
4 Food Storing and Memory
David F. Sherry

It seems odd that a bird that has found food would refrain from eating it and instead
devote time and energy to looking for a place to hide it. A bird that stores food foregoes
the certain immediate energetic gain of consumption for the less certain prospect of
consuming the same food in the future, assuming it can find its cache again and another
animal does not take it in the meantime. As Andersson and Krebs (1978) showed, it
makes little sense to store food unless the animal doing so has a better chance of retriev-
ing it than any other animal foraging in the same area. There are various ways a bird
might increase the probability of retrieving its caches: storing food in the kind of place
it usually searches for food; storing food along a frequently travelled route; storing food
in a restricted area within its home range. Research with chickadees and tits, jays and
nutcrackers and a few other birds has shown, however, that food-storing birds retrieve
their caches by remembering where they put them. Research on food storing by birds
has led to new discoveries about memory, the neural mechanisms of memory, and the
evolution of cognition in birds. This chapter examines recent findings about memory in
food-storing birds, and the role of the avian hippocampus in memory for caches, and
compares these results to what is known about memory for cache sites in food-storing
mammals.

Memory

Memory for cache sites has been examined extensively in the two major groups of
food-storing birds, the Paridae, the family that includes North American chickadees,
titmice and Eurasian tits, and the Corvidae, the cosmopolitan family of jays, crows
and nutcrackers. Other groups of birds store food, including nuthatches (Sittidae), New
Zealand robins (Petroicidae), shrikes (Laniidae) and raptors but much less is known
about memory for stored food in these birds.

Do Food-Storing Birds Remember Cache Sites?

Food-storing birds, in general, have accurate long-lasting memory for cache locations
and can combine memory for cache sites with memory for other properties of caches
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4 Food Storing and Memory 53

(see Remembering What, Where and When, page 56). The evidence for memory
for cache sites comes from both field and laboratory studies (Brodin, 2010). In spring,
Clark’s nutcrackers (Nucifraga columbiana) successfully recover about 70 percent of
the caches they made the previous fall, assessed by the presence of seed shells at holes
the birds make in the ground when they probe for caches and additional estimates of
how many caches nutcrackers find empty due to pilfering by rodents (Tomback, 1980).
Marsh tits (Parus palustris) return to cache sites in the wild with such accuracy that
they tend to miss experimental caches placed 10 cm away from their own cache (Cowie
et al., 1981). They attempt to recover about 25 percent of the caches they have made and,
allowing for cache pilfering by other animals, are about 65 percent successful (Stevens
& Krebs, 1986).

In the laboratory, chickadees, tits, nutcrackers and jays all show accurate memory
for cache sites. The general design of these experiments is to allow birds to store food
and then compare the accuracy of their cache retrieval to accuracy expected by chance,
accuracy expected by preferences to search particular places or the accuracy of a bird
searching for caches not its own. Marsh tits, willow tits (P. montanus), black-capped
chickadees (Poecile atricapillus), mountain chickadees (Poecile gambeli) and coal tits
(Periparus ater) all show accurate memory for cache sites in the lab (Sherry et al.,
1981; Sherry, 1984; Krebs et al., 1990; Healy & Suhonen, 1996; Pravosudov & Clay-
ton, 2001; Male & Smulders, 2007). Perhaps surprisingly, memory for cache sites has
never been tested in some other Paridae known to store food, including Carolina (Poe-
cile carolinensis), Mexican (P. sclateri), boreal (P. hudsonicus) and chestnut-backed (P.
rufescens) chickadees and black-crested (Baeolophus atricristatus), oak (B. inornatus),
juniper (B. ridgwayi) and bridled (B. wollweberi) titmice. Among the Corvidae there
have been laboratory experiments confirming accurate memory for cache sites in Clark’s
nutcrackers (Nucifraga columbiana) and Eurasian nutcrackers (N. caryocatactes), and in
Eurasian jays (Garrulus glandarius), pinon jays (Gymnorhinus cyanocephalus), Mex-
ican jays (Aphelocoma ultramarina) and scrub jays (A. coerulescens) (Krushinskaya,
1966; Bossema, 1979; Vander Wall, 1982; Balda & Kamil, 1989; Bednekoff et al.,
1997). Memory for cache sites has also been shown in the lab in European nuthatches
(Sitta europea) (Härdling et al., 1997).

Food-storing birds remember cache sites by remembering the relation between the
cache and visual landmarks and cues (see Chapter 2, Reichert et al.). When Clark’s
nutcrackers and black-capped chickadees are allowed to store food near conspicuous
landmarks, and the landmarks are moved, the birds’ subsequent searches are in locations
that are correct with respect to the displaced landmarks (Vander Wall, 1982; Herz et al.,
1994). Scrub jays and black-capped chickadees also use sun compass information to
remember sites where food was stored (Wiltschko & Balda, 1989; Duff et al., 1998).
Birds probably use visual information of many kinds to identify cache sites. Brodbeck
(1994), for example, found that black-capped chickadees make their initial search for
a cache in the correct spatial location even if the local color and visual features at the
site have been changed. But if chickadees are allowed a second attempt, they search at a
site that matches the original cache site in color and visual features, not spatial location.
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54 David F. Sherry

The birds thus learn and remember visual cues of several kinds about cache sites and
use this information in a hierarchical fashion to relocate caches (Brodbeck, 1994).

