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CHAPTER 1

Many species, including humans, spend a large part of their lives sleeping (Siegel, 

2008; Nath et al., 2017). In fact, humans spend up to one-third of their lives in an uncon-
scious resting state. Sleep is characterized by physical immobility, a specific sleeping 
posture, and an increased arousal threshold to external stimuli. Sleep can be rapidly 
reversed to the active phase once the increased arousal threshold is surpassed. Al-
though being behaviourally similar, it is important to distinguish sleep from states 
such as quiet wakefulness, which is not associated with an elevated arousal thresh-
old, or hibernation, which is a torpid state with a much higher arousal threshold than 
sleep that takes more time and effort to reverse to the active phase. 

It is generally accepted that sleep is essential and serves important functions. Sever-
al studies indicate that a prolonged period of sleep deprivation has negative health 
consequences and may contribute to the development of diseases, e.g., depres-
sion, cardiovascular diseases, diabetes and ultimately death (Rechtschaffen et al., 1983; 

Rechtschaffen and Bergmann, 1995; Irwin, 2002; Irwin and Opp, 2017). Interestingly, despite 
many theories, the exact function of sleep remains an enigma (Siegel, 2005; Tononi and 
Cirelli, 2006; Krueger et al., 2016; Raven et al., 2018).

Over the past decades, several theories arose to define the function of sleep. One re-
cent theory proposed that during sleep there is a brain-cleansing process to remove 
misfolded proteins to prevent protein aggregation and accumulation (Iliff et al., 2013; 

Xie et al., 2013). Other theories proposed that sleep serves a function in the homeo-
stasis of energy allocation (St-Onge, 2013; Schmidt, 2014), development of the central 
nervous system (Blumberg, 2015; Bridi et al., 2015), strengthening of neuronal connections 
(Diekelmann and Born, 2010; Raven et al., 2018) or weakening of these connections (Tononi 

and Cirelli, 2014), and enforcing inactivity when wakefulness is unproductive or dan-
gerous (Meddis, 1975; Siegel, 2009). It is most likely that sleep did not evolve to serve 
solely one function, but that it has evolved to serve many.

Characteristics of sleep and sleep homeostasis

Sleep, recorded using an electroencephalogram (EEG) in most animals, is a complex 
phenomenon consisting of two different states, that is, rapid eye movement (REM) 
sleep and non-REM (NREM) sleep. The EEG during REM sleep shows similarities 
to wakefulness in terms of amplitude and frequency, yet, during REM sleep there is 
often a loss of muscle tonus in the skeletal muscles as shown in figure 1A (Jouvet and 
Michel, 1959; Gassel, Marchiafava and Pompeiano, 1964; Gassel, Marchifava and Pompeiano, 1965). 
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On the other hand, NREM sleep is characterized by slow waves in the range of 1-4 Hz 
(delta range) with an amplitude that is often twice the EEG amplitude during REM 
sleep. The EEG power of the slow waves in the delta range is also known as slow wave 
activity (SWA) (Figure 1) (Deboer, 2013). The presence of these two completely differ-
ent forms of sleep states in terms of EEG frequency and power might indicate that 
each of these two states serves a different function, for example, in neuronal recovery 
and plasticity (Tononi and Cirelli, 2006; Raven et al., 2018).

Based on mammalian sleep literature, sleep is homeostatically regulated according 
to a two-process model (Figure 1B). The two-process model explains the timing of 
sleep. It shows that the timing of sleep depends on an interaction between a homeo-
static process (S) and a circadian process (C). The homeostatic process S is the need 
for sleep that builds up during waking and dissipates during sleep. It is reflected in 
EEG spectral power in the slow-wave range. Process C is a circadian clock-depen-
dent drive for sleep and wakefulness.

The homeostatic regulation of sleep is also indicated by the fact that sleep depriva-
tion is often followed by a rebound in sleep duration (Figure 1B). There are several 
studies showing that extending the waking phase results in an increase in NREM 
sleep time and in NREM sleep intensity as reflected in an increased EEG power, par-
ticularly in the SWA range in a wide-range of mammalian species (Franken, Tobler and 

Borbély, 1991; Deboer, Franken and Tobler, 1994; Benington, 2000; Deboer, 2007). Besides NREM 
sleep, a rebound of REM sleep is sometimes expressed as an increase in REM sleep 
time following sleep deprivation (Dement, 1960; Borbély and Neuhaus, 1979; Borbély, Tobler 

and Hanagasioglu, 1984). In contrast to NREM sleep, the homeostatic response reflect-
ed in REM sleep is less consistent among mammalian species (Cartwright, Monroe and 

Palmer, 1967; Coolen et al., 2012). Also, the amount of REM sleep is modulated by factors 
other than the duration of preceding waking time. For example, it was shown that 
the amount of REM sleep is strongly influenced by stress (Rampin et al., 1991; Meerlo et 

al., 2001), brain temperature (Parmeggiani et al., 1975; Deboer and Tobler, 1996) and ambient 
temperature (Amici et al., 1998; Cerri et al., 2005; Komagata et al., 2019). 
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Figure 1. (A) Examples of unfiltered EEG and EMG recordings from a goose showing the three vigilant 
states: Wake, NREM sleep and REM sleep (van Hasselt et al., 2020c). Wake is characterized by high frequen-
cy, low amplitude waves in combination with high EMG activity. NREM sleep is characterized by slow fre-
quency, high amplitude waves with low EMG activity. REM sleep shows a similar pattern to wakefulness 
in terms of spectral composition and frequency but lacks high EMG activation. (B) Schematic overview on 
the two-process model of sleep homeostasis. The model contains two processes, process S (homeostatic 
sleep-dependent process) and process C (clock regulation; shown as a sine wave). During the sleep phase, 
process S decreases after the build-up during the waking phase. When sleep deprivation occurred, an 
additional sleep pressure builds up resulting in an increase in total sleep time and sleep intensity.
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Sleep phylogeny

Most of what we currently know about sleep is based on studies in only a handful of 
mammalian species (particularly nocturnal rodents) that are predominantly studied 
under tightly controlled laboratory conditions devoid of any ecological demand that 
resembles sleep in the wild (Dement, 1960; Borbély and Neuhaus, 1979; Borbély, Tobler and 
Hanagasioglu, 1984; Franken, Tobler and Borbély, 1991; Rampin et al., 1991; Deboer, Franken and 
Tobler, 1994; Deboer and Tobler, 1996; Amici et al., 1998; Benington, 2000; Meerlo et al., 2001; Cerri et 

al., 2005; Coolen et al., 2012). For understanding the evolution and function of sleep, there 
is a need for more ecologically oriented sleep studies that use organisms other than a 
few mammalian model organisms (Helm et al., 2017; Rattenborg et al., 2017).

Birds are an interesting group of species for studies on sleep because, despite com-
mon ancestors with mammals that go back 312 million years ago (CI: 294 - 323) 
(Benton and Donoghue, 2007; Hedges et al., 2015; Kumar et al., 2017), they share many key 
sleep-features with mammals since they both have NREM and REM sleep (Beckers 

and Rattenborg, 2015; Rattenborg and Martinez-Gonzalez, 2015). There is still a current debate 
on whether birds acquired NREM and REM sleep through convergent evolution or 
whether it is inherited from their most recent common amniote ancestor (Rattenborg 

and Martinez-Gonzalez, 2015). Clues for the existence of a common ancestor that has giv-
en rise to the evolution of NREM and REM sleep among birds and mammals are the 
findings that a direct descendent of the early common ancestor, ostriches (Struthio 
camelus) that are ratites of the avian clade Paleognathae, exhibits a hybrid REM state 
that shows some characteristics of NREM sleep (Lesku, Meyer, et al., 2011). In fact, the 
REM state of ostriches strongly resembles REM sleep in monotremes (Siegel et al., 1996, 

1999). However, the tinamous (Eudromia elegans) which is another member of the 
Paleognathae who can fly, shows clear REM sleep that is similar to what has been re-
ported for the avian clade Neognathae, the vast majority of modern-day birds (Tisdale 

et al., 2017). Another order of the animal kingdom that could provide clues to the evo-
lution of sleep are non-avian Reptilia and amphibians, descendants of the common 
ancestor between mammals and birds (i.e., stem amniote). Most studies on sleep in 
reptiles reported one sleep state that is characterized by low-amplitude EEG activity 
that is punctuated by hight-voltage spikes (Rattenborg, 2007). These high-voltage spikes 
are not found in mammalian and avian species. Besides high-voltage spikes, some 
studies have reported that reptiles show REM-related twitching (Ayala-Guerrero and 

Mexicano, 2008; Shein-Idelson et al., 2016) but most have failed to report similar movements 
(Eiland, Lyamin and Siegel, 2001). More research is needed in different bird and reptilian 
species to elucidate the evolution of sleep between these two taxonomic groups.
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Another reason why birds are an interesting group is because of the organization of 
their annual cycle which for many species contains four phases: spring migration, 
breeding, autumn migration and wintering. The migration pattern differs between 
species, but it is not uncommon for birds to stay airborne for extensive amounts of 
time during which the time for sleep may be limited. One of the longest non-stop 
migratory flights has been recorded in the bar-tailed godwit (Limosa lapponica bau-
eri), spanning a distance of 11690 km in 8 days between Alaska and New Zealand 
(Gill et al., 2005). Also, common swifts (Apus apus) can stay airborne for 10-months 
per year and only touch the ground for breeding (Hedenström et al., 2016). With these 
bird-specific behaviours across the annual cycle, the question arises whether and/or 
how birds sleep when the time for sleep seems limited? 

A theoretical solution to that question for birds to overcome the active demand-
ing phases of migration and breeding is to sleep with one hemisphere at the time, 
known as unihemispheric sleep. A number of avian species exhibit unihemispheric 
sleep (Rattenborg et al., 2019). It has been shown that Mallards can sleep deeper with 
one hemisphere in order to remain more vigilant at the most outer ends of a group 
(Rattenborg, Lima and Amlaner, 1999). The asymmetry of this sleep is comparable to what 
has been observed in cetaceans that show unihemispheric sleep to be able to swim 
to the surface for breathing (Gnone, Moriconi and Gambini, 2006; Lyamin et al., 2008, 2018). 

To test whether bird species use this strategy in the wild to overcome the wake-de-
manding phases of migration and breeding, sleep has to be measured in the wild 
where the animals can freely move and behave naturally. Recent technological ad-
vancements have led to the development of miniature dataloggers that weigh less 
than 2 g (excluding battery and waterproofing) and are capable of measuring several 
electrophysiological parameters in freely-moving animals (Vyssotski et al., 2006, 2009; Rat-

tenborg et al., 2017; Massot et al., 2019) (see Figure 2 for an impression of this technology). 
Field studies using these newly developed techniques raised the concern of inter-
preting earlier reported data, as there are pronounced differences in both timing and 
the amount of sleep between conspecifics recorded in the wild and captivity under 
controlled conditions. This suggests that environmental factors can strongly influ-
ence sleep (Rattenborg et al., 2008). Using these new EEG recording technologies, studies 
revealed that birds may experience long periods with nearly no sleep (Lesku et al., 2012; 

Rattenborg et al., 2016). A study in pectoral sandpipers (Calidris melanotos) showed that 
some males are active for almost 19 consecutive days (Lesku et al., 2012). In fact, the 
males that slept the least were the most attractive to the females and sired the most 
offspring (Lesku et al., 2012). 
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Figure 2. Schematic impression of the recent logger technique for measuring electrophysiologic param-
eters such as EEG in freely-moving animals. The miniature logger (blue, 1.3 g) is powered by small batter-
ies (red) and often contains an onboard 3-axis accelerometer (green) for accurate measurement of head 
movements. 

Great frigatebirds (Fregata minor) can engage in foraging flights of 6 consecutive 
days without landing. A recent study has shown that these birds can sleep during 
flight by using mostly unihemispheric sleep; the side that is sleeping is associated 
with the circling direction when the birds soar and glide over hot air currents (Rat-

tenborg et al., 2016). Even though there is sleep during flight, there is still a significant 
reduction of the daily amount of sleep in flight compared to on land (42 min vs 8 h, 
respectively). Sleep only occurred while the frigatebirds were soaring or gliding. As 
sleep never occurred during flapping flight, it is unclear whether birds that flap their 
wings continuously during flight, such as geese, can sleep on the wing. These studies 
are questioning the common view based on studies in mammals that decreased per-
formance and health is an inescapable outcome of sleep loss. It is not yet understood 
how birds are capable of coping with a serious deficit in sleep, or whether there are 
unknown physiological adaptations that allow them to temporarily go without sleep. 
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Thesis outline

In this thesis we will assess sleep characteristics and determine sleep homeostat-
ic properties by studying sleep in three different bird species, that are, European 
jackdaws (Coloeus monedula) in chapter 2, European starlings (Sturnus vulgaris) 
chapters 3, and 4 and barnacle geese (Branta leucopsis) chapters 5, 6, 7, 8, 9. 
In chapter 2 and chapter 3 we will assess sleep patterns and sleep homeostatic re-
sponses under controlled laboratory conditions in individually housed jackdaws and 
starlings, both of which are songbird species but may nonetheless differ substan-
tially in their sleep patterns. These studies used experimental sleep deprivation and 
measured subsequent recovery sleep to establish whether sleep in these songbirds is 
homeostatically regulated in a manner similar to what has been reported for mam-
mals. Moreover, in the starlings these data also served as a basis for comparison with 
subsequent studies under semi-natural conditions. In chapter 4 we examined how 
sleep in starlings is regulated in a more ecological context by group-housing them in 
a semi-natural enclosure exposed to natural environmental factors such as photope-
riod and moon phase. One of the environmental factors that could play an important 
role in the timing and homeostatic regulation of sleep is seasonality, particularly for 
animals that have a clear season-dependent behaviour, such as migration and breed-
ing. Therefore, in chapter 5 we tested whether barnacle geese respond differently 
to sleep deprivation in winter compared to summer when they were group-housed 
under seminatural conditions. In chapter 6 we analysed in more detail how sleep 
in barnacle geese may be affected by environmental light levels from natural sources 
such as the moon but also from artificial sources such as street lights. While one of 
the long-term goals of our studies was to build knowledge and expertise for EEG 
studies in the wild, there may be species and conditions where electrophysiology and 
its required surgical procedures may not be possible. For that reason, in chapter 7 
we tested how reliable accelerometer-based activity tracking is as a proxy for sleep 
in barnacle geese. To go truly wild on sleep studies, one needs a datalogger for EEG 
storage that has no limits on memory capacity and battery life. One way of saving 
storage capacity and battery life would be to use intermittent recording protocols in-
stead of continuous recordings. In chapter 8 we analysed how sleep patterns based 
on different intermittent recording schedules compare to the sleep patterns based on 
continuous EEG recording. Finally, chapter 9 describes an inventory endeavour to 
explore the possibility for future studies addressing the burning question of whether 
barnacle geese sleep during migration. For that reason, I went on expeditions to the 
Russian Arctic for two subsequent breeding seasons to catch wild barnacle geese in 
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an established population in a deserted area far above the Arctic circle and equipped 
them with accelerometers and GPS transmitters to track their migration patterns. 
Lastly, in chapter 10, all the findings in the chapters are discussed and a general 
conclusion of this thesis is provided. 
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Abstract

