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ABSTRACT
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A central question in behavioural and evolutionary ecology is to understand how animals
make decisions between, for instance, potential mates, nesting sites, foraging patches and
territories. Normative models of choice usually predict preferences between alternatives by
computing their value according to some criterion and then identifying the alternative with
greatest value. An important consequence of this procedure is captured in the economic
concept of rationality, defined through a number of principles that are necessary for the
existence of a scale of value upon which organisms base their choices. Violations of
rationality are nonetheless well documented in psychological and economic studies of
human choice and consumer behaviour, and have forced a reinterpretation of much of the
existing data and models.

Although largely unexplored in the study of animal decision-making, the systematic
observation of irrationality would similarly pose serious challenges for functional
approaches to behaviour. In this thesis I explore the possibility that violations of rational
axioms may also be found in animal choices, using the European starling (Sturnus vulgaris)
as a model species. My objectives were threefold. Firstly, I investigated the prevalence of
rationality across distinct foraging paradigms, in situations involving multialternative
choices, structured choice sets, choices between alternatives described by multiple attributes
and risk-sensitive decisions. In a number of distinct experiments, the preferences of the
starlings were consistent and stable across contexts, conforming to basic rational principles
such as transitivity and regularity. A second objective was to explore possible factors
underlying reported violations of rational axioms by animals. Amongst potential
mechanisms, I review and examine the implications of the use of hierarchical and higher
order choice rules, as well as the presence of constraints on the perception of rewards.
Finally, I examine the likely effect of contextual changes on an organism’s state, and
consequently choice behaviour, and experimentally confirm the expectation that state-
dependence in foraging preferences can underlie the observation of seemingly irrational
behaviour. Altogether, my results suggest that, rather than being a common phenomenon,
breaches of rationality in animals might be restricted to specific sets of parameters and
conditions. They also emphasize the importance of considering the potential multitude of
factors underlying violations of rationality in animal choices, and suggest that students of
economic rationality in animal behaviour should also view preferences as a dynamic, state-
dependent measure.
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Chapter 1. Introduction

Introduction

The research described in the following chapters falls in the overlapping fields of
behavioural ecology, experimental economics and experimental psychology, and blends
theoretical and experimental analyses to investigate animal decision-making. Specifically, I
focus on the analysis of economic rationality in animal choices, namely the notion that by
making use of effective available means to achieve value maximization individual choices

should be consistent across different choice contexts.

Each of the chapters was written so as to stand alone, starting with a brief review of
the topic. This approach is aimed at allowing the judgement of each chapter as a publication,

but has the drawback of causing a certain degree of repetition between chapters.

The thesis is organized as follows. In Chapter 2 I investigate the presence of context-
dependence in the risk-sensitive foraging preferences of the starlings. My primary aim was
two-fold. Firstly, to determine the contingency of foraging behaviour upon the context of
choice and secondly, to test the implicit assumption made by studies in the area that the
simple and tractable scenarios upon which empirical research was based do reflect

preferences in more realistic, multialternative cases.

In Chapter 3 I discuss a number of ways whereby a restrictive axiom of rational
choice theory (the Choice Axiom of Luce) might be violated, providing alternative
interpretations for the observation of such departures. Specifically, I consider instances
where animals make use of higher order and hierarchical choice rules, as well as cases
where a certain proportion of choices (‘uncorrelated choices’) result from causes other than
those related to the properties of the rewards. I also explore the implications of mechanistic
models of choice that assume the existence of constraints on perception, and more generally
compare the predictions of the axiom with the optimal expectation in situations involving
choice sets structured as a function of the degree of similarity of the options. Some of the

possibilities discussed in Chapter 3 are tested experimentally in Chapter 4.

The remaining chapters are dedicated to discuss the potential influence of an
organism’s state (as defined by a number of correlate measures such as level of energy
reserves, body temperature and gut contents) on its foraging preferences, together with its

implication for the study of economic rationality in animals. I initially (Chapter 5) consider
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possible means whereby apparent breaches of rationality may emerge if the likely effect of
context on an organism’s state is considered together with the observation that the fitness
consequences of foraging choices are likely to be state-dependent. Next (Chapter 6), I
demonstrate experimentally that irrationality in choices may emerge as a consequence of
state-dependence in decision-making. Finally, in Chapter 7 I investigate the mechanisms

whereby the state of an animal may affect the valuation of a payoff.

I conclude the thesis with a brief general discussion dominated by my overall
opinion that, on the basis of my results, the assumption of rationality is still justified in most
cases, and when violated, a deeper and more critical analysis than that usually conducted by
studies in the area is generally required to reveal the causes underlying the observed

inconsistencies in behaviour.
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Chapter 2. Rationality in risk-sensitive choices

2.1 Introduction

Theories of decision-making developed by evolutionary biologists and by economists share
many features and have interesting differences. One shared feature is the expectation of
behavioural coherence, namely that a subject’s preference system should behave
“rationally”. Here we use the term rational in the economists’ sense, meaning only that
preferences are consistent across contexts, regardless of what these preferences are or the
process by which the subject takes decisions. Mas-Collel et al. (1995, pg.6) encapsulate the
idea thus: “The hypothesis of rationality is embodied in two basic assumptions about the
preference relation: completeness and transitivity”. Completeness implies that there are well
defined preferences between all possible pairs of options, and transitivity that if ‘a’ is
preferred to ‘b’ and ‘b’ to ‘c’ then ‘a’ should be preferred to ‘c’. For cases when subjects are
faced with repeated choices and preference is not absolute but partial, transitivity is usually
redefined in probabilistic terms as Stochastic Transitivity. Regularity is another property
frequently invoked as a test of rationality (Luce 1977, Simonson & Tversky 1992, Tversky
& Simonson 1993). We will treat regularity in more detail later, but its basic postulate is that
the addition of alternatives to the choice set can never increase the choice probability of a

given option.

Breaches of rationality present an interesting challenge because there are few
normative frameworks in biology that are compatible with such violations (see Houston
1997 for an important exception), and hence it makes sense to investigate how prevalent
these violations are. Recent reports of violations of rationality by hummingbirds, honeybees
and gray jays (Shafir 1994, Hurly & Oseen 1999, Waite 2001a, Waite 2001b, Bateson et al.
2002, Shafir et al. 2002) open the possibility that irrational choice may be common. If this
were the case the predictive value of normative (optimality) modeling should be questioned.
To follow this issue we investigate transitivity, regularity and context-dependence in risky
choice using European starlings (Sturnus vulgaris) choosing between distinct levels of

variance in delay to food rewards.

First of all consider why is rationality commonly expected by normative theorists. If
the decision maker assigns a score to each alternative according to an ordinal scale of
“taste”, “worth”, “satisfaction”, “utility” or, in the case of biology, expected fitness gain,
then decisions based on maximizing these criteria should not breach rationality. The

normative modeler ranks the options according to a conceptually orderly scale based on the
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fitness consequences of each choice. Violations of rationality question the existence of any

scale of preference, and this goes against the spirit of the game.

Consider for instance an intuitive explanation for the expectation of regularity. As
described before, regularity is defined by the fact that adding further options into a choice
set should not increase the proportion of choices for any pre-existing option. Say that a
starling feeding in a field containing two prey types, worms and beetles, prefers worms 80%
of the opportunities. Now imagine that berries in the same field become ripe, and hence join
the set of available food items. If berries are not included in the diet, choices of the two
previous prey types should remain unaltered, and if they were included, they would steal
opportunities from either or both of them. Unless the value of worms or beetles is changed
by the presence of berries, they can only lose by the presence of a further competitor. If
regularity is shown empirically to be violated, one must conclude that the prey types do not
have an absolute worth but one that is in some way relative to the available alternatives. As
at least in humans these violations do occur (Huber et al. 1982, Simonson & Tversky 1992,
Tversky & Simonson 1993), the issue is worth further thinking.

There are at least two kinds of possible accounts for violations of rationality. First,
subjects are unlikely to be tuned to all the features of all the alternatives in any choice set,
and hence we may expect them to take decisions under a different amount of knowledge in
different occasions. This is in part akin to say that subjects will often make mistakes (which
is theoretically trivial), but it is also a reminder that for a test of rationality to be informative,
one must ensure that the attributes of an alternative are not only judged from the perspective
of the omniscient experimenter, but from that of the choice maker given its state and
knowledge. This could be important in many subtle ways. For instance, Houston (1997)
demonstrates that, because optimal action in a series of choices is a function of future
choices, if the present opportunity set is used by the decision maker to infer what her future
opportunities will be, and hence what her future actions will be (including possible errors),
then adding a suboptimal option to the choice set can in fact modify what is the best choice
right now, and lead to intransitive behaviour. This issue implies that training conditions may
be just as important as the conditions of the preference test itself simply because the training
conditions allow the animals to predict what they may expect in future choices, hence
having an effect on what is presently optimal. In the experimental investigation reported
below we handle this problem explicitly by running experiments that avoid confounding the

effects of training with those of the choice scenario.
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Second, in contrast with our strategy as scientists for identifying optimal behaviour,
organisms are unlikely to take decisions by assignments of worth in a one-dimensional
scale. Instead, natural selection shapes motivational mechanisms of choice that tend to result
in favourable outcomes under the most frequent ecological conditions of the species. The
optimality models tell us how favourable different outcomes are under specific assumptions
for ecological circumstances, but not how animals process information. It should not be
surprising that mechanisms of choice produce irrational outcomes under some
circumstances. This concept is familiar to students of optimal foraging, where the notion of
“rule of thumb” has been present for a long time (Houston et al. 1982, Stephens & Krebs
1986), and of human decision making, where the advantage of “fast and frugal” heuristic
rules that cope well (but not perfectly) with decisions in normal circumstances is widely
recognized (Gigerenzer et al. 1999). Breaches of rationality of many different sorts are well
documented in humans and explained in terms of the psychological mechanisms involved in
generating action. Some authors have emphasized the adaptive value of simplified
heuristics, pointing that rules usually referred to as ‘comparative’ (through which options
are compared along their attributes instead of being assigned a single, absolute value) do
perform well in many cases but can also lead to intransitive and context-dependent choices
(Tversky 1969, Tversky 1972, Shafir et al. 1989, Wedell 1991, Gigerenzer et al. 1999).

In the context of risky choice in animals, one interesting result is that reported by
Hurly & Oseen (1999). These authors studied the preferences of rufous hummingbirds
(Selasphorus rufus) between three kinds of artificial flowers offering the same mean volume
of sucrose, but three distinct variance levels. They found that the birds preferred
intermediate variance to both no variance and high variance when all three options were
available, but preferred no variance to intermediate variance when the high variance option
was absent, in binary tests. In many studies of risk sensitivity using binary choices it has
been found that no variance in food amount is preferred to variance, as reported for the
hummingbirds in binary choices. In contrast, variance is always preferred to no variance in
delays to food (Kacelnik & Bateson 1996). Hurly and Oseen’s results might imply that all
these experiments, rather than reflecting a general attitude towards or against variance, may

be artifactual results of using only binary choice designs.

Here we investigate the putative presence of context-dependence with starlings
facing choices between options differing in variance in delay to food. We examine both

trinary and binary choices and separate training from choice context effects. Our objective is
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two-fold: firstly, to investigate the extent to which the inclusion of a third alternative into a
binary choice set can affect the starlings’ preferences between the original foraging options

and secondly, to explore the generality of previous research on risk-sensitive foraging.

2.2 Methodology

The experiments were planned to allow for the distinction between two possible causes of
inconsistent choice: background and choice set. The former refers to the effect of the set of
options known to the subjects, whether they are or not present at the time of choice
(background context) and the second to the effect of the number of options at the moment of
choice (choice context). To achieve this, we explore preferences in three experiments, one in
which the birds were trained and tested in binary scenarios, one in which they were trained
and tested in a trinary scenario, and a third one in which subjects learnt about three options,
but had only two of them available at the moment of each choice (the third option was what
is usually referred to as a ‘phantom decoy’ in marketing research, that is, a known option
which is unavailable at the time choice is presented; Pratkanis & Farquhar 1992). The
complementary fourth design, training in binary and testing in trinary situations cannot be
done because subjects would be ignorant of the properties of the third option at the time of
choice.

Variance in rate of energetic gain can be generated by controlling variability either
in the amount (or energy density) of food offered or in the delay to receive this food. We
chose the second option for two reasons: better control of the knowledge of the decision
makers and greater consistency in the existing results from previous binary choice studies.
While there is currently no direct way of evaluating an animal’s knowledge of amounts
(we can only measure preferences between amounts), there are precise procedures to
measure an animal’s knowledge of temporal parameters. In terms of preferences in binary
choices, experiments using amount variability have shown conflicting results: there is a
weak tendency towards risk aversion but some studies have reported the opposite and yet
others have found indifference. Variability in delay, in contrast, is preferred virtually
always.

Overall, there were three variance levels: ‘none’, ‘medium’ and ‘high’. Experiment 1
establishes the baseline preferences in three binary treatments (NM: none vs. medium; MH:
medium vs. high; NH: none vs. high). All subjects experienced the three treatments. In
experiment 2 subjects were trained and tested with all three alternatives. In experiment 3

subjects were trained with the three alternatives but tested in binary choices with all three
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possible pairs, one pair at a time. Therefore, both in experiment 1 and 3 subjects chose
between two alternatives, but in experiment 3 choice pairs were subsets of a larger training
set comprising three alternatives. If changes in the strength of preference depend on the
number of options at the time of choice, then preferences in experiment 1 and 3 should be
similar, but different from those of experiment 2. If they depend on the subject’s knowledge
of the set of options in the environment, then experiments 2 and 3 should yield similar

results, but experiment 1 should differ.
2.2.1 Subjects

The subjects were eighteen wild-caught European starlings, captured in Oxford, UK (licence
19990420, English Nature) as adults on July 1999. After capture the birds were kept in two
outdoor aviaries (3 m high x 3.2 m wide x 4m long) in groups of up to 14 birds each. While
in the aviary the starlings were fed on ad libitum food, a mixture of turkey crumbs, Orlux©
pellets and mealworms (Tenebrio sp.). Drinking and bathing water was always available and
replaced daily. Ten days before the beginning of the training sessions the birds were
transferred from the outdoor aviary to the laboratory and housed in individual cages (120 cm
x 60 cm x 50 cm) that served both as home cages and experimental chambers. Lights in the
experimental rooms were gradually switched on at 0600 and off at 1800 h, and temperature
ranged from 11°C to 16°C. Subjects were visually but not acoustically isolated. During this
period of adaptation all birds had free access to water and the same ad libitum food as
received in the aviaries. During the experimental period, the starlings were given free access
to turkey starter crumbs after the end of the daily sessions, from 1430 until 1700 h. At 1700
h they were supplemented with 5 mealworms and then food was removed. From previous
experience this regime is known to allow the starlings’ body weights to remain stable at
approximately 90% of their free feeding value or above (Bateson 1993). Fresh drinking
water was always available in the cages and bathing trays were provided twice a week.
Subjects were assigned to three groups of six members (three males and three females per
group), one group being used in each experiment. Each group spent a maximum of 6 weeks
in the laboratory, and then was transferred back to the outdoor aviary. The experiments were
initiated in November 1999 and completed in March 2000. There was no mortality. All
subjects were released back into the wild (University Parks, Oxford, UK) during the spring.
Although the experiments were not run simultaneously but over a total period of 15 weeks,
we analyse them jointly under the assumption that putative differences between groups

would be due to treatment. It is arguable that groups of birds ran at slightly different times
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may show different preferences because of seasonal effects, but we consider this extremely
unlikely given the kind of effect studied, and the fact that all subjects were tested in winter

and after acclimatization to controlled laboratory conditions.
2.2.2 Apparatus

The experimental cages had a panel with a centrally mounted food hopper and two response
keys 6 cm from either side of the hopper. The cages had two perches, 85 ¢cm apart from each
other. The panels used in experiment 2 had a third response key placed 3 cm above the
hopper. An Acorn Risk PC 600 computer running Arachnid® software (Paul Fray Ltd.)
controlled the contingencies and collected the data. During the experimental sessions food

rewards were units of turkey starter crumbs sieved to a standardized size (mean + S.D.:

0.011 £ 0.003 g). The crumbs were delivered by a pellet dispenser (Campden Instruments®)

at a rate of lunit/s.

2.2.3 Training

After training the subjects to retrieve food from the hopper, an auto-shaping procedure was
introduced in which the illumination of a white pecking key (side determined randomly) for
8 s was followed by the delivery of 4 units of turkey crumbs and an intertrial interval (ITI)
of 60 s. The birds received 2 daily sessions in this condition (100 trials per session), one at
0700 and another at 1300 h, after which they were given ad libitum food. Once all birds
pecked reliably at the keys, food delivery was made conditional on one key pecking. In
these sessions, if the birds did not respond during the 8 s interval the key light was switched
off and the ITI started. The training program was interrupted when all birds were pecking in
at least 80% of the trials.

2.2.4. Experimental Protocol

The levels of variability in delay to reward were: ‘None’: delay=20 s (Coefficient of
Variation=0); ‘Medium’: equiprobable delays of either 12 s or 28 s (C.V.=40%) and ‘High’:
equiprobable delays of either 4 s or 36 s (C.V.=80%). Variability levels were indicated by
the colours transilluminating the pecking keys (pink, orange and blue). Colours were
balanced across birds, but for a given bird one colour was always associated with one
particular level of variability. Although subjects had participated in an earlier experiment,

they had not experienced colours as discriminative stimuli before.
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A discrete trials procedure with a fixed ITI of 40 s was employed. There were two
types of trials: no-choice trials and choice trials. No-choice trials were intended to provide
the birds with information about the mean and variance of each alternative. They started
with one of the pecking keys blinking (0.7 s on, 0.3 s off). The first peck caused the light to
stay on for the programmed delay, during which pecks on the key were recorded in 1 s bins.
The first peck after the delay had elapsed triggered the delivery of 5 units of food, and a new
ITI started. Choice trials began with all keys (2 or 3, depending on the experiment) blinking.
The first peck on any of them caused the chosen key to turn continuously on for its
respective delay and the others to turn off. The first peck after the delay had elapsed
triggered the delivery of the standard reward and the beginning of a new ITL.

Subjects experienced two sessions per day, starting at 0700 and 1300 h. Each session
comprised a series of blocks, each consisting of a number of no-choice trials followed by
one choice trial (details for each experiment are given below). To ensure that all subjects
had equal experience of all options each option appeared in two of the no-choice trials
within each block, so that both of its outcomes could be experienced. The order (and sides)
in which the options were presented in the no-choice trials was randomly determined. Each
experiment ended after all subjects had stable preferences (as judged by eye) for at least six
sessions, provided they had experienced at least 15 sessions. In experiments 2 and 3 we used
the data from the last six sessions (total of 72 choice trials) for analysis. In experiment 1 we
adopted the same stopping criterion, but used data from the last four sessions, so as to

analyze the same number of choice trials (n=72) in each experiment.

In experiment 1 (Training: binary - Testing: binary) each session consisted of 18
blocks of 5 trials each (total of 90 trials per session): 4 no-choice trials (2 levels of
variability x 2 possible outcomes; option ‘none’, associated with only one outcome, was
presented twice, so that subjects had equal experience of each alternative) followed by one
choice trial. The order in which each treatment (none vs. medium; medium vs. high; none
vs. high) was experienced was balanced across subjects, with each bird experiencing one of
the six possible orders. Subjects were given three resting days with ad libitum food between
treatments. In experiment 2 (Training: trinary - Testing: trinary) each session comprised 12
blocks of 7 trials each (total of 84 trials per session): 6 no-choice trials (3 levels of
variability x 2 possible outcomes) followed by one choice trial. Experiment 3 (Training:

trinary; Testing: binary) used the same schedule as described for experiment 2 except for the
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presentation of only two keys in the choice trials. Choice pairs were randomly determined in
each block.

2.3 Data Analysis
2.3.1 Preference Scores

Preference for the options was assessed using the proportion of choices in choice trials and

the latencies to peck in no-choice trials.

In a binary choice, the null hypothesis states that preferences should not differ from
50%. In a trinary choice, however, the random expectation is one-third for each alternative,
preventing a direct quantitative comparison of preference levels between the two scenarios.
To overcome this difficulty we modified the procedure used by Tversky and Simonson
(1993) and transformed the choice proportions of experiment 2 (trinary choices) by
considering only two of the options at a time, so that the percentage of choices for the pair
concerned added up to 100%. For instance, preference for ‘none’ relative to ‘medium’

inferred from the choice set {None, Medium, High} and depicted as P(N,M; {N,M,H}) is

C(N;iN.M,H})

P (N’M;{N’M’H})=C(N;{N,M,H})+C(M;{N,M,H})

x100 (1]

where N, M and H stand for ‘none’, ‘medium’ and ‘high’, respectively. C(N;{N,M,H}) is
the number of choices for ‘none’ when presented with ‘medium’ and ‘high’ and
C(M;{N,M,H}) is the number of choices for ‘medium’ when presented with ‘none’ and
‘high’. Thus, preference for ‘none’ over ‘medium’ in a trinary context is defined as the
number of choices for ‘none’ divided by the number of choices for ‘none’ and ‘medium’
added together. The superscript in P¢ indicates that this measure is inferred from choices and

not from latencies, as explained later on.

Preferences were also assessed using latencies to peck in no-choice trials, with
shorter latencies corresponding to a higher level of preference. We additionally tested
whether the relative length of latencies matched preferences as shown in choice trials.
Relative preference between pairs of options in no-choice trials was calculated for each

subject in the following way:
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L _ _ LN X
PE(N, M) = (1= 72 —)x100 2]

N+M

where PL(N M) is the relative preference between ‘none’ and ‘medium’ and Ly and Ly are
the subject’s mean latencies to peck ‘none’ and ‘medium’ in no-choice trials. Relative
preferences between ‘medium’ and ‘high’ and between ‘none’ and ‘high’ were calculated in

the same way.

2.3.2 Context-dependence

One of the most general assumptions of probabilistic theories of choice is that choice
probabilities are some function of the underlying utility of the alternatives being considered.
As a consequence, preferences are expected to conform to some observable properties that
are necessary conditions for the existence of such a utility scale. As previously mentioned,
one such property is regularity. Formally, regularity is satisfied if the probability of taking
an item x from a subset A={x,y} that is part of B={x,),z} is such that, for all z,

PS(x; {x,3}) 2 P* (x;{x,y,2}) (3]

In words, the condition asserts that the proportion of choices for an option cannot be
increased when a new option is included in the choice set. The possibility of this condition
being violated is dependent on the proportion of choices allocated for the new alternative z.
If, for instance, z is chosen in a large proportion of the trials, the total number of choices for
x and y together will be very small, and an absolute increase in the proportion of choices for
x (i.e. a violation of regularity) could be only achieved if accompanied by a large change in

the relative attractiveness between x and y (so that z takes almost exclusively from y).