There are many scatter-hoarding mammals, mostly rodents, but relatively little
research on memory for cache sites in mammals compared to the wealth of information
available on scatter-hoarding birds, which is surprising given how much is known about
spatial abilities, memory and the hippocampus of laboratory rodents. Early research
on food hoarding by rats addressed motivation not memory. George Miller, one of the
founding figures of cognitive science, conducted an experiment to determine whether
rats hoarded food in anticipation of future hunger, a goal, he said, “ . . . which may be
more apparent to the experimenter than to the rat.” (Miller, 1945). Miller wanted to see
if it made a difference whether rats successfully accumulated a hoard of food or just had
the opportunity to perform hoarding behavior. He decided that because rats hoarded
approximately the same amount whether or not he removed the rats’ hoards, the goal
of food hoarding was not the accumulation of a hoard but performance of the behavior
itself. More recent research on other rodents has found similar results (Luo et al., 2014).
Repeated complete removal of scatter-hoarded and larder-hoarded food had relatively
little effect on the amount of food subsequently hoarded by three species of rodents
native to northern China (Luo et al., 2014).

Food-storing birds, like food-storing rodents, can lose a great deal of their stored
food to cache pilferers (Tomback, 1980; Sherry et al., 1982) but continue caching. In
many laboratory experiments, birds search for caches that have already been emptied by
the researchers to prevent birds from seeing or smelling the cached food itself. Black-
capped chickadees can, however, detect spatial patterns in such cache loss and avoid
both caching in and searching in areas where cache loss is high (Hampton & Sherry,
1994).

Memory for cache sites in mammals was the subject of early observations by Frost
(1913) and has been investigated in more recent experimental work (Macdonald, 1976;
Jacobs & Liman, 1991; Jacobs, 1992). Jacobs and Liman (1991) found that grey squir-
rels (Sciurus carolinensis) retrieve their scattered caches by remembering the spatial
locations of caches, despite the presence of olfactory cues from stored food. Squirrels
were allowed to cache hazelnuts in a large open enclosure then search for them up to
twelve days later. Accuracy was as great twelve days following caching as it was two
days following caching.

Like food-storing birds, food-storing mammals identify cache sites by their spatial
relation to visual landmarks. Southern flying squirrels (Glaucomys volans) and yel-
low pine chipmunks (Tamias amoenus) both use visual landmarks to relocate caches
(Vander Wall, 1991; Winterrowd & Weigl, 2006). Mammals, and rodents in particular,
would seem more likely than birds to find concealed caches by olfaction but this is not
necessarily the case. Vander Wall (1991) found that yellow pine chipmunks searching
for buried dried seeds and seeds covered in chipmunk saliva (because they had been
pouched and carried by other chipmunks) found them at only the chance rate. In con-
trast, seeds that had been soaked in distilled water for an hour were readily located by
olfaction. The effectiveness of olfactory search thus depends on the olfactory cues that
the cache provides and some caches provide little or none.
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Figure 4.1 Black-capped chickadees searching for cache sites in the laboratory direct 40%–50%
of their visits to cache sites and the remainder to sites where they have not cached food, spending
50%–60% of their time at cache sites. The percentages expected by chance, based on the total
number of potential sites, the number used for caching, and the number of searches made was
around 6% in this experiment. Pre-storage shows visits and time spent prior to food storing at
sites later used for caching. From Sherry (1984) Figure 3.

Do Food-Storing Birds Remember All Their Caches?

In the laboratory, food-storing birds certainly make errors when searching for caches.
About half the cache recovery attempts of black-capped chickadees in the lab are cor-
rect, but this value is well above the accuracy expected by chance (Figure 4.1). In a
laboratory study of Clark’s nutcrackers, cache recovery accuracy ranged from 36 per-
cent to 50 percent (Bednekoff & Balda, 2014). The values obtained for nutcrackers in
the lab are lower than those reported in the field, as are the values for chickadees in the
lab compared to those found for marsh tits in the field. There is probably a good deal
of variance around estimates of retrieval accuracy in the field. It is also possible that
remembering cache sites in the lab is more difficult because of the relative sparseness
of spatial cues and interference from multiple cache retrieval trials in the same envi-
ronment. In the field, food-storing birds certainly do not retrieve everything they store.
Indeed, the dispersal mutualisms between nutcrackers and pines and between jays and
oaks evolved because a large number of the pine seeds and acorns stored by the birds
are not retrieved but remain in place, buried in the ground in conditions suitable for
germination.

