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Rational Choice, Context Dependence,
and the Value of Information in
European Starlings (Sturnus vulgaris)
Esteban Freidin* and Alex Kacelnik†

Both human and nonhuman decision-makers can deviate from optimal choice by making
context-dependent choices. Because ignoring context information can be beneficial, this is
called a “less-is-more effect.” The fact that organisms are so sensitive to the context is thus
paradoxical and calls for the inclusion of an ecological perspective. In an experiment with
starlings, adding cues that identified the context impaired performance in simultaneous prey
choices but improved it in sequential prey encounters, in which subjects could reject opportunities
in order to search instead in the background. Because sequential prey encounters are likely
to be more frequent in nature, storing and using contextual information appears to be ecologically
rational on balance by conditioning acceptance of each opportunity to the relative richness
of the background, even if this causes context-dependent suboptimal preferences in
(less-frequent) simultaneous choices. In ecologically relevant scenarios, more information
seems to be more.

Acquiring information involves time and
energy (1–3). It follows that information-
acquisition mechanisms should evolve

if these costs are, on average, offset by the ben-
efits of using knowledge to modify and improve
decisions in the animal’s natural environment.
However, in some situations decision rules that

disregard available knowledge outperform alter-
natives that use it—an informational “less-is-
more effect” (4). The frequency and importance
of suchparadoxes in natural scenarios is not known,
but they do occur in both humans and nonhu-
mans performing experimental tasks (5–15) and
can be related to well-known breaches of eco-
nomic rationality. Some examples include sunk
costs, state-dependent learning, and context-
dependent utility. The “sunk cost fallacy” is
committed when knowledge of irrecoverable,
retrospective costs increases preference for alter-
natives known to have had greater cost, distorting
cost-free choices (5–8). “State-dependent valua-
tion learning” occurs because items obtained

when in greater need yield larger benefits, so that
memory for accrued benefits hinders simulta-
neous choices when the subject’s state is identical
for all options (9–11). Last, “context-dependent
utility” results from the fact that perceived utility
depends on background opportunities; thus, mem-
ory for context has the same hindering potential
as state-dependent valuation learning, by enhanc-
ing preference for options associated with poorer
contexts (12–15).

We examined the impact of contextual in-
formation on choice using a laboratory repre-
sentation of foraging decision-making by European
starlings (Sturnus vulgaris). Starlings’ main
foraging technique is to walk in short grass areas,
briefly stopping to probe the ground searching
for grubs, and then restarting their walking to
cover new ground. Geographically or temporally
identifiable foraging sites can be thought of as
contexts that may contain a different assortment
of prey of diverse quality. In a given site, upon
detection of clues indicating the possible pres-
ence of a prey starlings either dig deeper to pursue
the opportunity or walk on to continue searching.
This involves a sequential decision in which the
relative advantage of rejecting an opportunity to
keep walking depends on information of both the
attributes associated with each opportunity (prey
species, capture time, capture probability) and the
properties of the context (prey type distribution,
intercapture intervals). Occasionally, a bird may
simultaneously observe signs for two potential
prey types and thus face a simultaneous choice.
Generally, in these cases the optimal choice depends
on the attributes of the prey types, regardless of the
context. Thus, contextual information is irrelevant
and sometimes can lead to losses. For example,
if each of the items in a choice set is associated to

Fig. 1. Schematic of the se-
quence of trials in a session in
which the context was (A) sig-
naled or (B) unsignaled by the
color of the trial-initiating light
(x). On the right of each of the
main columns, there are ampli-
fied representations of exem-
plar trials. Trials started with
the x-light flashing. A peck to x
led to either a no-choice trial or
a choice (either simultaneous or
sequential) after a 2-s random
interval (b in Eqs. 1 and 2).
Pecking options A3, B8, C13, and
D35 yielded two food pellets
after the delays indicated in the
suffixes (in seconds). Pecking
RAB or RCD caused the next trial
to start immediately, hence
choosing the R-option served
to reject the food option avail-
able on that trial. Sessions consisted of two consecutive contexts (AB and CD),
each comprising blocks of no-choice, simultaneous-choice, and sequential-
choice trials. A simultaneous choice trial in context AB consisted of B8 paired
against A3 (8 out of 10 choices) or against C13 (2 out of 10 choices), and in
context CD of C13 paired against D35 (8 out of 10 choices) or B8 (2 out of 10

