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SUMMARY

Black-capped chickadees (Parus atricapillus) in upstate
New York show a peak in food-hoarding intensity in Oc-
tober. We caught chickadees at six different times of the
year and measured the volume of several brain struc-
tures. We found that the hippocampal formation, which
is involved in spatial memory for cached food items, has
a larger volume, relative to the rest of the brain, in Octo-
ber than at any other time of the year. We conclude that

there is an association between the intensity of food
hoarding and the volume of the hippocampal formation
and suggest that the enhanced anatomy might be caused
by the increased use of spatial memory. © 1995 John Wiley
& Sons, Inc.
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INTRODUCTION

The black-capped chickadee (Parus atricapillus),
like most other members of the parid family, scat-
ter hoards food items (for an extended review of
food hoarding in parids, see Sherry, 1989). In up-
state New York, where this study was conducted,
hoarding is mainly observed in the fall, especially
around the month of October (Odum, 1942).In a
laboratory situation, food-storing activity can be
induced in black-capped chickadees by simulat-
ing fall conditions (Shettleworth et al., 1995). A
similar seasonality in behavior has also been de-
scribed for some close relatives of the black-
capped chickadee, such as the willow tit (Parus
montanus) (Ludescher, 1980; Pravosudov, 1985;
Nakamura and Wako, 1988) and the Siberian tit
(Parus cinctus) (Pravosudov, 1985). It is not clear
whether the food is stored for short-term use or acts
as a long-term food source to overcome the food
shortages of winter. Stevens and Krebs (1985)
found that seeds collected from a feeder by marsh
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tits (Parus palustris) and hoarded in the surround-
ing territory were all recovered within 3 days, sug-
gesting only a short-term use of hoards. Recently,
however, Brodin (1994) found that this is not true
for food hoarded by naturally foraging tits. In that
situation, seeds may be retrieved from storage sites
up to months after storage. In any case, it is clear
that seed storage and retrieval are elaborate, impor-
tant behaviors in this genus that tend to be dis-
played seasonally.

A problem for animals that scatter their hoards
over a large area is how to retrieve them later. Of
several possible strategies to solve this problem,
parids and corvids use memory to retrieve their
hoards (at least for short-term hoarding) (reviewed
in Shettleworth, 1990). The type of information
used is mainly spatial in nature (Shettleworth and
Krebs, 1982; Brodbeck, 1994; Clayton and Krebs,
1994a).

Initial research on the neural basis of this behav-
ior has focused on the avian hippocampal forma-
tion (HF). This structure is believed to be homolo-
gous to the mammalian hippocampus (Krayniak
and Siegel, 1978a, b; Casini et al., 1986; Erichsen
etal., 1991; Krebs et al., 1991), which has been im-
plicated in different types of memory: spatial maps
(O’Keefe and Nadel, 1978), working memory (Ol-
ton, 1983), and declarative memory (Squire et al.,
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Table 1 Sample Sizes, Subdivided According to Group, Age Category and Sex

Group 1 2 3 5 6 7 8
(Oct (Dec (Feb (Jun (Aug (Oct (Dec
1992) 1992) 1993) 1993) 1993) 1993) 1993) 1993)
Sex M F M F M F M F M F M F M F M F
Adult 1 1 2 2 2 2 3 4 2 5 — - 1 1
Juvenile 2 1 — — — — — — —_ 4 5 5 - _— — _

1993), among others. Ablation of HF in food-stor-
ing birds results in an inability to retrieve their
caches above chance level (Krushinskaya, 1966;
Sherry and Vaccarino, 1989). Black-capped chick-
adees are impaired in both spatial and working
memory tasks after lesions of HF (Sherry and Vac-
carino, 1989). Other evidence that suggests an im-
portant role for HF in food storing is that it is rela-
tively larger (compared with the rest of the fore-
brain) in food-storing birds than in their
nonstoring relatives (Krebs et al., 1989; Sherry et
al., 1989). Similar results linking the HF to spatial
tasks have been found in homing pigeons (Reh-
kdmper et al., 1988; reviewed by Bingman, 1990)
and cowbirds (Sherry et al., 1993).

