S C I E N C E ’ S C O M PA S S
id phase can emerge from the analysis of
the expansion of the gas.
Is it possible to probe directly the emergence of superfluidity in these ultracold Fermi gases? Measuring the collective oscillations is not expected to be of great help in
this respect. The frequencies of the collective oscillations can provide an accurate
check of the consequences of unitarity, but
cannot distinguish whether the hydrodynamic regime is due to superfluidity or to collisional effects.
To probe directly the occurrence of superfluidity, one should investigate other
quantum effects. An important example is
the study of rotational phenomena, in particular quantized vortices. In superfluid
Fermi systems, vortices are characterized

by quanta of circulation that are multiples
of π, in contrast to bosons, where the
quanta are multiples of 2π. By generating
a single vortex line, aligned along the
symmetry axis of the trap, one should be
able to generate a configuration with angular momentum per particle equal to /2.
Configurations with single vortex lines
have been realized with Bose-Einstein
condensed gases, probing directly the
quantization of circulation (16). Repeating
such an experiment in a Fermi gas should
provide a stringent test of superfluidity.
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P E R S P E C T I V E S : B E H AV I O R A L E C O L O G Y

of this theory builds on a thought experiment known as the Prisoner’s Dilemma. In
its simplest form, each of two individuals
must “cooperate” (C) or “defect” (D)—
that is, choose the option yielding the
larger or the smaller payoff to the other.
Mutual cooperation yields a higher reward
(R) to each than does mutual defection (P) so that R > P (see the figure). Yet each individual does better
by defecting, regardless of the other individual’s choice (T > R, P > S). So, in
the absence of trust, each is tempted to
exploit the other, and mutual defection is
the only strategically stable outcome.
How, then, can both enjoy the benefits of
cooperation?
It has long been accepted that human
partners can escape from this dilemma
and sustain cooperation by interacting repeatedly and reciprocating (that is, matching the previous behavior of the other) (4).
Yet such cooperation has been notoriously
difficult to obtain in the laboratory. For
example, in previous work, Clements and
Stephens (5) exposed captive blue jays to
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The Prisoner’s Dilemma made simple. (Top)
Through a system of levers and chutes, each of
two hungry blue jays in adjoining cages can deR
S
R
S
C
C
posit either a large food item of value R in its
neighbor’s food tray (cooperation, C ) or a small
food item of value P in its own (defection, D).
D
D
T
P
T
P
Mutual cooperation yields a higher reward to
each than does mutual defection because R > P.
One interaction
Many interactions
But the temptation for each to exploit the other’s cooperation by taking R + P while the other
gets nothing means that mutual defection is always strategically stable. (Bottom left) General reward matrix for a Prisoner’s Dilemma: The rewards to one individual choosing C or D when the other chooses C or D satisfy T > R > P > S. The top part of the figure depicts the special case where T =
R + P and S = 0. (Bottom right) With a sufficient number of interactions, conditional cooperation
increases the reward for mutual cooperation: Now R > T. But if the rewards reaped from cooperating are delayed, then the temptation to defect is eliminated only if αR > T. Thus, as Stephens et al.
(2) demonstrate, sustained cooperation may require both strategic reciprocity and sufficiently low
discounting (sufficiently high α), that is, a sufficiently low preference for an immediate reward.
D
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uman cooperation often depends
on a delayed reciprocity in which
each partner risks short-term costs
to achieve a long-term mutual advantage.
Are nonhuman animals capable of such
cooperation? The evidence has been
equivocal (1). However, in a set of clever
experiments published on page 2216 of
this issue, Stephens et al. (2) demonstrate
that captive blue jays are indeed capable
of sustained cooperation. Furthermore,
the authors present evidence as to why it
has been so difficult to observe sustained
reciprocity in animal cooperation studies.
In their experiment, a hungry bird can either cooperate or defect (that is, not cooperate) by selecting perches that control
the allotment of seeds to itself and to a
neighbor. Mutual cooperation allows
both to obtain a large reward, whereas
defection increases the immediate payoff
to a selfish individual. By allowing food
rewards to accumulate in clear trays before being released to the birds, the authors were able to control the degree to
which their blue jay subjects preferred an
immediate to a delayed reward (called
discounting).
A large body of theory explores the
potential for cooperation when there is a
short-term temptation to cheat (3). Most
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the Prisoner’s Dilemma using a similar experimental setup (apart from the transparent food trays). Even when birds were
trained to cooperate initially, they switched
to sustained mutual defection. The reasons
were unclear. Do nonhuman animals lack
the capacity for reciprocal cooperation? Or
was a failure to cooperate due to the unnatural conditions of the experiment?
Another explanation now appears more
likely. In the new set of experiments,
Stephens et al. (2) show that blue jays are
indeed capable of sustained cooperation.
The key is to recognize that, relative to rewards from defection, rewards from cooperation may be delayed. The effect of such
a delay is to reduce the immediate value of
any cooperative benefit from, say, B to only αB, where α depends inversely on the
strength of temporal discounting, that is,
on the strength of the preference for an
immediate versus a delayed reward (6).
This effect may be considerable; for example, as Stephens et al. (2) note, a delay of
only a second may imply α = 0.5. So a
bird may prefer one seed now to two seeds
in the very near future. Despite that, in
studying cooperation, behavioral ecologists have largely assumed α = 1.
Although in principle it isn’t hard to

