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ABSTRACT: Earlier reports suggested that sea-
sonal variation in food-caching behavior (caching inten-
sity and cache retrieval accuracy) might correlate with
morphological changes in the hippocampal formation, a
brain structure thought to play a role in remembering
cache locations. We demonstrated that changes in cache
retrieval accuracy can also be triggered by experimental
variation in food supply: captive mountain chickadees
(Poecile gambeli) maintained on limited and unpredict-
able food supply were more accurate at recovering their
caches and performed better on spatial memory tests
than birds maintained on ad libitum food. In this study,
we investigated whether these two treatment groups also
differed in the volume and neuron number of the hip-
pocampal formation. If variation in memory for food
caches correlates with hippocampal size, then our birds
with enhanced cache recovery and spatial memory per-

formance should have larger hippocampal volumes and
total neuron numbers. Contrary to this prediction we
found no significant differences in volume or total neu-
ron number of the hippocampal formation between the
two treatment groups. Our results therefore indicate
that changes in food-caching behavior and spatial mem-
ory performance, as mediated by experimental varia-
tions in food supply, are not necessarily accompanied by
morphological changes in volume or neuron number of
the hippocampal formation in fully developed, experi-
enced food-caching birds. © 2002 Wiley Periodicals, Inc. J

Neurobiol 51: 142–148, 2002; Published online in Wiley InterScience (www.

interscience.wiley.com). DOI 10.1002/neu.10045
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INTRODUCTION

Many species of birds and mammals are known to
cache food for later use (Vander Wall, 1990) and rely

on memory to recover their caches at a later date (e.g.,
Shettleworth, 1995; Jacobs, 1995). Laboratory studies
have demonstrated that spatial memory performance
is impaired by lesions of the hippocampus in food-
caching birds (Sherry and Vaccarino, 1989; Hampton
and Shettleworth, 1996). In addition, comparative
studies have shown that food-caching birds and mam-
mals have a larger hippocampal volume relative to
telencephalon than noncaching species (Krebs et al.,
1989; Sherry et al., 1989; Jacobs et al., 1990). Simi-
larly, species that cache more intensively have a
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larger hippocampal formation than species that cache
less intensively (Healy and Krebs, 1992, 1996; Hamp-
ton et al., 1995; Basil et al., 1996). All these findings
have led to the idea that there may be an evolutionary
selection pressure for increased hippocampal size as-
sociated with the enhanced visuo-spatial cognitive
demands for more efficient cache retrieval (Krebs,
1990; Krebs et al., 1996).

Comparative studies have shown that the differ-
ences in hippocampal size between storers and non-
storers arise after the young have fledged from the
nest (Healy and Krebs, 1993; Healy et al., 1994) and
that the additional hippocampal growth during post-
natal development in young food storers depends on
food-caching and retrieval experience (Clayton and
Krebs, 1994; Clayton, 1995, 1996, 2001). What is less
clear is whether experience-dependent changes in hip-
pocampal size also occur in adulthood in association
with changes in food-caching behavior and/or in spa-
tial memory.

One way to test this hypothesis is to compare the
hippocampal volume and total neuron number of adult
food storers in different seasons because food-caching
behavior changes seasonally (e.g., Haftorn, 1956; Lu-
descher, 1980; Pravosudov, 1985). One study re-
ported a seasonal change in hippocampal morphology
in food-caching birds: in the black-capped chickadee
(Poecile atricapillus), both the volume and total num-
ber of neurons in the hippocampus were greatest in
October when food-caching is at its peak (Smulders et
al., 1995, 2000b). In contrast, Barnea and Nottebohm
(1994) found no seasonal variation in hippocampal
neuron number in black-capped chickadees, although
they did find differences in neurogenesis. Similarly,
Lavenex and colleagues (2000a, b) found no seasonal
variation in volume, neuron number, or cell prolifer-
ation rates in the hippocampus of gray squirrels (Sciu-
rus carolinensis), a food-caching mammal, which,
like chickadees, has a well defined seasonal variation
in caching activity (Thompson and Thompson, 1980).
All these studies of seasonal variation were based on
the assumption that changes in caching behavior are
accompanied by variation in spatial memory process-
ing. Based on published data, however, it is not clear
that changes in caching behavior and/or spatial mem-
ory processing necessarily correlate with changes in
volume or neuron number in the hippocampal forma-
tion of fully developed, experienced food-caching
vertebrates.

