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Effects of photoperiod on memory and food storing in captive marsh tits,
Parus palustris
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Abstract. Field observations of food storing in several species of birds indicate that this behaviour
pattern varies seasonally. Storing can be experimentally manipulated in captive birds by altering
photoperiod and temperature. The objective of this study was to determine whether photoperiod
manipulations affected spatial memory in a food-storing bird, the marsh tit, Parus palustris. One
treatment group received a photoperiod of decreasing daylength (simulated autumn) in August,
followed by a period of short days (simulated winter) in September and early October, and a sudden
onset of long-day photoperiods (simulated summer) in mid-October. The other group was held on long
days until mid-October and then suddenly exposed to short days. Results indicate that differences in
photoperiod between treatment groups caused differences in storing behaviour and spatial memory.
Birds experiencing short days after an accelerated autumn performed better on a test of spatial memory
than those maintained on long days. After the photoperiod regimes were switched between treatment
groups, this difference disappeared. On a similar spatial memory test in which subjects could rely only
on non-spatial cues (e.g. colour), there were no differences between treatment groups, regardless of

photoperiod, indicating that the effects of photoperiod are specific to spatial memory.

Many animals store food and use spatial memory
to retrieve caches (reviewed in Sherry 1989;
Vander Wall 1990). Selection for enhanced spatial
memory appears to have occurred in at least some
food-storing species. Several species of birds that
rely on stored food have a more accurate and
long-lasting spatial memory than closely related
species that do not store as much (Balda & Kamil
1989; Olson 1991; Brodbeck 1994; Clayton &
Krebs 1994a,b). Among birds and mammals,
food-storing species have an enlarged hippo-
campus (Krebs et al. 1989; Sherry et al. 1989;
Jacobs, in press), an area of the telencephalon that
plays a role in memory, including that used for
retrieval of stosed food (Krushinskaya 1966;
O’Keefe & Nadel 1978; Sherry & Vaccarino 1989;
Bingman 1993). Within at least two families of
birds, relative hippocampal volume is approxi-
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mately correlated with each species’ dependence
on stored food (Healy & Krebs 1992; Hampton et
al. 1995; Basil et al. 1996). In addition to this
evolutionary relationship between food storing,
spatial memory and hippocampus size, a more
proximate relationship may exist between behav-
iour and brain. Recent studies suggest that hip-
pocampal volume increases in young birds in
response to food-storing experience or training on
a task requiring spatial memory (Clayton & Krebs
1994c; Clayton 1995a, b).

Field observations indicate that seasonal fluc-
tuations occur in food-storing behaviour, with a
peak in autumn and early winter (Odum 1942;
Haftorn 1956; Bossema 1979). Shettleworth et al.
(1995) showed that food-storing behaviour can
be manipulated experimentally by altering photo-
period and temperature to simulate autumn
conditions. That study compared black-capped
chickadees, Parus atricapillus, that were captured
in spring and placed on experimental photo-
periods and temperature regimes designed to
mimic either the passage of summer and autumn
or perpetual spring. Birds on the simulated
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autumn photoperiodic regime stored more seeds
in wooden blocks present in their home cages than
those housed on a perpetual spring photoperiod.

Some evidence also suggests that the hippo-
campus changes seasonally along with intensity of
food storing. In black-capped chickadees captured
at different times of year, hippocampal volume
relative to telencephalon volume reached its maxi-
mum in October (Smulders et al. 1995). There was
also greater neurogenesis in the hippocampal
regions of chickadees that were caught in autumn
relative to those caught in late summer or mid-
winter (Barnea & Nottebohm 1994). White-
breasted nuthatches, Sitta carolinensis, stored
more seeds and had larger hippocampal regions in
winter than in spring (K. Peterson & D. F. Sherry,
unpublished data). Thus, evidence from both
field and laboratory suggests that food-storing
behaviour increases in autumn, and some evi-
dence suggests neuroanatomical changes in the
hippocampus at this time of year in free-living
birds.