Do food-storing birds recover any of their caches without using memory? Brodin
& Ekman have shown, using radio-ptilochronology, that some caches are retrieved by
willow tits after intervals longer than chickadees and tits have been shown to remem-
ber cache sites in the lab (Brodin & Ekman, 1994). They gave radioactively-labelled
seeds to birds in the wild and later captured these birds to check for radioactively-
labelled growth bands in the tail feathers. This procedure made it possible to
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estimate the interval between initial release of the seeds to the birds and consumption
of the same seeds. Some seeds were recovered and ingested over forty days after they
were first cached, compared to estimates of maximum memory duration in captivity of
around twenty-eight days (Hitchcock & Sherry 1990; Brodin & Kunz, 1997). Brodin
argues that these long interval cache retrievals indicate non-memory mechanisms of
cache retrieval, which may be the case (Brodin, 2005). It is also possible, however, that
laboratory studies underestimate the duration of memory for cache sites in the wild.
Furthermore, food-storing birds are known to retrieve cached food and then re-cache
it. Consumption of radioactively-labelled seed gives the interval between release of the
seeds and consumption but not necessarily the interval between the most recent caching
event and consumption.

Remembering What, Where and When

Because food-storing birds use memory to find their caches and readily indicate what
they can remember, it has been possible to address some very general questions about
the nature of animal memory in research with food-storing birds. Clayton and Dick-
inson, for example, used the food-storing behavior of scrub jays to examine whether
memory in birds has properties that resemble human episodic memory (Clayton &
Dickinson, 1998, 1999; Clayton et al., 2001). Episodic memory is a category of memory
first described by psychologist Endel Tulving (Tulving, 1972). Tulving felt that exper-
imental research on memory had focussed on the very restricted domain of semantic
memory. Experiments on memory for words and word-like stimuli had shown how
items were associated, how new information interfered with old, how the serial posi-
tion of items in a list affected memory and much more. But outside the laboratory,
memory means something very different to most people. When asked what memory is,
people are more likely to describe a memory from childhood or memory for a recent
significant or unusual event. Our memories tend to be autobiographical recollections
of episodes we have personally experienced. Tulving and his colleagues went on to
describe the properties of episodic memory, how it differed from semantic memory and
how these two memory systems are represented in the brain (Tulving, 1972, 1983, 1985,
2002).

Do animals have episodic memory, and how would we know if they do? It is easy
to ask people to describe a unique, personally-experienced event but not so with ani-
mals. Tulving had at one point, however, described episodic memory as memory for the
what, where and when of past events (Tulving, 1972), before expanding his definition
to include features of autobiographical personal experience (Tulving, 1985) and it is
possible to design experiments to test whether animals remember the what, where and
when (WWW) of events. Based on research that had shown that food-storing birds retain
information about what kind of food is stored in a cache and treat caches with preferred
and less preferred food differently (Sherry, 1984), Clayton and Dickinson gave scrub
jays two types of food to store, a preferred food and a less preferred food. They then
trained the scrub jays that, after a period of time, caches of their preferred food went
bad. The experiment required scrub jays to cache both types of food in different places
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4 Food Storing and Memory 57

Figure 4.2 In Phase 1, chickadees searched an aviary for four sites containing sunflower seeds and
5 minutes later searched again for four sites containing their preferred food, mealworms. The
order of these search bouts was randomized and counter-balanced over trials. In Phase 2, birds
returned to search the aviary again after either 3 or 123 h. After 3 h both foods were fresh and
palatable but after 123 h sunflower seeds were fresh but mealworms were rendered unpalatable
with quinine and herbal bitters.

and later to search for them. When the birds searched relatively soon after caching, they
looked in the correct location for their preferred food. When the time until they were
allowed to search was sufficiently long that their preferred food would have gone bad,
the birds searched in the locations that contained their less preferred food. In order to do
this, scrub jays had to have remembered where the two types of food were hidden, what
food was stored in a cache, and when the caches had been made. Only by remember-
ing what, where and when could they have retrieved successfully their preferred food
before it had gone bad and switched to searching for their less preferred food after their
preferred food’s “best before” time had expired.

Because it is not possible to determine whether non-verbal birds experience autobi-
ographical recollection of storing food, Clayton and Dickinson called successful per-
formance on the WWW problem episodic-like memory. Subsequent research has con-
firmed that food-storing magpies (Zinkivskay et al., 2009) and black-capped chickadees
(Feeney et al., 2009) can also solve the WWW problem.

In the experiments by Feeney et al. (2009) we trained black-capped chickadees to
search for mealworms and sunflower seeds in holes in trees in an indoor aviary. Chick-
adees prefer mealworms to sunflower seeds. In Phase 1 of each trial, birds searched the
trees for food (Figure 4.2). We arranged that initially they could find food of only one
type, then after a 5 min interval, could find only food of the other type (in random-
ized, counter-balanced order; Feeney et al., 2009). Phase 2 followed either 3 h or 123 h
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58 David F. Sherry

Figure 4.3 (A) The percentage of black-capped chickadees’ first choice for their preferred food,
mealworms, was significantly greater after a short 3 h interval than after a long 123 h interval.
Mealworms were fresh after 3 h but degraded after 123 h. (B) An accuracy score was calculated
from the number of correct searches and the number of searches expected by chance. A bird
performing no better than chance would have a score of 0. Search after both short and long
intervals was significantly more accurate than expected by chance. From Feeney et al. (2009)
Figure 2.

later. After the 3 h (short) retention interval, both food types were palatable. After the
123 h (long) retention interval sunflower seeds were still palatable but the preferred
food, mealworms, was degraded. We degraded mealworms by soaking them in quinine
and herbal bitters. Birds experienced short and long retention intervals in randomized
order and we rearranged trees in the aviary following Phase 2 to create a new spatial
configuration for Phase 1 of the next trial.

