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Preface

This thesis is largely a theoretical and mathematical work. I take
this opportunity to point out how I have approached the theoretical
problems discussed. Many early workers in optimal foraging theory have
discussed the sweeping generality of their results. This search for
generality has lead to two types of disappointment. The fieldworker
who attempts to test the "general" theory is disappointed because he
discovers that the theory is too recondfte for him to apply. The
theoretician is disappointed because it{s usually easy to find small
modifications which make the supposed generality evaporate.

Despite this Tlack of generality dptimal foraging models have
clearly been helpful guides to our intuition, and from this point of
view simple models are perhaps more helpful than ponderous generality.
The approach I adopt here is to study simple, analytical and (I hope)
illustrative special cases. Except where I éay so explicitly, I do not
claim any generality. I prefer to let the reader decide how special the
special cases presented are.

There are two views about mathematics in biological writing.
There are those who favour mathematical appendices (the closet
approach), and those who prefer to put the expressions straight in the
text. I have adopted the second view, at the cost of some "turgidity,"
(in John Krebs's description). However, I have tried to write (and
illustrate) bearing in mind the type of biological reader who skips
equations. I am not sure I have always been successful; in cases where
I have failed I hope that the reader who has a right to expect some

biology may find it by working through the equations.
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ABSTRACT

Stochasticity in foraging theory: risk and information

(Submitted for the degree of D.Phil in Trinity Term 1982 by
David William Stephens, The Queen's College, Oxford).

This thesis considers the importance of adding stochasticity to
models of optimal foraging behaviour. The problem is divided into two
elements, risk and information, which are treated separately.

' Part One: Risk

The theoretical and empirical results concerning animal
preferences in risky situations are reviewed. Animals are known to
show both risk-averse and risk-prone preferences over food reward. It
is shown, theoretically, that a simple optimality model minimizing the
probability of death due to starvation accounts for at least some of
the observed patterns of preference. The model is generalized to
consider preference from arbitrary combinations of mean and variance.
Three limitations of the model are treated in detail, that is the
importance of starvation by "ruin," mind-changing about risk
preferences, and energetic carry-over are discussed. The implications
and limitations of these models are outlined.

Part Two : Information

The theoretical Tliterature is reviewed, and the problem of
information is divided into three elements.

A simple model of environmental tracking is studied. The model
suggests that there is a trade-off between sensitivity to change and
the costs of sampling. The model is tested using great tits
(Parus major) foraging in an aviary. The trend in sampling was as
predicted, but the birds were less sensitive to change than predicted.

The problem of patch sampling is critically discussed. The value
of sampling is defined, and this definition is used to compare the
assumptions of previous models. Three such problems are treated: the
importance of variance in the mixing distribution of patch sub-types;
the importance of alternative and unambiguous patch types; and the
importance of patch depression. It is concluded that previous models
have often over-valued sampling. A simple and natural model of partial
patch recognition is considered, and is shown to have empirical
support. Implications and limitations of these models of information
are discussed.
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Glossary of Symbols and Conventions

The following symbols and conventions have been used:
Means and variances:
Generally:
E(X) - the expectation of a random variable X.
V(X) - the variance of a random variable X.
Specifically:
p - the mean of a random variable.
usually the mean of energy gain.
02 - the variance of a random variable.
usually the variance of energy gain.
Other terms and conventions:
P(event) - indicates the probability of an event.
P(event-llevent-Z) - indicates the conditional probability of

event-1 given event-2.

max - maximum, used as a subscript, or to denote the operation of

finding the maximum.

min - minimum, used as a subscript, or to denote the operation of

finding the minimum.

$(x) - the probability distribution function of a standard normal

(0 = 0, 0 = 1) distribution. (x is an arbitrarily chosen

variable.)

®(x) - the cumulative distribution function of a standard normal

distribution; i.e. If Y has a standard normal distribution, then

(x) = P(Y < x).

€ - used to mean "is contained in," (see e.g. below).
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Glossary of symbols and conventions (page2)
[a,b] - a closed interval, (see e.g. below).
(a,b) - an open interval, (see e.g. below).

{a,b} - the set consisting of a and b, (see e.g. below).

Therefore:

x € [a,b] means a < x < b.

x € (a,b) means a < x < b.

x € {a,b} means x may be a or b.

* - is used to denote a critical or an optimal value.
A - is used only to mean an encounter rate.



CHAPTER ONE
Introduction to Stochasticity in Optimal Foraging Theory

1.1 Optimality in evolution and behaviour

In the last twenty years mathematical models of optimality and
stability have become importanf tools in the study adaptation by
natural selection (see Maynard Smith 1978 for a review). This has been
especially true for the study of the functional value of animal
behaviour, (McFarland 1977). The central idea is that natural selection
can be viewed as an optimizing process. This view has been -
controversial (Gould & Lewontin 1978), and its limitations have been
constructively reviewed by McCleery (1978) and Oster and Wilson
(1978). Despite the controversy and limitations, there can be little
doubt that optimality has been a profoundly influential idea in the
study of animal behaviour as an adaptation.

Currencies and Constraints. A1l optimality models have two

elements in common. The modeller must specify a currency of
maximization and the constraints of behaviour_ which 1limit this
maximization (Schoener 1971), although McFarland (e.g. McFarland 1977)
takes a somewhat different view; that is, he uses observed behaviour to
specify the currency of maximization, but this is a difference in the
application of the models not in the elements of the models themselves.

Many problems have been studied by optimality techniques. For
example, the theory of optimal life history strategies (see Horn 1978)
often assumes that natural selection has acted to maximize the number
of offspring an individual produces over its 1lifetime, taking into
account that the animal's productivity is constrained by an inverse
relationship between annual survival and annual reproduction. In

addition to life history theory, there have been theoretical and



experimental optimality or stability analyses of territorial behaviour
(Brown 1964, Brown & Orians 1970, Pyke 1979), animal
conflicts (Maynard Smith and Price 1973), breeding systems and
behaviour (Orians 1969), behavioural .sequences (Sibly & McFarland
1976), flock size (Caraco 1980, Pulliam 1973), insect sociality (Oster
and Wilson 1978), the allocation of sexual resources (Charnov 1982) and
foraging behaviour (Pyke et al. 1977, Krebs 1978 ), Werner and
Mittelbach 1981). Among these analyses, optimality models of foraging
behaviour have certainly been one of the most influential applications
of optimality in biology. Thus the first paper on optimal foraging was
published in 1966, (MacArthur & Pianka 1966) representing only .05% of
the 1literature in 1966 contained in American Naturalist, Animal
Behaviour, Ecology, and The Journal of Animal Ecology; by 1974 the
proportion of papers in these journals indexed as "optimal foraging"
was 2%, and 8% in 1981 (sourée Bodeleian Library computerized search).
This is exponential growth!

