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CHAPTER 4

Abstract

Sleep is considered to be of crucial importance for performance and health; yet, 
much of what we know about sleep is based on studies in a few mammalian model 
species under strictly controlled laboratory conditions. Data on sleep in different 
species under more natural conditions may yield new insights in the regulation and 
functions of sleep. We therefore performed a study with miniature EEG dataloggers 
in starlings under semi-natural conditions, group-housed in a large outdoor enclo-
sure with natural temperature and light. The birds showed a striking 5 h difference 
in the daily amount of NREM sleep between winter and summer. This variation in 
the amount of NREM sleep was best explained by night length. Most sleep occurred 
during the night but when summer nights became short the animals displayed mid-
day naps. The decay of NREM sleep spectral power in the slow-wave range (1.1 - 
4.3 Hz) was steeper in the short nights than in the longer nights, which suggests 
that birds in summer have higher sleep pressure. Additionally, sleep was affected 
by moon phase, with 2 h of NREM sleep less during full moon. The starlings dis-
played very little REM sleep, adding up to 1.3 % of total sleep time. In conclusion, 
this study demonstrates a pronounced phenotypical flexibility in sleep in starlings 
under semi-natural conditions and shows that environmental factors have a major 
impact on the organization of sleep and wakefulness.
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Introduction

Most animal species spend a large part of their life asleep suggesting that sleep 
serves important functions (Campbell and Tobler, 1984; Lesku and Rattenborg, 2014; Nath et 

al., 2017). It is commonly accepted that sleep is homeostatically regulated and that the 
need for sleep builds up during wakefulness (Borbély, 2001; Deboer, 2013; Porkka-Heiskanen, 

2013). However, much of what we know about sleep is based on a handful of mam-
malian species under tightly controlled laboratory conditions, particularly nocturnal 
rodents. Given that sleep appears to be a wide-spread phenomenon that may have 
evolved early in evolution, we can perhaps learn about the regulation and functions 
of sleep by 1) studying sleep in other non-mammalian, non-model species, and 2) 
by studying sleep under the natural conditions where it evolved (Aulsebrook et al., 2016; 

Rattenborg et al., 2017).

With respect to the first point, birds are of particular interest because they share key 
sleep features with mammals including the presence of rapid-eye-movement (REM) 
sleep and non-rapid-eye-movement (NREM) sleep (Lesku and Rattenborg, 2014; Beckers 

and Rattenborg, 2015). At the same time, there are interesting differences in sleep be-
tween birds and mammals. For example, the proportion of REM sleep per total sleep 
time is on average 18 % in mammals (Lesku et al., 2006) while in birds this is on average 
about 8 % (Roth et al., 2006).

The notion that studying sleep under more natural conditions may be an important 
approach is supported by findings of pronounced differences in sleep timing and 
duration between conspecifics in the wild and captivity, suggesting that ecological 
factors can have a strong influence on sleep (Rattenborg et al., 2008; Voirin et al., 2014; Gravett 

et al., 2017). Environmental challenges and natural behaviours such as breeding or mi-
gration are often absent in studies under controlled laboratory conditions. 

A recent study reported exceptional sleeplessness in wild pectoral sandpipers (Calid-
ris melanotos) breeding under constant light during the Arctic summer. Some of the 
male birds showed a near complete reduction of sleep time for over three weeks, yet 
were able to maintain high waking performance (Lesku et al., 2012). The males that are 
awake the most are more attractive to the females and thus sire the most offspring. 
Also, several types of birds engage in long, non-stop flights during migration and 
foraging that seemingly leave little time for sleep (Rattenborg, 2017). Recently it has 
been shown that frigatebirds (Fregata minor) sleep during foraging flights where 
they stay airborne for 6 consecutive days. Although sleeping on the wing is possible, 
they only sleep 2.89 % of the time during the flight compared to 53.28 % of the time 
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on land (Rattenborg et al., 2016). Furthermore, sleep and activity recordings in captive 
white-crowned sparrows (Zonotrichia leucophrys) have shown an enormous flexi-
bility in activity throughout the annual cycle where they stay active close to 24 hours 
a day during the entire breeding season and migratory phase (Rattenborg et al., 2004; 

Jones et al., 2010). Such findings challenge the common view based on studies in mam-
mals that decreased performance and health is an inescapable outcome of sleep loss 
and beg for follow-up studies.

