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Hippocampal Volume and
Food-Storing Behavior
Are Related in Parids

Abstract

The size of the hippocampus has been previously shown to reflect species differ-
ences and sex differences in reliance on spatial memory to locate ecologically
important resources, such as food and mates. Black-capped chickadees (Parus
atricapillus) cached more food than did either Mexican chickadees (P. sclateri)
or bridled titmice (P. wollweberi) in two tests of food storing, one conducted in
an aviary and another in smaller home cages. Black-capped chickadees were
also found to have a larger hippocampus, relative to the size of the telencepha-
lon, than the other two species. Differences in the frequency of food storing
behavior among the three species have probably produced differences in the use
of hippocampus-dependent memory and spatial information processing to

Evolution

Introduction

The relative size of neural structures reflects the relative
importance of the functions these structures serve in the life
of an animal. Relations between behavioral and neural spe-
cializations are well known, particularly for sensory pro-
cesses. Sandpipers probe with the bill to detect prey. In the
dunlin (Calidris alpina), a scolopacid sandpiper, the bill tip
is rich in tactile receptors, and the forebrain area devoted to
trigeminal projections from these receptors is enlarged [Pet-
tigrew and Frost, 1985]. Nocturnal and crepuscular birds
rely on olfaction to a greater degree than do diurnal birds,
and they possess relatively larger olfactory bulbs as a result
[Healy and Guilford, 1990]. Such neural specializations are
not confined to the sensory domain. Among primates, dif-
ferences in the size of limbic and cortical structures can be
related to differences in behavior, ecology, and social
organization [Stephan, 1983; Jolicoeur et al., 1984; Arm-
strong et al., 1987; Baron et al., 1988; Sawaguchi, 1988.]

recover stored food, resulting in graded selection for size of the hippocampus.

A number of studies have examined specializations in
brain structures with known learning and memory func-
tions. Canady et al. [1984] found that the forebrain nuclei
involved in song learning are larger in a population of
marsh wrens (Cistothorus palustris) with a large mean song
repertoire than in another population of the same species
with a smaller mean repertoire. The hippocampus serves an
important role in memory and the processing of spatial
information, although characterizations of the functions
served by the hippocampus differ [see Squire, 1992, and
Nadel, 1991, for contrasting views]. A sex ditference in the
size of the hippocampus has been described in the polygy-
nous meadow vole (Microtus pennsylvanicus) but is absent
in the monogamous pine vole (M. pinetorum). The greater
range size and spatial ability of male meadow voles is prob-
ably responsible for the greater size of the hippocampus in
males of this species [Jacobs et al., 1990].

The hippocampus is also larger in food-storing birds
than in non-food-storing birds [Krebs et al., 1989; Sherry et

Robert R. Hampton

Department of Psychology
University of Toronto

Toronto, Ontario M5S 1A1 (Canada)

© 1995 S. Karger AG, Basel
0006-8977/95/0451-0054
$8.00/0



al., 1989]. Food-storing birds may make hundreds of scat-
tered caches in a single day and use memory to recover
their stored food hours, days, or months later [Sherry, 1985;
Balda et al., 1987; Shettleworth, 1990]. The hippocampal
complex of birds, comprising the hippocampus and the area
parahippocampalis [Karten and Hodos, 1967], serves cog-
nitive functions similar to those of the hippocampus of
mammals. Sherry and Vaccarino [1989] showed that black-
capped chickadees required an intact hippocampus to
retrieve accurately food they had previously stored. Birds
with hippocampal lesions showed deficits in spatial and
working memory similar to those found in hippocampal
lesioned mammals. The survival value of hippocampus
dependent memories for the location of caches has prob-
ably resulted in enlargement of this structure in birds that
store food [Krebs et al., 1989; Sherry et al., 1989]. Healy
and Krebs [1992] report a relationship between estimated
intensity of food storing and hippocampal volume in seven
species of Old world corvids. Basil et al. [1994] argue for a
similar relationship among four New world corvids. These
two reports show that hippocampal volume increases with
dependence on stored food in a graded manner.

