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HAU, M. AND E. GWINNER. Adjustment of house sparrow circadian rhythms to a simultaneously applied light and food zeitgeber.
PHYSIOL BEHAYV 62(5) 973-981, 1997.~—Periodic food availability has been shown to be an effective circadian zeitgeber in many
vertebrates. It is still unclear, however, i) whether light-active species like most birds can synchronize with food cycles in the presence
of a strong light-dark (LD) cycle and ii) whether it is common among non-mammalian vertebrates to use a separate circadian oscillator
to synchronize with food cycles as most mammals do. We investigated these questions experimentally by exposing house sparrows
simultaneously to two zeitgebers: light and food. The LD cycle was set at 1410 h; food was always available for 12 hour per day, but
at different phases of the LD cycle. The effects of the two zeitgebers were analyzed by observing two behavioral outputs of the birds’
circadian system, the rhythms of locomotion and feeding. The data revealed that light acted as the dominant zeitgeber in most
conditions. Food cycles affected the phase of the behavioral rhythms of the birds only when the food was presented no later than 3 h
after the onset of light. Apart from their synchronizing actions both light and food cycles also exerted direct (masking) effects on the
behavioral rhythms of the birds. The results suggest that the circadian system of house sparrows can indeed adjust to two simultaneous
environmental periodicities, i.e. light and food. We propose that light is the stronger zeitgeber and plays a ‘permissive’ role in
determining the phases at which synchronization with food cycles comes into effect. We did not find evidence that the house sparrows’
behavioral rhythms are controlled by a food-entrainable circadian oscillator that is distinct from the light-entrainable system as is the
case in most mammals. The differences in the patterns of food synchronization and organization of the circadian system that appear
to exist between different species can be interpreted in two ways: i) species of different phylogenetic origin (e.g., mammals versus
birds) evolved different circadian system or ii) regardless of phylogeny, species with different ecological requirements show a

specialization in their circadian organization which is adjusted to the importance of zeitgebers in nature.
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INTRODUCTION v

THE regular alternation between day and night represents one
of the most pronounced diel environmental periodicities. Con-
sequently, most organisms use it for synchronizing their circa-
dian rhythms with the 24-h day. Apart from light, other envi-
ronmental factors can also provide cues that are relevant to
circadian synchronization. Among vertebrates sound (25,32,45),
temperature (24,29), social stimuli (38,39), and food availabil-
ity (reviewed in, e.g., 4,8,9,16,35) have been shown to have
zeitgeber properties.

So far, the actions of non-photic factors on circadian synchro-
nization of birds have not been examined in great detail except for
a few studies on the effects of periodic food availability. Early
investigations on passerines have shown that birds can time be-
havioural activities relative to a regularly recurring interval of food
availability (2,3,6,9,54,61) This has been attributed to synchroni-
zation of the endogenous circadian system. Recent studies accu-
mulated evidence that periodic food availability indeed acts as a
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circadian zeitgeber for birds (house sparrow, Passer domesticus,
27, 28; pigeon, Columba livia, 1,41,44).

In-depth investigations of the zeitgeber action of food cycles on
house sparrows revealed several characteristic features (27,28).
When kept in otherwise constant conditions, the birds synchro-
nized to cycles in food availability in much the same manner as
they do to light, being most active during the time at which food
was accessible. However, there were also clear differences be-
tween circadian synchronization to light and to food. Most impor-
tantly, the zeitgeber strength of food cycles was found to be lower
than that of light cycles. The birds synchronized with food cycles
only within a narrow range of periods and showed large phase-
angle changes following a change in zeitgeber period. Further-
more, zeitgeber strength of food cycles was inversely related to the
daily duration of food availability, i.e. cycles with short daily food
access acted as stronger zeitgebers than cycles with long daily food
access. The zeitgeber strength of light cycles, in contrast, is con-
sidered to be weakened following deviations from an equal LD



974

ratio in both directions (7,11,62). With regard to the endogenous
organization of the house sparrow circadian system, no evidence
was obtained that the birds made use of and/or uncoupled a
separate circadian oscillator responsible for food-synchronization.
House sparrows always expressed one single band of activity
synchronized with periodic food availability and did not show any
consistent activity prior to the time of food availability (‘anticipa-
tory activity’, see below).