Another property that results from assuming the existence of a utility scale upon
which preferences are based is known as ‘independence from irrelevant alternatives’ (ITA).
IIA is best captured in the choice axiom of Luce (1959), also known as the constant-ratio
rule (Clarke 1957), a strong probabilistic version of IIA (Luce & Suppes 1965) that states
that the ratio of the probabilities of any two alternatives is entirely independent from the
choice set. As a consequence of the axiom, the inclusion of a new option into a choice set is
assumed to take from pre-existing options in proportion to their original shares (Huber et al.
1982). By considering the relative shares of only two options at a time, the use of
preferences as calculated by equation 1 therefore allows us to compare relative preferences

between experimental contexts and test IIA. Here we used as the critical test for the
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detection of context effects the interaction between Experimental context (Experiments 1, 2
and 3) and Choice pair (none-medium, medium-high, none-high), as it tests the extent to
which context influences the strength of preference (as given by equation 1) across the three
possible choice pairs, and can detect preference reversals and relative changes in proportions
between experimental contexts. The same test was used to verify whether preferences, as
revealed by latencies, changed between contexts. Yet, some caveats need being raised when
comparing relative preferences between contexts for testing context-dependence in the

assignment of value to options.

Underlying the logic of the choice axiom is the assumption of ‘scalability’, or
‘proportionality’, that is, that the probability of choosing an option is directly proportional to
its value (in fact, Tversky 1972 shows that the choice axiom is a special case of simple
scalability). Similarly to the choice axiom, equation 1 predicts that the relative preference
between two options in a binary context is unaltered when a third option is included in the
choice set only if preference for the original options is proportional to their value. However,
it is easy to imagine situations in which the relative preference for an option would differ
between a binary and trinary context because proportionality is not satisfied, and yet the
value assigned to the options is fixed and independent of the choice set (see Debreu 1960 for
some examples). As Luce & Suppes (1965) highlight, the validity of simple scalability (and
therefore of the choice axiom) can be questioned whenever alternatives are perceived to be
similar. Similarly, if animals use a maximizing principle only “choosing” one option, with
elections for other options representing a constant amount of ‘errors’ or noise between
contexts, then relative preferences would be distinct in a trinary situation without implying
that the value, or attractiveness, of an option is dependent on the context. Consequently,
caution should be shown when interpreting the mechanisms causing significant differences

in relative preferences between contexts.

2.3.3 Transitivity

We analysed both weak stochastic transitivity (i.e. presence of cycles, WST) and strong
stochastic transitivity (SST) with the data from the choice trials and no-choice trials. SST
states that if alternatives are ranked in an order such that ‘a’ is preferred to ‘b’, and ‘b’ to ‘¢’,
then preference for ‘a’ over ‘c’ should exceed or equal the strongest of the two other
preferences, that is p(a,c) > max [p(a,b),p(b,c)], where p(a,b) is the probability of choosing
option ‘a’ from the choice set (a,b) (Fishburn 1991).
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In the three experiments, the function depicting the response rate for ‘high’ shows a
clear peak slightly before time bin 4, when a reward could be potentially obtained, followed
by a steep decline and then a gentler rise towards the end of the 36 s delay, when reward
was due again. We tested whether the first peak (observed time bin corresponding to
maximum peck rate) differed between contexts, but could not detect any significant
difference (Kruskal-Wallis test: 3% = 3.05, P = NS). We also tested whether the peck rate
when food was potentially due (time bins 4 and 36) changed between contexts, but did not
find significant differences in either case (Repeated-measures ANOVA for 4 and 36,
respectively: Fz 0= 0.45, P=NS; F, ;0= 0.90, P = NS). From the peck pattern it is therefore
possible to infer that starlings were capable of correctly timing the delays associated with

‘high’, and that the experimental context did not noticeably change such perception.

Response rate for ‘medium’ does not show the discernible peaks seen for ‘high’.
This is not surprising: according to the scalar property of behavioural timing, the spread of
the response distribution is proportional to the length of the interval being timed, and
therefore the relative distance between two intervals determines the distinctiveness of peaks
of responding at the corresponding reinforcement times (Gibbon 1977). In the present
experiments, the ratio between the two delays corresponding to intermediate variability (12 s
and 28 s) falls in the range where no discernible peaks of responding were observed by other
authors (Catania & Reynolds 1968, Leak & Gibbon 1995). Peck rates at the time bins when
food was potentially due (12 and 28) were not different between experimental contexts
(Repeated-measures ANOVA for 12 and 28, respectively: Fy 0 = 0.457, P = NS; F, 19 =
0.945, P =NS).

Finally, the response curve associated with ‘none’ gradually rises towards 20s, the
end of the interval. The slope of the curve was not significantly different between the three
contexts (Repeated-measures ANOVA, square-root transformed data: F, 9 = 0.123, P =
NS), nor was the peck rate at the last time bin (20), when food was imminent (Repeated-
measures ANOVA: F,10=1.44, P=NS).

We additionally tested whether peck rates differed between treatments in experiment
1. As in this experiment we performed all three possible binary treatments, we obtained two
response curves for each variability level (e.g. peck rate for ‘high’ was obtained from the
trials experienced in treatments (none, high) and (medium, high)). Therefore, for each

variability level we tested whether the peck rate differed between treatments in the same
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to determine the critical F-ratio at which the test would have a power of at least 70% of
detecting a medium effect size (Cohen 1988). This was done by setting the ratio of the type I
error probability (o) over the type II error probability (B) at 1 (i.e. same probability of
making either error type). This yields a critical F-ratio of Fog 213 = 1.02, above which one
should reject the null hypothesis. Although this procedure greatly increases the likelihood of
rejecting the hypothesis of consistence among contexts by increasing o, the results were still
far from the required values, indicating that preferences in each possible choice pair were
not reliably different across experimental contexts. Although preferences were not
significantly different, we calculated eta-square values — indicators of the effect-size or
amount of variance explained by the interaction — to estimate the actual differences between
experimental contexts. The effect size was extremely small (eta-squared=0.011, see Cohen
1988 for effect size conventions), indicating a high level of similarity in the subjects’

preferences for variability across the three contexts.

Additionally, subjects did not significantly increase the absolute proportion of
choices for any of the options in the trinary-trinary context. Out of the 12 possible
comparisons (comparison of choice proportions for each option in the contexts binary-
binary and trinary-binary with those in the trinary-trinary), there was a significant decrease
in the absolute proportion of choices in 4 cases in the trinary-trinary context (Student t-test
for independent samples; P < 0.05 following Bonferroni adjustments for multiple
comparisons), but never an increase. These tests were again conducted taking into account
the results of a compromise power analysis (power of at least 70% for detecting a medium

effect size, a/B ratio = 1, critical t: #;p = 2.12), but none of the results allowed us to reject

regularity.

2.4.2.3 Transitivity

Preferences as revealed in choice trials satisfied WST for all subjects, analysed individually.
Starlings preferred ‘high’ to ‘medium’, ‘medium’ to ‘none’ and ‘high’ to ‘none’, therefore
ranking options in a scale such that ‘high’ > ‘medium’ > ‘none’. This ordering was
consistent for all birds in the three experimental contexts. Quantitatively, individual
preferences also conformed to SST. For none of the birds preference for ‘high’ in the pair
(none, high) was significantly lower than in the other two choice pairs (P < 0.05, log-
likelihood G-tests, power ranged from 61% to 99%).
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2.4.3 No-choice trials

2.4.3.1 Preference for variability

As we performed all three possible binary treatments in experiment 1, we obtained two
measures of latency for each variability level. For example: latency to peck ‘none’ was
obtained from the trials experienced in the (1) ‘none’ vs. ‘medium’ and (2) ‘none’ vs. ‘high’
treatments. Therefore, for each variability level we tested whether latencies during no-
choice trials were different between the two treatments in which they occurred, as the
preference for a particular variability level could be affected by the nature of the option with
which it was paired. No significant difference between treatments was detected (Student t-
test for ‘none’, ‘medium’ and ‘high’, respectively, log-transformed data: ts = - 0.979, P =
NS; ts=1.123, P =NS; t5= 0.112, P = NS). The two latency replicates obtained for each

option were thus pooled in subsequent analyses.

Figure 4 shows average latencies to accept each option in the no-choice trials. For
analysis, latencies were log-transformed and a repeated-measures ANOVA performed on
each experimental context. Latencies were significantly different between variability levels
in all experiments (Experiments 1, 2 and 3, respectively: F, 10 = 13.06, P < 0.01; F5 o =
28.70, P < 0.001; F,10=12.26, P < 0.01). Post-hoc comparisons (Bonferroni) show that the
latency to peck ‘high’ was significantly shorter than that to peck ‘none’ and ‘medium’ (P <
0.05 1in all cases). Latency to peck ‘medium’ was also shorter than that to peck ‘none’ in
experiment 3, but not in experiments 1 and 2. Overall, these results show that in the no-
choice trials subjects consistently responded earlier to ‘high’ than to ‘medium’ and ‘none’,
and that latency difference for ‘medium’ in relation to ‘none’ was not so extreme. There was
also a significant positive correlation between the relative preference as calculated by
equation 2 and that shown in the choice trials (Relative preference for (none,medium),
(medium,high) and (none,high), respectively, n = 18 subjects (contexts pooled) in all cases:
¥ =062, P <0.001; =021, P=0.051; ¥ = 0.33, P < 0.01). Starlings’ proneness to
respond in the no-choice trials was thus consistent with preferences observed in the choice

trials, confirming the reliability of latencies as a measure of preference.

19






Chapter 2. Rationality in risk-sensitive choices

2.5 Discussion

In three experiments starlings showed a regular and consistent pattern of preference for
variability in delay to reward, which was unaltered by whether the training or the choice
context had two or three alternatives. Preferences satisfied both weak and strong forms of
stochastic transitivity. These results extend the generality of previous research on risk-
sensitivity to choices with more than two alternatives, and suggest that violations of
rationality in foraging contexts may be restricted to a specific set of parameters and

conditions.

In terms of the direction of risk preference shown by the starlings, the results are
consistent with previous research and theories of risk-sensitivity based on the cognitive
processes underlying the assignment of value to each option. For instance, both the local
rate maximization model (Caraco et al. 1992, Bateson & Kacelnik 1996) and scalar utility
theory (Kacelnik & Brito e Abreu 1998) lead to risk proneness for delays, as observed.
Preference levels were nonetheless more extreme than those predicted by the simplest
form of SUT, which is based on each decision being based on a single random sample
from memory (see also Bateson & Kacelnik 1995). This failure of the model to predict
extreme risk proneness for delays (while being successful in predicting the sign of
preference or certainty equivalent) is pervasive, and discussed elsewhere (Kacelnik &
Brito e Abreu 1998).

In quantitative terms, the strength of preference between ‘none’ and ‘medium’ was
the less extreme and between ‘none’ and ‘high’ the most extreme. According to local rate
maximization or expectation of the ratios (EoR), an option’s computed attractiveness can be

defined as the expected ratio of amount of food (A) over the time () taken to acquire it such

A : . . : :
that FoR = E(-t—J EoR does not provide an efficient algorithm to rank options according to

their rates of reward, but it has been shown to be fairly robust in accounting for observed
choices (Mazur 1984, Mazur 1986, Bateson & Kacelnik 1996). The computed EoR for
‘none’, ‘medium’ and ‘high’ (excluding ITI and adding reward delivery time) were
respectively 0.20, 0.22 and 0.34 units/s, hence one could have expected a similar pattern if

preference were an increasing function of EoR.
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experimental context (binary or trinary) and choice pair (as that used as a test of context-
dependence in this study) should be expected for y<0.5, since in such cases the relative
strength of preference between the choice pairs depends on whether the context is binary or
trinary. Such predictions are nevertheless not confirmed but the results reported here.
Estimates of y for starlings have been previously obtained by using production tasks, in
which the subjects reproduce a behavioural index of a previously experienced time interval.
On the basis of available evidence (Brunner et al. 1992, Kacelnik & Brunner 2002) it can be
assumed that for time estimates 0.1 <y < 0.6. Therefore, according to SUT, context effects

and violations of strong stochastic transitivity are to be expected.

If multialternative situations per se do not bring about irregularities in behaviour it is
possible that the apparent abnormalities reported by other authors derived from features of
their experimental design that differed from ours. One possibility relates to the attribute of
the alternatives that was variable in each study. Hurly & Oseen (1999) tested preference for
variability in amount, whereas we tested preference for variability in delay to reward. The
direction of risk preference is the reverse between these dimensions (Kacelnik & Bateson
1996). In addition, preference levels tend to be higher and more consistent for delays, but a
direct comparison is difficult because levels of preference are related to the difference in the
coefficient of variation between options (Shafir 2000), and few studies have equalized
coefficient of variations in amount and delays. Hurly and Oseen used coefficients of
variation for the no variance, intermediate variance and high variance options of 0%, 33.3%
and 66.6% respectively, slightly lower but in the same broad range than ours (respectively
0%, 40% and 80%). The fact that preference levels tend to be less extreme when variability
is in food amount and difference in variance is lower also means that it may have been
easier to detect irrationalities under these conditions. Hurly and Oseen do not inform in their
study what the percentage of choices for each alternative was, but it is possible to infer from
their graphs that they were not as high as ours. As we worked with delays, we found a

strong preference for variability, and this might have dwarfed potential weak context effects.

Another difficulty in comparing with previous work is that when dealing with
amounts (Shafir 1994, Hurly & Oseen 1999, Waite 2001a, Waite 2001b, Bateson et al.
2002, Shafir et al. 2002) or other dimensions of reward such as flower corolla length (Shafir
1994, Shafir et al. 2002) or distance to a reward positioned inside a tube (Waite 2001a,
Waite 2001b) it is difficult to precise whether subjects have accurate knowledge of the
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programmed outcomes and their variability. While we showed that the starlings were able to
correctly time the delay to food independently of the experimental context, it is difficult to
know whether the information learnt by the hummingbirds (Hurly & Oseen 1999), bees
(Shafir 1994, Shafir et al. 2002) or jays (Waite 2001a, Waite 2001b) in studies showing

violations of a rationality principle differed between choice contexts.

Ensuring that experimental subjects acquire the same amount of information about
alternatives before preferences are tested can be important because predicted choices may
depend on the subject’s knowledge. As Houston (1997) points out, the expected fitness of
each choice in a sequence depends on the environment to be faced later. If the subject takes
the alternatives present in each choice as a cue to what is to be found in the future,
preference between options presented in pairs may be non-transitive because each pair of
alternatives may be seen as a predictor of a different future. The argument, yet, does not
apply when the future to be faced is the same, as its impact on present choices is the same
whatever the choice pair concerned. In the trinary-binary experiment, the future scenario
that is inferable by the birds is identical (i.e. the future contains the three options) regardless
of the type of binary choice presented, hence having the same impact on present choice.
Thus, by ensuring that the shadow of different futures did not influence the results we may

have additionally prevented a violation of rationality as predicted in Houston’s terms.

Students from areas as diverse as psychology, marketing and political sciences see
violations of normative axioms as useful tools for the investigation of the cognitive
processes underlying decision-making, and as devices to aid marketing and political
campaigning by incorporating strategic factors in the design and presentation of new
products and candidates. In the case of animal decision-making, the widespread occurrence
of irrational choice in the wild could pose serious difficulties for the integration of
functional and mechanistic analysis, and hence it is important not only to document their
occurrence, but also their prevalence across distinct paradigms and species. Our results do
not pose major challenges to previous findings and their prevalent theoretical explanations,
but they are negative with respect to irrationality. This of course does not mean that
irrationalities are rare, only that they are not an obvious problem for the investigation of

sensitivity for time-induced risk on the basis of binary choices.
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Chapter 3. Luce's Choice Axiom

3.1 Introduction

Nowadays the study of decision-making is an inevitable part of a broad range of
disciplines. While in economics it is essential to understand and model decisions to predict
the behaviour of markets, investors and organizations, in psychology and the social sciences
the cognitive aspects underlying an individual’s choice behaviour are of major interest.
Similarly, evolutionary and behavioural biology have progressed, on the one hand, by
focusing on the role of natural selection on the evolution of the organisms’ preferences and
use of choice rules in a wide range of situations, and on the other, by analysing the effects of

animals’ preferences on the evolution of the selected traits.

A general assumption shared by choice theories in all fields is that individuals
should behave so as to maximize the expected value of a given utility function under the
constraints they face'. This means that preferences should reflect the positioning of the
options on a scale determined by the consequences of each choice for the decision-maker,
for example in terms of ‘monetary gains’, ‘satisfaction’ or, in the case of biology, expected

fitness gain.

In spite of its intuitive appeal, the assumption that individuals are perfect maximizers
in the sense previously defined is usually challenged by the observation that they often fail
to exhibit all-or-none choices on repeated choices, selecting different alternatives under
conditions that are supposedly identical. If on the one hand it is possible that such
inconsistencies result from individuals responding to different aspects of the choice
problem, on the other in most cases these aspects cannot be identified, and choice behaviour
is viewed as a probabilistic process whereby the choice probability of each option is
expressed as some function of its underlying scale value, so the idea of a numerical scale of

value governing choices is maintained.

Within this framework, a major concern of empiricists has been the investigation of
a number of properties that would be necessary conditions for the existence of such a scale.

One such property underlies most theoretical work on probabilistic choice, and is known as

'It is important to notice, however, that the notion of ‘utility’ might be used in conceptually different ways
depending on the field of research. Thus, while in economics utility is generally used to describe the
function an agent is maximizing, based on the observation of her past choices, in biology it is commonly
employed normatively, to predict the preferences individuals ought to have given some functional criteria
(Krebs & McCleery 1984).
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‘independence from irrelevant alternatives’ (IIA), namely the expectation that the ratio of
the choice probabilities of any two alternatives is entirely unaffected by the utilities of other
options (Ben-Akiva & Lerman 1985). This is equivalent to saying that the preference
between alternatives should be independent of the context (as defined by the opportunity
set) in which they occur. IIA is best captured in the choice axiom of Luce (1959), also
known as the ‘constant ratio rule’ (Clarke 1957), a central model to most probabilistic
theories of choice behaviour. The axiom predicts that the inclusion of a new option into a
choice set should take from pre-existing options in proportion to their original shares, and
thus relative choice proportions between any pair of options (i.e., the ratio of choice
probabilities of any two alternatives) should be the same in all contexts. Formally, this
means that the choice axiom is satisfied if the probability of taking an item A from a set
Bi={A,B} is the same as the relative probability of taking A as opposed to B from a set
Tri={A,B,C}, such that for all C

Psi (A) _ Pri (A)
Psi (A)+ Pi (B) Pri (A)+ Pri (B)

[1]

where pgi(A) and pri(A) represent the probability of taking A from the binary and trinary

choice sets, respectively.

Breaches of the choice axiom have however been frequently reported in the
psychological and economic literature (Huber et al. 1982, Wedell 1991, Payne et al. 1992,
Simonson & Tversky 1992, Tversky & Simonson 1993, Slaughter et al. 1999), and more
recently in studies of animal behaviour. For instance, studying the foraging preferences of
honeybees (Apis mellifera) and gray jays (Perisoreus canadensis), Shafir et al. (2002)
showed that the relative preference of the bees and jays between two original foraging
options changed with the introduction of an additional, unattractive alternative. Similarly,
Bateson et al. (2002) analysed the preferences of wild rufous hummingbirds (Selasphorus
rufus) for artificial flowers, showing that the relative preferences of the birds for one of the
two target options was higher in a trinary context (where a third option, or ‘decoy’, was
available) than in binary choices (only two options on offer). The same was true in a study
designed to test the risk-sensitive foraging preferences of European starlings (Sturnus

vulgaris) for variability in amount of food (Bateson 2002): the relative preferences of the
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starlings for the less variable options were always higher in a trinary than in a binary

context.

Violations of the choice axiom, such as the above mentioned, are usually taken to
imply the use of ‘comparative’ mechanisms of choice, whereby the value of an option is not
only determined by its intrinsic properties and consequences as assumed by the normative
modelling in biology, but instead is constructed at the moment of choice according to the
presence and attributes of other options2 (Shafir 1994, Hurly & Oseen 1999, Waite 2001,
Bateson 2002, Bateson et al. 2002, Shafir et al. 2002; see also Shafir et al. 1989, Wedell
1991, Payne et al. 1992 for some possible accounts of context-dependence based on the use
of comparative mechanisms of choice). For example, discussing the changes in the relative
level of preference of the bees and jays for the available foraging options, as mentioned
above, Shafir et al. (2002) conclude: “Our findings support a ‘comparative’ method of
evaluating options. According to this method, options are not evaluated separately and
assigned fixed utilities, but rather the relative value of an option depends on the options with
which it is compared’. Similarly, Bateson et al. (2002) interpret their results as being “hard
to reconcile with the use of absolute [independent] evaluation mechanisms, and suggest that
animals may well evaluate alternative options using comparative mechanisms, whereby the
value assigned to a given option is dependent on the other options available at the time the

evaluation is made”.

My objective here is however to argue that, in the case of violations of the choice
axiom, the previous interpretation is not unique, as a number of models compatible with the
assumption of independent choice currencies can also lead to such violations in the absence
of context-dependence as defined before. I start by briefly reviewing some of the arguments
put forth in the psychological literature on choice behaviour and by considering instances
where choices are uncorrelated to the properties of the rewards being offered. I then
concentrate the discussion on mechanistic models of choice that incorporate constraints on

perception.

2 The conclusion follows from the assumption that the ratio of the choice probabilities (say, ‘p’) of any two
alternatives is some function of the ratio (‘v’) of their scale values, and thus any observed change in ‘p’
would imply that the presence of additional alternatives enhanced — or weakened — the relative attractiveness
between the existing options (‘v’).
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3.2 Structured Choice Sets

The validity of the choice axiom has some well-recognized difficulties whenever the choice
set can be structured as a function of the distinct degrees of similarity (or substitutability)
between its component options, or when a hierarchy of decisions is involved in the choice
process (Luce & Suppes 1965, Tversky & Russo 1969, Tversky 1972). Consider for
example the well-known possibility illustrated in the ‘red bus—blue bus’ paradox (Debreu
1960). Suppose a decision-maker (DM) has to decide on whether to take a bus or a car, and
that she is indifferent between these options. Now let her choice possibilities include an
additional alternative, so that at this time she faces a choice between a car, a blue bus and a
red bus. A natural expectation if DM is also indifferent between the blue and red buses, is
that the probability of choosing a car will be P(car) = ', and that P(blue bus) = P(red bus) =
Yi. However, since DM is indifferent between the options in pairwise choices, the choice
axiom requires the probability of choosing any option to be the same when the three
alternatives are presented simultaneously, that is to say, P(car) = P(red bus) = P(blue bus) =
'/s. The paradox thus shows that preferences in choice situations with more than two
alternatives may violate the axiom owing to the use of choice rules that group similar
alternatives together, a possibility later developed by Tversky & Russo (1969) and known as
the ‘similarity hypothesis’. According to it, a third alternative introduced into a binary
choice set would take its share of choices mainly from the option most similar to it, and

therefore the relative preference for the latter would be reduced.