While the advancements in dataloggers technology now allow for recordings of sleep 
in animals under natural conditions, seasonal changes in EEG-defined sleep have 
not been examined in freely moving birds due to the challenges of recapturing indi-
vidual animals across multiple seasons. Therefore, in the present study we measured 
sleep across the year in captive birds living under semi-natural outdoor conditions 
to address the question how birds cope with the large variation in environmental 
conditions over the year, particularly changes in light and temperature. We chose to 
do this in the European starling (Sturnus vulgaris) because we previously reported 
EEG recordings in this species under controlled indoor conditions that serves as a 
basis for comparison with the current outdoor measurements (van Hasselt et al., 2020a). 

Methods

Animals and housing

For this study, we used 12 adult starlings of both sexes (7 males and 5 females). 
Five of them were wild caught animals obtained from the Max Planck Institute for 
Ornithology in Seewiesen, Germany. The other seven were caught in the area of Ou-
dehaske, the Netherlands (52°58’19.2”N 5°51’38.0”E). The birds were group-housed 
in an outdoor aviary (length = 500 cm, width = 400 cm, height = 230 cm) at the Uni-
versity of Groningen, the Netherlands (53°14’35.4”N 6°32’15.7”E). The aviary con-
tained two horizontal ropes of 2.5 m as cage enrichment and for the birds to perch. 
Three water bowls were available and universal bird food was present ad libitum 
(food item number 6659; Kasper Faunafood, Woerden, The Netherlands). All pro-
cedures were approved by the national Central Authority for Scientific Procedures 
on Animals (CCD) and the Institutional Animal Welfare Body (IvD, University of 
Groningen, The Netherlands).
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Surgery

Animals were surgically implanted with a 7-channel implant for EEG recordings 
as previously described (van Hasselt et al., 2020a). The surgeries were performed under 
isoflurane anaesthesia (1.5-2 % vaporized in 1 l/min air). The top of the skull was 
carefully exposed and 7 holes with a diameter of 0.5 mm diameter were drilled to the 
level of the dura at precise locations for insertion of the electrodes. Four EEG elec-
trodes were arranged in a left-to-right line over the rostral part of the telencephalon 
(two electrodes per hemisphere, 2 and 6 mm lateral from the midline). The medi-
al electrodes were over the hyperpallium and the lateral electrodes were over the 
mesopallium. Two reference electrodes (one per hemisphere) were placed caudally 
close to the cerebellum (4 mm lateral of the midline). Lastly, a ground electrode was 
placed medially on the right hemisphere (6 mm from the midline). All electrodes 
were made from gold-plated pins with rounded tips (0.5 mm diameter BKL Elec-
tronic 10120538, Lüdenscheid, Germany). Each electrode was placed on the dura 
mater and glued in position using cyano-acrylic adhesive and wired to a 7-channel 
connector (BKL Electronic 10120302, Lüdenscheid, Germany) that was mounted on 
the head and secured with Paladur dental acrylic (Heraeus Kulzer, Hanau, Germa-
ny). The connector was covered with a lightweight protective plug (BKL Electronic 
10120602, Lüdenscheid, Germany). After two weeks of recovery, we started training 
the animals with dummy loggers to accustom them to carrying the logger weight. 
Dummy weight was increased in 3 steps (1.5 g, 2.5 g, 3.5 g), with each step lasting 3 
days. The last dummy weight represents the final logger weight which is less than 5 % 
of their total body weight. After one week of habituation to the final dummy weight, 
the measurements started.

Data collection

To record and store EEG data, we used miniature dataloggers (Neurologger 2A; Evo-
locus, Tarrytown, NY, USA). The neurologgers contained a three-axis accelerometer 
board that allowed for a detailed assessment of head movements (LIS302DLH; ST-
Micro-electronics, Geneva, Switzerland). The loggers were powered by two ZA13, 
1.45 V batteries (Ansmann ZA13, Assamstadt, Germany) which enabled recordings 
to run continuously for about three-and-a-half days. The loggers were attached to 
the head connector at noon so the handling of the birds would not affect night time 
sleep during the first recording night. EEG data was stored on a memory chip in 
the Neurologger at a rate of 200 Hz. The recordings lasted three days each, and 
took place at 20 different days over the year, covering all seasons. Because we had a 
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particular interest in photoperiod, we included recordings around the longest day / 
shortest night of the year (June 21 in the Northern hemisphere) and the shortest day 
/ longest night of the year (December 21 in the Northern hemisphere). In our text 
and figures we refer to these periods as summer and winter, even though formally 
defined winter and summer come after the shortest and longest day, respectively. 
We decided to use the term winter and summer because they have the same intuitive 
meaning for readers all over the globe.