Like birds, most mammals can synchronize behavioral rhythms
with periodic food availability (for reviews see, e.g., §.9,16,35). In
contrast to house sparrows, however, they synchronize one specific
component of the circadian system with the time of food access:
rats, in particular, develop conspicuous wheel-running activity
several hours prior to the expected time of food availability (‘an-
ticipatory activity’, 50); at the same time the light-entrainable
locomotor activity rhythm remains unsynchronized and free-runs.
These two types of activity are controlled by separate pacemakers:
the rhythm of light-entrainable locomotor activity depends on the
suprachiasmatic nuclei (SCN), whereas the rhythm of food-en-
trainable wheel-running activity is driven by an as yet unidentified
pacemaker located outside the SCN (15,55,59,60). Anticipatory
activity always emerges during food-synchronization (23,37,52),
and thus rats always establish a positive phase-angle difference
between this category of activity and the onset of the daily food
access time (although phase-angle differences also change with the
zeitgeber period in a manner predicted by basic circadian rules,
10).

From the above results on house sparrow circadian behaviour
and its comparison with the extensive data on rats three questions
emerged:

1. As a light-active species, free-living house sparrows are ex-
posed to light during most of their activity time. How do these
birds respond to the simultaneous presence of another zeitge-
ber such as food?

2. Previous experiments with birds kept under otherwise constant
conditions indicated that house sparrows do not use a separate
food-entrainable oscillator. Would the birds express food-
related activity separately from light-related activity when
exposed to food and light cycles that are out of phase with
each other? The avian circadian system has been described as
a multioscillatory system, consisting of at least 3 components:
the pineal gland, the (avian analogue of the) SCN, and the eyes
(18,26). In European starlings (Sturnus vulgaris) a decoupling
of two behavioral rhythms becomes apparent under certain
light regimes (22). Separate light- and food-entrainable oscil-
lators have also been proposed for pigeons (41,44).

3. The functional significance of species differences in circadian
organization is still largely obscure. A comparison of the
responses of rats and house sparrows to two zeitgebers might
reveal whether these species have evolved different circadian
solutions to specific ecological problems. Presenting a light
and a food zeitgeber simultaneously would also indicate to
what extent food-synchronization contributes to the temporal
integration of the house sparrow’s behavior within the natural
day. Food-synchronization could be the basic mechanism un-
derlying the regular foraging routines shown by some birds in
the field (e.g., 20,21,40,51).

In an attempt to answer these questions we investigated how
the circadian rhythms of locomotion and feeding of house spar-
rows respond to simultaneous cycles in light and food availability.
We conducted two experiments in which access to food was
allowed for 12 h per day, but during different phases of a 14-h LD
cycle. Following each experimental segment with simultaneous
exposure to the light and the food cycle, the birds were released
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into food ad lib conditions. During these segments, the LD cycle
was maintained in experiment I, whereas continuous dim light was
applied in experiment II. We focused the analysis on the phase
relationships of the locomotor and feeding rhythms to the two
zeitgebers. Furthermore, we determined the phases of these
rhythms following transfer to food ad lib to find out whether the
circadian system of the birds had been synchronized with (either or
both of) the zeitgebers or whether the rhythms of locomotion and
feeding had only been masked by the zeitgeber stimuli (6).