Tests of the similarity hypothesis confirmed it in a number of situations (see e.g.
Tversky & Gati 1978), but were mostly restricted to experiments dealing with human
choices where a natural grouping of the options could be unambiguously established. In the
case of animal choices, however, a priori knowledge of the degree of equivalence between
the options for the subjects may be harder to ensure, especially in those cases where options
- are composed of more than one attribute. Yet, if on the one hand unequivocal tests of the
hypothesis may be more difficult to design, on the other the possibility that animals use
choices rules that are distinct from that assumed by the choice axiom cannot be ignored.
This is especially important if we consider that, in fact, the use of choice rules strictly in line
with Luce’s theory can lead to suboptimal choices and preference reversals between
categories of options whenever the opportunity set is to some extent structured. To see that,
suppose that in the paradox previously described elections for car represents the optimal (or

simply the ‘preferred’) solution, with DM showing a higher probabilistic bias towards car
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than bus in binary choices. Now let the choice set include more buses of different colours,
all of which are suboptimal (or less ‘preferred’) relative to car. According to the choice
axiom, each new bus included in the choice set should take its share of choices from all
previously existing options, including car. As a consequence, the proportion of choices for
car should gradually drop with the inclusion of buses, to the point that the overall probability
of choosing car becomes lower than that of choosing a bus (of any colour) — a preference
reversal, or violation of the optimal expectation if the choice DM ought to make is predicted
a priori. In such cases, the choice behaviour predicted by the similarity hypothesis (which
states that the probability of choosing the categories ‘car’ versus ‘bus’ — regardless of colour

— should remain relatively constant) would represent a better solution to the problem.

3.3 Presence of uncorrelated choices

Violations of the choice axiom may also be obtained, without implying context-
dependence in the assignment of value to options, whenever a certain proportion of choices
(hereafter ‘uncorrelated choices’) result from causes other than those related to the
properties of the rewards. In this section I illustrate this possibility by considering the

following two cases.

3.3.1 The sampling case

If a decision maker faces two options of different absolute value the optimal allocation is for
exclusive use of the better alternative. This model is descriptively challenged by all
observations that indicate that allocation of behaviour is rarely exclusive, and many models
exist to give account for this failure. One normative approach is that a fraction of the
responses are allocated to alternatives other than the best one as a means to track
environmental changing opportunities (Krebs et al. 1978, Dow & Lea 1987). If this
allocation is distributed by any possible pattern between the less-than-best alternatives, it
follows that the relative allocation of behaviour to the best one against any of the others will
increase as the number of sub-optimal alternatives increases, in violation of the axiom. To
see this, say that over a total of N choices, s are “sampling” responses distributed among the
sub-maximal options. When only alternatives A and B are present, with A always
representing the highest payoff, Ny = N — s, and Nz = s. Hence the relative proportion of
choices for A is Pg(A) = (N-s)/s. If a third sub-maximal alternative is added, now the
number of choices for A is unaltered but that for B will be reduced so that now Pac(B)=s —

Pag (C). Thus, the relative proportion of choices for A over B becomes Ppc(A)= (N —s) /(s
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— Pap(C)), that is necessarily bigger than that observed in the binary situation. Of course,
under different assumptions (e.g. each extra patch is sampled with frequency s — namely, the
total sampling frequency is increasingly higher with the enlargement of the choice set) we
could be lead to the opposite conclusion — that relative preference for the most profitable

patch would be lower in the trinary than in the binary context.

3.3.2 The “noise” case

Say now that the reason for non-exclusive choice of the best alternative is that a fraction p of
the choices are assigned randomly to all existing options (Schuck-Paim & Kacelnik 2002,
see also Bateson 2002). I call these “uncorrelated” choices because a proportion of choices
is not correlated to the payoffs. Now, a fraction u of choices is assigned in an uncorrelated
fashion. Each option will receive u/n choices from this process, where » is the number of

options. Choices for the best option are thus

PB(A)=N—((n—1)*3j 2]

n

where N is the total number of choices, while choices for each sub-maximal option is u/n. In
the case where n=2, Pg(A) reduces to N — (4/2). In binary choices the relative preference for

the best option over its alternative is thus

i V3

PB) u Pl

Now Px(A) represents the fraction of choices for A in a set of three or more. Since

cfors) wfs

u u

n 2
for any n>2, Px(A)/Px(B) > Pg(A)/Pa(B). Notice here that although this process makes the

[4]

relative preference for the best option over any sub-optimal action to be higher the larger the
choice set, the absolute proportion of choices for A should decrease with the inclusion of

more options into a set, since N — (4/2) > N — ((n-1)*(u/n)) for any n>2.
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3.4 Constraints on Perception

Here I argue that violations of the choice axiom can also be explained by considering the
accuracy with which animals process information about available alternatives. I start by
considering existing models and their underlying assumptions. I then proceed by examining

their predictions in relation to the choice axiom.

The idea of imperfect discrimination as applied to choice problems dates back to
Thurstone’s law of comparative judgement (Thurstone 1927). In the most widely used case
of his theory (Thurstone case V), Thurstone assumed that choice objects could be
represented by what he termed ‘discriminal processes’ (U), that is, variables U; = u; + X,
with u representing the parameter value of the choice objects and X representing
independent random variables with a normal distribution function and equal variance. The
idea was that, when faced with a choice, subjects would choose the objects with the largest
discriminal process, or in other words, the object with the largest perceived value. Within
the foraging literature, a number of models of information processing were also developed
to predict the effects of errors in memory or perception on animals’ decisions. This is the
approach that underlies, for instance, Scalar Utility Theory (SUT), a process-based model
developed under the framework of risk-sensitive foraging (Reboreda & Kacelnik 1991,
Kacelnik & Brito ¢ Abreu 1998). SUT assumes that memory of reward attributes is
inaccurate, and that the variability in the animal’s internal representation of rewards is best
represented by Weber’s Law. This means that errors are distributed following a normal
probability distribution with a coefficient of variation (standard deviation/mean) that is
constant across distinct magnitudes (i.e. the higher the magnitude of a stimulusi, the greater
a subject’s absolute error). When making a choice between two alternatives, a subject would
draw a sample from its internal representation of each reward (but see Kacelnik & Brito e
Abreu 1998 for a discussion of other possible choice mechanisms), choosing the one
yielding the most favourable outcome. Under a similar perspective, Yoccoz et al. (1993)
also developed a model in which the presence of constraints on perception is taken into
account. The model makes a series of predictions concerning optimal prey choice by
considering the energetic gain (G) and handling time (7) associated with each prey type.
Gains and times are however perceived with errors, accounted for by the addition of a
normally distributed random variable with mean of zero to G and 7. Finally, a similar
approach is also taken by McNamara & Houston (1987). These authors developed a model

to explain why individuals frequently show partial levels of preference for foraging options
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instead of an absolute preference for the option yielding the highest payoff. In their model,
animals compare the payoff (H) associated to each option, but their perception of H is
subject to errors, accounted for by the addition of a random variable (X, distributed
following a double exponential probability density function) to H, such that H’=H+X. The
main postulate underlying the model is that the probability of choosing an option is a
function of the fitness costs associated with the suboptimal action, which is in turn given as

a function of the comparison of ‘inaccurate’ H’s.

Although all models are structurally similar in assuming that when faced with a
decision individuals choose the option with the best perceived value — where the perception
of value is subject to error —, they differ in some relevant aspects. Firstly, Thurstone’s law of
judgement, SUT and Yoccoz’s model assume that it is the perception of primary attributes
describing the available alternatives — such as time, amount, distance, volume, etc — that is
subject to error, and that subjects choose the options associated with the best primary
percepts. Conversely, the cost model of McNamara & Houston assumes that secondary
combinations of attributes, namely the final payoff associated to each alternative, are
perceived with error. Although the difference might be trivial if one considers that the
presence of constraints in the perception of primary dimensions necessartly produces error
in the perception of their secondary combinations, the distinction can be important to the
extent that it can lead to qualitatively distinct predictions about the choice behaviour of

individuals.

More importantly however for the present discussion, a crucial difference between
these models seems to liec on their assumptions about the function describing the distribution
of perceptual errors. While, for instance, SUT assumes that errors are distributed in
accordance with Weber’s Law, Yoccoz et al. (1993) use a normal distribution with a
variance term that is independent of the parameters’ magnitude. More uniquely perhaps,
McNamara and Houston (1987) assume that the random error variable X follows a double
exponential distribution. The reason for this choice was not arbitrary, but rather based on
Yellot’s (1977) mathematical proof that this distribution would be the only one for which
choices between more than two alternatives would conform to the choice axiom. Yellot’s
arguments were based on the comparison of Thurstone’s Case V with Luce’s axiom, and
showed that while for comparisons of pairs of options a number of distributions of

perceptual errors would produce choice probabilities compatible with the requirements of
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the axiom, the double exponential would be the only one able to do so in experiments

involving the comparison of binary and trinary choices.

The assumption that errors are distributed following a double exponential
distribution is however unrealistic. In fact, many years of empirical research in
psychophysics have shown Weber’s Law (or Weber-Fechner Law) to hold almost
universally in discrimination tasks involving a large number of different species and
protocols (see e.g. Church & Gibbon 1982, Cheng & Roberts 1991, Wearden 1991 for
examples with rats, pigeons and humans, respectively). The use of the double exponential
distribution is therefore inappropriate, the main implication being — as Yellot elegantly
demonstrated — that violations of the axiom should be expected for any model relying on a

distinct assumption.

As an example, here I develop the predictions of SUT for choices between delayed
rewards in binary and trinary contexts. Specifically, I compare the predicted relative choice
proportions (calculated as shown in equation 1) for a target choice pair consisting of options
T, and T, (where T, and T, differ only in the delay subjects have to wait to receive a
reward) in binary and in trinary choice situations, where a third option (or ‘decoy’) is
included in the set of available opportunities. Figure 1 illustrates the results. The predictions
were calculated for different levels of timing accuracy (parameter y in the figure, represented
by the differently coloured lines), with y=0.1 and y=1 representing relatively accurate and
inaccurate levels of time perception, respectively. The figure shows the difference in the

relative choice probabilities (T, relative to T,) between the two situations, that is

D= pTri(T'l) _ pBl(]-;.)
pTri(Tl)+pTri(T2) pBi(Tl)+pBi(T2)

2]
where D is the difference in relative choice proportions between the binary and trinary
situations. Positive and negative values indicate a higher level of relative preference in the
trinary and binary contexts, respectively, whereas no difference (values equal to zero)
represents the predictions of the choice axiom. In a majority of cases, the inclusion of a
decoy causes relative choice proportions for T, to drop. This effect is especially strong when
the decoy is better than either of the targets (section I of the graphs), that is, when it offers
the shortest delay (decoys with delays that are intermediate and longer than those offered by
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the target options, sections II and III, have a weaker effect on preferences; in fact, it can be
seen that the longer the decoy’s delay the smaller the difference in relative preferences
between contexts). SUT predictions are however dependent on the timing accuracy
assumed, with very low values of gamma (y=0.1 to 0.2) leading to an increase in the level of
preference for the preferred target in the trinary context depending on the delay associated
with the decoy, especially so when the difference between the target options is smaller
(fig.1a). Comparison of figures 1a, 1b and 1c also shows that the higher the difference in the
delay associated with each target option, the more pronounced the decrease in relative
preferences in the trinary context. The example thus shows, under SUT assumptions, the
direction in which the inclusion of a decoy into a choice set can affect preferences, and
illustrate what Yellot has proved more than 25 years ago: that violations of the choice axiom
are to be expected whenever the perception of rewards are subject to perceptual constraints —

probably a realistic assumption for most choice problems encountered by animals.
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3.5 Conclusion

Most probabilistic theories of choice rely on the assumption that choice objects are
assigned a value on a single scale, with choice probabilities being represented by some
monotonic function of their scale values (Krantz 1967). Luce’s axiom require the additional,
and stronger, assumption that the magnitude of preferences between two objects can be
directly determined by the ratio of their scale values (Tversky & Russo 1969). Contrary to
previous claims in the literature on animal choices, here I have argued that violations of this
assumption do not necessarily imply the use of comparative mechanisms of choice, whereby
the value of an option is constructed as a function of the presence and value of other
alternatives. Of course, I do not dispute that violations are compatible with the use of such
mechanisms, nor do I claim that available data would be better fit if analysed under the
alternative frameworks suggested. However, 1 emphasize that a number of hypotheses in
line with the assumption of independent choice currencies can also lead to departures of the
axiom. This is the case for instance of models that are based on the presence of perceptual
errors in the evaluation of choice objects. Alternatively, the presence of a few uncorrelated
choices — characterized by the use of higher order rules (such as ‘sampling’) or as the
outcome of the effect of uncontrolled variability in the choice process — can also lead to
changes in relative choice proportions between contexts. Finally, I emphasize that strict
compliance with Luce’s theory might lead to suboptimal choices whenever the alternatives
of a set are substitutable or similar to each other. The distinction between these possibilities
and true context-dependence is an important one and I believe should be acknowledged in
future research. Firstly, they tell us different stories about the computational rules and
information processing modes employed by animals when making decisions. Additionally,

the former do not pose major challenges to the normative modelling of animal behaviour.
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Chapter 4. Preference invariance with structured sets

4.1 Introduction

Imagine that a migrating bird has just arrived at its breeding island, and now needs to
look for a suitable site where to build a nest. The area is restricted and spatially structured, all
vacant sites will be occupied in a short period by the arriving birds, and the decision on
whether to settle on the central region or near its boundaries will determine the exposure to
predators and prey levels experienced. In the centre nests are safer from the danger posed by
foxes but far from the feeding grounds, and in the edge the opposite occurs. On balance, both
kinds of location offer equal net benefit. While overflying the island the bird spots three
opportunities, one on the central region and another two in the periphery. We can envisage the
process of choice as a hierarchical one (centre vs. periphery, then choices within area) or as a
simultaneous one, in which all opportunities are considered at once. The former would lead to
a probability of choice of one half for the centre and a further halving to % for each peripheral
site. The latter would yield a probability of /3 for each location. Notice that the simultaneous
handling of choices implies that the probability of choosing the central option drops by
increasing the number of peripheral sites (e.g., had the bird spotted four sites on the edge and
one in the centre, the overall probability of choosing centre would be /s as opposed to ¥/s of
choosing the periphery), whereas the hierarchical choice process implies that the probability

of choosing centre will always be the same, regardless of the number of sites in either region.

Knowing which outcome is the most likely requires, then, some knowledge of the
mechanisms and choice rules adopted by the bird. Here I investigate experimentally the two
possibilities illustrated in the example. The first one (also known as ‘similarity hypothesis’ in
the context of human choices; Tversky & Russo 1969) assumes the ability to categorize or
group the available options in terms of their degree of similarity or substitutability, and that
the choice process is hierarchical. For instance, in the previous example the bird would firstly
decide between the central and marginal regions and, if choosing the latter, decide in a second
step between the two options contained in this category. As a result of the adoption of such
groupings, the inclusion of any additional option into a choice set should hurt more (in terms
of choice probabilities) the original alternative most similar to it (notice that under the
hierarchical process the probability of choosing a periphery site over the centre is Y4, but drops
to Y if there are two sites available in the edge). The second possibility, conversely, derives
directly from the notion that the preference between any two alternatives should be entirely

independent of the context (as defined by the presence and number of other alternatives) in
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which they occur. This principle, also known as ‘independence from irrelevant alternatives’
(ITA), underlies most theoretical work on choice behaviour. In its most restrictive form —
captured by Luce’s choice axiom (Luce 1959) — it states that the ratio of the choice
probabilities of any two alternatives should be entirely unaffected by the presence and
properties of other options. Hence, the inclusion of a new option into a choice set should take
from pre-existing options in proportion to their original shares, and therefore the relative
preference between two options should always be the same. Accordingly, the second possible
outcome of our bird’s decision problem shows that the relative probability of choosing each
one of the peripheral sites over the central one would be the same in binary (two options

available) and trinary (three options available) choices.

The analysis of the extent to which relative preferences differ amongst contexts
provides an interesting tool for the understanding of the processes underlying animal choices.
Many normative models in biology assume that options are assigned a value based on the
potential fitness gain (or surrogates of it) associated to each option, and that choices should be
such as to maximize this value. However, the adoption one or another of the choice
mechanisms described above necessarily leads to different solutions to the same problem. To
make this even clearer, suppose that in the problem faced by the nesting bird, the central site
offers a net benefit slightly higher than that gained by nesting in the periphery, so the bird
should be expected to either choose the centre exclusively or, assuming choice is not absolute
but probabilistic, to show a higher probabilistic bias of settling in the centre than in the edge.
Under the former assumption (exclusive choices) centre would be always chosen over edge,
regardless of the mechanism employed. However, animals often show partial instead of
exclusive levels of preference for options on repeated choice opportunities (McNamara &
Houston 1987), and in this latter (probabilistic) context the distinction between the two
possibilities matters. If adopting the hierarchical choice process, the probability of nesting in
the centre should always be higher than that of nesting in the border, as discussed.
Conversely, the use of choice rules in line with the choice axiom should make the probability
of settling in the centre to increasingly drop with increases in the availability of sites in the
border; in other words, the deviation from the optimal expectation (choice of ‘centre’) should

be increasingly larger.

Also relevant is the fact that the observation of violations of Luce’s axiom (i.e.,

changes in relative choice proportions between contexts) is usually taken as support for the
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idea that the value of an option is not only determined by its intrinsic properties and
consequences as assumed by normative modelling in biology, but instead is constructed
depending on the presence and attributes of other options (preferences are said to be ‘context-
dependent’; Real 1991, Tversky & Simonson 1993, Shafir 1994, Hurly & Oseen 1999,
Bateson 2002, Bateson et al. 2002, Shafir et al. 2002, but see also Houston 1997). The
similarity hypothesis previously described, in turn, offers a compelling alternative to this
interpretation. By taking into account the structure of the choice set in terms of the outcomes
that are substitutable for one another, it offers a possible explanation for changes in choice
proportions between contexts independently of the potential effect other options might have
on preferences. In the experimental investigation reported below I handle this problem
explicitly by using a design that enables the distinction of these two interpretations (context-

dependence and similarity hypothesis).

Animals are often faced with the need to make choices between a number of
alternatives, such as foraging patches, prey types, nest sites, territories and sexual partners. It
is likely that in many of these circumstances the choice sets are to some extent structured,
with the available options sharing different degrees of similarity with each other. Yet, the
effect that such a natural structuring would have on animal choices is still poorly understood.
Amongst the reasons, a priori knowledge of the degree of similarity/substitutability between
the options for an animal may be hard to ensure in complex choice tasks, especially when
options are composed by more than one attribute. In these cases, the relative importance of
similar and distinctive attributes (as well as their relative weighting) may be different from
that assumed by the experimenter, preventing an unambiguous analysis of the effect of

similarity relations on choice.

In this study I examine the foraging preferences of European starlings (Sturnus
vulgaris) in situations where the choice set was characterized by obvious differences and
similaritics between its elements. By analysing how preferences were expressed according to
the structure of the choice set, I aimed to understand the mechanisms and rules used by the
starlings in multialternative choice situations, together with their implications for the

functional analysis of behaviour.
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4.2 Methodology
4.2.1 Experimental Design

To examine whether the starlings were more likely to employ a hierarchical process of
choice or a simultaneous one, as described in the introduction, I compared their risk-
sensitive foraging preferences between binary and trinary choice contexts, so as to test
whether the inclusion of new options into the choice set changed their relative level of
preference for the options. Choice sets were designed so as to impose clear differences and
resemblances between the options. To that end, each set comprised three alternatives, two of
which shared exactly the same parameter values, being perfectly substitutable by each other
(a decision problem essentially similar to that faced by the nesting bird illustrated in the
introduction). The three alternatives were characterized by differences in the delay the
animals had to wait to receive food. The two equivalent options offered the same fixed delay

to food, whereas the third offered a variable delay with two equiprobable outcomes.

The design was planned so as to also enable the interpretation of potential changes in
relative levels of preference between contexts as due to the structure of the choice set (as
postulated by the similarity hypothesis) or to context-dependence in the assignment of value
to the available alternatives. Under the latter framework, a widely used explanation for such
changes (also referred to as the ‘comparative approach’, see e.g. Shafir et al. 1989, 1993) is
based on the idea that options are compared along each of their relevant attributes before a
decision is reached, instead of being assigned an independent value on a single dimension.
As different attributes may have different weights, perception of differences of each
attribute may depend upon the whole range of values being considered and the overall
dominance rank of an alternative may be built up according to its dominance position in
each of the attributes considered (Wedell 1991), the overall attractiveness of an option can
be determined by the specific value of competing alternatives in each of the attributes. The
approach thus offers a possible explanation for changes in preference between contexts
mostly in those cases where the alternatives differ in at least two attributes. Hence, to
minimize the possibility that potential changes in relative preferences were due to these
mechanisms (instead of the employment of a hierarchical choice process), in the present
investigation I offered the subjects with options that differed only in one characteristic.
Additionally, trinary choices were presented interspersed with the three types of binary

choices (each corresponding to one of the three possible choice pairs). In this way, 1
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intended to equalize the background context (as defined by the set of options known to the
subjects) in the binary and trinary scenarios, thus controlling for the possibility of context-
dependent effects due to the construction of preferences under different backgrounds
(Pratkanis & Farquhar 1992, Tversky & Simonson 1993, Waite 2001).

The choice to manipulate variability in delay to reward was based on the observation
that partial, rather than all-or-none, preferences are usually obtained for repeated risky
choices (see reviews in Kacelnik & Bateson 1996 and Shafir 2000), therefore minimizing
the possibility of ceiling effects and in this way facilitating the detection of differences in
choice proportions between contexts. Subjects were presented with five treatments
characterized by differences in the delay offered by the two identical fixed options. The
fixed delay to food varied from a relatively short (as compared to the mean delay offered by
the variable option) to a long one, thus enabling the analysis of choice probabilities and the
models’ predictions along a wide range of partial levels of preference (i.e., from when the
fixed option was preferred over the variable to when the variable was strongly preferred

over the fixed).