After the short retention interval, chickadees were more likely to search first the sites
where they had found mealworms than they were after the long retention interval, as
predicted if they could remember what food they had found, where they had found it,
and when (Figure 4.3A). Search accuracy was greater than chance at both short and
long retention intervals (Figure 4.3B), but the reduction in search for their preferred
food at the long retention interval indicates that chickadees had retained information
about when they had previously retrieved mealworms.

Although these results show that food-storing chickadees, like scrub jays, magpies
and even laboratory rats can perform the WWW task (Clayton et al., 2001; Babb &
Crystal, 2005; Naqshabandi et al., 2007; Zinkivskay et al., 2009), it is not clear that they
actually tell us anything about episodic memory in animals. Tulving argued that episodic
memory is unique to humans (Tulving, 1983). Although remembering WWW is a com-
ponent of episodic memory, it is neither necessary nor sufficient for episodic memory
(Zentall et al., 2001). Remembering WWW can occur semantically, not episodically. For
example, we may know that the English king Henry V fought the battle of Agincourt on
October 25, 1415, but this is not an episodic memory for anyone alive today. In the same
way, animals may use semantic information to solve the WWW problem without actu-
ally experiencing episodic recall of the event. Conversely, we can have vivid episodic
memories of personally experienced events in which the where and when are quite hazy.
We may remember a significant personal event, with details of who was there and what
the room looked like, but be unsure of what year it occurred or what city we were in.
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4 Food Storing and Memory 59

We may be able to reconstruct when and where, but that invokes semantic, not episodic
memory.

Regardless, knowing that animals can recall WWW certainly expands our appreci-
ation of the kind of information that animals may have available to them in a variety
of contexts, including not only storing food but also foraging in general, and perhaps
predator avoidance, social interaction, contests over resources, mate choice, parental
care, dispersal and migration.

What is Remembered About “When”?

The novel feature of WWW experiments is testing memory for when an event occurred.
By making the palatability of a preferred food conditional on the time since it was
found or stored, elapsed time becomes a discriminative stimulus and birds could learn to
attend to it. But how is when remembered? There are several ways of remembering when
an event occurred (Friedman, 1993). Memory for an event can be based on temporal
location, that is, remembered as a point in time, it can be based on temporal distance,
that is, remembered as how long ago an event occurred or it can be relational, that is,
remembered relative to the occurrence of other events. When the prosecuting attorney in
a courtroom drama asks the accused “Where were you on the evening of August 1?” they
are asking about a point in time. How long ago that was is irrelevant. When a sprinter
crosses the finish line, how long ago the starter fired his pistol determines whether a new
record has been set. When this occurred – morning, afternoon or evening – is irrelevant.
Bill Roberts and his colleagues devised an ingenious experimental design to test whether
rats remember when as a point in time or as how long ago an event occurred (Roberts
et al., 2008). We adapted this design to determine whether black-capped chickadees that
could successfully recall WWW remembered when their preferred food was found as a
point in time or as “how long ago” (Feeney et al., 2011).

Chickadees were assigned to one of four experimental groups (Table 4.1). At the start
of each trial, birds searched for sunflower seeds and their preferred food, mealworms,
as they did in the WWW experiment described earlier. Later, they returned and found
mealworms either freshly replenished or degraded. Sunflower seeds were always freshly
replenished. Whether mealworms were fresh or degraded depended on when they had
previously been found, but the nature of when was varied systematically. They could
find mealworms initially at either 9 AM or 12 PM and return after either 1 h or 28 h.
Four groups of birds experienced all four combinations of time of day and delay but the
outcomes they experienced for different combinations of time of day and delay differed
among the groups as shown in Table 4.1. For the “When 9 AM” group, mealworms were
fresh if they had been previously found at 9 AM, but otherwise they were degraded; how
long ago they were found was irrelevant. For the “When 12 PM” group, mealworms
were fresh if they had been found at 12 PM, otherwise they were degraded; how long
ago was irrelevant. For birds in the “How Long Ago 1 h” group, mealworms were fresh
if they had been previously found 1 h ago, otherwise mealworms were degraded; the
time of day they were found was irrelevant. Finally, for birds in the “How Long Ago
28 h” group, mealworms were fresh if they had been found 28 h ago, otherwise they
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60 David F. Sherry

Table 4.1 Chickadees found mealworms and sunflower seeds at either 9 AM or 12 PM and
returned to search for them either 1 h or 28 h later as shown on the left side of the table.
Searches after 28 h occurred on the second day (light shading). Whether mealworms were
fresh (F) at a later time differed for the four Groups of birds, as shown on the right side of the
table. The four Group columns shown four different groups of birds (n = 4 or 5 per group) and
how the state of mealworms varied according to the birds’ experience.