In several species of songbird, the volume of the
nucleus high vocal center varies seasonally, paral-
leling the seasonal singing pattern of males
(Nottebohm, 1981; Kirn et al., 1989; Brenowitz et
al., 1991). It 1s larger in the spring, when the males
sing most, and smallest in the fall, when the males
are silent. Given the role of HF in food hoarding
and given the seasonality of the behavior, we hy-
pothesize that HF volume might change over the
seasons, 100, in parallel with the changing demand
on spatial memory. We predict a maximum rela-
tive volume of HF in the fall (October), because
that is when food-storing activity is at its peak.

METHODS

Subjects

Subjects were black-capped chickadees, caught near Ith-
aca, New York, under State and Federal permits. A total
of 48 birds were caught at six different times of the year
(Table 1). Groups 1 and 7 and groups 2 and 8 are com-
bined in all subsequent analyses, as they were obtained
from the same time in the yearly cycle. In the winter
months, birds were caught with Potter’s traps baited with
food, and in the summer with song playback and mist
nets. Birds for one sample were typically caught on the
same day from the same flock. The samples were large
enough relative to flock size for both methods not to have

a bias in age, sex, or social status. All birds were taken
into the laboratory on the day they were caught; age and
sex were determined after perfusion. The birds were di-
vided into two age classes, based on the ossification of the
skull: juvenile (skull not completely ossified) and adult
(ossified skull) birds (Smith, 1991). Body weight and go-
nad weight were recorded.

Histology

Birds were perfused transcardially with 0.8% saline and
10% formalin in 0.8% saline. The heads were then post-
fixed in 10% formalin/0.8% saline for at least 1 day, after
which the brain was removed from the skull, weighed,
and allowed to postfix for at least another day in forma-
lin/saline. The brain was then transferred to 10% forma-
lin in 30% sucrose, until it sank (2 to 3 days). It was
weighed again and embedded in 10% gelatin/30% su-
crose, which was hardened in 10% formalin/30% su-
crose. The brains were then sliced on a freezing micro-
tome at 40 um and transferred to microscope slides. Al-
ternate sections were stained with cresyl-violet stain and
coverslips were placed with Permount®.

Volume Measurements

We measured the volumes of four structures. Our pri-
mary nucleus of interest was the HF. Since we are look-
ing for variation specific to HF, we also measured the
telencephalon (T), of which HF is part, in order to isolate
variation in volume that was specific to HF. We mea-
sured two control nuclei that are part of the visual sys-
tem: the ectostriatum (E), which is a telencephalic nu-
cleus, and the nucleus rotundus (Rt), a mesencephalic
nucleus. Sections were scanned with a video camera
(COHU) and digitized on a Macintosh Ilci using NIH
Image 1.54. The surface area of the target structure was
outlined and measured. Volumes were then calculated
by multiplying the surface area with the distance between
measurements (160 um for HF, T, and E; 80 um for Rt),
and adding those numbers. For HF, E, and Rt, we mea-
sured left and right hemisphere separately, so we could
investigate a possible lateralization in volume. For all
other analyses, the sum of both sides was used. Several
brains were randomly chosen, their identification num-
bers were coded, and then they were remeasured to verify
that our criteria for regional boundaries were consistent



throughout the study. We found that our HF remeasure-
ments showed a mean variation of 3.3% from the first
measurements,

Brain weights changed after immersion in 10% for-
malin/30% sucrose. In particular, the brains in the June
group lost approximately 20% of their weight in this
stage, whereas in other groups the weight change was in
a random direction and not more than 2% to 3%. This
histological effect could be due to differences in perfu-
sion, to a chance difference in the solution’s concentra-
tion, or to a real difference in the salinity of the brains
themselves. To control for this shrinkage in some of the
brains, we corrected all the volumes for their weight
change. Since we did not have the brain weights for group
3 (February), this group will normally not be included in
the analyses that use the corrected brain volumes. For
some analyses, we did use all six groups, correcting the
brain volumes in group 3 by using the average change in
groups 2 and 4. When that occurred, it is mentioned.