4.2.2 Subjects

The subjects were ten wild-caught European starlings, captured in Oxford, UK
(under an English Nature licence) as adults on March 2001. Prior to the experiments the
starlings were kept in two outdoor aviaries (3 m high x 3.2 m wide x 4 m long). While in the
aviary the starlings were fed on ad libitum food, a mixture of turkey crumbs, Orlux© pellets
and mealworms (Tenebrio sp.). Drinking and bathing water was always available and
replaced daily. Five days before the beginning of the training sessions the birds were
transferred from the outdoor aviary to the laboratory and housed in individual cages (120 cm
x 60 cm x 50 c¢m) that served both as home cages and experimental chambers. During this
period of adaptation all birds had free access to water and the same ad libitum food as
received in the aviaries. During the experimental period, the starlings were given free access
to food (turkey starter crumbs) after the end of the daily sessions, from 1700 until 1900 h. At
1900 h they were supplemented with 10 mealworms and then food was removed. From
previous experience this regime is known to allow the starlings’ body weights to remain

stable at approximately 90% of their free feeding value or above (Bateson 1993). Fresh
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drinking water was always available in the cages and bathing tubs were provided daily.
There was no mortality. The experiments were initiated in November 2001 and completed in
March 2002. All subjects were released back into the wild (University Parks, Oxford, UK)
during the spring.

4.2.3 Apparatus

The experimental cages had a panel with a centrally mounted food hopper and three response
keys (at either side of the hopper and above it). The cages were also supplied with two
perches, 85 cm apart from each other. An Acorn Risk PC 600 computer running Arachnid®
software (Paul Fray Ltd.) controlled the contingencies and collected the data. During the
experimental sessions food rewards were units of Noyes precision pellets (0.02g). The pellets
were delivered by a pellet dispenser (Campden Instruments®) at a rate of lunit/s. Lights in
the experimental rooms were gradually switched on at 0530 and off at 1930 h, and

temperature ranged from 11°C to 15°C. Subjects were visually but not acoustically isolated.

4.2.4 Training

Subjects were first trained to retrieve food from the hopper. Birds’ responses were
then induced by a standard auto-shaping procedure, in which the illumination of one of the
pecking keys (side determined randomly) for 10s was followed by the delivery of two
precision pellets and an intertrial interval (ITI) of 60s. The birds received two daily sessions
in this condition (100 trials per session), one at 0800 h and another at 1200 h, after which
they were fed with the ad libitum food. After all birds were pecking the keys reliably food
delivery was made conditional at one key pecking. In these sessions, if the birds did not
respond during the 10s interval the light went off and the ITI started. The training program
was interrupted when all birds were pecking in at least 80% of the trials. This was achieved
after six sessions. All birds had already been used in an operant setup before and were

accustomed to peck keys.
4.2.5 Experimental Protocol

All subjects experienced five treatments. In each treatment the subjects were presented with
three options differing in the level of variability in delay to reward: a variable option, offering

equiprobable delays of either 12 s or 28 s (Coefficient of Variation=40%) and two fixed
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options (CV = 0) which offered the same delay to reward. In treatments 1, 2, 3, 4 and 5, the
delay offered by the fixed options was 12s, 15s, 18s, 22s and 28s, respectively. The variable
option was the same in all treatments. The order of treatments was balanced across subjects
following a balanced Latin-square design. As I had an odd number of treatments (n=5) I used
two separate arrangements comprising 5 orders each (Namboodiri 1972), as shown in table 1.
Each of the options was associated with one colour trans-illuminating the pecking keys
(green, red and yellow). The association of colours with options was balanced across birds,
but for a given bird one colour was always associated with one particular option. Although the
subjects were already familiar with the experimental apparatus, they had not experienced

colours as discriminative stimuli before.

Table 1. Order in which subjects
experienced the five treatments

(the treatments are described in terms
of the delay of the fixed options)

Bi I'd 1 st znd 3I’d 4th sth
12 156 28 18 22
15 18 12 22 28
18 22 15 28 12
22 28 18 12 15
28 12 22 15 18
22 18 28 15 12
28 22 12 18 15
12 28 15 22 18
15 12 18 28 22
18 15 22 12 28

SOWRINOUBWN-

A discrete trials procedure with a fixed ITI of 60s was employed. There were three types of
trials: no-choice trials, choice trials and probe trials. No-choice trials were intended to provide
the birds with information about each alternative. They started with one of the pecking keys
(randomly determined) blinking (0.7s on, 0.3s off). The first peck on the key caused the light
to be on for the delay corresponding to the option presented, during which pecks on the key
were counted. The first peck after the delay had timed out triggered the delivery of the
standard food reward (two precision pellets) in the hopper, and a new ITI started. Choice trials
began with all pecking keys (two or three, depending on the type of choice trial) blinking. The
first peck on any of the keys caused the chosen key to be continuously on for its respective
delay and the remaining key lights to turn off. The first peck after the delay had elapsed
triggered the delivery of the standard reward and the beginning of a new ITI. Probe trials were

used to measure the subjects’ knowledge of the temporal properties of each option. Similarly
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to no-choice trials, they also started with one of the pecking keys flashing. The first peck on
the key caused the light to be on for a delay three times longer than the delay corresponding to

the option presented, after which no reward was given and a new ITI started.

Subjects experienced four sessions (maximum of 2 hours) per day, starting at 0600,
0900, 1200 and 1500 h. Each session comprised 5 blocks of 15 trials each. Blocks were
structured as follows: each block started with one probe trial, where one of the three options
was presented. The order in which the options were presented in probe trials was randomly
determined, with the only restriction that each option had to be presented twice per session.
Probe trials were followed by three no-choice trials, one corresponding to each option
(variable, fixed; and fixed,), presented in a random order. After completion of the no-choice
trials subjects experienced four choice trials in a random order: three binary choice trials,
where each of the three possible binary choice pairs (variable vs. fixed,, variable vs. fixed,
and fixed, vs. fixed;) was presented once, and one trinary choice trial (all options
simultaneously available). Choice trials were followed by another series of three no-choice
trials and four choice trials, with the only difference that in the second series of no-choice
trials I programmed the variable option to offer the outcome that had not been experienced in
the previous series (for instance, if a subject had experienced the short delay of the variable
option in the first series of no-choice trials, the long delay would be presented in the second
series). This procedure was employed to ensure that all subjects experienced the two possible
outcomes of the variable option equally often during the no-choice trials. The sides where the

options appeared were randomly determined in all trial types.

The two morning sessions and the two afternoon sessions were grouped for the
purpose of analysis. For each bird, the experiment ended when the regression coefficient of
the choice proportions of six consecutive sessions (against session number) was not
significantly different from zero and the standard deviation of the choice percentages of these
six sessions did not exceed 10. This criterion had to be reached in at least two out of the four
types of choice trials for the treatment to end. The birds were given a minimum of eight and
maximum of twenty sessions. Data from the last six sessions were used for analysis. Subjects

were given three resting days with ad libitum food between treatments.
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4.3 Data Analysis

4.3.1 General Procedures

I initially analysed the subjects’ knowledge of the temporal properties of the rewards and their
preferences for variability across the treatments. For most analyses of choice probabilities I
plotted the individual choice proportions for each treatment and choice pair as a function of
the choice proportion predicted by the various principles tested (described below). The use of
such a procedure enabled the analysis of the general trend for the group of subjects without

losing information on individual idiosyncrasies.

4.3.2 Preference Scores for the Fixed Options

The two fixed options offered the same delay to reward in all treatments, differing only in the
colour of the discriminative label associated to each of them. However, it is usually the case
that the influence of external sources of variability on preferences is maximal when the
difference between the options is minimal. Accordingly, perfect indifference between the
fixed options was not observed in most cases. Although only two subjects showed a slight
colour bias (not significant) in the beginning of the experiment (measured through the
difference in preference for the fixed options in the first 50 binary trials of this type) and
averaged preference levels between the two fixed options were close to indifference (50%),
most individual subjects showed small deviations from indifference in more advanced stages
of the experiment that, although not significant in most cases, were correlated across
treatments with the colour of the discriminative label associated to each option. Therefore, for
the purpose of analysis, the fixed alternatives fixed, and fixed, were classified for each

subject and treatment in two new categories, as Preferred fixed (P) and Non-Preferred fixed

(N).

4.3.3 Relative Preferences

To compare the subjects’ relative preferences for each choice pair between contexts I
transformed choice proportions in the trinary situation by considering only two options at a
time, so that the percentage of choices for the pair added up to 100%. For instance, preference
for the preferred fixed option as compared to the variable in the trinary situation — pH(P,V) —

1S:
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where P and V stand for ‘preferred’ fixed and ‘variable’, respectively, and p#(P) and p(V)
represent the number of choices for ‘preferred’ and ‘variable’ options, respectively, in the
trinary context. Thus, preference for P over V in a trinary context is defined as the number of
choices for P divided by the number of choices for P and V added together. The same
procedure was adopted to calculate the relative preference between the options (P,N) and

(N,V) in the trinary situation.

If Luce’s choice axiom holds and relative preferences are not different between
contexts, I should expect the slope of the regression of the relative proportion of choices for
any given pair of options in a trinary situation (as calculated by equation 1) against the
relative proportion of choices for this same pair in a binary situation to be equal to one and its
intercept not different from zero. To test this prediction I analysed the relationship between
relative preferences in the two contexts. In all analyses I considered the relative proportion of
choices in the binary and trinary situations to be the independent and dependent variables,
respectively (choice proportions were square root arcsine transformed). To take into account
the fact that each bird contributed with five datapoints to the regression (one corresponding to
each treatment), I calculated the slope and intercept of the regression for each individual bird
separately, subsequently testing whether the groups of ten intercepts and ten slopes (one
intercept and one slope corresponding to each subject) were significantly different from zero

and one, respectively.
4.3.4 Absolute Preferences

The economic concept of rationality is usually defined through a number of principles (such
as transitivity and regularity — explained below — and the notion of IIA previously mentioned)
that are viewed as necessary consequences of the existence of a utility scale upon which
organisms base their choices. Although violations of rationality are normally viewed as a
challenge for the existence of such a scale (preferences would be context-dependent), the
similarity hypothesis, along with the hypotheses described in Chapters 3, predict differences

in relative preferences between the binary and trinary contexts in the absence of context-
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dependence, providing some possible accounts for violations of IIA. Yet, they cannot explain
violations of principles based on less restrictive conditions than those imposed by the axiom,
such as weak and moderate stochastic transitivity, or regularity. Hence, finding such
violations would constitute strong evidence for the use of a context-dependent, or
‘comparative’ mechanism of choice. I therefore tested whether the starlings’ preferences were

both transitive and regular.

4.3.4.1 Regularity

The principle of regularity is one of the weakest forms of the notion of independence from
irrelevant alternatives (Luce & Suppes 1965), and asserts that the absolute proportion of
choices for an option cannot be increased when a new option is included in the choice set.
Formally, regularity is satisfied if the probability of taking an item A from a subset Bi={A,B}
that is part of T={A,B,C} is such that, for all C,

pzi(A) 2 pr(A) 2]

I therefore plotted, for each choice pair and option, each subject’s absolute choice
proportion in the binary situation as a function of the absolute proportion of choices for the

same option in the trinary context and analysed the observed deviations.

4.3.4.2 Transitivity

I analysed the degree to which choices were transitive by testing whether the subjects’
preferences conformed to weak, moderate, strong and perfect stochastic transitivity with the
data from the choice trials. Weak stochastic transitivity (WST) is one of the less restrictive
rational principles, guaranteeing the existence of at least an ordinal scale of values upon
which preferences are based. It states that if pg(A) = 0.5 and p(B) = 0.5, then p(A) > 0.5,
where pp(A), p(B) and p(A) are the probabilities of choosing A when paired with
B, B when paired with C and A when paired with C, respectively. In words, the condition
asserts that if you prefer ‘A’ over ‘B’, and ‘B’ over ‘C’, you should also prefer ‘A’ over ‘C’.
Moderate stochastic transitivity (MST) also guarantees the existence of an ordinal scale of
value, and requires that if alternatives are ranked in an order such that ‘A’ is preferred to ‘B’,
and ‘B’ to ‘C’, then p(A) = min [pp(A), pc(B)]. In a numerical example, if pg(A) = 0.6 and
pc(B) = 0.8, then by MST pc(A) must be at least 0.6. Strong stochastic transitivity (SST)
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imposes the more restrictive condition that preference for ‘A’ over ‘C’ should exceed or equal
the strongest of the two other preferences, that is p(A) > max [pa(A), po(B)]. As stressed by
Sumpter et al. (1999), confirmation of SST not only implies the existence of an ordinal scale,
but also that the strength of preference between pairs of options can be predicted from their
relative scale values. Finally, perfect stochastic transitivity (PST), also known as the ‘product
rule’ (Luce & Suppes 1965), additionally ensures that the strength of preference between pairs
of options can be directly computed from the difference of their respective scale values.

According to it,

pc(4) _ ps(4) pc(B) [3]

p.(C) p.(B) p,(C)

It is worth noting that, as Luce & Suppes (1965) highlight, PST necessarily implies
SST, which in turn implies MST that implies WST. Here I plotted the predictions of each of
form of transitivity (but those concerning WST) for each bird in every possible choice
situation as a function of their observed preferences, subsequently testing whether the

observed individual deviations were statistically significant.

4.4 Results
4.4.1 Knowledge about the alternatives

To characterize the subjects’ knowledge of the temporal properties of each option I analysed
their pecking patterns during the delays experienced in the probe trials, by computing the
number of pecks in 1s time bins. Figure 1 shows the mean peck rate (pecks/s) for the variable
option in the five possible treatments. Similarly to the results reported by Schuck-Paim &
Kacelnik (2002), there were no discernible peaks at the time bins when food was potentially
due. As highlighted in this previous study, this pattern of responding follows from the scalar
property of behavioural timing: since it has been shown that the spread of the response
distribution is proportional to the length of the interval being timed, the presence of distinct
peaks of responding should depend on the ratio between these intervals. In the present
experiments, the ratio between the two delays corresponding to the variable option (12 s and
28 s) was in the same range where no discernible peaks were observed by other authors

(Catania & Reynolds 1968, Leak & Gibbon 1995).
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from one and zero, respectively (s=0.85 = 0.3; ty = -0.49, P = NS and ¢=0.12 + 0.26; t, = 0.47,
P = NS). The same analysis was used for the choice pairs (P,V) and (N,V). In the first case,
both the intercept of the regression tended to be significantly different from zero (¢c=0.17 =
0.08; ty = 2.1, P = 0.06) and the slope was significantly different from one (s=0.75 + 0.09; t; =
-2.5, P < 0.05). Since the test of both parameters yielded significant results, for illustrative
purposes I drew the best-fitting line in the respective section of the figure. It indicates that
when the variable option is preferred over the fixed (mainly on treatments 22 and 28, left
corner of the graph), the relative preference for P tends to be higher in the trinary than in the
binary context. Conversely, when the fixed options are preferred over the variable (mainly on
treatments 12 and 15), the relative preference for P over V is higher in the binary than in the
trinary context. These results thus suggest that when the fixed options are chosen on a high
proportion of the trials, they compete more with each other than with the variable option.
However, although the trend in this direction is significant, the magnitude of the deviations is
small, and not confirmed with the choice pair (N,V). In this latter case, I cannot reject either
the hypothesis that the intercept of the regression is different from zero (¢=-0.001 = 0.06; to =
-0.02, P =NS) or the hypothesis the slope is different from one (s=0.96 = 0.09; to = -0.35, P =
NS). The figure also shows the presence of some preference reversals in all treatments, where
the relative preference for one option over another is reversed between contexts. These
reversals are however concentrated around the region of indifference between the options, and

should be expected unless the relationship was devoid of variability.

To confirm the observed results, I conducted a Repeated-measures ANOVA for each
of the choice pairs having ‘treatment’ and ‘context’ and within-subject factors. For the choice
pair (P,N), there was no effect of either treatment or context (F42s= 0.98, P=NS and F, ;=
2.58, P =NS, respectively) on preferences. For the choice pairs (P,V) and (N,V) there was, as
expected, a strong effect of treatment (F4p5 = 42.1, P < 0.001 and Fj5 = 47.6, P < 0.001,
respectively), but no effect of context (F;7 = 0.90, P = NS and F,7; = 0.6, P = NS,
respectively). For none of the choice pairs was the interaction between ‘treatment’ and
‘context’ significant (F423=1.44, P =NS and F4 3= 1.18, P = NS, respectively). Therefore, in
light of these results I do not have strong evidence to conclude that, overall, relative
preferences deviate significantly from those predicted by the choice axiom. Although there
was one significant trend towards similar options taking more from each other when they

were valued highly, this trend was not confirmed by subsequent results and analyses.
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4.4.4 Absolute Choice Proportions

4.4.4.1 Regularity

The relationship between the absolute proportion of choices for each option in the binary and
trinary contexts is depicted in the graphs of figure 5. The group of starlings could potentially
violate regularity in up to six possible ways since, for each of the three options, the absolute
proportion of choices could increase in relation to either of the two binary contexts in which it
was presented. To test whether regularity was violated I conducted a series of paired-t tests on
absolute choice proportions (arcsine square root transformed) for each of the 6 possible
situations depicted in the figure. I conducted a different test for each of the five possible
treatments, since I did not want to take the risk of accepting the null hypothesis of regularity
for the grouped data (i.e. all treatments considered together) when there could be the
possibility of rejecting it for an individual treatment. Overall, subjects did not significantly
increase the absolute proportion of choices for any of the options in the trinary context in any
of the five treatments. Out of the thirty possible tests (five treatments x six possible
comparisons; paired-t tests), there were twenty-three instances where absolute choice
proportions were significantly lower in the trinary context (or twelve instances if the alpha
level to reject the null hypothesis is adjusted — Bonferroni procedure — for multiple
comparisons), but not a single instance where it was higher. Therefore, the hypothesis of

regularity cannot be rejected when subjects are considered together.

The diagonal line drawn in each of the graphs represents the points where absolute
choice proportions are the same in both contexts. Data points above the line represent an
increase in the absolute proportion of choices in the trinary context by an individual subject
and, thus a potential violation of regularity. Although it is not possible to establish the
significance of these deviations for each bird individually (there are no replicate measures),
one should expect to find, out of the three hundred possible violations (six comparisons x five
treatments X ten subjects), fifteen significant violations of regularity by chance alone. There
were a total of thirty-one data points for which absolute preferences were higher (by any
degree) in the trinary context. A closer inspection of this data reveals that most of the deviant
points corresponded to choice proportions lower than 0.5. This was to be expected, since in
these cases the number of choices for the focal option (the one for which regularity was
tested) was very low, and differences of one or two choices between contexts could cause

changes in proportion. For instance, in treatment 28 one bird chose option P only twice when
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evidence to conclude that regularity was violated at the individual level more frequently

than what would be expected by chance.
4.4.4.2 Transitivity

None of the birds violated WST. The order in which the birds ranked the options depended, as
expected, on the treatment employed, with preference for the variable option progressively
increasing as the delay of the fixed option became longer. The fit between the observed
proportions and those predicted by PST, SST and MST is illustrated in figure 6. In the case of
PST, the null hypothesis that the slope of the regression is not significantly different from one
(5=0.99 £ 0.1; ty = -0.06, P = NS) or the intercept different from zero (c=0.04 = 0.11; to =
0.38, P = NS) cannot be rejected. A repeated-measures ANOVA having treatment and ‘nature
of proportion’ (i.e., whether predicted or observed) as within-subject factors showed that,
although the result was not significant at a=0.05, observed choice proportions tended to be
slightly lower than those predicted according to the product rule (F;o = 3.73, P = 0.08;
Greenhouse-Geisser correction for sphericity applied). As expected, there was a strong effect
of treatment (Fy28201 = 6.52, P < 0.01; Greenhouse-Geisser corrected). The interaction
between the two factors was not significant (F4 3= 1.08, P =NS).

SST and MST are potentially violated in those instances where the observed
proportion of choices for the extreme options is lower than the predicted by either principle,
that is, for those datapoints positioned below the diagonal lines drawn in the respective
graphs. In the case of SST, it can be seen in the graph that most of the deviations correspond
to those cases where choice proportions in the extreme pair (namely, the pair for which
preference should be the most extreme) were either very high or close to indifference. If we
were to find deviations of strong stochastic transitivity by chance, such pattern should be
expected: when preference levels are already high in choices between adjacent options’, any
variability in the subjects’ choices for the extreme options can bring choice proportions down
and lead to departures of SST. In the same way, since at the indifference point differences in
choice proportions between the options are, by definition, small, even a small degree of
variability or noise in the subject’s choices for the extreme options could cause SST to be
violated. I tested the significance of individual departures as shown in the graph. Out of
fourteen deviations, only one was statistically significant (x*1 = 5.64, P <0.05), less than what

would be expected by chance (2.5 deviations). Therefore, I cannot reject the hypothesis that

3 Consider for instance the ranking P>N>V. In this case, P and N are adjacent to each other, as well as N and
V. P and V, in turn, represent the extreme options.
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4.5 Discussion

The similarity hypothesis (Tversky & Russo 1969) predicts that a new option that becomes
available into a choice set should take its share of choices mainly from the existing
alternative most similar to it. My results showed, however, that the strength of preference
exhibited by the starlings for the options did not depend on the structure or context of
choice. Although the choice sets were characterized by the presence of unambiguous
relations of similarity between its elements (two out of three options were always identical
in terms of their parameter values, and thus perfectly substitutable by each other),
preferences did not reflect the employment of a hierarchical sequence of choices, or the
grouping of the available alternatives within distinct categories for the purpose of choice.
One possibility is that, although the fixed options shared the same parameter values, the
starlings were not able to perceive them as belonging to the same category, preventing the
observation of hierarchical choices. However, a vast literature on categorisation (strongly
based on experimental paradigms such as ‘matching-to-sample’; Herrnstein 1990, Pearce
1997) have shown animals to be generally able to identify options as belonging to separate
groups according to their common and distinctive features. Hence, if the starlings possess
such ability, they do not appear to employ it when choosing between different degrees of

time-induced risk.