METHODS

Animals and Housing

In both experiments nine house sparrows caught in the wild (all
males in experiment I, all females in experiment IT) were kept in
individual cages (81 X 50 X 31 cm) inside light- and sound-proof
wooden boxes. The boxes were equipped with fans for ventilation
and incandescent lights at the ceiling for illumination. The LD
cycle was kept at 14:10 h (lights on at 600 h) with a twilight of 67
min duration at dawn and dusk. Light intensities were about 100
lux at daytime and about 0.3 lux at night as measured at the top of
each cage. Temperature inside the boxes was held at approxi-
mately 18°C. Water and grit were available ad lib throughout the
experiment. Food (chick starter mash, Bay Wa) was provided by a
feeder that could be locked automatically. Initially, locking of the
feeder was accomplished by an electromagnetic switch and ac-
companied by a soft clicking noise (see also 27), but from exper-
imental day 95 onwards a General Electric SPS programmable
controller was introduced which eliminated the clicking (see also
13). After this change in the experimental set-up the birds could no
longer gain information about whether the feeder was open or not
unless they tried to get food and interrupted the light beam in front
of the feeder. On the first occasion when they broke the light beam
at the ‘“‘right”” time, the flap became unlocked and food was
available thereafter until the end of the daily food access time. No
difference could be detected in the performance of the birds before
and after the introduction of the SPS, indicating that in this and
previous experiments (27,28) the birds did not pay attention to the
clicking noise.

Experimental Design

Experiment I. Following the introductory segment between day
1 (Dec. 18, 1992) and day 44 with food available ad lib, food
access was restficted to 12 hour per day with food onset starting at
5 different phases of the light cycle. All periods of food restriction
were interspersed with 10 days of food ad lib conditions.

Feeding schedules. The first restricted feeding (RF) schedule
was applied from days 45 to 77 with food available from 0900-
2100 h (RF9/I). The SPS controller was introduced on day 95,
together with a repetition of the previous feeding schedule (RF9/IT)
until day 130. From days 141 until 175 food intake was allowed
from 1200-000 h (RF12). The time of food access was even more
delayed within the LD cycle from days 187 to 193, on which
feeding was possible between 1400 and 0200 h (RF14; this exper-
imental segment had to be terminated early, as the birds dramati-
cally lost body weight). Food became available before light onset
from 0300-1500 h (RF3) during days 203 until 243. Finally, food
availability began as early as midnight, 000—1200 h (RF0), from
days 254 to 293. The experiment was terminated by day 345 (Nov.
27, 1993).

Experiment I1I. This experiment differed from the previous one
in two respects: first, during the food ad lib conditions the birds
were exposed to continuous dim light (LLdim, light intensity of
about 0.3 lux) instead of a LD cycle, and second, RF14 was
omitted. The experiment started on Dec. 7, 1993 (day 1).
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FIG. 1. Recordings of locomotor and feeding activity of 3 individual birds in experiment I: (a) #5, (b) #7, (c) #8. The actograms are double-plotted, i.e.
two consecutive days are mounted side-by-side to facilitate visual inspection of the data. Broken vertical lines indicate light onset and offset, rectangles
mark times of food availability. (d) Schematic representation of the experimental paradigm. Shaded areas: dark phase of the LD cycle. Hatched

rectangles: food access time. Blanks in the actograms: missing data.

Feeding schedules. From days 10 to 27 food was available
from 0900-2100 h (RF9/I). Due to a technical error, a reversed LD
cycle was given for four days during days 27 and 31; then a
feeding schedule of 0900-2100 h (RF9/II) was reintroduced until
day 41. Between day 56 and 71, food was accessible from 1200~
000 h (RF12). On day 90, the LD cycle was given alone (together
with food ad lib and between days 95 and 108 food was restricted
to 0300-1500 h (RF3). On days 125 until 146 feeding was allowed
from 000-1200 h (RF0). The experiment was terminated at day
160 (May 16, 1994).

Activity Recordings

Locomotor activity was measured with the help of ultrasound
motion detectors (14). Approaches to the feeder were recorded by
means of light beams in front of the food box; actual feeding
events (movements of the feeder’s flap) were monitored with a
light beam inside the feeder (see also 27). Only recordings of the
approaches to the feeder were further analyzed and will be referred
to as ‘‘feeding activity”’ or ‘‘feeding rhythm’’. Data were collected
on-line and stored in 2-minute bins by a computer.