see that temporal discounting can make
the difference between sustained cooperation or defection, it is considerably more
difficult to demonstrate this effect in practice. Yet this is precisely what Stephens et
al. (2) have achieved: They found that
birds care less about the immediacy of rewards if seeds accumulate in a transparent
food tray for some time before being disbursed. Most birds then cooperate if their
partner does so as well.
The study is timely because it forces
behavioral ecologists not only to rethink
the potential importance of temporal discounting, but also to address a number of
other issues. For example, even when
temporal discounting was high, some
blue jays achieved significant levels of
cooperation whereas others did not. Thus,
there is apparent variability in the
propensity of individuals of the same
species to cooperate. The consequences
may be important, just as intrinsic variation in fighting ability strongly affects the
strategic stability of contest behavior in
animals (7). Humans also vary in their
propensity to cooperate (for example, between males and females, or between
economists and noneconomists) (8). And
how, precisely, do animals condition their

behavior according to the behavior of
another in order to achieve cooperation
when discounting is low? Are they gathering information about their partner’s
propensity to cooperate?
If such variation exists and animals can
assess it, then cooperation in nature may
have far more to do with partner choice (9)
than with strategic reciprocity. So, in the
theory of cooperation, has there been too
much emphasis on reciprocity and too little on other factors? This is a question for
future work to decide.
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PERSPECTIVES: GLACIOLOGY

Ice Sheets on the Move
Charles F. Raymond

s ice sheets retreated after the last
glacial maximum, the ocean surface
rose by more than 100 m, sometimes in pulses of more than a meter per
century. Today, there are still large ice
sheets in Greenland and Antarctica, and
some of the remaining ice may be susceptible to release to the ocean.
The total mass of today’s ice sheets is
changing only slowly, and even with climate warming increases in snowfall
should compensate for additional melting (1). Ice flow speeds can, however,
change abruptly by orders of magnitude
as a result of changes in lubrication at
the ice base by pressurized water (2).
Could ice be dumped directly into the
ocean, possibly increasing the rate of
sea level rise to much more than the
present 0.2 m per century? Whether a
threshold for such an event could be
reached is a matter of ice dynamics.
The ice flowing out from ice sheets is

A

The author is in the Department of Earth and Space
Sciences, University of Washington, Seattle, WA
98195, USA. E-mail: charlie@ess.washington.edu