As discussed in Chapter 3, the presence of constraints in the perception of rewards
could also lead to the observation of results qualitatively different from those predicted by
the choice axiom. One of these models, Scalar Utility theory (SUT; Reboreda & Kacelnik
1991, Kacelnik & Brito € Abreu 1998), predicts for the present case levels of preference that
are intermediate to those predicted by the similarity hypothesis and choice axiom, being
closer to the former or latter model depending on the subject’s accuracy in the perception of
time. Figure 8 illustrates the predictions of SUT and the similarity hypothesis — as compared
to Luce’s choice axiom — for the relationship between the relative preferences in the binary
and trinary contexts in this study. A higher level of preference for the fixed options in the
binary context than in the trinary is predicted both by the similarity hypothesis and SUT.
The deviations predicted by the latter model are however of smaller magnitude, especially in
those cases where the accuracy of a subject’s time discrimination (y) is high. In such cases,
they are closer to the predictions of choice axiom than those yiclded by the similarity

hypothesis. Therefore, it would have been possible that the experimental tests conducted
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have to be significant to reject the hypothesis of regularity, an unlikely result given the
previous arguments. Previous research seems to have however overlooked the importance of
analysing the likelihood of significant departures from regularity. For instance, in an
experimental investigation of risk-sensitivity, Bateson (2002) compared the preferences of
European starlings for variability in amount of food in binary and trinary choice situations,
having observed a higher absolute preference for one option in the latter context on three
occasions (out of the 48 possible comparisons). But although this number was close to the
random expectation (2.5 significant deviations by chance alone) and the magnitude of the
reported differences was small (differences of 1% and 2% in choice proportions between
contexts), the results were interpreted as valid violations. Another study compared the
foraging preferences of rufous hummingbirds (Selasphorus rufus) for artificial flowers
differing in the volume and concentration of sucrose offered in trinary and binary contexts
(Bateson et al. 2002), having also found increases in absolute preferences for one flower
type in the trinary situation. Yet, the statistic tests employed were inadequate for testing
regularity. The authors conducted contingency table analysis on the number of choices made
by individual birds to each option offered in the binary treatment against the number of
choices made to each of these same two options in the trinary. By ignoring choices for the
third option included in the latter context, the authors however tested whether there were
differences in the relative — and not absolute — proportion of choices between the treatments.
Finally, Shafir et al. (2002) and Hurly & Oseen (1999) also reported an overall increase in
the absolute preferences of gray jays (Perisoreus canadensis) and rufus hummingbirds,
respectively, for food rewards when these were presented in a trinary choice context.
Although the observed effects were robust in both cases, no supporting statistics were
provided. In general, a thorough analysis of changes in preferences is paramount if one
considers that observed choice proportions are only estimates of the real probabilities of
selecting an option and thus, while I do not dispute the possibility that the reported results
were valid, | feel that further analyses and studies are required to establish the generality and

extent of the phenomenon.

The consistency in the starlings’ behaviour observed in the present study does not
pose major structural challenges to previous accounts of risk-sensitive foraging based on
simpler, more tractable scenarios (reviewed in Kacelnik & Bateson 1996), and generalizes
previous empirical research to multialternative choice situations, replicating the results of

Schuck-Paim & Kacelnik (2002). The strength of preference for variability was increasingly
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high as the delay of the fixed option increased, with the starlings showing a clear risk-prone
strategy around the values in which both options offered the same mean rate of reward (see

figure 3).

If on the one hand the observed stability in the starlings’ behaviour is reassuring, on
the other the fact that the third options took their share of choices from existing alternatives
in proportion to their original shares — in accordance with Luce’s theory — is more intriguing
from a functional perspective. For instance, a number of models of risk-sensitive foraging
(see review in McNamara & Houston 1992) predict what an animal’s strategies towards risk
should be if it was to maximize some surrogate of fitness. While it is not my aim here to
discuss such models or their fit to my data, if we assume for the moment that the choice
strategies exhibited by the starlings in one of the contexts (binary or trinary) approached the
optimal behaviour, then we face a dilemma when comparing such strategies with those
employed in the other context. Figure 9 makes this point clearer. It shows for each of the
treatments the average preference for the fixed options in the binary situation and the sum of
the preferences for the fixed option in the trinary, enabling the comparison of the total
proportion of choices taken by the constant option in either context. We can see that the
overall response to risk, as expressed by the overall level of preference for the fixed
alternative, was different between the two choice situations — and in accordance with the
predictions of the choice axiom. In one of the treatments (where the fixed option offered 18s
of delay to food), preferences were even reversed: although the starlings were prone to risk
in the binary situation they were risk-averse in the trinary, as in this latter context most of
their choices were taken by the fixed alternatives (despite the fact that the birds showed a
higher preference for the variable option as compared to each fixed alternative individually).
Thus, although relative preferences between any pair of options were invariant and stable
when considered separately, the overall allocation of choices between the two types of
options (fixed and variable) changed with the size of the choice set. This effect should be
even stronger should the predictions of the choice axiom hold for multialternative situations
with larger choice sets, to the point of producing higher overall levels of preference for a
type of option present in large numbers even when this option is clearly inferior to the
alternative type. One possibility is that, while the observed behaviour is not functionally
meaningful under the current framework, process-based models of choice — adaptive under a
broader perspective — yielding response probabilities directly proportional to the properties

of the rewards, independently of what else is available, could account for the phenomenon. I
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Chapter 5. State-dependence and Economic Rationality

5.1 Introduction

The study of animal decision-making has undeniably progressed through the use of
insights borrowed from normative thinking in economy. A particularly good example of this
exchange of ideas is the application of optimality theory in the evolutionary analysis of
behaviour. By assuming that, as a result of natural selection, animals should behave so as to
maximize their lifetime fitness (or surrogates of it under existing constraints), the approach
provided a common framework for the analysis of animal choice behaviour in terms of the

benefits and costs associated with different courses of action.

One recent threat, however, to both economic and biological theories of decision-
making is based on the finding that individuals often fail to behave ‘rationally’ (Tversky &
Simonson 1993, McFadden 1999, Waite 2001a, Waite 2001b, Shafir et al. 2002), as
required under the assumption of value maximization. Economic rationality embraces a
number of principles that are necessary consequences of the existence of a scale of value
upon which humans, and non-humans alike, base their choices. Transitivity, for instance, is
a hallmark of rational models. It requires, as one can intuitively see, that if ‘a’ is preferred to
‘b’, and ‘b’ to ‘c’, that ‘a’ should also be preferred over ‘c’. Another rational principle
underlying most theoretical work on choice is that of independence from irrelevant
alternatives (or simply IIA), namely the expectation that options should be evaluated

independently of the presence or absence of other options.

As T highlight in previous chapters, violations of rationality are usually taken to
imply context-dependence, or the idea that the value of an option would not be only
determined by its intrinsic properties and consequences as assumed by most normative
models (but see Houston 1997), but instead would be constructed at the moment of choice
as a function of the value of other options available. In fact, a number of psychological
mechanisms have been proposed to explain how such dependence could be achieved.
According to them, the observed anomalies, or failure to exhibit consistent preferences
(independently of what these preferences are or their fit to optimal expectations), would be
attributable to the specific ways whereby individuals process information, or to the specific
heuristics used for making choices (Parducci 1965, Tversky 1969, Shafir et al. 1989, Wedell

1991, Payne et al. 1992, Simonson & Tversky 1992). For instance, one such class of models
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referred to as ‘comparative’ (Shafir et al. 1989) proposes that, instead of being assigned a
single and independent value summarizing all its properties, an option would be compared
along each of its relevant dimensions (or attributes) with another before a decision is
reached. The framework thus enables the value of an option to depend on the option to
which it is compared, providing a possible mechanism for departures of rationality

whenever options are defined by more than one attribute.

The central concept underlying the previously described and similar accounts of
irrational behaviour is that preferences would be constructed, rather than revealed, during
the choice process (Payne et al. 1992). In this Chapter I however argue that breaches of
rationality may also emerge under the assumption of independent choice currencies if the
likely effect of context on an organism’s state is considered concomitantly with the
observation that the fitness consequences of choices are likely to be state-dependent
(McFarland & Houston 1981, Houston & McNamara 1999). Unless an organism’s
environment was devoid of any variability between generations (which would allow
estimates of its conditions to be genetically determined), animals often need to experience
the available alternatives before acquiring any degree of knowledge about their respective
outcomes. If we acknowledge that experience with different contexts, and thus
contingencies, should differentially affect correlate measures of state (e.g., physiological
parameters such as levels of energy reserves, body temperature and gut contents, as well as
the degree of information about the environment, McNamara & Houston 1986), and that the
fitness consequences of decisions are not fixed, but contingent upon state, then we should
expect preferences to strongly depend on the context of choice in natural situations. Here I
illustrate this argument by considering some possible examples of foraging situations in
which individuals behaving so as to maximize their probability of survival and reproduction
violate rational principles. It is my aim to show that the observation of seemingly irrational

behaviour is also compatible with state-dependence in decision-making.

5.2 When Foraging is State-Dependent

In this section I look into some possible effects of changes in context on an organism’s
energetic state and, consequently, choice behaviour. I assume a scenario in which an animal

searching for food has to repeatedly choose between foraging patches during a given period.
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For simplicity, I compare two situations: one in which the animal has to choose between two
patches of food (A and B) with another in which a third patch (C) becomes available. In all

cases, I suppose that the average profitability of the patches (u) is such that ps > pg > .

5.2.1 Minimizing the probability of costly errors

I start by considering a similar situation as that presented in Chapter 3, in which
choices for less profitable patches may result from the presence of errors in the perception of
rewards. Following McNamara & Houston (1986, 1987), I assume that the probability of
choosing the suboptimal action is a function of the difference between the expected terminal
fitness values of each alternative. The main idea underlying their approach is that deviations
from the optimal policy should be more common whenever the costs of such deviations are
small, whereas costly errors should be rare. Here I build on this premise to analyse some
possible effects of context on foraging preferences. Figure 1 illustrates the rationale. In the
binary situation, the mean energetic state of the animal is given by X, and determined as a
function of the proportion of choices for both options A and B (that is, the profitability of
the patches — weighted by the relative frequency with which they are chosen — affects some
correlate measure of the forager’s energetic state). In the trinary situation, where C is also
available, the mean energetic state of the animal is given by Xu, and determined as a
function of the proportion of choices for options A, B and C. We can see (fig.1b) that, if the
relative proportion of choices between A and B (computed both in the binary and trinary
situations as the proportion of choices for A over the sum of choices for A and B) is
unaltered between the two contexts, the mean energetic state of an individual will be lower
in the trinary situation (Xa. < Xap) simply because option C is energetically poorer. This
should hold whichever the proportion of choices for C (assuming p(C) > 0 and that in both
situations the individual has the same total number of foraging opportunities), but the
decrease in the subject’s energetic state should be more pronounced the higher the number
of elections for C. In fact, in Chapter 3 I have shown that the inclusion of a third option into
a choice set should, overall, decrease the relative proportion of choices for the most
profitable option (the proportion of choices for A relative to B, in the presence case), leading
to an even higher decrease in the forager’s energetic state. However, I shall conservatively
assume here that the relative proportion of choices for the two original patches A and B

remains unaltered when C becomes available, so that the effect of state changes on
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preferences can be analysed independently of the perceptual effect described in that Chapter.
I next consider the potential improvement in state produced by pursuing either A or B in the
two scenarios (to make the comparison clearer, I have omitted changes in state produced by
choosing C in the trinary context). As shown in the graph, the difference between the
improvement in state caused by the election of either A or B is the same in the binary (AX,)
and trinary (AX,pc) situations, and so the cost of a suboptimal election (B) should also be the
same in these two contexts. Yet, this should not be the case if changes in fitness (or some
other positively valued measure) and not purely state, affected choices (some evidence
towards this is given by Kacelnik & Marsh 2002, and in Chapters 6 and 7). This is
illustrated in figure la. Following Kacelnik & Marsh (2002), I plotted fitness as a function
of state with the abscissa drawn vertically, to emphasize the link between the two graphs. It
is likely that potential improvements in fitness associated to each option’s gains are a
diminishing function of an organism’s initial state, being concave in shape (for instance, if
state represents an organism’s level of reserves, then the contribution of a food item to his
future reproductive success should decrease with increasing reserves in the presence of
physiological limits to store energy — see also McNamara & Houston 1982 for a thorough
discussion of the foundations of the use of such a function). Under this assumption, the
figure shows that the canonical cost (5, defined as fitness cost paid by choosing the
suboptimal action; McNamara & Houston 1986) of pursuing option B is higher in the trinary
context, which should lead to a higher level of preference for A relative to B if the
probability of costly errors is lower than that of less costly ones. It is worth noting that this
outcome could be likewise expected under a more proximal (mechanistic) perspective: in
agreement with the observation that the function characterizing an animal’s learning rate
across time tends to be steeper under conditions of higher deprivation (Capaldi & Havancik
1973, Tarpy & Mayer 1978), under poorer states an animal could learn to discriminate the
properties associated with each option more rapidly, and so costly errors would be

eliminated before less costly ones (see also Houston 1987).
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example) individuals might experience a poorer energetic state, making the likelihood of
pursuing the most profitable option to increase (and that of choosing option C to decrease)
under the framework previously discussed. This in turn could lead to an improvement of the
animal’s state and return to the homogeneity of states between contexts after a certain
number of elections. If on the one hand such homogeneity could equalize preferences
between contexts by lowering back the proportion of choices for the better option (A), on
the other reaching a richer state could enhance the choice probability of the poorest option

once again, reducing the individual’s level of reserves, and reinitiating the cycle.
5.2.2 Minimizing the probability of starvation

I now consider another scenario in which a non-breeding animal needs to reach a certain
energetic requirement by the end of a finite foraging period. Failing to do so leads to
starvation. The animal is allowed to switch between options and is able to continuously
assess his state and to adjust his behaviour accordingly. Possible analogies are those of a
small bird in winter that needs to store enough energy before dusk to be able to survive
during the night (see Houston & McNamara 1999 and references therein), or a food-
hoarding animal that has to cache for when food is unavailable. As in the previous example,
I compare two situations: one in which the animal has to choose between two food patches
(A and B) with another in which a third patch (C) is also available, with the average
profitability of the patches (pt) within this period being such that ps > pg > pc.

To illustrate some possible context effects when foraging is state-dependent I
consider a simplified situation, as diagrammatically sketched in figure 2, where an animal
has a total of five foraging opportunities to reach a survival threshold (R) before foraging is
interrupted. Figures 2a and 2b represent the binary and trinary contexts, respectively. In both
situations choices for A lead to a positive net gain of energy, whereas the gain associated
with choosing B equalizes the costs incurred (e.g., metabolic expenditure and handling
costs), so the resulting net gain is null. In the trinary context the costs of electing C are
higher than the benefits gained with the choice, resulting in a negative net gain of energy.
Such parameter values were arbitrarily chosen for graphical simplicity, but the rationale
described in this section equally applies to other choice situations where pa > pp > uc. Here

I set X (the initial state of the animal) <R.
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We can see in figure 2a that the minimum number of elections for A that enable the
forager to reach the threshold is two, or 40% of the opportunities. Conversely, the minimum
number of elections for A in the presence of option C (fig.2b) is three, or 60% of the
foraging opportunities. Thus, if the new option C is pursued once when it becomes
available, the minimum frequency with which the most profitable option (A) is chosen has
to be increased to compensate for the energetic loss and enable the forager to be above the
lethal-boundary. This possible increase in the absolute proportion of choices for A, needed
to counterbalance an ‘unlucky’ decision, would represent a violation of regularity.
Regularity is one of the most general and less restrictive rational principles. It is a weak
form of the notion of independence from irrelevant alternatives (Luce & Suppes 1965), and
asserts that the absolute proportion of choices for an option cannot be increased when a new
option is included in the choice set. Yet, the example illustrates that it is hypothetically
feasible to violate regularity whenever the context of choice leads to a deterioration of the

state of a subject that has to be subsequently compensated.

The possibility previously described is however only one out of the many possible
courses of action available to the forager, and not necessarily a likely one. It is based on the
notion that animals would be able to select foraging patches other than the most profitable
one with the aim of gaining information (potentially useful in the future) as long as being
able to reach the required threshold. Such strategy could be achieved if, for instance,
animals could monitor their level of deprivation (e.g. through their hunger state) and the
time left for foraging, restricting sub-optimal elections to states corresponding to high level
of reserves, and early in the foraging bout. Some evidence that this could be the case comes
for instance from a study from Dall & Johnstone (2002), who have recently developed a
state-dependent sampling model to examine choices between two foraging options differing
in the level of variability associated with their payoffs. In their model a forager is allowed to
reduce the uncertainty associated with the options by either collecting information or
insuring against it by building up reserves. They show that sampling the more variable, or
‘risky’, option should decline with decreasing energy reserves and late in the foraging
period; that is, it should be observed in those instances where the forager is able to
compensate for an increase in the risk of an energetic shortfall in case the option sampled is
energetically poor. Perhaps more related to the present description, evidence in this direction
also comes from a number of studies in the literature on ‘contrafreeloading’, or the

observation that animals will forage persistently for ‘earned food’, possibly with the aim of
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gaining information (as previously described), even when identical free food is also
available. Similarly to the results of Dall & Johnstone (2002), these studies show that
information-gathering behaviour increasingly predominates over maximization of food

intake as deprivation decreases (Inglis & Ferguson 1986, Bean et al. 1999).

Of course, under different assumptions one should observe different trajectories,
which might or might not lead to a breach of IIA. For instance, a key assumption of the
previously described example is that trajectories that imply violations of regularity would be
more likely whenever fitness is a step function of energy intake, instead of increasing
continuously to a maximum attainable value'. In this regard, two points are worth
considering. Firstly, it might be the case that attempts to optimise for the present may limit
an organism’s future possibilities. Thus, although the assumption of a step function might be
unlikely to hold in the short-term given the likelihood that extra gains should enhance an
organism’s probability of survival and reproduction (see Krebs & McCleery 1984 for a
discussion), it is possible that in the long run animals benefit by allocating a proportion of
time to explore further possibilities whenever it is safe (in energetic terms) to do so. Within
this perspective, conditions such as the time left for foraging, level of energy reserves and
degree of stochasticity in gains should determine the optimal balance between maximizing
food intake and gaining information, and whether animals should sacrifice at all short-term
gain for a potentially better long-term outcome. Secondly, the diagrammatic representation
in figure 2 clearly oversimplifies the choice problem faced by a forager. Nevertheless, rather
than being aimed at determining the specific circumstances whereby rationality could be
violated, or advocating that such violations should be likely, my objective is to illustrate the
idea that it would be possible to observe formal violations of rational axioms whenever
energetic losses caused by contextual differences must be compensated by reliable gains (or,

conversely, whenever extra profits enable the use of strategies other than exploitation).

5.3 Conclusion

The idea that the value, or ‘utility’ of an item should be dependent on previous

achievements has been long recognized. As Bernoulli (1738) emphasized, the degree of

4 Notice that under this assumption the observation of trajectories implying violations of regularity
could also be expected within a satisficing problem (Simon 1955), whereby the decision-maker is
satisfied after meeting some minimal (energetic in the present case) requirement.
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satisfaction obtained with a given improvement in one’s assets should be inversely
proportional to the amount previously owned. Analogously, evolutionary approaches to
behaviour have often considered the dependency of an organism’s state on the fitness
consequences of its choices (McFarland & Houston 1981, Mangel & Clark 1988, Cuthill &
Houston 1997, Houston & McNamara 1999). Building on this assumption, here I have
argued that state-dependency in decision-making may lead to apparent violations of rational
axioms if the likely effects of context on an organism’s state are taken into account. The
hypothetical situations described in this chapter represent only some illustrative outcomes
within a wider range of possibilities that may emerge when context influences state
measures. For instance, one of the most frequently cited models in the literature on risk-
sensitive foraging, the ‘energy budget rule’ (Stephens 1981, Stephens & Krebs 1986),
predicts the occurrence of preference reversals (from risk-proneness to risk-aversion and
vice-versa) depending on the level of reserves of subjects relative to a critical threshold that
enables survival. Although empirical evidence supporting the rule is extremely controversial
(reviewed in Kacelnik & Bateson 1996), it would be possible, in theory, to find switches in
risk-sensitive preference between contexts depending on the extent to which these contexts
can differently affect overall budgets. Additionally, the arguments presented here may be
particularly important in experimental paradigms that present subjects with forced (or ‘no-
choice’) trials, in which individuals must experience all possible options when presented in
isolation to be able to learn about them. In these designs, compulsory exposure to
energetically poorer options introduced into the choice set may affect the state of the
individual, leading to a decrease in the probability of sub-optimal elections (as defined in
section 5.2.1) or to the employment of compensatory strategies (as defined in section 5.2.2)

in choice trials, hence inducing breaches of rationality.

A somewhat different way of analysing the problem is to redefine the available
choice objects not only as a function of their physical and temporal properties, but also as a
function of the ‘state’ in which they are experienced. Under this framework — developed
mainly for the study of choices under uncertainty and usually referred to as ‘state-preference
approach’ in economics (Debreu 1959) — it is possible to specify each ‘good’ or ‘reward’
experienced in each state as a different ‘commodity’, and then use standard economic
theories to analyse preferences. For instance, as discussed along the previous sections,

acquisition of a particular reward in one state may provide a different marginal fitness gain
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than does the same reward at a different state. In this case, we could define reward in state 1
as x; and reward in state 2 as x,, and a utility function, U(x,,x,), over the two ‘commodities’
x1 and x;. By redefining the utility function to be maximized over sets of state-dependent
commodities the apparent problem associated with the observation of breaches of rationality

(resulting from state-dependent preferences) becomes trivial, and the violations cease to

exist.

5.3.1 Testing rationality in animal choices

Although relevant in both scenarios, the arguments put forth establish a practical
distinction between human and non-human research, since while humans can realize the
possible outcomes of choices without having to experience them, animals need to initially
come into contact with the consequences of available actions in order to learn about them. If
distinct contexts translate into exposure to different contingencies, which in turn can affect
state, then individuals behaving so as to optimise their probability of survival and

reproduction might appear to breach rationality.

While state-dependency may lead to the observation of apparent irrational behaviour
independently of context-dependence in the assignment of value to options, I obviously do
not claim that previous findings of irrationality were necessarily due to the mechanisms
hypothesised here, nor do I dispute the potential influence of context-dependence on choice
behaviour. However, the possibilities discussed in this Chapter emphasize that a thorough
and deeper analysis of choice behaviour is paramount if we are to understand the
mechanisms underlying animal decision-making and the means whereby animals process
information. Here I have shown that differences in context may affect correlated measures
of state, and unwittingly lead to the observation of economic irrationality. The distinction
can be extremely important: state-dependency in choices is fundamentally different from

context-dependent behaviour.
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Chapter 6. Testing rationality: state-dependence versus context-dependence

6.1 Introduction

During the past decades the study of animal behaviour has greatly benefited from the
use of concepts borrowed from economic theory. This was the case, for instance, of the
introduction of game theory ideas in the study of animal conflict (Maynard-Smith & Price
1973). Similarly, optimality modelling emerged based on the view of animals as utility
maximizers — with utility being replaced by the notion of fitness, and Darwinian evolution

playing the role of the omnipresent maximizing agent.

