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What-Where-When Memory in Pigeons

Shannon |. Skov-Rackette, Noam Y. Miller, and Sara J. Shettleworth
University of Toronto

The authors report a novel approach to testing episodic-like memory for single events. Pigeons were
trained in separate sessions to match the identity of a sample on a touch screen, to match its location, and
to report on the length of the retention interval. When these 3 tasks were mixed randomly within sessions,
birds were more than 80% correct on each task. However, performance on 2 different tests in succession
after each sample was not consistent with an integrated memory for sample location, time, and identity.
Experiment 2 tested binding of location and identity memories in 2 different ways. The results were again
consistent with independent feature memories. Implications for tests of episodic-like memory are
discussed.
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Do animals remember specific episodes in their personal past abey had cached, where they had cached those items, and how long
such? Since the first report of episodic-like memory in scrub jaysago they had cached them. A bird might cache peanuts in one set
(Clayton & Dickinson, 1998), researchers studying a variety ofof distinctive sites and its preferred food of wax worms in other
species and tasks have sought to answer this question (see reviegites. Later, birds had the opportunity to retrieve both kinds of
in Hampton & Schwartz, 2004; Roberts, 2002, 2005). An obstacldtems. Birds that had been taught to expect worms to decay (i.e.,
to progress in their search is that nearly all evidence of episodibecome unpalatable) over time searched most in sites where
memory in humans is obtained verbally: People report a subjectivevorms had been cached at short retention intervals (RIs) and
sense of traveling back in time to a specific past experience. Suckearched most in peanut sites at long ones. In contrast, birds that
autonoetic consciousness is an essential feature of episodic memad not been taught to expect worms to decay always searched
ory by some recent definitions (Tulving, 2002). Many researcherspreferentially for worms. It is important to note that, because
studying nonverbal species have therefore followed Clayton an@épisodic memory is a kind of long-term memory (Hampton &
Dickinson (1998) in adopting the earlier definition (Tulving, 1972) Schwartz, 2004), the RIs in this study spanned periods of hours or
of episodic memory as memory for a personal experience of whagays, and they were arranged so that time of day could not
occurred, where, and when. This aspect of episodic memory, oselectively enhance retrieval of one type of item.
what-where-when (W-W-W) memory, potentially can be demon- The test for the scrub jays, like those it has inspired with other
strated in nonverbal species. Because it is intrinsically impossiblgpecies, requires more than memory for a single episode. To
for such demonstrations to include the subject’s report of itsexpress its W-W-W memory, the animal must encode two epi-
subjective state while demonstrating that it has the memorysodes, each involving encounters with two foods, and additionally
W-W-W memory is referred to aspisodic-like(Clayton & Dick-  |earn a rule about how the value of at least one of those foods
inson, 1998). changes over time. This complexity might have contributed to the

The pioneering study of Clayton and Dickinson (1998; for afajlure of some of the analogous tests with rats and monkeys,
review, see de Kort, Dickinson, & Clayton, 2005) demonstratedwhich used comparatively long Ris (e.g., Bird, Roberts, Abroms,
W-W-W memory in a bird by showing that Western scrub jays Kit, & Crupi, 2003; Hampton, Hampstead, & Murray, 2005).
(Aphelocoma californicacould remember what kind of food items  However, under some conditions, rats do show evidence of

W-W-W memory (Babb & Crystal, 2005, 2006). Rats can also
learn a discrimination on the basis of odor, place, and relative time
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most laboratory tests of animal memory, typical tests of episodic
memory are unexpected, tapping the spontaneous encoding of
interesting experiences that goes on all the time. Such spontaneous
encoding was captured in Eacott and Norman’s (2004) study in
their measurement of exploratory behavior. Zentall et al. (2001)
tested it in pigeons by training birds to “report” whether they had
just pecked in one context and then showing that the birds used
their reporting response appropriately when the pecking to be
reported on was induced in a new way.
In the present article, we describe a novel nonverbal test of
W-W-W memory for a single episode. It is based on the premise
that if an animal can reliably answer any of the three relevant
questions—What was it? Where was it? and When was it?—when
it does not know which of those questions will be asked, the animal
must have encoded all three features of the relevant episode. An
episode in the present experiments consisted of the appearance of
one of two colored shapes in one of eight locations on a video
monitor. Birds were trained to match to sample, to match tOgjgyre 1. Sequence of events during a trial in Experiment 1, showing the
location, and to report whether the Rl sva s or 6 sTherefore,  three types of tests that could occur. Samples as well as comparison stimuli
like some researchers mentioned earlier, we tested only vergn where tests appeared in any of eight locations around the periphery of
short-term memory. However, in standard models of memorythe screen.
processing (e.g., Wagner, 1981), events do not enter into long-term
memory without first being processed in short-term memory.
Therefore, if one wants to test the generality of W-W-W or of the what task, the red disk and green triangle appeared in the
episodic-like memory across species, a good way to start may beenter of the screen, and birds were reinforced for matching to
to study how the identity, place, and time of single events aresample. In the test phase of the where task, gray squares appeared
represented in short-term memory. Indeed, Gallistel (1990)n two of the peripheral locations, and birds were reinforced for
claimed that “temporal and spatial coordinates are an obligatorynatching to location. In the test phase of the when task, a yellow
part of every record kept by an animal brain” (p. 525). However,star and a blue paw shape appeared in the center of the screen;
most of the evidence he cited for this claim came from studies opecks to one shape were correct after the 2-s RI, and pecks to the
perception in humans. Hasher and Zacks (1979) made a similasther were correct after the 6-s RIl. The birds were trained to a
claim based primarily on studies of memory in humans. criterion with complete sessions of each task, one session of each
As Gallistel's (1990) statement suggests, there is more tdask every 3 days, and then the tasks were mixed within sessions,
episodic-like memory than memory for what occurred, where, andstarting with blocks of 16 successive trials per task. Block size was
when. These features must be bound together in some way into gradually reduced until finally the test presented on one trial did
integrated representation of a single event. In addition, becauseot predict the test on the next.
episodic memory in humans is declarative, as opposed to proce- The final phase was designed to test whether location, time, and
dural, animals should be able to use episodic-like memaories flexidentity were encoded independently or bound together in memory
ibly, redeploying the behavior controlled by such memories ap-by presenting two different tests in succession on occasional probe
propriately when conditions change. The scrub jays studied byrials. If memories for the features were independent, the proba-
Clayton and Dickinson (1998; Clayton, Yu, & Dickinson, 2001) bility of responding correctly on the second test should not be
could use their W-W-W memories for food caches flexibly (see derelated to the probability of responding correctly on the first test of
Kort et al., 2005). One study (Babb & Crystal, 2006) has alsothe same trial. In contrast, bound W-W-W memory should result in
demonstrated flexible use of W-W-W memory by rats. Clayton eta significant degree of dependence between first and second choice
al. (2001) have provided evidence for integration of the threeaccuracy. However, accuracy on second tests would be expected to
features of W-W-W memory in scrub jays and suggested that onée lower overall than accuracy on first tests for several reasons.
feature, either what or where in their studies, binds the other twd-or example, the first test might be a source of interference, the RI
together in memory. Each of the experiments reported in thisvas longer before the second test than before the first, second tests
article therefore includes one or more tests designed to discovavere uncommon, and the end of the first test of a trial usually
whether memories for what, where, and when were integrated asignaled the intertrial interval (ITlI) and the end of a need to
independent. remember the most recent sample. We minimized this latter effect
by signaling the ITI throughout training by changing the back-
ground color of the touch screen. To minimize reduction in per-
formance as a result of increasing the RI between the sample and
Experiment 1 began with separate, interleaved sessions of thrahe second test of a probe trial and to ensure that these tests were
different matching tasks (see Figure 1). In all three tasks, thall preceded by a similarly increased RI, we did not present
sample was a red disk or a green triangle in one of eight locationgeinforcers after the first test of a probe trial, even though the birds
around the periphery of a touch screen, and it occurred either 2 were usually correct on those tests. It is unlikely that this treatment
or 6 s before the test, making 32 possible samples. In the test phasesulted in differential generalization decrement following correct

