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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

1



Chapter 1. Introduction

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 4 m 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 ITI.

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

10



Chapter2. Rationalitvin risk-sensitive choices

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 PC(N,M; {N,M,H}) is

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 Pc 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:

11
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)xlOO [2]

where PL(N,M) is the relative preference between 'none' and 'medium' and LN and LM 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 E={x,y,z} is such that, for all z,

Pc (x;{x,y})>Pc (x-{x,y,z}) [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 andy (so that z takes almost exclusively from;/).

Another property that results from assuming the existence of a utility scale upon 

which preferences are based is known as 'independence from irrelevant alternatives' (HA). 

HA is best captured in the choice axiom of Luce (1959), also known as the constant-ratio 

rule (Clarke 1957), a strong probabilistic version of HA (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

12
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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 'c', 

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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2.4. Results

2.4.1 Knowledge about the alternatives

To characterize the accuracy of the subjects' knowledge of the temporal properties of each 

option we analysed the pecking patterns during the delays experienced in the no-choice 

trials, by computing number of pecks in Is time bins (Fig. 1). Only the long delays of the 

two variable options were included. For the option with no variability we used a random 

half of the data points, so that sample sizes were the same for all variability levels. For 

presentation economy only the mean peck rate is shown in the graph, but the figure 

represents well the subjects' individual functions.

(A)

c> 
*
o
UJ 
Q.

LJJ

1
O 
UJ 
0.

UJ

D None 
Medium 
High

TIME BINS (1s)

Figure 1. Mean peck rate (pecks/s) for each of the variability levels in experiments 1, 2 and 3 (Figs. 
1A, IB and 1C, respectively). The arrows point to the time bins where food was potentially due (4 s, 
12s).
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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: x,22 = 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: F2,io = 0.45, P = NS; F2,io = 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 (12s 

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: p2,io = 0.457, P = NS; p2,io = 

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: F2,io = 0.123, P = 

NS), nor was the peck rate at the last time bin (20), when food was imminent (Repeated- 

measures ANOVA: F2,io = 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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way as that described to detect differences between experimental contexts. No significant 

difference between treatments was detected in the pecking pattern for 'high' (peck rates at 

time bins 4 and 36, respectively, paired-t tests: t5 = -2.12, P = NS and t5 = - 0.34, P = NS; 

time bin corresponding to max. peck rate: t$ = 0.67, P = NS), 'medium' (peck rate at tune 

bins 12 and 28, respectively: fr = 1.58, P = NS and t5 = 1.92, P = NS) or 'none' 

(homogeneity of slopes, square-root transformed data: ts=- 0.504, P = NS; peck rate at time

The pecking patterns thus suggest that starlings were able to recall the time of 

occurrence of rewards, and that their perception of each option was not distorted by the 

number of foraging alternatives either experienced or available for choice. Response 

functions were also qualitatively consistent with the scalar property as they were 

progressively shallower as the delays increased.
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Experiment 1 Experiment 2 Experiments

Figure 2. Mean percentage of choices (± S.E.) for the most variable option of each choice pair in 
each of the three experiments. Relative proportions in experiment 2 (trinary-trinary) are given by 
equation (1).

2.4.2 Choice trials

2.4.2.1 Preference for variability

Figure 2 shows the mean percentage of choices for the most variable option in each choice 

pair for each experimental context. Absolute preferences for each option in the three 

experimental contexts are shown in figure 3. Subjects were strongly prone to risk in all 

contexts. In experiments 1 and 2 (hereafter binary-binary and trinary-trinary, respectively)
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all subjects significantly preferred (binomial tests, P < 0.05) the most variable option from 

the choice pairs (medium, high) and (none, high), with two and four birds being indifferent 

between the options 'none' and 'medium' in the binary-binary and trinary-trinary contexts, 

respectively. In experiment 3 (hereafter trinary-binary) subjects were also risk-prone, 

significantly preferring the most variable option in all choice pairs, with the only exceptions 

of one bird that did not reach significance in the (medium, high) pair and another that did 

not reach significance in the (none, medium) pair. Overall, these results reveal a very strong 

preference for variability in delay to reward when the choice set includes the high variance 

option, and a more moderate preference when subjects face a decision between 'none' and 

'medium'.

(N,M) (M,H) (N,H) (N,M,H) (N,M) (M,H) (N,H)

Experiment 1 Experiment 2 Experiments

Figure 3. Mean percentage of choices (± S.E.) for each option in each of the three experiments 
(choice sets: (N,M), (M,H), (N,H) and (N,M,H), where N stands for 'none', M for 'medium' and H 
for 'high').

2.4.2.2. Context-dependence

To test the interaction between experimental context and the level of preference expressed in 

each choice pair we conducted a repeated-measures ANOVA with 'choice pair' as the 

within-subject, random factor, 'experimental context' as the between-subject, fixed factor 

and proportion of choices (arcsine square root transformed) for the most variable option as 

the dependent variable. The interaction between experimental context and choice pair was 

not significant (F2.8,21.3 = 0.106, P = 0.95, Greenhouse-Geiser correction for sphericity). To 

minimize the probability of incurring a type n error (i.e. accepting a false null hypothesis) 

we conducted a compromise power analysis (Paul & Erdfelder 1992, Erdfelder et al. 1996)
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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 (a) over the type n error probability (P) at 1 (i.e. same probability of 

making either error type). This yields a critical F-ratio of F2.g, 21.3 = 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 a, 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/p ratio = 1, critical t: tio= 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: ft = - 0.979, P = 

NS; ft = 1.123, P = NS; ft = 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: ^2,10 = 13.06, P < 0.01; FIJO = 

28.70, P < 0.001; F2,io = 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 in 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: 

/ = 0.62, P < 0.001; r2 = 0.21, P = 0.051; r2 = 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.
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DNone 
Medium 

High

Exp.1 Bin-Bin Exp.2 Tri-Tri Exp.3 Tri-Bin

Figure 4. Mean latency to peck (s) (± S.E.) each of the variability levels in each of the three 
experiments.

2.4.3.2 Context-dependence

We also tested whether preferences, as revealed by latencies, were consistent across 

contexts in the same way as previously described for choice proportions. The critical test 

for the detection of context effects - the interaction between Experimental Context and 

Variability level - was not significant (F^o = 1.158, P = NS). To minimize the possibility 

of a type II error, we conducted a compromise power analysis in the same way and 

adopting the same parameters as described for the analysis of context-dependence with the 

choice data (a/p ratio = 1). The analysis yielded a critical F-ratio of 7*4,30 = 1.21, still not 

enough to reject the null hypothesis although increasing the type I error probability (a). 

These results indicate that the effect variability had on latencies was not reliably different 

across contexts.