One common consequence of assuming that individuals should behave so as to
maximize the expected value of a particular utility function is captured in the concept of
rationality. Rationality encapsulates a number of principles that are necessary conditions for
the existence of an absolute scale of value upon which humans, and non-humans alike, base
their choices. Transitivity, for instance, is a hallmark of rational choice theories. It states that
if ‘a’ is preferred to ‘b’, and ‘b’ to ‘c’, then — as the reader can intuitively surmise — ‘a’
should also be preferred over ‘c’. Another frequently invoked principle is that of
independence from irrelevant alternatives (or simply IIA), namely the expectation that

options should be evaluated independently of the presence or absence of other alternatives.

Breaches of rationality of different sorts are, however, well documented in the
literature on human decision-making (Payne et al. 1992, Tversky & Simonson 1993,
Gigerenzer et al. 1999). For instance, in violation of the principle of IIA, some authors
(Huber et al. 1982, Simonson & Tversky 1992, Heath & Chatterjee 1995) have
demonstrated that the addition of a new option into a binary choice set can change the
attractiveness of pre-existing alternatives — an unexpected result under the assumption that
the value of an option should be based uniquely on its intrinsic properties. To account for
these and similar results, alternative models were developed (see e.g. Shafir et al. 1989,
Wedell 1991) in which the subjective value of an option can be contingent upon the context
of choice, as defined by the configuration of the opportunity set in terms of the number and
nature of its options. Some of these models for instance (normally referred to as
‘comparative’), consider that options are evaluated and compared along each of their
relevant attributes instead of being assigned an independent value on a single dimension,
offering a possible mechanism for the occurrence of context effects whenever the elements

of a set differ in more than one attribute. The central concept underlying the approach is that
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preferences would be constructed, rather than revealed, during the choice process (Payne et
al. 1992).

Violations of rationality by animals have also been recently reported in the literature
(Shafir 1994, Hurly & Oseen 1999, Waite 2001b, Waite 2001a, Bateson et al. 2002, Shafir
et al. 2002) and have, potentially, major implications for our current understanding of
animal behaviour. On the one hand such paradoxical results can be used as a guiding tool for
the investigation of the cognitive mechanisms underlying animal choices; on the other, they
challenge theories of value maximisation often used by behavioural ecologists, in which the
utility a particular resource, as determined by its properties, is often assumed to be a key
determinant of its choice probability (McFarland & Houston 1981, Stephens & Krebs 1986).
And indeed, most observations of irrational behaviour by animals are taken to imply a major
challenge to the optimality approach (Shafir 1994, Hurly & Oseen 1999, Bateson 2002,
Bateson et al. 2002, Shafir et al. 2002).

I believe however that this should not be necessarily the case if — before seeking for
an alternative framework under which to develop our theoretical understanding of behaviour
— one considers the specificities of the circumstances under which animals make decisions.
Although the frameworks underlying violations of rationality by both animal and human
subjects are to a large extent similar, raising the possibility that the same fundamental
mechanisms of choice are responsible for their overt behaviour, direct comparisons of
results in both fields is however impaired by critical procedural differences. Perhaps one of
the most crucial difference derives from the fact that, while human subjects can be given
one-shot decisions and linguistically instructed about the properties of the alternatives,
animals must be trained and repeatedly exposed to the contingencies to learn about them. If
on the one hand this procedure is necessary to ensure that the properties of the alternatives
are correctly judged by animals, on the other repeated contact with different contexts, and
thus contingencies, is likely to affect a number of correlate measures of an organism’s state
(e.g., physiological measures of energetic state, as well as the very ability to learn about the
choice problem). This might be a key difference in light of the expectation that the
consequences, and thus choice probability, of available courses of action are likely to be
contingent upon an organism state, as long acknowledged by normative modelling of animal
behaviour (McFarland & Houston 1981, Cuthill & Houston 1997, Houston & McNamara

1999). Some of the apparent inconsistencies in choice behaviour could be thus simply a
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natural consequence of state differences resulting from the side effects of past experience

with different outcomes.

Here I conducted a series of experiments to investigate the putative presence of
context-dependence in animal choices, and the possibility that economically irrational
behaviour can emerge as a consequence of state-dependent decision-making. Specifically, I
compare the foraging preferences of European starlings (Sturnus vulgaris) when exposed to
distinct contexts, designed so as to maximize the potential influence of decoys in the manner
foreseen by comparative models of choice. The first two experiments provide the necessary
background for the critical experiments that are conducted later, directly testing (experiment
2) the influence of context on preferences in the absence of controls for energetic state. The
last two experiments investigate preferences for two focal options in the absence of
contextual differences but presence of state differences (experiment 3), and in the presence
of contextual differences but absence of state differences (experiment 4). The results are
then used to reinterpret some of the findings of irrational behaviour previously reported in

the literature.

6.2 General Methodology
6.2.1 Experimental Design

The basic design employed in the series of experiments reported in this study can be
described as follows. Two treatments were employed where European starlings (Sturnus
vulgaris) were presented with foraging options described by two attributes: amount of food
(in units of pellets) and the interval between the action chosen by the subject and its
outcome (hereafter ‘delay’). In each treatment the starlings experienced three options: two
target options (the focal choice pair) and a decoy, namely, an inferior alternative designed to
affect preference between the two targets. While the focal choice pair was always the same,
the decoy was specific for each treatment. Figure 1 details the value of the options in each
attribute. T and Tp represent the options Target Amount and Target Delay, respectively.
Target Amount was programmed to offer an amount of food larger than that offered by
Target Delay, whereas the latter offered a shorter delay to reward. D4 and Dp represent the
decoys ‘Amount’ and ‘Delay’, respectively, offered to the birds experiencing one treatment
or another. While D4 offered a larger amount of food (the same as T,), Dp offered the

shortest delay (the same as Tp).
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& Kacelnik 1996, Stephens & Anderson 2002). In general, the delay between a decision
being made and the food being consumed is crucial in determining preferences, whereas the
intervals between feeding opportunities tend to have little effect on behaviour. Considering
this body of evidence, I therefore programmed the options forming the focal choice pair to
offer the same short-term rate of food gain per unit of time (solid lines in fig.1). The idea
was to make any potential influence of the decoy more apparent by presenting the subjects
with a situation where the target options were equivalent, so that even a slight effect of the
decoy could lead to preference for one of the targets. As an additional procedure to facilitate
the detection of possible context effects, the decoy was planned to have opposite effects in

each treatment (see below), thus doubling any potential effect size.

Under the framework proposed by comparative models of choice, there would be
two possible ways whereby D, could increase preference for Ta. Firstly, it has been
previously shown (Parducci 1965, Janiszewski & Lichtenstein 1999) that a same difference
in a physical attribute can have a greater effect in a narrow range than in a wide range of
values. Thus, by increasing the range of values in the dimension where Ty is worse than Tp
(delay to food), Da could make this unfavourable difference subjectively less important.
Secondly, D4 could favour Ta over Tp through its asymmetric relationship of dominance
with these target options (where dominance is used as a synonym for superiority in terms of
attribute values). In the design, D4 is completely dominated by Ta (as the latter offers the
same amount of food after a shorter delay), but not by Tp (although the latter offers a shorter
delay, Da offers a larger amount of food). Thus, in the presence of Da, the target Ta could
be more attractive for being the only option that dominates it completely (see Huber et al.
1982, Tversky & Simonson 1993 and references therein for various examples of the
influence of ‘asymmetrically dominated decoys’). The same mechanisms would be expected

to make Dp to enhance the attractiveness of Tpover Ta.

An interesting alternative to the above model is however given by considering
another approach, known as the ‘similarity hypothesis’ (Tversky & Russo 1969). The
hypothesis states that the strength of preference for one option over its alternative may differ
between two choice sets owing to the use of choice rules that group similar alternatives
together. For instance, a decoy introduced into a binary choice set would take its share of
choices mainly from the option most similar to it. As a consequence, the relative preference
for the latter would be weakened. Here, the similarity hypothesis predicts results that are

opposite in direction to those foreseen by comparative models. By stating that a new option
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included in the choice set should hurt more similar options, it anticipates that when included
in the choice set DA should take its share of choices mainly from T,, as these options share
the same parameter values in the attribute ‘Amount’, and the delay offered by D, is closer to
that offered by T, than to that offered by Tp. Accordingly, the presence of Dp should make

the subjects’ preference for Tp over Ty to disproportionally decrease.

6.2.2 Subjects

The subjects were forty wild-caught European starlings (Sturnus vulgaris), captured in
walk-in traps in Sandwich and Oxford, UK, in February 2001 and July 2002 respectively
under English Nature licences (numbers 20010082 and 2020068, respectively). After
capture the birds were kept in two outdoor aviaries (3 m high x 3.2 m wide x 4 m long).
While in the aviary the starlings were fed on ad libitum food, a mixture of turkey crumbs,
Orlux© pellets and mealworms (Tenebrio sp.). Drinking and bathing water was always
available and replaced daily. Ten days before the beginning of the training sessions the birds
were transferred from the outdoor aviary to the laboratory and housed in individual cages
(120 cm x 60 cm x 50 cm) that served both as home cages and experimental chambers.
Lights in the experimental rooms were gradually switched on at 0500 and off at 1900 hours,
and temperature ranged from 12°C to 16°C. Subjects were visually but not acoustically
isolated. During this period of adaptation all birds had free access to water and the same ad
libitum food as received in the aviaries. Fresh drinking water was always available in the
cages and bathing trays were provided every other day. Each group spent a maximum of
five weeks in the laboratory, and then was transferred back to the outdoor aviary. All
subjects were experimentally naive. The experiments were initiated in April 2002 and
completed in October 2002. There was no mortality. Twenty-eight subjects were released
back into the wild (Sandwich, UK) in July 2002. The twelve birds captured in Oxford were
kept for future research.

6.2.3 Apparatus

All experimental cages had a panel with a centrally mounted food hopper and two response
keys positioned 6 cm from either side of the hopper. The cages were also supplied with two
perches, 85 cm apart from each other. The panels used in experiment 1 had a third response
key on its centre, 3 cm above the hopper, which was used as an attention key. An Acorn
Risk PC 600 computer running Arachnid experimental language (Paul Fray Ltd.) controlled

the stimulus events and contingencies, and collected the data. During the experimental
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sessions food rewards were units of Orlux© pellets, crushed and sieved to an even size
(0.025 = 0.005g). Automatic pellet dispensers (Campden Instruments®) situated above the

cages delivered the pellets at a rate of lunit/s.

6.2.4 Training

Subjects were first trained to retrieve food from the hopper. Responses were then induced by
a standard auto-shaping procedure in which the illumination of one of the pecking keys (side
determined randomly) for 8s was followed by the delivery of 2 pellets and an intertrial
interval (ITT) of 60s. The birds received 2 daily sessions in this condition (100 trials per
session), one at 0700 and another at 1300 hours, after which they were given ad libitum
food. Once all birds pecked reliably the keys food delivery was made conditional at one key
pecking. In these sessions, if the birds did not respond during the 8-s interval the key light
went off and the ITI started. The training program was interrupted when all birds were

pecking in at least 80% of the trials.

6.2.5 Experimental Protocol

In experiment 1 I used six birds. In experiments 2, 3 and 4 I used twelve, ten and twelve
birds, respectively. Each of the last three experiments was conducted in two consecutive
phases, with half of the birds being used in each phase. All treatments were balanced across
phases. Colours and symbols were used as discriminative stimuli, and the pairing of colours

and symbols with options was balanced across birds.

In all experiments I employed a discrete trials procedure with two types of trials: no-
choice trials and choice trials. No-choice trials were intended to provide the birds with
information about each alternative. They started with one of the pecking keys blinking (0.7 s
on, 0.3 s off). The first peck caused the light to stay on for the programmed delay. The first
peck after the delay had elapsed triggered the delivery of the amount of food corresponding
to the option experienced, and an intertrial interval (ITI) started. Subjects also experienced
choice trials, in which they were given a choice between two of three options. Choice trials
began with all keys (two or three, depending on whether the choice trial was binary or
trinary) simultaneously blinking. The first peck on any of them caused the chosen key to
turn continuously on for its respective delay and the others to turn off. The first peck after
the delay had elapsed triggered the delivery of the corresponding reward and the beginning

of the ITL The order (and sides) in which the options were presented was always randomly
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determined. Subjects were given a maximum number of twenty experimental sessions.
However, a treatment could be interrupted earlier if the subject reached the following
stopping criteria (provided it had had a minimum of ten sessions): the regression coefficient
of the choice proportions (for the focal choice pair in binary choices) of six consecutive
sessions (against session number) was not significantly different from zero and the standard
deviation of the choice proportions of these six sessions did not exceed 0.10. Data from the

last six sessions was used for analysis. Details of each experiment are given in their

corresponding sections.

6.3 Analysis Of Data

6.3.1 Comparison of Treatments

Differences in the subjects’ preferences for Target Amount over Target Delay between
treatments were analysed by directly comparing choice proportions for each target in binary
choices between the two treatments. Additionally, I analysed whether preferences for the
target options differed between treatments by analysing their relative preferences for the
focal choice pair as expressed in trinary choices (where both target options and the decoy
specific to the treatment were simultaneously available). To that end, I transformed choice
proportions in the trinary situation by considering only two options at a time, so that the
percentage of choices for the pair added up to 100%. Thus, preference for T4 over Tp in this

context was calculated as:

(1,.T,)= pr(Z,) 100 i
P ( ) pT(TA)+pT(TD)X U]

where py(Ta) and p(Tp) represent the proportion of choices for Target Amount and Target

Delay, respectively, in the trinary context.

6.3.2 Within-treatment analyses

I also investigated whether the starlings’ preferences for the focal choice pair differed,
within the same treatment, between the binary and trinary choice contexts. I firstly tested the
starlings’ relative preferences for the pair, as given by equation 1. The expectation that
relative preferences should be the same in both contexts derives directly from the notion that
the preference between any two alternatives should be entirely independent of the context in

which they occur. This notion is best captured in the choice axiom of Luce (Luce 1959),
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which states that the ratio of the probabilities of any two alternatives should be entirely
independent from the choice set. Hence, the inclusion of a new option into a choice set

should take from pre-existing options in proportion to their original shares.

Finally, I compared the starlings’ absolute preferences for each of the targets
between the binary and trinary contexts to test for violations of regularity. The principle of
regularity is one of the weakest forms of the notion of independence from irrelevant
alternatives (Luce & Suppes 1965), and asserts that the absolute proportion of choices for an
option cannot be increased when a new option is included in the choice set. Formally,
regularity is satisfied if the probability of taking an item A from a subset B={A,B} that is
part of T={A,B,C} is such that, for all C,

Pg(A)zpr(A) [2]

where pp (A) and pr (A) represent the probabilities of choosing A from S and T,

respectively.
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6.4 Experiment 1: Discrimination of Amounts

6.4.1 Methods

To ensure the birds were able to distinguish between the amounts planned in the
experimental design previously described (there is strong evidence that they are able to
discriminate between the delays used; Brunner et al. 1996) I initially conducted a
discrimination experiment using six starlings, split into two groups of three birds each.
Group 1 was presented with choices between options offering 1 and 2 units of food
respectively, and Group 2 was presented with a choice between options offering 2 and 5
units of food, respectively. A fixed ITI of 60s was employed. Subjects experienced two
sessions per day, one at 0800 and another at 1300 hours. Each session consisted of 84 trials,
divided into twenty-one blocks of four trials each: two no-choice trials (each option
presented once) followed by two choice trials. Subjects were allowed to feed ad libitum with
turkey crumbs for 3 hours after the experimental sessions, after which they were

supplemented with 10 mealworms and then food was removed.

6.4.2 Results and Discussion

All birds were able to discriminate between the programmed amounts. Figure 2 shows the
proportion of choices of each bird to the option offering the largest amount of food. For all
birds, preference levels were significantly higher than those expected by chance (binomial
tests: P < 0.01), thus validating the use of the parameter values planned in the experimental
design. It is however interesting to note that even in this simple choice problem, preference
is not exclusive. Specifically, the variability in choice proportions is significantly higher (7,
4= 10.3, P <0.05) for those subjects faced with a choice between 2 and 5 units of food, even
though the difference between the options in this latter situation is higher than that
associated with a choice between 1 and 2 units of food (white bars in the graph). One
possibility is that, by consuming a much larger amount of food during the experimental
sessions due to the larger size of the rewards offered (at least 2.4g more per session),
subjects in Group 2 were in a lower state of need than those in Group 1. Erroneous choices
(i.e., choices for the option yielding the smallest amount of food) may have been thus more
likely in the former group due to the fact that the acquisition of food was less of an essential
necessity for these individuals. In fact, similar results on the foraging behaviour of birds
support this expectation. For instance, gray jays (Perisoreus canadensis) were presented

with choices between one and two units of food after different experimentally imposed
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6.5.2.2 Within-Treatment Analyses

Relative preferences for Ta over Tp were lower in the presence of the decoy Dp (in trinary
choice trials) than when only the two targets were available in binary choices (paired-t tests:
ts = 3.4, P <0.05; comparison of white bars in fig.3). No differences in relative preferences
between the binary and trinary contexts were, however, observed for the group where Dy

was presented (paired-t test: £5=0.15, P = NS; comparison of grey bars in fig.3).

I additionally compared the birds’ absolute preferences for each option between the
two contexts (binary and trinary). Figure 4 illustrates the results. Overall, there was no
significant increase in the absolute proportion of choices for any of the options in the trinary
context and, therefore, no violation of regularity. In the group experiencing the decoy Dp
(chosen with an average proportion of 0.08+0.03, black bar in fig.4a), absolute choice
proportions for Tp were not different between the binary and trinary contexts (paired-t test:
ts = -1.17, P = NS; comparison of white bars in fig.4a), whereas choice proportions for Ta
were significantly lower in the latter situation (25 = 5.19, P < 0.01; comparison of grey bars
in fig.4a). In the group where D4 was presented, conversely, the absolute preference for Tp
was marginally lower in the trinary context (s = 2.30, P = 0.07; white bars in fig.4b), but
preferences were not different between contexts in the case of Ta (5 = 1.70, P = NS;
comparison of grey bars in fig.4b). In this group, the decoy took an average proportion of
0.22+0.03 of the starlings’ choices in the trinary context.
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Given the likely differences in deprivation level experienced by subjects in each
group, coupled to the usual finding that learning rates tend to be slower under richer
schedules (Tarpy & Mayer 1978), I decided to analyse whether both groups of birds had
achieved a stable level of preferences for the target pair, or whether the level of stability
reached was different between the groups. To that end, I verified the number of subjects for
which the slope of the regression of choice proportions against session number was
significantly different from zero (i.e., those subjects who did not reach the asymptotic
behaviour), subsequently testing whether the slopes in one group were significantly different
from those in the other. For all subjects, we could not reject the null hypothesis that the
slope was not significantly different from zero. Moreover, these slopes were not
significantly different between the two groups (F), 10=0.19, P = NS). I then tested whether
the variability in choice proportions (as measured by the standard deviation) across the last
six experimental sessions (those used for analysis) was different between the groups, but
could not detect any difference (F,10=0.14, P = NS). These results thus indicate that the
subjects in both groups had already reached the asymptotic level of performance by the end

of the experiments, and that the variability in their responses did not differ between groups.

To test the hypothesis that the differences between groups were induced by the
observed variation in intake rate (and consequently, energetic state) experienced by the
subjects I designed and conducted two further experiments. Both designs were based on the
same framework as that described in figure 1. In one of them (experiment 3) I tested the
foraging preferences of starlings for the focal choice pair in the absence of experience with
decoys, with subjects being kept under different food consumption regimes. The objective
of this experiment was to determine the starlings’ choices for the target option under distinct
energetic conditions, in the absence of potential contextual effects. In the second additional
experimental (experiment 4) I tested the influence of the decoys Dy and Dp on the
preference for the target options in two situations: when intake rate was and was not
controlled. This last experiment was aimed at enabling the distinction of differences in
preferences caused by the cognitive influence of the decoys from those caused by variation

in intake rate.
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6.6 Experiment 3: Effects of Intake Rate on Choice

6.6.1 Methods

I used a within-subjects design in which I measured the preference of ten birds for the focal
choice pair under the following conditions: (1) intake rate similar to that obtained in the
presence of the decoy Dy and (2) intake rate similar to that obtained in the presence of Dp.
No decoys were however presented to the subjects. To achieve these two conditions I
programmed the feeder dispensers to automatically deliver the reward corresponding to the
appropriate decoy once per experimental block (details of the timings and spacing between
deliveries along the sessions are given below). No action was needed from the part of the
subjects to receive the reward, nor was any discriminative stimulus associated with it. The
order in which the conditions were experienced was balanced across birds, with half of the
birds experiencing condition D, first and half experiencing condition Dp first. The within-
subjects design was preferred owing to the usual high level of variability in the subjects’
energetic requirements, which could dwarf the potential effects of the manipulation of intake
rate. Each of the target options was associated with one of two colours illuminating the
pecking keys: red or green. Colours were changed between treatments (to blue and yellow)
so as to force the birds to learn again the association between the colours and their
respective contingencies. The balancing of colours and treatments was however conducted
in a way so that if generalizations of colours occurred (from red to yellow and green to blue,
and vice-versa for the birds that experienced the reverse order), it should produce changes in
preference between treatments in the opposite direction as that observed in experiment 2. All

subjects were given one resting day with ad libitum food between treatments.

Subjects experienced three sessions per day, at 0600, 1000 and 1400 hours. Each
session could last up to two and a half hours and consisted of 36 trials, grouped into twelve
blocks of three trials each. Each block started with two no-choice trials where T4 and Tp
were presented in a random order. The no-choice trials were then followed by a fixed ITI of
60s and the delay of the decoy corresponding to the condition experienced, after which the
appropriate reward was delivered in the hopper, followed by the ITI. The last trial of the
block was a choice trial where the focal choice pair was presented. With this protocol
subjects experienced the reward (and delay) corresponding to the appropriate decoy on 25%
of the block. In terms of comparison with the experimental blocks designed in experiment 2,

this frequency would correspond to the decoy being experienced once in the forced trials
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(treatment D,) and of the decoy Dp (treatment Dp). The order with which treatments were

experienced was balanced across subjects.

Table 1. Distribution of subjects across groups and treatments.
Each group consisted of six individuals. Each individual
experienced both treatments (D, and Dp), with the order in which
treatments were experienced (between brackets) being balanced
across subjects.