Sleep is a wide-spread phenomenon that is thought to occur in all animals. Yet, the 
function of it remains an enigma. Conducting sleep experiments in different species 
may shed light on the evolution and functions of sleep. Therefore, we studied sleep 
architecture and sleep homeostatic responses to sleep deprivation in the European 
jackdaw (Coloeus monedula), using seven young adult birds with miniature data log-
gers for recording movement activity (accelerometery) and electroencephalogram 
(EEG). Recordings were performed in individually-housed jackdaws under con-
trolled conditions with a 12:12-h light-dark cycle. During baseline, the birds spent 
on average 48.5% of the time asleep (39.8% non-rapid eye movement (NREM) sleep 
and 8.7% rapid eye movement (REM) sleep). Most of the sleep occurred during the 
dark phase (dark phase: 75.3% NREM sleep and 17.2% REM sleep; light phase 4.3% 
NREM sleep and 0.1% REM sleep). After sleep deprivation of 4 and 8 hours starting 
at lights off, the birds showed a dose-dependent increase in NREM sleep time. Also, 
NREM sleep EEG power in the 1.5 – 3 Hz frequency range, which is considered to be 
a marker of sleep homeostasis in mammals, was significantly increased for 1-2 h af-
ter both 4SD and 8SD. However, also NREM sleep EEG power in higher frequencies 
between 8 and 18 Hz was temporarily increased. After sleep deprivation, a rebound 
increase in REM sleep time was observed after 8SD but not after 4SD. In conclusion, 
jackdaws display homeostatic regulation of both NREM and REM sleep, in some 
ways similar to what has been reported for mammals. 
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Introduction

Sleep and sleep-like behaviour is a wide-spread phenomenon that is thought to oc-
cur in all animals from invertebrates (Nath et al., 2017) to complex vertebrate organisms 
(Campbell and Tobler, 1984; Lesku et al., 2008). Sleep is thought to serve important functions 
for the individuals’ performance and health; however, the exact function remains 
an enigma (Siegel, 2005). There is a general consensus that sleep serves some kind of 
recovery function that is dependent on the duration of the preceding waking phase. 
Indeed, extending the waking phase results in an increase in sleep need which is ex-
pressed as recovery sleep that is known as sleep homeostasis (Tobler and Borbély, 1986; 

Benington, 2000; Deboer, 2013). 

In mammals and birds, sleep consists of two distinct phases, that is, rapid eye move-
ment (REM) sleep and non-REM (NREM) sleep. Much of what we know about the 
regulation of these distinct forms of sleep is based on studies in a handful of mam-
malian species (Deboer, 2013). In these species, extending the waking phase results in 
a subsequent compensatory response or rebound in NREM sleep time and intensi-
ty. The increase in NREM sleep intensity is reflected in the electroencephalogram 
(EEG) particularly the spectral power in the 1 – 4 Hz slow-wave range (Tobler and 

Borbély, 1986; Dijk, Beersma and Daan, 1987; Franken, Tobler and Borbély, 1991; Deboer, 2013). 

Deprivation of REM sleep is often followed by an increase in REM sleep time (Borbély 
and Neuhaus, 1979; Friedman, Bergmann and Rechtschaffen, 1979; Borbély, Tobler and Hanagasiog-

lu, 1984); yet, these rebounds are less predictable than the homeostatic NREM sleep 
responses (Cartwright, Monroe and Palmer, 1967; Coolen et al., 2012). In fact, it is still debated 
whether REM sleep is homeostatically regulated at all, and, if so, whether the ho-
meostasis is dependent on the preceding waking time or NREM sleep time (Benington 

and Heller, 1994; Benington, 2002; Franken, 2002).

To get a broader perspective on how sleep, and the two different forms of sleep in 
particular, evolved in the animal kingdom, it is important to study different species 
(Lesku et al., 2008; Rattenborg et al., 2017). Birds are an interesting group of animals for 
studying sleep because they exhibit two sleep states similar to mammals (Lesku and 

Rattenborg, 2014; Beckers and Rattenborg, 2015). Moreover, a number of studies suggest 
that birds express signs of NREM sleep homeostasis; yet, there is much variation in 
the magnitude of the response in both sleep time and intensity (Jones et al., 2008; Marti-

nez-Gonzalez, Lesku and Rattenborg, 2008; van Hasselt et al., 2020a). Moreover, the amount of 
REM sleep in birds appears to be more variable and, on average, lower than in mam-
mals (Roth et al., 2006). In mammals, REM sleep on average makes up 18% of the total 
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sleep time (Lesku et al., 2006) whereas in birds this is less than 10% (Roth et al., 2006). Yet, 
within the avian group, the amount of REM sleep ranges from <1% in starlings (van 

Hasselt et al., 2020a) to 25% in zebra finches (Low et al., 2008). Since both of these species 
are songbirds, this variability cannot be explained by taxonomy. 

One reason for the variation in REM sleep among bird species may lie in the vari-
ation in brain architecture and cognitive ability. Indeed, REM sleep has often been 
linked to brain function and cognition, and the species-specific amount of REM sleep 
correlates well with brain size (Lesku et al., 2008). In this context, Corvids are of particu-
lar interest because they are known for their high cognitive capacity and intelligence 
as illustrated by, for example, the creation and use of tools (Olkowicz et al., 2016; Pika et 

al., 2020). 

Therefore, the aim of the present study was to assess sleep architecture and sleep 
homeostasis in the European jackdaw (Coloelus mondedula), which may serve as a 
basis for future studies on sleep, brain function and cognition in this non-mamma-
lian model-species. Sleep-wake patterns were assessed by means of miniature data-
loggers and sleep homeostatic properties were determined by subjecting the birds to 
different durations of sleep deprivation. 

Methods

Animals and housing

Seven European jackdaws (4 males, 3 females) were used in this study. The animals 
were retrieved form nest boxes as pre-fledgling young (30 days old) in a jackdaw col-
ony in Haren, The Netherlands (53°08’05.7”N, 006°37’58.3”E). The jackdaws where 
group-housed in two seminatural enclosures, separated by gender. They were hand-
fed 7 times a day between sunrise and sunset up to an age of 45 days (Versele-Laga, 
NutriBird A21, Deinze, België). During this time, they slowly acclimated to regular 
tap water from a tray and commercial food pellets (food item number 6659; Kasper 
Faunafood, Woerden, The Netherlands). The birds remained in the outdoor enclo-
sures until an age of 10 months, when they underwent surgery for implantation of 
EEG electrodes. Two-weeks before the start of the experiments and EEG recordings, 
the animals were transferred indoors and were individually housed in cages (length 
= 74 cm, width = 87 cm, height = 97 cm). These cages contained an elevated stick 
where the birds could perch, and food and water were available ad libitum. Ambient 
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temperature was kept constant at 21°C and there was a 12:12 LD-cycle with lights on 
from 8 am to 8 pm. All procedures were approved by the national Central Authority 
for Scientific Procedures on Animals (CCD) and the Institutional Animals Welfare 
Body (IvD, university of Groningen, The Netherlands).

Surgery

Surgeries were done under isoflurane anaesthesia (1.5 – 2%). Before the surgery, 
meloxicam was injected subcutaneously as an analgesic (0.022 ml; 0.5 mg/kg) and 
diazepam was injected subcutaneously to reduce stress 10 minutes prior to surgery 
(0.09 ml; 2 mg/kg). After carefully exposing the crania, 30 holes with a diameter of 
0.5 mm were drilled and rounded gold-plated electrode pins were inserted to the 
level of the dura mater (0,5 mm diameter, BKL Electronic 10120538, Lüdenscheid, 
Germany). Twenty-eight electrodes were placed on the dorsal surface of the brain (14 
on each hemisphere in 3 rostro-caudal rows of 5, 5 and 4 electrodes, respectively; see 
Figure 2B). The distance between neighbouring electrodes was 4 mm. The remaining 
two electrodes were caudally placed to serve as a ground (on the midline, 4 mm be-
low the lowest electrode line) and a reference electrode (4 mm lateral of the ground 
electrode; Figure 2B). The 30 electrodes were soldered to a 32-channel connector 
(nanostrip connector A79028-001; Omnetics, Minneapolis, MN, USA) and the con-
nector was secured to the head with Paladur dental cement (Heraeus Kulzer, Hanau, 
Germany). After surgery, the animals were allowed to recover for a minimum of two 
weeks before moving them to the indoor recording cages. 
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Figure 1. Two representative 30-s recording traces with 28 epidural EEG channels (14 per hemisphere) 
and 3 accelerometer channels (sway, surge and heave, respectively) showing wake (green), NREM sleep 
(blue) and REM sleep (red). 

Sleep recordings

Before the start of the experiments, the jackdaws were extensively habituated to the 
indoor housing conditions and experimental procedures, including the mounting of 
the datalogger used for the sleep-wake recordings. The sleep-wake measurements 
were done by attaching a miniature datalogger to the head implant for recording 
EEG and accelerometer movements with a total weight of 9.2 g (Neurologger 3; Evo-
locus, Tarrytown, NY, USA). The EEG and accelerometer data were sampled with a 
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frequency of 250 Hz and the logger could run for approximately 24 h on 4 Zink-air 
batteries (ZA13, 1.45 V). We aimed to record sleep-wake patterns for three consecu-
tive days, which meant that the batteries of the loggers had to be replaced daily. This 
was done in the middle of the light phase, i.e., the active phase, to cause the least 
amount of disturbance of the normal sleep pattern. The 3-day recordings consisted 
of a baseline day, an experimental sleep deprivation day and an additional recovery 
day. Each of these days consisted of a full 12h dark phase and subsequent light phase. 
All jackdaws underwent two 3-day recording sessions, during which they were sub-
jected to two different durations of sleep deprivation in a cross-over design. The 
birds were subjected to either 4 h or 8 h of sleep deprivation starting at lights off on 
the second day. Sleep deprivation was achieved by means of ‘mild stimulation’ where 
the experimenters gently tapped the cage when birds showed signs of eye closure and 
inactivity. During the remainder of the second dark phase, subsequent light phase 
and the third recording day, the animals could sleep undisturbed

 

 
Figure 2. (A) Mean absolute EEG power spectra for the three vigilant states during a 24-h baseline 
day. Grey shaded area around the curves indicates SEM. (B) Schematic topographic plot of the electrode 
location. The direct distance between every electrode is 4 mm (direct diagonal between two electrodes is 
5.66 mm). For this chapter only one electrode was used for analysing EEG spectral power (frontal green 
electrode on the left hemisphere). Furthermore, a ground electrode (dark grey) and reference electrode 
(blue) were placed caudally on the midline and left hemisphere, respectively. 
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Data analyses

After the third recording day, the data was retrieved from the logger for sleep scor-
ing. All recordings were coded and then scored by the same person blind to the ex-
perimental treatment and identity of the individual. A state was scored when the 
majority of the signals exhibited that state for the majority of the epoch. Occasional 
periods of asymmetrical NREM sleep were scored as NREM sleep using RemLogic 
software (Natus Medical, Pleasanton, California). Every 4-s epoch of the 3-day re-
cording was assessed and labelled as either wake, NREM or REM sleep according to 
criteria described in Figure 1. Wake was scored whenever the recording showed high 
frequency, low amplitude EEG activity, often in combination with head movements 
visible in the accelerometer channels. NREM sleep was scored when the recording 
showed low frequency, high amplitude EEG activity, at least twice as high as the EEG 
amplitude during wakefulness, together with a lack of head movements in the accel-
erometer channels. REM sleep was scored when the recording showed low ampli-
tude, high frequency EEG activity without noticeable head movements in the accel-
erometer or sometimes with signs of head drops indicative of reduced muscle tone. 
Based on this scoring we calculated the amounts of NREM and REM sleep per hour. 

The EEG data of all epochs scored as NREM sleep were further processed and sub-
jected to spectral analysis by means of Fast Fourier Transformation (FFT) on the 
basis of the left frontal EEG derivation (see Figure 1C). This yielded spectral power 
density values for 256 frequency bins (width ~0.49 Hz) up to a maximum of 125 Hz. 
To correct for interindividual differences in the strength of the EEG signal, we ex-
pressed the spectral values of all 4-s NREM sleep epoch in all frequency bins relative 
to the mean spectral power in those same frequency bins during the baseline night. 

Statistics

Data were analysed in R by modelling the data according a linear mixed effect mod-
els by using the lme4 package (R Development Core Team 3.0.1., 2013; Bates et al., 2015), 
with bird ID as a random effect. Whenever the random effect did not significantly 
contribute to the model which was assessed by using the likelihood-ratio test, a more 
simplistic linear regression model was computed. All post-hoc analyses were done 
using the lsmeans package (Lenth, 2016). Data in text and figures are expressed as 
mean ± SEM. 
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Results

Figure 1 shows two representative 30-s recording traces of the EEG and acceler-
ometer channels with coloured bars indicating wake (green), NREM sleep (blue) 
and REM sleep (red). The average absolute EEG power spectra for the three vigilant 
states during the 24-h baseline day show a clear increase in power during NREM 
sleep, particularly in the lower frequency range (Figure 2A). The 24-h baseline day 
consisted of 51.5 ± 0.4% wakefulness, 39.8 ± 1.1% NREM sleep, and 8.7 ± 1.1 REM 
sleep. REM sleep made up 18.6 ± 2.4% of total night time sleep time, 3.8 ± 0.7% of 
total daytime sleep time and 17.8 ± 2.3% of total sleep time of a 24 h-day. Under 
baseline conditions, the jackdaws displayed a pronounced daily rhythm in sleep and 
wakefulness with most of the sleep occurring during the dark phase (dark phase: 
75.3 ± 2.1% NREM sleep and 17.2 ± 2.3% REM sleep; light phase 4.3 ± 1.0% NREM 
sleep and 0.14 ± 0.02% REM sleep). The percentage of time in NREM sleep gradual-
ly decreased over the course of the dark phase whereas the percentage of REM sleep 
increased (Figure 3). There was a small amount of NREM sleep in the second half of 
the light phase, but there was little to no REM sleep during the light hours (Figure 
3). There were no differences between the sexes during the baseline day (p = 1, linear 
model).

The mild stimulation procedure was highly effective in keeping the animals awake 
and almost fully suppressed sleep during the 4 h and 8 h manipulations (Figure 3). 
During the remainder of the second recording day immediately following the sleep 
deprivations, there was an increase in NREM sleep time, both after 4SD and 8SD. 
After 8SD this NREM sleep rebound was more pronounced and also extended into 
the light phase (Figure 3 and 4). REM sleep was suppressed not only during the actu-
al sleep deprivation but there was a further loss of REM during the remainder of the 
dark phase following it, which may have been the consequence of the strong drive for 
NREM sleep recovery. Subsequently, there was no sign of REM sleep recovery after 
4SD but after 8SD the birds showed a trend towards an increase in REM sleep during 
the light phase following sleep deprivation and this extended to the dark phase of the 
second recovery day (Figure 4 and 5). The increases in NREM and REM sleep during 
the recovery phase did not fully make up for the sleep that was lost during the sleep 
deprivation (Figure 4). The cumulative amount of NREM and REM sleep at the end 
of the recovery phase on the second recording day are significantly lower than at the 
end of the baseline day (p < 0.05, post hoc test after linear mixed model; Figure 4). 
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Figure 3. The hourly percentages of NREM sleep (top panels) and REM sleep (bottom pan-
els) during the baseline day (red), the experimental day with sleep deprivation and first recov-
ery (green), and second recovery day (blue). The light dark cycle is denoted by the yellow and blue 
bars on top, respectively. The green bars in the middle of the graph denote the sleep deprivation pe-
riod. After both sleep deprivations, the amount of NREM sleep increased during the remainder of the 
night. Only after 8SD, the NREM sleep time is extended into the light phase. After 4SD there is no 
clear response in REM sleep time. In contrast, 8SD yields an increase in REM sleep during the light  
hase and during the second recover night. Data are plotted as mean ± SEM.