Climate Data

Data about the temperatures and humidity around Ith-
aca were acquired from the North East Regional Climate
Center (Cornell University, Ithaca, New York). We cal-
culated average temperature and humidity (expressed as
dew point) on the day the animals were captured and on
the day before.

Statistical Analysis

All statistical analyses were done using the package Sys-
tat.5.2.1. on an Apple Macintosh Centris 610. The main
statistical technique used was the General Linear Model.
This technique allows us to explain a dependent variable
by a linear combination of independent variables, which
can be continuous (like a volume measure) or discrete
(like a grouping variable, e.g., sex). For example, we can
set up a model that looks like this (a, b, ¢, d, and ¢ are
constants);

[HF volume] = a [T volume] + b [age] + ¢ [sex]

+ d [time of year] + e

Such a model tests for effects of each of the independent
variables, while keeping the other independent variables
constant. When we mention effects of several indepen-
dent variables on a dependent variable, they are always
the result of one such model, unless mentioned other-
wise. Results are considered statistically significant for p
< 0.05. When using T size as an independent variable to
explain any telencephalic component (here HF or E),
only the volume of the T exclusive of the target structure
was used, in order to keep both measurements indepen-
dent of each other.
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RESULTS

Body Weight

The variation in body weight can be explained by
two variables: sex [F(1,41) = 39.089; p < 0.001]
and time of year [F(5,41) = 5.994; p < 0.001].
Males are on average 10.2% heavier than females.
This replicates earlier findings (reviewed by Smith,
1991). Birds are heavier in winter than they are in
summer. This seasonal effect is related to tempera-
ture. When running a stepwise regression on all cli-
mate vaniables and controlling for sex, both the
mean temperature on the day the bird was caught
and the mean temperature at that time of year
(taken over several years) were found to have a sig-
nificant effect on body weight [F(1,45) = 9.582; p
= (0.003 and F(1,45) = 17.389; p < 0.001, respec-
tively]. The birds are heavier when the weather is
colder. This is probably due to greater fat reserves
in winter.

Nucleus Rotundus

For the Rt, we found an effect of the time of year,
with the April, June, and August groups having a
slightly larger Rt than the October and December
groups [F(4,37) = 2.635; p < 0.05], but no age
effect [F(1,37) = 0.052; NS]J or sex effect [F(1,37)
=0.013; NS] (Table 2). There is an overall lateral-
ization effect, the left side being 6.6% larger than
the right side [repeated measures general linear
model with all six groups included in the analysis:
F(1,40) = 11.533; p = 0.002].

Telencephalon

We found a significant effect of age [F(1,37)
=23.108; p < 0.001], but not of sex [F(1,37)
= 0.792; NS] or time of year [F(4,37) = 1.805; NS)
(Table 2). This result is the same when we include
the corrected February group. Juveniles have a
larger T than adults (Fig. 1), but there is no differ-
ence between males and females, nor does T vol-
ume vary significantly throughout the year. The
same results were found when we redid the analy-
ses on the T exclusive of HF.

When the analysis is performed on the volumes
uncorrected for weight change during fixation,
there is a significant seasonal variation, with a vol-
ume peak in October. Although correcting for the
weight loss makes the significance disappear, the
overall pattern is still obvious (Fig. 1). This could
still be due to some histological artifact, but we can-
not rule out the possibility that there might be a
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Table 2 Volumes of the Different Brain Nuclei after Correction for the Weight Loss during Histologic Examination

Smulders et al.

