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Food-storing animals hide food in times of abundance and rely on memory to recover those caches several
days if not months later when supplies are scarce. This review focuses on the different models that have
been proposed to explain the evolution of food caching, speciﬁcally those models that describe how food
caching might have evolved in an environment of cache pilferage. We discuss the use of cache protection
behaviours in cachers, and the success of these behaviours in bringing about a reduction in cache theft,
before looking at the behaviours of prospective thieves that facilitate cache pilferage. Finally, we consider
the insights these behaviours give us into the cognitive abilities of food-storing animals.
Ó 2006 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

In group-living animals, those individuals that cache food
may gain a disproportionate share of the resources,
compared to nonstorers, because it is quicker to cache
food items than it is to consume them (Clarkson et al.
1986; Jacobs 1992). Andersson & Krebs (1978) proposed
that food caching would become evolutionarily stable
only if the storer had a signiﬁcantly higher probability
of recovering its own caches than a conspeciﬁc. If not, pilferers (competitors who steal others’ caches) would share
the beneﬁt of a cached resource without paying the energetic costs associated with caching, and caching would be
unlikely to spread through a population. Nevertheless,
somewhat paradoxically, cachers can lose up to 30% of
their caches per day to pilferers (reviewed in Vander
Wall & Jenkins 2003). Food pilferers are known to be
both heterospeciﬁcs (grey jays, Perisoreus canadensis, and
Steller’s jays, Cyanocitta stelleri: Burnell & Tomback 1985)
and conspeciﬁcs (grey squirrels, Sciurus carolinensis: Richards 1958; pinyon jays, Gymnorhinus cyanocephalus:
Bednekoff & Balda 1996a; Mexican jays, Aphelocoma ultramarina: Bednekoff & Balda 1996b; Clark’s nutcrackers,
Nucifraga columbiana: Bednekoff & Balda 1996b; western
scrub-jays, Aphelocoma californica: Clayton et al. 2001;
common ravens, Corvus corax: Heinrich & Pepper 1998;
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Bugnyar & Kotrschal 2002; pocket mice, Chaetodipus
spp.: Leaver & Daly 1998).
Recently, two models have been proposed to explain the
evolution of caching despite high levels of cache pilferage.
In a model speciﬁc to the Paridae (tits and chickadees),
Smulders (1998) posited that, provided individuals form
small groups within a population, even if a storer’s caches
are pilfered by close associates, the caching genotype
would spread because, in times of food scarcity, storers
would be better off than the average nonstorer in the population as a whole. Vander Wall & Jenkins (2003) proposed an alternative model based on the caching
behaviour of solitary rodents. They suggested that because
many pilferers are storers themselves, pilfered items, or
the thief’s own caches, are made available to the original
storer through reciprocal cache theft, and that this environment of reciprocal pilferage is conducive to the evolution of long-term scatter hoarding.
Central to the models of both Smulders (1998) and
Vander Wall & Jenkins (2003) is a degree of speciﬁcity
as to the identity of the pilferer. While Smulders
(1998) asserted that it must be an immediate associate
of the storer, and therefore a conspeciﬁc, Vander Wall
& Jenkins (2003) necessitated the thief to be a foodstorer. In the wild, however, caches might often be stolen by individuals that are both heterospeciﬁcs and nonstorers (e.g. great tits, Parus major, stealing the caches of
marsh tits, Poecile palustris, Gibb 1954; Eurasian jackdaws,
Corvus monedula stealing rook, Corvus frugilegus: caches,
personal observation). We might therefore expect storers
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to engage in behaviours that serve to reduce cache loss.
Indeed, caching behaviour is inherently geared to reduce
pilferage, as items are concealed in a manner that makes
them imperceptible to potential thieves once they have
been cached.
CACHE PROTECTION BEHAVIOURS
Upon encountering a food resource, storers can either eat
or cache the available items and thus maintain both
internal (fat) and external (food caches) energetic reserves.
Whether an item is cached or consumed may depend on
factors such as its perishability (eastern woodrats, Neotoma
ﬂoridana: Reichman 1988; grey squirrel: Hadj-Chikh et al.
1996) and handling time (white-breasted nuthatches, Sitta
carolinensis: Woodrey 1990; grey squirrels: Jacobs 1992;
American crows, Corvus brachyrhynchos: Cristol 2001). Importantly, several studies have predicted that when experiencing high levels of cache pilferage, storers will reduce
caching and eat instead (Sherry 1985; McNamara et al.
1990; Lucas & Walter 1991).
In the Eurasian nuthatch, Sitta europaea, storers often
experience substantially more cache pilferage after competitors have observed a caching event (Carrascal &
Moreno 1993). Thus, to maximize their energetic gain,
individuals cache signiﬁcantly more food in the absence
of observers, and spend signiﬁcantly longer feeding in
their presence. The risk of cache theft therefore appears
to play a crucial role in the trade-off between the generation of external and internal energetic reserves. While
consuming potential caches prevents competitors from
gaining access to them, the ability to generate internal
energetic reserves is confounded by the amount of fat
that an animal can store (Blem & Pagels 1984), without
impeding metabolic rates and ﬂight costs (Lima 1986;
Lucas & Walter 1991; Witter & Cuthill 1993; Pravosudov
& Grubb 1998; Pravosudov & Lucas 2001). As such,
‘consumption’ behaviour should be used in conjunction
with, and not as a replacement for, generating external
reserves.

Table 1. A summary of the cache protection behaviours used by
food-storers
Strategy

Consumption Eat items in the
presence of
competitors, and
cache in their
absence
Enhanced
Cache more (to offset
caching
predicted cache loss)
in the presence of
observers
Reduction
Cache fewer items in
the presence of
observers than in
their absence

Cessation
Delay

Aggressive
defence
Spacing

Out of
view sites
Difficult-tosee sites

Social Context
Social context (presence or absence of competitors)
appears to be pivotal to the expression of cache protection
behaviours. Several species have been observed to cease,
reduce or delay the onset of caching behaviour in the
presence of potential thieves (Table 1). While these behaviours might reduce pilferage, if observers are constantly
present, individuals that abstain from caching in their
presence, or that wait for them to become inattentive,
will forfeit the ability to exploit ephemeral food resources.
Thus, caching rates should be reduced only when the
available resource is of little value to the storer, or when
there are likely to be other opportunities to cache when
observers have left the scene. If not, the level of cache
loss that would be experienced from pilferage might not
outweigh the beneﬁt accrued from even limited recovery
of high-value items.
The presence of observers is not always linked to the
cessation or reduction of caching and sometimes increases

Definition

Multiple
moves
Recaching

Do not cache in the
presence of potential
thieves
Delay the onset of
caching in the
presence of potential
thieves
Prevent potential
thieves having access
to cached items
Cache items at an
‘optimal’ density

Examples
Eurasian nuthatch:
Carrascal & Moreno
1993
Eurasian jay: Bossema
1979; white-footed
mouse: Sanchez &
Reichman 1987
Eurasian jay: Goodwin
1956; northwestern
crow: James &
Verbeek 1984; willow
tit: Alatalo & Carlson
1987; Lahti &
Rytkonen 1996;
black-capped
chickadee: Stone &
Baker 1989
Rook: Simmons 1968;
grey jay: Burnell &
Tomback 1985
Raven: Heinrich &
Pepper 1998; Bugnyar
& Kotrschal 2002
Eastern chipmunk:
Clarke & Kramer 1994

