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Abstract

Food caching has been linked to better performance on
spatial memory tasks and enlarged hippocampal volume
in both birds and mammals. Within food-caching birds,
it has also been predicted that species less reliant on
stored food should have inferior spatial memory and a
smaller hippocampus compared to species that depend
heavily on food caches. Several comparisons suggest
that North American corvids have a significantly smaller
hippocampus and overall brain volume compared to the
Eurasian corvid species and that western scrub-jays
(Aphelocoma californica) have a smaller hippocampus
compared to the more specialized Clark’s nutcracker.
Here we present the largest data set of scrub-jay brains
and, in contrast to previous reports, show that relative
to body mass western scrub-jays have a brain size simi-
lar to the largest brain size of Eurasian corvids. The rela-
tive hippocampal volume of scrub-jays is also among the
largest of all investigated corvids. These findings may

not be surprising considering that scrub-jays have been
reported to have remarkable cognitive capacities such as
episodic-like memory and experience projection. Our
data suggest that many previously made assumptions
about western scrub-jays as less specialized food hoard-
ers might be an oversimplification and that simple cat-
egorization of species into specialized and non-special-
ized hoarders might not provide useful insights into the
evolution of memory and the hippocampus.

Copyright © 2006 S. Karger AG, Basel

Introduction

Some bird species regularly cache food for future con-
sumption and such food caches are thought to be crucial
for survival [Vander Wall, 1990; Pravosudov and Grubb,
1997]. Many of the food-caching species scatter their
hoards over substantial home ranges and successful cache
retrieval is thought to be critical for the evolution of food-
caching behavior [Krebs et al., 1996]. It has been well
documented that food-caching birds successfully find
their own caches and rely, at least in part, on spatial mem-
ory to do so [Shettleworth, 1995; Krebs et al., 1996]. In
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addition, it is well established that the hippocampus is
involved in spatial memory processing [O’Keefe and
Nadel, 1978; Sherry and Vaccarino, 1989; Hampton and
Shettleworth, 1996].

The adaptive specialization hypothesis predicts that
increased demands for memory processing stemming
from the necessity to find thousands of previously hidden
food caches resulted in increased selection pressure on
spatial memory and the hippocampus in food caching
birds [Krebs et al., 1989, 1996]. Following the adaptive
specialization hypothesis, food-caching birds should have
better performance on spatial memory tasks and an en-
larged hippocampal volume compared to non-caching
species; and much research has been carried out testing
this prediction [Krebs et al., 1989; Sherry et al., 1989;
Healy and Krebs, 1992, 1996; Basil et al., 1996]. Most
work focused on representatives of two families with
many food-caching species: i.e., the Corvidae and the
Paridae. Initial comparisons made separately within each
family supported the adaptive specialization hypothesis
and suggested that food-caching species have larger hip-
pocampal volumes than their non-caching family mem-
bers [Krebs et al., 1989; Sherry et al., 1989; Healy and
Krebs, 1992, 1996; Basil et al., 1996].

However, when Brodin and Lundberg [2003] analyzed
all data sets combined, including all available data on
corvids and parids, they failed to find a significant rela-
tionship between food-caching behavior and hippocam-
pal volume. Lucas et al. [2004] suggested that the lack of
a relationship between food caching behavior and hippo-
campal volume presented by Brodin and Lundberg [2003]
stemmed from the fact that there is a difference in the
volume of the hippocampus and overall brain size be-
tween Eurasian and North American species. When con-
tinent of origin was added as a factor to the model, the
relationship between food caching and hippocampal vol-
ume reappeared [Lucas et al., 2004]. Garamszegi and
Eens [2004] added a larger set of non-caching species to
the data set and found an effect of food-caching special-
ization on hippocampal volume without adding conti-
nent effects. Thus, the latest large-scale comparison sup-
ports the adaptive specialization hypothesis. However, it
remains unclear why North American species would have
a smaller brain size than their relatives in Eurasia.