Data analyses

At the end of every three-day recording, the EEG and accelerometery data were re-
trieved from the EEG loggers and transferred to the EEG-scoring program RemLogic 
(Natus Medical, Pleasanton, California). With the EEG loggers and batteries that we 
used in this study; every recording could run for a maximum of three days. However, 
in a few cases birds lost the logger before the end of the 3-day period or the logger 
malfunctioned due to, for example, low battery power. We divided all multi-day re-
cordings in successful and complete 24 h parts resulting in a total of 40 recordings of 
24 h. Individual birds were recorded at multiple time points across different seasons. 
All recordings were manually scored on the same EEG derivation (left mesopallium) 
with an epoch duration of 4 seconds by the same individual. All 4 second epochs 
were scored as either wakefulness, NREM sleep, or REM sleep according to criteria 
described in Figure 1. Wakefulness was scored when the signal was characterized by 
low amplitude and high-frequency EEG activity and often accompanied by high ac-
celerometer movements. NREM sleep was scored when at least half of the 4 s epoch 
had an amplitude twice that of alert wakefulness, low-frequency EEG and lacking 
accelerometer movements. REM sleep was characterized by periods of EEG activa-
tion (> 2 s) without noticeable head movement in the accelerometer signal (Figure 
1B, first REM epoch) or sometimes with signs of head dropping visible in the acceler-
ometery data indicative of reduced muscle tone (Figure 1B, second REM epoch). Our 
measurements of head movements (or lack of head movements) served the same 
purpose as EMG recordings in mammals and has been used successfully for scoring 
REM sleep in other bird studies (Scriba et al., 2013; Rattenborg et al., 2016; Tisdale et al., 2017). 
Based on the 4 s scoring, we subsequently calculated the amounts of NREM sleep 
and REM sleep per hour for all recording days.

A fast Fourier transformation was applied for all 4 s epochs of artifact free NREM 
sleep EEG data from the same frontal electrodes to calculate spectral power density 
for different frequency bins. This transformation yielded 256 frequency bands with 
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a bandwidth of ~0.39 Hz. All EEG recordings were visually inspected and EEG arti-
facts were labelled and excluded from the analysis. Most artifacts arose from move-
ments during wakefulness and were easily recognized in the accelerometer data. To 
compensate for interindividual differences in EEG signal strength, the spectral pow-
er values for each frequency band in each 4 s epoch of NREM sleep were normalized 
by expressing them relative to the power in the same frequency band averaged for all 
nighttime NREM sleep.   

To be able to relate variation in sleep data to variation in environmental factors, we 
acquired light-dark cycle data and lunar cycle data from https://www.timeanddate.
com. Ambient temperature and weather data were retrieved from a nearby weather 
station in Eelde, the Netherlands (53°08’07.7”N 6°34’12.0”E). 

Statistics 

All data were analysed in R (R Development Core Team 3.0.1., 2013). For analysing the 
data, linear mixed effect (lmer) models were used with bird identity as a random ef-
fect using the lme4 package (Aguiar and Sala, 1998). For all computed linear mixed 
effect models, marginal (r2

m) and conditional (r2
c) R2 values were calculated (Nak-

agawa and Schielzeth, 2013). For comparisons between moon phases the multcomp 
package was used, from this package, the Tukey HSD test was used as a posthoc test 
(Lenth, 2016). REM sleep was not normally distributed and therefore log-transformed. 
Further analysis of REM sleep and acquired p-values are based on log-transformed 
REM sleep. 