1.2 The state of the art in Optimal Foraging theory

The theory of optimal foraging makes very simple assumptions about
currency and constraints. It has normally assumed that foraging
behaviour has been "designed" by natural selection to maximize the net
rate of energy gained by a forager, an hypothesis that I shall call
"rate maximization." The most fundamental constraint in optimal
foraging is the assumption that animals cannot search for food and eat
simultaneously. I call this the search/handling constraint.
These two ideas, rate maximization and the search/handling constraint,
follow from independent considerations of natural history. It is
argued (Schoener 1971, Pyke et al. 1977) that the rate of energy gain

should be maximized because animals will be limited by energy (the



more energy an animal gets per day, the better off it is) or by time
(the sooner it satisfies its daily needs, the more time it has for
other activities). Rate maximization is a sensible strategy in either
case, (Schoener 1971, Pyke et al 1977, Krebs 1978). The considerations
which suggest the search/handling time constraint need little
explanation; in most (but not é]]; McNair in press) cases a forager
will only be able to do one thing at a time.

The basic results of optimal foraging deal with the implications
of putting these two ideas together, within a framework of other
assumptions about encounter rates, prey or patch values, etc. Most, if
not all, of the resulting models hinge on an idea which is the natural
result of combining rate maximization with the search/handling
constraint which I call the "principle of 1lost opportunity.” For
example, in standard models of optimal diet (Charnov 1976b, Maynard
Smith 1974, McNair 1979, Pearson 1974, Pulliam 1974, Schoener 1969,
Werner and Hall 1975) it is shown that the decision about whether a
parficular prey type should be included in the diet depends only on the
abundance of better types; that is the decision is based on whether
taking this item also requires an unacceptable loss in opportunity to
take better items which might be encountered in the time it takes to
handle the item at hand.

The principle of 1lost opportunity arises in a similar way in
simple models of patch-use, (Charnov 1976a, Orians and Pearson 1979,
Stephens and Charnov in press, McNair in press). A forager should
leave a patch before the patch is empty because the value (the marginal
value) of the patch will normally decline as the forager searches the
patch. This means that there will be a patch residence time beyond
which staying in the patch would involve a loss of opportunity (to

leave and do better elsewhere).



Both rate maximization and the search/handling constraint have be€y\
challenged theoretically, (e.g. Caraco 1980, McNair in press, Stephens
1981). For example, the first five chapters of this thesis represent
an argument against rate maximization in some cases. McNair (in press)
considers a patch model in }which if- is possible to encounter new
patches while foraging withiﬁ a patch, a violation of the
search/handling constraint. McNair’s result is an exception which
proves the rule for the principle of lost opportunity; e.g. if the rate
at which new patches are encountered while hunting within a patch is
the same as the rate of encounter when hunting for new patches, then
there is no lost opportunity, and the forager should stay until the
patch is empty. Despite these exceptions the ideas of rate
maximization, the search/handling constraint, and their corallary the
principle of lost opportunity are of general importance in foraging
theory.

The conventional theory has made a large number of other
assumptions. It has assumed that prey and patch types can be
instantaneously recognized without ambiguity, (an assumption I spend
chapters seven to eleven relaxing énd analysing). It has assumed that
encounters are independent of one another; this is what I call (at
slight variance to previous usage) the 'fine-graihed assumption. The
assumption which is the starting point for the work presented in this
thesis, 1is that most (but not all) conventional models have used
deterministic arguments to derive their results.

Many types of models, all based largely on the ideas discussed

above, have been presented. I list four types of models here. (A) Diet

Models (Charnov 1976b, Maynard Smith 1974, McNair 1979, Pearson 1974,

Pulliam 1974, Schoener 1969) predict what types of items should be



included in the diet. The basic result is that the ratio of net energy
gained per encounter with a fype to the handling time (E/h) should be
used to rank diet items, (E/h is often called the profitability, Krebs
1978).  (B) Patch-Use Models (Charnov 1976a; the marginal value

theorem, mvt) consider the «case where patches “"depress" (the
terminology of Charnov et al 1976); that is patches get worse, in terms
of rate, as they are exploited. The models predict that foragers
should stay longer in patches when the rate of qain elsewhere is Tower

(a direct 1lost opportunity result). (C) Central-Place Models

(Andersson 1978, Orians and Pearson 1979) consider how animals which
are constrained to return food to a central-place (say a parent bird
returning food to its young) should forage. The models make
predictions of increased selectivity and patch residence time at

greater distances from the central place. (D) Other Models: more

recently more complex problems have received attention. For example,
the trade-off between foraging and territory defence has been studied
by Davies and Houston (1981).

Theory and Experiment. I have recently reviewed the literature of

empirical tests of foraging theory elsewhere (together with J.R. Krebs
and W.J.Sutherland; Krebs et al. in press). In table 1.1 I reproduce
Krebs et al's table 1, which summarizes the empirical evidence bearing
on optimal foraging theory to date. The table follows the
classification of the previous paragraph: (A) Diet models, (B)
Patch-use models, (C) Central-place foraging models and (D) Other
models. The table shows that the balance Between
theory and evidence in optimal foraging has remained good. This is in
marked constrast to some other aspects of theoretical ecology, for

example, niche and competition theory. The table also shows that many
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studies have found empirical support for the theory, although there are
notable failures. Perhaps the most common conclusion has been to find
qualitative support for the theory (e.g. the trend is as predicted) and
quanﬁptive failure (e.g. the details of the behaviour are not exactly
as predicted). This suggests that the theory is on the right track, but
in need of some refinement. Although many refinements have been
suggested, perhaps the most frequently mentioned difficulties are
violations to the assumption that the world is deterministic (cf. Oaten
1977, Mittlebach & Werner 1981).