choices). A sequential choice trial in context AB consisted of either A3 or B8
paired against RAB, and in context CD of either C13 or D35 paired against RCD.
As soon as subjects pecked at an option in a choice, the other one was turned
off and disabled for that trial. IBI, inter-block interval (~10 min long); ICI,
inter-context interval (45 min long) (20).
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the memory for a different background, then
using background-relative information in a simul-
taneous choice may lead to preference for the
worse item. Experimental animals are known to
fall for this (12, 14, 15). Sequential encounters
are different. According to rate-maximizingmodels
in optimal foraging theory (OFT) [and profit
maximization in microeconomics (16)], optimal
sequential decisions depend on the attributes of
the present opportunity and its background. To
maximize foraging rate of gain, an individual
should pursue each opportunity if doing so con-
fers a higher expected outcome than foraging in
the background. For this reason, far from being a
potentially confusing factor, in sequential en-
counters contextual information is at the core
of optimal decision-making. The lost-opportunity
rationale is the basis of the two main paradigms
in OFT, the marginal value theorem (17) and the
diet choice model (18, 19).

The fundamental difference in the role of con-
textual information between sequential encounters
(in which it is crucial) and simultaneous en-
counters (in which it is irrelevant or harmful) gives
us an opportunity to investigate the apparent
paradox of context-dependent decision-making,
in which agents gather contextual information
but can experience losses by using it. We show
that providing more contextual information leads
to stronger context-dependent valuation of prey
types, helping decision-makers (DMs) in sequen-
tial foraging but hindering them in simultaneous
prey choices.

Eight European starlings made both sequen-
tial and simultaneous decisions while we manip-
ulated the availability of contextual information.
The basic procedure was as follows: Four arbi-
trary stimuli were consistently paired with specific
time intervals between the animal’s choice and
food delivery (an analog of the pursuit time for
each potential prey item). They were arranged in
two pairs. The objective profitabilities of each of
them ranked as follows: A3 > B8 > C13 > D35,
with the suffixes indicating the delays (seconds)
in each option (Fig. 1). Because all options pro-

vided the same amount of food, profitability
comparisons are based on immediacy, the recip-
rocal of the delay between responding and food
delivery. The two pairs appeared in two temporal
contexts, hereafter referred to as “contexts” AB
and CD (Fig. 1). For options B8 and C13, this
arrangement causes the ranking of their objective
profitabilities (B8 > C13) to be the opposite of the
memory for their respective within-context rank-
ing (B8 < A3, C13 > D35). Thus, any bias toward
favoring C13 over B8 reflects the influence of con-
textual information. We manipulated the amount
of contextual information in two conditions: In
condition “context signaled,” the color of the
trial-initiating light signaled whether the present
time block (context) was AB or CD. In con-
dition “context unsignaled,” this light was un-
correlated with context (Fig. 1). We examined
sequential and simultaneous choices in each
context. See further details in the caption of
Fig. 1 (20).

Figure 2A shows that varying the amount of
contextual information affected subjects’ preference
in simultaneous B8-versus-C13 choices. Starlings
preferred B8 over C13 (the rate-maximizing choice)
when context was unsignaled (t test against
indifference: t7 = 3.84, P < 0.004) but not when
context was signaled (t7 = 0.82, P = 0.22). A
Wilcoxonmatched pairs test showed a significant
effect of context signaling on the proportion of
choices for B8 over C13 (n = 8 starlings, z = 2.24,
P = 0.025), but neither the context in which pref-
erence was measured (whether AB or CD) nor its
interaction with condition were significant [anal-
ysis of variance (ANOVA), condition: F1,7 =
5.67, P = 0.049; context: F1,7 = 2.36, P = 0.17;
and condition x context interaction: F1,7 < 1, P =
0.87), proving that the effects were mediated by
contextual memory and not by context at the time
of choice [supporting online material (SOM) text].

We discuss sequential decision-making fol-
lowing Charnov’s diet choice model (18). We
assume that a forager encounters food options
on average every b seconds of searching and
can meet either of two option types, X and Y,

with probabilities pX and 1 − pX, respectively. If
attacked, option X delivers aX food units after
dX seconds, whereas option Y yields aY after dY
seconds. Arbitrarily, we set option X as having
greater profitability, defined as the ratio a/d.
Equations 1 and 2 present the rate of intake of
an ideal forager that is either a generalist (accepts
all options; Eq. 1) or a specialist [only takes the
option with the highest payoff in each context,
rejecting the lower-profitability option upon
encounter (we assume that identifying, handling,
and if appropriate, rejecting items takes no time at
all); Eq. 2]. To identify which of these is the rate-
maximizing strategy, we plugged the experimen-
tal parameters into Eqs. 1 and 2 and compared the
resulting rates (SOM text).

