
energy gained in time T, where T is the time from
entering one patch until entering the next (Tem-
pleton and Lawlor’s case), then as the number of

. patches visited becomes large, the average rate of

energy intake per patch approaches E(G/T) by the
law of large numbers. By a similar argument, as the
number of patches visited becomes large the average
amount of energy gained per unit of time approaches
E(G)/E(T). These are both average rates. An animal
using the E(G/T) currency should choose foraging
strategies where each patch yields the highest possi-
ble rate that particular patch can attain, regardless
of the absolute amount of time spent in that patch.
While the E(G)/E(T) currency allows for the possi-
bility that the rate attained within a particular patch
might be less than the maximum possible if a higher
overall rate can be had by moving on to better
patches. There may be cases where E(G/T) is a
sensible currency: for example, if the forager is
somehow limited to visiting only one patch per day
(or whatever ‘critical’ period is applicable). However.
we agree with Gilliam et al. (in press) that E(G)/E(T)
is a much better currency for nearly any forager.
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Analysis and Simplicity

Our approach is to build simple models. Simple
models are most useful because they allow us to see
how the elements of the problem interact and to
readily compare different conditions and assump-
tions. In a word, simpler models allow better analy-
sis. The growing body of literature on stochasticity
in fyraging strongly argues that the additional com-
plenities of stochastic models are worth it. But mod-
elers should not lose sight of analysis. We have
taken the time to discuss the controversies about
stochastic rates and ‘stochasticity’ in patch use be-
cause we believe that these are cases where analysis
has been lost in the shuffle. The cause of analysis is
not well served by Templeton and Lawlor’s (1981)
surprising and self-contradictory statement that ecol;
ogists should be suspicious of ‘conclusions that de-
pend critically upon the precise form of the optimi-
zation criterion.” Not only are criteria critical by
definition, if they are not they should have been
removed from the model on the ground of par-
simony inherent in the concept of analysis.
Modeling is just figuring out the implications of
a set of assumptions. Templeton and Lawlor (1981)
and Oaten (1977) seem to have elevated assumptions
to the realm of metaphysics by insisting on right
and wrong assumptions. Maximizing E(G)/E(T) has
different implications than maximizing E(G/T), and
a discussion of the these differences has proved help-
ful, despite Templeton and Lawlor’s error (Gilliam
etal, in press; Turelli etal, in press). Similarly.
" Oaten’s important work has shown that foragers
which cannot recognize patches. should act dif-
ferently from those which can. But this does not
show that ‘published strategies are not optimal,’ as
Oaten claims.
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