focused into relatively narrow, faster moving paths deep in their interiors (3). These
paths merge and accelerate toward the periphery, where they are called outlet
glaciers (which follow deep valleys) or ice
streams (which move on slippery beds between slow intervening areas). They typically reach the ocean by flowing into floating ice shelves. The grounded-floating
transition is called the grounding line.
Increased melting is today resulting in
ice shelf disintegration, thinning, and flow
acceleration in some peripheral areas of
Greenland and West Antarctica (4). Melting is likely to spread and intensify as the
atmosphere and ocean warm. Could such
boundary attack be propagated rapidly
along fast-flow paths into the ice sheet interiors, “pulling” ice to the ocean (5)?
There is little evidence that the huge
East Antarctic Ice Sheet is responding to
recent climate warming. Certain marginal
areas of the Greenland Ice Sheet subject to
melting show large changes, but the interior remains in overall balance.
Although it is important not to lose
sight of these major ice masses, the situa-
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tion on the West Antarctic Ice Sheet
(WAIS) is perceived as more serious (6).
Its bed is well below sea level, and troughs
guiding ice streams could provide corridors for grounding-line recession into the
deep interior. Substantial melting on the
upper surface of WAIS would occur only
with considerable atmospheric warming,
but increasing bottom melting of ice
shelves could be important now.
The three major WAIS drainages show
a mixed picture (4). The eastward
drainage toward the Weddell Sea is close
to mass balance now. The ice streams considered most threatening to WAIS stability
drain northward to the Amundsen Sea (7).
Over the last decade, this area has seen
rapid recession of grounding lines, acceleration or widening of ice streams, and
thinning over substantial distances back
into the ice sheet (8). The causes are uncertain, but heat from the ocean may be
the major factor.
There has been more extensive examination of both the history and dynamics of
the westward drainage into the Ross Ice
Shelf (see the figure). Over the last few
centuries, margins of active ice streams
migrated inward and outward, one ice
stream (C) stagnated abruptly, and flow directions have shifted locally. Overall mass
balance has changed from loss to gain (9).
A currently active ice stream (Whillans)
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Discounting and Reciprocity in
an Iterated Prisoner’s Dilemma
D. W. Stephens,* C. M. McLinn, J. R. Stevens
The Iterated Prisoner’s Dilemma (IPD) is a central paradigm in the study of
animal cooperation. According to the IPD framework, repeated play (repetition)
and reciprocity combine to maintain a cooperative equilibrium. However, experimental studies with animals suggest that cooperative behavior in IPDs is
unstable, and some have suggested that strong preferences for immediate
beneﬁts (that is, temporal discounting) might explain the fragility of cooperative equilibria. We studied the effects of discounting and strategic reciprocity
on cooperation in captive blue jays. Our results demonstrate an interaction
between discounting and reciprocity. Blue jays show high stable levels of
cooperation in treatments with reduced discounting when their opponent
reciprocates, but their levels of cooperation decline in all other treatment
combinations. This suggests that stable cooperation requires both reduced
discounting and reciprocity, and it offers an explanation of earlier failures to
ﬁnd cooperation in controlled payoff games.
The Prisoner’s Dilemma illustrates the economic barriers to cooperative action. In this
game, the defecting (noncooperative) option
is always the best choice for a single play of
the game, even though both players could do
better if they cooperated. Axelrod and Hamilton (1) argued that cooperation could be a
game theoretical equilibrium if (i) the game
was played repeatedly and (ii) the players
adopted a reciprocating strategy. In their argument, repetition and reciprocity combine to
make mutual cooperation a viable strategy,
because although a defector will receive an
immediate reward, reciprocity means that it
will suffer for this choice in the long run.
Although theoreticians have exploited this
paradigm with great success, it has been markedly less successful empirically (2–5). Nonhuman animals show a strong tendency to defect
in experimentally created Prisoner’s Dilemmas
(6 –9). These studies raise important questions,
because we cannot usually confirm that the
payoffs in naturalistic studies conform to the
Prisoner’s Dilemma. This uncertainty has led to
controversy in some cases (10 –12), and in others, it has led to questions about whether simpler explanations of observed behavior might
not be more appropriate (5, 13, 14). More than
20 years after Axelrod declared the Prisoner’s
Department of Ecology, Evolution and Behavior, University of Minnesota, 1987 Upper Buford Circle, St.
Paul, MN 55108, USA.
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Dilemma to be “the E. coli of social psychology” (15), there is still no single unambiguous
case of stable nonhuman cooperation in a verifiable Prisoner’s Dilemma.
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One possible explanation for the fragility of
cooperation in the Iterated Prisoner’s Dilemma
(IPD) is strong temporal discounting. In theory,
animals should cooperate in an IPD because
cooperation leads to higher payoffs in the long
run, but animals may not value these long-term
benefits because they strongly discount the future. Psychological studies support this idea. In
these studies (16 –18), experimentalists offer
animals a choice between small immediate and
large delayed food rewards. These experiments
show very strong preferences for immediacy.
Fitted discounting functions suggest that the
first second of delay reduces the value of food
reward by as much as 50% (19). These data,
therefore, suggest that animal discounting may
be much stronger than rates typically assumed
by economists and other students of human
behavior [e.g., 4% per year (20)].
An alternative explanation of the fragility
of cooperative equilibria might hold that animals fail to cooperate, not because they discount strongly, but because they do not implement the appropriate strategy. In the IPD
framework, the opponent’s reciprocation
means that cooperation now enhances long-

