
Nature © Macmillan Publishers Ltd 1998

8

letters to nature

272 NATURE | VOL 395 | 17 SEPTEMBER 1998

4. Nyblade, A. A. & Robinson, S. W. The African superswell. Geophys. Res. Lett. 21, 765–768 (1994).
5. Dziewonski, A. M. Mapping the lower mantle: determination of lateral heterogeneity in P velocity up

to degree and order 6. J. Geophys. Res. 89, 5929–5952 (1984).
6. Su, W.-J., Woodward, R. L. & Dziewonski, A. M. Degree 12 model of shear velocity heterogeneity in

the mantle. J. Geophys. Res. 99, 6945–6980 (1994).
7. Li, X. D. & Romanowicz, B. Global shear-velocity model developed using nonlinear asymptotic

coupling theory. J. Geophys. Res. 101, 22245–22272 (1996).
8. Masters, G., Johnson, S., Laske, G. & Bolton, H. A shear-velocity model of the mantle. Phil. Trans. R.

Soc. Lond. A 354, 1385–1411 (1996).
9. Grand, S. P., van der Hilst, R. D. & Widiyantoro, S. Global seismic tomography: a snapshot of

convection in the Earth. GSA Today 7, 1–7 (1997).
10. van der Hilst, R., Widiyantoro, S. & Engdahl, R. Evidence for deep mantle circulation from global

tomography. Nature 386, 578–584 (1997).
11. Gurnis, M. Phanerozoic marine inundation of continents driven by dynamic tomography above

subducting slabs. Nature 364, 589–593 (1993).
12. Nyblade, A. A. et al. Terrestrial heat flow in east and southern Africa. J. Geophys. Res. 95, 17371–17384

(1990).
13. Brown, C. & Girdler, R. W. Interpretation of African gravity and its implication for the breakup of the

continents. J. Geophys. Res. 85, 6443–6455 (1980).
14. Cazenave, A., Souriau, A. & Dominh, K. Global coupling of Earth surface topography with hotspots,

geoid and mantle heterogeneities. Nature 340, 54–57 (1989).
15. Colin, P. & Fleitout, L. Topography of the ocean floor: thermal evolution of the lithosphere and

interaction of mantle heterogeneities with the lithosphere. Geophys. Res. Lett. 11, 1961–1964 (1990).
16. LeStunff, Y. & Ricard, Y. Topography and geoid due to lithospheric mass anomalies. Geophys. J. Int.

122, 982–990 (1995).
17. Thoraval, C., Machetel, P. & Cazenave, A. Locally layered convection inferred from dynamic models of

the earth’s mantle. Nature 375, 777–780 (1995).
18. LeStunff, Y. & Ricard, Y. Partial advection of equidensity surfaces: a solution for the dynamic

topography problems?. J. Geophys. Res. 102, 24655–24667 (1997).
19. Christensen, U. R. Dynamic phase boundary topography by latent heat effects. Earth Planet. Sci. Lett.

154, 295–306 (1998).
20. Hager, B. H. & O’Connell, R. J. A simple global model of plate dynamics and mantle convection.

J. Geophys. Res. 86, 4843–4867 (1981).
21. Lithgow-Bertelloni, C. & Gurnis, M. Cenozoic subsidence and uplift of continents from time-varying

dynamic topography. Geology 25, 735–738 (1997).
22. Farnetani, C. G. & Richards, M. A. Numerical investigations of the mantle plume initiation model for

flood basalt events. J. Geophys. Res. 99, 13813–13833 (1994).
23. Richards, M. A. & Hager, B. H. Geoid anomalies in a dynamic earth. J. Geophys. Res. 89, 5987–6002

(1984).
24. Ricard, Y., Fleitout, L. & Froidevaux, C. Geoid heights and lithospheric stresses for a dynamic earth.