2.4.3.3 Transitivity

All subjects satisfied WST, ranking options (according to readiness to peck) in a scale 

such that response was earlier for 'high' than for 'medium', for 'medium' than for 'none' 

and for 'high' than for 'none'. SST was checked for each subject using the relative 

preference as given by equation 2. This analysis again confirms SST, as for none of the 

birds was relative preference for 'high' as compared to 'none' lower than in the other two 

possible pairs.
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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 (f) taken to acquire it such
( A \ 

that EoR = E   I. 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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Figure 5. Predictions of scalar utility theory (SUT; see Kacelnik & Brito e Abreu 1998 for a 
detailed description) for choices between three levels of variability in delay to reward ('none': 20s, 
'medium': equiprobable delays of 12 and 28 s and 'high': equiprobable delays of 4 and 36 s) in 
binary and trinary contexts. Lines represent the predicted proportion of choices for the most variable 
option in each possible choice pair (relative proportions in the trinary context are given by equation 
1). Bars in the trinary context represent the absolute proportion of choices for each variability level.

The predictions of SUT are, on the other hand, dependent on the temporal acuity (y) 

of the subjects, and violate rationality under some reasonable circumstances (M. Bateson, 

personal communication). Such predictions are in this sense interesting, as while many 

sensible decision mechanisms can produce irrationalities when options are defined in more 

than one dimension (see Wedell 1991 for a review), few do so for options that differ in only 

one dimension (e.g. Parducci 1965, Janiszewski & Lichtenstein 1999). Figure 5 illustrates 

SUT predictions for the variability levels used in this study. Preferences as shown in the 

figure conform to weak stochastic transitivity in both binary and trinary scenarios. Strong 

stochastic transitivity is however violated in binary contexts whenever y is lower than 0.5 

(since preference between the extreme options 'none' and 'high' is lower than in the other 

two choice pairs). Relative preferences (bars in the graph, as calculated by equation 1) are 

also higher in the trinary than in the binary situation, and an interaction between
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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 200la, 

Waite 200 Ib) 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 200la, Waite 200Ib) 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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Chapters. 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 1 . 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' (ELA), 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. ELA 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

PBI(A) _ PrrM

Pu(B) PrM+PrM

where pei(A) and piri(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 melliferd) 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.

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) = 1A, and that P(blue bus) = P(red bus) = 

J/4. 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) = 

Vs. 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 ofN 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, NA = N - s, and NB = s. Hence the relative proportion of 

choices for A is Pe(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 - 

PAB (C). Thus, the relative proportion of choices for A over B becomes Pec(A) = (N-s)/(s
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, 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/? 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 uln choices from this process, where n is the number of 

options. Choices for the best option are thus

[2] 
n

where N is the total number of choices, while choices for each sub-maximal option is uln. In 

the case where «=2, Pe(A) reduces to N- (u/I), In binary choices the relative preference for 

the best option over its alternative is thus

N- -

2 

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

>———— [4]
U _~n 2

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

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- (u/2) > 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\ = «i + Aj, 

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 e 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 T. 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' /fs.

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 necessarily 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 lie 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 

TI and T2 (where TI and TI 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=l representing relatively accurate and 

inaccurate levels of time perception, respectively. The figure shows the difference in the 

relative choice probabilities (Ti relative to T2) between the two situations, that is

D= THIPBi (Ti)

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 TI 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

36



Chapter 3. Luce's Choice Axiom

the target options, sections n and HI, 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. la). Comparison of figures la, Ib and Ic 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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Chapter3. Luce's Choice Axiom

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, I 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 1A for each peripheral 

site. The latter would yield a probability of Vs 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 l /s as opposed to 4/5 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 !/2, but drops 

to VA 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' 

(DA), 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 

similarities 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, I
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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 cm) 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 1 unity'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)
Bird

1
2
3
4
5
6
7
8
9
10

1 st

12
15
18
22
28
22
28
12
15
18

«nd

15
18
22
28
12
18
22
28
12
15

3rd

28
12
15
18
22
28
12
15
18
22

4ih

18
22
28
12
15
15
18
22
28
12

5th

22
28
12
15
18
12
15
18
22
28

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, fixedi and fixed2), 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. fixedi, variable vs. fixed2 

and fixedi vs. fixed2) 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 fixedi and fixed2 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 - pj{P, V) - 

is:
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PT+PT

where P and V stand for 'preferred' fixed and 'variable', respectively, andp^P) andp7<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 DA 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,

pBi (A)>pT (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^(A) > 0.5 andpc{B) > 0.5, thenpdA) > 0.5, 

where ps(A), pdB) and pc(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', thenpc(A) > min [p#(A), pc(B)]. In a numerical example, ifps(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 pc(A) > max [ps(A), pc(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,

PA (C) pA (B) pB (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 Is 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 (12s 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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Figure 1. Mean peck rate (pecks/s) for the variable option during probe trials (total delay 
84s) in the five treatments employed. Food was potentially due at the time bins 12 and 28.

Figure 1 also shows that although the shape of the function is maintained across 

treatments, the magnitude of the peck rates for the variable option appears to progressively 

increase as the delay of the fixed options increases (i.e. as preference for the variable option 

increases). To test this effect we conducted a repeated-measures ANOVA (on square-root 

transformed rates) having treatment and time bins as within-subjects, fixed factors. As 

expected, time bins had a significant effect on peck rates (F83,?47 = 53.2, P < 0.001), but the 

effect of treatment, although in the right direction, was not significant (F4i36 = 2.05, P = 0.13).

I also analysed the pecking rates of the fixed options (fig.2). It is clear from the figure 

that for both options the response functions were progressively shallower as the delays 

increased, in accordance with the scalar property of timing (Gibbon 1977). More importantly 

perhaps, the graphs on the right side of the figure - where time bins are expressed as a 

proportion of the bin when reward was due, and pecking rates as a proportion of the rate 

exhibited at the peak time - show that the pecking curves superpose nicely when the axes are 

standardized, as also predicted by the scalar property. Taken together, these results strongly 

indicate that subjects were able to correctly time the delays associated with all options, and 

that their timing accuracy varied in accordance with the scalar property.
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Figure 2. Mean peck rate (pecks/s, graphs on the left) and standardized peck rate (graphs on the right) 
for the fixed options during probe trials (total delay = 3 x F) in the five treatments employed (dark 
circles = preferred fixed option, white circles = non-preferred fixed option). The delay corresponding 
to the treatment (F) indicates the time bin when food was potentially due. The graphs on the right side 
were obtained by calculating relative peck rates as a proportion of the rate at the peak time, and 
relative time bins as a proportion of the time bin corresponding to the delay when food was potentially 
due.

56



Chapter 4. Preference invariance with structured sets

4.4.2 Preference for Variability

Preference for the fixed options decreased as their delay increased. Figure 3 shows the mean 

proportion of choices for both fixed options when each was paired with the variable in binary 

choices. Although the use of an averaging procedure can result in partial levels of preference 

that are not representative of the values exhibited by each bird, it is possible to see in the 

figure that the degree of variability associated with the average value was relatively low for 

all treatments and thus in this case also illustrative of individual preferences. Preference levels 

were marginally higher when the variable option was paired with P than when it was paired 

with N (Repeated-measures ANOVA on arcsine square-root transformed data, having option 

and treatment as within-subjects factors: Fi >9 = 4.12, P = 0.07). Accordingly, indifference in 

the former case was obtained when the delay of the fixed option was approximately 16s, as 

compared to a value of approximately 15s in the latter case.