The control of food-storing behaviour through
photoperiod manipulation provides a powerful
tool for testing the hypothesis that changes in
behaviour are accompanied by changes in brain
and memory. Experiments done to date raise
several questions about seasonal changes in food-
storing behaviour. (1) Are there seasonal changes
in spatial memory that correspond with changes
in storing behaviour? (2) Can food-storing be-
haviour be controlled by daylength, even in the
absence of appropriate temperature cues? (3)
Does intensity of food storing, as measured by
counting seeds stored in a wooden block placed in
a captive bird’s home cage, correlate with amount
of food storing observed in a more naturalistic
setting? The aim of the present study was to
answer these three questions by manipulating
photoperiod in two groups of captive marsh tits,
P. palustris, and then testing them on a battery of
memory tests designed to determine accuracy of
recall for spatial and non-spatial cues. Aside from
the inclusion of memory tests, our study differed
from that of Shettleworth et al. (1995) in four
respects: (1) we used marsh tits instead of black-
capped chickadees, (2) the photoperiod treatments
involved a manipulation of daylength but not
ambient temperature, (3) we tested food-storing
behaviour in an experimental room containing
artificial trees in addition to monitoring it with
wooden blocks in subjects’ home cages, and (4) we
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moved subjects from natural light onto artificial
photoperiods in mid-summer, rather than in
spring or autumn.

METHODS

Birds and Housing Conditions

The subjects were 12 marsh tits that had been
captured near Oxford, U.K., and kept in outdoor
aviaries measuring 2.6 x49x1.7m (unless
noted, all measurements are width x length x
height) for 4 months. All subjects had been
trained on memory tests similar to those described
below 2 months prior to the present study. On 15
July 1994 the birds were randomly assigned to
individual cages in either of two adjacent rooms.
Subjects were maintained on a summer photo-
period of 16:8 h light:dark (lights on 0400 hours)
to mimic natural daylength until 8 August. The
summer/winter group (SW) was kept on this
photoperiod until 16 October and then shifted
immediately to 10:14 h L:D (lights on 0700 hours)
until the conclusion of the experiment on 17
November. The summer/autumn/winter/summer
group (SAWS) was put on a regime of gradually
decreasing daylength (morning later and evening
earlier by 45min each week) from 8 August
through to 2 September, then maintained on the
resulting 10:14 h L:D regime, and shifted back to
16:8 h L:D on 16 October (Fig. 1). During this
period we conducted four sets of memory tests
and two sets of room-storing tests, as described
below (Table I; Fig. 1).

Subjects were housed individually in wire
cages measuring 0.44 x 0.77 x 0.44 m in rooms
with identical ambient temperatures (recorded at
0700 hours GMT daily). Because the building was
poorly insulated, indoor temperature varied some-
what with change in the outdoor temperature
(Fig. 1). Food bowls were placed in cages between
1330 and 1430 hours and filled each day with the
following: 15 ml insectivorous bird mix (Orlux),
15 ml chopped peanuts, 15 ml chopped sunflower
seeds, 25 sesame seeds, three peanuts, three whole
sunflower seeds, three dehusked sunflower seeds,
three pine seeds and three pumpkin seeds. Food
bowls and any uneaten seeds present on the cage
floor were removed at 1600 hours. Water was
available ad libitum. Subjects also received three
large waxmoth larvae at 0700 and 1600 hours,
which were usually eaten immediately. In an
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Beginning on 27 July (day 0; Table I), each cage
contained two 46 x 9 x 4 cm blocks of wood con-
taining 12 holes in which the birds could store
food (hereafter ‘storing blocks’). One storing
block was placed on the cage floor and the other
was hung from the side of the cage. The number
of new seeds found in the storing blocks were
recorded 4-7 days each week at 1600 hours. The
storing blocks were then removed from cages and
were replaced intact when food bowls were
returned the following day.

Moult

Throughout the experiment we recorded the
occurrence of feather moult. Birds were classified
as either moulting or not moulting each day by
determining whether new feathers or down were
present on the floor of each cage at 1600 hours.