Since it is thought that NREM sleep homeostasis is not only reflected in sleep time 
but also in sleep intensity, as expressed in EEG power, we performed an EEG spec-
tral analysis. Figure 6 shows a heatmap with EEG power levels in different frequen-
cies up to 25 Hz across the 3 recording nights, relative to the average power in these 
frequencies for the baseline night. Figure 7 shows the difference between the rela-
tive power of the second night (SD and recovery) and the first night (baseline). At 
the start of the baseline night, the relative spectral EEG power was high and slow-
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ly decreased in the first couple of hours of the night with a mild increase in some 
frequency bands during the last hour. The lowest two frequency bins (0.5 – 1 Hz) 
show a reversed pattern. After 4SD, there was a slight significant increase in spec-
tral power between 1.46 – 2.93 Hz and 8.30 – 17.58 Hz relative to the power at the 
same time during the baseline night (Figure 6A and 7A-B). After 8SD, there was a 
slight significant increase in spectral power between 1.46 – 2.93 Hz and 8.30 – 19.04 
Hz relative to the power at the same time during the baseline night (Figure 6B and 
7C-D). Although the spectral power was increased after both 4 and 8 hours of sleep 
deprivation, it never exceeded the levels seen at the start of the baseline night. The 
lowest two frequency bands between 0.49 – 0.98 Hz showed a reduction of the rela-
tive spectral EEG power after SD. 

To produce a complete picture of the homeostatic NREM sleep response to sleep 
deprivation incorporating both sleep time and EEG spectral power, we calculated 
the cumulative spectral power, that is, the product of NREM sleep time and spectral 
power for the two bands that showed an increase in EEG spectral power (1.5 – 2.9 Hz 
and 8.3 – 17.6 Hz; Figure 8). In both bands the cumulative power fell below baseline 
values during the sleep deprivation. The deficit at the end of the 4SD and 8SD was 
partly, but not completely, compensated during the remainder of the second record-
ing day (Figure 7). The deficits at the end of day 2 were significantly smaller than the 
deficits immediately after the 4h and 8h sleep deprivation (p < 0.05, post hoc test 
after linear mixed model; Figure 9). 
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Figure 4. The cumulative sum of NREM sleep (top panels) and REM sleep (bottom panels) for the 4SD 
group (left) and 8SD group (right) during the baseline day (red), experimental day with sleep deprivation 
and first recovery (green), and second recovery day (blue). The light dark cycle is denoted by the yellow 
and blue bars on top, respectively. The green bars in the middle of the graph denote the sleep deprivation 
period. The compensation of NREM and REM sleep time after sleep loss is incomplete, even on the day 
after 8SD when the jackdaws extended sleep into the daytime. Jackdaws have more REM sleep during the 
second recovery night only in the 8SD group. The black horizontal lines at the top of each panel denote 
significant differences between the baseline day and the experimental day with sleep deprivation and first 
recovery (p < 0.05, post hoc test after linear mixed model). Data are plotted as mean ± SEM.

Discussion

Jackdaws, housed under controlled conditions with a 12 h light-12 h dark cycle, dis-
played a pronounced daily rhythm in sleep and wakefulness with most sleep occur-
ring in the dark phase. In response to 4h and 8h sleep deprivation the birds showed 
a dose-dependent compensatory response in both NREM and REM sleep, suggesting 
homeostatic regulation of both sleep states. 
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In our study, jackdaw sleep consisted of 82% NREM and 18% REM sleep of a 24-h 
day, which is about 3 h more NREM sleep and 2 h more REM sleep per 24-h day 
compared to an earlier report on the same species (Szymczak, 1986b). Possible expla-
nations for the differences in sleep parameters between these studies may lie in the 
fact that our study measured EEG using miniature loggers that allows the animals 
to move freely. Moreover, in our study we used hand-reared birds that were well-ha-
bituated to the experimenters and recording procedures from an age of 30 days, 
whereas the older study used wild-caught birds of unknown age.
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Figure 5. The difference in the amount of NREM and REM sleep between the baseline day and the first 
recovery day at three different time points: the end of the sleep deprivation (red), the end of the dark 
phase (blue), and the end of the subsequent light phase, i.e., the end of the experimental day (green). For 
both 4SD and 8SD, the loss of NREM sleep due to sleep deprivation was partly compensated during the 
subsequent light phase (end experimental day). For both 4SD and 8SD, there was an additional loss of 
REM sleep during the remainder of the dark phase after sleep deprivation, which was only partly compen-
sated during the subsequent light phase following 8SD. Statistical differences are denoted by the horizon-
tal black lines (p < 0.05, post hoc test after linear model). Data are plotted as mean ± SEM.
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In response to 4 h and 8 h sleep deprivation, Jackdaws showed a dose-dependent 
compensatory increase in NREM sleep time during the subsequent recovery phase. 
After 4 h sleep deprivation, the increase in NREM sleep time was largely restricted to 
the remainder of the dark phase immediately following sleep deprivation. After 8 h 
sleep deprivation, the increase extended into and lasted throughout the subsequent 
light phase. 
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Figure 6. Heatmaps of the EEG spectral power expressed relative to the mean of the baseline night for 
a broad range of frequency bands up to 25 Hz with a bin width of 0.49 Hz. During the baseline nights, 
the EEG power in many frequency bins decreased in the first hours of the night and in some bins slightly 
rose again during the last hour. After both sleep deprivations, the spectral power was increased in the fre-
quency bins between 1.46 and 2.93 Hz and between about 8 and 18~19 Hz (see text for details). The two 
lowest frequency bins between 0.5 – 1 Hz, show roughly the opposite pattern during the baseline night. 
Moreover, their relative power is decreased after sleep deprivation.  
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In addition to a compensatory increase in sleep time, the jackdaws also displayed an 
increase in EEG power across a broad range of frequencies for 1- 2 h following sleep 
deprivation. Based on studies in mammals, an increase EEG power in particularly 
in the 1-4 Hz slow-wave range is generally accepted as an indicator of sleep need 
and sleep intensity that reflects the duration of prior wakefulness (Tobler and Borbély, 
1986; Dijk, Beersma and Daan, 1987; Franken, Tobler and Borbély, 1991; Huber, Deboer and 
Tobler, 2000). 

Our jackdaws showed an increase in NREM sleep EEG spectral power between 1.5 – 
3 Hz but also in higher frequencies between 8.30 and 19.04 Hz relative to the same 
circadian time during the baseline night. Although in our experiment the normal 
waking phase was extended with 4 or 8 hours, EEG spectral power in before-men-
tioned frequency ranges never exceeded the levels at the beginning of baseline sleep. 
Moreover, these increases in EEG power were largely similar after 4 h and 8 h sleep 
deprivation. In that sense, EEG power did not clearly reflect the duration of prior 
wakefulness as reported for various mammalian species (Deboer, 2013). Among birds, 
EEG power appears to be an indicator of sleep homeostasis in some species (Jones et 

al., 2008; Martinez-Gonzalez, Lesku and Rattenborg, 2008; Lesku, Vyssotski, et al., 2011) but not in 
others (van Hasselt et al., 2020c). 
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C = 8SD). Statistically significant differences are shown in the right panels (B = 4SD, D = 8SD; blue gra-
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In agreement with the current study, a number of other studies in birds have report-
ed a sleep deprivation-induced increase in EEG power over a wide range of frequen-
cies up to 25 Hz (Jones et al., 2008; Martinez-Gonzalez, Lesku and Rattenborg, 2008; van Hasselt et 

al., 2020a). To obtain a complete picture of how jackdaws compensate for sleep depri-
vation, we took into account the sleep time and EEG power as an indicator of sleep 
intensity by calculating the product of those variables, i.e., cumulative EEG power. 
This showed that, even though there is partial compensation after both sleep depri-
vations, the baseline values of cumulative EEG power were not reached at the end 
of the day. This indicates that sleep debt may not be fully reflected in spectral EEG 
power which is supported by the lack of a dose-dependent response to the two differ-
ent sleep deprivations. Thus, jackdaws mainly compensate sleep loss by increasing 
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sleep time instead of increasing sleep intensity, at least when estimated using spec-
tral EEG power.   
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Figure 8. Cumulative NREM sleep EEG power calculated as the product of NREM sleep time and NREM 
sleep EEG power, expressed relative to the sum at the end of the baseline day (100%). The light dark cycle 
is denoted by the yellow and blue bars on top, respectively. Shown is the cumulative EEG power in the two 
frequency bands that showed an increase in spectral EEG power after sleep deprivation (1.5 – 2.9 Hz and 
8.3 – 17.6 Hz). After both sleep deprivations, the cumulative power lost was only partly recovered (see text 
for details). The horizontal black lines at the top of each panel denote significant differences between the 
baseline day and the experimental day with sleep deprivation and first recovery (p < 0.05, post hoc test 
after linear mixed model). Data are plotted as mean ± SEM.

An interesting finding of the present study is that REM sleep in jackdaws was (part-
ly) compensated after 8 h sleep deprivation. This is in agreement with studies in 
pigeons showing a clear REM sleep rebound following 8 and 24 h of sleep depriva-
tion (Tobler and Borbély, 1988; Martinez-Gonzalez, Lesku and Rattenborg, 2008; Rattenborg, Mar-
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tinez-Gonzalez and Lesku, 2009). In contrast, other bird species showed a limited or even 
total lack of a homeostatic response in REM sleep time after sleep deprivation (Jones 

et al., 2008; van Hasselt et al., 2020c; van Hasselt et al., 2020a). Too few studies are available for 
a detailed analysis, but one factor that might partly explain the variation in REM 
rebound might simply be the duration of the sleep deprivation in combination with 
the speed at which each species builds up a need for REM sleep. It might be that 
different species in general differ in their need for REM sleep, in which case one 
might expect a relationship between the amount of REM sleep under baseline con-
ditions and the magnitude of the REM sleep rebound following sleep deprivation. 
In jackdaws the amount of REM sleep during baseline is 18% of total sleep time 
and they showed a clear REM sleep rebound, at least after 8 h sleep deprivation. 
We previously studied the European starling under comparable indoor conditions 
and found them to have very little REM sleep, < 1% of total sleep time, and no REM 
sleep rebound after 4 h and 8 h sleep deprivation (van Hasselt et al., 2020a). In two other 
species with intermediate amounts of baseline REM sleep, the pigeon (12% of TST; 
(Tobler and Borbély, 1988)) and the barnacle goose (11% of TST; van Hasselt et al., 2020c), 
the pigeon was reported to have a clear REM sleep rebound and the barnacle goose 
showed a partial REM sleep rebound depending on season and duration of sleep 
deprivation. These studies suggest that the occurrence of a REM sleep homeostatic 
response is dependent on the amount of baseline REM sleep levels, as expected when 
baseline REM sleep levels are indicative of the functional importance of REM sleep. 
Clearly, more studies are needed to explore possible explanations for the variation in 
baselines REM sleep and REM sleep homeostasis among bird species.  

One reason why jackdaws might have high, mammalian-like amounts of REM sleep 
and a clear compensation of REM sleep to sleep deprivation may be related to the 
fact that corvids have highly developed brain functions and learning capacity that 
exceeds other bird species and even certain primates (Wright et al., 2017; Pika et al., 2020). A 
similar argument has been posed to explain the high amounts of REM sleep in zebra 
finches (Low et al., 2008) and budgerigars (Canavan and Margoliash, 2020). REM sleep is 
an important process that facilitates learning and memory. Indeed, it has been pro-
posed that REM sleep plays a role in neuronal plasticity and regulating the strength 
of neuronal connections in the brain, which would be important for brain function 
and cognition (Chauvette, Seigneur and Timofeev, 2012; Raven et al., 2018). In this context, it 
will be a challenge to unravel what specific aspects of brain function and cognition 
require higher amounts of REM sleep in species such as the jackdaw while other 
species such as the starling have nearly no REM sleep. 



Sleep architecture and sleep homeostasis in the European jackdaw

37

2

In conclusion, jackdaws display homeostatic regulation of both NREM and REM 
sleep under controlled laboratory conditions. The homeostatic regulation of REM 
sleep is in contrast to some other bird species and this may provide a fruitful basis for 
future comparative research of REM sleep regulation and function. Also, in the pres-
ent study data were analysed on the basis of a single frontal EEG derivation while 
we recorded EEG from 28 different cortical location. These recordings thus offer the 
opportunity for a further analysis aimed at local differences in sleep EEG and sleep 
homeostasis (in preparation).
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Figure 9. The difference in cumulative EEG power between the baseline day and the first recovery day 
at two different time points: the end of the sleep deprivation (red) and the end of the experimental day 
(green). For both sleep deprivations, the gap between the baseline day and the first recovery day is signifi-
cantly reduced at the end of the experimental day compared to the end of SD. The horizontal black lines 
denote significant differences between the end of SD and the end of the experimental day (p < 0.05, post 
hoc test after linear mixed model). Data are plotted as mean ± SEM.
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Abstract

Most of our knowledge about the regulation and function of sleep is based on stud-
ies in a restricted number of mammalian species, particularly nocturnal rodents. 
Hence, there is still much to learn from comparative studies in other species. Birds 
are interesting because they appear to share key aspects of sleep with mammals, 
including the presence of two different forms of sleep, i.e., NREM and REM sleep. 
We examined sleep architecture and sleep homeostasis in the European starling, 
using miniature data loggers for EEG recordings. Under controlled laboratory con-
ditions with a 12:12h light-dark cycle, the birds displayed a pronounced daily rhythm 
in sleep and wakefulness with most sleep occurring during the dark phase. Sleep 
mainly consisted of NREM sleep. In fact, the amount of REM sleep added up to only 
1~2% of total sleep time. Animals were subjected to 4h or 8h sleep deprivation to as-
sess sleep homeostatic responses. Sleep deprivation induced changes in subsequent 
NREM sleep EEG spectral qualities for several hours, with increased spectral power 
from 1.17 Hz up to at least 25 Hz. In contrast, power below 1.17 Hz was decreased 
after sleep deprivation. Sleep deprivation also resulted in a small compensatory in-
crease in NREM sleep time the next day. Changes in EEG spectral power and sleep 
time were largely similar after 4h and 8h sleep deprivation. REM sleep was not no-
ticeably compensated after sleep deprivation. In conclusion, starlings display signs 
of NREM sleep homeostasis but the results do not support the notion of important 
REM sleep functions.