In the When groups, whether mealworms were fresh or degraded depended on the time of day
they had been found, as illustrated in A. For the How Long Ago groups, the condition of
mealworms depended on how long ago they had been found, as illustrated in B. All birds
experienced five trials of each combination of time of day and delay for a total of twenty trials
but the outcome differed depending on Group membership.

For birds in the 9 AM When group for example (as illustrated in A), mealworms were fresh later
only if they had been found initially at 9 AM. If mealworms had been found at 12 PM they were
always degraded later and how long ago mealworms had been found was irrelevant.

For birds in the 28 h How Long Ago group (as illustrated in B) mealworms were fresh later if
they had been found initially 28 h ago. If mealworms had been found 1 h ago they were always
degraded and whether they had been found at 9 AM or 12 PM was irrelevant.

were degraded; the time of day they had been found was irrelevant (Table 4.1). Birds
were given twenty trials to work out these temporal contingencies, five trials for each
combination of time of day and delay.

Chickadees performed well in this WWW experiment. The proportion of first choices
to sites containing mealworms is shown in Figure 4.4. Overall, a significantly greater
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Figure 4.4 Chickadees in the When group directed significantly more first choices to mealworm
sites whether they had initially found mealworms at 12 PM or 9 AM. Birds in the How Long
Ago (HLA) group directed significantly more first choices to mealworm sites after 1 h but not
after 28 h. See Table 6.1 for details. From Feeney et al. (2011) Figure 4.

proportion of birds’ first choices were to mealworm sites on trials when mealworms
were fresh than on trials when mealworms were degraded. This shows that chickadees
could correctly choose which sites to visit on the basis of either the point in time they
had found mealworms or how long ago they had found mealworms. A closer inspection
of the data shows that birds used both the 9 AM and the 12 PM point in time effectively.
While they chose appropriately when they had found mealworms 1 h ago, however, they
were unable to do so on 28 h trials (Figure 4.4).

There are several reasons chickadees may have been better able to use time of day
than elapsed time in this experiment. The birds’ were wild-caught as adults and their
experience in the field may have been that sites with food sometimes have food 1 h
later, but rarely do 28 h later. Alternatively, they may simply have been unable to recall
which sites had food and which did not after 28 h. Birds are very good at time-place
learning, that is, associating a time of day with a spatial location where an event like
the occurrence of food predictably occurs (Biebach et al., 1994; Wilkie et al., 1996).
Time-place learning and chickadees’ accuracy in both “When” conditions in the present
experiment may be the outcome of a common mechanism for identifying circadian time
points with good accuracy and associating them with events that occur at that time.

Consolidation of Memory

Memory for cache sites, like memory of other kinds, consists of many processes
that operate on a range of time scales from millisecond intracellular events to
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transformations of memory that may take place over weeks or even longer. Memory for
an event is initially unstable and labile, maintained by ongoing neural activity (Nader,
2003). Over time memory becomes consolidated, protected from changes in ongoing
neural activity by long-term changes in neural and synaptic structure (McGaugh, 1966,
2000). These structural changes require protein synthesis and disruption of protein syn-
thesis disrupts consolidation. The initial stages of protein synthesis-dependent consoli-
dation take place within a few hours.

The idea that unconsolidated memory may be labile and subject to change led
Nader and his colleagues to propose the theory of memory reconsolidation (Nader
et al., 2000a, 2000b). Reconsolidation theory proposes that when long-term memory
is recalled and activated, it re-enters a labile unconsolidated state. Following activa-
tion, memory must once again be consolidated, that is re-consolidated, in order to
re-enter long-term memory. The idea is appealing in part because it proposes a mech-
anism whereby new information acquired at the time of recall may be incorporated
into memory along with information undergoing reconsolidation and become indistin-
guishable from older memory. Reconsolidation, like consolidation, involves structural
changes and so can also be disrupted by inhibition of protein synthesis (Nader et al.,
2000a).

We used the protein synthesis inhibitor anisomycin to investigate whether memory for
cache sites undergoes consolidation and in addition, to examine how memory for cache
sites is modified when caches are harvested (Barrett & Sherry, 2012). Anisomycin dis-
rupts protein synthesis at translation, preventing formation and elongation of proteins
(Grollman, 1967). We were interested specifically in whether memory for cache sites is
re-activated for multiple caches as a batch during cache retrieval, and might therefore
require re-consolidation for the caches not actually harvested. We allowed chickadees
to cache food, search for and recover some caches 24 h later and then search again after
another 24 h for the caches that remained. We gave anisomycin to three different groups
of birds. One group received anisomycin within 2 h of storing, another 4–6 h after
storing and another within 2 h after the first recovery phase. The 2 h and 4–6 h peri-
ods of anisomycin administration were chosen to coincide with previously described
phases of protein synthesis following learning (Freeman et al., 1995; Epstein et al.,
2003). Disruption of protein synthesis 0–2 h following caching reduced the accuracy
of cache retrieval during both the first recovery phase 24 h later and during the sec-
ond recovery phase 48 h later, indicating that consolidation of memory for cache sites
was disrupted (Figure 4.5A). Disruption of protein synthesis 4–6 h following caching
reduced the accuracy of cache recovery 24 h but not 48 h later. As can be seen in
Figure 4.5B, the absence of any effect of anisomycin administration 4–6 h following
caching on R2 accuracy may have occurred because control accuracy was already low
by R2 for this group of birds. Overall, these results show that memory for cache sites
undergoes protein-synthesis dependent consolidation over a period of several hours fol-
lowing caching.