Limitations and Criticisms. There have been two types of

criticism leveled against optimal foraging theory. Firstly, there have
been criticisms about whether it is a reasonable approach at all, (cf.
Gould and Lewontin 1978). Secondly, there have been criticisms about
the techniques and assumptions made in foraging theory. I deal with the
first type of criticism first.

Specifically Gould and Lewontin (1978) have criticised optimality
in general on two counts, that is it not testab]e and that it_ignores
constraints. Their argument about testability is that the hypothesis
that an particular behaviour is "optimal" cannot be falsified. This is
true, but a particular model, which represents a potentially complex
set of assumptions about currencies and constraints, can be shown
either to be a sensible description of nature or not. Their criticism
of optimality’s treatment of constraints leads to a more general
question. Their criticism cannot be that optimality ignores all
constraints because, as I have pointed out above, constraints are a
fundamental part of all optimality models, Their criticism can
only be interpreted as meaning that optimality should consider more

constraints, in particular constraints of morphology and phylogeny.



This leads to the question of whether the ideal model is a perfect
representation of reality or only captures a few essential features;
how much complexity should be included? Optimal foraging theory comes
down of the side of simple and il]ust}ative models, and this is the
_approach I adopt in this thesis. The empirical and intuitive (in the
sense of stimulating much experiment and discussion) success of optimal
foraging theory argues in favour of this approach.

There are two important technical criticisms. Firstly, all the
simple models disgussed above find the optimal behaviour using nothing
more complicated than elementary differentiation. This means that none
of these models allow for the possibility that behaviour may change as
a function of the forager’s state. To account for this, techniques
from the mathematic theory of dynamic programming are required, (e.g.
McFarland and Houston 1981). In this thesis I follow the traditional
"static" approach of optimal foraging, and this is an acknowledged
difficulty, (in fact it arises in chapter five). Secondly, as I
pointed out earlier, the majority of earlier models of optimal foraging
used deterministic arguments. Foraging animals search for, encounter
and handle their prey according to rules which are most accurately
described by statements of probability, that is, by stochastic models.
In this thesis I consider the implications of stochasticity for optimal
foraging theory.

1.3 Stochasticity

Definition. If the outcome of some process can be determined
exactly and without error it is deterministic. However, there are many
processes in nature where the best description that can be made must be
in terms of probabilities, such processes are stochastic. I adopt here

the definition of Coleman (1977), that *“stochastic is jargon for



random." However, the value of using the word “stochastic" instead of
"random" is that "random" is often used to mean uniformly random. The
outcome of a coin toss is said to occur "at random," this means that
heads and tails are equally ]ikejy. If ﬁeads were two times more likely
than tails then in common usage this would not be "at random" but it
would be stochastic.

The Stochastic Problem. The problem of stochasticity in optimal

foraging is actually two problems, risk and information.
Risk.

In a stochastic environment a forager's behaviour will not yield,
for example, ten calories with certainty; instead a forager will, at
best, be able to choose a probability distribution of calories.
Choosing from a known set of probability distributions and choosing
from a set of certain alternatives are clearly different problems. The
first stochastic problem in foraging theory is how should foragers
éhange their preferences when they are faced with known types of
stochastic variability. Micro-economists, whose models closely
parallel optimal foraging, call this the problem of pure risk (Hey
1979).

Information

The second stochastic problem 1is more complicated and 1less
direct. Imagine that the state of nature is répresented by one of two
possible probability distributions, A and B. Assume that the forager
knows what the alternatives are, but cannot distinguish between them
before deciding what tactic to use. Further imagine that if the
forager knew it was faced with distribution A it should adopt a
different tactic than if faced with B. The tactic actually chosen

should then reflect information about the relative 1likelihoods of A



vs. B, agained while foraging. That is, the forager has a problem of
information gathering and use. In the terminology of micro-economics
this is a problem in "pure uncertainty" (Hey 1979). However, for
clarity, I follow the usage of Stephehs and Charnov (in press), and
call this the problem of informafion.

The separation of the stochastic problem into these two elements
(risk and information) is logically important, not because animals
actually face pure information or pure risk problems in nature, but
because it suggests a sensible way for the study of stochasticity to
proceed. In this thesis I consider risk and information separately
because, at least as a first step, this approach leads to the simplest
and most understandable models. In the next two sections of this
chapter I introduce the topics of risk and information separately.

1.4 Introduction to Risk

The problem of risk is how should foragers choose from a set of
variable alternatives. In other words, how should a forager value, or
prefer, variable alternatives. This leads naturally to considerations
of how risk should change the currencies of optimization used in
foraging theory. I therefore treat risk as a "currency problem." My
approach is not to try to specify general curfencies that will always
hold, but to consider the implications of simple and special types of
currencies of optimization for risk. Specifically I consider
models based on minimizing the probability of death due to starvation.

The problem of risk is examined in five chapters. In chapter two
I review the mathematical and biological theories which have been put
forward to account for risk. In chapter three, I review the empirical
evidence regarding animal preferences over variability. In chapter

four, I present a detailed account of the risk of starvation currency
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and its implications. In chapter five, I consider three difficulties
with the theory of chapter four. Finally, in chapter six, I discuss my
results as a whole.

1.5 Introduction to Information

The problem of information is how should a forager treat aspects
of its foraging environment (e.g. patches, prey items, etc.) which it
knows to be ambiguous. For example, a small bird may know that all red
beetles are either tasty or noxious, but may not know whether a given
red beetle is either tasty or noxious.

If risk is a currency problem, then information is a problem of
constraint; i.e., what is optimal behaviour if a forager is unable to
know which state is which? Information is not as straightforward a
problem as risk; because there are many ways a forager can be ignorant
(e.g. a forager may recognize nothing about beetles, or recognize only
their size, but not their flavour) and many ways it can gain
ihformation (e.g. it may directly sample or "pay" recognition costs).
Secondly, it is not as direct an implication of stochasticity as risk.
There is variability in any stochastic situation, but there need not be
a multiplicity of indistinguishable states. I do not present general
models of information; instead I have tried to present simple and
understandable models which illqutrate what I think are important
points.

I consider information in five chapters. In chapter seven, I
review the theoretical literature of information. In chapter eight I
consider a simple model of optimal sampling to track a. changing
environment; I test this model in chapter nine. In chapter ten I
present a series of simple models which criticize the conventional

approach of the patch sampling literature. In chapter eleven I
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summarize and discuss my work on information.