Generalist rate ¼ pXaX þ ð1− pX ÞaY
pX dX þ ð1−pX ÞdY þ b

(1)

Specialist rate ¼ pXaX
pX dX þ b

ð2Þ

The comparison shows that a specialist that took
only the better option in each context (accepted
A3 and C13 but rejected B8 and D35) would ob-
tain a mean rate of intake 17% higher than would
a generalist that consumed all options (averaging
across contexts). Intuitively, this happens because
the specialist uses the time that the generalist
dedicates to exploit poorer options to search for
the most profitable alternatives in the context. In
terms of our experimental situation, optimal (rate-
maximizing) sequential choices consist of always
accepting option A3 and rejecting B8 in context
AB (choose RAB over B8) and always accepting
option C13 and rejecting D35 (choose RCD over
D35) in context CD (Fig. 1).

In contrast with the results in simultaneous
choices, observed preferences in sequential
choices came closer to the predictions of the rate-
maximizing model just described when more
contextual information was available: Signaling
the context increased the proportion of choices of

Fig. 2. Results of (A) simultaneous choices for B8 over C13 and (B) sequential choices for B8 (over RAB) and for (C) C13 (over RCD). Solid diamonds indicate the
mean (T1 SEM). Empty diamonds indicate individual subjects. Asterisks indicate significant statistical differences between conditions.
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RAB over B8 and of C13 over RCD. (Wilcoxon
matched pairs tests of the proportion of choice
with condition as a factor; n = 8 starlings; RAB

over B8, z = 1.96, P = 0.049; C13 over RCD, z =
2.38, P= 0.017) (Fig. 2, B and C, and SOM text).

Context effects could be mediated either by
context dependence for the memory of the op-
tions’ utility or for the memory of the options’
physical attributes (15). These possibilities can be
differentiated when, as here, options only differ
in delay to outcome because there is an inde-
pendent measure of attribute knowledge. Key
pecking during options’ delay to food indicates
the subjects’ expected time of reward (21, 22).
Options B8 and C13 were the alternatives with the
most similar profitabilities, and choices involving
these options were the most affected by manip-
ulation of contextual information. We were
particularly interested in testing first, whether
subjects discriminated between them, and sec-
ond, whether contextual information influenced
memory of reward immediacy. The answers were
yes and no, respectively (Fig. 3). Pecking pat-
terns during the delay to food prove that they
discriminated between B8 and C13 and knew that
B8 involved a shorter delay. This can be inferred
from the higher pecking rate toward B8 than C13

during the initial 8 s of responding to each stim-
ulus (ANOVA, F1,7 = 15.12, P = 0.006); after
that, B8 delivered its food reward and was turned
off (Fig. 3). Also, timing discrimination was not
affected by the differential amount of contextual
information (ANOVA, condition and option x
condition interaction, both Fs < 1, P = 0.98, and

P = 0.90, respectively) (Fig. 3), implying that the
effect of contextual information was not medi-
ated by distortions of memory for physical at-
tributes of the alternatives.

In the wild, memory for contextual infor-
mation may be highly adaptive because it en-
hances sensitivity to background opportunities.
For starlings in their typical foraging settings,
simultaneous choices are rare, and the occasional
loss caused by context influence in such cases is
likely to be overridden by the benefit they confer
in sequential decisions. From a reverse engineer-
ing perspective, the widespread finding of con-
text dependence across many species supports
the inference that sequential decision-making has
probably been a strong influence in the evolution
of valuation and choice mechanisms across a
majority of taxa. Thus, although the costs that
these mechanisms cause in controlled experi-
ments seem highly relevant to modern-day shop-
ping decisions (13, 23), they are likely to have
been less important in nature (24, 25). So far,
however, it has not been possible to quantify
the relative importance of different kinds of de-
cisions in the ecological circumstances of any
species. In conclusion, the advantageous influ-
ence of context dependence in sequential choices
may be relevant for a variety of decision issues
in which the relative value of incentives has
been highlighted, from the study of heuristics
and biases in animal (7–12, 14, 15) and human
(4, 13, 23) decision-making to research on in-
centive relativity in behavior (26) and brain func-
tioning (27).