Storing Tests in the Room

Storing trials took place in a 3.5 x 2.0 x 2.8-m
room, and were observed through a one-way
Perspex window. The test room contained four
artificial wooden trees (Clayton 1992). Every tree
had eight storage sites, each large enough for one
seed, which could be covered by a string knot to
prevent the bird from using visual cues to relocate
stored seeds. Each trial consisted of two phases. In
phase 1, the bird received a bowl containing
waxmoths, peanuts and pumpkin, pine and sun-
flower seeds and was allowed to eat or store food
for 20 min. Following a retention interval of 1.5 h
in the home cage, each bird was allowed back into
the room for phase 2, in which they could search
for their caches for 10 min. For each bird, we
recorded the number of seeds stored and eaten
during phase 1. Data on recovery accuracy during
phase 2 were not analysed because of methodo-
logical concerns. For example, the treatment
groups differed substantially in the number of
seeds stored, and thus the number of empty cache
sites and recoverable seeds available. Birds
received four trials of storing; once every other
day in room-storing test A (days 55-65), and on
consecutive days in room-storing test B (days
97-100). Testing began at 1030 hours and order of
subjects was randomized.

Because a variety of food items was available
for storing or eating, each with its own caloric
content and attractiveness, it was difficult to deter-
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mine whether there were differences in motivation
and hunger between birds during these tests. To
test whether hunger levels differed between the
treatment groups, birds received another storing
trial on the days following room-storing tests A
and B, in which only dehusked sunflower seeds
were available. On these trials, we recorded the
number of seeds eaten during phase 1.

One-trial Associative Memory Tests

The object of these tests was to determine the
accuracy with which a subject could return to a
previously encountered, baited feeder using infor-
mation related either to the position of the feeder
in the test room (hereafter spatial cues), feeder-
specific information (such as colour or pattern of
the feeder decorations), or both. We tested birds
individually in a 3.5 x 2.0 x 2.8-m test room, and
observed them through a one-way Perspex win-
dow. The room contained feeders (9 x 4 x 15 cm;
Krebs et al. 1990) hung from plastic mesh screens
(1 x 2 m) attached to two adjacent walls of the
room. A hole in the centre of the face of each
feeder could contain a reward of powdered
peanut. This hole could be covered by a knot at
the end of a short piece of string to prevent the
birds from seeing the reward without first remov-
ing the knot. Subjects readily learned to pull the
string knot away from the hole to inspect the
contents on trials when the food was hidden. Each
feeder was decorated with trial-unique shapes of
adhesive tape in one of 10 possible colours. For
each trial, the location of the feeders was chosen
at random from 400 possible coordinates on the
two mesh-covered walls, with the constraint that
the array always included both walls. The re-
decoration and rearrangement of feeders ensured
that both spatial and feeder-specific cues were
trial-unique.

Testing began at 1100 hours and was carried
out simultaneously by two observers in adjacent
rooms. No bird began a test after 1200 hours.
Each trial consisted of two phases, separated by a
retention interval that varied from 1-2 h, depend-
ing on how long it took all birds to complete
phase 1. Subjects were tested on phase 2 in the
same order as they had received phase 1 to
minimize differences in retention interval. In
phase 1, one feeder was in the room, the food was
clearly visible and the bird was allowed to eat for
10 s after landing on the feeder. In phase 2, the
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bird was allowed back into the room where the
remainder of the reward was hidden by a string
knot in the same feeder as in phase |. Phase 2
differed from phase | in two respects: (1) the food
was visible in phase | but was hidden in phase 2;
(2) only one feeder was in the room in phase 1 but
there were four feeders (tests 1, 2, 3a, 4a) or seven
feeders (tests 3b, 4b) in phase 2. A bird with
perfect memory should have returned immediately
to the correct feeder in phase 2 to finish eating the
reward, but a bird searching at random would
have found the baited feeder, on average, after 2.5
or 4 visits, for 4 or 7 feeders, respectively. The
total number of visits, excluding revisits (which
were very rare), was recorded in phase 2 of each
trial. A visit was classified as a subject perching on
the feeder and inspecting the contents of the hole
by moving the string knot. All individuals had one
trial per day and the order of testing on each day
was randomized.

There were three types of memory tests, each
differing in the cues available to the bird when
relocating the reward. In the spatial version of the
test, only positional information was available
in phase 2, because all feeders were identical
and undecorated. The baited feeder, which was
uniquely decorated in phase 1, was replaced with
an undecorated baited feeder in the same location
in phase 2 (Fig. 2). For the feeder-specific version
of the test, subjects had to re-locate the original
feeder using only feeder-specific cues in phase 2,
because none of the feeders were in the same
location as in phase 1 (Fig. 2). The feeders in
phase 2 were arranged in a circular array, each
50 cm away from the location of the original
baited feeder. The baited feeder from phase 1 was
placed at a random location in this array. For the
compound version of the memory test, subjects
could use spatial or feeder-specific cues, or both,
because the baited feeder was uniquely marked,
and was present in the same location in both
phases (Fig. 2).