Fig. 1. (A) Top view of apparatus. The apparatus consists of side-by-side compartments, each in the
shape of a V. Each compartment is equipped with three perches. Each perch has a microswitch that
reports its status to a controlling computer. Each compartment houses a single bird, one of which
is designated the subject and the other is designated the stooge. The subject chooses freely, but the
stooge follows an experimentally imposed strategy. At the beginning of a play, the birds wait on
their respective rear perches (at the apex of the V). At a programmed time, the controlling
computer switches on stimulus lights on the front panel signaling that a trial has begun. The subject
may hop forward to one of the two front perches to indicate its choice. A hop on the inside perch
indicates a cooperate (or “C”) choice, whereas a hop on the outside perch indicates a defect (or “D”)
choice. The stooge only sees one stimulus light and must hop on the associated perch. The
apparatus is designed with transparent partitions across the front and opaque partitions elsewhere
so that the birds can see each other after they have made a choice (hopped to the front), but not
before. When both birds occupy one of the front perches, the pellet dispensers deliver food into the
accumulators. (B) Accumulator. A transparent plastic box, front and center in each compartment,
received food from the pellet dispenser. The bottom of the box was a ﬂap that could be opened
by the controlling computer. Thus, during accumulated treatments, subjects could see their food
gains but not consume them until the ﬂap was opened.
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term gains by increasing the likelihood of
future cooperation; without such a strategy,
there is no reason to cooperate, even if animals do not discount strongly.
We conducted a factorial experiment, manipulating discounting and strategy, to assess
the contributions of discounting and strategic
reciprocity to the fragility of the cooperative
equilibrium. The subjects were 16 blue jays
(Cyanocitta cristata) of unknown sex and
mixed experimental histories. We assigned
these 16 individuals to eight pairs of unrelated individuals. We designed an experimental
chamber composed of side-by-side V-shaped
compartments so that each member of the
pair had its own compartment (Fig. 1A).
To manipulate discounting, we used payoff-accumulation treatments in which subjects had to complete a sequence of plays
before obtaining the accumulated benefits
from that sequence (21). Intuitively, this
should emphasize the combined benefits of a
sequence of interactions. To implement payoff accumulation, our apparatus dispensed
food into a transparent box (Fig. 1B) so that
Fig. 2. Stability of cooperation in each
of our four treatments. The y axis
shows the relative frequency of the C
response. The x axis divides trials into
thirds, roughly the ﬁrst 333 trials, the
second 333 trials, and the third 333
trials. (A) Data for the accumulated
(reduced discounting) treatments. (B)
Unaccumulated (normal discounting)
treatments. The dashed line shows
treatments in which the opponent
plays the reciprocating strategy TFT,
and the solid line shows treatments in
which the opponent plays All-D. Error
bars indicate 95% conﬁdence levels.

subjects could see their winnings but not
consume them until a flap at the bottom of the
box opened. In accumulated (low discounting) trials, we held food in the accumulator
for four plays of the experimental game, dispensing the subject’s accumulated gains at
the end of the fourth play in a sequence. In
unaccumulated treatments, the flap dispensed
food after every play. A preliminary experiment confirmed that accumulation reduced
discounting as predicted (22).
To manipulate strategies, we randomly
designated one individual in a pair to be the
subject and the other to be the “stooge.”
During data collecting trials, the subject
chose freely between cooperating (C) and
defecting (D) in a Prisoner’s Dilemma (23).
The stooge, however, played one of two experimental strategies: unilateral defection
(All-D) or tit-for-tat (TFT) (cooperate initially but copy your opponent’s previous move
on all subsequent plays). The stooge, therefore, was forced to choose either C or D,
according to its preprogrammed strategy. In
broad outline, therefore, our experiment was

a conventional two-by-two factorial experiment with two levels of accumulation (accumulated and unaccumulated) and two levels
of opponent strategy (All-D and TFT).
Game theoretical equilibria are stability
concepts, so our design tested the effects of
these four treatments on the stability of cooperation in a Prisoner’s Dilemma. To
achieve this, we presented each subject with a
baseline matrix, which quickly led to high
levels of the C response. After establishing
high levels of C, we switched to a Prisoner’s
Dilemma payoff matrix and measured changes in the frequency of C over 1000 freechoice trials. The experiment followed a
within-subjects design so that each pair experienced all four treatments in a randomly
determined order (22).
Results from the four treatments are
shown in Fig. 2 (22). When the opponent
always defected, the frequency of cooperation declined toward zero, regardless of
whether food accumulated. When the opponent reciprocated, however, we observed
elevated levels of cooperation, but there
was a striking difference between accumulated and unaccumulated treatments. In accumulated treatments, where in theory we
reduced the effects of discounting, levels of
cooperation are high and stable. In unaccumulated treatments, levels of cooperation
are elevated but declining, parallel to the
pattern shown in the All-D treatments. A
repeated measures analysis of variance
shows a significant accumulation by strategy by time interaction (F2,14 ⫽ 4.31, P ⫽
0.03), supporting the idea that reduced discounting and strategic reciprocity combine
to influence the stability of cooperation.