2 (Dec) 3 (Feb) 4 (Apr) 5 (June) 6 (Aug)

1 (Oct)

Group

Nucleus rotundus

1.66 + 0.21 1.89+ 0.39 1.99+ 0.21 1.93+ 0.46 222+ 022

1.65+ 0.36

Adult

1.98+ 0.29

2,10+ 0.39

1.76 + 0.36

Juvenile
Telencephalon

35247 +£27.21

333.58 £ 35.57 387.62 £55.22 347.41 £ 65.45
446.67 = 19.63

358.73 £ 40.80

397.59 £ 26.34
440.15+51.77

Adult

413.21 +20.10

Juvenile
Ectostructure

4.04 =+ 047 448+ 0.55 4.76 £ 0.65 444+ 1.17 5.17+ 0.51

390+ 0.83

Adult

451+ 0.60

452+ 0.59

1.16

522+

Juvenile
Hippocampal formation

16.34 £ 1.43

1402+ 2.92 1897+ 2.74 17.27x 2.46

1747+ 1.34

1.59

2197+

Adult

14.64 = 1.45

13.36 + 0.94

19.50 = 2.51

Juvenile

Volumes (in mm? = SD) are subdivided according to group (group 3 corrections: see text) and age category.

real seasonal variation in the T volume that is just
not picked up by the statistics because of the high
variability. Other authors, examining seasonal
effects in song control nuclei, have found differ-
ences in T volume that followed the variation in
song nucleus size (Nottebohm, 1981; Kirn et al,,
1989). The variation we see follows the variation in
the HF (see later). Since the focus of this article is
on specific variation in HF volume, independent of
the T, this will not be considered further.

Ectostriatum

We found a statistically significant effect of T vol-
ume (E volume excluded) [F(1,36) = 18.490; p
< 0.001] on the E volume. There was no significant
effect of time of year [F(4,36) = 1.311; NS], and the
effects of age [F(1,36) = 3.725; p < 0.10] and sex
[F(1,36) = 3.400; p < 0.10] were marginal (Table
2). Redoing the analysis, including the corrected
February group, yields virtually the same results.
This means that birds with a larger T also have a
larger E. There are, however, no differences be-
tween the different times of year or between males
and females or juveniles and adults. No lateraliza-
tion effect was found.

Hippocampal Formation

With HF volume as a dependent variable, we
found significant effects of age [F(1,36) = 29.980;
p < 0.001], T volume (HF volume not included)
[F(1,36) = 14.173; p = 0.001], and time of year
[F(4,36) = 10.752; p < 0.001], but not of sex
[F(1,36) = 0.072; NS] (Fig. 1; Table 2). Again, the
same results were found after including the cor-
rected February group. Adult birds have a larger
HF than juveniles in the groups for which we can
identify both age classes (June through October).
When we keep age constant, birds with a larger T
also have a larger HF. Chickadees have a larger rel-
ative HF in October than they do during the rest of
the year, for example, in adults, the relative HF is
on average 17% larger in October than during the
rest of the year (5.6% of total T volume vs. 4.8% of
total T volume) (Figs. 2 and 3).

If we look closer at the age effect in June, Au-
gust, and October (Fig. 4), there is a significant
overall difference in relative HF volume between
the three periods and between adults and juveniles,
as well as a marginally significant interaction be-
tween age and period [two-way ANOVA: month:
F(2,25)=12.706; p < 0.001; age: F(1,25) = 14.275;
p = 0.001; interaction: F(2,25) = 3.177; p < 0.06].
In October, the relative HF is about 30% larger
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Figure 1 Mean volumes (+SEM) of telencephalon (A) and hippocampal formation (B), cal-
culated for each age group and corrected for shrinkage during histologic examination.
Although juveniles (O) have a larger telencephalon, adults (®) have a larger hippocampal

formation.

than it is in August (Bonferroni post hoc test: p
< 0.001), but there is no difference between June
and August.

There is no overall lateralization effect. If we test
the groups at each time of year separately for later-
alization, using a paired ¢ test, we only find a sig-
nificant effect in the June group: at that time of year
the right HF is 4.3% larger than the left HF (¢
= 3.443;df=9; p = 0.007).