Results

Strong seasonal variation in sleep duration

The outdoor experiment yielded 40 high-quality 24-hour recordings. Representative 
examples of wakefulness, NREM and REM sleep are shown in Figure 1. Across all 
recordings, the starlings spent on average 57.1 ± 3.6 % of the 24h day-night cycle 
awake, 42.3 ± 3.7 % in NREM sleep and 0.6 ± 0.2% in REM sleep. Since REM sleep 
occurred very little, wakefulness and NREM sleep are mathematically opposite. 
Hence, wakefulness was not included in further analysis and graphs.
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100 μV

4 s

100 μV

4 s

Sway ACC

Surge ACC

Heave ACC

L mesopallium
L hyperpallium
R hyperpallium
R mesopallium

Sway ACC

Surge ACC

Heave ACC

L mesopallium
L hyperpallium
R hyperpallium
R mesopallium

A

B

Figure 1. A 60 second representation of the EEG channels (L+R mesopallium and L+R hyperpallium) 
and accelerometer channels (Sway, Surge and Heave). All recordings are scored for wakefulness (green 
bar), NREM sleep (blue bar) and REM sleep (red bar). The spectral analysis was done without epochs 
containing movement artifacts (red asterisk). 

The starlings displayed strong variation in the daily amount of NREM sleep across 
the year with the highest amount of sleep during winter and the lowest amount 
during summer (see Figure 2A and B). The daily amount of NREM sleep displays 
an annual rhythm with an estimated 5.12 h more sleep during winter than during 
summer (linear mixed effect (lmer) model, p < 0.001, r2

marginal (m) = 0.50, r2
conditional (c) = 

0.55, Figure 2B). 

The fraction of REM sleep relative to total sleep time (TST) displayed some seasonal 
variation (Figure 2D), with a significantly higher proportion of REM sleep in winter 
compared with summer (lmer model, p = 0.0027, r2

m = 0.18, r2
c = 0.62). In other 

words, winter was not only associated with the highest overall amount of NREM 
sleep, but also with the highest fraction of REM sleep. 

In addition to the seasonal changes in daily NREM and REM sleep time, NREM and 
REM bout lengths also varied across the year (see Figure 2B-E). Bout length was 
longer during winter compared with summer for both NREM (p < 0.001, r2

m = 0.24, 
r2

c = 0.58, Figure 2C) and REM sleep (p = 0.04, r2
m = 0.11, r2

c = 0.11, Figure 2E).
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Figure 2. (A) Representative recordings from multiple individuals showing the distribution of NREM 
sleep over the day and night (secondary y-axis indicates day number). The hours spent in NREM sleep at 
night get shorter until day number 161 (colours under the curve indicate the natural light dark cycle; blue: 
night, yellow: day). (B) Daily number of NREM sleep hours across the year. The same pattern is visible as 
shown in panel A. The hours spent in NREM sleep follows a sine curve (lmer model, p < 0.001, r2

m = 0.50, 
r2

c = 0.55) with an amplitude of 2.56 hours. Starlings sleep 5.12 hours less during summer compared with 
winter. (C) NREM sleep bout length shows an identical pattern across seasons with longer bout length 
during winter compared with summer (p < 0.001, r2

m = 0.24, r2
c = 0.58). (D) Log transformed REM sleep 

as a percentage of total sleep time (TST) plotted over the year on a linear scale. The fraction of TST that 
consisting of REM sleep can be explained according to a sine wave (p = 0.024, r2

m = 0.18, r2
c = 0.62). (E) 

Log transformed REM sleep bout length shows an identical pattern across seasons with longer bout length 
during winter compared with summer (p = 0.04, r2

m = 0.11, r2
c = 0.11).

Night length and moon phase strongly influence sleep 

Most of the sleep the starlings displayed occurred during the night time. A large 
part of the variation in sleep time across the year could be explained by night length 
(lmer model, p < 0.001, r2

m = 0.51, r2
c = 0.54, with a repeatability of 0.11; Figure 3A). 