Fig. 3. Stability of cooperation
showing individual variation.
This is similar to Fig. 2, except
that individual subjects are distinguished as shown in the legend. (A and C) Accumulated (reduced discounting) treatments.
(B and D) Unaccumulated (normal discounting) treatments. In
(A and B), treatments are shown
in which the opponent plays the
reciprocating strategy TFT, and
in (C and D), treatments are
shown in which the opponent
plays All-D.
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Table 1. Observed and theoretical strategies. The probability of the subject cooperating in the trial
following the T, R, P, and S payoffs was calculated for accumulated and unaccumulated trials in the TFT
treatment. A bootstrap sampling technique was used to establish conﬁdence limits. This technique
generated 1000 strategy vectors from the data. The values for TFT and Pavlov represent predicted
strategy vectors for subjects implementing those strategies. Numbers in parentheses are 95% conﬁdence
limits.
Source
Data:
Accumulated
Data:
Unaccumulated
Theory:
Tit-for-tat
Theory:
Pavlov

t

r

s

0.644 (0.600, 0.683) 0.755 (0.731, 0.780) 0.394 (0.349, 0.437) 0.587 (0.545, 0.628)
0.381 (0.338, 0.425) 0.686 (0.652, 0.720) 0.225 (0.202, 0.248) 0.496 (0.450, 0.542)
1.0

1.0

0.0

0.0

0.0

1.0

1.0

0.0

Data in Fig. 3 are similar to those in Fig. 2,
except that Fig. 3 shows separate results for
each subject. Individuals were most consistent
in the All-D/unaccumulated condition, where
all eight subjects approached zero cooperation
by the end of the treatment. In the TFT/accumulated treatment, there is more variation, but
all individuals were cooperating at elevated levels at the end of the treatment. In the TFT/
unaccumulated condition, we observed some
intriguing bimodality, with three of eight birds
showing stable levels of cooperation (as in the
TFT/accumulated treatment) and the other five
birds showing an erosion of cooperation that
parallels the data in the All-D treatments. The
elevated levels of cooperation observed in the
TFT/unaccumulated treatment (Fig. 2B) are
largely due to these three individuals.
Our data allow some characterizations of
the subjects’ strategies in response to the
experimentally created reciprocity of the
stooge. One can represent a variety of firstorder strategies with the vector representation
(t, r, p, s), where t is the probability of
cooperating after obtaining payoff T [subject
defected, stooge cooperated (23)], r is the
probability of cooperating after obtaining
payoff R (both subject and stooge cooperated), and so on (21). Using this notation, we
represent TFT as (1, 1, 0, 0), All-D as (0, 0,
0, 0), and Nowak and Sigmund’s (24) Pavlov
as (0, 1, 1, 0). Table 1 shows calculated
strategy vectors for the two treatments in
which the opponent played TFT (25).
We saw three patterns. First, all four components of the strategy vector were higher in
the accumulated treatment than in the unaccumulated treatment. We observed especially
striking differences between the accumulated
and unaccumulated treatments for the t and p
components of the strategy. This means that
subjects were more likely to switch from
defection to cooperation when payoffs accumulated, regardless of whether their most
recent defection resulted in a large (T) or
mediocre (P) payoff. In contrast, the r and s
components of the strategy varied relatively
little, suggesting that the main effect of accu-
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mulation is an increased willingness to switch
from defection to cooperation. Second, the
overall pattern of the observed strategy was
r ⬎ t ⬇ s ⬎ p; that is, subjects were most
likely to cooperate after mutual cooperation
and least likely to cooperate after mutual
defection, but they cooperated at roughly
equivalent intermediate levels in the two
“mixed” situations (t, subject defected and
stooge cooperated; s, subject cooperated and
stooge defected). Third, as Table 1 shows, the
observed strategy disagrees strikingly with
both Pavlov and TFT. For example, both
Pavlov and TFT predict that s ⫽ 0 (do not
cooperate with a player who has just “suckered” you), but our subjects were extremely
forgiving, cooperating at rates near 50% after
they had been suckered.
Our results show that discounting and strategy both affect the stability of cooperation; we
observed high stable levels of cooperation
when payoff accumulation reduced discounting
and the opponent played the strongly reciprocating strategy TFT. We observed declining
levels of cooperation in all other treatments.
Several recent critiques of the Prisoner’s Dilemma have focused on discounting (7, 9, 26,
27). Our result is in general agreement with
these critiques, but it also emphasizes the complementary relation between discounting and
strategy. It is, after all, the strategy that creates
a pattern of future gains.
Our work suggests that the timing of benefits can be the difference between stable
cooperation and cooperation that erodes to
mutual defection. These results agree in some
respects with Axelrod and Hamilton’s influential framework (1), because they show that
reciprocity combines with future value to stabilize cooperative action. Yet, our results also
agree with the work of those who have challenged the general applicability of the IPD
framework to real animal cooperation, because the experimental machinations required
to stabilize cooperation in our study are special. Specifically, our results disagree with
the field’s traditional focus on simple undiscounted repetition. In contrast, they provide

