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neither for the absolute amount of REM sleep per 24-h day nor
for the amount of REM sleep as a proportion of TST (Figure 3B
and C). Also the bout length for REM sleep did not differ between
seasons (Figure 3E). There were no sex differences in NREM and
REM sleep time, neither in winter nor in summer (Figure S1).

Response to sleep deprivation

The geese were subjected to a sleep deprivation of 4 and 8 h by
means of mild stimulation. Noteworthy, the actual amount of
sleep that was lost during these experiments was less than 4
and 8 h, rstof all because the birds did not spend 100% of these
hours asleep under baseline conditions, and second because the
sleep deprivation itself was not 100% effective. In general, it did
not appear to be dif cult to keep the birds awake and the nearby
presence or approach of the experimenters was most often suf-

cient to keep the birds moving around. Still, most birds man-
aged to accrue some sleep in the course of the sleep deprivation.
Also, even though the experimenters and procedure were the
same, the ef cacy of the sleep deprivation was somewhat higher
in winter compared with summer, as seen in the last 4 h of the
8SD in summer where the amount of NREM sleep did not differ
from baseline. Nonetheless, for all sleep deprivation sessions
the geese suffered a net sleep loss compared to the baseline
condition (Figure 4). On the baseline days in winter the birds
slept2.54 —0.16 h and 4.51 — 0.41 h during the rst4 and 8 h after
sunset, respectively. In summer, this was 2.10 - 0.21 h and 3.72 —
0.41 h, respectively. The actual amounts of NREM sleep that were

lost were: 2.14 — 0.09 h and 3.41 — 0.58 h during 4 and 8 h sleep
deprivation in winter; 1.37 — 0.25 h and 2.00 — 0.42 h during 4
and 8 h sleep deprivation in summer. Also, the actual amounts
of REM sleep that were lost were: 0.17 — 0.06 h and 0.50 — 0.17 h
during 4 and 8 h sleep deprivation in winter; 0.27 — 0.06 h and
0.61 —0.18 h during 4 and 8 h sleep deprivation in summer.

In winter, the NREM sleep time that was lost during the sleep
deprivations were not compensated, neither during the re-
mainder of the experimental day nor during the next day (Imer
model, p < 0.05, Figure 5A D). Interestingly, during summer
the NREM sleep that was lost during sleep deprivation was re-
covered by the end of the day (Figure 5E H).

Since a NREM sleep de cit may be compensated for by deeper
sleep as re ected in an increased EEG spectral power, we plotted
the normalized EEG power for the different frequency bands
relative to the mean of the baseline day (Figure 6). While there
were small differences in NREM sleep EEG power after sleep
deprivation compared with baseline, there was no consistent
pattern or direction for these difference. For the delta band in
winter after 8SD, there was a slight signi cant increase in EEG
power (Imer model, posthoc Tukey HSD test p < 0.05). To produce
a complete picture of the homeostatic NREM sleep response to
sleep deprivation incorporating both sleep time and EEG spec-
tral power, we calculated the cumulative spectral power, that is,
the product of NREM sleep time and spectral power (Figure 7). In
winter, sleep deprivation was not followed by signi cant changes
in cumulative power in any of the frequency bands. At the end
of the experimental day, cumulative NREM sleep EEG power was
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Figure 4. Sleep deprivation ef cacy. Sleep deprivation ef cacy (4 and 8 h) in winter (left panels, 4SD: n = 8; 8SD n = 6) and summer (right panels, 4SD: n = 7, 8SD n = 8)

for NREM sleep (top panels) and REM sleep (bottom panels). Compared with baseline (red bars), the sleep deprivation (green bars) caused a signi cant reduction of

both NREM and REM sleep (Imer model, p < 0.0001). The numbers on the green bars indicate the net sleep loss during the hours of sleep deprivation compared with

the baseline. Data shown are group averages — SEM.
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signi cantly lower in all frequency bands than at the end of the
baseline day (Imer model, p < 0.05, Figure 7). Also, there was no
sign of delayed recovery, since cumulative power on the second
recovery day did not differ from cumulative power during base-
line for any of the frequency bands. In summer, however, both
4 and 8 h sleep deprivation were followed by increased power
accumulation in all frequency bands. At the end of the experi-
mental day, the accumulated NREM sleep EEG power was no
longer different from baseline for any of the frequency bands
(Figure 7).

Moreover, we calculated the differences in cumulative spec-
tral power between the baseline day and experimental day at
two time points, that is, at the end of the sleep deprivation
(hour 4 or 8) and at the end of the day (hour 24). In winter, the
difference in cumulative power at the end of the day (hour
24) was similar to the difference immediately after sleep de-
privation indicating that none of the NREM sleep power lost
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was recovered. In summer, the difference between these time
points signi cantly decreased (Imer model, 4SD: p < 0.0001; 8SD:
p <0.0025, Figure 8). Thus, the sleep that is lost in summer is sig-
ni cantly compensated in cumulative EEG power.