Ann. Geophys. 2, 267–286 (1984).
25. Mitrovica, J. X. & Forte, A. M. Radial profile of mantle viscosity: results from the joint inversion of

convection and postglacial rebound observables. J. Geophys. Res. 102, 2751–2769 (1997).
26. Karato, S.-I. Importance of anelasticity in the interpretation of seismic tomography. Geophys. Res. Lett.

20, 1623–1626 (1993).
27. Forte, A. M., Peltier, W. R., Dziewonski, A. M. & Woodward, R. L. Dynamic surface topography—a

new interpretation based upon mantle flow models derived from seismic tomography. Geophys. Res.
Lett. 19, 1555–1558 (1993).

28. White, N. & Lovell, B. Measuring the pulse of a plume with the sedimentary record. Nature 387, 888–
891 (1997).

Supplementary information is available on Nature’s World-Wide Web site (http://www.nature.com) or
as paper copy from the London editorial office of Nature.

Acknowledgements. We thank S. Grand for providing his model, and A. Nyblade for providing the data
for Fig. 1a. We also thank H. Pollack and A. Nyblade for comments. The manuscript was significantly
improved by comments from U. Christensen and Y. Ricard. C.L.-B. was supported by a National Science
Foundation postdoctoral fellowship; P.G.S. and C.L.-B. were supported by the Carnegie Institution of
Washington.

Correspondence and requests for materials should be addressed to C.L.-B. (e-mail: crlb@umich.edu).

Episodic-likememoryduring
cache recoverybyscrub jays
Nicola S. Clayton* & Anthony Dickinson†

* Section of Neurobiology, Physiology & Behavior, University of California at
Davis, California 95616, USA
† Department of Experimental Psychology, University of Cambridge,
Downing Street, Cambridge CB2 3EB, UK
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The recollection of past experiences allows us to recall what a
particular event was, and where and when it occurred1,2, a form of
memory that is thought to be unique to humans3. It is known,
however, that food-storing birds remember the spatial location4–6

and contents6–9 of their caches. Furthermore, food-storing ani-
mals adapt their caching and recovery strategies to the perish-
ability of food stores10–13, which suggests that they are sensitive to
temporal factors. Here we show that scrub jays (Aphelocoma
coerulescens) remember ‘when’ food items are stored by allowing
them to recover perishable ‘wax worms’ (wax-moth larvae) and
non-perishable peanuts which they had previously cached in

visuospatially distinct sites. Jays searched preferentially for
fresh wax worms, their favoured food, when allowed to recover
them shortly after caching. However, they rapidly learned to avoid
searching for worms after a longer interval during which the
worms had decayed. The recovery preference of jays demonstrates
memory of where and when particular food items were cached,
thereby fulfilling the behavioural criteria for episodic-like
memory in non-human animals.

Scrub jays in the Degrade group were given a series of pretraining
trials (see Methods) in which they learned that worms degrade and
become unpalatable over time; they therefore learned to avoid
recovering these items when a relatively long time (124 h) had
elapsed between caching and recovery. The birds then received a
further pair of training trials in which they were required to cache
peanuts in one side of a distinctive, sand-filled storage tray during
one caching phase, and wax worms in the opposite side during the
other caching phase (Fig. 1). Different, novel trays were used on
every trial throughout the experiment so that the cache sites were
trial-unique. The two caching phases were separated by 120 h, and
birds were subsequently allowed to recover items from both sides of
the caching tray 4 h after the second caching phase. The 4-h and
124-h trial designations refer to the length of the time that elapsed
between caching and recovering the wax worms: on the 124-h trial,
the birds first stored wax worms 124 h before cache recovery and
then cached peanuts in the other side of the tray 4 h before recovery;
whereas on the 4-h trial, birds cached the wax worms 4 h before
recovery, having previously stored peanuts 124 h prior to recovery.
As the wax worms were still fresh at recovery on the 4-h trial, and as
the fresh worms are their preferred food, the birds directed more of
their recovery inspections to the worm side of the storage tray on
this trial. By contrast, most of their recovery inspections were
directed to the peanut side of the tray on the 124-h trial when the
worms were in a decayed state.