With every hour increase of night length, NREM sleep increased with 0.49 ± 0.08 
hours (Figure 3A). Also, the proportion of REM sleep of TST significantly increased 
when night length increased (lmer model, p = 0.003, r2

m = 0.19, r2
c = 0.62; Figure 

3B). When night length was longer than 9.8 hours (i.e., in winter), the total amount 
of NREM sleep was less than the duration of the night (right grey-shaded area in 
Figure 3C). When night length was shorter than 9.8 hours (i.e., in summer), the total 
amount of sleep exceeded the duration of the night (left grey-shaded area in Figure 
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3C). In the latter case, the birds seem to increase the amount of sleep particularly 
around the middle of the day (Figure 2A). 
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Figure 3. (A) NREM sleep in relation to night length plotted for every individual. The model predicts that 
for every hour the night gets longer, the starlings sleep an additional 0.49 ± 0.08 hours (p < 0.001). Model 
results are, r2

m = 0.51, r2
c = 0.54 with a repeatability of 0.11. (B) Log transformed REM sleep as a percent-

age of total sleep time (TST) in relation to night length (p = 0.003, r2
m = 0.19, r2

c = 0.62). Individual re-
peatability was 0.51. (C) NREM sleep in relation to night length with a dotted black line that represents x 
= y, i.e., when night length is equal to the hours spent in NREM sleep. When the night length is below 9.78 
hours, there is an overshoot in NREM sleep during the day (left grey area). Alternatively, when the night 
length is longer than 9.78 hours, there seems to be an undershoot (right grey area). (D) Hours spent in 
NREM sleep in relation to night length and moon phase. For graphical presentation of the model, we di-
vided moon surface illumination into three categories; full, half and new moon with full moon = 67 – 100 
% illumination, half moon = 33 – 67 % illumination, and new moon = 0 – 33 % illumination. Moon phase 
has a significant effect on the amount of NREM sleep independent of night length (p < 0.001). Full moon 
phase results in significantly less hours of NREM sleep compared with half moon phase (p = 0.015) and 
new moon (p = 0.02). No significant differences were observed between full and half-moon (p = 0.79).
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We anticipated that some variation in sleep time across the year might be related to 
variation in ambient temperature. However, in a model with night length and tem-
perature together, variation in sleep time was significantly explained by night length 
but not temperature (p = 0.27). This lack of effect of ambient temperature in our 
data set might in part be due to the fact that fluctuations in temperature across the 
year was strongly correlated with night length.

Another potentially relevant environmental factor that might affect sleep is moon-
light. Based on lunar cycle data from https://www.timeanddate.com, we calculated 
the percentage of the moon surface that was illuminated as a proxy of the amount 
of moonlight. In a model together with night length, this percentage of moon sur-
face illuminated was a significant predictor for the amount of NREM sleep (lmer 
model, p = 0.006, r2

m = 0.59, r2
c = 0.63). Independent of night length, the starlings 

slept 0.0253 ± 0.009 hours less for every percent increase in the illumination of the 
moon’s surface. On average the daily amount of NREM sleep was about 2 h less on 
days with a full moon as compared to days with a new moon (Figure 3D).
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Figure 4. (A) NREM sleep time in relation to night length during different light phases (night, twilight, 
day). During the night, the number of hours spent in NREM sleep increases significantly when night 
length increases (lmer model, p < 0.001, r2

m = 0.90, r2
c = 0.95). Furthermore, during the day and twilight, 

NREM sleep decreases when the night lengthens (lmer model, twilight: p < 0.001, r2
m = 0.45, r2

c = 0.45; 
day: p = 0.005, r2

m = 0.21, r2
c = 0.36). (B) Residuals of the model shown in panel A plotted against moon 

illumination. During the night, moon illumination had a significant effect on the residuals (lm model, p 
= 0.020, r2 = 0.14). Moon illumination had no significant effect on the residuals during twilight and day.
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The results so far were based on an analysis of total daily sleep time. We did a further 
and more detailed analysis on how environmental factors influenced sleep during 
different phases of the day, specifically, ‘night’, ‘twilight’ and ‘day time’. We used 
nautical twilight to define the twilight period per recording. The time spent in NREM 
sleep during the night was significantly increased when night length increased (lmer 
model, p < 0.001, r2

m = 0.90, r2
c = 0.95; Figure 4A). In contrast, the time spent in 

NREM sleep during twilight and daytime was significantly decreased when night 
length increased (lmer model, twilight: p < 0.001, r2

m = 0.45, r2
c = 0.45; day: p = 

0.005, r2
m = 0.21, r2

c = 0.36; Figure 4A). 