Common magpie:
Clarkson et al. 1986;
kangaroo rat: Daly
et al. 1992; Jenkins
et al. 1995; marsh tit:
Sherry et al. 1982;
grey jay: Waite &
Reeve 1995
Cache ‘out of view’
Raven: Bugnyar &
of competitors
Kotrschal 2002;
western scrub-jay:
Dally et al. 2005a
Cache in ‘hard-to-see’ Western scrub-jay:
sites (e.g. ‘shady’,
Dally et al. 2004,
distant)
2005a; common
magpie: Clarkson
et al. 1986
While caching in the
Western scrub-jay:
presence of potential Dally et al. 2005a, b;
thieves, move caches Eurasian jay: Cramp &
Perrins 1994
around repeatedly
During recovery, in the Western scrub-jay:
absence of observers, Emery & Clayton
move (specifically
2001; raven: Heinrich
high-risk) items into
1999; Eurasian jay:
new sites
Goodwin 1955

caching levels (Eurasian jay, Garrulus glandarius: Bossema
1979; white-footed mouse, Peromyscus leucopus: Sanchez
& Reichman 1987; western scrub-jays: Emery et al.
2004). Increasing the amount of caching, however, is a behaviour that is potentially disadvantageous. For example,
if the resource is ﬁnite, it will not be possible to increase
the cached reserve beyond a maximal level. Furthermore,
this tactic provides a net beneﬁt only if the energetic cost
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of caching, or resultant level of pilfering, is minimal. If
not, any energetic gain during recovery may still be less
than the energetic costs of caching.
Some species show a propensity both to increase and to
decrease caching rates in the presence of potential thieves.
Both Eurasian jays and western scrub-jays cached more in
the presence of observers in some studies (Eurasian jays:
Bossema 1979; western scrub-jays: Emery et al. 2004), but
not in others (Eurasian jays: Goodwin 1956; western
scrub-jays: Emery & Clayton 2001; Dally et al. 2005b).
This suggests that the use of this protection behaviour is
not species speciﬁc, but is situation dependent. For example, the propensity to increase or decrease caching might
depend on the speciﬁc social situation, or the perceived
value of the potential cache. While the precise conditions
under which different protection behaviours are used warrant further investigation, the behaviour of these birds
suggests that the use of cache protection behaviours
might represent a ﬂexible response to the risk of cache
theft, as opposed to an automatic response to the presence
of a competitor.

Aggressive Defence
Once an item has been cached, one of the simplest
methods to prevent cache theft would be to prohibit
potential thieves from gaining access to cache sites. This
could be achieved in one of two ways. First, storers could
prevent competitors entering the area in which they have
cached, or second, they could defend a single cache site.
The latter tactic is most commonly seen in larder-hoarders
(e.g. eastern chipmunks, Tamias striatus: Clarke & Kramer
1994), the use of a single store making cache defence somewhat easier. That is not to say that this tactic is absent in
scatter-hoarding species, individuals having been observed
to drive potential thieves away from cache sites (Eurasian
jays: Wilmore 1977; Bossema 1979; Goodwin 1986; western scrub-jays: Dally et al. 2005b; rooks: Goodwin 1986).
Furthermore, several caching species clump caches together, perhaps to aid cache defence (coal tits, Periparus
ater: Brotons 2000; grey squirrels: Spritzer & Brazeau
2003; common magpies, Pica pica: Clarkson et al. 1986).
Preventing competitors from entering a territory is
a tactic commonly seen in parid ﬂocks, as groups of tits
and chickadees prevent potential thieves entering the
winter territory in which cached food is widespread.
Aggression in these ﬂocks, however, is not directed only
at transient individuals, as within a ﬂock dominant males
often use aggression to exclude subordinates from preferred foraging and caching areas (black-capped chickadees, Poecile atricapillus: Baker et al. 1990; willow tits, Poecile
montanus: Ekman 1979; Brodin 1994). Therefore, although
aggression provides a useful tactic to prevent cache theft, it
is successful only if the potential thief is subordinate in status relative to the storer. If not, the storer would stand little
chance of protecting its caches, and would therefore have
to rely on an alternative strategy.
The risk that a dominant competitor represents to food
caches should be particularly pertinent to larder-hoarders
(e.g. eastern chipmunks: Clarke & Kramer 1994). While
the use of a single store might make cache site defence

somewhat easier, subordinates risk losing the sum total
of their caches during a single encounter with a dominant
thief. The trade-off between cache defence and cache pilferage might function to facilitate the dispersal of at least
some part of the larder hoard into more dispersed sites.
Squirrels scatter-hoard items throughout their territory
in addition to caching items in a central midden (Dempsie
& Keppie 1983; Gurnell 1984; Hurly & Robertson 1989).
This mix of caching patterns might represent a response
to the trade-off between the need to maximize cache defence and the need to minimize cache pilferage (Hurly &
Lourie 1997; Gerhardt 2005).
Whereas larder hoarding is common to mammals,
many avian species generally scatter-hoard. Woodpeckers
are a notable exception, however, as individuals cache
large numbers of items in granaries (reviewed in Vander
Wall 1990). This strategy might reﬂect the inability of
woodpeckers to defend larder-hoards against pilferage
from nocturnal rodents (Vander Wall 1990). Scatter hoarding appears to reduce the proportion of caches that are
lost, as a number of studies have found that widely spaced
caches are more likely to survive than caches placed close
to one another (Merriam’s kangaroo rats, Dipodomys merriami: Daly et al. 1992; northwestern crows, Corvus caurinus: James & Verbeek 1983; Eurasian jays: Bossema 1979;
grey jays: Waite 1988).
Two models have been proposed to predict how individuals should distribute their caches when cache loss is
density dependent (Stapanian & Smith 1978; Clarkson
et al. 1986). Although they generate two sets of predictions, both assert that caches should be uniformly distributed around a central food source. This propensity has
been identiﬁed in a range of species (common magpies:
Clarkson et al. 1986; kangaroo rats: Daly et al. 1992; Jenkins & Peters 1991; marsh tits: Sherry et al. 1982; fox
squirrels, Sciurus niger: Stapanian & Smith 1984), but
more impressively, individuals often redistribute caches
(grey jays: Waite & Reeve 1995; Merriam’s kangaroo rats:
Jenkins et al. 1995) or adjust distribution patterns to
maintain a uniform distribution (grey jays: Waite & Reeve
1992). Kraus (1983), however, argued that this ‘optimal
cache density’ may not be achievable in the wild. Although storers remember the spatial locations of their
own caches, the locations of the caches of competitors
are unknown. Kraus (1983) therefore suggested that the
spacing of caches prolongs the time necessary for potential thieves to steal food items, and that this may be sufﬁcient to make an area less attractive to thieving
competitors.
The ‘optimal spacing’ strategy relies on the storer possessing and updating a memory for the spatial locations of
cache sites. Unlike elevating or reducing caching rates, it
cannot be ascribed to an automatic response to the presence
of a competitor. In black-capped chickadees, however, items
tend not to be cached ‘optimally’, but instead are clustered
in sites in a preferred orientation from a food source (Barnea
& Nottebohm 1995). It therefore appears that cache spacing
behaviour, at least in some parids, might represent a compromise between the risk of pilferage and the need to remember the spatial locations of cache sites. By caching
items in a single direction from a food source, cache sites
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would share a common set of landmarks, and thus require
a lower memory load than that needed to remember the locations of cache sites dispersed over a wide area.
There is also evidence, albeit limited, to suggest that
storers adjust the density at which they cache as a function
of their social status. For example, territorial (breeding)
common magpies make their caches closer together, and
nearer to the food source, than nonbreeders (Clarkson
1984). This difference in cache spacing is thought to occur
because magpie caches are most often stolen by conspeciﬁcs. Thus, birds with exclusive territory use would experience less cache pilferage, a factor that would be reﬂected
in their ‘optimal’ cache density (Birkhead 1991). While
the ecology of territorial and nonbreeding magpies might
differ signiﬁcantly, and therefore have implications for
their use of cache sites, this ﬁnding highlights the need
for further research on the sensitivity of food-storers to
the risk of cache theft.