During both pretraining and training trials, birds could use the
sight and smell of their caches as cues about where to search during
cache recovery. To test whether or not jays could remember if it was
the worms or the peanuts that had been cached, and where and
when they had been cached, each bird received a pair of test trials
that differed from the previous pair of training trials in that all food
items were removed before the recovery phase of each test trial and
fresh sand was placed in the tray. This procedure ensured that the
birds had to rely on memory during cache recovery, because
olfactory and visual cues about the contents of caches were no
longer available to the bird. If jays can remember when and where
they stored the two types of food, they should show a preference for
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Figure 1 Conditions and contents of the caching tray on different phases of 4-h

and 124-h training and trials. The trial designation refers to the length of the time

that elapsed between caching and recovering the wax worms. During the

caching phases, birds were prevented from storing food items in the shaded

halves of the tray by a cover, but they were free to cache in the open, non-shaded

halves.
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sites at which the worms had recently been cached on the 4-h trial
because they should expect the favoured wax worms still to be fresh.
We assessed this preference by recording the sites that the birds
inspected by probing the sand substrate with their bills. This
preference should be reversed on the 124-h trial if the birds can
also recall that the wax worms had been cached a relatively long time
ago and therefore would have decayed and become unpalatable.

The results of the test trials fulfilled both predictions. Eighty per
cent of birds in the Degrade group directed their first inspection to

the worm side of the caching tray on the 4-h trial, whereas all birds
inspected the peanut side first on the 124-h trial (Fig. 2a). A similar
pattern was seen for the total number of inspections during cache
recovery, with most inspections being directed to the worm side on
the 4-h trial but to the peanut side on the 124-h trial (Fig. 2a). This
cache recovery pattern suggests that the birds remembered not only
where the worms were stored, but also information about the
relative time between caching and recovery, in the sense that they
searched preferentially in the worm side of the tray when the worms
had been cached 4 h previously, but preferred to search in the peanut
side when the worms have been cached 124 h before the recovery
test.

To check that the preference for peanut caches on the 124-h trial
was not due to more rapid forgetting of worm versus peanut caches,
we compared the performance of birds in the Degrade group to that
of a second, Replenish group. Birds in the Replenish group received
the same training as those in the Degrade group except that the
stored wax worms were removed immediately after the caching
phase and replacing by fresh ones just before the cache recovery
phase. Thus, birds in the Replenish group never had the opportunity
to learn that worms decay over time. In contrast to the recovery
pattern shown by the Degrade group (Fig. 2a), all birds in the
Replenish group directed their first inspection to the worm side of
the caching tray on both the 4-h and the 124-h test trial (Fig. 2b).
Although the total number of inspections to the worm side was
reduced on the 124-h trial relative to the 4-h trial, the Replenish
group inspected the worm side more frequently than the peanut side
during cache recovery on both trials (Fig. 2b), thereby demonstrat-
ing that the peanut-side preference shown by the Degrade group on
the 124-h trial was not simply due to differential forgetting of worm
caches.

We also investigated another ecologically inspired procedure for
training the birds to encode and retrieve temporal information
about caching. This procedure capitalized on the fact that, in the
wild, increasing the time between storage and recovery enhances the
likelihood that the caches will be pilfered (stolen) by another
animal. In response to pilfering, birds adjust both the locations in
which they search for caches and those in which they store food
subsequently14–17. To teach our birds that the likelihood that the
worm caches would be pilfered increased with time since caching,
we trained the Pilfer group on a similar procedure to the Degrade
group, but in this case the wax worms were removed from the
storage tray on the 124-h training trial so that the Pilfer group could
recovery only peanut caches. In common with birds in the Replenish
and Degrade group, however, birds in the Pilfer group could recover
both peanut and worm caches on the 4-h training trial.