To further investigate the relationship between depen-
dence on scatter hoarded food and hippocampal volume we
studied closely related birds of the family Paridae. Previous
demonstrations of the relationship between food storing
intensity and hippocampal volume have rated food storing
intensity categorically: Sherry et al. [1989] and Kirebs et al.
[1989] made the qualitative distinction between storers and
non-storers; Healy and Krebs [1992] and Basil et al. [1994]
used nominal variables derived from field reports in their
analyses. The field reports used to generate the rank order-
ings of species used by these authors were collected by dif-
ferent investigators under non-standardized observational
and environmental conditions. In order to generate quanti-
tative estimates of hoarding intensity, we compared the
caching intensity of black-capped chickadees (Parus atri-
capillus), Mexican chickadees (P. sclateri), and bridled tit-
mice (P. wollweberi) under standardized laboratory condi-
tions in two experiments. We then determined the relative
volume of the hippocampal complex in the same species.
We predicted that species that store more food would have
relatively large hippocampi.

Black-capped chickadees were chosen because of their
well documented status as avid food-storers [Sherry 1989].
These birds have the most northerly range of the parids
examined, and extreme winters are associated with rela-
tively high levels of food storage in many animals [Roberts,
1979; Vander Wall, 1990]. Mexican chickadees and bridled
titmice have the most southerly range of any North Ameri-

can parid and are therefore subject to shorter and less
severe winters than their northern congeners.

Because Mexican chickadees and bridled titmice are
found at lower latitudes than black-capped chickadees they
experience longer days and shorter nights in winter than do
black-capped chickadees. Longer days increase foraging
opportunities and shorter nights reduce the energetic de-
mands placed on small passerines in winter and probably
reduce the value of stored food [McNamara et al., 1990;
Lucas and Walter, 1991].

While food storage by all other North American parids
is well documented [Sherry, 1989; Vander Wall, 1990],
Mexican chickadees and bridled titmice were only recently
reported to store food [Hampton and Sherry, 1992], sug-
gesting that they may store relatively infrequently. While
comparatively little is known about the southern species, all
three species are non-migratory [Holt, 1989; Smith, 1991],
have similar diets, including a large proportion of insect
prey, and nest in cavities [Bent, 1964; Ehrlich et al., 1988].

Materials and Methods

Black-capped chickadees (Parus atricapillus), Mexican chicka-
dees (Parus sclateri), and bridled titmice (Parus wollweberi) were
studied in three different experiments to test food-caching and the
relative size of the hippocampus. All procedures were conducted in
accordance with guidelines established by the Canadian Council on
Animal Care.

Between 21 February and 10 March 1991, Mexican chickadees
and bridled titmice were captured by mist net in the Chiricahua Moun-
tains of southeastern Arizona. Birds were held for 2 to 20 days in a
communal outdoor aviary prior to air shipment to the University of
Toronto. Between 20 March and 12 April 1991, black-capped chicka-
dees were captured in potter traps baited with food at a site about 30
kilometers west of Toronto. These birds were placed in individual
cages within 3 hours of their capture. After arrival in the laboratory the
three species were treated as similarly as possible with respect to
variety and quantity of food provided, temperature, and access to
companion birds. Light cycles were of equal and approximately natu-
ral length for the three species but offset by two hours, approximating
the lag in sunrise between Ontario and Arizona. Black-capped chick-
adees were housed in the laboratory for 36 to 50 days prior to the
beginning of experiment 1, while bridled titmice and Mexican chick-
adees were in the laboratory for 58 days prior to the experiment.

Experiment 1

Comparing food storing among different species in the laboratory
offers the advantages of reliable and confirmable observation of cach-
ing, control of temperature and photoperiod, and regulation of access
to food. Species could differ nonetheless in preferences for perching
sites, food types, or food storage substrates. In experiment 1 we there-
fore provided birds with a wide variety of foods and caching sub-
strates and recorded the frequency with which birds ate and stored the
various foods offered, and used the various caching substrates. Be-
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cause species might differ in the facility with which they handled food
items, and because handling time would directly affect the number of
items processed and stored in a fixed observation period, we also
determined handling time for the food types used.

Six birds of each species were housed individually in wire mesh
cages (36x36x61 cm) on an 11:13 L:D cycle (lights on 06.00 for
black-capped chickadees, 08.00 for the southern species, Toronto
time) at between 15° and 17°C. The birds were fed a diet of insecti-
vorous bird mix supplemented with boiled egg, shredded carrots, pea-
nuts, pine nuts, sunflower seeds, mealworms (Tenebrio molitor) and
wax moth larvae (Galleria mellonella). Water with vitamin supple-
ment was available at all times. Prior to the experiment proper, each
bird was admitted into the aviary at least four times to eat two wax
moth larvae and habituate to the setting. These adaptation sessions
were continued for each bird until it approached the food bowl in less
than 1 min after being amitted into the aviary.