Experiment 1
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and incorrect first test responses because pigeons, unlike monkeyssulted in presentation of the red circle or the green triangle in one of the
do not show evidence of memory awareness (i.e., metamemory) imight locations around the periphery of the screen. The first peck to the
matching to sample (see Hampton & Schwartz, 2004). Thusgircle or triangle began a 3-s timer, at the end of which the first response
although the absence of reward on the first test of a probe trigfdvanced the bird to a 2-s or 6-s RI. Thus, each sample was presented for
might contribute to reduced accuracy on the second test, such gh™nimum of 3 s. During the RI, the screen was dark. At the end of the

effect should be the same whether or not the choice on the first te&" the whiteX appeared in the center of the screen, and a single peck to
was correct it started a what, where, or when test (see Figure 1). During a what test,

both the red circle and the green triangle appeared in the center of the
screen, 7 cm apart center to center, and one peck to the stimulus that
Method matched the sample was reinforced. Left—right positions of the two stimuli
) changed randomly from trial to trial. On a where test, two gray squares
Subjects appeared, one in the same location where the sample had appeared on that
. . . . . - trial, and one in another of the eight peripheral locations on the screen. One
Subjects were six 3—6-year-old White King pigeoi@oiumba livig ght perip , ) :
. . . peck to the square that matched the sample’s location was reinforced. On
obtained from Palmetto Pigeon Plant (Sumter, SC). All had previous .
. . . . L qwhen test, the paw shape and the sunburst appeared in the center of the
experience pecking touch screens in a different set of chambers in visua . . -
S ) . .~ screen, 6 cm apart center to center, with left-right positions changed
discrimination and memory experiments. Between experiments, the birdS

. . . ; } . randomly from trial to trial. If the programmed RI had been 2 s, choice of
had lived communally in a large aviary. During the experiment, birds Wereth bl inf d- choi fth I burst inf d
individually housed in wire mesh cages (38 ¢m48 cm X 55 cm) on a € blue paw was reiniorced, choice of the yellow sunburst was reinforce

14:10 light—dark cycle with free access to water and grit. They Wereafter the 6-_3 RI. Init_ia_lly, each correct rgsponsg was reipforced with eight
maintained at 85% 2% of their ad-lib weight by controlled feeding of p_ellets, asin pretra|n|ng; after 2_1 sessions, reinforcer size was reduced to
mixed grain as necessary following experimental sessions. Six pellgts and feedgr light durat.lon to 6 s. In all three types'of trlals., a peck
to the incorrect stimulus led directly to the 15-s ITI, during which the
screen was gray to distinguish the ITI from the RI. Sessions consisted of
Apparatus 160 trials and were generally run every day. Within each successive block

The operant testing chambers measured 37 cm wi8& cm deepx 33 of 32 trials, eagh comblnatlon of the 2 Sh?OQSB locationsx 2 Rls
occurred once, in a different random order in each block.

cm high. The walls were constructed of clear Plexiglas with a metal bar o L . } . .

floor and with a Samsung 152T LCD 15-in. (38-cm) monitor composing Acquisition. Each acquisition sessmp consisted 9nt|re|y of trials of one
most of the wall opposite the entry door to the chamber. The bottom of thdyPe: what,.when, or whgre. Fpr the first 30 sessions, what, when, and
44-cm-high monitor screen was 3.5 cm above the floor of the chamber. Th&/here Sessions churred n qﬂxed qrder, so that gach type occurred oncg
screen was covered by a thin sheet of clear, nonreflecting Plexiglas, oveervery 3 days. Tr.aln.lng on entire sessions then cor.mnued as nece;sary until
which was mounted a CarrollTouch 15-in. (38-cm) touch frame (Modelthe bird met g cr|ter|or_1 of 80% correct on both Rls in g!l three ge;smn types
d87587-000, EloTouch, Menlo Park, CA). Food pellets were dispensed bg‘,qr? successive §e53|ons qf each typ_e. To alloyv_addltlonal training on more
a MED Associates (St. Albans, VT) ENV-203-20 feeder into a 4-cm- d|ff|ct_1|t tasks while attempting to _av0|d overtraining on the tasks on WhICh
wide X 14-cm-longx 1.5-cm-deep Plexiglas tray lined with black sand- the bll"d was already aboye criterion, yvhepever a bird had met crlterlqn on
paper that sat on the floor of the chamber with one edge at the side of th@ Particular type of session, we had it skip the next scheduled session of
chamber. A 6-W light mounted above the clear ceiling of the chamber ovefat task. As long as accuracy on a high-performance task remained above
the food tray provided illumination when food pellets were dispensed.80%: that task occurred once every 5 sessions rather than once every 3

During experimental sessions, white noise was broadcast into the roor€SSions. Once a bird met criterion on two of the tasks, sessions on the

containing the operant chambers, and the room was dark. Control equig€maining task were given every 2nd day, with the two other tasks each
ment was located in an adjoining room. given once every 4 days. After 80 sessions, criterion was reduced to 75%

for 2 birds that had not achieved the 80% criterion; criterion was further

reduced to 70% for 1 bird that had not met the reduced criterion after 90

Procedure sessions. Once a bird met its individual criterion, that bird began blocks
Stimuli. The screen was divided into an invisible 8 3 grid of training. The same individual criteria continued to hold in the next phase.

equal-sized rectangles in which stimuli could be centered. The stimuli were Blocks training. In this phase, sessions consisted of 144 trials, 48 of
a blue cross (plus sign), a green equilateral triangle, a red disk, a ¥hite €ach type. Trials were presented in blocks of a single type, with a different
a gray square, a blue paw shape, and a yellow sunburst (see Figure 1). Eai?e in each successive block. The order of blocks of different trial types
stimulus was approximately X 2 cm at its widest extent. A peck to a Was randomized so that no task predicted the next task to appear (e.g., a

given stimulus was registered when it was located within the 4-cm squar®lock of where tasks was equally likely to be followed by a block of when
centered on the image. tasks or a block of what tasks). Block size was initially 16, then 8, 4, and

Pretraining. Each bird experienced two to four 50-trial sessions of 2. Birds advanced to the next smaller block size when they achieved their
autoshaping with a white disk centered on the screen. Once a bird wai§dividual criterion proportion correct in each of the three trial types at
pecking on the majority of trials, it had two to three 162-trial sessions ofeach RI across four sessions. Across successive blocks of two sessions,
continuous reinforcement for pecking each of the seven stimuli to be use@ach possible sample event occurred equally often in each of the three
in the experiment. These were presented in random order with a variableypes of trials. Once a bird met the individual criterion set at the end of
ITl averaging 15 s. Each stimulus could appear in any of the nine location@cquisition with tasks in blocks of 2 trials, it moved to random testing.
defined in the previous section. A stimulus remained on the screen until the Random testing. For random testing, what, when, and where trials
pigeon pecked it once. At this stage, each reinforcer consisted of eighivere mixed randomly, with the constraint that two trials of each type
20-mg Pigeon Food Pellets (Research Diets, New Brunswick, NJ) accomeccurred in each successive block of 6 trials. Also, within each successive
panied by illumination of the light above the feeder for 7 s. block of 96 trials, each sample event occurred once in each task (2