During cache recovery on the 4-h test trial, birds in the Pilfer
group showed the same preference for the worm sites as the other
groups as they all made their first inspection to the worm side
(Fig. 2c), a bias that was also expressed in the total number of
inspections made to worm and peanut sides (Fig. 2c). The critical
results, however, are those for the 124-h test trial. If scrub jays can
learn that the probability that caches will be pilfered increases with
time that has elapsed between caching and recovery by remember-
ing relatively how long ago they stored the wax worms, then their
preference for inspecting the worm sites should be reduced on the
124-h trial relative to that shown by the Replenish group. This
prediction was upheld: in contrast to the Replenish group, 29% of
the birds in the Pilfer group made their first inspection to the peanut
side on the 124-h trial (Fig. 2c), and there was no significant
difference in the total number of inspections directed to the two
sides of the storage tray (Fig. 2c).

In conclusion, the switch in preference from the worm side on the
4-h trial to the peanut side on the 124-h trial shown by birds in the
Degrade group, and to a lesser extent by the Pilfer group, can only
be explained by recall of three types of information: (1) ‘what’
items (peanuts and worms) were cached: (2) ‘where’ each type of

Figure 2 Mean number of inspections directed to the peanut and worm sides of

the storage trays (error bars represent mean standard error for these contrasts)

during the recovery phase of 4-h and 124-h test trials. All birds inspected the worm

side more than the peanut side on the 4-h trial (F1;14 ¼ 9:76, P , 0:01), a preference

that does not differ between the groups (F2;14 ¼ 0:90, P . 0:25). By contrast, there

is a significant interaction between group and side for the number of inspections

on the 124-h trial (F2;14 ¼ 9:59, P , 0:01), and the Degrade group (a) inspected the

peanut side more than worm side (F1;14 ¼ 12:79, P , 0:01), whereas the Replenish

group (b) inspected the worm side more than the peanut side (F1;14 ¼ 4:74,

P , 0:05). Birds in the Pilfer group (c) showed no significant preference

(F1;14 ¼ 0:66, P . 0:25). The groups also differ in the number of inspections to

the worm side of the storage tray (F2;14 ¼ 6:26, P , 0:05) but not to the peanut side

(F2;14 ¼ 1:34, P . 0:25). A post-hoc Newman–Keuls test reveals that the Degrade

group made fewer inspections to the worm side than the other two groups

(P , 0:05), which did not differ (P . 0:05). Also shown is the percentage of birds in

each group that made their first inspections to the worm side of the storage tray.

There is no difference between the groups in the distribution of first inspections

on the 4-h trial (x2
2 ¼ 2:55, P . 0:20) and, overall, more first inspections were

directed to the worm side than the peanut side (binomial test: P , 0:01). The

groups differ, however, in their distribution of first inspections on the 124-h trial

(x2
2 ¼ 11:50, P , 0:01), andone-tail binomial tests reveal that more first inspections