In food-caching birds, manipulations of photope-
riod result in increased caching activity (Shettleworth
et al., 1995) and improved performance on spatial
memory tasks (Clayton and Cristol, 1996). The vol-
ume of the hippocampus, however, does not seem to

be affected by such manipulations (Krebs et al.,
1995). Other environmental factors, such as temper-
ature, hormone levels, and food supply, however, also
change seasonally and may be driving the seasonal
changes in caching behavior. It is therefore important
to understand which, if any, of these factors might
affect memory performance, and whether these fac-
tors might also influence hippocampal morphology.
The fact that food supply changes seasonally has
important implications, because birds’ survival prob-
ability may depend on successful cache retrieval (Pra-
vosudov and Grubb, 1997; Pravosudov and Clayton,
2001). If a bird does not remember a cache during late
summer when food is plentiful and it is easy to main-
tain energy balance, such a lapse should not have a
strong effect on the bird’s survival. We therefore
hypothesized that efficiency of food caching and re-
trieval may vary in response to energetic demands
(Pravosudov and Clayton, 2001). If variation in spa-
tial memory performance is subserved by variation in
volume and neuron number of the hippocampal for-
mation, then hippocampal morphology should also
respond to these changes in energetic demands.

We previously demonstrated that mountain chick-
adees (Poecile gambeli) maintained on limited and
unpredictable food supply were more efficient at re-
trieving their own caches and performed better on
spatial memory tests than chickadees maintained on
ad libitum food (Pravosudov and Clayton, 2001).
These results therefore provided us with the opportu-
nity to test the hypothesis concerning the relationship
between changes in hippocampal size and cognition
independent of any confounding seasonal effects.

MATERIALS AND METHODS

Twenty-four mountain chickadees were caught using mist-
nets during late November 1999 near the Sage Hen Field
Reserve of Tahoe National Forest. Birds were transported to
the laboratory, placed individually in wire-mesh cages (60
� 42 � 60 cm), and maintained on a 8:16 light/dark cycle
at 20°C. Birds were fed a mixture of shelled sunflower
seeds, crushed peanuts, and mealworms, and given ad libi-
tum water. After 1 week in captivity, birds were randomly
assigned to one of two groups. One group was maintained
on ad libitum food and the other was given a limited and
unpredictable food supply. For the limited and unpredict-
able food supply, birds were given access to food for three
or four 20-min intervals per day, resulting in either 60 or 80
min of access to food per day. Each day, we randomly
determined whether birds received three or four 20-min
feeding intervals. We also randomly spread these intervals
throughout the day, without having any two feeding inter-
vals contiguous.
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After 60 days on different feeding schedules, we tested
the birds’ spatial memory performance in laboratory tests
that lasted 34 more days during which birds were main-
tained on the same feeding schedules. We used several
procedures to test spatial memory performance (Pravosudov
and Clayton, 2001). First, birds were tested for their accu-
racy to retrieve their own caches. Second, birds were tested
on one-trial associative memory tasks in which they had to
find previously encountered, hidden food that they did not
cache themselves. These behavioral experiments demon-
strated that birds maintained on limited and unpredictable
food supply were more accurate in retrieving their own
caches than birds maintained on ad libitum food supply.
Importantly, there were no significant differences in the
amount of cached food between the two groups. Birds
maintained on limited and unpredictable food supply also
performed better on one-trial associative memory tasks
(Pravosudov and Clayton, 2001).