In each set of lests, subjects received one each
of the spatial, feeder-specific and compound tests
in random order. Before each block of tests, we
familiarized the birds with the test rooms by allow-
ing them into one or the other room for 5 min
with a single baited feeder present once daily
on three consecutive days. Subjects had 5 such
familiarization trials before the first set of tests.

We weighed all birds to the nearest 0.1 g, and
determined levels of stored fat by scoring the

Phase 1 Phase 2

\ DQDD

Feeder-specific test

4
~

|
|

J

: \b
\ ] E
3
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\ L&
+

Figure 2. Schematic diagram of memory tests. Subjects
were presented with a single, visibly baited feeder in
phase 1, followed by multiple feeders in phase 2, includ-
ing one in which the reward was hidden. Three versions
of the memory test were used, differing in whether
spatial cues, feeder-specific cues, or both types of cues
(compound) could be used to relocate the hidden reward
(see text). Arrows indicate rewarded feeder in phase 2.
Patterns symbolize feeder-specific decorations.

subcutaneous fat filling the furcula on a subjective
scale of 0-5 (0=no visible fat; 5=fat bulging
above the ventral surface of the pectoral muscle)
at 1500 hours on 16 October (day 81).

Data Analysis

Unless otherwise noted, treatment groups
were compared using Mann—Whitney U-tests. We
relied on non-parametric comparisons because of
small sample sizes. Parametric tests were used
when larger sample sizes made it possible to
inspect distributions for deviations from normal-
ity, such as when treatment groups were combined
for certain analyses. To compare numbers of seeds
stored in storing blocks within the home cage by
members of each treatment group, we calculated
the daily average for four test periods coinciding
with the four sets of memory tests. Each storing
test period in the cage included the 4 days prior to
the four-feeder memory tests (1, 2, 3A, 4A) and
the four test days (Table I). A Friedman two-way
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Table II. Results of memory tests for all subjects combined

Test Type Visits (X % sp) E z P ag
1 Spatial 1.7£0.7 25 23 0.01* 0.017
Compound 1.7+1.0 25 23 0.01* 0.025

Feeder 24£12 2.5 04 0.34 0.05
2 Spatial 1.6 £0.7 2.5 2.8 0.002* 0.017
Compound 1.6 0.8 25 2.8 0.002* 0.025

Feeder 20+£09 2.5 1.5 0.06 0.05
3a Spatial 20+£08 2.5 1.5 0.06 0.025
Compound 1.8+1.0 2.5 2.1 0.02 0.017

Feeder 22+1.1 2.5 1.0 0.1 0.05
3b Spatial 1.9+09 4.0 33 0.0005* 0.017
Compound 23+1.1 40 29 0.002* 0.025

Feeder 26+038 4.0 25 0.007* 0.05
4a Spatial 1.5£0.7 25 3.1 0.001* 0.017
Compound 1.5£0.7 2.5 3.1 0.001* 0.025

Feeder 22+0.6 2.5 1.0 0.1 0.05
4b Spatial 2.1+1.1 4.0 33 0.0005* 0.025
Compound 1.7+£1.2 4.0 39 0.0001* 0.017

Feeder 28+08 4.0 2.0 0.02* 0.05

E=expected number of visits for a randomly searching subject. z

and P are for

Mann-Whitney U-tests comparing performance of all subjects to expectation for
random search. ag=Bonferroni-adjusted a-level for each test. *P<ag.

analysis of variance by ranks test with multiple
comparisons (Siegel & Castellan 1988) was used to
detect within-group changes across the four cage
storing test periods.

Storing behaviour during each storing test in
the room was analysed by calculating the average
number of seeds stored by each bird during the
four trials and comparing treatment groups. The
correlation between storing in the home cage and
test room was tested for significance with linear
regression and ANOVA, using total number of
seeds stored by members of both treatment groups
in home cages and test rooms during the two
periods in which storing tests in the room were
administered.