Social Dominance
In the previous section, we suggested that storers might
use information about their relative social status when
implementing protective behaviours. The ability for dominant birds to pilfer others’ caches successfully, is one that,
in parids, has also been theorized to result in a preference
for dominant animals to reduce investment in their own
caches (Brodin et al. 2001). However, the results of studies
that have investigated the caching rates of dominant and
subordinate birds have been equivocal. For instance, Lahti
& Rytkonen (1996) observed that, like mountain chickadees, Poecile gambeli (Pravosudov et al. 2003), subordinate
willow tits cache more than their dominant counterparts.
In contrast, Pravosudov & Lucas (2000) did not identify
any differences in the caching rates of dominant or subordinate Carolina chickadees, Poecile carolinensis. Furthermore, a study by Lahti et al. (1998) on willow tits
suggested that an individual’s caching rate might depend
on the immediate social environment. They found that
dominant willow tits cached more than subordinates
when in a group. However, when the dominants were removed, subordinate tits increased their caching rate significantly, suggesting that, in the presence of dominants,
caching by subordinate willow tits might have been socially suppressed. A similar result has been found for western scrub-jays (Dally et al. 2005b).

Pilferer Identity
In some situations, observers might not represent
a threat to cache safety, and any use of cache protection
behaviours would therefore constitute unnecessary energetic expenditure. For example, storers might differentiate
between the risks that conspeciﬁcs and heterospeciﬁcs
represent to their caches. Steller’s jays steal grey jays’
caches, whereas Clark’s nutcrackers do not. Thus, while
grey jays cache as usual in front of a conspeciﬁc or a Clark’s
nutcracker, they cease caching in the presence of a Steller’s
jay (Burnell & Tomback 1985).
Field observations suggest that some corvids may differentiate between attentive and inattentive observers. For

example, although in the presence of conspeciﬁcs ravens
prefer to cache in ‘out-of-view’ sites (Bugnyar & Kotrschal
2002), when nearby conspeciﬁcs are preoccupied, storers
do not implement cache protection strategies (Heinrich &
Pepper 1998). Furthermore, Kalländer (1978) noted that
caching rooks were not secretive if nearby rooks were also
caching. However, if another rook landed near to a caching
individual without a nut in its beak, the cacher would pick
up its nut and cease caching until the newcomer left. This
suggests that some corvids may base the use of cache protection strategies on the apparent attentional state of the observer as well as its identity.
Observer identity does appear to inﬂuence a storer’s use
of cache protection behaviours, as storing corvids appear to
tolerate cache theft from some individuals and defend their
caches against others. Goodwin (1956) observed that while
female Eurasian jays tolerated their partners stealing their
caches, they directed aggression at other individuals that
approached their cache sites. This ﬁnding was conﬁrmed
in a study by Dally (2004), which also found that, in western scrub-jays, partners defended each other’s caches
against pilfering conspeciﬁcs, suggesting that scrub-jays
perceive individual birds as representing different levels
of risk. If mates are not perceived as a threat to cache safety,
storers should abstain from investing energy in the implementation of cache protection strategies in their presence.
Heinrich & Pepper (1998, page 1087) observed in ravens
that ‘when a mated pair was working alone at a carcass,
they sometimes walked with food and cached it nearby
so that cache direction and often cache location could be
observed’. This observation suggests that, at least in some
corvids, the speciﬁc risk that an observer poses, not just
the presence or absence of an observer, governs whether
cache protection strategies are used.
THE EFFECT OF CACHE PILFERAGE
Several studies have investigated the effect of cache
pilferage on a storer’s caching strategy. For example, Lucas
& Zielinski (1998) found that Carolina chickadees cached
signiﬁcantly more items when a quarter of their caches
were consistently pilfered, compared to when their caches
were left intact. This behaviour appears similar to the cases
of enhanced caching described earlier, in which storers increase caching rates in the presence of observers. In both
cases, elevated caching represents a response to either predicted or experienced levels of cache loss. In a study on
black-capped chickadees, however, Baker & Anderson
(1995) found that if storers experience complete cache pilferage the number of items they cached was unaffected.
Although this ﬁnding initially seems somewhat at odds
with Lucas & Zielinski’s (1998) study, should these birds
experience cache pilferage from some sites but not others,
chickadees prefer to cache in the nonpilfered sites
(Hampton & Sherry 1994). Taken together, these ﬁndings
suggest that storers use cache protection behaviours only
when at least some of their caches can be recovered later.
More recently, Clayton et al. (2005) showed that western
scrub-jays prefer to cache worms than peanuts. If over a series of trials, however, storers ﬁnd that their worm caches
are consistently pilfered, they stop caching worms and
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instead cache nonpreferred peanuts. In all these experiments, however, storers were reacting to cache loss, and
their behaviour might have been different had they observed a thief stealing their caches.
Preston & Jacobs (2001) found that Merriam’s kangaroo
rats that observed conspeciﬁcs pilfering their caches
switched from scatter hoarding to larder hoarding, thus
making their caches easier to defend. The storers, however,
had to experience cache theft before changing their caching strategy, as the presence of an observer during caching
was not sufﬁcient to stimulate the change. Similarly, Emery
et al. (2004) found that after caching in the presence of an
observer and observing half of their caches being pilfered,
western scrub-jays recached items in new sites around their
home cage that they could defend from potential thieves.
In addition, after a single pilfering trial, the jays switched
their recovery strategy from predominantly recovering
and replacing caches to predominantly eating them. This
would be an advantageous strategy because uneaten caches
remain susceptible to theft, whereas by eating high-risk
items the birds are able to generate internal energetic reserves when the risk of theft is high.

THE BEHAVIOUR OF PILFERERS
Prospective thieves use several mechanisms to facilitate
cache pilferage. For example, several species use random
search to locate others’ caches (Clark’s nutcrackers: Kamil
& Balda 1985; grey squirrels: McQuade et al. 1986; yellow
pine chipmunks, Tamias amoenus: Vander Wall 1991).
However, as many animals use spatial memory to ﬁnd
their own caches, cache pilferage through exploratory digging should not impact signiﬁcantly upon a single individual’s food store. This is true of both mammals
(Merriam’s kangaroo rats: Jacobs 1992; grey squirrels: Jacobs & Liman 1991; MacDonald 1997; ground squirrels,
Spermophilus tridecemlineatus: Devenport et al. 2000) and
birds (Siberian jays, Perisoreus infaustus: Ekman et al.
1996; Clark’s nutcrackers: Tomback 1980; Kamil & Balda
1985; willow tits: Suhonen & Inki 1992).
Although spatial memory is sufﬁcient to offset cache loss
through random search, it may not always confer a recovery
advantage on the storer. For example, competitors often ﬁnd
the caches of others by smell (common magpies: Buitron &
Nuechterlein 1985; ravens: Harriman & Berger 1986; yellow
pine chipmunks: Vander Wall 2000; deer mice, Peromyscus
maniculatus: Howard & Cole 1967; Howard et al. 1968; Vander Wall 2000; Merriam’s kangaroo rats: Reichman & Oberstein 1977). This pilfering mechanism, however, is
generally successful only in wet conditions, as the strength
of olfactory signals emanating from buried seeds is strongest
when the seeds, or the surrounding substrate, are wet
(Vander Wall 1993, 1995, 1998). Consequently, the impact
of cache loss through the use of olfaction might vary as
weather conditions change (Vander Wall 2000).
The use of olfaction to locate the caches of others is
a pilferage behaviour that is not open to exploitation by
granivorous birds, because their sense of smell is not
sufﬁciently developed to detect buried seeds (Clark’s nutcrackers: Vander Wall 1982; Kamil & Balda 1985). The use of