Match-to-sample training. Immediately following pretraining, birds samplesx 8 locationsx 2 Rls X 3 tasks). As in blocks training, sessions
began entire sessions of W-W-W training. All trials began with darkeningwere 144 trials long. Thus, across successive blocks of 2 sessions, each
of the monitor screen and presentation of the blue cross in the center of theombination of sample event and test type occurred three times. Following
screen; the cross remained visible until pecked. One peck to the croghe completion of 10 random sessions with the original sample presentation
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time of 3 s, the programmed sample presentation time was reduced to 1.5Fask X Rl ANOVA on percentage correct on what versus where
for 10 more sessions. tasks over the first 10 days. This showed significant effects of
Two-test phase. Immediately following random testing, sample pre- gessjon, task, and RIF(9, 45) = 17.94,F(1, 5) = 16.04, and~(1,
sentation time was increased to 3 s, and sessions were increased to 1553: 48.65, respectively. Performance was better at the 2-s than at
trials. On 24 of these trials, the birds received two successive tests. The%ﬁe 6-s RI. None of the interactions were significant: Session

two-test trials were exactly like normal trials except that the white _ . - _ .
reappeared immediately after the bird pecked one of the alternatives in thle—aSk’F(g’ 45) = 2.69; Sessiox RI, F(9, 45)= 1.24; Taskx RI,

first test, whether the bird’s choice was correct or not. One peck tXthe F(1, 5) = 1.15; Session< Task x RI, F(9, 45) = 0.68.

led to a second test, always of a different kind from the first. Reinforcement

was delivered or not on the basis of whether birds chose correctly on thig|ocks Training

second test. Each successive block of 7 trials consisted of 6 normal trials,

randomized and counterbalanced as before, and 1 two-test trial at a ran- When the three types of trials were first combined in single
domly determined position within the block. The six possible sequences okessions, in blocks of 16, performance on what and where trials
two tests (e.g., what-where, what-when) were randomized such that eaghowed little change, but performance on when trials dropped
sequence appeared four times in each session. Birds had 10 t""o'teﬁf'ecipitously (see Figure 3). A Phase (criterion vs. blocks)
sessions with the 3-s presentation time, followed by 10 sessions WitH’ast RI ANOVA compared the total percentage correct for each

presentation time set at 1 s. . . . .
Analysis. Proportions of correct responses during acquisition Weretask and RI (i.e., total correct choices per total trials completed) in

analyzed with parametric statistics. Analysis of performance in the two-tes{he last 2 acquisition sessions (32_0 trials) _Of each type W'th_ the
phase is described in tHavo-Test Phassubsection of thesultssection.  total percentage correct for that trial type in the first 4 sessions
Throughout, effects were considered significarp i .05. (192 trials per type) in blocks of 16. There were significant main
effects of phase;(1, 5) = 41.01, and tasks(2, 10)= 10.71, and
a significant Phas& Task interactionF(2, 10) = 76.60. There
was also a significant Task RI interaction,F(2, 10) = 7.81.
Acquisition Separate ANOVAs run on each of the three tasks showed a
significant effect of phase in the when tasf1, 5) = 107.23, and

By the end of the first 10 sessions of acquisition, mean perfor-a significant effect of Rl in the where task(1, 5) = 22.53. All
mance on all tasks was close to 80% correct at both RIs (see Figuher effects were not significant; what task: B < 1.0; where
2). A Sessionx Task X RI analysis of variance (ANOVA) on task: phaseF(1, 5) = 6.01, Phasex RI, F(1, 5) = 0.66; when
Sessions 9 and 10 of each task showed no effect of task &1(RI, task: RI,F(1, 5) = 5.79, Phasex RI, F(1, 5) = 2.34.
10) = 1.26, and~(1, 5) = 0.09, respectively. There was a signif-  Recovering criterion levels of performance in when trials took
icant effect of sessiork (1, 5) = 6.66, indicating that the birds up to 51 sessions plus 11 entire sessions of when trials. The latter
were still improving. There was also a significant interaction were discontinued when it appeared that they were not improving
between task and RE(2, 10) = 7.59. All other effects were performance. The birds spent a median of 35.5 (rangé-51)
nonsignificant: Sessioix RI, F(1, 5) = 1.12; SessionX Task,  sessions on blocks of 16. Four of the pigeons did not recover their
F(2, 10)= 1.67; Sessionk Task X RI, F(2, 10) = 0.45. We ran  criterion and were allowed to progress to the next stages at criteria
separate ANOVAs for each task to tease apart the interactioof 75% (1 bird) or 70%. Training progressed more quickly after
effects. These showed a significant effect of RI on the what andhis point. Median numbers of sessions with blocks of 8, 4, and 2
where tasksf-s(1, 5)= 8.08 and 11.04, respectively, reflecting the were, respectively, 5 (range 4-22), 4 (range= 4-17), and 5
fact that matching identity or location was less accurate after th¢range= 4—6)—that is, close to the minimum of 4 sessions per
longer RI. We did not expect an Rl effect on the when task becausblock size. Exclusive of entire when sessions, the median total
birds were reporting on the length of the just-completed RI. Therenumber of sessions of blocks training was 59 (rarg29-79).

Results

was also a significant effect of session in the when t&gk, 5) = Why did performance drop only on when trials once the tasks
225.10. No other effects were significant; what task: dagd, were mixed within sessions? One possibility is that, at the begin-
5) = 2.02, DayX RI, F(1, 5) = 0.07; where task: day(1, 5) = ning of a block of when trials, the birds had difficulty switching

0.22, DayX RI, F(1, 5) = 0.93; when task: RIF(1, 5) = 4.41, attention from the physical features of the sample (i.e., its identity
Day X RI, F(1, 5) = 0.65. or location) to the duration of the RI. If that were the case,

Although, as just indicated, birds achieved criterion in all threeperformance should be especially low at the beginning of a block
tasks after similar numbers of sessions, performance during earlgf when trials and improve within the block. Such effects are seen
acquisition in the when task differed markedly from that in the in experiments on visual search, or search image formation, in
other two tasks. Most birds began when training 100% correct apigeons when birds must switch attention between different fea-
one Rl and 0% correct at the other, a fact reflected in the error barsires of target stimuli (Blough & Blough, 1997). For example,
for when tasks in Figure 2. The birds’ strong idiosyncratic biasesReid and Shettleworth (1992) gave pigeons a task in which color
toward pecking the blue or the yellow comparison stimulus wereor shape could be used to find grains on a speckled background.
gradually overcome with training. Apparently, no such biasesPerformance fell immediately after a switch from the color to the
affected performance on what and where tasks, perhaps becauseape task but recovered within about 10 trials.
the birds were required to peck both colors and all eight locations To test for such an effect in the present data, we averaged
around the touch screen in the sample phase of trials. Earlperformance over each 4 successive trials of the same type in the
acquisition in those two tasks followed a similar course (see Figurdirst four sessions, with the three trial types presented in blocks of
2). However, location matching (where) was initially acquired 16. Thus, each block of 16 trials was divided into four sections
faster than identity matching (what), as shown by a Session (Trials 1-4, 5-8, 9-12, and 13-16). We analyzed performance in
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all three types of trials in this way to test whether such an
attentional effect, if it occurred, was specific to when trials. A
Task X Section ANOVA showed a significant effect of task(2,

10) = 32.30, but no effect of sectiofr(3, 15) = 0.33. There was
also a significant Task< Section interactionF(6, 30) = 3.48.
However, separate ANOVAs showed no significant effect of sec-
tion on what, where, or when trial§s(3, 15)= 2.70, 2.63, and
0.81, respectively. In summary, analysis of performance within
each block of 16 trials of the same kind provided no evidence of
improvement across the block, such as would be consistent with a
gradual switching of attention from one feature of the sample to
another.