The effect of temperature on food storing was
examined separately for birds experiencing 10:14
or 16:8 h L:D photoperiods. We combined data
from the two treatment groups for all days when
both treatment groups were on 10:14h light
regimes (SW: days 82-113; SAWS: days 37-81),
or 16:8 h light regimes (SW: days 37-81; SAWS:
days 82-113), and compared them using linear
regression and ANOVA.

To determine whether subjects were using
memory rather than random searching to re-

locate the reward in the one-trial associative
memory tests, we compared the mean number of
visits required to find the baited feeder for all
subjects on each test to the expectation for
random searching using z-tests. For tests 1 and
2, we used only a four-feeder version. Subjects
consistently re-located the reward in fewer visits
than the average expected for a randomly
searching bird, but we were unable to demon-
strate this statistically in every case because of
the low expected value for random search. To
increase the expected value for random search,
we added a seven-feeder version of all tests in
test sets 3 and 4.

There were 12 subjects (six in each treat-
ment group) in all analyses, except for the
first feeder-specific memory test, in which there
were 6 SW subjects and only 5 SAWS sub-
jects. All statistical tests were two-tailed, except
for the z-tests for better-than-random perform-
ance (described above). An a-level of 0.05
was considered significant, except in cases of
multiple, related comparisons, where a sequential
Bonferroni adjustment was used (Tables II, III;
Rice 1989). All means are presented with standard
deviations.
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Table III. Results of memory tests for each treatment group

Visits (,x—’t sD)
Test Type SwW SAWS 2z P ag
1 Spatial 1.5+0.8 20£06 1.3 0.2 0.017
Compound 18+£1.2 1.7=0.38 0.1 09 0.05
Feeder 22+1.3 24x1.2 04 0.7 0.025
2 Spatial 1.8+0.7 1.3£0.5 1.3 0.2 0.025
Compound 1.5+£0.8 1.7+£0.8 04 0.6 0.05
Feeder 25+1.1 1.5+£0.5 1.8 0.07 0.017
3a Spatial 27+05 1.3£0.5 27 0.007* 0.017
Compound 22+1.3 1.5£0.5 0.8 04 0.025
Feeder 20+ 1.1 23+1.0 0.7 0.5 0.05
3b Spatial 2710 1.3+0.5 24 0.018* 0.025
Compound 22+0.7 1.5£08 2.5 0.005* 0.017
Feeder 20+£0.38 28+0.7 1.0 0.3 0.05
da Spatial 1.3+£0.5 1.7+0.38 0.7 0.5 0.025
Compound 1.2+04 1.8£0.7 1.7 0.08 0.017
Feeder 22+04 22+0.7 0.1 0.9 0.05
4b Spatial 18+1.2 23=1.0 1.0 0.3 0.017
Compound 20+1.5 1.5+0.5 0.01 0.9 0.05
Feeder 2.7+0.8 3.0+09 0.7 0.5 0.025

SW=summer/winter treatment group, SAWS=summer/autumn/winter/summer treat-
ment group. = and P are for Mann-Whitney U-tests comparing treatment groups.
ag=Bonferroni-adjusted a-level for each test. *P<ag.

RESULTS

Moult and Condition

All subjects moulted body feathers and a few
flight feathers shortly after experiencing the onset
of decreasing daylength (Fig. 1). The first SAWS
bird began moulting on day 24, and the last one
terminated moult on day 42. At least five SAWS
subjects were moulting every day between days 27
and 39. This intensive moult period began 13 days
after the onset of decreasing daylength for these
subjects. The first evidence of moult by any SW
bird was on day 91. Beginning on day 96, just
10 days after the drastic shortening of their
daylength, at least five SW subjects were moulting
every day. This intensive moult continued until
day 103, and the last SW bird ceased moulting on
day 104. There were no significant differences
between the treatment groups in mean +sD
mass or fat score (mass: SW=124+0.7g;
SAWS=128+0.7; z=09, P=0.38; fat score:
SW=48+0.5, SAWS=47x04; =08, P=
0.40).

Storing Tests in the Cage

The number of seeds stored by subjects in the
two treatment groups did not differ prior to
the first treatment (z=0.25, P=0.80; Fig. 3). At
the time of the second test, SAWS subjects had
just completed a simulated autumn photoperiod,
and stored more seeds in their cages than SW
birds (z=2.8, P=0.005). When the third set of
tests took place, SW birds were still on summer
photoperiod, while SAWS had been on winter
photoperiod for more than 1 month and stored
more seeds than SW subjects (z=2.9, P=0.004).
We reversed the photoperiod treatments before
the fourth tests, and SW subjects stored more
seeds than SAWS birds (z=2.9, P=0.004).