Parts I and II.

In this thesis I consider stochasticity in two separate parts.
Part I, Risk (chapters two, three, four, five, and six) and Part II,
Information (chapters seven, eight nine, ten, and eleven). Each part is
self-sufficient. In each part I review the relevant theoretical and
empirical literature. In chapters six and eleven I provide separate

discussions of risk and information.



PART I: RISK
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CHAPTER TWO
Risk: Theoretical Background

2.1 Introduction

"The problem of risk is how should a forager choose between known
but probabilistic outcomes. To study this question it is necessary to
use ideas from mathematical stafistics and the microeconomic theory of
decision-making. In this chapter, I review the basic theory required.
In addition, I review biological ideas about animal preference for and
against variability.

Mean Maximization. The problem of risk has usually been treated

glibly in optimal foraging theory. The conventional view is that if (in
a deterministic model) animals are assumed to maximize their rate of
energy gain, then in a stochastic case they should maximize their mean
rate of energy intake (see Pyke et al.,1977). For convenience, I call
this the mean-maximization hypothesis. The mean-maximization
hypothesis has a troublesome implication. It requires that foragers be
indifferent to variability in food reward. Suppose a forager has a
choice between two distributions of energy gain; the first has mean 10
kcals. and variance 100; the second has mean 9.99 kcals and variance
1. Mean-maximization requires that the forager choose the first,
although many people would clearly prefer the second (if the reward
were money rather than calories). The mean-maximization hypothesis and
its implication of variance-indifference are at the centre of my
treatment of risk (Part I) ; throughout Part-I ,I will be considering
when mean-maximization and variance indifference are valid, and when
they are not.

2.2 Utility Theory: Risk-Sensitivity. The most general solution to

the problem of risk is provided by utility theory. Utility theory was
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first presented by Von Neuman and Morgenstern (1947) in their famous

monograph "Theory of Games and Economic Behavior". In developing a

theory of economic behaviour Von Neumann and Morgenstern faced the
problem of finding a way to compare two'entire1y different probability
distributions; that is they faced the problem of risk. In outline the
procedure they proposed is simple. Assume that there exists a function
defined over all possible outcomes of some decision problem (say over
the range of possible daily energy gains). This function is called a
utility function, and it specifies which outcomes are preferred and how
much a given outcome is preferred over another. Figure 2.1 shows three
simple hti]ity functions: a. a 1fnear utility function, b. a
concave-down utility and c. a concave-up utility. The principal
differences between these three functions is how their rates of change
change (i.e. their second derivatives). In other words,'the increase in
utility due to adding a single unit of reward to the forager's present
states is: (a) the same for all levels of reward for a linear function,
(b) decreasing with increasing reward for a concave-down function and
(c) increasing with increasing reward for a concave-up function.
Utility theory considers what happens if the reward in these
graphs is the outcome of some stochastic process, i.e. described by a
probability distribution. Now, given a function [U(X)] and a
probability distribution of the variable X [f(x)] it is a
straightforward mathematical operation to find the expected (or mean)

value of the function
E[U(X)|f(x)] =£ U(x)f(x)dx (2.1)

Von Neumann and Morgenstern proposed that probability distributions

could be put in rank order of preference by their expected-utilities.



Figure 2.1

A Linear

B Concave-down

- UTILITY

C Concave-up

REWARD

Figure 2.1 The figure shows three utility functions with different
———————————————— . . . . . .

concavities: (a) is a linear utility function, (b) is a concave-down
utility function and (c) 1is a concave-up wutility function.
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That is f1(x) is preferred to fa2(x) if
E[u(x)|f1(x)] > E[U(X)|f2(x)]. In more conventional optimal
foraging terms, expected-utility can be used as a currency of
maximization when the gains due to foraging are stochastic.

Risk-Sensitivity, Risk-Aversion and Risk-Proneness. For present

purposes, the most important result of utility theeggtggv}hat the three
functions of figure 2.1 act very different]xk' the expectation
operation. To see this, consider a forager offered a choice between a
lottery consisting of two possible rewards ri and r2 each with
probability one-half, and a certain reward with value (r1; + r2)/2.
This is a choice between a lottery and its mean reward with éertainty.
A forager with a linear utility function will be indifferent to those
two choices; a forager with a concave-down utility function will prefer
the certain choice, and a forager with a concave-up utility function
will prefer the lottery. These results are illustrated in figure 2.2.
Caraco et al. (1980) coined the term_“risk-sensitivity" for these types
of preferences. In the terminoloay of economics, a forager preferring
a probability distribution to its mean with certainty is said to be
risk-prone, and if the certain choice is preferred the forager is said
to be risk-averse. The definitions of risk-aversion and risk-proneness
are quite specific; they deal only with preference in the case of a
single probability distribution vs. its mean with certainty. In later
chapters these definitions will prove to be too limiting; then I will
usually consider preferences over a range of variances. When rewards
are normally distributed, variance is a perfectly adequate "measure" of
risk for present purposes, but risk and variance are not equivalent,
(this problem has its own body of literature in micro-economics, see

Hey 1979, chapter six).



Figure 2.2a

Risk Averse Case: Concave Down
utility

Reward
Figure 2.2b

Risk Prone Case: Concave Up
utility

Figure 2.2 This illustrates why concave-up and concave-down utility
functions "act" differently under risky conditions.In both (a) and (b)
the forager is offered a fair lottery where the same number of units of
reward may be lost as may be won, and where the winning and losing both
have probability one-half. In the concave-down case the forager might
lose more utility than it might win, so a forager with a concave-down
utility function would prefer not to gamble. In the concave-up case (b)
the forager might win more than it loses, so it prefers to take the
gamble.
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The Expected-Utility Hypothesis

The most important principle in applying utility theory to the
prediction of behaviour is the expected-utility hypothesis (Raiffa
1968). The expected-utility hypothesis.(perhaps better described as an
assumption) is the suppositidn'ghat there exists a utility function
which ranks probability distributions in order of preference. At its
most hollow, this is just the tautology that utility theory works if
there exists a utility function which describes the observed behaviour.
However, the importance of the expected-utility h}pothesis is that
conditions can be found for it to hold. Two conditions must hold for
the expected utility hypothesis to be true: substitutability and
transitivity, (I follow the terminology of Raiffa 1968, to whom the
reader is referred for a readable account of the expected-uti1ity
hypothesis). Substitutability is the idea that if outcome A is
preferred to outcome B, but the forager is indifferent between outcome
B and outcome C, then A must be preferred to C. If the forager is
indifferent between two outcomes, then it must be possible to
substitute them for each other in évery type of 'preference
relationship. Transitivity is a similar idea. If A is preferred to B,
and B is preferred to C then A must be preferred to C for the expected
utility hypothesis to hold. In other words substitutability and
transitivity may be thought of as the prézrequisites of the
expected-utility hypothesis, and consequently the application of
utility theory to a given problem.