DISCUSSION

Lateralization

Clayton and Krebs (1994a) have found evidence
that the left eye system of blue tits (Parus caeru-
leus), marsh tits, jays (Garrulus glandarius), and
jackdaws (Corvus monedula) is involved in mainly
spatial aspects of memory, whereas the right eye
system is more involved in the memory for local
configurations. If structural change is tightly cou-
pled to functional change, and if this pattern also
applies to chickadees, we would predict that the ex-
tensive use of spatial memory by chickadees in Oc-
tober would be associated with especially enhanced
anatomy in the right HF (linked to the left eye sys-
tem). However, we do not find a consistently sig-
nificant difference between right and left HF. If

there are differences between the two sides related
to the nature of the processing that is being carried
out, analyses of connectivity or synaptic morphol-
ogy may be needed to find them. Clayton (1993)
cites Watanabe et al. (1986), who showed that the
Rt is important for interhemispheric transfer of vi-
sual information in pigeons. In that respect, it is
interesting that we find that the left Rt is larger than
the right Rt. Clayton finds the left side (right eye
system) to be involved in longer-term memory.
However, as mentioned earlier, this is not the eye
system dominant in processing spatial informa-
tion, making the result difficult to interpret.

Seasonal Variation in Relative HF Volume

We find a seasonal variation in the volume of the
HF, independent of the variation in the rest of the
T and independent of the age group and sex of the
subjects. Relative HF volume peaks in October, at
the time of year when there is also a peak in food-
storing behavior in the black-capped chickadee
(Odum, 1942). We do not find such a seasonal vari-
ation in the E, another T region, which is not
thought to be involved in food storing. This sug-
gests that there 1is a specific link between the peak
in storing behavior and the peak in relative HF vol-
ume.
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Figure 2 (A) Photomicrograph of a coronal section through the brain of a representative
QOctober bird taken at the level of the anterior commissure. The boundaries of the hippocampal
formation (HF) are indicated. (V = ventricle; S = septum). (B) Photomicrograph of a coronal
section through the brain of a representative bird in August taken at the level of the anterior
commissure. The boundaries of the hippocampal formation (HF) are indicated (V = ventricle;
S = septum).

Why Voiume?

An often recurring question is why the volume of
HF has to increase to increase the function. An in-
crease in volume of a brain nucleus could imply
several things. Existing cells could get larger cell
bodies or larger dendritic arbors, new neurons or
glia could be added, or there could be increased
vascularization. An analysis of cell densities in the
HF of these birds is presently under way. There is
evidence that there is a peak in de novo neurogen-
esis in HF of black-capped chickadees around Oc-
tober (Barnea and Nottebohm, 1994), but that
same study does not find differences in total cell
number in HF over the season. Both the more cells
hypothesis and the larger dendritic arbor hypothe-
sis come down to the same thing: more possible
connectivity and, therefore, more brain space,
leading to greater capacity or efficiency in process-
ing spatial information (Nottebohm, 1981; Black
and Greenough, 1991; Teyler, 1991; Sherry et al.,
1992).

Differences between Juveniles
and Adults

In our study the juveniles had a smaller relative HF
volume than the adults overall (Fig. 4). From June
to August, we find an interaction between age and
time of year that is nearly significant. During this
interval, adults do not change their relative HF vol-
ume, whereas the relative HF volume increases in
juveniles. The change in juveniles is likely to be an
effect of storing experience during development.
Clayton and Krebs (1994b) showed that in marsh
tits, HF develops rather late compared with other
brain structures and that the development of HF
volume is experience dependent. When hand-
raised marsh tits were allowed to store and retrieve
items, their relative HF was significantly larger
than that of birds of the same age that did not have
the same experience. This increase was indepen-
dent of age within the age range tested. We believe
that the same processes are going on in chickadees.

We also see that from August to October both
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Figure 2 (Continued)

age groups increase the volume of the relative HF,
but even in October, juveniles still have smaller rel-
ative HFs than adults. This could result from two
reasons. Since juveniles start out with a smaller
HF, it could be that they cannot reach the full adult
HF size in their first fall but must wait until the
next fall. Juvenile crested tits (Parus cristatus), wil-
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low tits, and Siberian tits in the field typically store
less food than do adults (Pravosudov, 1985; Lens
et al., 1994). Thus, they have less experience with
food hoarding, which may keep the HF size smaller
than that of adults.