On a finer scale the adaptive specialization hypothesis
also predicts that food-caching species that rely heavily
on food caches for survival should have better spatial
memory and larger hippocampal volumes compared to
species that depend less on cached food. North American
corvids have been extensively used to test this prediction:
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western scrub-jays (Aphelocoma californica) and grey-
breasted jays (4. ultramarina) have been categorized as
non-specialized hoarders that are not well adapted to
food-caching. By contrast, pinyon jays (Gymnorhinus cy-
anocephalus) and Clark’s nutcrackers (Nucifraga colum-
biana) have been characterized as highly specialized
hoarders that depend on cached food for survival [Balda
and Kamil, 1989; Kamil et al., 1994; Olson et al., 1995].
Extensive testing has not led to any conclusive results; in
some tests Clark’s nutcracker and pinyon jays demon-
strated better spatial memory than western scrub-jays
and Mexican jays [Kamil et al., 1994; Olson et al., 1995],
whereas others found western scrub-jays to be superior to
nutcrackers and pinyon jays [Gould-Beierle, 2000]. Balda
and Kamil [1989] emphasized that Clark’s nutcrackers
and pinyon jays can remember cache locations for long
periods of time; caches made during autumn can fre-
quently be used as late as spring and early summer. West-
ern scrub-jays, on the other hand, do not seem to use their
caches over such extended periods. Instead, western
scrub-jays cache and retrieve their caches on a short-term
time scale. Yet, Bednekoff et al. [1997] failed to find sig-
nificant differences in long-term spatial memory between
these species. So, despite the report of Basil et al. [1996]
showing that Clark’s nutcrackers have a relatively larger
hippocampus than western scrub-jays, these species do
not show consistent differences in adaptations to caching
behavior.

It is possible that some of the assumptions made about
the degree of caching specialization of scrub-jays are over-
simplified. Western scrub-jays do not seem to be well
adapted for caching large quantities of pine seeds over
short periods of time. They do not have the morphologi-
cal adaptations to carry many seeds, such as the pouches
of Clark’s nutcrackers [Bock et al., 1973] and pinyon jays
[VanderWall and Balda, 1981]. However, western scrub-
jays cache year round [Curry et al., 2002; personal obser-
vations] whereas the Clark’s nutcracker and the pinyon
jays show distinct peaks in caching behavior that coincide
with the availability of their favorite seeds. The amount
of caching by western scrub-jays could also be underesti-
mated because the assessment is based on the numbers
of pine seeds cached. Although western scrub-jays cache
fewer pine seeds compared to hoarding specialists such
as the Clark’s nutcracker [Balda and Kamil, 1989], they
also cache a large number of other food types [Curry et
al., 2002]. It is unclear how these two distinct types of
caching, namely, the concentrated-in-time and food-type-
specific caching of the Clark’s nutcracker and the con-
tinuous and versatile caching of the western scrub-jay,
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compare in the demand on spatial memory. In addition,
it has been demonstrated that western scrub-jays have
remarkable episodic-like memory for their caches; not
only do they remember where they made a cache but they
also remember the content of the cache and the time it
was made [Clayton and Dickinson, 1998; Clayton et al.,
2003]. Because western scrub-jays cache food types that
perish at different rates (e.g., invertebrates and seeds),
selection pressure on the memory of when a cache was
made and its content, in addition to the memory of where
it was cached, could have been particularly strong. In con-
trast, a species that specializes in caching non-perishable
seeds only needs to remember the location for successful
cache retrieval. It has been suggested that like spatial
memory, episodic memory might depend on the hippo-
campus [Jefferey, 2004] and thus episodic-like memory
in the western scrub-jays might pose an additional selec-
tion pressure on hippocampal volume. Considering that
western scrub-jays memory use is more complex than
would be expected from simply considering them non-
specialized hoarders, it would be important to re-evaluate
their hippocampal and brain size and to re-examine how
their brain size compares to that of other corvids.

Here, we present new data on western-scrub jay’s brain
size using the largest sample size available for any corvid
species and compare them with the brain size in other
corvids.

Materials and Methods

Twenty-four western scrub-jays were collected from nests be-
tween March and April 2003 and hand raised for behavioral ex-
periments investigating the effects of nutrition during early post-
hatching development on spatial memory and the hippocampus
[Pravosudov et al., in press]. All birds were sacrificed at about one
year of age for brain analyses. Jays were anesthetized with Nembu-
tal-sodium solution and perfused transcardially with 4% parafor-
maldehyde in phosphate buffer. After perfusion, the brain was
placed in 4% paraformaldehyde for 1 week. The brains were cryo-
protected in a 30% sucrose solution, frozen in dry ice and kept at
—70°C until processing. We cut coronal sections at 40 um on a slid-
ing freezing microtome. All details of perfusions and brain prepara-
tions have been described in detail previously [Pravosudov et al.,
2002, in press; Pravosudov and Clayton, 2002; Pravosudov and
Omanska, 2005a, b].