In economics there are famous examples where humans show
preferences inconsistent with transitivity (Allais 1953) and hence
inconsistent with the expected-utility hypothesis. Utility theorists

reply to this failure by arguing that utility theory is prescriptive
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and not descriptive of human behaviour. Utility theory, they argue,
tells us how rational human decisions should be made, not how human
decisions are made. Foraging theorists clearly do not want to instruct
animals in how to make better decisions (although analyses from this
point of view might be constructive); instead the goal of foraging
theory is to describe the decisions animals make. This means that the
postulates of the expected-utility hypothesis deserve some
consideration when applying utility theory to foraging behaviour (see
Stephens & Charnov 1982).‘ In my discussion of risk (Part I) I adopt an
approach which is (indirectly) based on utility theory. Therefore, I
acknowledge here that the assumptions of the expected-utility
hypothesis are part of the models which I will present.

Currency vs. Expected Utility? Conventionally optimal foraging

begins by making an assumption about the currency of optimality (the
terminology of Schoener 1971), e.g. maximize the rate of energy or
nutrient intake. These currencies have normally been guesses, based on
the modeller's knowledge of natural history. These a priori
currencies, with their connection to natural history, are one of the
strengths of optimal foraging theory. The conventional approach of
utility theorist (cf. Raiffa 1968) is to allow the subject to specifiy
~its own utility function by giving it a series of preference tests.
Both approaches can be useful in the study of foraging behaviour (for
examp]e'McFarland‘s, 1977, inverse optimality or in a stochastic
case Caraco et al. 1980). quever, allowing the forager to specify its
own utility function is, in a sense, the least satisfactory of two
alternatives, because we want to know not only what the forager's
preferences are, but why it has these preferences. Utility theory, per

se , sheds no light on this question,' only on the form the answer
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should take, i.e., a utility function. The approach I adopt is to guess
at reasonable utility functions, or stochastic currencies, becausevI
am interested in the question why should a forager change its behaviour
in risky situations.

The Deterministic vs. the Risky Case. To help make the

distinctions clear consider the form of a deterministic foraging
problem. The steps in a deterministic analysis are : (1) choose a
currency and (2) specify cost-benefit functions which relate the
‘currency to the behaviour (Schoener 1971). Expected-utility is the same
as Schoener's currency because it is the quantity we maximize, but in a
risk problem cost-benefit functions do not relate behaviour to
expected-utility.They relate behaviour to the distributions of some
intermediate reward (e.g. amount of food or nutrients). The expectation
of the utility function, given this distribution, provides the final
link to the currency.

A utility analysis of foraging behaviour would take the following
form. (1) Choose a utility, for example, the probability of survival.
A11 the considerations which apply to the choice in a deterministic
currency apply to this decision, e.g. when 1is the probability of
survival the most important attribute of fitness? (2) Specify the
relationship between the proposed utility and fooﬁ. (3) Specify the
relationship between behaviour (e.g. patch residence time) and the
distribution of food reward. Here, the effect of stochasticity is to
require a second type of function; that is, not only must behaviour be
related to food gains (Schoener's cost-benefit functions) , but we must
relate food gains to preference (utility functions). I illustrate
these distinctions in table 2.1.

Although I seldom call upon all of the formal and ponderous

machinery of utility theory in my treatment of risk, it is an implicit



TABLE 2.1 SCHEMATIC REPRESENTATION OF
THE STOCHASTIC VS. THE DETERMINISTIC CASES

DETERMINISTIC MODELS:

COST/BENEFIT FTNS.
BEHAVIOUR > CURRENCY
& - ————— to be magpized
FOR EXAMPLE:
COST/BENEFIT FTNS. ENERGY INTAKE
DIET CHOICE? {encounter rate, RATE
handling time}
TYPE A ONLY? _ >
€Crmr— e ——
TYPE A & B?

STOCHASTIC MODELS:

CoST/
BENEFIT UTILITY
BEHAVIOUR FTNS. REWARD FTN. EXPECTED
——>{DISTRIBUTIONS| ———— > UTILITY
! v

| ]

FOR EXAMPLE:

CcosT/ FTN
BENEFIT RELATE-
DIET CHOICE? FTNS. DISTRIBUTION ING PROBABILITY
: enc. rate OF
TYPE A ONLY? hand. time{ DAILY ENERGY OF SURVIVAL
TYPE A & B? GAIN ENERGY
TO
SURVIVAL

Solid Arrows indicate how behaviour influences reward/currency.
Dashed Arrows the action of selection on behaviour via currency
or expected utility.
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part of most of the ideas I present here.

2.3 The Biological Theory of Risk

There have been three approaches to the problem of risk in the
literature of behavioural ecology. Firstly, several authors (Oster and
Wilson 1978; Caraco 1980, Real 1980 a,b) have proposed that mean
maximization may be replaced by maximizing the mean discounted by a
certain amount for variability. I call this idea "variance
discounting." Secondly, Caraco and his colleagues (Caraco 1980,1981;
Caraco et al. 1980) have taken the traditional utility theorist's
approach of measuring utility functions. As a part of this approach
Caraco (1980) has considered the theoretical implications of arbitrary
types of utility functions for optimal patch exploitation behaviour.
Finally, many authors have simply proposed that minimizing the
probability of death due to starvation may replace mean maximization in
some cases (Caraco 1980, McNamara & Houston in press, Stephens 1981 and
Stephens & Charnov 1982). The idea that this minimizatié:b of the
probabilility of starvation may explain many observed risk phenomena is
the hypothesis developed in the next four chapters. In this chapter, I
discuss only variance discounting in more detail.