15 20 25

Delay of the Fixed Option
30

Figure 3. Mean proportion of choices (± S.E.) for both fixed options (P and N) when 
paired with the variable (V) in binary choices. The point indicated by 'A' (the 
arithmetic mean of the variable delay) indicates where a risk-neutral subject would 
cross the indifference line. H and G denote the harmonic (16.8s) and geometric (18.3s) 
means of the variable delay, indicating where a subject would cross the indifference 
line according respectively to the process-based models of risk-sensitive choice EoR 
('expectation of the ratios; Bateson & Kacelnik 1996) and SUT (Scalar Utility Theory; 
Kacelnik & Brito e Abreu 1998).

4.4.3 Relative Choice Proportions

The relationship between the relative choice proportions in the binary and trinary contexts for 

the three possible choice pairs is illustrated in figure 4. For the choice pair (P,N) the group of 

individual slopes ('5', see 'Data Analysis') and intercepts (V) was not significantly different
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from one and zero, respectively (5=0.85 ± 0.3; t9 = -0.49, P = NS and c=0.12 ± 0.26; t9 = 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; t9 = 2.1, P = 0.06) and the slope was significantly different from one (5=0.75 ± 0.09; fc =

-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 (c=-0.001 ± 0.06; t9 =

-0.02, P = NS) or the hypothesis the slope is different from one (5=0.96 ± 0.09; t9 = -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 (F4)28 = 0.98, P = NS and FU = 

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 (F4)28 = 42.1, P < 0.001 and F4>28 = 47.6, P < 0.001, 

respectively), but no effect of context (Fu = 0.90, P = NS and Fi,7 = 0.6, P = NS, 

respectively). For none of the choice pairs was the interaction between 'treatment' and 

'context' significant (F4)2s = 1-44, P = NS and F4>28 = 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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Figure 4. Relative preferences of subjects in the binary context for each of the three choice pairs 
plotted as a function of relative preferences in the trinary contexts for the same options. The diagonal 
lines have a slope of 1.0 and intercept of 0. The datapoints falling on the line represent cases where 
relative preferences were the same in both contexts. Datapoints falling above and below the line 
represent cases where relative preferences were higher and lower, respectively, in the trinary than in 
the binary context. The sections in the upper left and lower right comers of the graphs correspond to 
the areas of where preference reversals between contexts occurred. The dotted line in the PxV graph 
represent the slope of the regression of relative preferences in the binary context against those 
observed in the trinary. The different symbols represent each of the ten birds employed (Bl.. .BIO).
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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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Figure 5. Absolute choice proportions of subjects for each of the options (in each of the two possible 
binary choice pairs where the option was offered) plotted as a function of the absolute proportion of 
choices for the same option in the trinary contexts (e.g. PT x P(N) denotes the comparison of absolute 
choice proportions for P in the trinary context with that for P when paired with N in the binary). The 
diagonal lines have a slope of 1.0 and intercept of 0. The datapoints positioned above the line represent 
instances where choice proportions were higher in the trinary context, i.e. potential violations of 
regularity. The different symbols represent the different treatments employed.

paired with V (1.8% of the bird's choices), but three times in the trinary context (2.7%), 

causing preferences to be higher by 50% in this latter situation. Since for many data points 

we find that both the magnitude of the deviation and sample sizes are small, the rejection of 

the null hypothesis would be unlikely in most of these instances. I therefore do not have
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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; tg = -0.06, P = NS) or the intercept different from zero (c=0.04 ± 0.11; t9 = 

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 (Fi,9 = 3.73, P = 0.08; 

Greenhouse-Geisser correction for sphericity applied). As expected, there was a strong effect 

of treatment (p2.28,2o.i = 6.52, P < 0.01; Greenhouse-Geisser corrected). The interaction 

between the two factors was not significant (p4,36= 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 options3 , 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, i = 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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the birds' preferences in binary choices satisfied SST. Similarly, none of the deviations of 

MST were significant (Chi-square tests corrected for continuity: P = NS).
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Figure 6. Observed proportion of choices of individual birds in the extreme binary choice pair 
plotted as a function of the proportion of choices predicted if perfect (PST), strong (SST) and 
moderate stochastic transitivity (MST) were satisfied. The diagonal lines have a slope of 1.0 and 
intercept of 0. In the case of PST, datapoints falling on the line represent cases where the observed 
choice proportion was the same as the predicted. In the case of SST and MST, the datapoints falling 
on the line represent those cases where the choice proportions for the extreme choice pair was the 
same as the maximum and minimum proportion observed for the adjacent choice pairs, 
respectively. Thus, all points above the line represent those cases for which SST and MST were 
satisfied. The different symbols correspond to the distinct treatments employed (represented by the 
delay offered by the fixed option).
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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 substirutable 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 e 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 yielded by the similarity 

hypothesis. Therefore, it would have been possible that the experimental tests conducted
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here were not powerful enough to detect such a small effect size. Nevertheless, the direction 

in which observed preferences tended to deviate from the choice axiom was not consistent 

with this possibility (see observed slope in fig.4b): while SUT predicts that the relative 

preference for the variable option should be always higher in the trinary context, the 

observed levels of preference for the variable alternative were higher in the trinary context 

only when the fixed options were preferred, but lower otherwise.
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Figure 8. Predictions of SUT (see Chapter 3 for a detailed description) for choices 
between two levels of variability in delay to reward (variable, V: equiprobable 
delays of 12 and 28 s and fixed, F: constant delay of either 12 or 15 or 18 or 22 or 
28 s depending on the treatment employed). The predictions vary according to the 
timing accuracy (y) assumed in the model. The dashed and solid lines indicate the 
predictions of the similarity hypothesis and choice axiom, respectively.

Overall, the starlings' preferences were also transitive and regular across contexts. 

Although I did detect some departures from transitivity at the individual level, they were not 

more frequent than those expected by chance alone. The significance of individual breaches 

of regularity is however more difficult to assess. Here, the birds showed a potential breach 

of regularity (namely, a higher absolute preference for one of the alternatives in the trinary 

context as compared to the binary) on a total of thirty-one occasions. Although the absence 

of replicate measures per bird prevents one establishing the significance of these increases in 

the absolute level of preference, significant departures from regularity would be unlikely in 

most of these cases due to the extremely reduced magnitude and sample sizes associated 

with the observed effects (see 'Results'). Since there should be a total of fifteen significant 

breaches of regularity by chance alone, more than fifteen of these thirty-one cases would
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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, I 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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am, however, not aware of any such model that could be presently applied in the context of 

risk-sensitive foraging.

Bi: Average (P,N) 
Tri:P+N 

— Tri: Axiom

10 15 20 25
Delay of the Fixed Option

30

Figure 9. Mean proportion of choices (± S.E.) for the fixed options (P, N) 
when paired with the variable (V) in binary choices and the sum of the proportion 
of choices for the fixed options in the trinary context in the five treatments 
employed. The predictions of Luce's axiom for the trinary context were calculated 
based on the average proportion of choices for the fixed options in the binary 
situation. The similarity hypothesis predicts that preferences in the trinary context 
should be the same as in the binary. The point indicated by 'A' (the arithmetic 
mean of the variable delay) indicates where a risk-neutral subject would cross the 
indifference line.