SAWS birds stored more seeds in the home
cage during the third test than the fourth (over-
all F.=12.2, P=0.0067; multiple comparison
P<0.05). For SW subjects, the number of seeds
stored in the home cage also differed across the
four testing periods (F.= 15.0, P=0.0018), with
birds storing significantly fewer seeds during the
second and third sampling periods than the fourth
(both significant in multiple comparison, P<0.05).



Seeds/day

Figure 3. Number of seeds stored by each treatment
group in storing blocks in home cages. Values shown are
means (+sp) for 8-day periods corresponding with
mcmgry. tests 1, 2, 3 and 4 (see text). SW=summer/
winter treatment  group; SAWS =summer/autumn/
winte/summer treatment group. Asterisks indicate
significant differences between treatment groups.

There was a significant negative correlation
between temperature and number of seeds stored
in the home cage for birds experiencing 10 h of
daylight (regression equation: Y=69.1+2.4X;
r*=0.25, F, 43=20.8, P=0.0001), but there was no
apparent correlation for birds experiencing 16 h
of daylight (regression equation: Y=12.7+0.44X:
r=0.04, F, (;=2.5, P=0.12).

Storing Tests in the Room

SAWS subjects stored, on average, more seeds
than SW subjects (SW: X = sp=0.6 + 0.8; SAWS:
6.1 £2.1; z=2.9, P=0.004) when first tested in a
room with artificial trees (test A). There was a
positive relationship between the number of seeds
each bird stored in the room during test A and the
number of seeds each stored in its home cage
during the same period (regression equation:
Y=6.3+1.6X; F, ,,=31.9, P=0.0002; Fig. 4). All
birds that stored seeds in phase | retrieved some
seeds during phase 2. Subjects invariably ate
several items before beginning to store seeds in the
artificial trees. There was no difference in the
mean + D number of seeds eaten by members of
the treatment groups in the sunflower-only trial
(SW: 37x1.0; SAWS: 3.7+08; z=0.08,
P=0.93).

In contrast, SW subjects stored more seeds than
SAWS birds on test B, given after the photoperiod
treatments had been reversed (SW: 28=%1.6;
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Figure 4. Regression lines for total number of seeds
stored in test room and home cage during the period of
room-storing tests A and B (see text). ~ walues are
shown for each line.

SAWS: 1.2 +1.0; z=2.02, P=0.043). The relation-
ship between the number of seeds each bird stored
in the room and in its home cage was weaker than
for test A, but was still significant (regression
equation: Y=59+2.1X: F\ 10=6.0, P=0.03; Fig.
4). As in test A, there was no significant differ-
ence in the mean £ sD number of seeds eaten by
members of each treatment group during the
sunflower-only trial (SW: 2.9+ 0.7, SAWS:
3.2£0.7; z=0.69, P=0.49).

One-trial Associative Memory Tests
Test 1: SAWS and SW on summer photoperiod

During the first 15 days after birds were moved
indoors into individual cages, they were main-
tained on 16:8 h L:D, approximately the natural
daylength for late summer. At the end of this
period, they were each tested once on each of
three types of memory test with four feeders
present in phase 2. Birds performed significantly
better than expected for randomly searching sub-
jects on the spatial and compound tests, but not
on the feeder-specific test (Table II). There were
no significant differences in performance between
the birds assigned to each treatment group on any
test (Table III; Fig. 5).
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Figure 5. Difference between treatment groups (SW —
SAWS) in mean number of visits required to find correct
feeder on spatial and feeder-specific memory tests. Posi-
tive values indicate better performance (i.e. lower mean
number of visits) for SAWS subjects. Asterisk indicates
significant difference between treatment groups (Table
III). SW=summer/winter treatment group; SAWS=
summer/autumn/winter/summer treatment group.