Data Analysis

Activity recordings were plotted monthly as actograms for each
individual bird. Raw activity data were transferred into 10-min
bins and entered into a PC for further analysis. Daily onset of
activity was determined by means of an activity threshold. The
threshold was set at mean daily activity (daily mean computed
over all 10-min intervals with at least one activity event) for each
individual and each experimental segment. Onset of activity was
defined as the time when the running sum of activity over one h for
each individual first surpassed this threshold, following at least one
h of activity below this threshold. Analyses of raw data and
subsequent statistical tests were performed with SPSS 6.0 for
Windows. Averaged data are given as means * SD unless stated
otherwise. F-values given in the text refer to repeated-measures
ANOVAs. Repeated-measures ANOVAs were corrected with the
Huynh~Feldt epsilon for unequal variance in the covariance matrix
if necessary (indicated by decimal degrees of freedom). Post-hoc
planned pairwise multiple comparisons were carried out using the
least significant difference method (LSD) proposed by Sokal and
Rohlf (53). Data from all 9 individuals in experiment I and from 8
individuals in experiment II could be analyzed statistically. The
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FIG. 2. Phase-angle differences between activity onsets and light onset (at
0600 h) during the different RF schedules in experiment I (mean + SD).
Filled squares: locomotor activity. Open circles: first onset of feeding
activity. Open triangles: second onset of feeding activity. Open horizontal
bars: food access time. Shaded area: dark phase of the LD cycle. Broken
vertical line: time of lights on.

phases of the activity rhythms on the first day in the food ad lib
conditions were determined by calculating a regression equation
for the activity onsets of days 2—6. From this equation, the phase
of activity onset on the first day was extrapolated as an approxi-
mation.

Terms and abbreviations used:

‘Food-after-light’ conditions: all experimental segments in which
food became available after lights on (RF9/1, RF9/II, RF12,
RF14).

‘Food-before-light’ conditions: all experimental segments in
which food became available before lights on (RF3, RF0).

{, : phase-angle difference between the onset of locomotor activity
and onset of the light phase (at 0600 h).

Y phase-angle difference between the onset of feeding activity
and onset of the light phase (at 0600 h).
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FIG. 3. Enlarged section from Fig. Ic: feeding activity during RF12. Note
the two onsets of feeding activity: one shortly after lights on, the other
about one hour prior to the time of food access. For details on the actogram
see Fig. 1.
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FIG. 4. Enlarged sections from Fig. Ic: feeding activity, before and after
release into food ad lib conditions following (a) RF9/IL, (b) RF12, (c) RF3,
(d) RF0. For details on the actogram see Fig. 1.

RESULTS
Experiment 1

Phase-angle differences of the behavioral rhythms. To analyze
whether the phases of the behavioural rhythms of the birds were
altered following exposure to food cycles, we first determined the
phase-angle difference in the onset of the two behavioural rhythms
under control (food ad lib) conditions, with the LD cycle acting
alone. During all food ad lib trials the birds began locomotor
activity close to lights on with no differences in s, between these
trials (Y. = 0.09 h = 0.54 h; F(1.34,9.36) = 1.32,p = 0.3; n =
8: bird #4 had to be omitted from the analysis because of missing
data). Consequently, t; during food ad lib conditions could be
pooled for each individual and used as control . ¥, was not
altered in any of the conditions where a food cycle was presented
(F(1.24,9.94) = 191; p = 0.2; Figs. 1, 2) and locomotor activity
remained concentrated in the light phase. Only under ‘food-before-
light’ conditions, especially during RF0, did the birds show irreg-
ular activity during the dark (Fig. 1).

As with locomotor activity, phase-angle differences in the onset
of the feeding rhythm did not differ between the trials under food
ad lib conditions (Y = —0.58 = 0.52 h; F(2.92, 23.33) = 2.23;
p > 0.1). Hence, like 4, Y was pooled for each individual and
used as control. When food was presented cyclically, the birds
continued to feed predominantly during the light phase, but during
‘food-before-light’ conditions some birds also exhibited feeding
activity in the dark (one bird during RF3, not shown in Fig. 1; for
RFO see Fig. 1a, b, ¢). Y were significantly affected by exposure
to food cycles (F(3.83, 30.36) = 18.57; p < 0.0001), and differed
from control conditions during all RF-schedules except during
RF3 (post-hoc comparisons, Fig. 2). During all trials with ‘food-
after-light’ ¢ was advanced during ‘food-before-light’ conditions,
with onset of feeding activity occurring earlier during RF0O than
during RF3 (all post-hoc comparisons).