Variance Discounting. If food reward is normally distributed the

formal machinery of utility theory may not be necessary. When normality
occurs 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. This is because the mean and
variance completely specify a normal distribution. This leaves the
problem of finding some general way to combine mean and the variance.
In the following chapters I propose that the Z-score of statistics may

be useful for this purpose. However, several authors have proposed a
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straightforward 1linear combination of mean and standard deviation
(Oster & 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. The mean is maximized "discounted" by a certain
amount for "undesirable" variability (because k is usually positive).
This formulation is recommended by its simplicity, and its claim to
generality may be strong as well. Using arguments from utility theory,
it has been shown that this formula is approximately correct under very
general conditions using a series expansion argument (Oster & Wilson
1978, Real 1980a,b). It is exactly correct if the underlying
distribution is normal and the utility is a simple exponential function
(Oster and Wilson 1978, Caraco 1980).

The drawback of this currency is that a forager adopting such a
policy must always be risk-averse, or always be risk-prone. As I will
show is the next chapter some foragers show both types of
risk-sensitivity. Although, it may reasonable to argue that k should
change during the éourse of the forager's 1life history. This shows
that variance'discounting, like the arbitrary utility function approach
of Caraco (1980), is liable to the same criticism that I have made of
utility theory; that is, it lacks the connection to natural history
which has been one of the strengths of conventional optimal foraging
theory. Specifically, there 1is no reason to suppose that k is
positive, except that (according to Real 1980a,b) animals ought to be

risk-averse.



2.4 Summary.

In this chapter I review theoretical - ideas about risk.
Conventional optimal foraging models have assumed that, in the
stochastic case, mean values should bg maximized. This implies that
foragers should also be indifferent to variance.

Mathematical wutility theory deals with preferences over
probability distributions. The central idea of utility theory is that
a function exists such that probability distributions can be ranked by
their expected utilities. Different types of utility functions imply
different preferences over variability: a 1linear utility function
implies risk indifference, a concave-down utility function implies
risk-aversion, and a concave-up utility  function implies
risk-proneness. From the point-of-view of optimal foraging theory
utility is often applied backwards; because utilities are measured
rather than assumed on a priori grounds. However, this is not a
necessary part of utility theory, and I do not use it in this way in my
study of risk. The use of utility theory pre-supposes that the
behaviour in question has certain attributes of rationality. -

There have been three approaches to risk in the literature of
behavioural ecology. Firstly, it has been proposd that a combination
of mean and standard deviation should replace the mean as a currency of
maximization (Oster and Wilson 1978, Caraco 1980, Real 1980a,b). I
call this variance discounting. Secondly, Caraco (1980) has taken the
traditional approach of utility theory by considering the effects of
arbitrary utility functions in foraging theory. Finally, it has been
proposed that minimizing the probability of death due to starvation may
explain observed patterns of risk-sensitivity (Caraco 1980, McNamara
and Houston in press, Stephens 1981, Stephens and Charnov in press).
AThis is the hypothesis which I discuss in the remaining chapters of

part I.
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CHAPTER THREE
Are Animals Risk-Sensitive? A Review of the Evidence

3.1 Introduction

In this chapter 1 review the evidence concerning animal
preferences over risk. This problem hés interested workers from two
schools of thought, operant psychology and behavioural ecology. The
patterns of risk-sensitivity found by these two groups of workers are
precisely opposite to one another. Operant pyschologists have tended to
find that laboratory rats and pigeons are risk-prone, while behavioural
ecologists have found that bees, wasps, and great tits are risk-averse

Despite this .difference, all of the work I will discuss has
employed the same simple experimental design, which I call the standard
risk experiment. The subject is trained to make some measurable
dichotomous choice, by using equivalent behaviours (for example choices
of keys to peck, or sides of an aviary in which to feed). The animal is
then taught that one behaviour yields a reward called C, the certain
choice and that the other behaviour yields a reward called L, the
lottery choice. The animal learns that if it chooses C then it obtains
C units of food with certainty. If it chooses L, it obtains Lj units
with probability one half and L2 units with probability one half. The
magnitudes of C, Ly and L2 are always chosen so that
C = (L1 + Lg)/2. In the terms of utility theory a forager
consistently choosing C can be called risk-averse, and if L is
consistently chosen the forager can be called risk-prone; this is
because the choice is between a probability distribution, L, and its
mean,C with certainty. I illustrate the form of this standard
experiment with histograms in figure 3.1. In the following sections I

discuss the evidence of the operant psychologists and behavioural



Figure 3.1

STANDARD RISK SENSITIVITY EXPERIMENT

Prob.
LOtB'YA 1-0-
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Figure 3.1 ° This shows the standard desian of }risk-sensitivity
experiments. The forager (subject) is offered a choice between (A) a

certain (or constant) alternative and (B) a probabilistically
determined alternative with the

_same mean.
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ecdlogiéts in turn. Finally, I discuss the crucial evidence for
variable risk sensitivity presented by Caraco et al. (1980) and Caraco
(1981).

3.2 The operant psychologist's evidence.

Several workers in operant psychology have been interested in
risk-sensitivity (e.g. Leventhaf et al. 1959, Pubols 1962, Herrnstein
1964, Davison 1969), although they have been interested in risk for
very different reasons than those presented here (see Mackintosh 1974
for review and discussion). The results of these experiments are
summarized in table 3.1. The data for these experiments have been
presented in one of tyo forms. Herrnstein and Davison have presented\
their data as matching diagrams (see Mackintosh chapter four) so that
risk-proneness is shown because the pigeons spend less time feeding
from the C-choice than if both choices had the same variance. Of more
interest here, because it is more direct, are the results of Leventhal
et al. and Pubols. They presented their results as "learning curves"
which show the proportion of response to the lottery choice, L, as a
function of individual experience with the choice problem (measured in
| number of trials). A typical curve from ?ubo]s (1962) is- shown in
Figure 3.2. Both studies show a general tendency to fix on the lottery
choice.

The mean-effect. Leventhal et al and Pubols both found, and were

puzzled by, effects of changing the mean [C=(L; + Lp)/2]. Pubols
(1962) varied delay time to get a fixed reward, and Leventhal et al
(1959) varied the amount of food reward. Leventhal et al. fourd that
when mean reward size was small the tendency to become risk-prone was
unequivocal, but when mean reward was increased they found that

risk-proneness developed more slowly, and at the highest mean tested it



TABLE 3.1 SUMMARY OF EMPIRICAL RESULTS ON RISK-SENSITIVITY

STUDY

OPERANT PSYCHOLOGISTS

Leventhal et al.