Group
Fed Unfed
Decoy D, 3(1%) + 3(2™) 3(1%) + 3(2™)
Treatment
Decoy D, 302" + 3(1%) 3(2™) + 3(1M

In Group F intake rate was however controlled in a way such that subjects in this
group experienced the same intake rate per session in both treatments (Da and Dp). In
Group U the differences in intake rate caused by the presence of different decoys in the two
treatments were not controlled (this group thus reproduces the design of experiment 2). The
within-subjects comparison of treatments was preferred owing to the potential variability in
the energetic requirements of subjects, which would prevent the comparison of preferences
for group F with intake rate (and more importantly the energetic state of subjects) being the
same in both treatments. In the first treatment each option was associated with one of three
colours illuminating the pecking keys. In the second treatment the colours were changed to
reduce the carry over effect that could result from the development of preferences for a
particular colour. I used green, white, orange, blue, red and pink. The pairing of colours with
options was planned in a way that, if generalizations of colour occurred between treatments,
they would produce preferences in the opposite direction as those predicted by the energetic

effect. A fixed ITI of 60s was employed.

Subjects experienced three sessions per day, starting at 0500, 0900 and 1400 hours.
Each session could last up to three and a half hours, and consisted of 63 trials, grouped into
seven blocks of nine trials each. The blocks had the same structure as those in experiment 2:
three no-choice trials followed by six choice trials presented in a random order: two trinary
choice trials, two binary choice trials offering a choice between the target options and two
binary choice trials where each of the targets was presented once with the decoy. To control
intake rate between treatments, accounting for differences generated by the potentially
distinct elections made by subjects, in one of the groups I adopted the following procedure: I

calculated the maximum amount of food and delay per block for treatment D4 (the treatment

105



Chapter 6. Testing rationality. state-dependence versus context-dependence

offering the potentially highest cumulative delay and amount per block) and in both
treatments gave the subjects this amount and delay in each block (given the possibility that
subjects could experience such maximum values as the outcome of their own choices, I
would not be able to equalize intake per block if an amount or delay smaller than the
maximum had been chosen). This was achieved by continuously computing the maximum
amount and delay obtained by each subject during no-choice and choice trials and then
giving subjects the difference between what they obtained and this maximum value. The
feeder dispensers were programmed to automatically deliver the compensating amount
twice per experimental block: in the middle of the block (after four trials) and in the end of
it. These rewards were delivered after the ITI, added to the compensating delay. No action
was needed from the part of the subjects to receive these rewards, nor any discriminative
stimulus was associated with it. The deliveries in the middle of the block were always
followed by an interval of S min to prevent satiation. Blocks were separated by 10 min
intervals. After the daily sessions subjects were allowed to feed ad libitum with turkey
crumbs for 60 min after which they were supplemented with 10 mealworms and then

deprived.

6.7.2 Results and Discussion

6.7.2.1 Comparison of Treatments

Figure 8 shows, for each experimental group, whether and how preference for the target
options was affected by experience with each decoy. In the group where intake rate was not
controlled (Group ‘U’, fig.8a), preference in binary choices (where only the focal choice
pair was available) for the Target Amount was higher in the treatment where the decoy Dp
was offered (Repeated-measures ANOVA with treatment and order as within and between-
subjects factors: 14 = 5.1, P = 0.07; neither order nor the interaction between order and
treatment were significant: Fy, 4 = 0.27, P = NS and F; 4= 1.03, P = NS, respectively).
Although the results are significant at a=0.07, notice however that the direction of the
results was predicted a priori, so employing a one-tailed test would double the obtained level
of significance. The same pattern was observed in the trinary trials, where the relative
preference for the Target Amount was higher for the group experiencing Dp, although in
this latter case differences were not significant (effects of treatment, order and of the
interaction between them, respectively: F) 4= 2.7, P=NS, F1 4=0.35, P=NS and F o=
0.17, P = NS). Preference levels for the Target Amount therefore differed between

treatments in the same direction and to the same extent as that seen in experiments 2 and 3.
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choice proportions between sessions, were different when the starlings experienced different
intake rates. For only one bird (Group F, treatment Dp) was the slope of the regression
significantly different from zero. The slopes were, however, not different between
treatments either in Group F (Repeated-measures ANOVA with Greenhouse-Geisser
correction for sphericity: F), s = 0.09, P = NS) or Group U (F, s = 0.39, P = NS;
Greenhouse-Geisser corrected). The variability in choice proportions (as measured by the
standard deviation) across the final sessions, in turn, tended to be higher for those subjects
experiencing treatment D, (0.128+0.023) as opposed to Dp (0.085+0.017) in Group U, but
the differences were not significant (F s = 1.9, P = NS; Greenhouse-Geisser correction
applied). There were no differences of variability between treatments in Group F (F, s =

0.18, P =NS; Greenhouse-Geisser correction applied).
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6.8 General Discussion

Theories of rational choice usually assume that the assignment of value to an option
should be independent of the number and value of competing alternatives. As a
consequence, preferences should be stable and consistent under different contexts. Contrary
to this expectation, the starlings’ preference for the focal choice pair was strongly affected
by the presence of additional options that were irrelevant to the choice context. In a number
of experiments, preferences for the target option offering the largest amount of food were
reliably higher when subjects had experienced the decoy offering the shortest delay. Yet, the
results also showed that, rather than being the outcome of the use of comparative or
‘context-dependent’ choice currencies, the observed deviations were the by-product of

differences in intake rate caused by the birds’ repeated exposure to energetically distinct

decoys.

Why should preferences be modulated by differences in energetic budgets? One
possible account is given by considering the costs (in terms of fitness loss) of choosing the
option yielding the lower rate of gain under distinct states. As suggested by McNamara &
Houston (1987), the probability of choosing a suboptimal action (Target Delay in the
present case, as it offers a poorer long-term rate of gain) could be modelled as a function of
the difference between the expected terminal fitness values of each of the alternatives. The
main idea underlying their approach is that deviations from the optimal policy should be
expected whenever the costs of such deviations are small. Here I build on this assumption
and extend it to consider the simultaneous effects of variations in state. Figure 12 illustrates
the idea. I firstly consider that repeated exposure to treatments offering lower and higher
intake rates (corresponding to decoys Dp and Dja, respectively) causes some correlate
measure of state (such as level of energy reserves) to be higher in the latter case (fig.12b).
That is, state is assumed to be some positive function of rate of energy intake. I then follow
the approach taken by Kacelnik & Marsh (2002) and consider the potential improvement in
state produced by choosing each of the target options (T and Tp). As shown in the graph,
the difference between the improvement in state caused by T and Tp is the same under both
treatments (AS’s), and so the cost of taking the suboptimal option should also be the same in
both contexts. Yet, this should not be the case if changes in fitness (or some other positively
valued measure of utility), and not purely state, affected choices (some evidence for this is
also provided in Chapter 7). Here I assume that potential improvements in fitness associated

to each option’s gains are likely to be a diminishing function of an organism’s initial state,
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in payoff between the options are larger, so that costly errors would be eliminated before
less costly ones. From a mechanistic standpoint, we could likewise consider that learning
rates may have been slower when the starlings were in a richer schedule. In fact, it has been
long recognized that the function characterizing an animal’s learning rate across time is
steeper under conditions of higher deprivation, or ‘drive’ (Capaldi & Havancik 1973, Tarpy
& Mayer 1978; see also Balleine 1992). It is thus possible that, along the experimental
sessions, subjects were gradually learning the properties of the rewards and developing a
stronger preferences for Target Amount, but those animals presented with treatment D, took
longer to do so, failing to reach the asymptotic performance with a higher frequency than
those assigned to the alternative treatment. Yet, the analyses showed that there were no
differences between groups in terms of the slopes of the regressions of choice proportions
against session number. Hence, there is no evidence to presume that under richer schedules
preferences would still evolve towards different levels had more time been given to the
subjects. The argument is, however, extremely relevant whenever behaviour is compared
between conditions inducing differences in state, especially in those designs employing a

previously determined number of trials as opposed to the use of some stability criteria.

6.8.1 State-Dependent versus Context-Dependent Preferences

Breaches of rationality are well documented in the economic and psychological literature,
and usually interpreted in terms of the psychological algorithms used to generate choices.
One issue, however, sharply distinguishes human from non-human research, in that while
humans can be presented with one-off choices and instructed of the alternatives verbally,
non-humans must be repeatedly exposed to the contingencies in order to learn about them.
Exposure to distinct contexts directly translates into exposure to distinct contingencies,
which in turn can affect a suite of variables such as reserve levels and other physiological
correlates of state. As a consequence, context-dependent behaviour may emerge simply as a

by-product of state-dependency in decision-making.

6.8.1.1 Energetic State and Rationality in Jays

Consider for instance one recent study designed to test the effect of background context (as
given by the set of options previously experienced) on the foraging preferences of food-
hoarding grey jays (Waite 2001a). The jays were initially split into two groups and each
group was given a series of twenty-five binary choices in a specific background context.

One of the groups experienced context (A), being offered choices between one or three
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raisins placed 0.5m inside a tube (where distance into the tube should correlate with
predation risk). The second group was presented with context (B), being given binary
choices between two identical options both offering one raisin 0.5m inside the tube. Both
groups were subsequently (10 minutes later) presented with choices between either one
raisin 0.3m into the tube or three raisins 0.7m into the tube. In violation of the principle of
irrelevant alternatives, the strength of preference for the option offering three raisins was
higher in the group that had experienced context B — an apparently paradoxical result
interpreted as being consistent with the existence of cognitive biases leading to departures of
value maximization (Waite 2001a). According to the author, an extended version of the
model proposed by Tversky & Simonson (1993) on the context of human choices could
account for his results by providing an explanation on how comparative evaluation of
options varying in multiple attributes could lead to anomalous behaviour such as the one
reported. Alternatively, however, experience with the distinct contexts and the consequent
differences in the amount of food eaten and hoarded by the two groups may have lead to the
observed deviations. Those jays that had been previously given context A collected and
transported an average of 62 raisins, approximately two and a half times more than those
birds presented with context B (which collected and transported an average of 25 raisins). It
is possible that, as observed in the present study, those jays previously presented with lower
food supplies had more to gain by choosing the option yielding the larger amount of food
(three raisins placed 0.7m into the tube). In fact, it has been shown that even if motivation to
cache is not directly dependent upon hunger levels, previous caching can reduce subsequent
caching of food, specially when the items available for storing are the same (Clayton &

Dickinson 1999) — which could have produced the observed results.

6.8.1.2 Energetic State and Rationality in Hummingbirds

The comparison of binary and trinary choices usually employed in studies designed to test
rationality in animals can also lead to altered states whenever these contexts are presented as
treatments that are separated in time. For example, Bateson et al. (2002) compared the
preferences of rufous hummingbirds (Selasphorus rufus) for three artificial flowers differing
in the amount and concentration of sucrose (Target: 15ul, 40% sucrose; Competitor: 45pul,
30%; Decoy: 10ul, 35%) in binary (Target x Competitor) and trinary (Target x Competitor x
Decoy) contexts. The birds did both treatments (binary and trinary) consecutively, with half
of the birds experiencing the binary context first and half of the birds initially experiencing

the trinary context. In both treatments, the birds had to make repeated choices between the
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available flower types (placed on an artificial plate), until a minimum number of 150
choices for the Target and Competitor had been reached. The authors found that the strength
of preferences for the Competitor over the Target significantly increased in the presence of
the Decoy in the trinary context, having interpreted the results as being inconsistent with the
use of absolute evaluation mechanisms as normally postulated by normative accounts of
behaviour. Yet, the resulting differences could have been, similarly, caused by the exposure
to energetically distinct contexts. Net rate of energy intake of the Target, Competitor and
Decoy were respectively 81.9, 92.0 and 59.5 J/s. Considering for instance indifference
between the first two options and an average proportion of choices for the Decoy of about
20% (as observed in the cited study), subjects would experience in the binary context an
average intake rate approximately 7% higher than that experienced in the trinary.
Cumulative gain along the 150 choices experienced was consequently likely to have been
markedly lower in the trinary context, which could have led to an increase in preference for
the option offering the higher net rate of energy intake in this situation — as the authors
report.

The examples illustrate that controlling for the side effects that dissimilarities
between choice sets may produce on an organism’s state and motivation is paramount when
investigating the influence of context on choice behaviour. This is even more important in
light of the difficulty of predicting a priori how changes in state will affect preferences. For
instance, the present results showed a higher level of preference for the larger, but more
delayed reward when the starlings were under a poorer schedule — a result also previously
reported by some authors (Christensen-Szalanski et al. 1980, Rechten et al. 1983, Bradshaw
& Szabadi 1992). Conversely, the opposite pattern has been also observed in the literature
(Snyderman 1983, Lucas et al. 1993), where increases in the level of deprivation had the
effect of increasing preference for the more immediate, but poorer reward. While differences
may be the artefact of the employment of distinct procedures, schedules and species, the fact

that choice behaviour is found to be state-dependent seems, however, to be the rule.

If on the one hand changes in preference can be brought about by differences in
state, on the other I do not dispute the possibility that comparative mechanisms of choice
play a role in animal choices under some specific conditions. In the present study, both the
binary and trinary choices were given under the same treatment in all experiments, where
the state and intake rate experienced by the starlings was arguably the same. Still, in

experiment 2 I observed a significant decrease in the subjects’ relative preferences for one
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target over another in the trinary situation (as compared to the binary). Although this result
was not replicated for either of the two groups tested in experiment 4 — making it difficult to
conclude about the generality of the phenomenon — it is interesting to observe that this
context-dependent effect was produced exactly when subjects were indifferent between the
targets in the binary context. It is thus possible that decoys are able to exert a more effective
influence on behaviour whenever the specific choice of one or another option of a given

choice pair is not relevant to the organism.
6.8.2 Rate Currencies

One final aspect of the starlings’ behaviour is worth examining. The experiments were
designed so that if the starlings were maximizing short-term rate of food intake they should
have been indifferent between the target options. Nevertheless, only one group of birds (in
experiment 2) showed, on average, indifference. In experiments 3 and 4, twenty-one (out of
a total of twenty-four) subjects were biased towards Target Amount. One possibility is that
the interval represented by the ITI had some effect on preferences. In fact, the addition of
the ITI to the delay the birds had to wait to receive food would initially explain the overall
higher level of preference for Ta over Tp (see dashed lines in figure 1), in accordance with
the idea that, since this interval constrains the possibility of making new decisions, a perfect
rate-maximizer should take it into account when assigning value to an option. However, had
the starlings maximized long-term rate of gain considering the entire interval represented by
the ITI, the strength of preference for D4 should have been considerably higher than that for
Tp — contrary to the observation that, overall, we observed that To>Tp>Da>Dp. It is thus

possible that the effect of the ITI was best characterized by a hyperbolic function of the form

Rote = Amount 3]
a *ITI + Delay

N

where Rate represents the rate of food intake in units of amount per units of time, and o a

N

parameter defining how sharply Rate decreases as the ITI increases. The relative value of a
thus determines the extent to which the predictions of classical foraging models were
supported by the results, with o = 1 representing the perfect fit. The above formulation
would offer a possible account for the observed results whenever a < 0.11 (i.e., relatively

small effect of the ITI, calculated using the parameter values employed in the experimental
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differences between them. While subjects in experiment 2 were given only two experimental
sessions per day, being offered ad libitum food in between as well as after the sessions,
those individuals tested in experiments 3 and 4 were presented with 3 sessions, receiving ad
libitum food only at the end of the day. Hence, the latter experiments may have resembled
more a closed economy schedule, and this difference could have affected the value
attributed to the food eamned during the sessions (Houston & McNamara 1989). In fact,
since in expetiment 2 subjects were freely provided with a fraction of their intake
requirement twice per day, the value of obtaining the scheduled reinforcement may have
been lower for these individuals, leading to a higher level of preference for the more

immediate reward.

Finally, it is important to notice that if the state of an individual can affect the way it
trades off amount and delay to food, as observed, then it is possible that variations in the
very parameters defining the schedule of reinforcement given to subjects will affect the
trade off as well. For instance, manipulations of the length of feeding interruptions (or ITI)
could have an indirect effect on preferences whenever it causes differences in the
deprivation level experienced by subjects. This putative state-driven effect of time intervals
on preferences is fundamentally different from the expectation that long-term rates should
be the currency maximized in choices (in fact, the present results showed that the intertrial
intervals had little —experiments 3 and 4- or no effect —experiment 2— on the computation of
the rate currency maximized by the birds). This prediction might be however important for
the analysis of choice behaviour whenever procedures employing different intervals are
compared, and although it is difficult to predict the direction in which changes in state will
affect preferences, being aware of the possibility might help to understand empirical

findings.

6.8.3 Conclusion

Following the growing body of evidence for irrational behaviour in the literature on human
choices, recent reports on breaches of rationality in animals have also questioned the validity
of the optimality approach, favouring the view that the reported inconsistencies would be the
result of the use of choice currencies dependent on the context of choice. Although I am
sympathetic to the possibility, this study suggests that a deeper and more critical scrutiny of
the causes underlying observations of irrationality in animal choices is generally required.

Amongst possible measures, crucial differences between human and non-human research

119



Chapter 6. Testing rationality: state-dependence versus context-dependence

must be acknowledged. Here I emphasize the possibility that, due to need of repeatedly
exposing animals to the contingencies of the choice problem, contextual changes may lead
to variations in the overall state of individuals, which in turn can affect not only the amount
of knowledge acquired by subjects but also the relevance of the decision and currency
variables in terms of their consequences for the reproductive success of individuals. The
present results confirm this expectation, emphasizing that in attempting to understand
context-dependence in animal choices it is essential to control for such potential side effects.
They also question the analysis of preference as a static variable, suggesting that research on
economic rationality in animals should also view decision-making as the result of a

dynamic, state-dependent process.

120



Chapter 6. Testing rationality: state-dependence versus context-dependence

6.9 References

Balleine, B. 1992. Instrumental performance following a shift in primary motivation depends on

incentive leaming. Journal of Experimental Psychology - Animal Behavior Processes, 18:
236-250.

Bateson, M. 2002. Context-dependent foraging choices in risk-sensitive starlings. Animal Behaviour,
64: 251-260.

Bateson, M., Healy, S.D. & Hurly, A. 2002. Irrational choices in hummingbird foraging behaviour.
Animal Behaviour, 63: 587-596.

Bateson, M. & Kacelnik, A. 1996. Rate currencies and the foraging starling: the fallacy of the
averages revisited. Behavioral Ecology, 7: 341-352.

Bautista, L.M., Tinbergen, J., Wiersma, P. & Kacelnik, A. 1998. Optimal foraging and beyond: How
starlings cope with changes in food availability. American Naturalist, 152: 543-561.

Bradshaw, C.M. & Szabadi, E. 1992. Choice between delayed reinforcers in a discrete-trials
schedule - the effect of deprivation level. Quarterly Journal of Experimental Psychology
Section B- Comparative and Physiological Psychology, 44B: 1-16.

Brito e Abreu, F. & Kacelnik, A. 1999. Energy budgets and risk-sensitive foraging in starings.
Behavioral Ecology, 10: 338-345.

Brunner, D., Fairhurst, S., Stolovitzky, G. & Gibbon, J. 1996. Mnemonics for variability: remembering
food delay. Journal of Experimental Psychology - Animal Behavior Processes, 23: 68-83.

Capaldi, E.D. & Havancik, J.R. 1973. Effects of previous weight level on rats' straight-alley
performance. Journal of Experimental Analysis of Behavior, 97: 93-97.

Christensen-Szalanski, J.J., Goldberg, A.D., Anderson, M.E. & Mitchell, T.R. 1980. Deprivation,
delay of reinforcement and the selection of behavioural strategies. Animal Behaviour, 28
341-346.

Clayton, N.S. & Dickinson, A. 1999. Motivational control of caching behaviour in the scrub jay,
Aphelocoma coerulescens. Animal Behaviour, 57: 435-444.

Cuthill, 1.C. & Houston, A.l. 1997. Managing time and energy. In: Behavioural Ecology (Ed. by Krebs,
J.R. & Davies, N.B.), pp. 97-120. Oxford: Blackwell.

Gigerenzer, G., Todd, P.M. & Group, t. A.R. 1999. Simple Heuristics that Make us Smart. New York:
Oxford University Press.

Green, L., Fisher, E.B., Perlow, S. & Sherman, L. 1981. Preference reversal and self control: choice
as a function of reward amount and delay. Behaviour Analysis Letters, 1. 43-51.

Heath, T.B. & Chatterjee, S. 1995. Asymmetric decoy effects on lower-quality versus higher-quality
brands: Meta-analytic and experimental evidence. Journal of Consumer Research, 22: 268-
284.

Houston, A.l. & McNamara, J.M. 1989. The value of food - effects of open and closed economies.
Animal Behaviour, 37: 546-562.

Houston, A.l. & McNamara, J.M. 1999. Models of Adaptive Behaviour. Cambridge: Cambridge
University Press.

Huber, J., Payne, J.W. & Puto, C. 1982. Adding asymmetrically dominated alternatives: violations of
regularity and the similarity hypothesis. Journal of Consumer Research, 9: 90-98.

Hurly, T.A. & Oseen, M.D. 1999. Context-dependent, risk-sensitive foraging preferences in wild
rufous hummingbirds. Animal Behaviour, 58: 59-66.

Janiszewski, C. & Lichtenstein, D.R. 1999. A range theory account of price perception. Journal of
Consumer Research, 25. 353-368.

Kacelnik, A. & Marsh, B. 2002. Cost can increase preference in starlings. Animal Behaviour, 63: 245-
250.

121



Chapter 6. Testing rationality. state-dependence versus context-dependence

Lucas, J.R., Peterson, L.J. & Boudinier, L.R. 1993. The effect of time constraints and changes in
body mass and satiation on the simultaneous expression of caching and diet choice
decisions. Animal Behaviour, 45: 639-658.

Luce, R.D. 1959. Individual Choice Behaviour: A Theoretical Analysis. New York: Wiley.

Luce, R.D. & Suppes, P. 1965. Preference, utility, and subjective probability. In: Handbook of
Mathematical Psychology (Ed. by Luce, R.D., Bush, R. & Galanter, E.). New York: John
Wiley.

Maynard-Smith, J. & Price, G.R. 1973. The logic of animal conflict. Nature, 146: 15-18.

Mazur, J.E. 1987. An adjusting procedure for studying delayed reinforcement. In: Quantitative
Analyses of Behaviour: The effect of delay and of intervening events on reinforcement value
(Ed. by Commons, M.L., Mazur, J.E., Nevin, J. A. & Rachlin, H.), pp. 55-73. Hilsdale, NJ:
Erdbaum.