10

Where
9

Random Testing

Performance with randomized presentation of what, where, and
when trials was uniformly excellent with both 3-s and 1.5-s sample
exposure times (see Figure 4). Matching accuracy was now well
above the 70% or 75% criterion most birds needed to reach this
stage. Performance did not improve significantly across sessions

2 with the same exposure time, as shown by a Blocks of Sessions
i Trial Type X Rl ANOVA comparing overall percentages correct
é | @ in the first five versus the last five sessions on each exposure time.

- Therefore, we combined all sessions for each exposure time in

separate Task Rl ANOVAs. At the 3-s sample exposure time,
there was a significant effect of tagk(2, 10) = 5.03, and of RI,
F(1, 5) = 11.62, but no interactior(2, 10) = 2.69. At the 1.5-s
sample exposure time, there was a significant effect ofARL,

5) = 15.07, but not of taski~(2, 10) = 1.27. There was also a
significant interactionF(2, 10)= 5.06. Separate ANOVAS run on
each task showed a significant effect of RI for the what and where
tasks at both exposure times—what tasks: (&, 5) = 39.30,
1.5 s,F(1, 5) = 8.58; where tasks: 3 §(1, 5) = 18.02, 1.5 sF(1,

5) = 17.76—but no effect of Rl on the when task at either
exposure timeFs(1, 5)< 1.0.

sessions

Two-Test Phase

Performance on regular trials in the two-test phase remained
high and similar to that in the preceding phase. On the 24 trials per
session with two successive tests following the same sample, the
birds averaged 87.4% correct on the first test and 79.5% correct on
the second test over all trial types and sessions when the sample
time was 3 s. With the 1-s sample time, these scores were,
respectively, 89.4% and 78.0% correct (see Table 1). Paired-
samplet tests on overall proportions correct showed that perfor-
mance at both exposure times was significantly worse on the
second test than on the first: 3t€h) = 5.99; 1 st(5) = 9.72. For
reasons discussed in the introduction to this experiment, reduced
accuracy on the second test was to be expected. Clearly, however,
performance on second tests was still well above chance, making
it feasible to test for any dependency between first and second test
“ performance.

We tested whether performance on the second test of a probe
trial depended on performance on the first test in the following
way. For each bird at each sample exposure time, we cast the total
frequencies of the four possible sequences of correct or incorrect
5 2 2 2 8 o o choices on first and second tests into & 2 table. The marginal

1901109 9 totals gave the overall proportions of correct first and second test

Figure 2. Mean (plus or minus standard deviation, denoted by the error bars) percentages of correct choices for the first 10 sessions of each kind in

Experiment 1.

o (=] o o
‘C_J =] © r~ © w = © o~
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Figure 3. Mean (plus or minus standard deviation, denoted by the error bars) percentages of correct choices
at the 2-s and 6-s retention intervals in the last two sessions of acquisition (Acq) and the first four sessions of
the blocks phase in Experiment 1.

choices, analyses of which we have reported. If what, when, and Equivalently but perhaps more intuitively, if what, when, and
where memories are independent, a bird with the overall proporwhere memories are an integrated unit, then performance should
tions correct reported for the group should be correct on both Tedbe better on Test 2 if the bird was correct rather than incorrect on
1 and Test 2 on 69.5% (i.e., 87.4%79.5%) of probe trials with  Test 1. However, the data displayed in Table 1 imply that no such
a 3-s sample. Similarly, it should be incorrect on both Test 1 andlifference existed. For example, with 3-s samples, birds were
Test 2 on 2.6% (12.6% 20.5%) of those trials. If memories for correct on Test 2 following a correct choice on Test 1 on 69.4% of
what, when, and where are bound, numbers of correct choices aall trials, on average. Because they were correct on Test 1 on
both tests and of incorrect choices on both tests should excedt7.4% of trials, this means that the probability of being correct on
these expectations. Frequencies of each sequence of correct ahest 2 given a correct choice on Test 1 was .794 (or 69.4/87.4).
incorrect choices expected if choices on the two tests were indeSimilar computations show that the conditional probability of a
pendent were compared with the observed frequencies via chizorrect choice on Test 2 given an incorrect choice on Test 1 was
square. The data and results of the chi-square tests for the 6801 (10.1/12.7), on average.
individual birds and the two exposure times are displayed in Table These overall analyses could obscure effects in particular test
1. As can be seen, observed frequencies were remarkably close sequences. For example, perhaps only location and identity are
those predicted from independence. Valueg®fl, 216 < N =< bound in memory. Because each possible sequence of tests oc-
360) were not greater than 1.044> .30). curred only 40 times per bird at each sample exposure time, we
combined data across the two exposure times for each of the six
different sequences of test types. However, because errors on Test

100 1 occurred on only 10%-15% of trials, performance on Test 2
3s ia following an error was still based on limited data. Table 2 sum-
- _L _L marizes the outcomes of these analyses as the group mean ob-
“ 1 d and ted choi i d the maxi |
_L l _L L served and expected choice proportions and the maximum values
l of x3(1, 76 = N = 96) for each of the six sequences of test types.

801 Just as with the overall analyses, the frequencies did not differ

from those expected if what, where, and when memories were
independent. One may note that the lowest average performance
on Test 2 occurred on trials with when as the second test, which
perhaps reflects difficulty in reporting the sample—Test 1 interval
correctly when extra events had intervened between the sample
and the test.

% correct
-~
f=]

60 4

50 4

25 |6s 2s|as 2s|as 2s|6s 2slas 2s|ﬁs

what when where what when where Discussion

Figure 4. Mean (plus or minus standard deviation, denoted by the error  This experimell'lt was dgsigned t.o determine whether piggons
bars) percentages of correct choices at the 2-s and 6-s retention intervals@ncode the location, identity, and time of appearance of a single
each type of trial during the random phase of Experiment 1. item by training them to match each of these three features sepa-
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Table 1
Percentages Correct on Tests 1 and 2, Proportions of Trials With Correct and Incorrect Choices, and Chi-Square Values for the
Two-Test Phase of Experiment 1

Correct TH, T2+ T1+, T2— T1-, T2+ T1-, T2—

Bird T1 T2 Obs Exp Obs Exp Obs Exp Obs Exp X3(1)

3-s samples (% of all trials)

32 86.7 80.8 69.6 70.1 171 16.6 11.3 10.8 2.1 2.6 0.23
38 88.6 775 68.1 68.7 20.6 19.9 9.4 8.8 1.9 2.6 0.78
51 84.6 80.0 67.5 67.7 171 16.9 125 12.3 2.9 3.1 0.03
53 88.5 76.0 67.7 67.3 20.8 21.2 8.3 8.7 3.1 2.8 0.22
57 85.8 80.0 69.6 68.7 16.3 17.2 10.4 11.3 3.8 2.8 1.04
58 90.0 82.9 74.2 74.6 15.8 15.4 8.8 8.3 1.3 17 0.40
M 87.4 79.5 69.4 69.5 17.9 17.9 10.1 10.0 2.5 2.6

1-s samples (% of all trials)