memory would give a potential thief the ability to ﬁnd
others’ caches but there is only one anecdotal report to suggest that mammals are able to use observational spatial
memory to pilfer caches (kangaroo rats: Daly et al. 1992),
and no evidence that parids are capable of the same
(black-capped chickadees: Hitchcock & Sherry 1995; willow
tits: Brodin 1994). In a study by Baker et al. (1988), blackcapped chickadees received the opportunity to observe
a conspeciﬁc make three food caches. Either 6 min or 2 h
later, the observer received the opportunity to steal these
‘observed’ caches, along with three ‘unobserved’ caches
that had been made by the experimenter prior to the recovery period. The birds recovered ‘observed’ and ‘unobserved’
caches equally well, suggesting that the experience of
watching another individual did not provide the prospective thief with any recovery beneﬁt.
While there have been few studies investigating the use
of observational spatial memory in parids and mammals
(Baker et al. 1988; Preston & Jacobs 2001), none of which
have yielded positive results, corvids have been shown to
be extremely proﬁcient in recovering caches that they
have watched others make. However, in monitoring the
behaviour of others, individuals do not compromise their
own foraging rates (Smith et al. 2002). Bednekoff & Balda
(1996a, b) tested the ability of pinyon jays, Clark’s nutcrackers and Mexican jays to recover items they had observed other birds cache. Subjects were allowed to cache
items themselves, and during a separate event observe
a conspeciﬁc caching. Either 1 or 2 days later, the birds
were given the opportunity to recover their own caches
in addition to those they had seen a conspeciﬁc make.
All three species were highly accurate at recovering both
sets of cached items 1 day after caching. Unlike the other
two species, however, Clark’s nutcrackers were signiﬁcantly less accurate at recovering their conspeciﬁcs’ caches
after a 2-day interval (Bednekoff & Balda 1996b). Subsequent studies showed that western scrub-jays (Clayton
et al. 2001) and ravens (Heinrich & Pepper 1998) also
have highly accurate observational spatial memory. Although common to corvids, the degree to which observational spatial memory has developed appears to vary
across species. Indeed, an experiment by Bugnyar & Kotrschal (2002) found that ravens were able to use observational memory only when short time periods had
elapsed between the caching and pilfering events.
The variation between corvid species in their ability to
exploit visual information gained by watching another
bird cache might be a consequence of their social structure
(Bednekoff & Balda 1996b). In social species (e.g. pinyon
jays, Mexican jays, rooks), the opportunity to observe another bird caching may be relatively frequent, whereas
asocial species such as the Clark’s nutcracker would have
few such opportunities. Increased social complexity might
therefore have resulted in the selection for observational
spatial memory (Balda et al. 1996).
THE ‘EVOLUTIONARY ARMS RACE’
Bugnyar & Kotraschal (2002) suggested that the capacity
for observational spatial memory in corvids represents
the catalyst for an ‘evolutionary arms race’ between cachers
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and the pilferers, a ‘race’ in which the participants would
be expected to develop opportunities for social learning,
such as being unobtrusive as observers, and to engage in
strategies to counter the risk of cache pilferage. The concept
of an arms race, however, is equally applicable to those species that suffer a high degree of cache loss to pilferers using
olfaction. The propensity for chipmunks (Briggs & Vander
Wall 2004) and blue jays, Cyanocitta cristata: (Johnson et al.
1997) to cache preferentially in ash substrates might represent a response to just such a threat. Vander Wall (2003)
suggested that the odour of ash might mask the odour of
the cached food items. If this were the case, potential
thieves would be unable to use olfactory cues to locate
others’ caches. The ﬁndings of Briggs & Vander Wall
(2004) appear to support this hypothesis, showing that
while pilfering chipmunks are able to use olfactory cues
to locate caches made in sandy substrates, they are unable
to do the same when items are cached in ash.
Before discussing the behaviours that corvids use to
combat the risk of cache theft from observational spatial
memory, we discuss why cache pilferage poses a particular
problem in these species. Previously, we described two
models that purported to show that caching could evolve
in a population despite high levels of pilferage. However,
the criteria on which these models are based are not
applicable to food-caching corvids. For example, Smulders’ (1998) model requires that, within a population, each
individual has a separate foraging niche, but this foraging
strategy is speciﬁc to parids (e.g. willow tits: Brodin 1994;
crested tits, Lophophanes cristatus: Lens et al. 1994). Furthermore, the model developed by Vander Wall & Jenkins
(2003) is based on solitary rodents, yet many corvid species are colonial (e.g. rooks: Wilmore 1977) or semiterritorial (e.g. western scrub-jays: Curry et al. 2002). For these
reasons, corvids might be expected to be particularly sensitive to the risk of cache theft, and to use protective behaviours to lessen cache loss. Although the ensuing
discussion of protective behaviours is biased towards corvids, this is not necessarily because there is no evidence
that parids and mammals do not use these behaviours,
but rather because there are no comparable data on these
groups.

Storers
Out-of-view sites
One of the most effective ways to increase cache safety is
to cache in sites that an observer cannot see, and therefore
prevent competitors from using observational spatial memory to facilitate cache theft. Unlike caching cessation or
reduction, caching in sites that prevent the transfer of visual
information would allow storers to continue to exploit an
ephemeral food resource. Bugnyar & Kotrschal (2002)
found that ravens cached selectively behind large obstacles
in the presence of conspeciﬁcs, positioning the obstacle between themselves and the would-be thief. Similarly, when
presented with caching locations that were either behind
barriers or ‘in-view’ (and equidistant from the observer),
scrub-jays consistently cached in out-of-view sites (Dally
et al. 2005a). The scrub-jay results did not appear to arise
from a preference for solitude, or a fear of conspeciﬁcs,

because the jays divided their time equally between inview and out-of-view locations, eating in both, when given
powdered (noncacheable) food. In addition, unlike the raven study, the results could not be explained by a preference
for these birds to cache near a landmark.