After completion of the behavioral tests (94 days on
experimental treatments), we collected blood samples for
analyses of plasma corticosterone (Pravosudov et al., 2001).
Birds were then anesthetized (0.03 mL of 50 mg/mL Nem-
butal per bird) and perfused transcardially with 100 mL of
phosphate buffer (0.1 M PO4) followed by 100 mL of 4%
paraformaldehyde in phosphate buffer. Birds were decapi-
tated and their brain within the skull was placed in the same
fixative for 1 week. The brains were then removed from the
skull and postfixed for another week. The brains were
cryoprotected in a 30% sucrose solution, frozen, and kept at
�20°C until processing. We cut coronal sections at 40 �m
on a sliding, freezing microtome. Every fourth section was
mounted onto gelatin-coated slides, stained for Nissl with
thionin, and coverslipped with Permount. Because of tech-
nical problems, only 21 birds were used for measurements
of volume and neuron number: 10 birds in the unpredictable
food group (eight males and two females) and 11 birds in
the ad libitum food group (eight males and three females).

We used StereoInvestigator 3.15a (Microbrightfield Inc.,
Colchester, VT) for all stereological measurements. We
used the Cavalieri principle to measure the volume of the

hippocampal formation and the volume of the telencephalon
(for details of the method see Gundersen and Jensen, 1987;
West and Gundersen, 1990). We determined the boundaries
of the hippocampal formation as described in Krebs et al.
(1989). To evaluate the precision of our sampling methods,
we calculated coefficients of error for volume and neuron
count measurements. The relative variance of individual
estimates (CE) was calculated using the quadratic approxi-
mation (Gundersen and Jensen, 1987) and taking into ac-
count the Nugget effect (West et al., 1996). We used a total
of 10 to 15 sections per bird to measure the hippocampal
volume (1 in 12 sections, 480 �m apart). In accordance with
the Cavalieri principle (Gundersen and Jensen, 1987; West
and Gundersen, 1990), we chose the first section randomly
from the first four sections containing the hippocampus.
Pilot studies showed that this sampling scheme was most
efficient and provided very low variance of individual esti-
mates (CE, Table 1) and that increasing the number of
sections measured did not increase estimation accuracy. To
measure the volume of the telencephalon, we used a total of
11 to 15 sections (1 in 16 sections, 640 �m apart), with the
first section chosen randomly from the first six sections.
Sections were coded prior to analyses and the code was
broken after all measurements were completed.

We calculated the total number of neurons in the hip-
pocampal formation using the optical fractionator method
(West et al., 1991), which allows the estimation of the
absolute number of neurons independently from any mea-
surement of the volume of the structure (West et al., 1991).
To count neurons, we used a 100X Neofluar� oil objective
(N.A. 1.30) on a Nikon Optiphot� microscope linked to
PC-based Stereo Investigator�, and sampled the same sec-
tions used for the volumetric measurements. We estimated
the number of neurons on the right side and doubled it to
obtain the total number of neurons in the hippocampal
formation as there were no significant differences between
sizes of right and left sides (Sign test, n � 21, z � 0.87, p
� .38).

We used two-sample t tests to compare the volume of the
hippocampus and the remainder of the telencephalon be-

Table 1 Volume of the Hippocampal Formation and the Remainder of the Telencephalon, Total Number of
Neurons, and Neuron Density of the Hippocampus in Mountain Chickadees under Limited and Unpredictable Food
Supply and Ad Libitum Food Supply

Parameter

Unpredictable Food
(n � 10)

Ad Libitum Food
(n � 11)

t Test Results PowerMean � SE CE Mean � SE CE

Wing length, mm 72.40 � 0.87 72.36 � 0.67 t � 0.03, p � .97
Body mass, g 11.84 � 0.68 11.62 � 0.21 t � 0.74, p � .47
Hippocampus volume, mm3 12.06 � 0.43 0.02 12.05 � 0.61 0.02 t � 0.01, p � .99 0.48
Telencephalon volume, mm3 306.03 � 10.95 0.02 309.67 � 9.03 0.02 t � �0.26, p � .80 0.59
Total number of neurons 936,691 � 39,837 0.06 907,841 � 40,661 0.06 t � 0.50, p � .62 0.48
Neuron density, per mm3 77,789 � 2096 76,097 � 9529 t � 0.47, p � .65 0.69

CE represents the average (per group) of the relative variance of individual estimates of volumetric brain measures and the total number
of neurons. CEs are not presented for neuron density because it was derived from the other measurements.