We used the Stereolnvestigator software (version 3.15a, Micro-
brightfield, Colchester, Vt., USA) for all stereological measure-
ments. We used the Cavalieri principle [Gunderson and Jensen,
1987] to measure the volume of the right and left sides of the hip-
pocampus and the rest of the telencephalon on Nissl-stained sec-
tions [Pravosudov et al., in press]. We used the optical fractionator
method to estimate the total number of neurons in the right and
left sides of the hippocampus using the same sections as for the
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analyses of the hippocampal volume [Pravosudov et al., in press].
The details of all these methods have been described previously
[Pravosudov et al., 2002; Pravosudov and Clayton, 2002; Pravosu-
dov and Omanska 2005a, b]. Scrub-jays in this study were divided
into two groups; one group was reared on ad libitum food supply
whereas the other group was fed a moderately restricted diet until
the birds started to eat independently [Pravosudov et al., in press].
After birds in both groups became nutritionally independent they
were maintained on an ad libitum diet. Birds in both groups dem-
onstrated development rates within a range commonly observed in
natural broods. All birds have been regularly tested on spatial mem-
ory tests consisting of a food caching and cache-recovery task and
a one-trial associative learning task following the same protocol
until they were sacrificed when they were about one year old [Pra-
vosudov et al., in press]. Thus all birds had extensive experience in
food caching and cache retrieval. Relative hippocampal volume
was smaller in birds that experienced nutritional deficits but here
we conservatively used data from all brains irrespective of specific
experimental conditions during development [Pravosudov et al.,
in press]. Because some birds died during the experiment, only
21 brains were available for the analyses.

We used brain measurements for other corvid species from
Healy and Krebs [1992a], Basil et al. [1996], and Brodin and Lun-
dberg [2003] but we only used species for which two or more data
points were available to provide a measure of variance. For statis-
tical analyses we used a General Linear Model (GLM) with species
as a factor on log transformed brain volume estimates (Log(x+1)).
We used either the remainder of the telencephalon volume or body
mass as a covariate to compare relative hippocampal volume. All
comparisons were made using least squares means, which are mean
values adjusted for the variation in either telencephalon volume or
body mass.

Results

Absolute volume of the hippocampus of western scrub-
jays in this study was more than two times larger (76.19
+ 6.9 mm? (SD)) than that reported in Basil et al. [1996]
(32.06 * 3.6 mm? (SD) adjusted for shrinkage; t test,
ty; =—12.54, p < 0.001; fig. 1). Relative to the telenceph-
alon volume, hippocampal volume of western scrub-jays
in this study was also larger (ca. 57%, F, 5y = 8.67, p <
0.01) than that in Basil et al. [1996]. Similar significant
differences between the studies were observed in telen-
cephalon minus the hippocampus volume (2,158.3 *
172.1 mm? (SD) in our study and 1,094.6 = 55.6 mm?
(SD) in Basil et al. [1996], adjusted for shrinkage; t test,
ty; =-11.77, p< 0.001; fig. 1).

When telencephalon was used as a covariate, hippo-
campal volume differed significantly between the species
(F754=32.6,p<0.001; fig. 2A, 3A), and the effect of tel-
encephalon was also significant (F, 54 = 32.6, p < 0.001).
Post-hoc analyses revealed that relative hippocampal vol-
ume of western scrub-jays was significantly larger than
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Fig. 1. The relationship between the hippo-
campal and telencephalon volumes in west-
ern scrub-jays, from Basil et al. [1996] (open
circles) and from our study (filled circles).

that of pinyon and grey-breasted jays, Clark’s nutcrackers
and jackdaws (Corvus monedula), statistically indistin-
guishable from that of the carrion crow (Corvus corone)
and the Eurasian magpie (Pica pica) and significantly
smaller than that of the Eurasian jay (Garullus glandarius;,
table 1; fig. 3A).

When body mass was used as a covariate, hippocampal
volume also differed significantly between the species
(F754=29.1,p<0.001; fig. 2B, 3B) and the effect of body
mass was significant (F s4 = 5.2, p <0.05). The post-hoc
analyses, however, revealed different results; relative hip-
pocampal volume of western scrub-jays was now statisti-
cally indistinguishable from that of the Eurasian jay, the
Eurasian magpie and the carrion crow, whereas it was
significantly larger than that of all other species (table 1;
fig. 3B). The main difference between using telencepha-
lon and body mass as a covariate concerns just one spe-
cies; the Eurasian jay that has been reported to have an
unusually small telencephalon [Healy and Krebs, 1992;
fig. 2, 3].