Test 2: SAWS on autumn photoperiod, SW on
summer photoperiod

The second set of memory tests began 38 days
after the initiation of decreasing daylength for the
SAWS group, 22 days after they had begun to
moult, and 3 days after their photoperiod had
been stabilized at 10:14 h L:D. The SW group had
remained on a summer photoperiod of 16:8 h L:D
and had not moulted. Birds again performed
significantly better than the average level expected
,for random search on the spatial and compound
tests, but not on the feeder-specific test (Table II).
As in test |, there were no significant differences in
. performance between the birds in each treatment
group on any test (Table III; Fig. 5).

Test 3a: SAWS on winter photoperiod, SW on
summer photoperiod

When we began this third set of memory tests,
SAWS birds had been on 10:14 h L:D for 44 days,

and had terminated moult 33 days previously,
while SW birds were still on 16:8 h L:D and had
not moulted. Birds did not perform significantly
better than the level expected for random search
(Table II). The performance of SAWS subjects
was significantly better than that of SW sub-
jects on the spatial test, but did not differ on
the compound or feeder-specific tests (Table III;
Fig. 5).

Test 4a: SAWS on summer photoperiod, SW on
winter photoperiod

The final set of memory tests began 29 days
after SW birds had been shifted abruptly from
16:8 to 10:14 h L:D, and SAWS birds had been
shifted from 10:14 back to 16:8 h L:D. SW sub-
Jects had completed their moult 7 days before the
tests. Subjects performed significantly better than
expected for random search on the spatial and
compound tests, but not on the feeder-specific test
(Table II). There were no significant differences
between the treatment groups in performance on
any of the memory tests (Table III; Fig. 5).

Tests 3b and 4b: seven-feeder versions of tests 3a
and 4a

Because subjects were not consistently perform-
ing significantly better than expected for ran-
domly searching birds, we followed tests 3a and 4a
with tests 3b and 4b, respectively. These tests were
identical except that seven feeders were present
during phase 2 instead of four, with a subsequent
increase in the number of visits expected for a
randomly searching bird. Seven-feeder tests were
begun 3 days after completion of four feeder tests
(Table I). Subjects performed significantly better
than would be expected for random search on all
seven feeder tests (Table II). On test 3b the
performance of SAWS subjects was significantly
better than that of SW subjects on the spatial
and compound tests, but SAWS subjects did not
differ from SW subjects on the feeder-specific test
(Table IIT). On test 4b there were no significant
differences between the treatment groups in
performance on any memory test (Table I1I).

DISCUSSION

Food Storing and Photoperiod

In concurrence with two recent studies on
black-capped chickadees (Krebs et al. 1995,
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Shettleworth et al. 1995), we demonstrated that
the amount of food stored by captive marsh tits
was affected by photoperiod. Subjects stored very
few seeds in mid-summer when first placed into
individyal cages and housed under long day-
lengths (16 h of daylight). Birds that experienced a
steadily decreasing daylength (to simulate autumn
photoperiod) began storing more food after com-
pleting a partial moult approximately one month
later. Subjects maintained on long days did not
moult or increase food storing over the same
period. Thus, in two groups of birds housed on
the same temperature and dietary regime, only
those experiencing shortened daylength moulted
and increased food storing.

More than 2 months after the first, gradual
photoperiod treatment, all subjects experienced a
sudden switch from either long to short days (16
to 10 h of daylight) or vice versa. This treatment,
occurring in late October, caused a sharp decline
in food storing among the birds suddenly receiv-
ing longer days, and a rapid moult and increased
storing among the birds belatedly receiving short-
ened days. The finding that a rapid onset of long
days caused a decline of storing contrasts with the
results of Shettleworth et al. (1995), in which
autumn-captured chickadees continued to store
food even after experiencing a premature summer.
Our observation that subjects held on a prolonged
summer, well into natural autumn, increased seed
storing rapidly after experiencing short days,
underscores the potency of photoperiod as a
behaviqural trigger, relative to other possible
influences on storing behaviour, such as tempera-
ture or endogenous rhythms (Shettleworth et al.
1995).