Going back to the problem faced by the nesting bird discussed earlier, the present 

results indicate that the increase in the availability of potential sites in the margins of the 

field would have caused the probability of choosing the central region to increasingly drop, 

even if the latter offered a higher net benefit. Although satisfying a strong axiom of 

probabilistic theories of rational choice, this outcome clearly deviates from the optimal 

expectation.
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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 I 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 (jj,) is such that JLIA > MB > Mo

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 Xab, 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 Xabc, and determined as a 

function of the proportion of choices for options A, B and C. We can see (fig.lb) 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 (X^c < X^) 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

74



Chapter 5. State-dependence and Economic Rationality

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 (AXab) 

and trinary (AXabC) 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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Figure 1. A functional model of how changes in state can lead to differences in partial levels of 
preferences (or 'context-dependent' preferences). In (b) a correlate measure of state is assumed to 
decrease as mean rate of energy intake is reduced (due to the inclusion of less profitable options in 
the choice set). Two contexts are considered: a binary context, where only options A and B are 
available (a,b) and a trinary context where a third option C is also present (a,b,c). In all cases, the 
mean profitability of the patches (u) is such that jaA > MB > Me- Exposure to the trinary context 
therefore leads to a poorer state (Xabc) than that reached after exposure to the binary (Xab) if p(C) > 0. 
In (a) the figure shows fitness as a concave function of an organism's initial state. 'Xab+A' and 
'Xab+B' denote the state reached by a forager in the binary scenario after pursuing options A and B, 
respectively. Similarly, 'Xabc+A' and 'Xabc+B' denote the state reached by a forager in the trinary 
scenario after pursuing options A and B, respectively. The fitness cost of choosing option B is higher 
in the trinary (8abc) than in the binary situation (8ab).

The hypothetical situation described above thus shows that, in violation of the 

principle of independence from irrelevant alternatives, the inclusion of additional options 

into a set can affect the strength of preference for existing options whenever it 

concomitantly affects the state of individuals. Although the example concerns the 

comparison of binary and trinary choices, it can be certainly generalized to other situations 

in which changes in state are likely to occur, such as those caused by previous exposure to 

distinct backgrounds (as defined by the number and nature of options experienced in the

past).

As a final remark it is important to highlight that the above process should be 

however viewed as a dynamic one. For instance, by electing a poorer option (C in the
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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 (jo,) within this period being such that (o,A > MB > Me-

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 jaA > ^B > Ho Here 

I set Xo (the initial state of the animal) < R.
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In both contexts the shaded area represents the space containing possible 

sequences of action, that is, those sequences enabling the forager to overcome the lethal 

boundary before foraging is interrupted. Choices for the less profitable patch result from 

the tendency of animals to continuously gather information about the world that might be 

useful in unforeseen circumstances (Inglis et al. 1997, Bean et al. 1999, Inglis et al. 2001). 

Following Inglis et al. (2001), I consider that possible sources of uncertainty relate to the 

presence of novel as well as ambiguous food patches (those for which the animal is 

uncertain either about its profitability or about whether it has visited it previously) and the 

possibility that patch profitability varies with time (even though it may not, as assumed in 

this simplified example).

(a)
Context 

(A,B)

Threshold (R)

I I

A(+x) 

B(0)

I I I

54321 
No. of Decisions Left

ENERGETIC 
STATE

(b)
Context 
(A,B,C)

8
o

Threshold (R)

12345 
No. of Decisions Left

Figure 2. Diagrammatic representation of the choice problem faced by a forager that has to reach an 
energetic threshold (R) by the end of a foraging bout consisting of five choice opportunities. X0 
denotes the state of the animal at the beginning of the bout. Choices for A, B and C lead to a positive, 
null and negative net gain of energy, respectively. Each node in the graphs represents a possible 
action, and the shaded areas represent the space containing possible trajectories of choice under the 
requirement of reaching R. While in the binary context (a) there are always two possible available 
actions (A and B), in the trinary (b) foragers can choose between three alternatives at each decision 
node (A, B and C). In (a) the thick lines illustrates a possible sequence of decisions involving the 
maximum possible number of suboptimal elections (i.e., elections for option B) that enables the 
energetic boundary to be crossed. In (b) the thick lines also illustrates one trajectory involving the 
maximum possible number of suboptimal elections (elections for option B) if option C is pursued 
once when it becomes available. The bar graphs in the centre show, for each context, the resulting 
absolute proportion of choices for each option in the end of the foraging period under the previously 
described trajectories.
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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 HA. 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 value4. 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 *2, and a utility function, U(*i,*2), over the two 'commodities' 

x\ and *2. 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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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 HA), 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 nA, 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. TA and TD 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. DA and DD represent the 

decoys 'Amount' and 'Delay', respectively, offered to the birds experiencing one treatment 

or another. While DA offered a larger amount of food (the same as TA), DD offered the 

shortest delay (the same as TD).
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Figure 1. Amount and delay to food (right side of the graph) corresponding to the options used in 
the experiments. Each group of subjects experienced three options: TA and TD (the focal choice pair) 
and a decoy (either DA or DD). The target alternatives TA and TD offer the same short-term rate of 
food intake (solid lines) of 0.5 units/s, whereas the decoys DA and DD offer the same short-term rate 
of 0.25 units/s. The dashed lines (interrupted at 30s for space economy) indicate the long-term rate of 
food intake, considering the time interval between consecutive feeding opportunities (assuming an 
interval of 60s).

Figure 1 shows that the direction of preference between pairs of options should 

depend on the time interval considered by the birds. Classical optimal foraging models 

assume that animals should maximize the long-term rate of energy intake, defined as the 

amount of energy gained over the total time taken to acquire it, including intervals between 

feeding events and the delay between the decision to pursue an option and its final 

consumption. In fact, from an evolutionary perspective the expectation is that subjects 

should consider a time horizon longer than that associated with a single foraging bout, since 

the energy gained is likely to be invested only after a large number of opportunities is 

accomplished (Stephens & Krebs 1986, Stephens & Anderson 2002). Accordingly, 

maximization of long-term rate of intake should lead to a higher level of preference for the 

Target Amount (TA) over the remaining alternatives, and similarly a higher preference for 

DA over both TD and DD, and for TD over DD (slope of the dashed lines in fig.l). Although 

normatively compelling, a large body of empirical evidence is however at odds with this 

expectation. Many studies have shown that animals, including humans, tend to use more 

shortsighted rules that fail to account for all the time intervals involved in the acquisition 

and consumption of a prey, or reward (Green et al. 1981, Mazur 1987, Mazur 1988, Bateson
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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.l). 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 DA 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 TA is worse than TD 

(delay to food), DA could make this unfavourable difference subjectively less important. 