32 89.6 75.0 67.1 67.2 225 22.4 7.9 7.8 25 2.6 0.01
38 89.8 76.9 69.4 69.0 20.4 20.8 7.4 7.8 2.8 24 0.23
51 86.3 79.6 68.8 68.6 17.5 17.6 10.8 10.9 2.9 2.8 0.01
53 92.1 79.6 73.2 73.4 19.0 18.8 6.5 6.3 14 1.6 0.08
57 88.9 79.6 71.3 70.8 17.6 18.1 8.3 8.9 2.8 2.3 0.36
58 89.6 77.1 69.2 69.1 204 20.5 7.9 8.0 25 24 0.02
M 89.4 78.0 69.8 69.7 19.6 19.7 8.2 8.3 25 2.3
Note. T1 = Test 1; T2= Test 2;+ = correct;— = incorrect; Obs= observed; Exp= expected.

rately and then mixing the tasks together randomly. The birdshave ensured that they were always attending quite well to the
matched correctly on 80% or more of trials (see Figure 4) eversamples as well as to the tests.
when they could not predict from one trial to the next which test We have implicitly assumed that if the second test were the
would occur. This means that all three features must have beesame as the first, we would not have found independence. This
encoded on at least 52% (0X80.8 X 0.8) of the trials, but they experiment did not include probe trials in which the same type of
might have been encoded independently rather than as an intéest was given twice, however, primarily to minimize the fre-
grated whole. quency of unrewarded first choices entailed by probe trials. In the
Two lines of evidence from training and testing suggest thatone relevant study we could find in the literature, Roitblat (1980,
encoding was independent. Most important are the results from thExperiment 1) gave pigeons two successive tests after a single
tests of memory for two features of the same sample. Performancegample in a three-alternative color-matching task. However, the
on the second test was unrelated to performance on the first tesmplications of his data for the present question are unclear be-
Some dependence might have been expected because variationsause second tests were given only after incorrect choices on the
attention to the sample from trial to trial should affect performancefirst test. Moreover, they involved only the sample and the one
on both tests in the same way. However, the fact that the birdslistractor not chosen on the first test—that is, the birds chose
were required to peck to start the trial, to peck the sample to movamong three alternatives on the first test but between only two on
to the RI, and to peck the center of the screen to start a test mighhe second test. Consistent with the assumption that performance

Table 2
Mean Percentages Correct on Tests 1 and 2, Mean Proportion of Trials With Correct and
Incorrect Choices, and Range of Chi-Square Values for the Two-Test Phase of Experiment 1

% correct= SD T1+ T1-
Test sequence T1 T2 T2+ T2— T2+ T2— XA =
When-what 86.2- 4.4 86.8* 6.4 74.8 11.5 12.1 1.7 0.91
Where—what 87. 5.7 87.6£5.2 76.3 114 11.3 1.0 1.01
When-where 88.1% 3.8 80.2+ 2.3 70.9 17.2 9.3 2.6 1.86
What-where 92.% 2.7 79.3+ 4.7 72.6 195 6.7 1.2 0.72
Where—when 859 4.1 66.2+ 5.5 58.1 27.8 8.1 6.0 2.69
What-when 89.7+ 2.8 724+ 3.4 64.6 25.1 7.8 2.6 2.27

Note. T1 = Test 1; T2= Test 2;+ = correct choice on a test; = incorrect choice.
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on the first test of a given feature would predict performance on astudy a 7X 7 array of locations, 30 of which were occupied by
second test of the same feature, at short sample durations, madtawings of common objects. The authors tested memory for
birds performed at or only slightly above chance on second testsbject location alone by presenting the same array %#hn 10
However, Roitblat (1980, Experiments 1 and 3) also found that a®ld and 10 new locations. They tested memory for object identity
first test performance improved with longer sample durations,alone by presenting a% 5 array of objects, 10 of which were old
some birds’ performance on second tests after incorrect choices and 10 of which were new. They tested bound memory for object
the first test rose above chance. This finding is consistent wittand location by presenting 20 of the objects seen in the study
some independence between two tests of the same sample featupbase, 10 of them in new locations in the77 array. In each kind

but without comparable data from trials on which the bird choseof test, participants were asked to identify the items that were the
correctly on the first test, the implications for the present study aresame in the tested features as those seen in the study phase.
unclear. Chalfonte and Johnson (1996) and Kohler et al. (2001) primarily

In addition to the results of the two-test phase, evidence convaried conditions at encoding within each of their experiments by
sistent with independent memories for what, when, and where ittelling people what to study. In contrast, we kept conditions
the present study comes from the beginning of blocks trainingconstant in the study phase but varied the type of test.

When the three tasks were first combined, performance on when The samples in the present experiment consisted of one of two
tasks fell dramatically, whereas performance on the other two taskdifferently colored shapes in one of eight locations, as in Experi-
was unaffected. Such a dissociation would not be expected if whatnent 1, but there was only one RI. There were initially four types
when, and where memories were bound. A possible account of thef tests, as diagrammed in Figure 5. The unbound what and
selective decline in when performance is that the when task inunbound where tests were the same as the what and where tests in
volved symbolic matching, whereas the what and where task&xperiment 1: The rewarded alternative in the test phase retained
involved literal matching. However, it is hard to see how this only the feature being tested. In contrast, in bound what tests, the
difference can explain why the when task was the only task tcsample and comparison shapes appeared on either side of the
suffer when the tasks were first mixed within sessions. The drop ifocation where the sample had been earlier in the trial, and in
accuracy on the when task could reflect difficulty in shifting bound where tests, the sample and comparison were both identical
attention from the physical features of the sample, which must bén shape and color to the sample for that trial. If the birds had
encoded for successful matching of location or identity, to somdormed an integrated memory for the sample, the untested feature
cue associated with the RI, presumably either time or strength gpresented in bound tests should help retrieve memory of the tested
memory for the sample. However, the analysis of performancdeature. Moreover, accurate performance should be facilitated in
within the 16-trial blocks shows that if this were the case, shiftingbound tests by the fact that the correct alternative was identical to
attention to the appropriate cue would take more than 16 trialsthe sample (or very nearly so) in both location and identity.
Another possibility is that it was not equally easy to report on all Chalfonte and Johnson (1996) suggested that “when information is
three features of the sample. This was evidently the case witkhound together, individual feature information may be less avail-
respect to the what versus where tasks. Both in this experiment arable” (p. 413), and this notion, too, seems to predict better perfor-
in Experiment 2, the where (location matching) task was acquirednance in our bound than in our unbound tests. Contrary to this
more quickly than the what (identity matching) task, perhapshypothesis, one might suggest that the presence of the untested
because there were eight possible location samples and only twieature in bound tests would increase errors because the distractor
identity samples, resulting in less intertrial interference for thematched the sample in one respect. In any case, as we show, there
where task. In the long run, however, birds were clearly able towas actually no consistent effect of bound versus unbound testing
perform all tasks very well indeed (Figure 4). in either direction.

In summary, it is not clear why the when task was affected Therefore, we included a further test of whether what and where
differently from the what and where tasks when all three were firstmemories are bound or independent by introducing trials with four
mixed within sessions, but the effect is consistent with the resultalternatives in the final phase of the experiment (see Figure 5,
of the two-test phase in suggesting that, in this task, the pigeon®wer right). One alternative matched the sample in both features,
formed independent memories for location, time, and identity.one matched it in location only, one matched it in identity only,
Experiment 2 was designed to test for independent versus inteand one did not match it at all. We compared the pattern of choices
grated memories for a sample’s features in other ways. on these tests with that expected if what and where memories were
independent, using the same statistical approach as for the two-test
probes of Experiment 1.