There was a negative correlation between
amount of food stored in the home cage and
ambient temperature, but only for birds already
triggered to store by a simulated winter photo-
period. Birds held on a prolonged summer pho-
toperiod did not increase storing, even in response
to gradually cooling temperatures. In early
autumn, photoperiodic change was necessary, but
may not have been sufficient, to initiate food
storing, because the SAWS birds did not start
storing until after temperatures had dropped
somewhat. Later in autumn, when the ambient
temperature was even lower, photoperiodic
change was sufficient to initiate or terminate food
storing. We cannot rule out the possibility that
after initially being triggered to increase food
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storing by shortened photoperiod, birds may
increase food storing in response to colder tem-
peratures, even in the absence of a photoperiodic
shift. An experiment in which birds are housed at
constant temperatures while receiving decreasing
daylength will be necessary to clarify the interplay
between photoperiod and temperature.

Memory and Photoperiod

The regulation of food storing by photoperiod
raises the possibility that related aspects of behav-
lour, such as the ability to remember storage sites,
might also be under the influence of photoperiod.
We tested the performance of subjects on spatial
and non-spatial memory tasks before and after
each of two photoperiod treatments. Our most
important result was that the ability to relocate a
reward using spatial cues differed between birds
on different photoperiods. SAWS birds, experi-
encing short daylengths and storing a lot of food
in their home cages, performed better on a test of
spatial memory than birds maintained on long
days that were storing very few seeds (tests 3a,
3b). Because performance on non-spatial memory
tests did not differ between treatment groups, our
results suggest a specific effect of the treatment on
spatial memory rather than on attention or cogni-
tive abilities in general. After the photoperiod
regimes of the treatment groups were reversed
there was no longer a difference in spatial memory
(tests 4a, 4b), indicating that photoperiod, rather
than some uncontrolled variable, was responsible
for the observed effect.

In addition to confirming the photoperiodic
regulation of food-storing behaviour, and demon-
strating that spatial memory abilities differ
between birds on summer and winter photo-
periods, our results show that the amount of food
storing in a bird’s home cage correlates with the
amount of storing a bird does in a semi-natural
aviary setting. Thus, the technique of using
storing blocks, suggested by Hampton et al.
(1995), offers a means of monitoring individual'
storing behaviour, and will be useful in continuing
to examine the relationship between season,
food-storing and spatial memory.

Because they received different photoperiods,
subjects in the two treatment groups had different
amounts of time to feed, possibly leading to
differences in hunger and motivation. All subjects
were provided with far more food than they could
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eat, however, and we found no differences
between treatment groups oOn two measures
related to motivation: number of seeds eaten
during the room-storing tests and visible fat
reserves.

From our results we cannot determine whether
photoperiod directly affected subjects’ spatial
memories. or acted indirectly, for example by
increasing the amount of food-storing experience.
‘This question can be answered by altering

* photoperiod while depriving subjects of the
opportunity to store food.

Reports of seasonal changes in the hippo-
campal regions of food-storing birds on natural
photoperiods suggest the intriguing possibility
that changes in food-storing behaviour and spatial
memory might be related to neuroanatomical
modifications (Barnea & Nottebohm 1994;
Smulders et al. 1995; K. Peterson & D. F. Sherry,
unpublished data). However, experimentally
simulated autumn photoperiod failed to bring
about changes in the hippocampal volumes of
black-capped chickadees (Krebs et al. 1995). In
addition, adult willow tits, P. montanus, held on
constant winter photoperiod and given food-
storing experience, did not differ in hippocampal
volume from subjects given no opportunity to
store food (Cristol, in press). These contrasting
results suggest that any relationship between food
storing, photoperiod and the hippocampus is
complex.

There are few examples of seasonal shifts in
behaviour accompanied by cognitive changes. In
some birds, the ability to discriminate between
conspecific songs is greatest during the breeding
season, when the learning of new songs normally
occurs (Cynx & Nottebohm 1992; Calhoun et al.
1993). White-breasted nuthatches, which store less
food and have smaller hippocampal areas in
spring than in winter, underwent no statistically
significant change in accuracy of cache retrieval
between winter and spring, but there was a trend
towards declining aecuracy in spring (K. Peterson
& D. F. Sherry, unpublished data). In two rodent

* species, sex differences in spatial learning ability
were observed only during the breeding season,
simultaneously with the greatest sex differences in
spacing behaviour (Galea et al. 1994; Jacobs, in
press). Our finding that photoperiod affected
recall for spatial cues may be the first demon-
stration in a non-human animal that daylength
manipulations can affect a cognitive ability, and is
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consistent with the idea that seasonal neural
changes in food-storing species are related to
memory for cache sites.
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