If the effect of moon phase on NREM sleep time was mediated by light, one might 
expect this effect to occur mainly during the night. We therefore did an additional 
and more detailed analysis for effects of moon phase on NREM sleep time residuals 
from Figure 4A for different sections of the 24 h cycle, i.e., night time, twilight, and 
day time. There was a significant relationship between moon surface illumination 
and the amount of NREM sleep during the night (lm model, p < 0.020, r2 = 0.14, 
figure 4B). Moon illumination had no significant relationship with NREM sleep time 
during twilight or daytime (figure 4B). This supports the hypothesis that the effect of 
moon phase was mediated by moon light.

Pressure for sleep is greater during summer

The finding of increased NREM sleep during the daytime in summer might indi-
cate that the nights at this time of year are too short to dissipate all sleep pressure 
that is built up during the daytime waking phase. Together with the finding that the 
overall amount of NREM sleep is much lower during summer, one might argue that 
birds during summer live with higher sleep debt and sleep pressure than they do 
during winter. To address this issue, we analysed EEG spectral power as an indicator 
of sleep debt and sleep intensity. Based on Fast Fourier transformation of all arti-
fact-free NREM sleep EEG data, we averaged the spectral power between 1.17 and 
4.30 Hz, a frequency range that is known to reflect sleep debt in starlings (van Hasselt 

et al., 2020a). These power values cannot be compared directly because of interindivid-
ual differences in EEG signal strength but, instead, we performed linear regression 
across the power values for the first 3h of the night, excluding twilight, for all re-
cordings and used the slope of this line as an indicator of the decay in sleep pressure 
(Figure5A). This slope of power decay during NREM sleep significantly depended on 
the duration of the night (lmer model, p = 0.008, r2

m = 0.18, r2
c = 0.41, figure 5B). The 

slope was more negative, i.e., the power decay is steeper when the night was shorter. 



Sleep time in starlings is strongly affected by night length and moon phase

75

4

This supports the idea of higher sleep pressure at the beginning of the short summer 
nights. 
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Figure 5. (A) Two relative spectral power lines of the same individual recorded in winter and summer 
(dashed blue and red lines for respectively winter and summer). The bars on top indicates the light-dark 
cycle; grey: nautical twilight; black: night; yellow: day. The first and third point during the night phase 
were used to calculate the slope using a regression model. The solid lines with black dots represent the 
calculated slopes as shown for all 40 recordings in panel B. (B) The slope of relative EEG spectral power 
(1.17 - 4.30 Hz) during the first three hours of the night in relation to the night length in hours. The slope 
becomes significantly more positive with increasing night length with a rate of 0.02 ± 0.005 power units 
per hour (p = 0.008, r2

m = 0.18, r2
c = 0.41).
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Discussion

The starlings investigated under semi-natural conditions displayed a striking 5h 
variation in the daily amount of NREM sleep across the seasons, with ca. 12.5 h of 
NREM sleep/day during winter and 7.5 h NREM sleep/day during summer. Much of 
the variation in the daily amount of NREM sleep could be explained by night length 
with most sleep occurring during winter when nights are longest. In summer, when 
nights are shorter, the birds increased the amount of daytime sleep by including 
mid-day naps. In addition to night length, moon phase was associated with variation 
in sleep time: during full moon nights, the amount of NREM sleep was approximate-
ly 2 h less than during half moon or new moon. Full moon thus had a sleep depriv-
ing effect. Overall, the birds displayed a minimal amount of REM sleep, which on 
average made up less than 1.3 % of total sleep time. Yet, this small amount of REM 
sleep was still subject to seasonal modulation that paralleled the seasonal variation 
in NREM sleep: REM sleep as a fraction of total sleep time was longest during long 
winter nights. 

During the summer, the total daily amount of sleep was 5 hours less than during the 
winter. As a consequence, the birds may be living under higher sleep pressure during 
summer than winter, a suggestion that is supported by the steeper decline in EEG 
power during the first hours of the night during summer as compared to the winter. 
The slope of the power decline is thought to reflect the dissipation of sleep debt (Dijk, 

1995), also in starlings (van Hasselt et al., 2020a). A steeper decline in power during sleep 
on summer nights might indicate deeper sleep at this time of year. Despite this in-
dication of deeper sleep, the birds may not have been able to offset all their need for 
sleep during the short summer. When the duration of the night became shorter than 
9.8 hours the birds displayed more sleep during the mid-day. This finding suggests 
that even with deeper sleep at night starlings may need around 10 hours to compen-
sate for the NREM sleep pressure that builds up during the preceding waking phase, 
otherwise an overshoot of NREM sleep occurs during the day.