The aviary (2.25x3.0x3.7 m) contained several large tree
branches which had many holes drilled in them and were placed in
Christmas tree stands, large pieces of coarse bark attached to
branches, conifer boughs, four trays of moss, and a number of pine
cones. Thus a variety of substrates existed for perching, handling
food, and storing food.

Prior to each session 20 of each of the following food types were
placed on an elevated platform in the center of the aviary along with a
bowl of water: wax moth larvae, mealworms, peanut halves, shelled
pine nuts, and shelled sunflower seeds. Birds were deprived of food
for either 2 h 45 min, 3 h 7 min, 3 h 30 min, or 3 h 52 min after light
onset prior to each of four 15-min visits to the aviary. The different
deprivation times were used simply to permit testing of more than one
bird each day. Each bird experienced each level of deprivation in a
quasi-balanced order. Food was returned to each bird immediately
after its sessions. On days when a bird was not tested, it was deprived
of food for 2 h 45 min.

While birds were in the aviary the observer recorded selection of
foods, the substrate in which items were stored, and time taken to con-
sume items that were completely eaten at a single perch.

All data were log transformed prior to analysis, in order that they
meet the homogeneity of variance assumption of the statistics used.

Experiment 2

In this experiment we tested for species differences in caching
intensity under different conditions. In experiment 1 birds were ex-
posed to a variety of food and substrate types and found to select wax
moth larvae and if the larvae were not eaten, to store them in artificial
holes almost exclusively. Birds were allowed access to the aviary for
only brief periods in the morning, and were not permitted to recover
any of the food they stored. Experiment 2 provided the opportunity for
birds to store favored foods in favored sites throughout the day, and to
recover stored food. Caching in many animals peaks during the fall
[Vander Wall, 1990]. A fall peak in hoarding has been observed in
black-capped chickadees [Odum, 1942] and in willow tits (Parus
montanus) [Ludescher, 1980]. For this reason we attempted to syn-
chronize the seasonal cycles of these birds to short days. During syn-
chronization the birds were kept in one room, thus eliminating poten-
tial room-related confounding variables.

Four black-capped chickadees, four bridled titmice and three Mex-
ican chickadees were exposed to changes in light cycle and tempera-
ture intended to mimic those that occur naturally during the passage
from short days, through long days, and back to short days. The
change in light cycle was accomplished in 30-min increments made

every 3 to 4 days. Conditions were changed from an 11-h light period
at 17°C to a 16-h light period at 22 °C, where they were held for two
months. The photoperiod was then shortened again, back down to 10.5
h at 17°C. Tt took 21 days to reach the short photoperiod and birds
were adapted to this photoperiod for 19 days prior to the start of
experiment 2. Similar changes in daylength have been shown to con-
trol annual changes in the reproductive state of birds and mammals
[Farner and Gwinner, 1980].

A block of wood 46x9x3.5 cm with 35 holes of 0.8 cm diameter
and 12 holes of 1.6 cm diameter and two perches was placed in each
animal’s cage. Food was removed from cages after light offset and
deprivation was continued for 150 min after light onset. For seven
days each bird was given a bowl containing 15 wax moth larvae and a
large supply of peanuts, sunflower seeds, and pine nuts. The wood
blocks were inspected 1, 3, and 5 h after the animals were given food,
and the number of holes in each block containing stored food was
recorded. To ensure that all birds were able to reach all the holes in the
blocks, sunflower seed fragments were placed by the experimenter in
12 holes in the blocks after light offset on day 7. The blocks were
inspected 3 h after light onset the following day to determine how
many of the seed fragments had been removed.

Experiment 3

Sherry et al. [1989] and Krebs et al. [1989] found that food-storing
birds have relatively larger hippocampi than do non-storing birds.
Healy and Krebs [1992] and Basil et al. [1994] found similar results
within food-storing species of corvids. In these studies a qualitative
variable indicating caching status, or a nominal index of caching
intensity, was used to predict quantitative variation in relative hippo-
campal volume. In experiment 3 we sought to determine whether
quantitative variation in hoarding between closely related storing spe-
cies would also predict relative hippocampal volume. Natural selec-
tion may act on the hippocampus in a graded manner, reflecting the
relative importance of memory for cache sites to various storing spe-
cies. Birds that remember the locations of relatively large numbers of
caches may have evolved arelatively large hippocampus to accommo-
date processing of this information. Experiment 3 tests this presumed
relation between food-storing and hippocampal volume.