Difficult-to-see sites
Several species cache predominantly in distant sites in
the presence of observers (willow tits: Lahti et al. 1998;
coal tits: Brotons 2000; common magpies: Clarkson
et al. 1986; grey squirrels: Spritzer & Brazeau 2003). These
sites are potentially more difﬁcult for observers to see,
thereby reducing the accuracy with which they might pilfer the storer’s caches. Storers, however, might always
cache in sites furthest from competitors, regardless of
whether the potential pilferers are observing the caching
event, because the further away the cache site the longer
it will take the potential pilferer to reach it. Thus, the
use of the distance tactic might be based on what the observer can see, or on a ﬁxed rule. In an experiment where
an observer’s view was or was not blocked by a metal
screen, scrub-jays maximized the distance between the observer and the cache site only when the observer was visible (Dally et al. 2005a). This ﬁnding suggests that, at least
in scrub-jays, storers behave in a way that reduces the visual information available to other birds. Together with
evidence from studies on ravens (Bugnyar & Kotrscha1
2002) this result suggests that the caching behaviour of
corvids is ﬂexible, and that corvids may be constantly calculating the position of moving observers in order to select optimal cache sites.
At ﬁrst glance, the increased energetic costs of transport
appear to make the use of a distance strategy costly. Heinrich & Pepper (1998), however, argued that if a food supply is inﬁnite, the energy expended does not signiﬁcantly
detract from the store available. If, in comparison, food
supplies are limited, storers appear to offset the energetic
costs of transport by caching speciﬁcally high-value items
in distant sites (grey jays: Waite 1992; Eurasian jays: Chettleburgh 1952; willow tits: Jokinen & Suhonen 1995;
crested tits: Jokinen & Suhonen 1995; Merriam’s kangarro
rats: Leaver & Daly 1998).
The preference for caching in sites that may be harder
for an observer to see is not limited to a propensity to
cache in distant locations. When given a choice of ‘shady’
and ‘well-lit’ sites, western scrub-jays cache predominantly in shady sites when observed by a conspeciﬁc,
but show no preference when the view of their competitor
is obscured (Dally et al. 2004). While shade represents one
method of reducing the clarity of the visual information
available to potential thieves, it is possible to imagine a variety of others such as fog or dense vegetation. Indeed, observations suggest that rooks cache predominantly in long
grass in the presence of potential thieves (N.J. Emery &
N.S. Clayton, personal observation). Furthermore, if competitors are near by but out of sight, it might also pay
storers to reduce the occurrence or amount of any acoustic
information that may alert potential thieves to the caching event.
In each of the scrub-jay experiments we have described
thus far, storers cached a few items in the less preferred sites
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(‘near’, ‘in-view’ and ‘well-lit’ sites). It is possible that there
may be an advantage in not hiding all the caches in one
place, because caching some items in the presence of an
observer may focus its attention away from other caches
and thus increase the protection of the majority. One way in
which it might be possible to test this assumption would be
to allow storers to have simultaneous access to both
preferred and less preferred food items and to high- and
low-risk caching sites. If caching items in high-risk sites
functions to distract the observer, then storers should cache
preferred food items in low-risk sites and the less preferred
food items in high-risk sites. In this way, storers may
increase the likelihood that the more valued items are
available for later recovery, as pilfering should be focused on
the sites containing the nonpreferred food. However, this
tactic would be expected to occur only if there was a limited
capacity of low-risk sites.

Multiple moves
In some situations it may not be possible to prevent or
reduce the visual information available to observers. For
example, if cache sites are equidistant to nonstationary
observers it would not be possible to use a distance
strategy, nor would storers be able to cache in out-ofview sites reliably. In this situation, storers appear to
respond by moving items around multiple times (Eurasian
jays: Cramp & Perrins 1994; western scrub-jays: Dally et al.
2005a). For example, in an experiment where observers
could move in and out of the view of a storer, western
scrub-jays repeatedly moved items that the observer had
seen cached, movement that occurred speciﬁcally in
view of the observer. The jays must therefore have remembered whether the observer had been present during each
caching event, in order to move those speciﬁc caches
around (Dally et al. 2005a).
Moving caches multiple times may function to make
their ﬁnal position less clear to an observer than if they
were left in their original cache site, as the memory for
each new cache site would suffer interference from the
memory of old cache sites. A potential cost of moving items
repeatedly is that the accuracy with which storers recover
their own caches may also be reduced. In this experiment,
however, storers recovered caches that had and had not
been moved with equal precision (Dally et al. 2005a).

Misinformation
One method for reducing cache theft would be to
misinform competitors as to cache location. Consequently, use of observational spatial memory would not
result in accurate cache theft. One method of misinformation would be to provide observers with incorrect
information. There are several reports that corvids often
make ‘false’ caches that contain either an inedible item
such as a small stone or nothing at all (rooks: A.S. Seed,
N.J. Emery & N.S. Clayton, personal observation; ravens:
Heinrich & Pepper 1998; Heinrich 1999). Because corvids
such as rooks and ravens transport food in their antelingual pouch, competitors cannot easily determine the
type, or even the presence, of an item to be cached. Indeed, competitors are able only to observe the caching
event, independent of whether it is a real or false act.

Recaching at recovery
The implementation of cache protection behaviours is
not limited to the initial period of caching. Several corvid
species return alone to caches hidden in the presence of
conspeciﬁcs, and recache them in new places unbeknownst to potential thieves (ravens: Heinrich 1999; Eurasian jays: Goodwin 1955). Emery & Clayton (2001)
showed that recaching behaviour is caused by, and not coincidental to, the presence of an observer during caching.
Western scrub-jays received the opportunity to cache either when observed by a conspeciﬁc, or in private, and recovered their caches in private. There were two main
ﬁndings from this study. First, individuals that had been
observed during caching recached food into new sites
upon cache recovery. As recovery conditions were identical, the birds had to remember whether they had been
watched during caching in order to know whether they
needed to recache food items, and if so whether to cache
speciﬁcally into new sites. Second, only birds that had previously been thieves hid their caches in new places; na€ıve
birds did not do so. This ﬁnding suggests that scrub-jays
are capable of a high level of social understanding called
experience projection (Emery & Clayton 2004), as individuals appeared to relate information about their previous
experience as a pilferer to the possibility of future theft
by another bird, and recached observed items accordingly.
Although a cache protection tactic in its own right,
recaching in western scrub-jays also occurs in conjunction
with other protection behaviours. Its use is speciﬁc,
however, being principally directed at items that have
been cached in nonpreferred sites (e.g. in view of an
observer or near the food resource). Because cache recovery always took place in private, the birds’ recaching
behaviour could not have been the result of behavioural
cues shown by the observer (Dally et al. 2004, 2005). Instead, recaching strategies must have been based on
a memory of the caching event, in addition to the presence or absence of an observer at caching.

Pilferers
Throughout this review, we have focused on caching
behaviour. The ability of corvids to use observational
spatial memory to steal others’ caches, however, means
that, in the ‘evolutionary arms race’ between storers and
stealers, we might expect observers to increase their
potential for stealing caches. In the scrub-jay experiments
we described previously (Emery & Clayton 2001; Dally
et al. 2004, 2005a), the observer was housed in an adjacent cage, limiting its ability to steal caches immediately,
or to move into a position that might be better suited to
the observation of caching. A study by Bugnyar & Kotrschal (2002), however, does not suffer from these
constraints, and is presently the only study to look at
the tactics that observers use when witnessing a caching
event. Bugnyar & Kotrschal (2002) found that in the presence of storing conspeciﬁcs, ravens often changed their
position relative to structures that would have otherwise
blocked their view of a caching event. In addition,
observers oriented themselves towards the location
where caching occurred, yet remained at a distance from
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the storer, perhaps to avoid interrupting caching. Thieves
were then able to use observational spatial memory to
steal the storers’ caches, although they waited until storers
had left the cache site before attempting cache theft.
If pilferers have evolved a suite of behaviours that
facilitate cache theft, we might expect prospective thieves
to act in a manner that serves to increase the success of
cache pilferage. For example, like pickpockets, an observer
might attempt to distract a storer, and thus create an
opportunity to pilfer caches undetected. Furthermore, we
might expect pilferers not only to maintain a distance
from storers, but also to observe caching events from
discreet locations (i.e. partly occluded locations such as
heavily leaved trees), a behaviour that might mean they
are unnoticed by caching birds.
CONCLUSIONS
Food-storing animals use a range of cache protection
behaviours (Table 1), which may reduce the level of cache
theft they experience from competitors. It is possible that
many of these behaviours simply constitute a response to
the presence or absence of a competitor. However, in corvids, there is evidence that these behaviours are used ﬂexibly, depending on the speciﬁc social context of a caching
event. A continuous theme throughout this review has
been evidence that suggests that the degree to which
storers use protective behaviours depends on the risk of future cache theft. The fact that western scrub-jays implement recaching behaviours when alone at recovery, and
that these behaviours are directed speciﬁcally towards
those items cached in high-risk sites, shows that behavioural cueing is not sufﬁcient to explain cache protection
in this species. There is also evidence that the very implementation of cache protection strategies, at least in corvids, is under a high level of sociocognitive control, as
storers relate their own experience of stealing others’ caches to the presence of observers at recovery, and therefore the risk of future theft (experience projection,
Emery & Clayton 2001).
Unfortunately, as a result of a lack of comparable studies
on parid and mammal species there is a clear bias towards
the study of cache protection in corvids in this review. It is
essential that this bias is addressed before we can fully
determine whether the suite of protective behaviours that
have been identiﬁed in corvids (e.g. recaching, out-of-view
sites, multiple moves) are unique to these species, or
whether they represent a more general ability of foodcaching animals. Furthermore, within the ﬁeld of corvid
research, current studies of cache protection have focused
almost exclusively on the western scrub-jay (e.g. Emery &
Clayton 2001; Dally et al. 2004) and the raven (Bugnyar &
Kotrschal 2002, 2004). It is therefore necessary to conduct
comparative studies on other corvid species, before making wide-ranging assertions about the use of cache protection behaviours, and their basis in cognition, for corvids
as a whole.
Emery & Clayton (2004) proposed that the capacity for
complex social cognition evolved convergently in corvids
and apes. Indeed, the use of ‘out-of-view’ and ‘difﬁcultto-see’ protection behaviours in some corvids raises the