solid evidence for the role of discounting and
impulsivity in animal cooperation and therefore raise questions about what factors can
reduce discounting enough to promote cooperation. Information about when benefits are
realized in cases of natural cooperation may
provide important insights into the organization of animal social behavior.
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Materials and Methods
Here we describe materials and methods of two experiments, as well as present SOM text with
brief results. The first was a preliminary experiment to explore the effects of payoff
accumulation on discounting. We then provide detail on the specific methods for the Iterated
Prisoner’s Dilemma experiment.

General Methods

Apparatus
The apparatus used in both experiments is shown in Fig. 1A. Each V-shaped compartment was
equipped with one rear perch and two front perches, all connected to microswitches so that the
experimental program could detect which perch a bird occupied. Each perch was positioned
immediately below a stimulus light (Med Associates ENV-123) that could display any of several
colors.
The front panel of each compartment was also equipped with a food cup, an associated
pellet dispenser (dispensing 20-mg pellets, Med Associates ENV-203-20), and a custom-made
small transparent box in which pellets accumulated (Fig. 1B). At experimentally determined
times, a flap on the bottom of this box could be opened (by energizing a solenoid), delivering the
pellets into the food cup. This device allowed us to create accumulated treatments in which food
accumulated, seen but unavailable, over several trials, and unaccumulated treatments in which
food was dispensed immediately at the end of a trial.

Training
Before being tested in an experiment, subjects were trained to wait on the rear perch for a fixed
time and then hop forward to an illuminated front perch to obtain food. This training used
conventional shaping (or successive approximation) techniques and, typically, took 3 to 6 weeks
to complete.

Closed Economy
We ran both experiments as a closed economy: Subjects lived in the apparatus and obtained all
of their food from it. Experimental contingencies were in effect from 0700 until 1100 and from
1200 to 1600 every day. There was a 1-hour break for apparatus maintenance and animal care
from 1100 to 1200 daily; otherwise, the animals stayed in the apparatus.
All stimulus lights were dark during the periods when contingencies were not in effect.
To ensure that subjects obtained sufficient food to survive, we provided supplementary food (at
1600 daily) for any bird that obtained <7 g during the day. A white noise generator provided
masking noise whenever the experimental contingencies were in effect.

Preliminary Experiment

The goal of the preliminary experiment was to determine whether and under what conditions
accumulation and the temporal arrangement of trials influence blue jay preferences for
immediacy (or discounting). This experiment followed the self-control procedure typically used
in discounting studies [see (S1) for an example]. In self-control studies, subjects must choose
between a small immediate benefit and a benefit that is larger but more delayed. Animals with
strong preferences for the small immediate benefit are said to exhibit strong discounting. This
experiment considered the effects of temporal clumping of trials and the accumulation of
benefits across trials.

Subjects
The subjects in the preliminary experiment were six adult blue jays of unknown sex and mixed
experimental histories: Band numbers were b70, b85, b108, b223, b229, and b239.