Secondly, DA could favour TA over TD 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, DA is completely dominated by TA (as the latter offers the 

same amount of food after a shorter delay), but not by TD (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 DD to enhance the attractiveness of TD over 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 TA, as these options share 

the same parameter values in the attribute 'Amount', and the delay offered by DA is closer to 

that offered by TA than to that offered by TD . Accordingly, the presence of DD should make 

the subjects' preference for TD over TA 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 ± O.OOSg). 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 (ITI) 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 ITI. 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 often 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 TA over TD in this 

context was calculated as:

Pr(TA JD )= A 100 [1]

where PT{TA) and />T<TD) 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,

PB (A)>pT(A) [2]

where PB (A) and pj (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 (F\ t 

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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delays to access to these rewards (Waite & Field 2000). Consistently with the idea that 

errors should be more common the lower their cost (McNamara & Houston 1987), the jays 

failed to take the best option more frequently when subject to higher rates of energetic return 

(i.e., shorter delays). Although the authors discuss their results in terms of the cognitive 

constraints (such as limited attention) on the information-processing abilities of the jays, it is 

possible that differences in the subjects' state of hunger resulting from the manipulation of 

the intervals to food also contributed to the observed effects.
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Figure 2. Proportion of choices (±S.E.) for the option offering the largest amount of food. 
Choice proportions are significantly different from random for all birds (binomial test, P < 
0.01) Birds 1, 2 and 3 (white bars) were presented with choices between one and two units 
of food, and birds 4, 5 and 6 (black bars) with choices between two and five units of food.

6.5 Experiment 2: Decoy Effects on Choice 

6.5.1 Methods

Twelve birds were randomly assigned to two treatment groups. Both groups were presented 

with target options TA and TD. However, while Group 1 experienced the decoy DA, Group 2 

experienced DD. Each option was associated with one of three colours illuminating the 

pecking keys: yellow, red or green. A fixed ITI of 80s was employed.

Subjects experienced two sessions per day, at 0700 and at 1300 hours. Each session 

could last up to 3.5 hours and consisted of 63 trials, grouped into seven blocks of nine trials
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each. To ensure experience of all options each block started with three no-choice trials (each 

option experienced once in a random order), followed by six choice trials (random order of 

presentation): two trinary choice trials (all options simultaneously available), two binary 

choice trials with the focal choice pair and two binary choice trials where each of the targets 

was presented once with the decoy. After the first session (at 1030 hours) subjects received 

2.5 g of food (turkey crumbs). After the end of the second session subjects were allowed to 

feed ad libitum with turkey crumbs for 150 minutes, after which they were supplemented 

with 10 mealworms and then food was removed.

6.5.2 Results

6.5.2.1 Comparison of Treatments

Figure 3 shows how the relative preference for the target options was affected by experience 

with the decoys in the two experimental groups. In the binary choice trials, where only the 

focal choice pair was available, preference for TA was significantly higher in the group 

experiencing the decoy DD (F\ t 10 = 1 1.6, P < 0.01). The same pattern was observed in the 

trinary trials, where the relative preference for TA relative to TD (as calculated by equation 1) 

was higher for the group experiencing DD, although in this latter case differences were not 

significant (F\, 10 = 3.57, P = 0.09). Both target options were significantly preferred over the 

decoys (when presented with the latter in binary choices) in both experimental groups (one 

sample t-tests against a random expectation of 0.5: P < 0.05).
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Figure 3. Mean proportion of choices (±S.E.) for the Target Amount 
(TA) relative to Target Delay (TD) in the two experimental groups. The 
bars for the trinary choice trials represent the relative preference for 
Target Amount over Target Delay in the presence of the decoy (as 
calculated by equation 1). }P < 0.1, **P < 0.01.
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6.5.2.2 Within-Treatment Analyses

Relative preferences for TA over TD were lower in the presence of the decoy DD (in trinary 

choice trials) than when only the two targets were available in binary choices (paired-t tests: 

/5 = 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 DA 

was presented (paired-t test: ^=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 DD 

(chosen with an average proportion of 0.08±0.03, black bar in fig.4a), absolute choice 

proportions for TD 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 (ts = 5.19, P < 0.01; comparison of grey bars 

in fig.4a). In the group where DA was presented, conversely, the absolute preference for TD 

was marginally lower in the trinary context (ts = 2.30, P = 0.07; white bars in fig.4b), but 

preferences were not different between contexts in the case of TA (ts = 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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the binary and trinary contexts in both experimental groups. The dashed 
lines indicate the preference levels corresponding to the random 
expectation in the binary (0.5) and trinary (0.33) contexts.

6.5.3 Discussion

Preferences for the target options were markedly different between the two experimental 

groups. While the group that experienced decoy DD was on average indifferent between the 

two targets, those starlings presented with DA were biased towards TD. Although the 

differences were in the same direction as that predicted by the similarity hypothesis the 

results, however, do not provide unequivocal support for it. The hypothesis states that the 

inclusion of a new option into a choice set should hurt mainly the existing alternative most 

similar to it due to the assortment of some elements into different categories. As a 

consequence, preferences for a particular choice pair should vary between differently sized 

choice sets, or between sets with the same size but differing hi at least one element. The 

similarity hypothesis could therefore explain changes in preference between the two groups 

as expressed in the trinary context, but not the marked differences obtained in the 

comparison of binary choices for the focal pair between the groups. Additionally, for one of 

the groups (the one experiencing the decoy DD) the within-treatment analysis showed that
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relative preferences were different between the binary and trinary contexts, but the 

deviations were in the direction predicted by the comparative model.

One possible account for the differences in preference between the two treatment 

groups is given by considering the variation in the real intake rate during a session caused by 

the repeated exposure of the subjects to distinct decoys. Both decoys offered the same short- 

term intake rate. However, the long-term rate of gain offered by DA (including intervals 

between feeding events) was higher than that offered by DD. Thus, in the end of a session 

where the decoy was, for instance, chosen on about 10% of the opportunities it was 

available (and the subject was indifferent between TA and TD), the difference between the 

total intake of a subject in Group DA during a session was at least 6% higher than that of a 

subject in Group DD. The higher the proportion of choices for the decoy, the more 

pronounced this difference was. Figure 5 shows the average intake rate of subjects in each 

group during the last six experimental sessions. Total intake rate (units of food per minute) 

is significantly different between the groups (F\, 10 = 15.524, P < 0.01), approximately 13% 

higher in Group DA. Notice however that the hypothesised effect is fundamentally different 

from the classical expectation of optimal foraging theory that long-term rate of gain should 

be the currency maximized in choices. Had this been the case, the birds should have ranked 

the options in an order such that TA > DA > TD > TD (see fig.l), which was not observed. 

Yet, the indirect effect that repeated contact with energetically distinct decoys had on 

deprivation level may have affected preferences.
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Figure 5. Total intake rate (total units of food received over total delay 
plus intertrial intervals experienced) in the last six experimental sessions 
in each group. **P< 0.01.
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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 (Fi, io=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 (Fi,io=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 DA and DD 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 often birds for the focal 

choice pair under the following conditions: (1) intake rate similar to that obtained in the 

presence of the decoy DA and (2) intake rate similar to that obtained in the presence of DD. 

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 DA first and half experiencing condition DD 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 TA and TD 

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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and once in one of the four choice trials where it was available in each block of experiment 

2. After the daily sessions subjects were allowed to feed ad libitum with turkey crumbs for 

150 minutes, after which they were supplemented with 10 mealworms and then food was 

removed.