As mentioned earlier, chickadees can usually distinguish between cache sites they
have emptied and cache sites that still contain food. Birds given anisomycin following
their first recovery bout, however, did not make this distinction (Figure 4.6AB). They
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A B

Figure 4.5 (A) Disruption of protein synthesis with anisomycin 0–2 h following caching
significantly reduced accuracy during the first (R1) and second (R2) cache retrieval bouts 24 and
48 h following caching. (B) Disruption of protein synthesis 4–6 h following caching
significantly reduced accuracy during the first but not the second cache retrieval bout. Accuracy
expected by chance is shown by the dashed line. From Barrett and Sherry (2012) Figure 8.

searched at both types of site at rates above chance, and unlike control birds, did not
distinguish between caches they had emptied and caches they had left intact. This is
not the result predicted by the reconsolidation theory. Reconsolidation proposes that
memory for both empty and intact caches would be disrupted because both had been
recalled from memory, become labile and could not be reconsolidated because of the
presence of anisomycin. Instead, what birds given anisomycin lacked was new informa-
tion about the empty state of some caches. This corresponds to Dudai’s (2004) “weak”
version of the reconsolidation hypothesis which proposes that only new information is
consolidated following reactivation of long-term memory. By this account, the results of
the experiment show that memory for cache sites requires protein-synthesis dependent
consolidation following caching, and that later updating of certain spatial locations as

A B

Figure 4.6 A-Control birds search more during R2 at sites they left full following R1 than at sites
they had emptied. Search during R2 significantly exceeded Pre-storing biases (PS) at Full sites
but not Empty sites. B-Birds given the protein synthesis inhibitor anisomycin searched both
Empty and Full sites above the PS level, with no significant difference between their searches at
Empty and Full sites. From Barrett and Sherry (2012) Figure 10.
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having been emptied likewise requires protein synthesis dependent consolidation (Bar-
rett & Sherry, 2012).

It is possible our experiment found no evidence for reconsolidation because one of its
assumptions was incorrect, namely the assumption that birds searching for caches recall
multiple caches from memory as a batch, making memory for caches not harvested
subject to reconsolidation. If multiple cache sites are not recalled from memory as a
batch, however, it raises a number of questions about how they are recalled and how
the spatial locations of caches are organized in memory. If, for example, cache sites
are recalled from memory one at a time, what initiates recall of memory for the next
cache site? We know that in the lab, caches are not harvested in the same order in which
they were made. Rank order correlations between storage and retrieval sequences for
black-capped chickadees are sometimes positive, sometimes negative and always not
significant (Sherry, 1984). If caches are not recalled from memory as a batch, how are
the spatial relations among caches represented in memory? Are they represented in a
way that links cache sites together and allows a bird that has recovered food from one
cache to determine the location of nearby caches, or does the bird have to look for a
spatial cue associated with the next cache site? We actually know few details about how
the spatial relationships among multiple caches are remembered.

The Hippocampus of Food-storing Birds

The hippocampus plays an important role in memory in both birds and mammals. The
avian hippocampus differs in many ways from the hippocampus of mammals (Herold
et al., 2015). Its position in the brain is different and its internal organization shows
little resemblance to the hippocampus of mammals (Figure 4.7). It is, nevertheless, a
homologous structure, derived with modification from the same dorsomedial forebrain
structure in the common ancestor of birds and mammals. The hippocampus of birds
and mammals has similar connectivity to other brain regions (Székely, 1999; Atoji &
Wild, 2006), develops embryologically from the same pallial precursors (Källén, 1962),
shows conserved gene expression during development (Gupta et al., 2012), has compa-
rable neurotransmitters and neuropeptides (Erichsen et al., 1991; Krebs et al., 1991) and
shares cognitive functions (Sherry & Vaccarino, 1989; Colombo & Broadbent, 2000;
Colombo et al., 2001; Siegel et al., 2005).

Lesions of the hippocampus disrupt memory for food caches in Eurasian nutcrackers
and black-capped chickadees (Krushinskaya, 1966; Sherry & Vaccarino, 1989; Hamp-
ton & Shettleworth, 1996). In addition, large scale comparative studies show that the
hippocampus of food-storing birds is larger than the hippocampus of birds that do not
store food, indicating that selection for memory in food-storing birds has resulted in
modification and specialization of the hippocampus (Krebs et al., 1989; Sherry et al.,
1989; Hampton et al., 1995; Garamszegi & Eens, 2004; Lucas et al., 2004; Garamszegi
et al., 2005) but see also Brodin and Lundborg (2003).