Overview of a Trial
The sequence of events within a trial was as follows. (i) The subjects waited for a fixed time (the
intertrial interval). (ii) The apparatus offered a choice between small immediate and large
delayed options, by switching on lights of different colors at the front of the apparatus. (iii) The
subject chose one of the options by hopping forward to the associated perch. Once the choice
was made, the unchosen light was switched off, and the experimentally programmed delay to

food began. (iv) When the programmed delay expired, food was dispensed, and the process
began again at step 1.
Trials were organized into blocks of 32. The first 8 trials within each block were forced
(or “no choice”) trials in which the subjects were offered only one option (i.e., either the small
immediate option or the large delayed option, but not both); the remaining 24 trials were freechoice trials. We randomly selected the light colors associated with small immediate and large
delayed options for each subject, and this association was maintained throughout the experiment.

Treatments
Clumping treatments. Trials were arranged into groups of four (within the blocks of 32 discussed
above). In temporally “clumped” treatments, the subject waited 345 s between clumps and then
was presented with a quick succession of four trials, with a 5-s gap between each trial, so that it
experienced four trials every 360 s. In unclumped trials, the subjected waited 90 s between each
trial, again experiencing four trials every 360 s.
Accumulation treatments. In accumulated treatments, food was held in the accumulator—
visible to the subject, but unavailable—for four trials and was delivered immediately after the
fourth trial was completed. In unaccumulated treatments, the accumulator dispensed food
immediately.
Delay treatments. To assess whether our manipulations influenced the blue jays’
sensitivity to delay, we tested three levels of delay-to-small (one 20-mg food pellet after 5, 15, or
30 s) and two levels of delay-to-large (three 20-mg food pellets after 45 or 75 s). Each subject,
therefore, experienced 24 distinct treatments (two levels of accumulation, two levels of
clumping, two levels of delay-to-large, and three levels of delay-to-small). We first randomized
the order in which each subject experienced the four accumulation/clumping treatments. We then
randomized the order in which they received the six delay treatments within each
accumulation/clumping treatment. Each delay treatment ran for 3 days, yielding ~430 free trials
per treatment.
Baseline treatments. To minimize order effects, we set up the experiment so that the
subjects experienced a baseline treatment before testing in each accumulation/clumping
treatment. We designed the baseline treatment to be intermediate between the actual
experimental treatments. The delay-to-large was 60 s, and the delay-to-small was 25 s. At the

beginning of each set of four trials, the baseline program randomly determined whether the next
four trials would be (i) clumped or not and (ii) accumulated or not. In clumped trials, the subject
waited 285 s before being presented with a succession of four trials, one 5 s after the other. In
unclumped trials, the subject waited 75 s between each of the four trials. Subjects experienced 4
days of these baseline trials before starting each new accumulation/clumping combination.

Brief Results
Repeated measures of analysis of variance (ANOVA) of the arcsine-transformed data found a
significant accumulation/clumping interaction (F1,5 = 9.9683, P = 0.0252), suggesting that
temporal clumping enhanced the effect of accumulation on discounting. Specifically, payoff
accumulation shifted individual jays’ preference toward larger, more delayed options when trials
were clumped in time (univariate test of significance for post hoc comparison, F1,5 = 13.3131, P
= 0.0148).

Main Experiment

The main experiment was designed to study the interaction between strategy and discounting in
an Iterated Prisoner’s Dilemma. In this experiment, pairs of blue jays repeatedly chose between
two alternatives representing cooperation (C) and defection (D). To manipulate strategies, we
assigned one individual in each pair to act as a stooge. The stooge was trained to simply follow
lights, and in doing so it could be made to follow an experimentally determined strategy [either
tit-for-tat (TFT) or All-D]. We used payoff accumulation to manipulate discounting.

Subjects
The subjects were eight pairs of adult blue jays (16 birds total). In an effort to maintain similar
levels of motivation, we chose birds with similar body weights for each pair. We randomly
designated one member of the pair as the subject and another as the stooge. The pairs in this
experiment (subjects are listed first in each pair) were b22 and b18, b24 and b84, b70 and b1,
b85 and b140, b122 and b3, b223 and b106, b229 and b130, and b239 and b208. In referring to
the pairs, we cite only the subject’s band number.

Overview of a Trial
The sequence of events within a single trial (or play of the game) was as follows. (i) The
computer switched on the rear lights at the beginning of each trial, signaling that a new trial had
started. When both subjects occupied the corresponding rear perches, the rear lights were
“washed out” (by switching on an additional white light) to indicate that beginning of the
intertrial interval. (ii) When the intertrial interval had expired, the subject’s front lights were
switched on, indicating that a choice (or play) had become available. The appropriate front light
(as determined by the programmed strategy) for the stooge was switched on at the same time.
The trial only proceeded to this choice phase if both individuals were on their rear perches. (iii)
Next, both birds hopped forward to one of the front perches, the unchosen light was
extinguished, and the chosen light was washed out as described above. (iv) Once both birds
occupied their front perches, food was dispensed according to experimentally determined game
matrices.