When we compared the total brain volume relative to
body mass, species was a significant factor (F; s4 = 20.6,
p < 0.001; fig. 4), as well as body mass (F; 54 = 19.0, p <
0.001). Post-hoc analyses showed that Eurasian jays had
a significantly smaller brain volume relative to body mass
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Table 1. Results of Tukey post-hoc tests comparing relative hip-
pocampal volume (adjusted for either telencephalon volume or
body mass) of western scrub-jays with that of other corvids

Species Adjusted for Adjusted for
telencephalon body mass

Grey-breasted jay p <0.05 (+) p <0.05 (+)
Pinyon jay p<0.05(+) p <0.05(+)
Clark’s nutcracker p <0.05(+) p<0.05(+)
Carrion crow n.s. n.s.
Jackdaw p <0.05(+) p<0.05(+)
Eurasian jay p<0.05(-) n.s.
Eurasian magpie n.s. n.s.

(+) indicates larger and (-) smaller relative hippocampal volume
in scrub-jays. A complete General Linear Model included log-trans-
formed hippocampal volume as a dependent variable, species as an
independent variable and either telencephalon or body mass as a
covariate.

than all other species except carrion crows (Tukey test,
p < 0.05; fig. 4). Western scrub-jays, on the other hand,
have a significantly larger total brain volume relative to
body mass than all other species in this study (Tukey test,
p <0.05; fig. 4).
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Discussion

Our study showed that previously used estimates of
western scrub-jay brains do not represent reliable values.
Total brain volume in this study was more than 2 times
larger than that reported in Basil et al. [1996]. The new
estimates showed that western scrub-jays have one of the
largest hippocampal volumes relative to body mass and

Spatial Memory Tasks and Hippocampal
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the largest total brain volume relative to the body mass
among all investigated corvids.

Why is there such a discrepancy between our study and
Basil et al. [1996]? One major difference is that we used
frozen tissue similar to most other studies, whereas Basil
et al. [1996] embedded brain tissue in paraffin. Basil et
al. [1996] corrected for tissue shrinkage referring to Fite
et al. [1993] and these corrected values have been used in
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subsequent comparative studies [Brodin and Lundberg,
2003; Lucas et al., 2004; Garamszegi and Eens, 2004].
However, Fite et al. [1993] did not mention shrinkage of
paraffin-embedded tissue as they used Polybed 812,
which might have different properties than paraffin. Fite
et al. [1993] also did not present any data supporting their
estimation of 24% shrinkage in Polybed-embedded tis-
sue. Basil et al. [1996] used 23% correction, which is not
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PJ CN e JD EJ EM SJ
Species

mentioned in Fite et al. [1993]. It is possible that paraf-
fin-embedded tissue shrinks more than Polybed-embed-
ded tissue, however there were no data to validate any of
the corrections used. Polybed 812 is an Epon resin and
there have been reports that embedding in paraffin results
in greater tissue shrinkage compared to embedding in
plastic such as Polybed [Nielsen et al., 1995]. Because
there is a substantial discrepancy between the western
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scrub-jay measurements of Basil et al. [1996] and our
measurements, it is plausible to assume that all measure-
ments of other North American corvids in that paper
were also noncomparable to the measurements from fro-
zen tissue. We used the data from Basil et al. [1996] for
illustrative purposes, but we suggest that these data should
not be used in future comparative studies until more data
on these species can either confirm or refute our conclu-
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PJ CN cc JD EJ EM SJ
Species

sions. It is plausible that the shrinkage of both the hippo-
campus and the rest of the telencephalon is proportional
when tissue is embedded in paraffin, however, hippocam-
pal volume relative to the rest of the telencephalon in this
study was significantly different from that in Basil et al.
[1996]. Therefore, it might be possible that shrinkage of
the hippocampus and the rest of the telencephalon is not
proportional when the tissue is embedded in paraffin. Al-
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ternatively and more likely, it is possible that the small
sample size (n = 2) in Basil et al. [1996] contributed to
the differences between the studies.

Lucas et al. [2004] reported that North American cor-
vids have significantly smaller hippocampi than Old
World corvids irrespective of their degree of food-caching
specialization. However, data for all except one North
American corvid [blue jay (Cyanocitta cristata) — only a
single data point is available, which seems to be an out-
lier within American corvids for hippocampal volume
relative to telencephalon volume; Lucas et al., 2004] come
from a single study by Basil et al. [1996], which, as we
argue here, does not provide comparable data. Based on
the current data, western scrub-jays have a relative hip-
pocampus as large as the largest hippocampus in Old
World corvids, whereas their relative overall brain size is
actually larger than that of any investigated Old World
corvid. Thus, conclusions about continental differences
in corvid brain size [Lucas et al., 2004] might be prema-
ture.