Starlings have little REM sleep and no REM sleep homeostasis

43

3

Introduction

Sleep is a state of inactivity and diminished awareness of the surrounding that seems 
to be widespread in the animal kingdom. In fact, even though only a fraction of all 
animal species has been studied in detail, there is a general consensus that most 
species spend a large part of their lives asleep (Campbell and Tobler, 1984; Lesku et al., 

2008; Nath et al., 2017). Sleep is thought to serve physiological functions that are of crit-
ical importance for the individuals’ performance and health, but what exactly these 
functions are, remains uncertain (Benington and Frank, 2003; Siegel, 2005; Raven et al., 2018). 
It is often assumed that the functions of sleep entail some form of recovery from 
preceding wakefulness, based on the finding that a need for sleep seems to build up 
during wakefulness. This notion is supported by the finding that extended wakeful-
ness, or sleep deprivation, is associated with an increased drive for sleep and is fol-
lowed by a compensatory rebound sleep (Benington, 2000; Deboer, 2013). In other words, 
sleep appears to be homeostatically regulated in relation to how long animals have 
been awake (Benington, 2000; Deboer, 2013). 

The questions regarding the regulatory principles and functions of sleep are com-
plicated by the fact that sleep can come in two different forms, that is, non-rapid 
eye movement (NREM) sleep and rapid eye movement (REM) sleep (Deboer, 2013). In 
mammals particularly, the homeostatic regulation of NREM sleep is well established 
(Deboer, 2013). Extended wakefulness is often followed by a compensatory increase in 
both time and intensity of subsequent NREM sleep. The intensity of NREM sleep 
is reflected in the number of slow waves in the EEG (Blake and Gerard, 1937; Borbély 

and Neuhaus, 1979; Friedman, Bergmann and Rechtschaffen, 1979; Borbély et al., 1981). In several 
mammalian species, slow-wave activity in the range of 1-4 Hz was found to be an 
increasing function of the duration of prior wakefulness (Tobler and Borbély, 1986; Dijk, 

Beersma and Daan, 1987; Franken, Tobler and Borbély, 1991; Huber, Deboer and Tobler, 2000). This 
slow-wave activity is highest at the beginning of sleep and then gradually declines in 
the course of the sleep phase suggesting that the need for NREM sleep is dissipating 
(Tobler and Borbély, 1986; Dijk, Beersma and Daan, 1987; Franken, Tobler and Borbély, 1991; Huber, 

Deboer and Tobler, 2000).

In mammals, rebounds of REM sleep have also been reported after sleep deprivation 
(Dement, 1960; Borbély and Neuhaus, 1979; Friedman, Bergmann and Rechtschaffen, 1979; Borbély, 

Tobler and Hanagasioglu, 1984) but these rebounds in REM sleep appear to be less pre-
dictable compared to NREM sleep (Cartwright, Monroe and Palmer, 1967; Endo et al., 1998; 

Coolen et al., 2012). In fact, it is still debated whether REM sleep is homeostatically 
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regulated at all, and, if so, whether that is in relation to prior wakefulness or perhaps 
preceding NREM sleep (Benington and Heller, 1994; Ocampo-Garcés et al., 2000; Benington, 

2002; Franken, 2002). Other factors that influence REM sleep are, for example, environ-
mental temperature (Roussel, Turrillot and Kitahama, 1984; Amici et al., 1998, 2008) and stress 
(Rampin et al., 1991; Meerlo et al., 2001; Sanford et al., 2010).

The vast majority of studies on the regulatory mechanisms and functional aspects of 
sleep were done in a handful of mammalian species, particularly nocturnal rodents 
such as mice and rats (see references above). Few other species have been studied 
in detail, often because they are not easily available or difficult to maintain under 
laboratory conditions (Coolen et al., 2012). Hence, there is still much to learn about sleep 
in other species groups (Allada and Siegel, 2008; Sanford et al., 2010; Rattenborg et al., 2017). 
Birds are an interesting group in this respect because they share key features of sleep 
with mammals, including the presences of both NREM and REM sleep (Lesku and 

Rattenborg, 2014; Beckers and Rattenborg, 2015). Moreover, there are a number of reports 
suggesting that NREM sleep in birds may be homeostatically regulated in relation to 
wakefulness, suggesting it may serve functions similar to what has been proposed for 
mammals (Jones et al., 2008; Martinez-Gonzalez, Lesku and Rattenborg, 2008; Rattenborg, Marti-

nez-Gonzalez and Lesku, 2009; Lesku, Meyer, et al., 2011). There are, however, also interesting 
differences in sleep between birds and mammals. For example, in mammals REM 
sleep on average makes up 18% of total sleep time (Lesku et al., 2006), while in the few 
bird species for which this is known the amount of REM sleep is on average less than 
10% of total sleep time (Roth et al., 2006). Moreover, it was shown that some bird species 
under natural conditions are sometimes capable of persisting and apparently sus-
taining normal behaviour with very little to no sleep at all for many days (Lesku et al., 

2012; Rattenborg et al., 2016). Such findings challenge the common view based on studies 
in mammals that decreased performance and health is an inescapable outcome of 
sleep loss and beg for follow-up studies.

Studying sleep entails a special challenge in most bird species because of their ability 
to fly, but this constraint has been alleviated by the miniaturization of datalogger 
technology (Vyssotski et al., 2006, 2009; Rattenborg et al., 2017). In the current study, we ap-
plied such miniature dataloggers to assess sleep architecture and sleep homeostasis 
in the European starling (Sturnus vulgaris). This species is an interesting model 
for sleep research because they can easily be maintained in captivity and are large 
enough to carry a datalogger without being hampered in their movements. More-
over, the starling is a common and widespread species that can be found living un-
der a wide variety of environmental conditions, which makes it a suitable species 
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for future studies aimed at ecological questions. In the present study, we measured 
baseline sleep in captive starlings under controlled conditions and addressed the 
question of sleep homeostasis by subjecting the birds to manual sleep deprivation of 
different durations (4h and 8h).

Methods

Animals and housing

Twelve adult Starlings were used for this study (7 males, 5 females). Five of them 
were wild caught animals obtained from the Max Planck Institute for Ornithology 
(Seewiesen, Germany) and the other seven were caught in the wild in the Nether-
lands (Oudehaske, 52°58’19.2”N 5°51’38.0”E). The birds were kept in groups in large 
outdoor aviaries until 2 weeks before the start of EEG recordings, for which the ani-
mals were individually housed indoors in a wooden cage (length = 79 cm, width = 60 
cm, height = 60 cm). The cage floor was covered with bedding and a wooden branch 
in the centre served as a perch. Water and food were provided ad libitum (food item 
number 6659; Kasper Faunafood, Woerden, The Netherlands). Each cage contained 
two light bulbs, and the light-dark cycle was set at 12:12 with lights-on from 8:00 to 
20:00. In order to mimic twilight, a dim light was on for 10 minutes before lights-on 
and also for 10 minutes after lights-off. The temperature in the room was controlled 
at 21 ± 1 oC. All procedures 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).

Surgery

Surgeries for implantation of electrodes to record EEG were performed under iso-
flurane anaesthesia (1.5-2%). The skull was carefully exposed and seven 0.5 mm 
holes were drilled for insertion of electrodes. Four EEG electrodes were placed in 
a left-to-right line over the rostral part of the telencephalon (two per hemisphere, 
2 and 6 mm lateral from the midline). The location of the electrodes was based on 
previous research in birds (Vyssotski et al., 2006; Lesku et al., 2012; Rattenborg et al., 2016). The 
medial electrodes were over the hyperpallium and the lateral electrodes were over 
the mesopallium. Two reference electrodes were placed caudally near the cerebel-
lum (one per hemisphere, 4 mm lateral of the midline) and one ground electrode 
was implanted over the right hemisphere (6 mm from the midline). All electrodes 
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consisted of gold-plated pins with rounded tips (0,5 mm diameter, BKL Electronic 
10120538, Lüdenscheid, Germany). They were inserted to the level of the dura mater 
and glued to the cranium with cyano-acrylic adhesive. All electrodes were wired to at 
7-channel connector (BKL Electronic 10120302, Lüdenscheid, Germany) and then 
secured and isolated with Paladur dental acrylic (Heraeus Kulzer, Hanau, Germany). 
A light-weight protective plug was then attached to the connector (BKL Electronic 
10120602, Lüdenscheid, Germany). After two weeks of recovery from surgery, dum-
my loggers were used to habituate the starlings to wearing the recording loggers. The 
dummy logger weight was gradually increased in 3 steps (1.5g, 2.5g, 3.5g) each one 
lasting three days. The final dummy logger weight was similar to the real datalogger 
weight and represented less than 5% of the total body weight. Recovery from surgery 
and habituation to the (dummy) loggers took place in the outdoor aviaries. 

Data collection

To record and store EEG data, a neurologger 2A was attached to the connector on 
the head of the starlings (Neurologger 2A; Evolocus, Tarrytown, NY, USA). EEG was 
recorded with a sampling rate of 200 Hz. During data acquisition, the logger used 
a build-in high band pass filter of 1 Hz and a low band pass filter of 70 Hz. The first 
order high pass filter provided a relatively slow signal attenuation of 20 dB per de-
cade, i.e., the amplitude of data between 1 and 0.1 Hz was gradually attenuated until 
a maximum of 10 times at 0.1 Hz. Therefore, the absolute power below 1 Hz was 
attenuated but could still be used for analysis. The logger also contained a three-axis 
accelerometer (LIS302DLH; STMicro-electronics Geneva, Switzerland) to measure 
head acceleration as a proxy for activity. Two ZA13 1.45V batteries were used, which 
enabled the loggers to record data for about three-and-a-half days. Dummy loggers 
were replaced with neurologgers at noon and the subsequent dark-onset at 8 pm was 
defined as the start of the baseline. 

Starlings were subjected to three treatments: control (C), 4 hours of sleep depriva-
tion (4SD), or 8 hours of sleep deprivation (8SD). The control treatment consisted of 
a three-day recording without intervention. The 4SD and 8SD treatment consisted 
of a sleep deprivation starting at the onset of the second dark phase for the duration 
of 4 or 8 hours, respectively. Birds undergoing the 4SD or 8SD treatment were kept 
awake by means of ‘mild stimulation’ (van der Borght et al., 2006; Martinez-Gonzalez, Lesku 

and Rattenborg, 2008; Hagewoud et al., 2010). Whenever a starling showed signs of inactiv-
ity and eye-closure, the cage was gently tapped and the animal was stimulated to be 
awake. The birds were subjected to all three treatments in balanced order, separated 
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by at least 1 week. Because of technical problems with the loggers and/or batteries, 
we did not have complete 3-day recordings for all birds and conditions. The analysis 
is based on complete recordings for 9 C, 6 4SD and 12 8SD. 

Data analyses

EEG and accelerometery data were processed with RemLogic (Natus Medical, Pleas-
anton, California). All recordings were coded and then scored manually by an ob-
server blind to the identity and treatment of the animals. All recordings were scored 
based on the same EEG derivation by the same person. Every 4-sec epoch of the 
3-days recording was scored as wakefulness (W), non-rapid-eye-movement (NREM) 
sleep, or rapid-eye-movement (REM) sleep according to the criteria described in 
Figure 1. Wakefulness was characterized by relatively low-amplitude, high-frequen-
cy EEG activity and often with movements in the accelerometer signal. NREM sleep 
was scored when more than half of an epoch showed low-frequency activity with an 
amplitude approximately twice that of alert wakefulness. The onset of NREM sleep 
typically corresponded with a cessation of movement as indicated by the accelerom-
eter signal. REM sleep was characterized by periods of EEG activation (>2 s) with-
out noticeable head movement in the accelerometer signal or sometimes with signs 
of head dropping that were visible in the accelerometer data indicative of reduced 
muscle tone. Based on the 4-sec scoring, we subsequently calculated the amounts of 
NREM sleep and REM sleep per hour.

EEG data of all 4-sec epochs were further subjected to Fast Fourier Transformation 
(FFT) to calculate spectral power density for different frequency bins. This yielded 
256 frequency bins with a bin-width of ~0.39 Hz. EEG artefacts were visually de-
tected and the corresponding FFT values were omitted from the spectral analysis of 
NREM sleep EEG. Epochs were labelled as artefacts when movements seen in the 
accelerometer channels caused peaks in the EEG at least twice the normal amplitude 
(e.g., stage changes in epochs that largely consisted of NREM sleep). This was the 
case for 20.4% ± 2.0 of the NREM sleep epochs. To correct for interindividual differ-
ences in NREM sleep EEG signal strength, for each three-day recording the spectral 
power values of each frequency bin of each NREM sleep epoch were normalized by 
expressing them relative to the power in the same frequency bin averaged for all 12-
hr baseline dark phase NREM sleep epochs. 
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Statistics

Data were analysed in R with linear mixed models lme4 (R Development Core Team 3.0.1., 

2013; Bates et al., 2015), including bird ID as random effect. The package lsmeans was 
used for post-hoc Tukey HSD tests (Lenth, 2016). Data in text and figures are expressed 
as mean ± sem.

Results

Figure 1 shows representative EEG and accelerometer signals, hypnogram and ab-
solute spectral power from an individual starling and illustrates the distinct vigi-
lance states known from other studies in both birds and mammals. The starlings 
spent much of the 12h baseline dark phase sleeping and were awake most of the light 
phase, except for some sleep in the middle of the light phase (Figures 1C and 2, also 
Table S1). Most of the sleep consisted of NREM sleep (on average 82.8 ± 1.7% of the 
12h dark phase and 98.4 ± 0.5% of total sleep time in the dark phase; on average 6.7 
± 1.9% of the 12h light phase and 99.9 ± 0.02% of total sleep time in the light phase). 
Strikingly, only a marginal amount of the baseline sleep consisted of REM sleep (on 
average 1.3 ± 0.4% of the 12h dark phase and 1.6 ± 0.5% of total sleep time in the 
dark phase; practically no REM sleep in the light phase). For unknown reasons, the 
birds in the control condition had a slightly lower amount of REM sleep on the sec-
ond recording day as compared to the first day (4.1 ± 1.1 min and 6.8 ± 1.7 min, 
respectively; see Table S1). 
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Figure 1. (A + B) Representative EEG traces and accelerometer signals of a starling. The channels shown 
represent a three axis accelerometery (Sway, Surge and Heave) and 4 EEG signals (EEG 1 to 4). Based 
on these signals, each 4-sec epoch is scored as Wakefulness (green bar), NREM sleep (blue bar), or REM 
sleep (red bar). Epochs with artefacts (red asterisk) were omitted prior to spectral analysis. Vertical bars 
on the right of the EEG traces denote 100 μV. (C) A hypnogram of an individual starling EEG recording, 
scored for Wake, NREM and REM sleep of the control group during the baseline day. (D) Mean absolute 
power spectra of the baseline day in the control group for Wake, NREM and REM sleep, the shaded are 
indicate the standard error of the mean (SEM).  
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The mild stimulation procedure during the 4SD and 8SD treatment was highly effec-
tive in keeping the animals awake (Figure 2). Upon cessation of the sleep deprivation 
treatment, the birds quickly went to sleep and for the remainder of the dark phase 
displayed a similarly high proportion of time in NREM sleep as in the undisturbed 
control condition. In the light phase following the sleep deprivation, both the 4SD 
and 8SD group displayed slightly but significantly more NREM sleep compared to 
the control condition (lmer model with Tukey HSD posthoc test, p < 0.05), indi-
cating some compensatory day-time napping to make up for the sleep that was lost 
(Figure 2, top panel). In contrast, REM sleep was not only suppressed during the 
sleep deprivation but was still suppressed during the remainder of the dark phase, 
particularly in the 8SD group (lmer model with Tukey posthoc test, p < 0.05, Figure 
2, lower panel). The REM sleep that was lost during and immediately following the 
sleep deprivation was not compensated during the subsequent light phase (Figure 
2, lower panel). During the third recording day, there were no major differences in 
sleep between the three treatment groups, except for small increases in NREM and 
REM sleep towards the end of the night. The patterns in relative NREM sleep EEG 
spectral power between 0 and 25 Hz for the 3 recording days are shown in heat maps 
in Figure 3, with a brighter colour indicating a higher spectral power. To better visu-
alize the effect of sleep deprivation, the heatmaps in Figure 4 depict the deviations in 
NREM sleep EEG spectral power between the experimental sleep deprivation condi-
tions and the non-sleep-deprived control condition, either for the same clock time or 
for the time since sleep onset. 
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Figure 2. The sleep architecture of starlings during a 3-day recording for the Control (n = 9), 4SD (n = 6) 
and 8SD (n = 12) treatments. The upper panel shows percentage of NREM sleep per hour; the lower panel 
shows the percentage of REM sleep per hour. The coloured bar on top indicates the light-dark cycle (blue: 
dark phase; light yellow: light phase) and the timing of the sleep deprivation (bright yellow: 4h SD during 
the dark phase; bright + dark yellow: 8h SD during the dark phase). Significant differences between treat-
ments are indicated by the dashed lines (lmer model and Tukey HSD posthoc test, p < 0.05).