144 Pravosudov et al.



tween groups, because all data did not show a significant
departure from the normal distribution. To compare relative
hippocampal volume, we performed an ANCOVA on log-
transformed (natural logarithm) volume measurements with
nonhippocampal telencephalon volume as covariate. We
used a power analysis to calculate the power of the tests to
detect a 10% difference between groups, taking a 10%
change in estimates as the smallest biologically relevant
change expected based on published reports. Data presented
in Smulders et al. (1995), for example, suggest that the
volume of the hippocampal formation in black-capped
chickadees might change by as much as 30% in 3 months.
Smulders et al. (2000a) also reported that an average of 78
days in captivity resulted in a 13% reduction in hippocam-
pal volume in dark-eyed juncos (Junco hyemalis). Data on
neuronal incorporation rates in the hippocampus of adult
black-capped chickadees also suggest a 40% increase be-
tween August and October (Barnea and Nottebohm, 1994).

RESULTS

We found that the volume of the telencephalon with-
out the hippocampal formation was not significantly
different between the two treatment groups (Table 1).
More importantly, long-term limited and unpredict-
able food supply had no effect on the volume of the
hippocampal formation (Table 1). Hippocampal vol-
ume correlated with the volume of the remainder of
the telencephalon (r � 0.51, p � .01), but the volume
of the hippocampal formation relative to the volume
of the reminder of the telencephalon did not differ
between the two treatment groups [ANCOVA, F(1,
18) � 0.11; p � .74, power to detect a 10% difference
� 0.90]. Similarly, long-term limited and unpredict-
able food supply had no effect on total neuron number
or neuron density in the hippocampal formation (Ta-
ble 1). There were no sex differences in any of the
estimated parameters (t test, both treatment groups
combined, 16 males and 5 females, all p values � .3).
There were no significant differences between treat-
ments in body size or body mass prior to the experi-
ment (Table 1), but chickadees maintained on limited
and unpredictable food had gained significantly more
mass than chickadees on ad libitum food by the end of
the experiment (Pravosudov and Clayton, 2001).

The variance of our volume and neuron number
estimates (CE) was low for all measurements (Table
1), which supports the reliability of our methods.
Power analysis showed that we had sufficient power
to detect biologically relevant differences between
treatments (Table 1). The power to detect a 10%
difference between groups was more than 48%, and

the power to detect a 20% difference was more than
99% in all tests.

DISCUSSION

Although long-term differences in food supply re-
sulted in changes in cache-retrieval accuracy and per-
formance on spatial memory tasks, the present results
show that these changes were not accompanied by
changes in volume or total neuron number of the
hippocampal formation in experienced food-caching
mountain chickadees. Our results therefore provide
further experimental evidence in support of the view
that changes in food-caching behavior and/or spatial
memory performance do not necessarily correlate
with changes in hippocampal structure in fully devel-
oped experienced food-caching animals (Lavenex et
al., 2000a, b; Banta Lavenex et al., 2001). In a recent
critique, Bolhuis and Macphail (2001) also argued on
theoretical grounds that naturalistic changes in the use
of spatial memory in animals do not provide a solid
foundation to expect differences in brain size.

One might argue that the length of food treatment
was insufficient to produce detectable changes in the
hippocampal morphology. This seems unlikely for a
number of reasons. In our experiment, we maintained
the chickadees on different feeding supplies for about
3 months, a length of time sufficient to produce a
difference in cache-retrieval accuracy (Pravosudov
and Clayton, 2001). According to Barnea and Notte-
bohm (1994), this length of time is also more than
sufficient to detect significant differences in neuronal
incorporation rates in the hippocampal formation of
free-ranging or captive black-capped chickadees.
Similarly, changes in hippocampal volume in young
chickadees of the same species can be detected after
just 3 weeks of experience of food caching and cache
retrieval (Clayton, 2001). It is therefore unlikely that
the length of our experiment was insufficient to detect
significant changes in volume or neuron number in the
hippocampal formation of chickadees maintained in
different food supply conditions.