Five black-capped chickadees, 3 bridled titmice, and 2 Mexican
chickadees were examined. Some of these birds had participated in
experiment 1 and/or experiment 2; all were subjected to the shift in
light cycle that preceded experiment 2 and were otherwise maintained
under very similar conditions,

Animals were weighed and then injected with a lethal dose (0.01
cc/gram body weight) of a 1:1 mixture of Ketamine hydrochloride
(100 mg/ml, M.T.C. Pharmaceuticals) and Xylazine hydrochloride
(20 mg/ml, Haver). The birds were perfused intracardially with
approximately 50 ml 0.85% NaCl followed by 150 ml of 4% para-
formaldehyde, both buffered in 0.1 M sodium phosphate at pH 7.4.
The brains were removed and placed in the paraformaldehyde fixative
overnight at 4 °C, transferred to buffered 25% sucrose solution and left
overnight again at 4 °C. The brains were then frozen in — 40 °C isopen-
tane for storage before they were sectioned in the coronal plane at 30
um on a freezing microtome. Every fourth section was placed into
ACHE incubation medium (2.7% acetylthiocholine iodide, 0.05 M
copper sulphate, in sodium acetate buffer at pH=5.3) for 12 to 16
hours, rinsed briefly, reacted with 1% ammonium sulphide, washed
six times in buffer, mounted on glass slides, dehydrated through
graded alcohols to xylene, and coverslipped with permount (Fisher
Scientific).
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Table 1. Mean number of food items taken from the feeding platform and cached or eaten by the three species in experiment 1

Number of items cached or eaten Black-capped chickadee Mexican chickadee Bridled titmouse
mean SE mean SE mean SE
Cache 4.17 1.61 3.00 0.71 1.38 0.65
Eat 3.42 0.41 4,63 0.33 4.71 0.62
Eating time (sec) 27.79 5.45 25.46 1.06 31.17 3.25
Type of food cached
Peanut 0.04 0.04 0.0 0.0 0.0 0.0
Sunflower 0.04 0.04 0.0 0.0 0.0 0.0
Pine nut 0.17 0.16 0.0 0.0 0.0 0.0
Meal worm 0.25 0.13 0.21 0.21 0.08 0.05
Wax moth 3.67 1.38 2.79 0.76 1.29 0.63
Proportion cached in holes 0.86 0.06 0.80 0.05 0.86 0.09

Tabled values are means per 15 min trial * standard error. Items taken from the platform and dropped are not included in the table.

The areas of consecutive sections of hippocampus and telenceph-
alon were determined bilaterally by tracing enlarged video images of
the prepared sections using Jandel software. Tracing was done by the
first author, who was provided with sets of slides from the different
species, without an indication of species identity, in an unpredictable
order. The volume of hippocampus and telencephalon between con-
secutive sections was then calculated using the formula for a truncated
cone [Sherry et al., 1989]. The hippocampus is bounded dorsally by
the brain surface, ventrally by the ventricles, and medially by the mid-
line. The lateral boundary with the hyperstriatum accessorium was
defined as the middle of the region of abrupt cell density change which
stains darkly for acetylcholinesterase.

Results

The above cxperiments indicate that black-capped
chickadees cache more food than either Mexican chicka-
dees or bridled titmice and that the hippocampus, relative to
the size of the telencephalon as a whole, is also larger in
black-capped chickadees than in the other two species.

Experiment 1

The first experiment indicated that black-capped chicka-
dees food-cache more intensively than the other two spe-
cies during periods of limited access to a variety of food
items and cache sites in a large aviary.

All birds except one bridled titmouse stored during the
visits to the aviary. All species took wax moth larvae pre-
dominantly, and the holes drilled in the tree branches were
the favored cache site of all species. Table 1 shows the fre-
quencies with which items taken from the feeding platform
were cached, as well as the proportion of these caches made
in the holes drilled in the trees. Birds that made fewer than

four caches in the experiment were not used in the determi-
nation of cache site preference. This criterion meant that 5
black-capped chickadees, 5 Mexican chickadees, and 3 bri-
dled titmice were used for this determination. It can be seen
that bridled titmice cached the fewest items and ate the
most, while black-capped chickadees cached most and ate
least. However, differences in the number of items eaten
were not significant (F,;=2.42, p<0.13). An ANOVA
performed on time each species took to eat wax moth larvae
was not significant (F,;;=0.54, p<0.60). No other food
item was taken often enough to permit an accurate estimate
of handling times. Panel A of figure 1 shows the mean
number of caches made per day (four 15 min trials) by each
species. While the differences between species means are
substantial, there is no significant difference in the number
of caches made per day (F, ;= 1.71, p <0.22). Species thus
did not differ significantly in number of items eaten, item
handling time, or in number of caches made.