The seasonal variation in NREM sleep time observed in starlings is in agreement 
with earlier research on seasonal changes in resting behaviour in wild songbirds 
(Steinmeyer et al., 2010; Stuber et al., 2015). In addition to not being EEG-based, these stud-
ies only recorded sleep behaviour in the nest/roosting box. Consequently, napping 
in a bush in the daytime could have occurred. Despite these limitations, they found 
similar seasonal changes in resting behaviour, showing close to 5 hours more rest in 
the winter. 
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A limited number of studies in mammalian species have reported seasonal varia-
tion in sleep time as well. An EEG-based study of three free-ranging Arabian oryx 
(Oryx leucoryx) showed substantial seasonal variation in sleep time related to am-
bient temperature rather than photoperiod (Davimes et al., 2018). An actigraphy study 
of humans in pre-industrial societies in Africa and Latin-America showed close to 
1h more sleep in winter than in summer (Yetish et al., 2015). Overall, data on seasonal 
variation in sleep, particularly under natural conditions are limited.

Much of the additional daytime sleep during summer occurred in the middle of the 
day rather than in the morning as an extension of the main sleep phase. This might 
be due to a strong circadian drive for wakefulness early in the morning. Such an early 
morning drive for wakefulness could be related to, for example, a need to search for 
food. This early morning drive for wakefulness is supported by our earlier study on 
the effects of sleep deprivation in starlings under controlled conditions (van Hasselt 

et al., 2020a). When birds were sleep deprived at night, they showed a compensatory 
increase in sleep time not in the early morning immediately following sleep depriva-
tion but later during the day. 

In our analysis, night length explained a large part of the seasonal variation in sleep 
time but it remains to be determined whether this is a direct effect of night length 
or a consequence of some correlated seasonal change in physiological state and be-
haviour, for example, reproduction. Even though in our semi-natural setting the 
starlings were not breeding, one might argue that their lower amount of sleep in 
summer may have partly resulted from restlessness associated with an underlying 
physiological reproductive state. Importantly, such seasonal changes in behaviour 
and physiology are regulated by photoperiod, but in that case the changes in sleep 
would be an indirect or secondary consequence of night length / day length, rath-
er than a direct effect on sleep itself. Alternatively, it is possible that the seasonal 
change in night length and associated light exposure affects sleep directly. A direct 
effect of light on sleep is supported by our finding of a strong reduction in nigh-time 
sleep time during full moon.

An intriguing finding was that moon phase strongly affects sleep time. Our analysis 
of a relationship between sleep duration and moon phase has the limitation that we 
did not have detailed information on the actual visibility of the moon and poten-
tial reductions herein due to cloud coverage. Nevertheless, the finding that starlings 
sleep significantly less during full moon nights, can be explained by a direct sleep de-
priving effect of light. This is supported by our analysis showing that there was only 
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an effect of moon phase on night time sleep, but not on sleep during twilight and day 
time. To some extent, a possible influence of moonlight on sleep is also supported by 
other studies in birds showing that low-level artificial white light can suppress sleep 
(Rattenborg et al., 2005) and increase night time activity (Raap, Pinxten and Eens, 2015; Ouyang 

et al., 2017; Sun et al., 2017). Furthermore, our findings of reduced sleep, i.e., increased 
wakefulness during full moon nights, are in agreement with recent studies in barna-
cle geese showing that heart rate and body temperature increase when there is full 
moon and this effect is most pronounced when it coincides with perigee (the closest 
point of the Moon to the Earth) (Portugal et al., 2019).