Mazur, J.E. 1988. Estimation of indifference points with an adjusting-delay procedure. Journal of
Experimental Analysis of Behavior, 49: 37-47.

Mazur, J.E. 2000. Tradeoffs among delay, rate and amount of reinforcement. Behavioural
Processes, 49: 1-10.

McFarland, D.J. & Houston, A.l. 1981. Quantitative Ethology: the State Space Approach. Boston:
Pitman Advanced Publishing Program.

McNamara, J.M. & Houston, A. 1982. Short-term behaviour and lifetime fitness. In: Functional
Ontogeny (Ed. by McFarand, D.J.), pp. 60-87. London: Pitman.

McNamara, J.M. & Houston, A.l. 1986. The common currency for behavioural decisions. American
Naturalist, 127 358-378.

McNamara, J.M. & Houston, A.l. 1987. Partial preferences and foraging. Animal Behaviour, 35:
1084-1099.

Parducci, A. 1965. Category judgement: a range-frequency model. Psychological Review, 72: 407-
418.

Payne, J.W., Bettman, J.R. & Johnson, E.J. 1992. Behavioral decision research - a constructive
processing perspective. Annual Review of Psychology, 43: 87-131.

Rechten, C., Avery, M. & Stevens, A. 1983. Optimal prey selection - Why do great tits show partial
preferences? Animal Behaviour, 31: 576-584.

Shafir, E.B., Osherson, D. & Smith, E.O. 1989. An advantage model of choice. Journal of Behavioral
Decision Making, 2: 1-23.

Shafir, S. 1994. Intransitivity of preferences in honey-bees: support for comparative-evaluation of
foraging options. Animal Behaviour, 48: 55-67.

Shafir, S., Waite, T.A. & Smith, B.H. 2002. Context-dependent violations of rational choice in
honeybees (Apis melifera) and gray jays (Perisoreus canadensis). Behavioural Ecology and
Sociobiology, 51: 180-187.

Simonson, |. & Tversky, A. 1992. Choice in context: trade-off contrast and extremeness aversion.
Journal of Marketing Research, 29: 281-295.

Snyderman, M. 1983. Optimal prey selection: the effects of food-deprivation. Behaviour Analysis
Letters, 3: 359-369.

Stephens, D.W. & Anderson, D. 2002. The adaptive value of preference for immediacy: when short-
sighted rules have far-sighted consequences. Behavioral Ecology: in press.

Stephens, D.W. & Krebs, J.R. 1986. Foraging Theory. Princeton: Princeton University Press.

Tarpy, R.M. & Mayer, R E. 1978. Foundations of Learning and Memory. lllinois: Scott, Foresman and
Company.

Tversky, A. & Russo, J.E. 1969. Substitutability and similarity in binary choices. Journal of
Mathematical Psychology, 6: 1-12.

Tversky, A. & Simonson, |. 1993. Context-dependent preferences. Management Science, 39: 1179-
1189.

122



Chapter 6. Testing rationality. state-dependence versus context-dependence

Waite, T.A. 2001a. Background context and decision making in hoarding gray jays. Behavioral
Ecology, 12: 318-324.

Waite, T.A. 2001b. Intransitive preferences in hoarding gray jays (Perisoreus canadensis).
Behavioural Ecology and Sociobiology, 50: 116-121.

Waite, T.A. & Field, K.L. 2000. Erroneous choice and foregone gains in hoarding gray jays
(Perisoreus canadensis). Animal Cognition, 3: 127-134.

Wedell, D.H. 1991. Distinguishing among models of contextually induced preference reversals.
Journal of Experimental Psychology - Learning Memory and Cognition, 17: 767-778.

123



CHAPTER 7

7.1 INTRODUCTION 125
7.2 METHODS 127
7.2.1 PRE-TRAINING 127
7.2.2 TRAINING 128
7.2.3 CHOICE TRIALS 129
7.3 RESULTS AND DISCUSSION 129
7.4 REFERENCES 132

STATE-DEPENDENT VALUATION
OF FORAGING OPTIONS BY
STARLINGS*

*MARSH, B., SCHUCK-PAIM, C. & KACELNIK, K. State-dependent valuation
of foraging options by starlings. Submitted to Behavioural Ecology.

(as the version presented here is basically the same as that submitted, the use of the first
person plural was maintained)



Chapter 7. State-dependent valuation of options

7.1 Introduction

Functional models of behaviour assume that animals are capable of making
decisions according to the fitness value of different options, such as mates, feeding patches
or prey types. Value, in turn, is often a function of the individual’s state (see Mangel &
Clark 1988 and Houston & McNamara 1999 for examples of state-dependent decision
models). The corollary is that strictly speaking ideal subjects (those achieving the optimality
solution at all times) would choose among options by a complex process involving both the
physical attributes of each alternative and knowledge about its consequences as a function of
state. Since this is unrealistic, biological analysis of behaviour assumes that alternatives are
chosen on the basis of some simpler metric, accessible to the subject by normal
psychological mechanisms, and showing a good correlation with fitness under most
ecologically significant circumstances (Houston et al. 1982). Once this simplification is
accepted, it becomes relevant to ask for the metric on which consequences of actions may be

measured and compared.

One candidate metric, not necessarily optimal in all circumstances but probably
quite a good compromise, may be some measure of the changes in the subject’s state
experienced as a consequence of taking an option, for example the increase in reserves
consequent on deciding to forage in a given patch type. This is equivalent to remembering
the absolute size of a reward. Another possibility, computationally more demanding, is for
the subject to be sensitive to its own state at the time the payoffs were received, so that
value depends on past marginal gains in fitness (or need reduction) consequent on choices
of a given option. This would normally be correlated to the former but not necessarily
linearly. Under the second possibility, two payoffs of equal size would be valued different
if one occurred when reserves were lower, because the function of fitness versus reserves
is often assumed to be concave. Both state changes and past marginal gains are intuitively
appealing candidates for behavioural rules that could approximate optimal behaviour
under many circumstances. A third possibility is that options are assigned value because
they evoke the memory of a preferred state. Under this hypothesis, if an alternative is
systematically experienced under a state of higher well-being (lower need) it should be

preferred to one evoking a less desirable state.

In a recent study, Kacelnik and Marsh (2002) presented an explicit model to

account for non-human similes of the so-called sunk-cost fallacy, a phenomenon related to
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the Concorde Fallacy (Dawkins & Carlisle 1976). In their study, starlings obtained equal
food amounts after either light or heavy work, and were later allowed to choose between
the stimuli cueing for these food deliveries. They preferred the food source typically
resulting from heavier work, and Kacelnik and Marsh pointed out that this may be
understood if heavier work creates a state of greater need, so that the same food reward
typically yields a greater need reduction when it takes hard work to achieve. Similar
results had also been reported by Clement et al. (2000) working with pigeons. Both sets of
results speak against a metric based exclusively on state change, because in both studies
absolute gain in reserves (the reward size) was identical between options, thus favouring
the possibility that some form of marginal gain valuation may be involved. The main
limitation of Kacelnik and Marsh’s test of their model is that in neither of the two studies
was it shown that energy reserves decreased sufficiently with the amounts of work

involved to justify a potential change in the slope of the fitness gains function.

In this study we continue exploring this issue by testing directly how an
individual’s state at the time of learning the properties of a novel food source influences
preference for that food source in future foraging opportunities. The central hypothesis is
that, options may be valued as a function of their past consequences in terms of changing
the subject’s need, and not as a function of the present change in needs, the past absolute

change in the state of reserves or the desirability of the past state that the option evokes.

In spite of the importance of this issue for a broad class of functional models, we
have been unable to find empirical or theoretical work that explicitly addresses it. In this
communication we contrast the different hypotheses using the European Starling (Sturnus
vulgaris) as the study animal. We trained starlings with identical food rewards from two
artificial food sources that were encountered in two different states of food deprivation.
Later, we gave them choices between the options while being in either of the two
deprivation states. We consider three possible outcomes, related to the three hypotheses
presented above. If choice is based on the physical properties of each option or on the
absolute energetic state improvement associated with each option, the birds should be
indifferent, because the rewards are identical. If need reduction at the time of exposure
determines subjective value, we expect to see a preference for the option experienced in a
greater state of need. Finally, if options acquire subjective value by association with the
desirability of the state in which they are met, and which presumably they may evoke, they

should prefer the option experienced in the higher state of reserves.
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7.2 Methods

Subjects were 12 wild-caught adult European Starlings (licence 19990420/20010253 by
English Nature). Before the beginning of the experiments (October 2000) the birds were
kept in two outdoor aviaries, where they were fed ad libitum on a mixture of turkey crumbs,
Orlux© pellets, and mealworms (Tenebrio sp.). Drinking and bathing water were always
available and replaced daily. Five days before the beginning of the training sessions the
birds were transferred from the outdoor aviary to the laboratory and housed in individual
cages (120 cm x 60 cm x 50 cm) that served both as home cages and experimental
chambers. Rooms were maintained at 18°C (£3°C), with lighting on a 12L:12D cycle with
gradual transition periods at 0730 and 1930 h. Each cage had two perches (85 cm apart) and
an operant panel with two circular response keys (3 cm diameter) and a central food hopper.
The keys could be illuminated with white, red, or green. Food rewards were fixed for all
treatments at 4 units of semi-crushed and sieved Orlux© pellets (ca 0.02 g per unit) and
delivered at a rate of 1 unit/s by automatic pellet dispensers (Campden Instruments©). Birds
were also permitted to feed ad libitum on turkey starter crumbs and supplementary
mealworms at the beginning and end of each day, and for 15 minutes after the end of each
experimental session. Orlux© (a preferred food item) was only available during the
experimental sessions. Drinking water was always available and bathing trays were
provided twice a week. There was no mortality or any sign of adverse state by any subject
throughout the experiment. All subjects were released back into the wild (University Parks,

Oxford, UK) during the following spring.

The birds were tested in two groups of six members each. All subjects had
participated in an earlier experiment in which they pecked at black and white symbols to
procure food rewards. For the experiment presented here (which used colours rather than
symbols), the birds were transferred to new cages with different pecking panels, as

described above.

7.2.1 Pre-training

Subjects were given one day to adapt to the new cages, followed by a day when they had to
peck at keys lit randomly with respect to side (each using a white lamp) to release food. On

this day all birds were observed to be pecking regularly to obtain food.
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7.2.2 Training

This stage of the experiment was designed to generate in the subjects the subjective
valuation of the food sources, in the absence of choice. From the morning of the third day
onwards, the birds experienced a “cycle” of two sessions per day. The within-subjects
design provided two session types: ‘hungry’ and ‘pre-fed’. To facilitate notation in the
figures we refer to the first state as “H” and the second as “S” (standing for “satiated”). Each
session lasted four hours and consisted of the following parts, in sequential order: (1) a food
deprivation period (2 h 50 min); (2) a “manipulation” period (10 min); (3) a “key pecking”
period, in which the birds needed to peck a coloured key to release food (this could last up
to 45 minutes, depending on how long it took the birds to complete 10 trials); and (4) an ad
libitum food period (turkey crumbs, for the final 15 min of each session) designed to reduce

carry-over influences across sessions and equalise state for the following session.

The “manipulation” determined the kind of session: in ‘pre-fed’ sessions, the
experimenter entered the room and provided ad libitum food (turkey crumbs) for nine
minutes. In the ‘hungry’ sessions, the experimenter entered the room at the same times as in
‘pre-fed’ sessions, but no food was provided. In the “key pecking” period that immediately
followed, a coloured lamp (red or green, balanced across subjects) corresponding with the
session type was illuminated behind the pecking keys on either side of the panel. The side of
presentation was random. The pecking key remained lit until a peck was registered. When
pecked, the lamp was switched off and the food reward released, followed by an inter-trial-
interval (ITI) of 80 seconds. The “key pecking” period terminated after the subject

completed ten trials, or after 45 minutes, whichever came first.

The two daily sessions lasted four hours each, beginning at 0800 and 1200h. For
each subject, one session of each type was given each day, with order of presentation
balanced across subjects and reversing between days. The first group (n=6) had four days
of training sessions. The second group (n=6) had five days, as on the third day the data
were lost and so an additional day was added, as described above. This means that the
number of observations available for both groups is the same but the amount of training
received by the birds was slightly (c.20%) different. Three of the birds in the second group
did not complete all of the “key pecking” opportunities in the four sessions of recorded

data (they completed a total of 36, 37 and 37 trials out of the 40 opportunities in the ‘pre-
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fed’ sessions). Since however birds in this group had an extra training session, the total

number of reinforcements during training slightly exceeded that of the first group.

7.2.3 Choice trials

After training, the birds experienced one day of “choice” sessions. In these sessions, in all
trials both coloured lamps were simultaneously illuminated, so that subjects faced a
simultaneous choice between the options previously associated to either treatment (‘hungry’
or ‘pre-fed’). The first peck to either key extinguished both lamps, released the food reward,
and initiated the ITL There was also a total of ten trials per session. The state of the subjects
at the time of testing was balanced across sessions: three of the subjects of each group had
the first session as in the ‘hungry’ treatment and the remaining three as in the ‘pre-fed’

treatment. This order was reversed in the afternoon session.

7.3 Results and Discussion

The purpose of the experiment was to test whether state at the time of training would affect
preference for an option in the future and whether this effect might interact with state at the
time of expressing the preference. Because of the difference in the amount of pre-training
between the first and second group tested (4 and S days respectively, see Methods), when
appropriate we consider the results of each group separately. We discuss two measures of
choice bias: the proportion of subjects that favoured the “hungry” treatment option and the
mean proportion of choices for this option across subjects. Out of the twenty choice
opportunities each bird had, all twelve birds in both groups preferred the option associated
with the “hungry” treatment more often (if a binomial test is applied to each group on its
own P = 0.031, while for the 12 subjects together P < 0.001). Figure 1 shows the mean
proportion of choices for the option associated with hunger during pre-training for at each
state during testing). To test the influence of state during testing and the existence of group
differences in choice proportions (arcsine square root transformed) we conducted a
repeated-measures ANOVA, having state during testing (pre-fed or hungry) as a within-
subjects variable and group (first or second) as a between-subjects variable. The state of the
subjects at the time of testing did not significantly affect preferences (1, 10=0.25, P > 0.5).
Preference for the option associated with higher deprivation was stronger in the second
group (Fy, 10= 9.91, P =0.01). The only known difference between the two groups was the

additional day of training used to compensate for one day of loss of data during training. If
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Work by Dickinson & Balleine (1994, 1995 and references therein) in the context of
incentive learning also comes close to the issue investigated here. Although they did not
address the problem of choice, in a series of experiments using rats, these authors show that
the incentive value of a stimulus as expressed in rate of responding is modulated by the
motivational state (e.g. hunger, thirst) of the animal while learning about it. Like the present
results, theirs did not provide evidence for any effect of state at time of testing. Balleine and
Dickinson propose that subjects learn the value of a resource in a given state through direct
contact with it in that state. The results in this sense generalize and extend their findings to
choice situations where options are identical in terms of their physical properties. The fact
that we found no indication that state at time of testing influences choice speaks against the
interpretation that internal state acts simply as a label for the specific conditioned stimuli

(“red is better if state is good, green is better if state is bad”).

It is possible that the mechanism of assignment of value to options envisaged here,
which can be summarised as remembering value as a function of the degree of “need
reduction” or marginal benefit typically associated with each option, could sometimes lead
animals to make seemingly ‘paradoxical’ choices, preferring food sources that deliver
smaller rewards (lower absolute value) on account of their previous association with greater
need deprivation. These data are not yet available, but if the prediction is confirmed it might
give a direct measure of the potential deviation from the unconstrained optimum resulting

from the use of a generally useful learning rule.
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8.1 Concluding Remarks

In this thesis I investigated the prevalence of economic rationality in animal choices
using the European starling as a model species, and explored the potential implications of
breaches of it for our understanding of the way animals make decisions. Here I briefly

summarize the main results and conclusions presented in previous chapters, together with

their collective significance.

In various experiments involving distinct foraging paradigms and levels of
complexity in the design of the choice problem, the starlings showed a consistent and stable
level of preference for the options made available to them. Overall, their preferences
conformed to basic rational axioms, such as stochastic transitivity in its different levels, and
the many forms of the principle of irrelevance from independent alternatives. Altogether, the
recurrent consistency and stability in the starlings’ behaviour of course does not imply that
animals are strictly rational as assumed by economic theory, but speak against the
expectation that ‘context-dependent preferences may prove to be quite common, and could

conceivably have pronounced ecological consequences” (Shafir et al. 2002)°.

Although at first much less exciting than the observation of inconsistent and
irregular behaviour, my initial results encouraged me to rethink possible causes underlying
violations of rationality by animals as reported elsewhere, and their likely implications.
Within this perspective, I firstly explored a number of instances where breaches of Luce’s
choice axiom, a restrictive form of the notion of independence of irrelevant alternatives,
could be observed (Chapter 3). Luce’s theory specifies how the utility of a particular
alternative relates to its response probability, and predicts that the ratio of the choice
probabilities of any two alternatives should be unaffected by the presence or value of new
options included in the choice set. In this chapter, I argue however that if some proportion of
choices is uncorrelated to the properties of the rewards — perhaps functionally explained by
the need to track environmental fluctuations and reduce information uncertainty, or
mechanistically due to the influence of uncontrolled sources of randomness — then changes
in relative choice proportions between contexts might occur. Likewise, the existence of

constraints on the perception of payoffs is also shown to be compatible with these

5 shafir, S., Waite, T.A. & Smith, B.H. 2002. Context-dependent violations of rational choice in honeybees (Apis
melifera) and gray jays (Pernisoreus canadensis). Behavioural Ecology and Sociobiology, 51: 180-187.
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departures. I finally review the hypothesis that animals use higher order and hierarchical
choices rules when making decisions, further contrasting the predictions of the choice axiom

with the optimal expectation in the latter situation.

Chapter 4 experimentally tests some of the hypotheses postulated in Chapter 3,
focusing on the possibility that the starlings use hierarchical choices rules, whereby choices
are initially made between groups of alternatives (joined as a function of their degree of
similarity or substitutability), and in a second step between alternatives within the group
elected. The observed preferences were contrary to this expectation, but favourable to
Luce’s theory. Although compatible with this very restrictive rational axiom, these results
were however intriguing from a functional perspective. They indicate that in choices
between for instance, two different alternatives, the inclusion of new options into the choice
set that are substitutable by the least preferred of the existing alternatives should gradually
reduce the likelihood of pursuing the originally preferred one, to the point of generating a
preference reversal between the two types of options. The counterintuitive conclusion
(illustrated at the beginning of chapter 4 with the colonial nesting bird example) is therefore
that, in this case, the birds’ inability to use a more far-sighted rule (whereby choice
probabilities result from considering the choice problem from a broader perspective)
ironically leads to the observation of rational behaviour. I believe that these results open the
possibility for future research to determine not only the generality of the phenomenon, but

also the extent to which it can lead to deviations from the unconstrained optimum.

In the second half of the thesis the possibility that contextual changes in foraging
scenarios affect an organism’s overall energetic state, leading to a concomitant change in its
choice behaviour, is explored. In Chapter 5 I argue that apparent breaches of rationality can
be brought about in a number of ways as a result of state-dependency in decision-making
whenever repeated contact with different contexts, and thus contingencies, affects the state
of an animal. In one example, I show that it is possible to observe violations of regularity in
those instances where energetic losses caused by experience with poorer options in a
different context must be compensated by reliable gains. Indeed, in Chapter 6 I confirm
some of these expectations, showing that context-dependence preferences are more likely to
be observed when the energetic state of the subjects is not controlled. The economic
definition of a rational decision-maker is predominantly a static one, and generally does not

explicitly consider mechanisms of preference change. I suggest, however, that the ceteris
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paribus assumption normally made in experimental tests of rationality may not hold in
natural situations — the main implicating being that foraging preferences should be viewed
as a dynamic, state-dependent measure also by students of economic rationality. Equally
important perhaps, these results emphasise the distinction between human and non-human
research, in that while the former can be instructed verbally about the specificities of the
choice problem, the latter need to be pre-exposed to the contingencies to learn about them.
A resulting drawback is that changes in the context of choice may lead to variations in the
overall state of individuals, which in turn can affect both the amount of knowledge they can

acquire and the importance of the different courses of action in terms of their consequences

for the organism.

As emphasised in all the chapters, violations of rationality have strong implications
for the understanding of the processes whereby animals make decisions, serving as useful
tools for the analysis of the mechanisms used to process information. In general, they are
taken to imply that the value of an option would not be only determined by its intrinsic
properties and consequences as assumed by most normative models, but instead would be
constructed at the moment of choice as a function of the value of other options available.
The arguments put forth in this thesis show, however, that a number of alternative accounts
other than the use of context-dependent mechanisms of choice (as usually suggested by
students of economic rationality) can also underlie these deviations. As a whole, they
indicate that a broader, and more critical, analysis of the choice problem faced by an animal
will be usually required before unequivocal conclusions about the operation of particular

cognitive mechanisms can be drawn.

As a final note, the following observation might be important. Throughout the thesis
I have investigated and discussed choice situations the single alternatives offered to the
subjects could be clearly ranked in at least an ordinal scale of value, as a function of their
individual consequences for the animals according to some normative criteria. Nevertheless,
in many cases it is possible that the optimal decision comprises a balanced combination of
the available items, as opposed to a single element. For instance, one such case in which a
set of items, or ‘consumption bundle’, is itself a commodity can result from the need of a
balanced nutrient intake. In this situation, individual items might be pursued with different
frequencies or choice probabilities, but they are only attributes or components of the total

bundle being purchased. The relevant decisions in this context are those between the
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possible combinations of individual food items, and not between single elements. Failure to
acknowledge this might lead to the observation of (apparent) breaches of rationality. For
example, it seems trivial otherwise that while bread may be preferred to salad when alone,
salad may be preferred to bread if rice is also consumed, as rice provides the individual with
the necessary carbohydrates and makes bread less of an essential intake. In this case, if
choice behaviour were shaped so as to guarantee a proper intake of both vitamins (as
provided by ‘salad’) and carbohydrates, the observed reversal of preference would be in line
with the optimal expectation. Implicit in the rationale is therefore the idea that if the choice
problem can be restated properly at a different level, then the seemingly violation of an

axiom might cease to exist.

In conclusion, I have tried to emphasize along the thesis that, while the application
of the economic methodology in the study of animal behaviour may be extremely useful for
the understanding of animal decision-making, it requires adjustments to allow for the
specificities of the biological and ecological scenarios under which animals operate. The
necessity of this fine-tuning process might be useful to guide future research, and help us to

fill the gap between normative predictions and observed behaviour.
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