6.6.2 Results and Discussion

6.6.2.1 Preference Scores

Preferences differed in the same direction as in Experiment 2 (fig. 6). The proportion of 

choices for TA was significantly higher under the treatment simulating the presence of the 

decoy DD (Repeated-measures ANOVA with treatment and order as within and between- 

subjects factors: FI, g= 13.5, 1-tailed P < 0.01). The effect of order and the interaction 

between order and treatment were not statistically significant (Fi, 9=0.03, P = NS and 

Fi,8=3.88, P = NS, respectively).
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Figure 6. Mean proportion of choices (±S.E.) for the Target Amount (TA) in 
the treatments simulating the presence of DD and DA, respectively. **/> < 0.01.

The average intake rate experienced by the starlings during the last six sessions of 

the experiment also differed between treatments in the same direction as that observed in 

experiment 2 (fig.7). As programmed, intake rate was higher in the treatment simulating the 

presence of DA (Repeated-measures ANOVA: FI, 9=17.5, P < 0.001). Together, these results 

support the hypothesis that the differences in preference level between groups observed in 

Experiment 2 were also possibly mediated by state differences, with hungrier animals
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showing a stronger bias towards options with a higher total intake rate (TA) than more 

satiated animals.
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Figure 7. Total intake rate (total units of food received over total delay plus 
intertrial intervals experienced) in the last six experimental sessions in each 
treatment. ***P< 0.001.

6.6.2.2 Stability in Preferences

Following the same procedure as in experiment 2, I also investigated whether the level of 

stability in preferences for the focal choice pair was different between the two intake 

regimes. For only one bird (treatment DA) was the slope of the regression marginally 

different from zero (P = 0.07). The group of slopes, however, was not different between 

treatments (Repeated-measures ANOVA, Greenhouse-Geisser correction for sphericity 

applied: Fi,9=0.98, P = NS). Similarly, the variability in choice proportions (as measured by 

the standard deviation) across the final sessions tended to be slightly higher for those 

subjects experiencing treatment DA, but the differences were not significant (Fi, 9=2.04, P = 

NS).

6.7 Experiment 4: Decoy Effects on Choice with Intake Controlled 

6.7.1 Methods

Twelve birds were randomly assigned to two groups ('Fed' and 'Unfed', F and U, 

respectively, see below) of six birds each. Each group experienced two treatments (table 1), 

where preference for the focal choice pair was tested in the presence of the decoy DA
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(treatment DA) and of the decoy DD (treatment DD). 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 (DA and DD), with the order in which 
treatments were experienced (between brackets) being balanced 
across subjects.___________________________

________Group________
Fed Unfed

Decoy DA 3(l si) + 3(2nd) 3(l st) + 3(2 nd)
Treatment it ^ t________Decoy Dp 3(2nd) + 3(l st) ^"K^/A

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 DD). 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 DA (the treatment
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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 5 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.Sa), preference in binary choices (where only the focal choice 

pair was available) for the Target Amount was higher in the treatment where the decoy DD 

was offered (Repeated-measures ANOVA with treatment and order as within and between- 

subjects factors: F\,<\ = 5.1, P = 0.07; neither order nor the interaction between order and 

treatment were significant: FI, 4 = 0.27, P = NS and FI, 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 DD , although in 

this latter case differences were not significant (effects of treatment, order and of the 

interaction between them, respectively: FI, 4 = 2.7, P = NS, FI, 4 = 0.35, P = NS and FI, 10 = 

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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For the subjects that had intake rate controlled during sessions (fig.Sb), however, no 

differences between treatments were detected, either in the binary (Repeated-measures 

ANOVA with treatment and order as within and between-subjects factors: all P > 0.5) or 

trinary contexts (all P > 0.5). These results therefore strongly suggest that the differences in 

preference observed were the by-product of differences in intake rate caused by the presence 

of distinct decoys in each treatment.
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Figure 8. Mean proportion of choices (±S.E.) for the Target Amount (TA) 
relative to Target Delay (To) for the two experimental groups in the two 
treatment situations (presence of Decoys DD and DA). The bars for the 
trinary choice trials represent the relative preference for Target Amount 
over Target Delay in the presence of the decoy, as calculated by equation 1.

6.7.2.2 Within-Treatment Comparison

In both groups (F and U) there were no differences in relative choice proportions between 

the trinary and binary contexts either in treatment DA or treatment DD (paired-t tests: -0.07 < 

/5 < 2.1, P = NS in all cases; see fig.8).
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To test for violations of regularity, I also compared the birds' absolute preferences 

for each option between the two contexts (binary and trinary) for each treatment and group. 

Figure 9 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 breach 

of regularity (paired-t tests: -2.1 < ts < 0.65, P = NS in all cases). In both groups (F and U) 

each of the two target options was significantly preferred over the decoy (when presented 

with the latter in binary choices) in both treatments (one sample t-tests against a random 

expectation of 0.5: P < 0.05 in all cases).
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Figure 9. Mean absolute proportion of choices (±S.E.) shown by each group for each option in the 
binary and trinary contexts in both treatment situations. The decoy took an average proportion of (a) 
0.07 ± 0.05, (b) 0.07 ± 0.04, (c) 0.03 ± 0.01 and (d) 0.10 ± 0.02 choices in the groups where intake 
rate was controlled (treatments DA and DD) and not controlled (treatments DA and DD), respectively. 
The dashed lines indicate the random expectation in the binary (Bi) and Trinary (Tri) contexts.

6.7.2.3 Differences in Intake Rate

I also measured the subjects' average intake rate during the last six experimental sessions for 

the group that did not have it controlled (fig. 10). Similarly to the results reported for 

experiments 2 and 3, intake was higher in treatment DA than in treatment DD (Repeated- 

measures ANOVA with treatment and order as within and between-subjects factors:
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Fi,4=17.3, P < 0.01; the effect of order and the interaction between the factors were not 

significant: F M=0.25, P = NS and Fi,4=0.40, P = NS, respectively).
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Figure 10. Total intake rate experienced by subjects who did not have 
intake rate controlled during the last six experimental sessions in each 
treatment **P< 0.01.

The starlings were therefore more biased towards the option offering a higher long- 

term rate of gain (Target Amount) when hungrier than when more satiated. One aspect of 
my results would, however, seem to contrast with this observation and warrants further 

scrutiny. As a consequence of receiving the maximum possible amount of food in each 
block, those subjects assigned to the group where intake rate was controlled (Group F) 

experienced higher intake rates than those assigned to either treatment in Group U, where 

intake was not counterbalanced. In accordance with the previous results, one should thus 

expect the overall level of preference for TA to be lower in the former group than in the 

latter if a subject's overall energetic state was to solely determine the strength of preference 

for the options. Nevertheless, no significant differences between groups were observed 
(Repeated-measures ANOVA with treatment and group as within and between-subjects 

effects, respectively: FI, io=0.05, P = NS). Preference levels in the controlled group (fig.Sb) 

were in fact similar to those observed for the birds under treatment DA in the non-controlled 

group (grey bars in fig.Sa). One possible account of this result is that overall intake in the 

latter treatment was already close to the subjects' physiological requirements and possible 

limits to energy budgets (see Bautista et al. 1998 for a thorough discussion), so that the 

higher rate available to the controlled group did not affect preferences. To explore this 

possibility I plotted the starlings' average food consumption (in grams of food per session) 

along the entire experiment for each one of the groups and treatments (fig. 11). Subjects
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under treatment DD in Group U (grey circles) always showed a lower level of food 

consumption than those under treatment DA (black circles), with differences between 

treatments being progressively smaller as - due to the increasingly frequency with which DD 

was rejected, and TA chosen, in choice trials - preferences in treatment DD approached the 

maximum possible intake. Of more interest to the present analysis is the fact that, in 

treatment DA, total consumption remained relatively stable at approximately 6.3±0.2g of 

food per session (or 18.9g per day) - clearly below the maximum potential consumption in 

that treatment (solid line), but within the range of total daily requirement reported for free- 

feeding adult starlings (Brito e Abreu & Kacelnik 1999). Confirmation of the hypothesis 

would have however required the inspection of total intake relative to each subject's 

individual requirements, as well as the continuous monitoring of variations in body mass. 