Alternatively, it could be that the experience of
juvenile birds with food hoarding is enough to
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Figure3 Residuals (=SEM) from the general linear model with HF volume as the dependent
variable and telencephalon volume, sex, and age as the independent variables.
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bring HF to maximum size, but that the spread on
juvenile relative HF volumes is larger than that for
adults, with the juveniles at the upper end of the
spectrum having the same size HF as adults, but
many others having a smaller relative HF. This
would bring the mean of juvenile relative HF vol-
umes down below that of adults. During the first
winter, then, birds with smaller relative HF could
be selected out (possibly because they are not as
good at retrieving hoards) so that only the ones
with a larger relative HF survive to become adults.
No data are available to discriminate between these
hypotheses.

Mechanisms of HF Seasonal
Volume Change

Ludescher (1980) found that in willow tits, like in
black-capped chickadees, food-hoarding activity
peaks in the fall, even when food supply is kept
constant. This means hoarding is not triggered by a
sudden overabundant food supply. Shettleworth et
al. (1995) found a similar result in black-capped
chickadees by varying day length and temperature
in a laboratory setting. The increase in storing ac-
tivity can be linked to the increase in HF volume
in two possible ways. First, it could be that the vari-
ation in HF volume is triggered by the same change
in day length or temperature as the behavior itself.
If this is the case, the enlargement of the HF could
precede the peak in hoarding behavior, thus setting
up the system to be ready for a higher demand on
spatial memory. Our study does not have the tem-
poral resolution necessary to determine whether
this is true.

Alternatively, the increase in HF size could be a
consequence of the increased use of spatial mem-
ory that accompanies an increase in hoarding be-
havior. This would imply that the experience-
dependent plasticity seen in development, as al-
ready mentioned (Clayton and Krebs, 1994b), con-
tinues into adulthood in a cyclical pattern. In a re-
cent study by Krebs et al (unpublished data), one
group of black-capped chickadees was artificially
induced to store by manipulating day length and
temperature, while another group was kept in a
nonstoring condition. They were sacrificed at the
time of the largest behavioral differences, but no
difference in HF size could be found. These ani-
mals, however, may not have activated a memory
mechanism when storing or retrieving their food,
since the hoards were in the individual home cages
and always visible. Thus, these results do not argue
against the hypothesis that memory use influences
the size of HF.

Why the Peak in October Only?

Why is HF only larger in October, but not during
the rest of the winter? Four possible explanations
could be given for this, assuming enhanced anat-
omy is linked to better spatial memory function-
ing. First, it could be that the variation in HF vol-
ume is not linked to food storing at all but is due to
some other, unknown reason. It could be linked to
another behavior or process that peaks in October.
A possible candidate would be having to incorpo-
rate new spatial information about a larger home
range. Black-capped chickadee flock home ranges
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Figure 4 Residuals (=SEM) from the regression with HF volume as the dependent variable
and telencephalon volume as the independent variable, for adults (@) and juveniles (O) in June,

August, and October.



are two to three times larger than breeding territo-
ries (Glase, 1973). Flocks form in late summer,
somewhere between our August and our October
data points. The increase in HF volume could
therefore be related to the increased need for stor-
ing spatial information or for expanding the cogni-
tive spatial map (Bingman and Jones, 1994). Re-
peating the study for a nonstoring bird with a sim-
ilar ecology and natural history could resolve this
issue.