Much more is known, however, about the neuroanatomy and function of the mam-
malian hippocampus, particularly the hippocampus of rodents, than is known about the
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4 Food Storing and Memory 65

Figure 4.7 The hippocampus of the black-capped chickadee (Upper). Nissl stained coronal
section of the dorsomedial left hemisphere. Arrowheads show lateral and ventral boundaries of
the hippocampus. Hippocampal section labeled for doublecortin (Lower). Doublecortin is
expressed by new neurons during migration and differentiation. Inset shows the proliferative
subependymal zone along the ventricle in the region indicated by the dotted rectangle. Scale bars
equal 200 µm. Abbreviations: HA Hyperpallium apicale, HP Hippocampus, S Septum, V
Ventricle. Photomicrographs by Caroline Strang and Adam Piraino. Reprinted from Sherry and
MacDougall-Shackleton (2014) Figure 1.

avian hippocampus. The anatomy of the mammalian hippocampus is well-described and
populations of cells in the hippocampus and in neighbouring cortex that are specialized
for processing spatial information are well-known (O’Keefe & Burgess, 1996; Moser
et al., 2008). There has been, nevertheless, little research examining how the rodent
brain encodes the locations of caches that the animal itself creates, retains this spatial
information, represents the distribution of cache sites and retrieves cache locations from
memory.

Merriam’s kangaroo rats (Dipodymis merriami) are scatter hoarders but bannertail
kangaroo rats (D spectabilis) make larder hoards. Merriam’s kangaroo rats have a
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larger hippocampus, relative to their brain size, than bannertail kangaroo rats (Jacobs
& Spencer, 1994). In keeping with their scatter hoarding behavior, however, Merriam’s
kangaroo rats also have a larger home range than bannertail kangaroo rats, which spend
much of their life in the area around the burrow that contains their defended larder
hoard. For these two species, the type of hoarding they exhibit is correlated with their
home range size making it difficult to determine the relative influence of these two
selective pressures on hippocampal size.

Western red squirrels (Tamiasciurus hudsonicus) are larder hoarders that store a great
deal of food, mostly conifer cones, in a small number of large middens (Gurnell, 1984).
Eastern red squirrels are more likely to create very large numbers of scattered caches
(Hurly & Robertson, 1990). Johnson, Boonstra and Wojtowicz (2010) found that the
granule cell layer in the dentate gyrus of the hippocampus was 31 percent larger in adult
eastern red squirrels even though adults from the western population are 59 percent
larger by body weight. There were also more proliferating neurons (identified by the
protein Ki-67 expressed by mitotic cells) and more immature neurons (identified by
the post-mitotic marker doublecortin) in the subventricular zone of the hippocampus in
eastern than in western squirrels.

Adult Neurogenesis and Memory

The avian hippocampus, like the mammalian hippocampus, is a site of adult neurogen-
esis (Barnea & Nottebohm, 1994, 1996; Hoshooley & Sherry, 2004; Hoshooley et al.,
2007; Kaslin et al., 2008; Sherry & Hoshooley, 2010; Vellema et al., 2010; Barnea &
Pravosudov, 2011). Black-capped chickadees show greater levels of hippocampal neu-
rogenesis than house sparrows (Passer domesticus), which experience similar seasonal
changes in their diet, social system and habitat but do not store food (Hoshooley &
Sherry, 2007). Food-storing black-capped chickadees from the harsher environment of
Alaska show greater hippocampal neurogenesis than conspecifics from Kansas, even
when hand-raised in a common environment (Roth et al., 2012).

As with food-storing birds, there is a correlation – also within species – between
hippocampal neurogenesis and food storing in mammals. Pan et al. (2013) found that
male Siberian chipmunks (Tamias siberica) that stored more food had more mitotic cells
in the dentate gyrus of the hippocampus than animals that stored less.

It is not clear, however, exactly how adult hippocampal neurogenesis contributes
to memory in either food-storing birds or mammals. We examined the effect of sup-
pressing neurogenesis in black-capped chickadees with the antimitotic drug methyla-
zoxymethanol acetate (MAM; Hall et al., 2014). We allowed chickadees to find food
in a subset of holes in artificial trees and then performed a series of manipulations
in which new subsets of holes were baited and previously baited sites were not. This
required the birds to remember successive batches of novel spatial locations, as they do
when remembering the locations of caches. After three such manipulations, we admin-
istered MAM. We predicted that if hippocampal neurogenesis played a role in spatial
memory, chickadees given MAM should have more difficulty than controls in learning
and remembering new spatial locations, beginning nine to fifteen days after we started
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Figure 4.8 Black-capped chickadees searched for baited locations in holes in trees. The dotted line
indicates chance performance. After four days, a new subset of holes was baited and previously
baited sites were not. This procedure was repeated in four blocks. During treatment birds were
given either methyazoxymethanol acetate (MAM) or phosphate-buffered saline. Both MAM and
Control birds performed poorly during treatment. In block 1 following treatment, Control and
MAM-treated birds both performed well. In blocks 2 and 3 following treatment, MAM birds
performed no better than chance while Control birds performed better than chance on some days.
∗ Control birds above chance (p < .05), † MAM birds above chance (p < .05), ‡ Control birds
above chance and greater than MAM birds (p < .05). Redrawn from Hall et al. (2014) Figure 4.

administering MAM. Nine to fifteen days is the time required for adult-born neurons to
migrate from ventricular sites of cell division to their hippocampal targets and establish
connections with existing hippocampal networks (Kirn et al., 1991).