As in Experiment 1, training began with entire sessions of each

What, where, and when memories might have appeared to biype of trial, with each type of session occurring equally often.
independent in the tests at the end of Experiment 1 because thkhen trial types were mixed within sessions in blocks of gradually
birds had first been trained extensively with the three tasks indidecreasing size, and finally they were mixed randomly. Perfor-
vidually. In Experiment 2, the spontaneous binding of features ofmance in all four tasks was close to ceiling by the time the birds
an event, as hypothesized by Gallistel (1990; see the introductioreached the random stage, so we decreased exposure time and
to this article), was predicted to affect performance from the veryincreased Rl in an attempt to reveal potential differences among
beginning of training. We focused on what and where tasks, whictthe four types of tests by lowering overall accuracy. This same
made our tests analogous to some tests of binding in humalowered level of performance was maintained when the four-
memory (Chalfonte & Johnson, 1996; Kohler, Moscovitch, & alternative tests were added, because the distribution of errors on
Melo, 2001). For example, Chalfonte and Johnson had participanthese tests was of major interest.

Experiment 2
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Figure 5. Sequence of events during a trial in Experiment 2, showing the five types of tests that occurred in
the final phase of the experiment. The Bound Where test is an example for a trial in which the star was the
sample.

Method sample had appeared on that trial, and one in a different, randomly selected

) one of the eight peripheral locations on the screen. Sessions consisted of

Subjects 144 trials and were generally run every day. Because of experimenter error,
. . . . . . for the first one or two sessions per bird, reinforcement was only six

Subjects were six 3—6-year-old White King pigeoi@olumba livig pellets. Reinforcer size was then restored to eight pellets until the end of the

similar to those in Experiment 1, maintained in the same way. All of them_. . . . .
. . . . . - first four sessions of each trial type, before being set at six pellets for the
had previous experience in a location-matching task with the same appa-

ratus and stimuli used in Experiment 1 fest of the experiment.
P ' After at least 24 sessions (6 days per type) and 80% correct responding

on the last 2 days of each type, the pigeons were advanced to blocks
Procedure training. All but 1 bird met the 80% criterion on both kinds of where
Apparatus. This was the same as the apparatus used in Experiment fessions before reaching it on .What sessions. These birds received extra
Stimuli. The stimuli were a light blue cross (plus sign), a yellow club boun_d and unbound what sessions, so that there were 2 qf _each of‘these
shape (see Figure 5), a dark blue star, a wkjtand a pink diamond. Each  S€SSions for every 1 bpund or unboupd where session. Training continued
stimulus was 2 cm square at its widest extent. The invisible grid for placing” this way until the criterion of 80% in the last 2 days of every task was

stimuli on the screen and the method of detecting pecks at a stimulus wer@et o ) ) ) )
the same as in Experiment 1. Blocks training. As in Experiment 1, the four trial types were inter-

Pretraining. As all subjects had prior experience in the same apparatugnixed within a session in blocks of gradually decreasing size, beginning
used in the present experiment, minimal pretraining was necessary. Prior #fith blocks of 16 and ending with blocks of 2. Each session consisted of
beginning the match-to-sample training, each bird had two sessiond28 trials, 32 of each of the four types. Block order was randomized such
consisting of 112 continuous reinforcement trials, programmed likethat each type of trial was equally likely to follow any other type of trial.

those in Experiment 1, in which they were rewarded with eight pelletsAll possible combinations occurred once in each block of 64 trials. Block
for pecking each of the stimuli that were to be used in the match-to-Size was reduced for each bird once it achieved 80% correct on all four trial
sample phase. types for 4 days in a row. Thus, the minimum exposure to any block size

Match-to-sample training. Following pretraining, birds began entire Was 4 days.
sessions of bound what, unbound what, bound where, and unbound where Random testing. In this phase, the four trial types were mixed ran-
training. One of each occurred per 4-day block, in a fixed order, with onedomly, with the constraint that in each block of 8 trials each trial type
of the types testing memory for what alternating with one of those testingoccurred twice. As in blocks training, sessions were 128 trials long, and,
memory for where. Up to the end of the RI, the sequence of events in eacACross successive blocks of two sessions, each possible sample event
trial was as in the training phase of Experiment 1, except that the sampleccurred equally often in each of the three types of trials. Following 6
shapes were the club and the star and the Rl was always 2 s. Unbound whandom sessions with the original sample presentation ties@nd a 2-s
and unbound where trials proceeded in the same way as what and wheRJ, the sample presentation was reduced to 1 s, and the RI was increased
trials, respectively, in Experiment 1, except that the stimuli in the test phas@n an individual bird basis until the lowest two of the scores on the four
of unbound where trials were pink diamonds. For the test phase of a bountial types were between 70% and 80% correct. The Rl was increased first
what trial, both the club and the star appeared 5.5 cm apart, center to centép, 4 s, then to 8, 12, and 16 s if necessary. Following the first 3 days at a
centered in one of the eight peripheral locations on the screen, and a pegjven R, if the mean performance over the last 2 days on each of the worst
to the one that matched the sample was reinforced. Left—right positions ofwo of the four trial types was between 70% and 80%, the same RI was
the two stimuli changed randomly from trial to trial. In a bound where test, maintained for another 3 days. If performance on all conditions was 80%
two stimuli identical to the sample for the trial appeared, one where theor more, the RI was increased to the next longer length; if it was 70% or
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below, the RI was returned to a lower value and maintained there. Fomcquisition. This impression was confirmed by a TasBound—
purposes of analysis, the block of six sessions at the original 3-s exposutgnboundx Day ANOVA for the data from the first six sessions
and 2-s Rl were designated Random 1; the six sessions at the final Rler type. There were significant effects of takl, 4) = 33.48,
(different for different birds) and 1-s exposure were designated that bird’soound—unbound:(l 4)=102.10, and dayE(5, 20)= 17.43, and
Random 2. a significant Taskx Bound—Unbound interactiorf(1, 4) =

Five-test phase. We added a final trial type to the previous four trial . . o
types by presenting a yellow club and a blue star 5.5 cm apart, center t(])'l'35’ Taskx Day interaction,F(5, 20) =11.35, and Dayx

center, around the center point of both the sample location and a randoml@ound—UnboundF(S, 20) = 2.97, interaction. The only nonsig-

selected distractor location during the test phase of the trial. Thus, therBificant interaction was Task Bound-Unboundx Day, F(5,
were four stimuli on the screen, as depicted in Figure 5 (lower right). The20) < 1. We ran separate ANOVAs for each task to tease apart the

left—right position of the paw and club was randomized independently ainteraction effects. For the what task, there were significant effects
the sample and distractor locations. Reinforcement was given for peckingf both bound—unbound;(1, 4) = 60.00, and dayF(5, 20) =

the alternative that matched the sample in both identity and location19.95, but no significant Bound-UnboundDay interactionF(5,
Pigeons completed 20 sessions of 128 trials, in which 64 trials were of the) < 1. For the where task, there was a significant effect of day,
new type and 64 trials were evenly divided among the four original types.,:(5, 20)= 4.80, but not of bound—unbouni(l, 4) = 7.37. There

Trials were randomized in such a way that in each block of 16 trials thereWas also a significant Bound—Unbound Day interaction,F(5
were 8 trials of the new type and 2 trials of each of the four original types. A