References and Notes
1. T. D. Johnston, Adv. Stud. Behav. 12, 65 (1982).
2. R. Dukas, J. Theor. Biol. 197, 41 (1999).
3. F. Mery, T. J. Kawecki, Science 308, 1148 (2005).
4. D. G. Golstein, G. Gigerenzer, in Handbook of

Experimental Economics Results, C. R. Plott, V. L. Smith,
Eds. (North-Holland, Amsterdam, 2008), pp. 987–992.

5. E. Aronson, J. Abnorm. Soc. Psychol. 63, 375 (1961).
6. H. R. Arkes, C. Blumer, Organ. Behav. Hum. Dec. 35,

124 (1985).
7. T. S. Clement, J. R. Feltus, D. H. Kaiser, T. R. Zentall,

Psychon. Bull. Rev. 7, 100 (2000).
8. A. Kacelnik, B. Marsh, Anim. Behav. 63, 245 (2002).
9. L. Pompilio, A. Kacelnik, Anim. Behav. 70, 571 (2005).

10. L. Pompilio, A. Kacelnik, S. T. Behmer, Science 311,
1613 (2006).

11. J. M. Aw, R. I. Holbrook, T. Burt de Perera, A. Kacelnik,
Behav. Processes 81, 333 (2009).

12. T. W. Belke, Anim. Learn. Behav. 20, 401 (1992).
13. I. Simonson, A. Tversky, J. Mark. Res. 29, 281 (1992).
14. T. A. Waite, Behav. Ecol. 12, 318 (2001).
15. L. Pompilio, A. Kacelnik, Proc. Natl. Acad. Sci. U.S.A.

107, 508 (2010).
16. P. A. Samuelson, W. D. Nordhaus, Economics

(McGraw-Hill, New York, 2010).
17. E. L. Charnov, Theor. Popul. Biol. 9, 129 (1976).
18. E. L. Charnov, Am. Nat. 110, 141 (1976).
19. D. W. Stephens, J. R. Krebs, Foraging Theory (Princeton

Univ. Press, Princeton, 1986).
20. Materials and methods are available as supporting

material on Science Online.
21. A. C. Catania, in Theory of Reinforcement Schedules,

W. N. Schoenfeld, Ed. (Appleton-Century-Crofts,
New York, 1970), pp. 1–42.

22. S. Roberts, J. Exp. Psychol. Anim. B. 7, 242 (1981).
23. J. Huber, J. W. Payne, C. Puto, J. Consum. Res. 9, 90 (1982).
24. D. W. Stephens, D. Anderson, Behav. Ecol. 12, 330 (2001).
25. M. S. Shapiro, S. Siller, A. Kacelnik, J. Exp. Psychol.

Anim. B. 34, 75 (2008).
26. C. Flaherty, Incentive Relativity (Cambridge Univ. Press,

Cambridge, 1996).
27. W. Schultz, Curr. Opin. Neurobiol. 14, 139 (2004).
Acknowledgments: This research was supported by the

Programme Alban (the European Union program of High
Level Scholarships for Latin America) scholarship
E04D031814AR and Overseas Research Student Scheme
Award UK to E.F., and UK Biotechnology and Biological
Sciences Research Council grant BB/G007144/1 to
A.K. The authors declare no competing financial
interests or conflict of interest. E.F. performed the
experiment and collected, processed, and analyzed
the data. Both authors shared the experimental design
and writing of the paper.

Supporting Online Material
www.sciencemag.org/cgi/content/full/334/6058/1000/DC1
Materials and Methods
SOM Text
References (28, 29)

10 June 2011; accepted 7 October 2011
10.1126/science.1209626

Fig. 3. Subjects reward expectation as a
function of delay, expressed as mean pecks
per second in no-choice trials (open sym-
bols, context signaled; solid symbols, con-
text unsignaled; n = 8 starlings) for options
A3 (◆,◇), B8 (■,□), C13 (▲,△), and D35
(●,◯).

18 NOVEMBER 2011 VOL 334 SCIENCE www.sciencemag.org1002

REPORTS

 o
n 

N
ov

em
be

r 
21

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/