The overall patterns of REM sleep both during baseline and
after sleep deprivation were more variable and not clearly con-
sistent within or between seasons (Figure 9). Nonetheless, the
loss of REM sleep during sleep deprivation was partly recovered
in both winter and summer by an increase in the number of REM
sleep epochs except for the 8SD group in summer (Imer model,
p =0.017, Figure 9H).

In addition to sleep time and/or EEG power, sleep homeo-
stasis and sleep drive might be re ected in the degree of sleep
consolidation. To assess possible changes in sleep consolidation,
we did an analysis on sleep bout length for a 2-h window imme-
diately following sleep deprivation and compared this to sleep
bout length during the same baseline window. The analysis
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Figure 5. Effect of sleep deprivation on NREM sleep time. Effects of sleep deprivation in winter (left panels, 4SD: n = 8; 8SD n = 6) or summer (right panels, 4SD: n=7; 8SD
n = 8) on NREM sleep patterns and cumulative NREM sleep time. Sleep deprivation started after sunset and lasted for either 4 h (panels A, B and E, F) or 8 h (panels C,
D and G, H). The yellow triangles on the x-axes denote sunrise. The period of sleep deprivation is indicated by the yellow horizontal bar at the top of the panels (panels
A, E and C, G). Every panel shows NREM sleep for the baseline day (red line), the day with sleep deprivation and subsequent recovery time during the remainder of the
day (green line), and a second recovery day (blue line). Signi cant differences between the baseline day and the SD + rst recovery day are indicated by the horizontal

lines (p < 0.005). Data shown are group averages — SEM.
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shows that there are no signi cant differences in average NREM
sleep bout length and REM sleep bout length between baseline
and sleep deprivation, neither during winter nor during summer
(Figure S2).

Correlations with ambient temperature and
moon phase

Since most of our recordings took place around new or full
moon, they were assigned to a category new moon (surface il-
lumination < 31%) or full moon (surface illumination > 64%).
The amount of NREM sleep per 24 h was on average 2.0 h lower
during full moon compared to new moon, independent of
season (Imer model, p < 0.001, Figure 10). Moreover, independent
of moon phase, daily NREM sleep time was correlated with am-
bient temperature, with the highest amount of NREM sleep
around 0 C (Imer model, p < 0.001, Figure 11). In contrast, moon
phase and ambient temperature had no signi cant correlation
with the amount of REM sleep. Since moon phase affected the
overall amount of NREM sleep, we performed an additional ana-
lysis to assess whether moon phase modulated the NREM sleep
rebound after sleep deprivation. This analysis shows that the
(lack of) homeostatic sleep rebound in winter is independent of
moon phase. Also, in summer there was no consistent effect of
moon phase on recovery from sleep deprivation for both NREM
sleep time and spectral power (Supplemental Figures S3 S5).

Discussion

The barnacle geese in the present study displayed pronounced
seasonal differences in both the overall amount and distribution
of sleep as well as the homeostatic response to sleep depriv-
ation. Overall, the geese spent about 1.5 h per day more in NREM
sleep in winter than in summer (9.3 vs 7.8 h, respectively) while
the amount of REM sleep per day did not differ signi cantly be-
tween the seasons (1.2 vs 1.0 h, respectively). In winter the geese
had a clear day night rhythm in sleep with most of their sleep
during nighttime. In summer, sleep was more spread out over
the 24-h cycle. Independent of season, full moon caused a de-
crease of 2.0 h in NREM sleep time relative to new moon (7.5
vs 9.5 h, respectively). We assessed sleep homeostatic responses
by subjecting the birds to a 4 and 8 h sleep deprivation starting
at sunset. In summer, the geese fully compensated for the
sleep deprivation-induced loss of NREM sleep by subsequently
increasing sleep time and by a limited increase in EEG spectral
power in all frequency bands, a presumed measure of sleep in-
tensity. In stark contrast, sleep deprivation in winter did not
elicit a compensatory NREM sleep response. REM sleep overall
was more variable, but there was at least partial recovery after
4 h sleep deprivation in both winter and summer.

The geese in our study were subjected to sleep deprivation
by a procedure that consisted of experimenters moving around
in the aviaries and, when necessary, approaching the birds.
Although it was intended to keep the geese awake for the full 4

Figure 6. Changes in NREM sleep EEG power following sleep deprivation. Relative spectral NREM sleep EEG power during the baseline, SD and recovery day in winter
(left panels, 4SD: n = 8; 8SD n = 6) and summer (right panels, 4SD: n = 7; 8SD n = 8) for the analyzed frequency bands (Delta: 1.56 3.91 Hz; Theta: 3.91 8.20 Hz; Alpha:
8.20 14.06 Hz; Beta: 14.06 30.08 Hz; Gamma: 30.08 50 Hz). The yellow triangles on the x-axes denote sunrise. There does not seem to be a clear pattern in the homeo-
static response in EEG spectral power after both sleep deprivations in both seasons. The lines indicate signi cant differences between the baseline and the SD + rst

recovery day (Imer model, p < 0.05). Data shown are group averages — SEM.
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