All 16 possible sample events in the new trial type occurred once in eacfgo) =291
two blocks of 16 new plus old trials and, thus, four times in each session.
Exposure time remained at 1 s, and each bird continued to experience ﬂElOCkS Training
RI determined for it at the end of the random phase.
Just as with the what and where tasks in Experiment 1, accuracy
Results showed essentially no change when the four trial types were mixed
within sessions. Birds spent a median of 17 (16—20) sessions in the
blocks phase, close to the minimum required to progress through
One bird had not achieved criterion performance on blocks ofthe four block sizes at above 80% correct.
eight after 86 sessions of blocks training, whereas the other birds
completed this stage in a median of 42 sessions (ran@d —53).
Training was discontinued for this bird, and its data were exclude

from all analyses. The remaining 5 birds required a median of 9 By the time the birds reached the random testing phase, mean
each of bound or unbound what sessions and 7 each of bound gerformance was near 90% on both what and where tasks and did
unbound where sessions, or a total of 24—39 sessions to complefgyt differ significantly between bound and unbound tests (Table
the acquisition phase. 3). A Taskx Bound—Unbound ANOVA showed no effect of task,
Mean performance on the first six sessions of each type i$(1, 4) < 1, or of bound—unbounds(1, 4) = 4.58, nor was there
depicted in Figure 6. Just as in Experiment 1, matching locatiory significant Bound—Unboung Task interactionfF(1, 4) = 2.22.
(where) was acquired more rapidly than matching identity (what),Thys, the early slight superiority of unbound to bound trials for the
but there was no indication of better performance in bound than ijyhat task disappeared with continued training.
unbound tests. To the contrary, in the what task, performance was The R| necessary to achieve the required lower level of perfor-
better in unbound than in bound tests, but in the where taskmance with the 1-s sample exposuresvéas for 3 of the birds, 4 s
performance in the two kinds of tests overlapped throughout earlyor another, and 12 s for the 5th. However, there was still no
evidence of better performance on bound than on unbound tests
(Table 3). A Taskx Bound-Unbound ANOVA showed no sig-

Initial Acquisition

cPandom Testing

100 nificant effects of either taslE(1, 4) < 1, or bound—unboundr(1,
90 1 4) = 2.21, but there was a significant Task Bound—Unbound
80 - interaction,F(1, 4) = 13.06. Individual ANOVAs suggested that
70 4 the source of this interaction was the difference between bound
i and unbound where tests (see TableRf}, 4) = 3.97,p = .117
8 (otherFs < 1.0).
5 50
(5]
F 40 . .
—e— Bound What Four-Alternative Testing
7 o Unbound What
20 A i BoutdNARiErs Performance did not change noticeably across the 20 sessions
104 that incorporated the new four-alternative tests. Group means for
~-&-- Unbound Where . I
all scores on the second block of 10 sessions were within 1%—2%
0 ' ' ' ' of scores in the first block. Therefore, all 20 sessions were com-
1 2 3 4 5 6 . . -
Sissl bined for analysis. Mean performance on the four original types of
ession

trials is shown on the left of Figure 7. An overall TaskBound—
Figure 6. Mean (plus or minus standard deviation, denoted by the errorU.nb.O.und ANOVA for the regular trials for all 20 days showed no
bars) percentages of correct choices for the first six sessions of each kingignificant effect of either taskF(1, 4) = 2.89, or bound-
in Experiment 2. unbound,F(1, 4) = 1.97. Unlike the case in the immediately
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Table 3 Discussion
Mean Percentages Plus Standard Deviation of Correct

Responses in the Four Types of Trials in the Random Phases of The results of this experiment are consistent with those of
Experiment 2 Experiment 1 in indicating that pigeons can perform very well on
a matching task in which the feature to be matched changes
What Where randomly from one trial to the next. This means that they must be
encoding multiple features of the sample (in the present case,
location and identity) on a substantial proportion of trials. How-
2s 89.5+ 3.7 93.7+ 2.8 90.7+ 5.5 90.7x 4.2 ever, this experiment provides no evidence that the memories for
4-12s 79.65 6.5 81.1+ 6.9 76.9+ 2.8 814+ 26  |ocation and identity are spontaneously bound together. We sug-
gested that if they were bound, performance on the bound what and
bound where tasks should have exceeded performance on the
comparable unbound tasks, but, across the experiment, there were
no consistent effects of bound versus unbound testing. Indeed,
preceding stage, there was not a significant TaskBound—  early in acquisition, birds were slightly but significantly worse on
Unbound interactionk(1, 4) < 1. bound than on unbound what tests, contrary to what we suggested
The group mean proportions of four-alternative test trials with abound memories for the sample features would predict. However,
correct response and each type of error appear on the right side a6 we pointed out in the introduction to this experiment, there also
Figure 7. Choices of the unrewarded alternative that matched thmight be reason to expect more errors on bound than on unbound
sample in one feature were clearly more frequent than choices désts, which would make this comparison perhaps less than con-
the alternative that was wrong in both location and identity. To testlusive (as it turned out to be). Therefore, the most important
whether the results of the four-alternative tests are consistent witfinding is that when four alternatives were present in the test phase
responding based on independent what and where memories, veé trials, the pattern of errors did not differ from that expected if
cast each bird’s choice frequencies on these trials intex&2able  the birds’ choices were based on independent memories for loca-
representing what correct versus incorrect by where correct versu#on and identity.
incorrect. For example, correct choices were counted as being In the studies of memory for object location and identity in
correct on both what and where, and the marginal total number ofiumans (Chalfonte & Johnson, 1996; Kohler et al., 2001) that we
correct what choices was the sum of those correct choices andescribed in the introduction to this experiment, which features the
choices of the distractor that matched the sample in identity onlysubjects were asked to attend to during the study phase of trials
(the choices represented by the bar lab&Muthatin the right-hand  influenced what features they best recognized at test. This is taken
part of Figure 7). Each bird’s data were subjected to a chi-squaro show that memory for location and identity are somewhat
test of independence. Just as for the related tests in Experimentihdependent. However, some encoding processes, such as those
(see Tables 1 and 2), none of the distributions were even close tgoing on during object naming, support memory for both location
being significantly different from that expected if responding wasand identity. Kohler et al. (2001) concluded from such findings
based on independent what and where memories. Individual birdghat “successful recovery of object location and object identity
values ofx?(1) were between 0.00 and 1.3p5(> .24). from episodic memory relies on an intricate interplay between

RI Bound Unbound Bound Unbound

Note. RI = retention interval.
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Figure 7. Experiment 2, final phase. Mean (plus or minus standard deviation, denoted by the error bars)
percentages of correct choices in bound and unbound what and where trials (the four leftmost bars) and mean
(plus or minus standard deviation, denoted by the error bars) percentages of four-alternative- (wiherte)

trials with each kind of choice (the four rightmost bars). Scale is the same for all parts of the figure.
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domain-specific and common encoding processes” (p. 958). Thanique to-be-remembered episodes. Another is to ask the subject
present findings are consistent with this conclusion in showing thaan unexpected question (Zentall, 2005a; Zentall et al., 2001). At
location and identity of a sample are remembered independentlyirst glance, our paradigm does not do either of these things. The
In that reducing exposure time and increasing the RI reducedo-be-remembered events were far from unique, because the pi-
performance uniformly on all types of trials (see Table 3), thegeons were trained for thousands of trials, during which each
results are also consistent with the suggestion that there are sorpessible combination of sample and test occurred many times.
common encoding processes. Moreover, although birds could not predict from one trial to the
There is an apparent conflict between our results and findingsiext what feature of the sample would be tested in the random
that humans can selectively encode location or identity. Testing thehase of each experiment, the questions asked in the test were
same feature for a block of trials can be taken as analogous to laardly unexpected in the sense promoted by Zentall (2005a) be-
manipulation of attention, as in studies of search image in pigeonsause there were only three possible kinds of questions.
(e.g., Reid & Shettleworth, 1992). However, the data analyzed Information about what pigeons actually learn when trained to
from the blocks phase of Experiment 1 provide no evidence thamatch to sample provides some insights into what might have been
reinforcing the pigeons for attending to a specific feature of thegoing on in the present experiments. To begin with, pigeons
sample selectively improved memory for that feature in succeedapparently do not learn to match as such unless they are trained
ing trials. This finding is, however, consistent with the results of very extensively (see review in Shettleworth, 1998; Wright, Cook,
studies on divided attention in pigeons in suggesting that they Rivera, 1988). For example, the fact that pigeons typically
process location and identity independently and concurrently. Alacquire symbolic matching as fast as literal matching indicates that
though pigeons’ matching performance suffers when they musthey do not learn a matching concept but rather learn rules relating
divide attention between the color and the orientation of a sampleparticular samples to particular comparisons (Zentall, Urcuioli,
no divided attention effect is seen when sample location is one ofagielo, & Jackson-Smith, 1989). In addition, studies of pigeons’
the features to be attended to, which suggests that location does nmérformance in more conventional matching tasks than the one
compete for attention with features that define the identity of theused in this work indicate that the number of different samples or