In general, there is little information available on how moonlight affects sleep and 
EEG activity. There have been a few EEG studies on the relationship between moon 
phase and sleep in humans, but those were done under indoor conditions where 
moonlight itself was not visible (Cajochen et al., 2013; Turányi et al., 2014; Haba-Rubio et al., 

2015). The effect of moon phase on human sleep EEG activity remains inconclusive 
as literature found that moon phase was able to decrease EEG spectral power in the 
delta range (1 – 4 Hz) (Cajochen et al., 2013; Turányi et al., 2014), or that moon phase has no 
effect on sleep EEG at all (Haba-Rubio et al., 2015). Studies based on recording of rest and 
activity with motion sensors in human pre-industrial societies have reported contra-
dicting results on the relationship between moon phase and sleep, with either a de-
crease or an increase in total sleep time with increasing moonlight (Samson et al., 2017, 

2018). Perhaps the moon has effects on sleep through mechanisms other than light, 
for example through changes in the magnetic field of the Earth caused by the Moon. 
Birds can detect the magnetic field and use it to orientate and navigate during migra-
tion (Wiltschko and Wiltschko, 1996). It is known that the Moon’s gravitational pull on the 
planet affects the Earth’s magnetism with daily variation (Chapman, 1913). Birds might 
be able to detect such changes in magnetism. It is proposed that migratory birds 
have a magneto-sensitive receptor in the retina and that cryptochrome is the main 
magneto sensory molecule (Rodgers and Hore, 2009; Mouritsen and Hore, 2012). Therefore, 
it cannot be ruled out that the changes in sleep time in relation to moon phase are 
changes sensed in the Earth’s magnetism in addition to a direct effect of moon light. 

Our finding of a minimal amount of REM sleep in the starling is in agreement with 
our previous reported study of sleep in the starling under controlled indoor condi-
tions van Hasselt et al., 2020a) and with an earlier study in the same species (Szymczak, 

1986a).The assessment of REM sleep is more difficult in birds than in mammals be-
cause REM sleep episodes are short and rarely associated with a clear drop in muscle 
tone, as measured by electromyography (EMG). In our study, the scoring of REM 
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sleep was based on EEG in combination with head movements (i.e., accelerome-
tery recordings with the head-mounted EEG logger) instead of EMG. REM sleep is 
characterized by periods of EEG activation without head movements or with signs 
of head dropping. In birds, such head drops often occur even without clear changes 
in the neck EMG signal (Tisdale et al., 2017). Consequently, accelerometery is more reli-
able than EMG. Our approach has been successfully used for scoring sleep in other 
bird studies (Scriba et al., 2013; Rattenborg et al., 2016; Tisdale et al., 2017). Nonetheless, we 
cannot fully exclude that some of the REM episodes in the starlings may have been 
microarousals without head movements. However, if that were the case, this would 
mean that we overestimated the amount of REM sleep. In other words, the very low 
amount of REM sleep would be even lower.

We had anticipated that starlings in the current study under semi-natural and social 
housing condtions might have more REM sleep, but this clearly was not the case. 
Yet, despite the small overall amount of REM sleep, there was seasonal variation in 
the amount of REM sleep with a higher proportion of REM in winter as compared to 
summer. This suggests that even with this minimal amount of REM sleep, there was 
some degree of regulation. 

Overall, the amount of REM sleep is highly variable among bird species, ranging 
from less than 5 % of total sleep time in starlings (Szymczak, 1986a; van Hasselt et al., 2020a), 
rooks (Szymczak, 1987), parakeets (Ayala-Guerrero, 1989) and turtle doves (Walker et al., 1983) 
to more mammalian-like numbers in white-crowned sparrows (Rattenborg et al., 2004) 
and zebra finches (Low et al., 2008) with 16 % and 25 % of total sleep time, respective-
ly. Even within the same orders, there are substantial differences in the amount of 
REM sleep, for example in songbird species (e.g., the starling and white-crowned 
sparrow). Therefore, a simple taxonomic explanation for this variation of REM sleep 
does not apply on the reported values of REM sleep in the different bird species. Data 
on more species will be required before we can begin to understand the interspecific 
variation in the amount of REM sleep. Clearly, the current results provide important 
fuel to the discussion on what REM sleep is, how it is regulated, and what its func-
tions might be. It also cautions against broad generalizations based on studies in 
laboratory rats and mice.

In summary, our data demonstrate that sleep-wake regulation of the European star-
lings under semi-natural conditions shows a striking variation across the annual cy-
cle. Starlings change their sleep architecture according to night length and the lunar 
phase. These findings emphasize the importance of conducting sleep experiments in 
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different species with a more natural approach to learn about sleep-regulation in the 
real world.
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