During baseline, the relative NREM sleep EEG power in a wide range of frequency 
bins between 1 and 25 Hz was highest at the beginning of the dark phase and then 
declined in the course of the night (Figures 3 and 5). In some frequency bins, spec-
tral power slightly increased towards the end of the dark phase. In contrast, spectral 
power in the lower three frequency bins (0 – 1.17 Hz) showed an opposite pattern, 
with low power at the beginning of the dark phase and a gradual increase in the 
course of the night (Figures 3 and 5). 

After sleep deprivation of both 4 and 8 hours, an increase in EEG spectral power oc-
curred over a broad range of frequencies as compared to the power at the same time 
of the night under the control condition (Figure 4A, C and Figure 5). This increase 
occurred in a frequency range from 1.17 Hz up to 25 Hz, but particularly in the ranges 
of 1.17 to 3 Hz and 11 to 18 Hz the increase seemed to last longer (Figures 4A, C and 
5).

In contrast, EEG spectral power in the lowest frequency bins (0 to 0.78 Hz) showed 
an opposite pattern with decreased power after sleep deprivation as compared to the 
control condition at the same clock time and this decrease persisted for a large part 
of the night (Figure 4A, C and Figure 5). In the 0.78 to 1.17 Hz bin no clear effect of 
sleep deprivation was visible (Figure 5). When the relative NREM sleep EEG spec-
tral power following sleep deprivation was compared to the spectral power following 
sleep-onset at the start of the night in the control condition, there were no significant 
differences (lmer model: treatment, F2,24 = 1.76, p = 0.194, Figure 4B and D). In other 
words, spectral power after sleep deprivation did not increase beyond the levels seen 
at the beginning of the baseline night and the decrease in power in the course of sleep 
followed a similar pattern. 

Importantly, contrary to the expectation that longer sleep deprivation would result 
in larger changes in EEG power, the changes in power that occurred after 4h and 8h 
sleep deprivation were largely similar (Figure 5).
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Figure 4. Differences in normalized NREM sleep EEG spectral power between the experimental treat-
ments and the control treatment on either the same clock time (panel A + C) or relative to sleep onset 
(panel B + D). 

Discussion

Under controlled laboratory conditions with a 12 h light -12 h dark cycle, starlings 
displayed a pronounced daily rhythm in sleep and wakefulness with most of the 
sleep occurring during the dark phase. Sleep mainly consisted of NREM sleep. In 
fact, the amount of REM sleep displayed in the birds under these conditions was very 
low and amounted to no more than 1~2% of total sleep time. We successfully sleep 
deprived the starlings for 4h or 8h by manual stimulation. Sleep deprivation resulted 
in a small compensatory increase in NREM sleep the day after and also induced clear 
changes in subsequent NREM sleep EEG spectral qualities, with increased spectral 
power over a broad frequency range above 1.17 Hz and a decrease in spectral power 
in the frequency range below 1.17 Hz when compared to the same time of the base-



54

CHAPTER 3

line night. There was no evidence that REM sleep that was lost during sleep depriva-
tion was compensated. 

We aimed to test homeostatic regulation of sleep in starlings by subjecting the birds 
to different durations of sleep deprivation during their normal night-time sleep 
phase. There was no immediate increase in sleep time during the remainder of the 
night immediately after sleep deprivation, presumably because levels of sleep al-
ready approached the maximum possible under baseline conditions, but the birds 
seemed to partly compensate for the loss of sleep by a delayed increase in NREM 
sleep time the next day. However, this increase in day-time napping was not near-
ly enough to compensate for the lost NREM sleep and, also, it was quantitatively 
similar after 4h and 8h sleep deprivation. We continued the recordings for another 
24h but there was very little additional compensation for the loss of sleep during the 
second recovery night and day.

Part of the NREM sleep that was lost during sleep deprivation may have been com-
pensated by an increase in sleep intensity, reflected in spectral changes in the EEG. 
In mammals, the intensity of NREM sleep is thought to be reflected in the amount 
of EEG slow waves and EEG spectral power in the slow 1-4 Hz delta range and was 
found to be an increasing function of the duration of prior wakefulness (Tobler and Bor-
bély, 1986; Dijk, Beersma and Daan, 1987; Franken, Tobler and Borbély, 1991; Huber, Deboer and To-

bler, 2000). In the mammalian species studied, EEG slow-wave activity was increased 
after sleep deprivation and then gradually declined in the course of the sleep phase, 
suggesting a dissipating need for NREM sleep (Deboer, 2013). In our birds, sleep depri-
vation also caused changes in EEG spectral composition during subsequent sleep 
that lasted for several hours, which may suggest a sleep homeostatic response. How-
ever, these changes were not completely similar to what has been reported for mam-
mals. First, whereas mammals most often show a predominant increase in power in 
the lower frequencies, the starlings showed a consistent increase in spectral power 
across a wide frequency range up to at least 25 Hz. While different from mammals, 
this finding is in line with previous EEG findings in other birds such as pigeons (Mar-

tinez-Gonzalez, Lesku and Rattenborg, 2008). Strikingly, we found an unexpected drop in 
EEG spectral power for the slow frequencies below 1.17 Hz. Such complex changes 
in EEG spectral power after sleep deprivation clearly indicated that the mammalian 
delta power or slow-wave activity is not a universal indicator of sleep intensity that 
can be extended to all birds.
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In our starlings, the 4 h and 8 h sleep deprivation did not only induce similar in-
creases in sleep time during recovery, but the changes in EEG spectral power were 
also largely similar for the two different durations of sleep deprivation. Thus, the 
spectral changes in the NREM sleep EEG did not clearly reflect the duration of prior 
wakefulness as reported for some mammalian species (Deboer, 2013). There are several 
possible explanations for this lack of a dose-dependent effect. One potential explana-
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tion is that the maximum sleep debt and maximum homeostatic sleep pressure was 
already reached after 4 h of sleep deprivation. A second potential explanation is that 
the build-up of sleep debt in relation to prior wakefulness was there but it was not 
proportionally reflected in the EEG during subsequent recovery sleep. This could be 
due to the fact that birds have a rather different organisation of their neuronal net-
works than mammals (Medina and Reiner, 2000; Jarvis et al., 2005). Hence, the build of sleep 
debt at the molecular and cellular level may translate differently to EEG changes in 
birds and mammals (Van Der Meij et al., 2019). Both of these hypotheses could poten-
tially be addressed using read-outs other than EEG to assess if sleep deprivation 
has dose-dependent effects on, for example, molecular markers, single cell-activity, 
arousal threshold, or behavioural performance. 

A third explanation is that with longer sleep deprivation some of the sleep pressure 
that builds up starts ‘leaking’ into the waking state, with scattered and perhaps local 
slow-waves appearing in the waking EEG such that there is no additional increase in 
SWA at the onset of true sleep. This phenomenon of sleep deprivation-induced slow-
waves intruding the waking state has indeed been reported in mammals (Vyazovskiy et 

al., 2011). It would be hard to quantify this in the birds because of the frequent move-
ment artefacts in the waking EEG but, also, because these waking-state slow-waves 
could go undetected with a restricted number of EEG electrodes when they occur 
locally on the background of global wakefulness. 

A fourth explanation for the lack of a clear wake-duration dependent sleep response 
in our starlings is that sleep is not homeostatically regulated in this species. This 
explanation may not seem very likely because it is at odds with some of the most 
influential theories on sleep homeostasis and sleep function that proposes that sleep 
is a recovery process from prior wakefulness, for example, to replenish brain ener-
gy stores that were depleted in the course of wakefulness (Benington and Craig Heller, 

1995), or to downscale synapses that were potentiated during waking neuronal activ-
ity (Tononi and Cirelli, 2006). However, the view that sleep is homeostatically regulated 
in relation to the duration of prior wakefulness is largely based on studies in only a 
handful of mammalian species and no single theory is undisputed or unequivocally 
proven. Moreover, other major theories imply sleep may not necessarily depend on 
the quantity and duration of prior wakefulness but, instead, may be related to the 
quality of wakefulness, i.e., to process and store very specific waking experiences and 
to support learning and memory processes (Diekelmann and Born, 2010; Raven et al., 2018). 
Indeed, there are numerous studies showing that sleep may support the formation of 
specific memories, not only in mammals but in birds as well (Jackson et al., 2008; Brawn, 
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Nusbaum and Margoliash, 2010, 2018), particularly in relation to song learning (Derégnau-

court et al., 2005; Shank and Margoliash, 2009). 

Moreover, while it is often assumed that sleep in mammals and other animals such 
as birds represent similar states that have a common evolutionary origin, it is not 
excluded that a primitive common sleep state evolved into more complex states with 
different functions in different taxonomic groups. Thus, homeostatic regulation of 
sleep in relation to the duration of wakefulness as it is found in mammals may not be 
present in exactly the same way in birds. In fact, this notion is supported by recent 
findings showing that birds under natural conditions may go with little to no sleep 
for many days or even weeks in a row, apparently sustaining normal behaviour and 
performance (Lesku et al., 2012; Rattenborg et al., 2016). For example, an EEG study in wild 
frigate birds showed that these animals can spend up to 10 days on the wing foraging 
over sea with on average only 42 min sleep per day and it is unclear whether they 
compensate for any of the sleep lost in flight (Rattenborg et al., 2016). In another EEG 
study under natural conditions, it was shown that male pectoral sandpipers in the 
reproductive season get very little sleep during a 3-week period of intense competi-
tion for access to fertile females (Lesku et al., 2012). Interestingly, the males that slept 
the least ultimately produced the most offspring suggesting that decreased perfor-
mance is not an inescapable outcome of sleep loss. These findings clearly challenge 
the generality of the common view of wake-dependent sleep homeostasis emerging 
from studies in mammals.  

Indeed, another intriguing finding is that the starlings had very little REM sleep un-
der baseline conditions and when that little bit was prevented by sleep deprivation 
it did not seem to be recovered. While the amount of REM sleep was low in all birds, 
there was some variation between individuals, which may have been caused in part 
by variation in age, sex and origin of the birds. However, the current study was not 
designed to address these specific variables.

Also, REM sleep was slightly lower during the second night compared to the first 
night in the control group, however, this did not reach statistical significance and 
may have reflected spontaneous day to day variation, especially since the over-
all amount of REM sleep is very low and a few epochs of REM sleep already make 
a difference. Another reason might be that the experimental manipulation of the 
sleep-deprived birds in the same room caused a mild suppression of REM sleep in 
the control animals. 
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The less than 2% REM sleep in our starlings agrees with an earlier study in this spe-
cies reporting a similar minimal amount of REM sleep (Szymczak, 1985). We initially 
anticipated that the low amount of REM sleep reported in this earlier study could 
have been an artefact, due to the measurement conditions. The birds were connected 
to a head cable for EEG recordings, possibly interfering with the expression of their 
natural sleep behaviour. Such interference was less likely in the present study, given 
that our starlings were equipped with miniature dataloggers that posed no restric-
tions on their normal body posture and behaviour. 

Although the amount of REM sleep we found in starlings is among the lowest report-
ed for birds, it is certainly not exceptional. Low amounts of REM sleep were reported 
for several other bird species from different orders, for example, the rook (less than 
2% of total sleep time) (Szymczak, 1987), budgerigar (less than 4% of total sleep time) 
(Ayala-Guerrero, 1989), turtle dove (less than 5% of total sleep time) (Walker et al., 1983), 
and quail (less than 6% of total sleep time) (Mexicano, Montoya-Loaiza and Ayala-Guerrero, 

2014). Overall, the amount of REM sleep in birds varies a great deal between species, 
ranging from the minimal amount in starlings and rooks to higher mammalian-like 
numbers in, for example, white-crowned sparrows (about 16% of total sleep-time) 
(Rattenborg et al., 2004) and zebra finches (about 25% of total sleep time) (Low et al., 2008). 
It is yet unknown what is causing this variation in the amount of REM sleep among 
bird species but there does not appear to be a simple taxonomic explanation as illus-
trated by substantial differences even within orders, for example between songbirds 
such as starlings and white-crowned sparrows or zebra finches. 

The low amount of REM sleep in the starlings and the fact that sleep deprivation-in-
duced loss of REM sleep was not compensated adds to ongoing discussions on how 
REM sleep is regulated and what its functions may be. The current data clearly do 
not support the view that REM sleep is homeostatically regulated and serves an im-
portant recovery function that relates to the duration of prior wakefulness or prior 
NREM sleep (Benington and Heller, 1994). In fact, it appears that starlings housed under 
the controlled laboratory conditions can almost do without REM sleep and are there-
fore at odds with any theory on REM sleep function. 
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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. 
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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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Abstract

Sleep is a behavioural and physiological state that is thought to serve important 
functions. Many animals go through phases in the annual cycle where sleep time 
might be limited, for example during the migration and breeding phases. This leads 
to the question whether there are seasonal changes in sleep homeostasis. Using elec-
troencephalogram (EEG) data loggers, we measured sleep in summer and winter in 
13 barnacle geese (Branta leucopsis) under semi-natural conditions. During both 
seasons, we examined the homeostatic regulation of sleep by depriving the birds 
of sleep for 4 and 8 h after sunset. In winter, barnacle geese showed a clear diurnal 
rhythm in sleep and wakefulness. In summer, this rhythm was less pronounced, with 
sleep being spread out over the 24-h cycle. On average, the geese slept 1.5 h less per 
day in summer compared with winter. In both seasons, the amount of NREM sleep 
was additionally affected by the lunar cycle, with 2 h NREM sleep less during full 
moon compared to new moon. During summer, the geese responded to 4 and 8 h of 
sleep deprivation with a compensatory increase in NREM sleep time. In winter, this 
homeostatic response was absent. Overall, sleep deprivation only resulted in minor 
changes in the spectral composition of the sleep EEG. In conclusion, barnacle geese 
display season-dependent homeostatic regulation of sleep. These results demon-
strate that sleep homeostasis is not a rigid phenomenon and suggest that some spe-
cies may tolerate sleep loss under certain conditions or during certain periods of the 
year. 
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Introduction

Sleep is a wide-spread phenomenon that is thought to occur in all animals, suggest-
ing that sleep has basic functions (Campbell and Tobler, 1984; Lesku and Rattenborg, 2014; 

Nath et al., 2017). A common theory is that sleep serves as a recovery process from prior 
wakefulness, which is supported by findings that sleep is homeostatically regulated 
and that the build-up of sleep pressure occurs during the waking phase (Borbély, 2001; 

Deboer, 2013). However, most knowledge on sleep regulation comes from studies in 
mammals kept under constant laboratory conditions. It has been argued that we can 
learn more about the regulation of sleep by studying non-model organisms and by 
studying sleep under the natural conditions where it evolved (Lesku et al., 2008; Helm et 

al., 2017; Rattenborg et al., 2017). 