sample (see the review in Zentall, 2005b). comparisons being used in the task and the mapping between them
influences how samples are encoded. Coding tends to take the
General Discussion form that intuitively imposes the least cognitive demand. If each of

two samples is mapped onto a single comparison—that is, in
The experiments reported in this article were designed to testnany-to-one matching—samples tend to be coded prospectively,
animals’ W-W-W, or episodic-like, memory in a simpler way than in terms of the common correct choice on the test. Coding tends to
in some previous studies reviewed in the introduction to thisbe retrospective—that is, in terms of features of the sample itself—
article. In Experiment 1, we presented pigeons with a singlewhen two or more comparisons are associated with the same
event—a particular colored shape in a particular location on aample. This takes place in one-to-many matching, for example,
touch screen a particular number of seconds ago—and testaghen either a red shape or a vertical line is correct after the same
memory for its location, identity, or time of occurrence. The birds sample.
performed very well on all of these tests, even when they could not Because the present tasks involved both more than two samples
predict from one trial to the next which one would occur. There-and more than two comparisons, it is not clear how we can
fore, some proportion of the time, they were encoding what, whenextrapolate past findings to predict what kind of coding would be
and where all together. However, three different tests indicatedised. For example, the unbound what task can be seen as many-
that features were independent rather than bound or integrated t-one matching, because the sample could appear in any of eight
memory. In Experiment 1, the pattern of correct and incorrectiocations, whereas the test display was always a choice between
choices on two successive tests of the same item was remarkabllye club and the star in the middle of the screen. The unbound
close to and not significantly different from that predicted if where task also involved eight samples, but each was mapped to a
memories for what, when, and where were independent. Durin@nique correct choice in the test, so perhaps it was one-to-one
both acquisition and random testing in Experiment 2, birds did notmatching. Finally, in random testing, three (Experiment 1) or four
do best on tests in which the binding of what and where wagExperiment 2) different kinds of test displays could appear after
predicted to improve performance. If anything, there was a sligheach sample, which ought to make it a test of one-to-many match-
but not consistent tendency to perform better on unbound than oimg, except for the fact that different features of the (moveable and
bound tests. Finally, the pattern of correct choices and errors in thehangeable) samples were mapped to the comparisons in different
final phase of Experiment 2 was no different than, and again verykinds of tests. Thus, the random phase included both common tests
close to, that predicted by independent memories for location anébr different samples and different tests for common samples. The
identity. task is most easily described in human terms as matching the
location, identity, and/or (in Experiment 1) recency of the sample,
Relation to Other Studies of Matching to Sample in but, of course, this does not guarantee that the pigeons did even-
Pigeons tually encode it that way.
Nevertheless, the validity of our paradigm as a test of W-W-W
For a valid test of episodic-like memory, subjects must bememory rests to some extent on the assumption that the birds
required to, in some sense, travel back in time to the episode imould code the sample retrospectively as an object in a place and
question, as opposed to producing a response that is habituahll on this representation to make their choices in the tests rather
(Hampton & Schwartz, 2004). One way to ensure this is to usehan learning the task as a set of associations between location
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identity samples and reinforced choices. Although pigeons camf the more recent sample. If pigeons encode identity and location
learn large sets of specific sample—choice associations (for amdependently, as indicated by the results of the present experi-
review, see Shettleworth, 1998), at least some of the present resultsents, then presenting only location information in the test would
argue against the birds having learned such associations in theot allow retrieval of the necessary information about the identity
present experiments. Consider a sample that might have appearefl the samples that had occupied those locations. It has been
in Experiment 2—for example, the blue star in the upper leftsuggested that the episodic-like memory of scrub jays is an adap-
corner, as in Figure 5—and suppose for the moment that it wagation for retrieving stored foods that spoil at different rates (see de
encoded as an integrated place plus object episode, or configurklort et al., 2005). Because the present tests of W-W-W memory
sample. This sample was followed on 25% of trials—that is, onfor pigeons involved very minimal “episodes” that differed in
unbound what trials—by the blue star and the yellow club in themany ways from those experienced by Clayton and Dickinson’s
center of the screen, and pecking the star was reinforced. O(L998) scrub jays, it is impossible to say whether the pigeons’
another 25% of trials, the unbound where trials, pecking a pinkfailure to integrate the separable features of these episodes is
diamond in the upper left corner was reinforced in the test. On attributable to their lack of such an adaptation, to some difference
full 50% of trials, the bound what and bound where trials, peckingbetween the present tests and those given to the jays, or both.

a blue star in the upper left corner was reinforced. If the birds were Our findings suggest that other reported failures to demonstrate
encoding each of the 16 samples as a unique object plus locatioy-wW-W memory in animals (e.g., Bird et al., 2003; Hampton et
compound and learning a set of associations between these saai:, 2005) might also reflect not so much failures of memory for
ples and the choices reinforced after each one, then they shoulghat occurred, where, and when but failures to bind or integrate
have done equally well on bound what and bound where trialsindependent memories for the three features in the way required by
because these trials required the same choice after a given sampiRe tests (see also Thorpe, Bates, & Wilkie, 2003). Of course,
The birds should have done better on bound trials than on unbounghcoding something with distinct spatial, identity, and temporal
trials, because each correct unbound choice occurred only half gsarameters as a unique event is not all that is required of episodic-
often as the common correct bound choice. Instead, however, bolike memory. For example, as Zentall (2005a) discussed, one
where tasks were acquired more quickly than either what task, anghight imagine training pigeons on a task similar to ours but
bound versus unbound never made any difference in the predicta@stricted to the minimum number of samples (eight) necessary to
direction, consistent with our description of the tasks as separatgquire that time, place, and identity all be encoded to match each

tests of memory for location and for identity. sample to a unique comparison. The memory involved in success-
ful performance on such a task would not be considered episodic-
|mpl|Cat|0nS for Tests of Ep|sod|c_|_|ke Memory like because the Subject could solve the task by |earning elght

sample—comparison associations. Unlike our task, however, it

The fact that pigeons remembered the what, where, and when gfiould require simultaneous use of what, where, and when mem-
a single event very well in the present experiments might suggesiries. By demonstrating excellent but apparently independent
that they would also perform well in a paradigm involving two or memories for what, where, and when, the present studies highlight
more events, analogous to the tests for scrub jays and rats dene importance of integrating features in memory for success in
scribed in the introduction to this article. In fact, before conductingtests of episodic-like memory and suggest that further analysis of
the experiments reported in this article, we trained pigeons inhe conditions necessary for integration could be a worthwhile
several variations of such a paradigm, all of which followed topic for future research.
procedures similar to those of the present experiments. In each of
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