possibility that, like great apes (Byrne & Whiten 1988;
Hare et al. 2000; but see Karin-D’Arcy & Povinelli 2002),
these animals understand what others can and cannot
see. A simpler explanation, however, is that storers base
their caching strategies on their own visual perspective
as opposed to that of the thief. For example, when caching
in sites that observers cannot see, storers may simply
perceive conspeciﬁcs as absent (‘out of sight, out of
mind’). Furthermore, although an observer is always present when storers cache in sites that might be difﬁcult to
see, it is still feasible to explain selective site use in terms
of the storer’s visual perspective. If these sites are harder
for the observer to see, it is automatically harder for the
storer to see the observer. The problem of how to differentiate between whether the storer is aware of the observer’s
or its own visual perspective is important. In this situation
it is perhaps useful to look for convergent evidence for
such a cognitive capacity.
Acknowledgments
We thank Selvino de Kort, Scott Stevens and two anonymous referees for comments on the manuscript. N.S.C.
was supported by grants from the National Institutes of
Health, BBSRC, Clare College and the University of
Cambridge. N.J.E. was funded by a Royal Society
University fellowship. J.M.D. received ﬁnancial support
from Clare College, the University of Cambridge, the Sir
Richard Stapely Educational Trust and the Sefton Educational Trust.

References
Alatalo, R. V. & Carlson, A. 1987. Hoarding-site selection of the
willow tit, (Parus montanus), in the presence of the Siberian tit, Parus cinctus. Ornis Fennica, 64, 1–9.
Andersson, M. & Krebs, J. R. 1978. On the evolution of hoarding
behaviour. Animal Behaviour, 26, 707–711.
Baker, M. C. & Anderson, P. 1995. Once-pilfered cache sites not
avoided by black-capped chickadees. Animal Behaviour, 49,
1599–1602.
Baker, M. C., Stone, E., Baker, A. E., Shelden, R. J., Skillicorn, P. &
Mantych, M. D. 1988. Evidence against observational learning in
storage and recovery of seeds by black-capped chickadees. Auk,
105, 492–497.
Baker, M. C., Mantych, M. D. & Shelden, R. J. 1990. Social dominance, food caching and recovery by black-capped chickadees
(Parus atricapillus): is there a cheater strategy? Ornis Scandinavica,
21, 293–295.
Balda, R. P., Kamil, A. C. & Bednekoff, P. A. 1996. Predicting cognitive capacity from natural history: examples from four species of
corvids. In: Current Ornithology (Ed. by V. Nolan & E. D. Ketterson), pp. 33–66. New York: Plenum.
Barnea, A. & Nottebohm, F. 1995. Patterns of food storing by
black-capped chickadees suggest a mnemonic hypothesis. Animal
Behaviour, 49, 1161–1176.
Bednekoff, P. & Balda, R. 1996a. Social caching and observational
spatial memory in pinyon jays. Behaviour, 133, 807–826.
Bednekoff, P. & Balda, R. 1996b. Observational spatial memory
in Clark’s nutcrackers and Mexican jays. Animal Behaviour, 52,
833–839.

ARTICLE IN PRESS
REVIEW

Birkhead, T. R. 1991. The Magpies. London: T. & A.D. Poyser.
Blem, C. R. & Pagels, J. F. 1984. Mid-winter lipid reserves of the
golden-crowned kinglet. Condor, 86, 491–492.
Bossema, I. 1979. Jays and oaks: an eco-ethological study of a symbiosis. Behaviour, 70, 1–117.
Briggs, J. S. & Vander Wall, S. B. 2004. Substrate type affects caching and pilferage of pine seeds by chipmunks. Behavioral Ecology,
15, 666–672.
Brodin, A. 1994. Separation of caches between individual willow
tits hoarding under natural conditions. Animal Behaviour, 47,
1031–1035.
Brodin, A., Lundborg, K. & Clark, C. W. 2001. The effect of dominance on food-hoarding: a game theoretical model. American
Naturalist, 157, 66–75.
Brotons, L. 2000. Individual food-hoarding decisions in a nonterritorial coal tit population: the role of social context. Animal Behaviour, 60, 395–402.
Bugnyar, T. & Kotrschal, K. 2002. Observational learning and the
raiding of food caches in ravens, Corvus corax: is it tactical deception? Animal Behaviour, 64, 185–195.
Bugnyar, T. & Kotrschal, K. 2004. Leading a conspecific away from
food in ravens (Corvus corax)? Animal Cognition, 7, 69–76.
Buitron, D. & Nuechterlein, G. L. 1985. Experiments on olfactory detection of food caches by black-billed magpies. Condor, 87, 92–95.
Burnell, K. L. & Tomback, D. F. 1985. Stellar’s jays steal gray jay
caches: field and laboratory observations. Auk, 102, 417–419.
Byrne, R. W. & Whiten, A. 1988. Machiavellian Intelligence: Social
Expertise and the Evolution of Intellect in Monkeys, Apes and Humans.
Oxford: Clarendon Press.
Carrascal, L. M. & Moreno, E. 1993. Food caching versus immediate consumption in the nuthatch: the effect of social context.
Ardea, 81, 135–141.
Chettleburgh, M. R. 1952. Observations on the collection and burial
of acorns by jays in the Hainault Forest. British Birds, 45, 359–364.
Clarke, C. W. & Kramer, D. L. 1994. The placement, recovery, and
loss of scatter hoards by eastern chipmunks, Tamias striatus.
Behavioral Ecology, 5, 353–361.
Clarkson, K. 1984. The breeding and feeding ecology of the magpie
(Pica pica). Ph.D. thesis, University of Sheffield.
Clarkson, K., Eden, S. F., Sutherland, W. J. & Houston, A. I. 1986.
Density dependence and magpie food hoarding. Journal of Animal
Ecology, 55, 111–121.
Clayton, N. S., Griffiths, D. P., Emery, N. J. & Dickinson, A. 2001.
Elements of episodic-like memory in animals. Philosophical Transactions of the Royal Society of London, Series B, 356, 1–9.
Clayton, N. S., Dally, J. M., Gilbert, J. D. & Dickinson, A. 2005.
Food caching by western scrub-jays (Aphelocoma californica):
a case of prospective cognition? Journal of Experimental Psychology:
Animal Behavioural Processes, 31, 115–124.
Cramp, S. & Perrins, C. 1994. Handbook of the Birds of Europe, the
Middle East and North Africa. The Birds of the Western Palearctic.
Vol. VIII. Crows to Finches. Oxford: Oxford University Press.
Cristol, D. A. 2001. American crows cache less preferred walnuts.
Animal Behaviour, 62, 331–336.
Curry, R. L., Townsend Peterson, A. & Langen, T. A. 2002.
Western scrub-jay. In: The Birds of North America. No. 712 (Ed.
by A. Poole & F. Gill), Philadelphia, Pennsylvania: The Birds of
North America.
Daly, M., Jacobs, L. F., Wilson, M. I. & Behrends, P. R. 1992. Scatter hoarding by kangaroo rats (Dipodomys merriami) and pilferage
from their caches. Behavioral Ecology, 3, 102–111.
Dally, J. M. 2004. Cache protection strategies in western scrub-jays
(Aphelocoma californica): implications for social cognition. Ph.D.
thesis, University of Cambridge.