Second, the change in relative HF volume may
be related to a peak in food hoarding and retrieving
behavior that is limited to October (Odum, 1942).
Increased storing in October has been reported
for willow tits (Ludescher, 1980; Nakamura and
Wako, 1988) and for black-capped chickadees in
northern New York (Odum, 1942). It is less clear
whether there is an October peak in retrieval. Ex-
periments with marsh tits (Cowie et al., 1981; Ste-
vens and Krebs, 1985) and willow tits (Brodin,
1992) suggesting that seeds are never stored for
more than 2 weeks were based on the speedy disap-
pearance of stored seeds. Those seeds, however,
had been supplied to the bird on a feeder table by
the experimenter. In a recent study in Sweden,
Brodin (1994) showed that willow tits treat natu-
rally foraged food differently than food presented
on a feeder. The latter are temporarily hoarded to
be able to exploit the food source efficiently but
may later be rehoarded in a more permanent loca-
tion to avoid high cache concentrations. Similar
observations were made by Kraft (1990) on a
marsh tit, and Nakamura and Wako (1988) on wil-
low tits. Field data from several sources also suggest
long-term use of hoards in willow tits (Haftorn,
1954) and varied tits (Parus varius) (Higuchi,
1977). Most food-storing parids, therefore, proba-
bly do store seeds for longer periods, which suggests
that a fall peak in both storage and retrieval is un-
likely.

Third, food may be stored for long periods of
time, but memory would be used only for short-
term retrieval (and possible rehoarding) in the fall.
Retrieval in winter would then be accomplished by
other mechanisms, such as a separation of hoard-
ing niches between members of the flock. This
strategy allows individuals to retrieve mainly their
own hoards, without having to remember the exact
caching locations. Individual willow tits and
crested tits separate their hoarding niches when
hoarding items in the fall (Brodin, 1994; Lens et
al., 1994). If black-capped chickadees also use
other strategies than memory for long-term re-
trieval, this suggests that the HF is enlarged when
spatial memory is needed (for distributing and re-
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distributing hoards throughout the territory) but
decreases again in volume once a different retrieval
mechanism is initiated.

Fourth, memory could be needed even for long-
term retrieval, but HF might not be involved in
(long-term) memory retrieval, just in memory en-
coding. Hitchcock and Sherry (1990) showed that
black-capped chickadees can retain memories for
hoarded seeds for at least 4 weeks in a laboratory
situation. Laboratory testing may underestimate
the natural persistence of memory, even though the
latter may involve many thousands of caches
(Pravosudov, 1985), as there are fewer salient cues
for orientation, and these are always the same ones,
in contrast to the natural situation (Brodbeck et al.,
1992). Brodin (1994) finds a higher recovery rate
for the first 6 weeks after hoarding of naturally for-
aged food in willow tits in the field, after which the
retrieval rate levels off to a baseline. This suggests a
memory span of about the same length as suggested
by Hitchcock and Sherry (1990) for black-capped
chickadees in the laboratory. Several corvid species
have been shown to remember caches in the field
(Tomback, 1980; Vander Wall and Hutchins,
1983) and in the laboratory (Balda and Kamil,
1992) for several months.

It remains unknown whether long-term recov-
ery makes use of the HF in the same way as short-
term. Krushinskaya (1966) for European nutcrack-
ers (Nucifraga caryocatactes) and Sherry and Vac-
carino (1989) for black-capped chickadees have
demonstrated that the HF is important for remem-
bering the location of stored food items. However,
they do not show at which stage of the memory pro-
cess the HF is crucial. The HF could be important
for storing memory, for retrieval of memory, or for
both. These experiments cannot resolve this issue
because the birds’ HFs were ablated before they
stored any seeds. If black-capped chickadees use
memory to retrieve their caches after several
months, our results suggest that enhanced anatomy
in HF is not a necessary component of the retrieval
mechanism, at least not to the degree that it needs
to be sustained all winter long.

These hypotheses are not mutually exclusive.
Birds could use the enlarged HF for both storing
information about a new, larger home range and
for food hoarding. It is possible for birds to separate
their hoarding niches ecologically and still use
memory to retrieve their hoards.

CONCLUSIONS

The HF of the black-capped chickadee varies in
volume throughout the year, with a peak in Octo-
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ber. We conclude that the peak in relative HF vol-
ume in October is related to the peak in food-stor-
ing behavior at that time of year and that it could
be caused by the extensive use of spatial memory.
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