Birds are an interesting group of animals to study sleep with great potential for in-
sightful comparisons with mammals because they have rather similar EEG sleep 
stages, i.e., rapid-eye-movement (REM) sleep and non-REM (NREM) sleep. More-
over, just as in mammals, studies have suggested that in birds NREM sleep is ho-
meostatically regulated in response to prior wakefulness (Jones et al., 2008; Martinez-Gon-

zalez, Lesku and Rattenborg, 2008; van Hasselt et al., 2020a). In response to sleep deprivation, 
these studies showed a (partial) sleep rebound, that is, an increase in sleep time and/
or sleep intensity as reflected in EEG spectral power.

On the other hand, studies in birds have also produced findings that deviate from the 
common view based on studies in mammals. For example, the proportion of REM 
sleep relative to total sleep time in birds averages 8%, which is less than the average 
of 18% in mammals (Lesku et al., 2006; Roth et al., 2006). Moreover, studies on sleep in 
birds under semi-natural and natural conditions have reported substantial intra-
specific variation and changes in sleep in response to environmental factors that do 
not occur under constant laboratory conditions. For example, earlier studies showed 
that wild songbirds rest 5 h more in winter compared with summer (Steinmeyer et al., 

2010; Stuber et al., 2015). This was recently confirmed by an EEG study of European 
starlings (Sturnus vulgaris) housed in groups outside, which sleep 5 hours less per 
day during summer than in winter (van Hasselt et al., 2020b). Great frigatebirds (Fregata 
minor) in the wild sleep less than an hour per day during continuous six-day forag-
ing flights compared to 12 hours of sleep once back on land (Rattenborg et al., 2016). Also, 
some male pectoral sandpipers (Calidris melanotos) largely go without sleep during 
their three-week breeding phase in Arctic Alaska and males that slept the least sired 
the most offspring (Lesku et al., 2012). Such studies put into question the view that sleep 
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is a tightly controlled homeostatic process and also question the view that reduced 
performance is an inescapable outcome of sleep loss. Yet, too little data are available 
on sleep homeostasis under more natural conditions, that is, few studies have per-
formed detailed assessments of sleep homeostatic responses to experimental sleep 
deprivation in a natural habitat and across different seasons.

Today’s modern technology allows researchers to measure sleep in freely-moving 
animals (Vyssotski et al., 2006, 2009; Rattenborg et al., 2017). In the current study we applied 
this technology to measure sleep and sleep homeostasis in barnacle geese (Branta 
leucopsis), group housed in a spacious outdoor confinement. To determine sleep ho-
meostatic responses and potential seasonal variation herein, the birds were exposed 
to experimental sleep deprivation for 4 and 8 hours during both winter and summer.

Methods

Animals and housing

Thirteen adult barnacle geese were studied (8 males and 5 females). The birds were 
initially kept on a large outdoor meadow (length × width = 68 m × 60 m) with a 
water pond (25 m × 15 m) at the animal facilities of GELIFES at the University of 
Groningen. The geese were habituated to the presence of humans. Flight feathers 
were clipped to prevent them from flying away. One week prior to EEG measure-
ments, animals were transferred in groups of 5 to separate outdoor aviaries (length 
× width = 5 × 4 m). In these aviaries the birds remained exposed to natural day light 
and ambient temperatures. Throughout the entire study period, food and water were 
present ad libitum (food item numbers 615220 and 384020; Kasper Faunafood, Wo-
erden, The Netherlands).

Surgery

All animals underwent surgeries for implantation of EEG and EMG electrodes. 
Surgeries were done under isoflurane anaesthesia (1.5 – 2%). Before the surgery, 
meloxicam was injected subcutaneously as an analgesic (0.17 ml; 0.5 mg/kg) and 
diazepam was injected subcutaneously to reduce stress 10 minutes prior to surgery 
(0.68 ml; 2 mg/kg). After carefully exposing the crania, five holes (0.5 mm in diame-
ter) were drilled through the skull. Electrodes were inserted through the holes to the 
level of the dura mater: two frontal EEG electrodes, one per hemisphere covering the 
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hyperpallium (4 mm lateral of the midline) and three electrodes in a left-to-right line 
over the caudal part of the telencephalon that consists of one EEG reference elec-
trode (4 mm lateral of the midline), one caudal electro-myogram (EMG) reference 
electrode (on the midline), and one ground electrode (4 mm lateral of the midline). 
All cortical electrodes consisted of rounded gold-plated pins (0,5 mm diameter, BKL 
Electronic 10120538, Lüdenscheid, Germany). Two flexible wires were placed on the 
neck muscle to record an EMG (PlasticsOne, Ranoke, VA, USA). All electrodes were 
soldered to a connector (BKL Electronic 10120302, Lüdenscheid, Germany) and the 
connector was fixed to the skull with Paladur dental acrylic (Heraeus Kulzer, Hanau, 
Germany), a 0.6 mm screw served as an anchor point for the implant. After the sur-
gery, the animals could recover for at least two weeks before moving them to the 
recording aviaries. 

Sleep recordings

At the start of the experiments, a datalogger was attached to the implant on the head 
(Neurologger 2A; Evolocus, Tarrytown, NY, USA). The datalogger recorded EEG and 
EMG signals as well as head movements through an on-board accelerometer (LIS-
302DLH; STMicro-electronics Geneva, Switzerland). The data were recorded with a 
sample frequency of 100 Hz and stored on the datalogger memory chip. The loggers 
ran for approximately 15 days on a 3.6 V battery (LS 14250; Saft, Levallois-Perret, 
France). 

Sleep-wake patterns for individual geese were recorded for periods up to 15 days 
in winter (February; 5 males and 4 females) and/or summer (June; 4 males and 4 
females). Some individuals, but not all, were recorded in both seasons (see table S1 
for a detailed overview of the recording dates and individuals). In both seasons, the 
birds were subjected to a sleep deprivation of either 4 hours (4SD) or 8 hours (8SD) 
starting at sunset. While we had no data on sleep-wake patterns in geese, based on 
behavioural observations we assumed that the dark phase was the most important 
sleep phase. We therefore started the onset of sleep deprivation at sunset to cover as 
much as possible the main sleep phase for both seasons. Consequently, the 4 h and 8 
h sleep deprivation ended at different circadian times. We could have chosen to align 
the end of sleep deprivation with sunrise, but this would still have been a different 
circadian time for winter and summer. The loggers were attached to the EEG im-
plant of the geese before noon to have an undisturbed baseline night recording. The 
first sleep deprivation took place during the next night. The geese in the two aviaries 
received a different duration of sleep deprivation (i.e., 4 or 8 hours), in a cross-over 
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design. After a week, the sleep deprivation was repeated and the two groups were 
reversed. Birds undergoing the 4SD or 8SD treatment were kept awake by means 
of ‘mild stimulation’ (Lesku, Martinez-Gonzalez and Rattenborg, 2009). Standing and walk-
ing in the aviary by the experimenter was largely sufficient to keep the geese awake 
but, whenever the birds showed signs of eye-closure and inactivity, they were gently 
touched on the back. In between the recording sessions conducted in February and 
June, the geese were returned to the larger outdoor meadow. 

Data analyses

All recordings were scored with an automated EEG scoring program using machine 
learning algorithms with input from a human scorer who was unaware of the season 
of the recordings and treatment of the birds (Somnivore Pty. Ltd., Parkville, VIC, 
Australia). The program used all electrophysiological (EEG + EMG) and accelerome-
ter channels to determine the sleep-wake state every 4 s. The recordings were scored 
for NREM sleep, REM sleep and wakefulness according the criteria presented in Fig-
ure 1. Wakefulness was characterized by relatively low-amplitude, high-frequency 
EEG activity, coinciding with elevated EMG signals and high accelerometer output. 
An epoch was scored as NREM sleep when the EEG signal showed an amplitude 
twice that of wakefulness, a low EMG signal, and no movements in the accelerometer 
output. REM sleep was scored when an epoch showed low-amplitude, high-frequen-
cy waves similar to wakefulness but with very low EMG signals and a lack of acceler-
ometer output or sometimes with signs of head drops.
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Figure 1. Two representative electrophysiological output of a 60 seconds sleep of one individual record-
ing (panel A + B). The traces shown consist of three accelerometer channels (Sway, Surge and Heave), two 
EEG channels over the hyperpallium in both hemispheres and two EMG channels. Based on the channels 
we scored for Wakefulness (green), NREM sleep (blue) and REM sleep (red). The averaged EEG power of 
these stages of geese recorded in winter (blue) and summer (red) are shown in panel C.  
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The automated scoring program was validated with various animal species including 
pigeons (Allocca et al., 2019). For avian EEG recordings, the program was shown to have 
an accuracy for wakefulness of 0.96 ± 0.006; NREM sleep 0.97 ± 0.01; REM sleep 
0.86 ± 0.02 as compared with human scorers. We did an additional validation for 
our own geese based on 4 of the 24-h baseline winter-recordings. The correlations 
between the program and the human scorer were 0.98 ± 0.01 for wakefulness, 0.97 
± 0.01 for NREM sleep and 0.84 ± 0.04 for REM sleep. 
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Figure 2. Daily patterns of NREM sleep (top) and REM sleep (bottom) in winter (left) and summer 
(right). The plots in winter and summer are averages of all animals recorded on one baseline day before 
the start of the first sleep deprivation experiment started. Average night length, excluding twilight was in 
winter 13.41 ± 0.08 h and in summer 7.04 ± 0.00h (indicated in blue).
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To obtain clean EEG traces for spectral analysis, a second round of scoring was per-
formed to filter out artifacts that did not affect stage classification but might affect 
spectral qualities. Epochs were scored as artifacts when the EEG contained peaks of 
at least twice the amplitude for a given vigilance state that coincided with movements 
seen in the accelerometer channels. The number of artifacts scored was for Wake: 
55.8 ± 3.5%, NREM sleep: 12.6 ± 2.8% and REM sleep: 7.0 ± 2.0%. A fast Fourier 
transformation (FFT) was performed over the artifact-free NREM sleep EEG epochs 
of the left hyperpallium derivation. The FFT yielded 50 bands with a bin width of 
~0.39 Hz. To account for inter-individual differences in EEG signal strength, the 
power for every epoch in every frequency bin was normalized to the average power of 
the 24-h baseline day in the same frequency bin. Since a NREM sleep deficit may be 
compensated for by deeper sleep as reflected in an increased EEG spectral power, we 
calculated the spectral power for grouped frequencies bands that are commonly used 
in sleep literature (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). To get a complete picture of 
how sleep was recovered after sleep deprivation we calculated the cumulative NREM 
sleep EEG power by calculating the product of NREM sleep time and EEG power.

We acquired data on ambient temperature from a nearby weather station in Eelde, 
the Netherlands (53°08’07.7”N 6°34’12.0”E) to be able to relate the sleep results to 
ambient temperature. These data were only available as daily averages. We acquired 
data on the solar and lunar cycle specifically for our study site from https://www.
timeanddate.com. Because most of our recordings took place around days with new 
or full moon, we assigned them to one of these two categories (new moon = surface 
illumination < 30%; full moon = surface illumination > 64%). There were no record-
ings when the surface of the moon was illuminated between 30 and 64%. We did 
not a priori control for moon phase during our sleep deprivation experiments but 
included a post hoc analysis to address this issue.

Statistics

We first analysed our data for differences in sleep between winter and summer with 
a linear mixed effect model where we took bird ID as a random effect using the lme4 
package (R Development Core Team 3.0.1., 2013; Bates et al., 2015). In a second analysis we as-
sessed if these differences could be explained and/or modulated by specific environ-
mental factors that we had data on, that is, ambient temperature and moon phase. In 
this analysis, we included season, ambient temperature and moon phase as possible 
predictors. Through model selection we ended up with a minimum adequate model 
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(MAM) which we used to predict the model estimates that are presented in the fig-
ures. Statistical differences between groups were tested with a posthoc Tukey HSD 
test using the lsmeans package (Lenth, 2016). Differences were considered statistically 
significant when p < 0.05. Data and text in figures are expressed as mean ± SEM

Results

Baseline sleep in winter and summer

Figure 1 shows two representative baseline recordings of 60 s including the spectral 
composition for the three vigilant states (wakefulness, NREM sleep and REM sleep). 
Across all baseline recordings, i.e., all the recording days excluding the sleep depri-
vation and subsequent recovery days, barnacle geese had on average 57.6 ± 1.7 % of 
wakefulness, 37.4 ± 1.4 % of NREM sleep and 5.0 ± 0.7% of REM sleep per 24 h. The 
amount of REM sleep made up 11.5 ± 0.8% of total sleep time (TST). 

Both NREM and REM sleep were more present during the night hours than during 
the daytime hours but this was much more so in winter than in summer (Figure 2). 
In winter the geese had a clear daily rhythm in sleep with most of their sleep during 
night time (nighttime: 55.6 ± 2.2% NREM sleep, 8.1 ± 1.0% REM sleep; daytime: 
16.8 ± 1.0% NREM sleep, 1.6 ± 0.5% REM sleep). In summer sleep was more dis-
tributed across the 24-h cycle (nighttime: 40.4 ± 1.9% NREM sleep, 6.6 ± 0.7% REM 
sleep; daytime: 29.1 ± 1.8% NREM sleep, 3.3 ± 0.4% REM sleep). The day-night ratio 
for NREM sleep was 3.6 ± 0.3 in winter and 1.4 ± 0.1 in summer (p < 0.001). The 
day-night ratio for REM sleep was 11.3 ± 2.9 in winter and 3.2 ± 1.3 in summer (p 
= 0.02). Overall, the geese had 1.5 h more NREM sleep per 24-h day in winter than 
in summer (9.31 ± 0.35 vs 7.78 ± 0.61 h, respectively; lmer model with Tukey HSD 
posthoc test, p = 0.0003, Figure 3A). Also, the average bout length for NREM sleep 
was significantly longer in winter compared with summer (Figure 3D, lmer model 
with Tukey posthoc test, p = 0.046). Interestingly, there were no significant differ-
ences in REM sleep between winter and summer, 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 + 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). 
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Response to sleep deprivation 

The geese were subjected to a sleep deprivation of 4 and 8 h by means of mild stim-
ulation. Noteworthy, the actual amount of sleep that was lost during these experi-
ments was less than 4 and 8 h, first of all because the birds did not spend 100% of 
these hours asleep under baseline conditions, and second because the sleep depriva-
tion itself was not 100% effective. In general, it did not appear to be difficult to keep 
the birds awake and the nearby presence or approach of the experimenters was most 
often sufficient to keep the birds moving around. Still, most birds managed to accrue 
some sleep in the course of the sleep deprivation. Also, even though the experiment-
ers and procedure were the same, the efficacy of the sleep deprivation was somewhat 
higher in winter compared with summer, as seen in the last 4 hours 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 slept 2.54 ± 0.16 h and 4.51 ± 0.41 h during the first 4 and 8 hours 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 8h sleep deprivation in winter; 1.37 ± 0.25 h and 2.00 ± 0.42 h during 
4 and 8h 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 8h sleep deprivation in 
winter; 0.27 ± 0.06 h and 0.61 ± 0.18 h during 4 and 8h sleep deprivation in summer. 