Dally, J. M., Emery, N. J. & Clayton, N. S. 2004. Cache protection
strategies by western scrub-jays (Aphelocoma californica): hiding
food in the shade. Proceedings of the Royal Society of London, Series
B, 271, S387–S390.
Dally, J. M., Emery, N. J. & Clayton, N. S. 2005a. Cache protection strategies by western scrub-jays, Aphelocoma californica:
implications for social cognition. Animal Behaviour, 70,
1251–1263.
Dally, J. M., Emery, N. J. & Clayton, N. S. 2005b. The social
suppression of caching in western scrub-jays (Aphelocoma californica). Behaviour, 142, 961–977.
Dempsie, J. A. & Keppie, D. M. 1983. Foraging patterns of eastern
red squirrels. Journal of Mammalogy, 74, 1007–1013.
Devenport, J. A., Luna, L. D. & Devenport, L. D. 2000. Placement,
retrieval, and memory of caches by thirteen-lined ground squirrels. Ethology, 106, 171–183.
Ekman, J. 1979. Coherence, composition and territories of winter
social groups of the willow tit (Parus montanus) and the crested
tit (Parus cristatus). Ornis Scandinavica, 10, 56–68.
Ekman, J., Brodin, A., Bylin, A. & Sklepkovych, B. 1996. Selfish
long-term benefits of hoarding in the Siberian jay. Behavioral Ecology, 7, 140–144.
Emery, N. J. & Clayton, N. S. 2001. Effects of experience and social
context on prospective caching strategies by scrub jays. Nature,
414, 443–446.
Emery, N. J. & Clayton, N. S. 2004. Comparing the complex cognition of birds and primates. In: Comparative Vertebrate Cognition:
are Primates Superior to Non-primates? (Ed. by L. J. Rogers & G. Kaplan), pp. 3–55. The Hague: Kluwer Academic Press.
Emery, N. J., Dally, J. & Clayton, N. S. 2004. Western scrubjays (Aphelocoma californica) use cognitive strategies to protect
their caches from thieving conspecifics. Animal Cognition, 7,
37–43.
Gerhardt, F. 2005. Food pilfering in larder-hoarding red squirrels
(Tamiasciurus hudsonicus). Journal of Mammalogy, 86, 108–114.
Gibb, J. 1954. Feeding ecology of tits, with notes on treecreeper and
goldcrest. Ibis, 96, 513–543.
Goodwin, D. 1955. Jays and crows recovering hidden food. British
Birds, 48, 181–183.
Goodwin, D. 1956. Further observations on the behaviour of the jay
(Garrulus glandarius). Ibis, 98, 186–219.
Goodwin, D. 1986. Crows of the World. London: British Museum
(Natural History).
Gurnell, J. 1984. Home range, territoriality, caching behaviour and foodsupply of the red squirrel (Tamiasciurus hudsoniscus fremonti) in a subalpine lodgepole pine forest. Animal Behaviour, 32, 1119–1131.
Hadj-Chikh, L. Z., Steele, M. A. & Smallwood, P. D. 1996. Caching
decisions by grey squirrels: a test of the handling time and perishability hypothesis. Animal Behaviour, 52, 941–948.
Hampton, R. R. & Sherry, D. 1994. The effects of cache loss on
choice of cache sites in black-capped chickadees. Behavioral Ecology, 5, 44–50.
Hare, B., Call, J., Agnetta, M. & Tomasello, M. 2000. Chimpanzees
know what conspecifics do and do not see. Animal Behaviour, 59,
771–785.
Harriman, A. E. & Berger, R. H. 1986. Olfactory acuity in the common
raven (Corvus corax). Physiology and Behavior, 36, 257–262.
Heinrich, B. 1999. Mind of the Raven. New York: Harper Collins.
Heinrich, B. & Pepper, J. 1998. Influence of competitors on caching
behaviour in the common raven, Corvus corax. Animal Behaviour,
56, 1083–1090.
Hitchcock, C. L. & Sherry, D. F. 1995. Cache pilfering and its prevention in pairs of black-capped chickadees. Journal of Avian
Biology, 26, 157–192.

9

ARTICLE IN PRESS
10

ANIMAL BEHAVIOUR, --, -

Howard, W. E. & Cole, R. E. 1967. Olfaction in seed detection by
deer mice. Journal of Mammalogy, 48, 147–150.
Howard, W. E., Marsh, R. E. & Cole, R. E. 1968. Food detection in
deer mice using olfactory rather than visual cues. Animal Behaviour, 16, 13–17.
Hurly, T. A. & Lourie, S. A. 1997. Scatterhoarding and larderhoarding by red squirrels: size, dispersion and allocation of hoards.
Journal of Mammalogy, 78, 529–537.
Hurly, T. A. & Robertson, R. J. 1989. Variation in the food-hoarding behaviour of red squirrels. Behavioural Ecology and Sociobiology, 26, 91–97.
Jacobs, L. F. 1992. Memory for cache locations in Merriam’s kangaroo rats. Animal Behaviour, 43, 585–593.
Jacobs, L. F. & Liman, E. R. 1991. Grey squirrels remember the
locations of buried nuts. Animal Behaviour, 41, 103–110.
James, P. C. & Verbeek, N. A. M. 1983. The food storage behaviour
of the northwestern crow. Behaviour, 85, 276–291.
James, P. C. & Verbeek, N. A. M. 1984. Temporal and energetic aspects of food storage in northwestern crows. Ardea, 72, 207–216.
Jenkins, S. H. & Peters, R. A. 1991. Spatial patterns of food storage
by Merriam’s kangaroo rats. Behavioral Ecology, 3, 60–65.
Jenkins, S. H., Rothstein, A. & Green, W. C. H. 1995. Food hoarding by Merriam’s kangaroo rats: a test of alternative hypotheses.
Ecology, 76, 2470–2481.
Johnson, W. C., Adkisson, C. S., Crow, T. R. & Dixon, M. D. 1997.
Nut caching by blue-jays (Cyanocitta cristata L.): implications for
tree demography. American Midland Naturalist, 138, 357–370.
Jokinen, S. & Suhonen, J. 1995. Food caching by willow and crested
tits: a test of scatter-hoarding models. Ecology, 76, 892–898.
Kalländer, H. 1978. Hoarding in the rook (Corvus frugilegus). Anser
Supplement, 3, 124–128.
Kamil, A. C. & Balda, R. P. 1985. Cache recovery and spatial memory in Clark’s nutcrackers (Nucifraga columbiana). Journal of Experimental Psychology: Animal Behavioural Processes, 11, 95–111.
Karin-D’Arcy, R. & Povinelli, D. 2002. Do chimpanzees know what
others see? A closer look. International Journal of Comparative Psychology, 15, 21–54.
Kraus, B. 1983. A test of the optimal-density model for seed scatter
hoarding. Ecology, 64, 608–610.
Lahti, K. & Rytkonen, S. 1996. Presence of conspecifics, time of day
and age affect willow tit food hoarding. Animal Behaviour, 52,
631–636.
Lahti, K., Koivula, K., Rytkonen, S., Mustonen, T., Welling, P.,
Pravosudov, V. V. & Orell, M. 1998. Social influences on food caching
in willow tits: a field experiment. Behavioral Ecology, 9, 122–129.
Leaver, L. A. & Daly, M. 1998. Food-caching and differential cache
pilferage: a field study of coexistence of sympatric kangaroo rats
and pocket mice. Oecologica, 128, 577–584.
Lens, L., Adriaensen, F. & Dhondt, A. 1994. Age-related hoarding
strategies in the crested tit Parus cristatus. Should the cost of
subordination be reassessed? Journal of Animal Ecology, 63, 749–755.
Lima, S. L. 1986. Predation risk and unpredictable feeding conditions:
determinants of body mass in birds. Ecology, 67, 377–385.
Lucas, J. R. & Walter, L. R. 1991. When should chickadees hoard food?
Theory and experimental results. Animal Behaviour, 41, 579–601.
Lucas, J. R. & Zielinski, D. L. 1998. Seasonal variation in the effect
of cache pilferage on cache and body mass regulation in the
Carolina chickadees: what are the trade-offs? Behavioral Ecology, 9,
193–200.
MacDonald, I. M. V. 1997. Field experiments on duration and
precision of grey and red squirrel spatial memory. Animal Behaviour, 54, 879–891.
McNamara, J. M., Houston, A. I. & Krebs, J. R. 1990. Why hoard?
The economics of food storing in tits, Parus spp. Behavioral Ecology, 1, 12–23.