were directed at the peanut side by the Degrade group and to the worm side by

the Replenishgroup (P , 0:05 inboth cases),whereas the Pilfergroup showed no

significant bias to either side of the caching tray (P . 0:30).
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item was stored (left or right sides); and (3) ‘when’ (4 h or 124 h
ago) the worms were cached. Current theories of human episodic
memory refer to autonoetic consciousness3—the conscious experi-
ence of self—that accompanies episodic recall but, as this state
has no obvious manifestation in non-linguistic behaviour3 it is
probably undetectable in many species. In terms of purely
behavioural criteria, however, the cache recovery pattern of scrub
jays fulfils the three, ‘what’, ‘where’ and ‘when’ criteria for episodic
recall and thus provides, to our knowledge, the first conclusive
behavioural evidence of episodic-like memory in animals other
than humans. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Subjects. Adult, hand-raised scrub jays, which were allocated randomly to
the Degrade (n ¼ 8), Replenish (n ¼ 8) and Pilfer (n ¼ 7) groups, were
maintained under the same conditions as in the previous studies in which
they had participated8,18. Six birds (Degrade, n ¼ 3; Replenish, n ¼ 1; Pilfer,
n ¼ 1) that failed to store at least one item of both food types during the test
trials were omitted from the analysis.
Trainingand testing. The birds were deprived of their maintenance diet for 4 h
before each caching phase of the 4-h and 124-h trials (Fig. 1), and during the
4-h retention interval between the second caching phase and recovery. At the
start of each caching phase, a storage tray was placed in the bird’s home cage
together with a bowl of 50 shelled peanuts or wax worms for 15 min. To provide
a storage site that was unique and discriminable on every trial for each bird, the
storage tray used on a particular trial was drawn from a large set of sand-filled
plastic ice-cube trays (2 3 7 array of 2.5-cm cube molds), each rendered
visuospatially distinct by a surrounding structure of Lego bricks8. Access to
one side of the storage tray during the first caching phase and the other side
during the second caching phase was prevented by a clear Perspex cover. At the
end of each caching phase, the number and location of caches were recorded
before the food items were removed from the tray. Before each 15-min recovery
phase, peanuts were placed in the same ice-cube molds in which they had been
cached on the training trials. On 4-h training trials, wax worms were also
returned to their original cache locations. On 124-h training trials, decayed
worms were placed in those sites for birds for the Replenish group. The worm
sites remained empty for the Pilfered group. Furthermore, before all recovery
phases the sand substrate was replaced to remove any local visual cues about the
location of caches. The procedure was the same on the test trials, except that
none of the caches was returned to the storage tray before the recovery phase.
The order of the 4-h and 124-h training and test trials was counterbalanced
across birds within each group, as was the side of the storage tray in which
peanuts and worms were cached. To minimize observer bias, different observers
recorded the behaviour during the caching and recovery phases so that the
observer during the recovery phase was unaware of the treatment received
during caching.
Pretraining. Before the training and test trials, all birds received at least four
pairs of pretraining trials. The procedure during pretraining trials differed from
that during training trials in three respects. (1) On pretraining trials, peanuts
and worms were cached in separate, visuospatially distinct, trial-unique storage
trays. Thus during cache recovery, birds were presented with a choice
between the two trays on pretraining trials. (2) The second caching phase of
a pretraining trial followed immediately after the first one. (3) The cache
recovery phase occurred 4 h after the second caching phase on one trial of each
pair of pretraining trials and 124 h later on the other pretraining trial. The order
in which peanuts and worms were cached was counterbalanced within groups,
as was the order of the 4-h and 124-h trials within each pair of pretraining trials.
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Many voluntary movements involve coordination between the
limbs1,2. However, there have been very few attempts to study the
neuronal mechanisms that mediate this coordination. Here we
have studied the activity of cortical neurons while monkeys
performed tasks that required coordination between the two
arms. We found that most neurons in the primary motor cortex
(MI) show activity specific to bimanual movements (bimanual-
related activity), which is strikingly different from the activity of
the same neurons during unimanual movements. Moreover, units
in the supplementary motor area (SMA; the area of cortex most
often associated with bimanual coordination3) showed no more
bimanual-related activity than units in MI. Our results challenge
the classic view that MI controls the contralateral (opposite) side
of the body and that SMA is responsible for the coordination of
the arms. Rather, our data suggest that both cortical areas share
the control of bilateral coordination.

Common experience and psychophysical studies indicate that the
limbs coordinate automatically, and that requirements altering this
natural coordination increase task difficulty1,2,4. Anatomical, beha-
vioural and electrophysiological evidence indicate that SMA is an
important contributor to bimanual coordination5–9. However, there
are reports of only transient disturbance in interlimb coordination
with SMA lesions, suggesting that SMA is not solely responsible for
bimanual coordination4.

We reinvestigated the roles of MI and SMA in bimanual coordi-
nation. Monkeys operated two X–Y manipulanda, one with each
arm, which moved cursors on a video screen (see Methods and
Fig. 1). In bimanual trials the two arms started to move together
quite accurately, with an average inter-arm interval (IAI) of 16 ms
(s.d. 74 ms) for monkey F and 21 ms (s.d. 56 ms) for monkey G, and
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