Since I did not conduct any of these measurements, this interpretation remains only as a 

possibility.
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Figure 11. Average total food consumption (grams of Orlux© ± S.E.) per session during the 
experiment. The datapoints represent total consumption of those subjects assigned to the 
group where intake rate was not controlled (Group U). The solid and dashed lines represent 
the possible maximum food consumption under treatments DA and DD, respectively. The 
upper solid line (maximum food consumption under treatment DA) also represents the total 
amount of food per sessions offered to subjects in the controlled group (under both 
treatments).

6. 7.2.4 Stability in Preferences

Similarly to experiment 2 and 3,1 investigated whether the slopes of the regression of choice 

proportions for the focal choice pair against session number, as well as the variability in
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choice proportions between sessions, were different when the starlings experienced different 

intake rates. For only one bird (Group F, treatment DD) 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: FI, 5 = 0.09, P = NS) or Group U (Fi, 5 = 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 DA (0.128±0.023) as opposed to DD (0.085±0.017) in Group U, but 

the differences were not significant (Fi,5 = 1.9, P = NS; Greenhouse-Geisser correction 

applied). There were no differences of variability between treatments in Group F (Fi, 5 = 

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 DD and DA, respectively) causes some correlate 

measure of state (such as level of energy reserves) to be higher in the latter case (fig.!2b). 

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 (TA and TD). As shown in the graph, 

the difference between the improvement in state caused by TA and TD 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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being concave in shape (e.g., if state represents the level of reserves of an animal, then the 

contribution of a food item to his future reproductive success decreases with increasing 

reserves - see also McNamara & Houston 1982 for a thorough discussion of the foundations 

of the use of such a function). Figure 12a pictures this relationship. It shows that the 

canonical cost (defined as the difference between the expected fitness value of each option, 

McNamara & Houston 1986) of choosing the suboptimal option (TD) is more severe under 

treatment DD (SDD) than under treatment DA (6DA). As a consequence, preference for TA 

should be higher under treatment DD if costly errors were less likely to occur. This 

possibility is further suggested by the observation that, in three out of the four experiments, 

preferences tended to be more variable under richer than poorer schedules.

' ^ State ' (b)

5D

Fitness

DD DA

Rate of Energy Intake

Figure 12. A functional model of how changes in state can lead to differences in partial levels of 
preferences. In (b) state is assumed to be some positive function of rate of energy intake. DD and DA 
represent the average intake rate experienced by subjects presented with the decoys DD and DA, 
respectively. Exposure to DD leads to a poorer state (Sdd) than that reached after exposure to DA 
(Sda). In (a) fitness is assumed to be a concave function of an organism's initial state. Sdd + Td and 
Sdd + Ta denote the state reached by subjects under treatment DD after choosing target options TD 
and TA, respectively. Similarly, Sda + Td and Sda + Ta represent the state reached by subjects under 
treatment DA after choosing target options TD and T^ respectively. Although the difference in state 
between the options (TA and TD) is the same under either condition (Sdd and Sda), the fitness cost of 
choosing TD is higher under treatment DD (§DD) than under treatment DA (8DA). This should lead to a 
higher level of preference for TA in the former treatment if costly errors were to be minimized.

Another possible explanation takes into account the potential differences in the way 

subjects learned the contingencies in each context. Based on the same paradigm as that 

described in figure 12, Houston (1987) argues that learning could be rapid when differences
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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 DA 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 200la). 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 200la). 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: 15^1, 40% sucrose; Competitor: 45^.1, 

30%; Decoy: 10|al, 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

115



___________________Chapters. Testing rationality: state-dependence versus context-dependence

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 TD (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 DA should have been considerably higher than that for 

TD - contrary to the observation that, overall, we observed that TA>TD>DA>DD. It is thus 

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

_ A Amount r _ n 
Rate =          [3] 

a*ITI + Delay

i \

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

/\

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 a = 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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design). This is indicated by the slope of the dotted line in figure 13, which shows the extent 

to which the ITI that could have had an effect on preferences in our experiments.

AMOUNT 
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FEEDING OPPORTUNITIES (s) AND FOOD DELIVERY (s)

Figure 13. Each of the options used in the experiments, characterized as a function of the amount 
and delay to food (right side of the graph). The point where the dotted line crosses the abscissa 
indicates the ITI value for which subjects should be indifferent between TD and DA . Any ITI values 
(non-zero) shorter than the above should result in preferences between pairs of options such that 
TA>TD>DA>DD, as observed in experiments 3 and 4.

The results thus seem to agree with previous findings in the literature on operant behaviour 

(Mazur 1987, Mazur 1988, Mazur 2000), where it is usually found that the best relation 

describing the trade off between amount and delay to reinforcement has also the form of a 

hyperbolic function such that

[4]
\ + KD

where V represents the value assigned to the option, A and D the amount and delay (in 

seconds) to receive the reward, respectively, and K a dimensional constant (s" 1 ) with value 

close to 1 (notice that the above algorithm fits the observed pattern of preferences for almost 

any value of K larger than approximately 0.2s" 1 , but has the caveat of showing value in units 

of amount).

One group of subjects (Group DA, experiment 2) showed however an overall bias 

towards target TD, as opposed to TA, a result seemingly at odds with the overall pattern of 

preference observed in the later experiments. It is possible, however, that the observed 

differences between experiment 2 and experiments 3 and 4 were an artefact of procedural
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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 earned during the sessions (Houston & McNamara 1989). In fact, 

since in experiment 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 optimaliry 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
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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.
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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 ITI. There was also a total often 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 5 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 (Fi, io=0.25, P > 0.5). 

Preference for the option associated with higher deprivation was stronger in the second 

group (Fi, 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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one accepts as a reasonable hypothesis that this extra training may have contributed to this 

group's more extreme preference for the option associated with higher deprivation the 

implication would be that the closer the birds were to the asymptotic level of training the 

more pronounced the difference in preference between the options. The interaction between 

state at time of testing and group was not significant (Fuo=0.01, p>0.5).

TESTING STATE
Pre-Fed

7 8 9 10 11 12 MEANS 

BIRDS

Figure 1. Proportion of choices for the option associated with higher deprivation during 
training. The twelve leftmost bars show proportion of choices for each individual. Since 
there was no significant effect of state at the time of testing, I show the result of adding 
choices over the two testing states by placing the bars on top of each other. The random 
expectation is 25% for each component and hence 50% for their sum. All 12 individuals 
chose the option associated with hunger more often than its alternative. Mean (± SE) 
proportions for both states during testing are shown on the two rightmost columns. For 
these bars the random expectation is 50%.