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

Since a NREM sleep deficit may be compensated for by deeper sleep as reflected 
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 com-
pared with baseline, there was no consistent pattern or direction for these differenc-
es. For the delta band in winter after 8SD there was a slight significant increase in 
EEG power (lmer model, posthoc Tukey HSD test p < 0.05). 
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Figure 3. Daily averages of NREM sleep in winter (grey bar, n = 8) and summer (white bar, n = 8) av-
eraged over all recordings. In summer, barnacle geese sleep an estimated amount of 7.13% less (panel A, 
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Figure 4. Sleep deprivation efficacy (4 and 8 hours) 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 pan-
els). Compared with baseline (red bars), the sleep deprivation (green bars) caused a significant reduction 
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To produce a complete picture of the homeostatic NREM sleep response to sleep 
deprivation incorporating both sleep time and EEG spectral power, we calculated 
the cumulative spectral power, i.e., the product of NREM sleep time and spectral 
power (Figure 7). In winter, sleep deprivation was not followed by significant chang-
es in cumulative power in any of the frequency bands. At the end of the experimental 
day, cumulative NREM sleep EEG power was significantly lower in all frequency 
bands than at the end of the baseline day (lmer 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 baseline for any of the frequency bands. 
In summer, however, both 4 and 8 h sleep deprivation was followed by increased 
power accumulation in all frequency bands. At the end of the experimental 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 spectral 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 differ-
ence in cumulative power at the end of the day (hour 24) was similar to the difference 
immediately after sleep deprivation indicating that none of the NREM sleep power 
lost was recovered. In summer, the difference between these time points significant-
ly decreased (lmer model, 4SD: p < 0.0001; 8SD: p < 0.0025, Figure 8). Thus, the 
sleep that is lost in summer is significantly compensated in cumulative EEG power. 
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Figure 6. 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 analysed fre-
quency 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 homeostatic response in EEG spectral power after both sleep deprivations in both 
seasons. The lines indicate significant differences between the baseline and the SD + 1st recovery day (lmer 
model, p < 0.05). Data shown are group averages ± SEM.

The overall patterns of REM sleep both during baseline and after sleep deprivation 
were more variable and not clearly consistent 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 (lmer model, p = 0.017, Figure 9H). 

In addition to sleep time and/or EEG power, sleep homeostasis and sleep drive might 
be reflected 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 immediately 
following sleep deprivation and compared this to sleep bout length during the same 
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baseline window. The analysis shows that there are no significant differences in aver-
age 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 illumination < 31%) or full moon (surface illumi-
nation > 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 (lmer model, p < 
0.001, Figure 10). Moreover, independent of moon phase, daily NREM sleep time 
was correlated with ambient temperature, with the highest amount of NREM sleep 
around 0°C (lmer model, p < 0.001, Figure 11). In contrast, moon phase and ambi-
ent temperature had no significant correlation with the amount of REM sleep. Since 
moon phase affected the overall amount of NREM sleep, we performed an additional 
analysis 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 Figure S3, S4 and S5).
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Figure 7. Cumulative analysis of NREM sleep EEG power in the analysed frequency bands (rows) during 
baseline day (red), sleep deprivation day + 1st recovery day (green) and 2nd recovery day (blue) for all sleep 
deprivations in both seasons (columns). The yellow triangles on the x-axes denote sunrise. In winter, bar-
nacle geese do not compensate for the induced sleep loss by sleeping deeper compared to baseline (dotted 
line) (4SD: n = 8; 8SD n = 6). In contrary, in summer, barnacle geese compensate the induced sleep loss 
by increasing EEG intensity (4SD: n = 7; 8SD n = 8). In fact, after 4SD they overcompensate compared 
with baseline. This pattern is present in all the analysed 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). Significant 
differences between the baseline day and the SD + 1st recovery day are indicated by the horizontal lines 
(lmer model, p < 0.005). Data shown are group averages ± SEM.

Discussion

The barnacle geese in the present study displayed pronounced seasonal differenc-
es in both the overall amount and distribution of sleep as well as the homeostatic 
response to sleep deprivation. 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 significantly between 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 
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cycle. Independent of season, full moon caused a decrease 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 sun-
set. 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 intensity. 
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 4h sleep deprivation in both winter and summer.

winter summer

Delta

Theta

Alpha

Beta

Gamma

winter 4SD winter 8SD summer 4SD summer 8SD

-25

0

25

-20

0

20

40

-20

0

20

40

0

20

40

-20

0

20

40

D
iff

er
en

ce
 c

um
ul

at
iv

e 
EE

G
 p

ow
er

 fr
om

 B
as

el
in

e

End SD

End experimental day

p < 0.001 p < 0.0025

p < 0.001 p < 0.0025

p < 0.001 p < 0.0025

p < 0.001 p < 0.0025

p < 0.001 p < 0.0025

Figure 8. Difference between the cumulative NREM sleep EEG power between the baseline day and 
the 1st recovery day after sleep deprivation (red bars) and after the entire experimental day (green bars). 
In winter, independent of frequency band, the cumulative EEG power that has been lost due to sleep 
deprivation remains the same at the end of the experimental day (4SD: n = 8; 8SD n = 6). In contrast, in 
summer, this difference decreased significantly after both sleep deprivations independent of frequency 
band (4SD: n = 7; 8SD n = 8) (lmer model, 4SD: p < 0.0001; 8SD: p < 0.0025). Data shown are group 
averages ± SEM. 
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The geese in our study were subjected to sleep deprivation by a procedure that con-
sisted of experimenters moving around in the aviaries and, when necessary, ap-
proaching the birds. Although it was intended to keep the geese awake for the full 4 
h and 8 h sleep deprivation windows, the birds occasionally had brief sleep episodes 
that went unnoticed, perhaps because they were sleeping while standing in a group 
among conspecifics. For unknown reasons, this was true particularly for the 8h sleep 
deprivation in summer. Yet, despite the fact that sleep deprivation in summer was 
less efficient, the birds thereafter displayed a full compensation, whereas after the 
more successful sleep deprivation in winter they did not show any compensation 
at all, neither by increasing sleep time nor by increasing cumulative EEG spectral 
power. 
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Figure 9. 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 REM sleep patterns and cumulative REM sleep time. Sleep depriva-
tion started after sunset and lasted for either 4 h (panel A, B and E, F) or 8 h (panel 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 (panel A, E and C, G). Every panel show REM 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). Significant differences between the baseline day 
and the SD + 1st recovery day are indicated by the horizontal lines (lmer model, p < 0.005). Data shown 
are group averages ± SEM.
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Overall, the changes in EEG spectral power after sleep deprivation were fairly lim-
ited in the geese, both in winter and summer. This is in contrast to mammals that 
show predictably increases in EEG spectral power after sleep deprivation, particu-
larly in the 1-4 Hz delta range or slow-wave range, which have become a generally 
accepted read out of sleep homeostasis (Tobler and Borbély, 1986; Dijk, Beersma and Daan, 

1987; Franken, Tobler and Borbély, 1991; Huber, Deboer and Tobler, 2000). A number of stud-
ies on birds have shown that sleep deprivation is followed by an increase in EEG 
spectral power over a broader frequency range, but with the largest increase usually 
occurring in the delta band (Jones et al., 2008; Martinez-Gonzalez, Lesku and Rattenborg, 2008; 

Lesku, Vyssotski, et al., 2011; van Hasselt et al., 2020a). Interestingly, this increase in the delta 
power after 24 h of sleep deprivation is lacking in pigeons (Tobler and Borbély, 1988). 
In the geese there were minor significant increases in EEG delta power after both 4 
and 8 h sleep deprivation compared to baseline but at other hours of the recovery 
phase delta power dropped below baseline. Together, the accumulation of NREM 
sleep EEG spectral power after sleep deprivation in winter did not amount to any 
compensation of the sleep that was lost, neither in the EEG delta band nor in the 
other frequency bands. Also, in summer there was a small increase in EEG delta 
power at a few time points after 4 h sleep deprivation, but not so much after 8 h sleep 
deprivation. Hence, also in summer an increase in EEG spectral power was not a 
major indicator and contributor of the sleep homeostatic response. However, during 
summer the geese did increase NREM sleep time after sleep deprivation, which in 
itself was sufficient to compensate for the sleep that was lost. Thus, the geese in our 
study mainly compensated sleep loss in summer by increasing sleep time instead of 
increasing EEG power.   
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Figure 10. Daily averages of NREM sleep in winter and summer during nights with a new moon (grey) 
and full moon (white). Nights with full moon significantly decreases the amount of NREM sleep by 2 
hours independent of season (lmer model, p < 0.001). Data shown are group averages ± SEM.

One might argue that the lack of compensation for loss of NREM sleep in winter was 
perhaps related to the fact that the birds in winter had a higher amount of baseline 
sleep. The reasoning could be that winter birds sleep more than they actually need 
and a few hours of lost sleep would therefore not immediately require a homeostatic 
rebound as long as they had their core sleep (Reynolds and Buysse, 1991). However, this 
is not likely a full explanation for the complete lack of sleep rebound in winter. First, 
the amount of NREM sleep during winter full moon and summer new moon were 
similar, yet there was a clear sleep rebound in summer but not in winter. Second, 
the 8 h sleep deprivation in winter resulted in a net 3.4 h reduction of NREM sleep, 
which is more than the 1.4 h reduction after 4 h sleep deprivation in summer, even if 
one adds the 1.5 h lower amount of baseline NREM sleep in summer. Yet, in summer 
the birds displayed a clear rebound after sleep deprivation that fully compensated 
for the sleep loss while in winter there was not even a partial compensation. Hence, 
there must be other reasons why geese in winter did not make up for the sleep that 
was lost. Perhaps seasonal changes in physiological state and waking behaviour re-
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sult in a slower build-up rate of the homeostatic need for sleep. It remains to be 
established what these seasonal changes in physiology and behaviour could be and 
why birds would have normal sleep homeostasis during summer but not in winter. 
Recent research supports the notion of seasonal changes in physiology in geese, for 
example heart rate and body temperature changes in relation to photoperiod (Wascher, 

Kotrschal and Arnold, 2018). Clearly, these findings demonstrate the importance of more 
detailed studies in non-mammalian species under more natural conditions.

In contrast to NREM sleep, there was no seasonal difference in the REM sleep re-
sponse to sleep deprivation. The sleep deprivation-induced loss of REM sleep was 
at least partly recovered in both winter and summer, except for the REM sleep loss 
after 8 h sleep deprivation in summer. One explanation for the latter might be that 
the baseline levels for that recording session were somewhat higher compared to the 
other days. At this point we can only speculate as to why these baseline levels might 
differ but it is important to note that overall, the amount of REM sleep was more 
variable and perhaps less tightly regulated than NREM sleep. Across different bird 
species REM sleep can vary from mammalian-like amounts in zebra finches (Tae-
niopygia guttata, about 25% of TST; Low et al., 2008) and white-crowned sparrows 
(Zonotrichia leucophrys, about 16% of TST; Rattenborg et al., 2004) to nearly no REM 
sleep in starlings (about 2% of TST; Szymczak, 1986a; van Hasselt et al., 2020a). With 11.5% 
REM sleep relative to TST, our barnacle geese are close to the average of 8% REM 
sleep per TST reported for birds in general (Roth et al., 2006). An increase of REM sleep 
after sleep deprivation have been reported for pigeons (Tobler and Borbély, 1988; Marti-

nez-Gonzalez, Lesku and Rattenborg, 2008; Newman et al., 2008) but this response is lacking in 
starlings (van Hasselt et al., 2020a). It remains unclear what is causing this variation in 
REM sleep among bird species but it cannot be explained by taxonomy since most of 
the above-mentioned species belong to the group of songbirds.
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Figure 11. NREM sleep during nights with full moon (left panels) and new moon (right panels) as a func-
tion of ambient temperature plotted separately for every individual bird. Independently of moon phase, 
NREM significantly decreases when ambient temperature increases (lmer model, p < 0.001). The amount 
of NREM sleep is significantly higher during the days where there was a new moon during the night com-
pared to the full moon (lmer model, p < 0.001). 

Seasonal modulation of sleep in the barnacle geese was not only reflected in overall 
amount of NREM sleep time and NREM sleep homeostatic responses, but also in the 
distribution of sleep across the day. While in winter sleep predominantly occurred 
during night time, in summer both NREM sleep and REM sleep were much more 
scattered across the 24-h cycle. This attenuated circadian organization may relate to 
the fact that barnacle geese in the wild show long-distance migration to breeding ar-
eas in the high-arctic where sunlight is constantly present most of their stay (Eichhorn, 

et al., 2009). Under such near-constant light conditions strong daily rhythmicity in ac-
tivity and sleep might be unnecessary or even disadvantageous. It is not unusual for 
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animals to become arrhythmic in the High Arctic under constant lighting conditions. 
This has been shown in other bird species (e.g., ptarmigan, Lagopus muta; Stokkan, 

Mortensen and Schytte Blix, 1986) as well as mammals (e.g., reindeer, Rangifer rangifer; 
van Oort et al., 2005). It was proposed that this seasonal arrhythmia might result from a 
weaker circadian clock that would allow animals to feed at any time of day (van Oort et 

al., 2007). Interestingly, other species under seasonal constant light conditions main-
tain clear 24-h rhythmicity, which includes insectivorous bird species with circadian 
activity that coincides with the activity peaks of insects (Silverin et al., 2009). The herbiv-
orous barnacle goose in this study may be one of those species that could profit from 
seasonal arrhythmia to facilitate foraging around the clock. 

In addition to the option of feeding around the clock, another reason for arrhythmia 
might be the need for a constant level of vigilance during the summer season, when 
geese are breeding and moulting. During the breeding phase, the birds have the con-
stant care of the nest or the young, and during the moulting phase the birds them-
selves are flightless and potentially more vulnerable to predation (Kahlert, 2002, 2006). 
Therefore, it might be beneficial for the birds to attenuate their circadian rhythmicity 
to allow for vigilant and active behaviour at any time of day. Together, these findings 
support the notion that biological clock can be adapted to species-specific behaviour 
under constant arctic light conditions (Steiger et al., 2013). 