1958

Pubols 1962

Herrnstein 1964
Davison 1969

. BEHAVIOURAL ECOLOGISTS

SPECIES

Lab. Rats

Lab. Rats

Pigeons

Pigeons

Real 1981

Waddington et al

1981

Stephens &
Ydenberg Unpub.

Caraco et al.
1980

Caraco 1981

Bumblebees
& Wasps

Bumblebees

Great tits

Yellow-eyed
Jjuncos

Dark -eyed
juncos

QUANTITY VARIED

No. of Food
Pellets

Delay Time
Before Reward

Delay Time
Delay Time

Nectar Reward in
Artificial Flowers

Nectar Reward in
Artificial Flowers

No. of Fly Pupae

No. of Millet
Seeds

No. of Millet
Seeds

RESULTS

Risk-prone,
but tendency
decreased as
mean amount
was increased.

Risk-prone,
but tendency
decreased as
mean delay was
decreased.

Risk-prone.

Risk-prone.

Risk-averse.

Risk-averse.

Risk-averse.

Risk-averse
when energy
budgets were
positive,
risk-prone
when energy
budgets were
negative.

As above.
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did not develop at all, (figure 3.3a). Pubols found a similar effect,
but in the opposite direction; decreasing the mean delay time decreased
the tendency to risk proneness (figure 3.3b).

3.3 The behavioural ecologist's evidence.

Very recently behavioura] ecblogists have become interested in
risk-sensitivity, and there have been a number of experimental studies
of risk preference (Real 1981, Waddington et al. 1981, Caraco et al.
1980, Caraco 1981, Stephens & Ydenberg unpub. data). These results are
summarized in table 3.1. They show (with the exception of Caraco's
work which I discuss in a separate section) a clear tendency to
risk-aversion. Of course this raises the question of why bumblebees,
wasps, and great tits should be so different from rats and pigeons. I
will return to this problem in the discussion.

I discuss the results of Stephens and Ydenberg in more detail,
because they have not been published elsewhere, and because they are
fairly representative. The experimental materials and methods are
described in appendix one. We taught each of six great tits to perform
a choice experiment by teaching them that food could be obtained from
each of two trays in the experimental cage. Initially, they were given
equal amounts of food (numbers of fly pupae) on each tray, and tested
to see if they had a preference, 'by giving them simultaneous
presentations of the trays. A1l but one of the birds showed some
preference (i.e. made most reéponses on one side). We then made the
preferred side a lottery [yielding seven (L1) or one (Lp) fly
pupae, each with equal probability], and we made the unpreferred side a
certain reward yielding four fly pupae. We taught the birds the new
schedule by presenting only one tray at a time. After this training the

birds were given a second preference test. The results for both
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Figure 3.3 This figure represents (a) Leventhal et al's (1959) Fig. 7
ang (B] Pubol's (1962) Fig. 2. The figure illustrates what I have

called the "mean effect" in the text. In both cases the mean reward
offered changes the response to risk. (a) When mean reward size is
increased from 0.25 g. food pellets to 1 g. food pellets the
risk-proneness does not develop. (b) When mean delay to gain a constant
reward size is reduced risk-proneness develops more slowly.



TABLE 3.2 THE RESULTS OF STEPHENS AND YDENBERG
PROPORTION CHOICE OF THE LOTTERY TRAY

Parus major

BIRD NO. 1st PREFERENCE TEST 2nd PREFERENCE TEST
1 .50 (20) 0 (20)
2 .85 (20) .08 (12)
3 1.0 (20) .24 (17)
4 .55 (20) .05 (20)
5 .95 (20) .30 (20)
6 .55 (20) .33 (9)

The sample size (no. of choice trials) on which the proportion is
based is shown in parenthesis. Significance of a sign test for equal-
ity of the preferences test is 0.015.
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preference tests are reported in table 3.2. The table shows that every
bird reduced its preference for the lottery tray, (its formerly
preferred tray). A sign tested conducted on these data showed that the
probability that this should have occured if the birds had not changed
their preference is miniscule (p~d.015). We concluded that the great
tits showed pronounced risk-aversion.

3.4 Caraco et al's & Caracos' Evidence

The recent work of Caraco and his colleagues (Caraco et al. 1980,
Caraco 1981) stands out as the most important single piece of empirical
evidence in the study of risk. For my purposes the results of Caraco et
al. (1980) and Caraco (1981) are identical except that the tests were
performed on different species of Junco. I will discuss only Caraco et
al's experiment at any length.

Caraco et al. presented yellow-eyed juncos (Junco phaenotus, a

species of granivorous sparrow) with the standard risk experiment. The
rewards in the experiment were millet seeds. Most importantly Caraco et
al. varied the juncos' energy budgets by manipulating food deprivation
and the rate of experimental feeding. They used Fhe standard techniques
of "certainty equivalents" to measure the juncos' utility functions
(see for example, Raiffa 1968). In figure 3.4a,b I reproduce Caraco et
al.'s figures 1 and 2. Figure 3.4a shows a typical utility function for
a junco with a positive energy budget, because this utility function is
concave-down we can conclude that this bird showed risk-aversion.
Similarly, figure 3.4b shows a utility function for a junco with a
negative energy budget, which is concave-up and therefore indicates
risk-proneness. That is, Caraco and his colleagues have demonstrated
the following simple empirical rule: be risk-averse, if your expected

daily energy budget is positive; be risk-prone, if your expected daily
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Figure 3.4 This figure reproduces Caraco et al.'s (1980) Figs. 1 and
Z. These figure show utility functions estimated for the same
individual of Junco phaenotus. Reward is the number of millet seeds
offered. (a) When the bird's expected energy budget was positive its
estimated utility function was concave-down indicating risk-aversion,
but (b) When its expected energy budget rule was negative its estimated
utility function was concave-up indicating risk-proneness. This result
is called the expected energy -budget rule.
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energy budget 1is negative. Throughout this thesis I call this the
expected energy budget rule.