It is interesting that when we used the telencephalon
as a covariate, Eurasian jays had the largest hippocampus
of all corvids, whereas when we used body mass as a co-
variate, the trend disappeared and Eurasian jays had hip-
pocampi similar in size to those in Eurasian magpie and
western scrub-jays. When we looked at the volume of the
entire brain, Eurasian jays also have a significantly small-
er brain volume than most other corvid species. Although
it is not clear why Eurasian jays have a smaller brain size,
overall our results suggest that relative hippocampal size
in scrub-jays is comparable to that of Eurasian jays.

References

P Balda RP, Kamil AC (1989) A comparative study
of cache recovery by three corvid species.
Anim Behav 38:486-495.

P Basil JA, Kamil AC, Balda RP, Fite KV (1996)
Differences in hippocampal volume among
food storing corvids. Brain Behav Evol 47:
156-164.

» Bednekoff PA, Balda RP, Kamil AC, Hile AG
(1997) Long-term spatial memory in four seed-
caching corvid species. Anim Behav 53:335-
341.

»Bock WJ, Balda RP, Vander Wall SB (1973) Mor-
phology of the sublingual pouch and tongue

es 29:14-22.

America.

musculature in Clark’s nutcracker. Auk 90: P>Fite K, Bengston L, Donaghey B (1993) Experi-
mental light damage increases lipofuscin in the
retinal pigment epithelium of Japanese Quail » Healy SD, Krebs JR (1992a) Food storing and the
(Coturnix coturnix japonica). Exp Eye Res 57:

491-519.

» Brodin A, Lundborg K (2003) Is hippocampal vol-
ume affected by specialization for food hoard-
ing in birds? Proc R Soc Lond B 270:1555-
1563.

449-460.

8 Brain Behav Evol 2006;67:1-9

This study shows that the western scrub-jay has a rela-
tively large hippocampus compared to other corvids, de-
spite its usual categorization as a non-specialized food
cacher. Caching and retrieving relatively small amounts
of food throughout the year, such as the western scrub-jay
does might provide as much selection pressure for mem-
ory and the hippocampus as caching large amounts of
food during only a brief period, such as the specialized
cachers do. In addition, caching food items that perish at
different rates (e.g., seeds vs insects) might provide an
additional selection pressure on memory and the hippo-
campus. Thus comparing species with seemingly differ-
ent degrees of hoarding specialization might not be infor-
mative with respect to the evolution of memory and the
hippocampus. The current study also strongly suggests
that more data are needed to justify generalizations about
brain evolution in birds and to avoid possible spurious
correlations.

Acknowledgements

We thank Tom Hahn for providing animal space to conduct the
experiments, Christina Tuk, Alicja Omanska and Pierre Lavenex
for technical assistance. Comments from two anonymous reviewers
and from Walter Wilczynski greatly improved the manuscript. This
work was supported by NIH/NIMH career award to VVP and a
BBSRC grant (S16565) and Schlumberger Interdisciplinary Fel-
lowship at Darwin College to SAK. Birds were collected under Cal-
ifornia State and Federal Scientific Collecting Permit 801080-01
and all experiments were performed in accordance with University
of California Davis animal care protocol 9788.

P Clayton NS, Dickinson A (1998) Episodic-like P Garamszegi LZ, Eens M (2004) The evolution of
memory during cache recovery by scrub jays.
Nature 395:272-274.

» Clayton NS, Yu KS, Dickinson A (2003) Interact-
ing cache memories: evidence of flexible mem- P Gould-Beierle K (2000) A comparison of four cor-
ory use by western scrub-jays (4phelocoma
californica). J Exp Psych Anim Behav Process-

hippocampus volume and brain size in relation
to food hoarding in birds. Ecol Letters 7:1216—
1224.

vid species in a working and reference memory
task using a radial maze. J Comp Psychol 114:
347-356.