Another issue relates to the age and previous ex-
perience of our birds. In young birds with limited or
no caching experience, hippocampal volume has been
shown to depend on food caching and retrieval expe-
rience (Clayton, 1995, 1996, 2001). On the other
hand, Cristol (1996) reported that a 1 month absence
of caching experience had no effect on the hippocam-
pal volume in fully developed adult willow tits (Parus
montanus) that were experienced in food caching. We
probably used a mixture of juveniles (more than 4
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months old, but less than 1 year old) and adults (more
than 1 year old). However, birds were selected ran-
domly for the two experimental groups, and there is
no reason to believe that the ratio of juveniles to
adults differed between the two treatment groups. The
fact that the animals from the two groups did not
differ in size or body mass prior to the experiment
supports this argument. Furthermore, we trapped our
birds at the end of November, after juvenile birds had
gone through 3–4 months of extensive food caching
(from August to November; Pravosudov, personal
observation). We can therefore be confident that all
birds used in this study were already fully experienced
in food caching before being brought into the labora-
tory.

Our data provide no support for the hypothesis that
hippocampal volume and neuron number correlate
with cache retrieval accuracy and spatial memory
performance in experienced food-caching birds. As-
suming that seasonal changes in caching activity are
accompanied by changes in spatial memory perfor-
mance, our findings parallel previous results showing
no correlation between hippocampal size and food-
caching intensity in adult birds and mammals (Barnea
and Nottebohm, 1994; Krebs et al., 1995; Lavenex et
al., 2000a, b; but see Smulders et al., 1995, 2000b).
We suggest that changes in volume and neuron num-
ber in the hippocampus reported within the same
species represent developmental changes in young
inexperienced individuals, and that these morpholog-
ical characteristics do not vary consistently in fully
grown, experienced animals (Lavenex et al., 2000a, b;
Banta Lavenex et al., 2001).

This hypothesis is in direct contrast with reports by
Smulders and colleagues (1995, 2000b) that both vol-
ume and neuron number of the hippocampal forma-
tion undergo seasonal variations that correlate with
changes in caching activity in black-capped chicka-
dees. There are, however, a number of differences
between the data presented in Smulders et al. (1995,
2000b) and that of the other studies of food- caching
birds (Barnea and Nottebohm, 1994) and some mam-
mals which, like food-caching birds, have well de-
fined seasonal patterns in food caching behavior
(Lavenex et al., 2000a, b). One problem is that the
birds identified as adults in the studies by Smulders
and colleagues were also likely to be a mixture of
adults and juveniles, and it is therefore not easy to
compare their mixed data set with that of Barnea and
Nottebohm (1994), in which juveniles and adults were
analyzed separately. The second difficulty is that
Smulders et al. (2000b) used an estimate of hip-
pocampal volume to calculate neuron numbers instead
of relying on methods that enable estimation of total

neuron number independently from volume estima-
tion (West et al., 1991; Lavenex et al., 2000a, b), a
problem that is confounded by the fact that their
measurements of hippocampal volume were not only
adjusted for variation in telencephalon volume, but
also for differential weight changes during fixation
between samples. Examining the data presented in
Smulders et al. (1995) Lavenex et al. (2000a) sug-
gested that the entire telencephalon volume varied
seasonally rather than being specific to the hippocam-
pal formation. As many of these studies have used
different species, it is possible that there are some
species-specific differences in the relationships be-
tween cognition and the hippocampus. However, to
support a general claim that changes in food-caching
behavior and spatial memory correlate with changes
in the hippocampus we should be able to demonstrate
this relationship in different species exhibiting similar
behavior.

We conclude that there is no good evidence to
support the claim that changes in memory correlate
with changes in hippocampal morphology, either sea-
sonally or as a result of experimental variation in food
supply. Other seasonal factors, such as photoperiod,
might still have some effect on the hippocampus in
food-caching animals. Whereas one study (Krebs et
al., 1995) reported that changes in photoperiod did not
result in volumetric changes of the hippocampal for-
mation in food-caching birds, more studies might be
warranted to investigate the relationship between pho-
toperiod and the hippocampus. Our results indicate
that changes in memory performance, such as those
triggered by variations in food supply, are not neces-
sarily subserved by changes in volume or neuron
number in the hippocampal formation of experienced
food-caching animals. Other potentially less expen-
sive mechanisms (e.g., changes in synaptic plasticity)
could provide the neurobiological basis for such
changes in memory performance.
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