3.5 Summary and Discussion

The clear empirical result is that foraging animals show both
risk-proneness and risk-aversion. It is therefore untenable to hold as
Real (1980a,b) does that risk-aversion is universal. I conclude that a
reasonable theoretical approach to risk must at least allow for both
possibilities.

More importantly Caraco et al.'s expected-energy budget rule shows
that (at least in some cases) an individual's risk-sensitivity can be
altered by manipulating its energy budget, which suggests another
pre-requisite for a theory of risk. However, it may bé asked, can the
e*pected energy-budget rule account for all the risk preferences in
table 3.1. The short answer is that no conclusion can be reached until
more energy budgets have been manipulated. If the expected energy
budget rule is taken to be general, it means that risk-aversion should
be the norm; since animals must usdal]y (but not always) have positive
energy budgets or they would die. This means that the risk-proneness
found by the operant psychologists is the most troubling. Could these
pigeons and rats have had negétive energy budgets? The evidence is
suggestive but by no means convincing. Firstly, psychologists confess
(Shettleworth, pers. comm.) that it is normal procedure to choose
reward sizes to maximize the number of responses per session; this
means a lot of work for little reward. Secondly, all of the rats and
pigeons were food deprived to 80% of ad. lib. weight. Finally, the mean
effect found by Pubols (1962) and Leventhal et al. (1959) is entirely
consistent with the expected energy budget rule, because as reward goes

up (Leventhal et al. 1959) or mean delay goes down (Pubols 1962) the



26
T

energy budget should become more positive. I return to this problem in
chapter five.

The starting point of my theoretical work (in the next two
chapters) is Caraco's (1980) suggestion that an hypothesis based on
minimization of the probability of starvation might account for some
aspects of what is known about risk-sensitivity foraging preferences.
In the next two chapters I consider this hypothesis in detail, and I

show that Caraco's conjecture is right.
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CHAPTER FOUR
Z-Score Models of Risk

4.1 Introduction

In this chapter I present simple mathematical models of
risk-sensitive foraging behaviour. These models represent the first
formal analysis of the hypothesis that animals sometimes forage in a
manner so as to minimize their probability of death due to starvation.
I show that this hypothesis is sufficent to account for the existence
as well as some aspects of the nature of risk-sensitivity reported in
chapter three. Specifically, both risk-proneness and risk-aversion are
predicted, as is the empirically demonstrated expected énergy budget
rule

Caraco (1980) was the first to suggest for intuitive reasons that
minimizing the probability of starvation may predict risk-sensitivity.
The motivation for this suggestion can be seen by considering the
simple choice problem illustrated in figure 4,1. The figure shows two
lotteries (as histograms), A and B. If the forager chooses lottery A,
it gets seven units of food with certainty. If it chooses lottery B it
may get three units and it may get 9, each with probability one-half,
but it expects to get six units, [ (3+9)/2=6]. Imagine further that the
forager must obtain at least eight units to survive. A conventional
(mean-maximizing) optimal forager would chose lottery A (because it has
the highest expected value), but this means that it would die with
certainty. A non-mean-maximizing forager which chose lottery B would
at least have a one-half probability of surviving. The ideas developed
here follow more or less direét]y from this simple example. The
conclusion is that when staravation is defined by some threshold food

requirement, mean-maximization may not be a very sensible strategy.
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Figure 4.1 The figure shows a simple example where mean-maximization
fails. Imagine that a forager is offered a choice between two lotteries
A and B. A always yields seven units of food and B yields three units
with probability one-half and nine units with probability one-half. A
mean maximizer would choose the certain alternative A. Imagine that at
least eight units must be acquired if the forager is to survive. A mean
maximizer choosing A would die with certainty, but a forager taking the
risky alternative B would have one-half probability of survival. The
conclusion is that where there are energetic thresholds of survival,.
mean maximization may not be a good strategy.
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4,2 Z-score models: the basic result.

To illustrate the derivation I consider a small bird foraging in
winter. Imagine that at least R units of food reserve are required to
survive the night. Let Sg be the random variable which describes the
bird's food reserves when it becomes too dark to continue foraging. The
probability of starvation is équiva1ent to P(Sp < R). (This assumes.
that starvatioin only occurs at night, which may not be true; I relax
this assumption in chapter five). Assume that the day's foraging is
divided into n intervals. At the beginning of the ith interval the
forager makes some decision about how to forage and receives Xj units
of food. The Xj's are random 'variables, and are assumed to be
independently distributed with E(Xj)= wuj and Var (Xj) = AT
Assume that exactly r units of food are expended during each interval
(this assumes that r is independent of the foraging decision, which
cannot be strictly true). Let S, be the bird's internal food supply
when there are n decisions left to make before nightfall. (This amounts
to counting time backwards; n is the time left, not the time that has
gone by; I adopt this convention throughout Part I). .1 express the

reserves at the end of the day as
n
So =Sy * ) X - nr (4.1)
the probability of starvation is

P(Sg< R) = P( E X; <R =S +nr) (4.2)
i=1

The central limit theorem for independent random variables states

that for n sufficiently large, the random variable
n n
21 E i

1
(1e2) W2
i=]

has a normal distribution with mean zero and variance one. For
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convenience I define the following variables

the average expected value,

]
1}
—
n e~
=
—
-

Ni=1
-2 _ 19 2
o =—20’., and,
n1.=11
G=+v352

the average variance and its square root. Also I define

(R-S.)-n(u - r)
z = - (4.3)
g7 n

It follows from the central 1limit theorem and appropriate
substitutions in equation (4.2) that

P(Starving) = P(S, < R) = P(T < 2z) = &(z2) (4.4)

0
where ¢(z) is the cumulative distribution function (cdf) of a standard
normal distribution, N(0,1). By definition of the cdf of any continuous
random variable, ®(z) increases in a strictly monotonic way with z.
This means that as =z increases, the probability of starvation
increases; minimizing i will minimize the probability of starvation.

The effect of variance (a measure of risk) can be seen by

differentiating z with respect to o

(n(w -r) - (R-S))

9z 1 n

s == 4.5
° &5 2 Y n ( )

the sign of 3z/3c is the same as the sign of the term

that is,

3z/3¢ > 0 where u.-r > (R - S,)/n (4.6a)

3z/90 < 0 where uw -r < (R - Sn)/n (4.6b)

These are asymptotic (large n) conditions for risk-sensitivity.