Curry RL, Peterson AT, Langen TA (2002) West- P Gundersen HIG, Jensen EB (1987) The efficiency
ern scrub-jay (4phelocoma californica). In: The
Birds of North America, No. 712 (Poole A,Gill
F, eds). Philadelphia, PA: The Birds of North » Hampton RR, Shettleworth SJ (1996) Hippocam-

of systematic sampling in stereology and its
predictions. J Microsc 147:229-263.

pal lesions impair memory for location but not
color in passerine birds. Behav Neurosci 110:
831-835.

hippocampus in corvids: amount and volume
are correlated. Proc R Soc Lond B 248:241-
245.

Pravosudov/de Kort



P Healy SD, Krebs JR (1992b) Food storing and the
hippocampus in Paridae. Brain Behav Evol 47:
195-199.

P Jefferey KJ (2004) Remembrance of futures past.
Trends Cogn Sci 8:197-199.

»Kamil AC, Balda RP, Olson DJ (1994) Perfor-
mance of four seed-caching corvid species in
the radial-arm maze analog. J Comp Psychol
108:385-393.

P Krebs JR, Clayton NS, Healy SD, Cristol DA, Pa-
tel SN, Jolliffe AR (1996) The ecology of the
avian brain: food-storing memory and the hip-
pocampus. Ibis 138:34-46.

» Krebs JR, Sherry DF, Healy SD, Perry VH, Vac-
carino AL (1989) Hippocampal specialization
of food-storing birds. Proc Natl Acad Sci 86:
1388-1392.

»Lucas JR, Brodin A, de Kort SR, Clayton NS
(2004) Does hippocampal size correlate with
the degree of caching specialization? Proc R
Soc Lond B 271:2423-2429.

» Nielsen KK, Andersen CB, Kromann-Andersen B
(1995) A comparison between the effects of
paraffin and plastic embedding of the normal
and obstructed minipig detrusor muscle using
the optical dissector. J Urol 154:2170-2173.

Spatial Memory Tasks and Hippocampal
Volume in Corvids

O’Keefe J, Nadel L (1978) The Hippocampus as
a Cognitive Map. Oxford UK: Clarendon
Press.

» Olson DJ, Kamil AC, Balda RP, Nims PJ (1995)
Performance of four seed-caching corvid spe-
cies in operant tests of nonspatial and spatial
memory. J] Comp Psychol 109:173-181.

» Pravosudov VV, Clayton NS (2002) A test of the
adaptive specialization hypothesis: population
differences in caching, memory and the hip-
pocampus in black-capped chickadees (Poecile
atricapilla). Behav Neurosci 116:515-522.

Pravosudov VV, Grubb TC Jr (1997) Energy man-
agement in passerine birds during the non-
breeding season: a review. Curr Ornithol 14:
189-234.

» Pravosudov VV, Omanska A (2005a) Prolonged
moderate elevation of corticosterone does not
affect hippocampal anatomy or cell prolifera-
tion rates in mountain chickadees (Poecile
gambeli). ] Neurobiol 62:82-91.

» Pravosudov VV, Omanska A (2005b) Dominance-
related changes in spatial memory are associ-
ated with changes in hippocampal cell prolif-
eration rates in mountain chickadees. J
Neurobiol 62:31-41.

» Pravosudov VV, Lavenex P, Clayton NS (2002)
Changes in spatial memory mediated by ex-
perimental variation in food supply do not af-
fect hippocampal anatomy in mountain chick-
adees (Poecile gambeli). J Neurobiol 51:
142-148.

Pravosudov VV, Lavenex P, Omanska A (in press)
Nutritional deficits during early development
affect hippocampal structure and spatial mem-
ory later in life. Behav Neurosci.

» Sherry DF, Vaccarino AL (1989) Hippocampus
and memory for food caches in black-capped
chickadees. Behav Neurosci 103:308-318.

» Sherry DF, Vaccarino AL, Buckenham K, Herz RS
(1989) The hippocampal complex of food-stor-
ing birds. Brain Behav Evol 34:308-317.

Shettleworth SJ (1995) Memory in food-storing
birds: from the field to the skinner box. In: Be-
havioral Brain Research in Naturalistic and
Semi-naturalistic Settings (Alleva E, Fasolo A,
Lipp H-P, Nadel L, eds), pp 158-179. The
Hague: Kluwer Academic Publishers.

Vander Wall SB (1990) Food Hoarding in Ani-
mals. Chicago IL: The University of Chicago
Press.

Vander Wall SB, Balda RP (1981) Ecology and
evolution of food-storage behavior in conifer-
seed-caching corvids. Z Tierpsychol 56:217-
242.

Brain Behav Evol 2006;67:1-9 9