Chickadees learned the task well and birds given MAM did not differ from controls
in their performance of the first manipulation that followed MAM administration. In
the subsequent manipulation, however, beginning twelve days after the start of MAM
administration, control birds continued to perform above chance on some but not all
days, while performance of birds given MAM dropped to the chance level as can be
seen in Figure 4.8 (Hall et al., 2014). Quantification of neurogenesis using the cell birth
marker BrdU showed that the number of new neurons was significantly reduced in both
the ventricular proliferation zone and the hippocampus. MAM administration had no
effect on measures of body condition, including fat and lean mass. This result shows
that adult hippocampal neurogenesis is indeed involved in the learning and recall of
novel spatial locations in chickadees.

Conclusions

Research with both birds and mammals shows that the advantage food storers must
obtain over cache pilferers in order for food storing to evolve as described by Andersson
and Krebs (1978) is usually achieved by remembering the spatial locations of caches.
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Food-hoarding animals may sometimes find their caches by chance or by looking in the
kind of place they are likely to cache food, in the same way we might find money in the
pocket of an old coat, but in general this is not an effective means of cache retrieval (or
a reliable system of banking). Memory for the locations of caches is widespread in birds
and mammals and both have recruited or adaptively modified cognitive mechanisms for
remembering large numbers of spatial locations for the durations necessary to make the
food hoarding strategy effective.

Remembering the spatial locations of hundreds, sometimes thousands, of caches for
several days, and for some birds many months, is a prodigious feat of memory. Because
they remember food caches, food-storing birds have become models for the study of
avian cognition, particularly memory. Research on food-storing birds has investigated
a variety of memory processes. Along with the spatial locations of caches, food-storing
birds can remember information about the kind of food cached, when it was cached and
whether a cache has been harvested. Temporal information is remembered in at least
two ways, as a point in time and as how long ago, although for black-capped chickadees
memory for a point in time appears more accurate than memory for time since an
event occurred. Memory in food-storing birds has also made it possible to examine the
neural mechanisms of memory, specifically the role of the hippocampus in memory for
spatial locations. Memory for spatial locations undergoes protein synthesis-dependent
consolidation much like the consolidation of memory observed in other animals.
Remembering which caches have been harvested and which have not likewise requires
protein synthesis-dependent consolidation. Recalled memory for caches not harvested
does not seem to undergo reconsolidation, though this raises a number of questions
about exactly how the recall of multiple spatial locations of caches takes place and
how memory for multiple caches is organized. The hippocampus of food-storing
birds is adaptively specialized. It is larger in birds that store food and shows levels
of adult hippocampal neurogenesis not found in non-storing species. Disruption of
neurogenesis reduces the ability of food-storing black-capped chickadees to learn
and remember successive novel spatial locations, as they must do in order to retrieve
caches.

Food-storing birds’ dependence on their caches for over-winter survival and success-
ful breeding in spring has produced a suite of adaptations in behavior, memory and the
brain that allows Parids and Corvids to reside year round in habitats that are inhospitable
for many other species of birds. Food-storing by birds (and mammals) also provides a
path to understanding memory and the representation of space in a system that is unique
and far from fully explored.

Food-storing birds, like many other birds, face an uncertain future from global habitat
loss and climate change (BirdLife International and National Audubon Society, 2015;
Rosenberg et al., 2016; Soykan et al., 2016). Reliance on stored food to breed and sur-
vive inhospitable winter conditions carries both benefits and risks. Clark’s nutcrackers
experienced a population wide failure to breed in the Greater Yellowstone Ecosystem
following failure of the whitebark pine cone crop in 2008 and 2010 (Schaming, 2015).
The whitebark pine cone crop failure was the result of infection by white pine blis-
ter rust (Cronartium ribicola) and outbreaks of mountain pine beetle (Dendroctonus
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ponderosae), the latter probably caused by warming at the elevations where whitebark
pine occurs. In Ontario, gray jays (Perisoreus canadensis) are breeding earlier, raising
fewer nestlings, and leaving formerly occupied territories vacant at the southern edge of
their range (Waite & Strickland, 2006). This is likely due to warmer fall temperatures
and fewer hard frosts (below – 16°C) at the southern edge of their range. Low fall tem-
peratures and hard frosts normally inhibit microbial activity and prevent caches from
decaying (Sechley et al., 2015). Gray jays are thus entering the breeding season with-
out the stored food resources required to breed successfully (Waite & Strickland, 2006).
The consequences of climate change for birds like chickadees and tits, committed to
the energetic costs of food storing, the allocation of cognitive resources to memory and
investment in hippocampal development and maintenance, remain to be seen. Under-
standing the importance of memory and its associated neural mechanisms in the food
storing way of life may be an important element in the conservation of chickadees, tits,
jays, nutcrackers and other food-storing birds.
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