Experiment 2

The second experiment indicated that black-capped
chickadees also food-cache more intensively with more
prolonged exposure to favored food items and cache sites,
and the opportunity to retrieve cached food items, in a
home cage.

All birds stored food in the block in their cages. Panel B
of figure 1 depicts the mean daily maximum number of
caches present in the hoarding blocks. While birds may
have hoarded and recovered itmes between observations,
the three observation periods should have provided a good
estimate of the maximum number of hoards maintained at
any one time. The rank order of the species is the same as
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that observed in experiment 1. As the direction of the dif-
ferences was predicted from experiment 1 one tailed tests
were employed. The ANOVA showed a significant differ-
ence among species in number of caches made (F,;%3.64,
p<0.04, one-tailed). Student-Newman-Keuls multiple
range test indicated that the only significant difference was
between black-capped chickadees and bridled titmice
(p<0.05, one-tailed). When the birds were provided with
food to eat from the blocks, all birds but one Mexican
chickadee ate all of the food available and this bird left only
1 piece of food. Observed differences in caching intensity
are thus not due to differences in the ease with which birds
of the three species reached the holes in the blocks.

In both experiment 1 and experiment 2 black-capped
chickadees made more caches than either Mexican chicka-
dees or bridled titmice. This difference in caching is not due
to species differences in the facility of handling food or
access to the storage substrate. While there is considerable
variability in the number of items stored by each species,
the occurrence of the same rank ordering of species in two
experiments indicates that black-capped chickadees store
more food than either bridled titmice or Mexican chicka-
dees. This conclusion is further supported by the fact that
there are no records of caching in nature by either bridled
titmice or Mexican chickadees and that these species have
the southernmost range of North American parids, possibly
reducing the utility of food-storing.

Experiment 3

The third experiment indicated that the hippocampus
comprises a larger portion of the telencephalon in black-
capped chicadees than in either Mexican chickadees or bri-
dled titmice. Figure 2 depicts the determination of hippo-
campal boundaries and illustrates the correspondence of
hippocampal boundaries as indicated by ACHE reactive
stain and cytoarchitectonic methods. Table 2 displays mean
body weight, number of caches, volume of hippocampus
and telencephalon, and the ratio of hippocampal to telence-
phalic volume for each species.

Previous analyses of the relation between food storing
behavior and hippocampal size [e.g. Krebs et al., 1989;
Sherry et al., 1989; Healy and Krebs, 1992] have treated
mean values for species or higher order taxonomic groups,
such as subfamilies or families, as independent observa-
tions. With data of this kind, multiple regression can be
used to estimate the relative effect of body weight, brain
size, and behavioral variables on hippocampal size. Be-
cause the present study deals with only three species, how-
ever, this kind of analysis is not appropriate. Instead, we
tested for a difference in hippocampal volume among the

Mean caches

Mean caches
W
|

Bridied
titmouse

Black-capped I Mexican
chickadee chickadee

Fig. 1. Mean number of caches made by the three parid species
studied. A Mean caches made during 15 min visits to the aviary.
B Mean daily maximum caches in the hoarding blocks in the home
cage. Error bars are standard errors.

species studied by treating individual animals as indepen-
dent observations and corrected for species differences in
brain size by analyzing hippocampal volume as a propor-
tion of telencephalic volume. Figure 3 despicts the mean
proportion of the telencephalon occupied by hippocampus
for each species. Analysis of variance indicated a signifi-
cant difference in this relative hippocampal volume among
species (F,, =12.4, p <0.005). Student-Newman-Keuls mul-
tiple range test showed that black-capped chickadees have
relatively larger hippocampi than do the other two species,
which do not differ from one another (p <0.05).

Discussion

We present quantitative data on the caching behavior of
black-capped chickadees, Mexican chickadees, and bridled
titmice. The three species differ in the number of caches
made during laboratory tests, and this difference presum-
ably reflects quantitative variation in behavior in the field.
Some caution may be warranted in making this presump-
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