From a conditioning standpoint, rewards received under higher states of need 

should lead to faster acquisition of responding to their associated stimuli, but it is not clear 

whether this should translate into a higher level of choices when the options are 

encountered simultaneously, specially after learning has reached an asymptote. Indeed, 

recent developments in learning theory such as those fostered by Gallistel & Gibbon 

(2000) formalise the process of acquisition, but are mute respect to choice between stimuli 

either during acquisition or after asymptotic learning.
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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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Chapters. Conclusion

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 l context-dependent preferences may prove to be quite common, and could 

conceivably have pronounced ecological consequences " (Shafir et al. 2002)5 .

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 (Pehsoreus 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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correspondence
impression. The original fingermark was 
not damaged by this process.

These findings made sensational news. 
It was feared that astute money lenders 
would implant borrowers' thumbprints on 
fresh proforma and fill in larger amounts 
and/or higher rates of interest. When the 
case was referred to F. Brewester, the then 
Government Examiner of Questioned 
Documents, he submitted himself to a 
test prepared by Howrah Bar. The test 
consisted of 12 fingerprints   a random 
mix of genuine and transferred ones   on 
a single sheet of paper. He was asked to 
segregate them. In one attempt, Brewester 
identified the forged fingerprints. He 
noticed three differences: the transferred 
prints had diffuse lines while the originals 
had sharp patterns; the transferred prints 
were impregnated with gum; and the fibres 
on the part of the paper with transferred 
prints were disoriented.

Brewester therefore concluded that an 
observant fingerprint expert can easily 
differentiate an original mark from a 
transplanted one. 
G. S. Sodhi*. Jasjeet Kaurt 
*5. G. T. B. Khalsa College, University of Delhi, 
Delhi-110007, India
\Rajguru College of Applied Sciences for Women, 
University of Delhi, Delhi-110095, India

Science and government 
share anti -terrorist goals
Sir Your news article headlined 
"National academies slam Bush proposal 
for data security" (Nature 419, 769; 2002) 
mischaracterizes the debate here in 
Washington by its very title. It also leads 
readers to believe, erroneously, that I said 
that "without written guidelines, scientists 
can't accept [President Bush's science 
adviser, John] Marburger's assurances".

The statement "Science and Security in 
an Age of Terrorism", published on 18 
October by the presidents of the National 
Academy of Sciences, the National 
Academy of Engineering and the Institute 
of Medicine, recognizes the need "to 
achieve an appropriate balance between 
scientific openness and restrictions 
on public information" when strategic 
secrets are at stake. But it also asks our 
government to maintain the current clear 
distinctions between classified and 
unclassified research, and recommends 
against poorly defined categories of 
"sensitive but unclassified" information 
that do not provide "precise guidance on 
what information should be restricted 
from public access".

The statement also asks the Bush 
administration to reaffirm a national 
security directive signed by President
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Ronald Reagan in 1985 which held that "no 
restrictions may be placed upon the 
conduct or reporting of federally funded 
fundamental research that has not received 
national security classification".

In the wake of 11 September 2001, all 
of us in science and government have 
been forced to soberly reassess our roles 
concerning research touching on possible 
terrorist threats. No US scientist wants 
to publish research in a form that could 
be helpful to terrorists. Similarly, no US 
government official should want to 
hinder (or worse, stop) scientific 
research that might lead to effective 
tools against terrorism.

Scientists and government are listening 
to each others' legitimate concerns, and the 
government wants to enlist scientists in its 
anti-terror ism policies. In January, the 
National Academies plan to host a town 
meeting in which scientists, scientific 
publishers, national-security experts and 
government officials can talk face to face.

Marburger, director of the White House 
Office of Science and Technology Policy, 
is a key partner in these discussions. He 
informs us of the administration's concerns 
as well as communicating scientists' and 
scientific organizations' concerns to the 
White House. This is why I was disturbed at 
your implication that I said scientists 
couldn't rely on Marburger's assurances. 
That is simply wrong. The Bush adminis­ 
tration has not yet even formulated its 
ultimate policy on this issue.

At the National Academies, we have 
never doubted Marburger's intentions 
or his goodwill. We share the same goal: 
to harness and focus the considerable 
energies of the science, engineering 
and health communities in the 
complex, rapidly changing challenge 
of counter-terrorism. 
E. William Colglazier 
National Academy of Sciences and National 
Research Council, 2101 Constitution Avenue 
Northwest, Washington DC 20418, USA

Peer review to select 
academic job applicants
Sir  Assessing the quality of candidates 
for academic positions has been the subject 
of controversy. Problems include nepotism 
and inbreeding, lack of impartiality among 
committee members   as M. Soler noted 
in Correspondence (A/afure411,132; 2001) 
  and the increasing use of impact factors 
as indicators of research performance (see, 
as one of many examples, A/afure415, 
726-729:2002).

We suggest, as an alternative, that peer 
review could be a fairer method of research 
evaluation when scientists are being

assessed for new jobs. To ensure the 
expertise and impartiality of peers, 
appointment committees should include 
internationally recognized scientists who 
are not affiliated with the institution where 
the position is offered.

Operational costs could be kept low by 
use of e-mail, the Internet, videoconfer­ 
encing and so on. Such cost-effective 
implementation would be of particular 
benefit to academic institutions in 
developing countries, which could call on 
a broader choice of specialists to comprise 
virtual appointment committees.

Rigorous criteria, relevant to the 
position, could be laid down before the 
job is advertised. These criteria might 
include originality of ideas, diversity of 
approaches, appropriateness of methods, 
statistical design and analyses, and so 
on. Candidates could then be assessed 
on the kind of quantitative scale that 
many journals use.

To that end, a comprehensive account 
of the candidate's research contributions, 
together with relevant published papers, 
can be presented without the journals' or 
the candidate's identities being revealed, 
so research committees can focus on 
scientific quality irrespective of journals' 
impact factors and potential personal 
biases. Moreover, the identity of the 
committee should be made public, to 
safeguard the impartiality of the selection 
process and the confidence of candidates.

Peer review has undeniably contributed 
to the advancement of science by 
providing a reliable system of quality 
control validated by experts. Some of the 
criticisms of its use (such as plagiarism and 
competition) are unlikely to apply to the 
selection of new academic staff, as it is 
usually a candidate's past achievements   
rather than ideas, methods or data   that 
are under assessment.

No system is foolproof, and other 
criticisms of peer-review may apply to 
individual assessment   for example, 
sexism, opposing interests and lack of 
support for controversial ideas. However, 
these can be minimized by a policy of 
blind review, by having candidates 
specify potential conflicts of interest 
beforehand, and by including referees 
with different perspectives.

In summary, we believe that electronic 
information technologies can enhance the 
quality of recruitment systems in academic 
institutions by enabling the widespread 
use of peer review. This would be an 
improvement on current methods such as 
the impact factor, which is not a reliable 
measure of scientific excellence. 
Esteban Fernandez-Juricic, Wladimir 
J. Alonso, Cynthia Schuck-Paim 
Department of Zoology, University of Oxford, 
Oxford OX 13PS, UK
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