Treatments
Following the results of the preliminary experiment, all trials were arranged into clumps of four
to enhance the effect of accumulation on discounting. The birds waited 345 s and then played
four times in quick succession with 5 s between plays. In addition, trials were arranged in blocks
of 40 (10 clumps of 4), with 8 forced or no-choice trials followed by 32 free-choice trials. During
the forced choice trials, the apparatus presented only one option to the subjects (either C or D),
whereas the stooge continued to play its programmed strategy (TFT or All-D).
The C and D choices were defined by their positions (see Fig. 1A). In addition, we
randomly assigned the color of stimulus light associated with the subject’s C and D for each
treatment. The stooge’s lights were both the same color.
Stooge strategy treatments. As explained above, the stooge implemented a strategy that
we determined (either TFT or All-D). We simply programmed the apparatus so that the
appropriate choice (C or D) was the only one available to the stooge. To program TFT, for
example, we programmed the apparatus to show the inside C light, if the subject cooperated on
the previous trial, and to show the outside D light, if the subject defected on the previous trial.
The appropriate payoff matrix (baseline or PD) determined the subject’s payoffs, just as if the

stooge had chosen freely. When there were long programmed gaps between plays, such as from
one day to the next or over the midday break, the TFT player began by cooperating.
Accumulation treatments. In accumulated treatments, food was held in the transparent
accumulator for a series of four trials, whereas in unaccumulated treatments, the flap was opened
at the end of each trial, immediately dispensing food.
Game matrices used in treatments. In describing payoff matrices, we use the
conventional Prisoner’s Dilemma notation. That is, a focal player obtains R (the reward for
cooperation) if both players cooperate, obtains S (the sucker’s payoff) if the focal player
cooperates and his opponent defects, obtains T (the temptation to cheat) if the focal player
defects and his opponent cooperates, and obtains P (the punishment payoff) if both players
defect.
Game theoretical equilibria are stability concepts. To test the stability of cooperation in a
Prisoner’s Dilemma treatment, we sought to first create high levels of cooperation. To achieve
this, we presented each subject with a baseline matrix (R = 4 pellets, S = 2 pellets, T = 0 pellets,
P = 0 pellets) that quickly led to high levels of the C response. Subjects experienced this baseline
treatment before each Prisoner’s Dilemma test, for a minimum of 3 days, terminating only when
the subject showed 80% C or higher for two consecutive days. All treatment variables
(accumulation, stooge strategy) were in effect during this baseline phase.
During tests, the subject experienced the Prisoner’s Dilemma payoff matrix R = 4 pellets,
S = 0 pellets, T = 6 pellets, P = 2 pellets. The stooge obtained two pellets on all trials. Thus, the
stooge received slightly less food on average than the subject did. We did this to maintain the
stooge’s overall hunger level and to make sure that the stooge was equally motivated to choose
either the C or D alternative.
Summary of general treatment procedures. The general plan of a single treatment was as
follows. (i) Stimulus colors, stooge strategy, and accumulation treatment were randomly
assigned. (ii) The subject experienced the baseline matrix (with the chosen accumulation and
stooge-strategy treatments in effect) until the cooperation criterion was satisfied. (iii) The
subject’s payoff matrix was changed to the PD matrix, and this was in effect until the subject
completed 1000 free-choice trials (5 to 7 days). We repeated this cycle until each subject had
completed all four accumulation/strategy combinations. In one case, a subject completed less

than 1000 free trials (never less than 800 free trials), because of an error in the program that
managed the transitions from one treatment to the next.

Brief Results
A repeated measures ANOVA of arcsine-transformed choice proportions found the following
effects: main effect of time period F2,14 = 59.61, P ≈ 0.0; main effect of opponent strategy F1,7 =
63.72, P = 0.000092; main effect of accumulation F1,7 = 4.20, P = 0.08; two-way interaction of
time period and opponent strategy F2,14 = 25.12, P = 0.000023; two-way interaction of time
period and accumulation F2,14 = 1.28, P = 0.31; two-way interaction of opponent strategy and
accumulation F2,14 = 0.42, P = 0.54; and three-way interaction of time period, opponent strategy,
and accumulation F2,14 = 4.31, P = 0.034.
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