McQuade, D. B., Williams, E. H. & Eichenbaum, H. B. 1986. Cues
used for localising food by the gray squirrel (Sciurus carolinensis).
Ethology, 72, 22–30.
Pravosudov, V. V. & Grubb, T. C. 1998. Management of fat reserves in tufted titmice Baelophus bicolor in relation to risk of predation. Animal Behaviour, 56, 49–54.
Pravosudov, V. V. & Lucas, J. R. 2000. The effect of social dominance on fattening and food-caching behaviour in Carolina chickadees, Poecile carolinensis. Animal Behaviour, 60, 483–493.
Pravosudov, V. V. & Lucas, J. R. 2001. Daily patterns of energy
storage in food-caching birds under variable daily predation risks:
a dynamic state variable model. Behavioral Ecology and Sociobiology, 50, 239–250.
Pravosudov, V. V., Mendoza, S. P. & Clayton, N. S. 2003. The relationship between dominance, corticosterone, memory and food
caching in mountain chickadees (Poecile gambeli). Hormones and
Behavior, 44, 93–102.
Preston, S. D. & Jacobs, L. F. 2001. Conspecific pilferage, but not
presence affects Merriam’s kangaroo rat cache strategy. Behavioral
Ecology, 12, 517–523.
Reichman, O. J. 1988. Caching behaviour by eastern woodrats,
Neotoma floridana, in relation to food perishability. Animal Behaviour, 36, 1525–1532.
Reichman, O. J. & Oberstein, D. 1977. Selection of seed distribution types by Dipodomys merriami and Perognathus amplus. Ecology, 58, 636–643.
Richards, T. J. 1958. Concealment and recovery of food by birds,
with some relevant observations on squirrels. British Birds, 51,
497–508.
Sanchez, J. C. & Reichman, O. J. 1987. The effects of conspecifics
on caching behaviour of Peromyscus leucopus. Journal of Mammalogy, 68, 695–697.
Sherry, D. F. 1985. Food storage by birds and mammals. Advances in
the Study of Behaviour, 15, 153–188.
Sherry, D., Avery, M. & Stevens, A. 1982. Food storage, memory
and marsh tits. Animal Behaviour, 30, 631–633.
Simmons, K. E. L. 1968. Food-hiding by rooks and other birds. British Birds, 61, 228–229.
Smith, R. D., Ruxton, G. D. & Cresswell, W. 2002. Do kleptoparasites reduce their own foraging effort in order to detect kleptoparasitic opportunities? An empirical test of a key assumption of
kleptoparasite models. Oikos, 97, 205–212.
Smulders, T. V. 1998. A game theoretical model of the evolution of
food hoarding: applications to the paridae. American Naturalist,
151, 356–366.
Spritzer, M. D. & Brazeau, D. 2003. Direct vs. indirect benefits of
caching by gray squirrels (Sciurus carolinensis). Ethology, 109, 559–575.
Stapanian, M. A. & Smith, C. C. 1978. A model for seed scatterhoarding: coevolution of fox squirrels and black walnuts. Ecology,
59, 884–896.
Stapanian, M. A. & Smith, C. C. 1984. Density-dependent survival of scatter-hoarded nuts: an experimental approach. Ecology, 65, 1387–1396.
Stone, E. R. & Baker, M. C. 1989. The effects of conspecifics on food
caching by black-capped chickadees. Condor, 91, 833–839.
Suhonen, J. & Inki, K. 1992. Recovery of willow tit food caches by
other willow tits and by great tits. Animal Behaviour, 44, 180–181.
Tomback, D. 1980. How nutcrackers find their seed stores. Condor,
82, 10–19.
Vander Wall, S. B. 1982. An experimental analysis of cache recovery
in Clark’s nutcracker. Animal Behaviour, 30, 84–94.
Vander Wall, S. B. 1990. Food Hoarding in Animals. Chicago: University of Chicago Press.
Vander Wall, S. B. 1991. Mechanisms of cache recovery by yellow
pine chipmunks. Animal Behaviour, 41, 851–863.

ARTICLE IN PRESS
REVIEW

Vander Wall, S. B. 1993. Seed water content and the vulnerability of
buried seed to foraging rodents. American Midland Naturalist, 129,
272–281.
Vander Wall, S. B. 1995. Influence of substrate water on the ability of
rodents to find buried seeds. Journal of Mammalogy, 76, 851–856.
Vander Wall, S. B. 1998. Foraging success of granivorous rodents:
effects of variation in seed and soil water on olfaction. Ecology,
79, 233–241.
Vander Wall, S. B. 2000. The influence of environmental conditions
on cache recovery and cache pilferage by yellow pine chipmunks
(Tamias amoenus) and deer mice (Peromyscus maniculatus). Behavioral Ecology, 11, 544–549.
Vander Wall, S. B. 2003. How rodents smell buried seeds: a model
based on the behavior of pesticides in soil. Journal of Mammalogy,
84, 1089–1099.
Vander Wall, S. B. & Jenkins, S. H. 2003. Reciprocal pilferage and
the evolution of food-hoarding behaviour. Behavioral Ecology,
14, 656–667.

Waite, T. A. 1988. A field test of density-dependent survival of
simulated gray jay caches. Condor, 90, 247–249.
Waite, T. A. 1992. Social hoarding and a load size-distance relationship in gray jays. Condor, 94, 995–998.
Waite, T. A. & Reeve, J. D. 1992. Gray jay scatterhoarding behavior,
rate maximization, and the effect of local cache density. Ornis
Scandinavica, 23, 175–182.
Waite, T. A. & Reeve, J. D. 1995. Source-use decisions by hoarding
gray jays: effect of local cache density and food value. Journal of
Avian Biology, 26, 59–66.
Wilmore, S. B. 1977. Crows, Jays, Ravens and their Relatives. London:
David & Charles.
Witter, M. S. & Cuthill, I. C. 1993. The ecological costs of avian fat
storage. Philosophical Transactions of the Royal Society of London,
Series B, 340, 73–92.
Woodrey, M. S. 1990. Economics of caching versus immediate consumption by white-breasted nuthatches: the effect of handling
time. Condor, 92, 621–624.

11