In our restricted recording periods in winter and summer we had a fair amount of 
variation in ambient temperature, even independent of season. The results show that 
the amount of NREM sleep was at least partly dependent on ambient temperature, 
with the highest amount of NREM sleep occurring around a temperature of 0°C. 
Perhaps this the optimal temperature for geese to sleep because it might be near the 
thermoneutral zone. While the exact thermoneutral zone of the barnacle goose is not 
known, an averaged result of 33 sea bird species showed a lower critical temperature 
in summer of 5.4 ± 2.2°C (Coulson, 2001). 

Interestingly, the amount of REM sleep in the barnacle geese was not significantly re-
lated to ambient temperature whereas in mammals REM sleep in particular appears 
to be sensitive to environmental temperature (Franken, Tobler and Borbély, 1993; Amici et 

al., 1998, 2008). Several studies in mammals have shown decreases and even complete 
disappearance of REM sleep at lower ambient temperatures close 0°C (Roussel, Turril-

lot and Kitahama, 1984; Amici et al., 1998, 2008; Cerri et al., 2005). A partial explanation for the 
difference with our geese might be that these studies were done in relatively small 
mammalian species with a high thermoneutral zone compared to our larger geese 
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with a much lower thermoneutral zone.

Another relevant environmental factor that affects sleep in geese independent of sea-
son is moon phase. Indeed, the daily amount of NREM sleep was 2.0 h lower during 
full moon than during new moon. This finding appears to be in agreement with ear-
lier reports showing that barnacle geese are more active and have an increased heart 
rate and body temperature during nights with a full moon (Portugal et al., 2019). Also, 
our own recent work in starlings showed that this songbird on average sleeps 2 h less 
on nights with a full moon (van Hasselt et al., 2020b). Little is known on how the moon 
affects sleep time in birds. There might be a direct effect of light of the moon that de-
creases NREM sleep time. This idea is supported by the findings that low level ambi-
ent light during the night can influence sleep time in birds (Rattenborg et al., 2005; Raap, 

Pinxten and Eens, 2015; Ouyang et al., 2017; Sun et al., 2017). However, the moon might affect 
sleep time in birds through other mechanisms than light, e.g., through magnetism. 
The moon’s gravitational pull can affect the magnetic field of the planet (Chapman, 
1913). It is known that some migratory birds can observe the magnetic field and it 
is proposed that the main magneto-sensory molecule is cryptochrome (Wiltschko and 

Wiltschko, 1996; Rodgers and Hore, 2009; Mouritsen and Hore, 2012).   

In conclusion, this study demonstrates that sleep regulation in migratory bird spe-
cies is strongly affected by environmental factors and season. Importantly, the re-
sults demonstrate that sleep homeostasis is not a rigid phenomenon and suggest that 
some species may not immediately compensate for sleep loss under certain condi-
tions or during certain periods of the year.
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Bird ID Winter Summer

 

Feb-13 Feb-27 Jun-13

4SD 8SD 4SD 8SD 4SD 8SD

1 (m) x  

2 (f)  x  x x

3 (m) x x x

7 (f)  x* x x

8 (m)   x x

9 (m) x x x x x

10 (f) x x  

13 (f)   x x

605 (m)   x x

617 (m)   x

621 (m) x x  

622 (f) x x  x x

623 (m) x x x    

Total 7 5 3 2 7 8

 

Table S1. Overview of all recording dates for every individual including gender between the brackets. 
During winter there were two recording sessions. Below are the total number of individuals recorded for 
every sleep deprivation experiment. The gaps in the table are due to logger failures (e.g., drained battery 
or losing logger during recordings). All the geese were only subjected to one sleep deprivation experiment 
during the recordings of Feb-27. *Recording has a duration of 24 h and thus lacks sleep deprivation data, 
therefore this recording is excluded in the sleep deprivation analyses.
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Figure S1. Percentage of time per day spent in NREM sleep (top graph) and REM sleep (bottom graph) 
for winter (left) and summer (right) shown separately for females (red bars) and males (blue bars). There 
was neither an overall effect of sex nor a sex × season interaction for NREM sleep time (p = 0.96 and p = 
0.84, respectively). Also, there was neither an overall effect of sex nor a sex × season interaction for REM 
sleep (p = 0.12 and p = 0.09, respectively). Data shown are group averages ± SEM. 
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Figure S2. Bout length for NREM sleep (top graph) and REM sleep (bottom graph) for both winter (left 
panel) and summer (right panel) calculated over a time window of 2 h following 4 h or 8 h sleep depri-
vation (blue) compared to the same time window during the baseline day (red). There are no significant 
differences in bout length after sleep deprivation. Data shown are group averages ± SEM. 
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Figure S3. Effects of 4 h sleep deprivation (top panels) or 8 h sleep deprivation (bottom panels) in win-
ter (left panels) or summer (right panels) on cumulative NREM sleep time, shown separately for full and 
new moon (winter: 4SD n = 8; 8SD n = 6; summer: 4SD: n = 7; 8SD n = 8). Sleep deprivations started at 
sunset. The yellow triangles on the x-axes denote sunrise. Each panel shows the cumulative NREM sleep 
time for the baseline day (red lines) and the experimental day with sleep deprivation and subsequent 
recovery (green lines). Significant differences between the baseline day and experimental day for hour 24 
are indicated by the asterisk (p < 0.05). This difference between baseline and experimental day on hour 
24 was not significantly affected by moon phase (panel A: p = 0.08; panel B: p = 0.95; panel C: p = 0.09; 
panel D: p = 0.46 Data shown are group averages ± SEM. 



114

CHAPTER 5

!"#
!"# $%%& '()) $%%&

$"#
!"# $%%& '()) $%%&

*")+,

-."+,

/)0.,

1"+,

2,$$,

! " #! #" $! $" ! " #! #" $! $" ! " #! #" $! $" ! " #! #" $! $"

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

%&'()*)+,-.*)',)./

&'()*+,)

-./0/# !" 1)234)15

0'
1'

23
/+

4.
55

6*
7&

8.
(*

9:
*&

;*/
&

/3
2<

3)
.2

+,
.*

7&
8.

(=

!"#$%&

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!"#
!"# $%%& '()) $%%&

$"#
!"# $%%& '()) $%%&

*")+,

-."+,

/)0.,

1"+,

2,$$,

! " #! #" $! $"! " #! #" $! $"! " #! #" $! $"! " #! #" $! $"

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

!

$"

"!

%"

#!!

%&'()*)+,-.*)',)./

&'()*+,)

-./0/#!" 1)234)15

0'
1
'2
3/
+4
.
55
6*
7&
8
.(
*9:
*&
;*/
&/
32
<3
).
2+,
.*
7&
8
.(
=

!"#$%&

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure S4. Effects of 4 h or 8 h sleep deprivation on cumulative NREM sleep EEG power in different 
frequency bands during the baseline day (red lines) and the experimental day with sleep deprivation and 
subsequent recovery (green lines), shown separately for full and new moon (4SD n = 8; 8SD n = 6). Sleep 
deprivations started at sunset. The yellow triangles on the x-axes denote sunrise. The dotted horizon-
tal lines indicate the total EEG power accumulated in the different frequency bands during baseline (= 
100%). The different EEG frequency bands shown are: 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. In winter, the barnacle 
geese did not compensate for the loss of spectral power during sleep deprivation. Significant differences 
between the EEG power accumulated at the of the baseline day and experimental day for hour 24 are indi-
cated by the asterisk (p < 0.05). These difference between baseline and experimental day on hour 24 were 
not significantly affected by moon phase (p > 0.70 in all cases). Data shown are group averages ± SEM. 
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Figure S5. Effects of 4 h or 8 h sleep deprivation on cumulative NREM sleep EEG power in different 
frequency bands during the baseline day (red lines) and the experimental day with sleep deprivation and 
subsequent recovery (green lines), shown separately for full and new moon (4SD n = 7; 8SD n = 8). Sleep 
deprivations started at sunset. The yellow triangles on the x-axes denote sunrise. The dotted horizontal 
lines indicate the total EEG power accumulated in the different frequency bands during baseline (=100%). 
The different EEG frequency bands shown are: 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. In summer, barnacle geese fully or 
partially compensated for the sleep deprivation-induced loss of EEG power. Remaining significant differ-
ences between the EEG power accumulated at the of the baseline day and experimental day for hour 24 
are indicated by the asterisk (p < 0.05). These difference between baseline and experimental day on hour 
24 were not significantly affected by moon phase (p > 0.10 in all cases). Data shown are group averages 
± SEM. 
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Abstract

In modern society the night sky is lit up not only by the moon but also by artificial 
light devices. Both of these light sources can have a major impact on wildlife phys-
iology and behaviour. For example, a number of bird species were found to sleep 
several hours less under full moon compared to new moon and a similar sleep-sup-
pressing effect has been reported for artificial light at night (ALAN). Cloud cover at 
night can modulate the light levels perceived by wildlife, yet, in opposite directions 
for ALAN and moon. While clouds will block moon light, it may reflect and ampli-
fy ALAN levels and increases the night glow in urbanized areas. As a consequence, 
cloud cover may also modulate the sleep-suppressing effects of moon and ALAN 
in different directions. In this study we therefore measured sleep in barnacle geese 
(Branta leucopsis) under semi-natural conditions in relation to moon phase, ALAN 
and cloud cover. Our analysis shows that, during new moon nights stronger cloud 
cover was indeed associated with increased ALAN levels at our study site. In con-
trast, light levels during full moon nights were fairly constant, presumably because 
of moonlight on clear nights or because of reflected artificial light on cloudy nights. 
Importantly, cloud cover caused an estimated 24.8% reduction in the amount of 
night-time NREM sleep from nights with medium to full cloud cover, particularly 
during new moon when sleep was unaffected by moon light. In conclusion, our find-
ings suggest that cloud cover can, in a rather dramatic way, amplify the immediate 
effects of ALAN on wildlife. Sleep appears to be highly sensitive to ALAN and may 
therefore be a good indicator of its biological effects.
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Introduction

Much of what we know about the regulation of sleep is based on research under 
tightly controlled laboratory conditions in model organisms such as rats and mice. 
Studies under natural or semi-natural conditions in non-model organisms will be 
necessary for understanding the evolution and function of sleep (Helm et al., 2017; Rat-

tenborg et al., 2017). Recent studies in birds indicate that sleep time and distribution is 
highly sensitive to environmental factors such as light level at night (Aulsebrook et al., 

2020a; Aulsebrook et al., 2020b). 

Two important sources of light at night are the moon and artificial, man-made light 
devices. Several studies show that moon light can have pronounced effects on be-
haviour and physiology of wildlife (Milsom, Rochard and Poole, 1990; Clarke, Chopko and 
Mackessy, 1996; Cajochen et al., 2013; Reinberg, Smolensky and Touitou, 2016; Portugal et al., 2019; 

Aulsebrook et al., 2020a). For example, European starlings (Sturnus vulgaris) and barna-
cle geese (Branta leucopsis) sleep 2 h less during full moon compared to new moon 
(van Hasselt et al., 2020b; van Hasselt et al., 2020c). 

Artificial light at night (ALAN), common in urbanized areas, may affect wildlife in 
similar ways (Gaston, Visser and Hölker, 2015). Low levels of ALAN can induce night-time 
activity and disturbs resting behaviour and sleep (Silva et al., 2014; Ouyang et al., 2017; Silva, 

Diez-Méndez and Kempenaers, 2017; Aulsebrook et al., 2018; Spoelstra et al., 2018). 

Thus, moon light and ALAN may have similar sleep-suppressing effects in wildlife. 
However, these effects may be modulated by cloud cover and this could be quite 
different for moon and ALAN. It is known that cloud cover, in dark unpolluted areas 
darkens the sky by blocking moon and starlight (Jechow, Hölker and Kyba, 2019). Hence, 
one may expect that cloud cover reduces the moon’s sleep-suppressing effect because 
with heavier clouds the geese perceive less moon light. On the other hand, in light 
polluted areas, clouds can amplify ALAN levels by reflecting light back down from 
the clouds (Kyba et al., 2011). Consequently, ALAN might have a stronger sleep-sup-
pressing effect on cloudy nights.

We recently recorded sleep-wake patterns in barnacle geese under semi-natural con-
ditions in both winter and summer (van Hasselt et al., 2020c). In the present paper we an-
alysed sleep in relation to moon phase and ALAN levels, and addressed the question 
of how these effects are modulated by cloud cover. 
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Methods

Animals and housing

For this study we used thirteen barnacle geese (Branta leucopsis) (8 males and 5 
females; 7 - 12 years old). Prior to the study, the birds were kept in a fenced mead-
ow (68 m × 60 m) with a water pond (25 m × 15 m) at the facilities of our institute 
in Groningen. The geese were fully habituated to the presence of humans. Flight 
feathers were clipped to prevent them from flying away. One week before the start 
of the sleep recordings, animals were transferred in groups of 5 to separate outdoor 
aviaries (5 m × 4 m). In these aviaries the geese remained exposed to outdoor light, 
ambient temperatures and weather conditions. The area of the research facilities 
where the recordings took place has multiple artificial light sources, including street 
lights and sky glow from the city of Groningen, which could modulate the light levels 
perceived by the geese. All animals had ad libitum access to food and water (food 
item numbers 615220 and 384020; Kasper Faunafood, Woerden, The Netherlands). 
All procedures were approved by the national Central Authority for Scientific Proce-
dures on Animals (CCD) and the Institutional Animal Welfare Body (IvD, University 
of Groningen, The Netherlands).

Surgery

The surgical procedures for implantation of EEG and EMG electrodes were done 
as described earlier (van Hasselt et al., 2020c). Prior to the surgery, the animals received 
meloxicam as an analgesic (0.5 mg/kg, 0.17 ml subcutaneously) and diazepam to re-
duce stress (2 mg/kg; 0.68 ml subcutaneously). The surgeries were performed under 
isoflurane anaesthesia (1.5 – 2%). Five holes were drilled (0.5 mm in diameter) after 
carefully exposing the crania and the EEG electrodes were inserted to the level of the 
dura mater. We inserted two frontal electrodes, one per hemisphere covering the 
hyperpallium (4 mm lateral of the midline). Three more electrodes were inserted 83 
mm caudally from the frontal electrodes: an EEG reference electrode (4 mm left lat-
eral of the midline), an electromyogram (EMG) reference electrode (on the midline) 
and a ground electrode (4 mm right lateral of the midline). The electrodes consist-
ed of gold-plated, round-tipped pins (0.5 mm diameter, BKL Electronic 10120538, 
Lüdenscheid, Germany). For measuring EMG, two flexible wires were inserted sub-
cutaneously on the neck muscle (PlasticsOne, Ranoke, VA, USA). All electrodes were 
soldered to a connector (BKL Electronic 10120302, Lüdenscheid, Germany) that was 
fixed to the skull using Paladur dental cement (Heraeus Kulzer, Hanau, Germany). 
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A 0.6 mm screw was drilled into the skull to serve as an anchor point for the dental 
cement-covered implant. The animals could recover for at least two weeks after the 
surgery before moving them to the recording aviaries. 

Sleep recordings

All animals were equipped with a datalogger (Neurologger 2A; Evolocus, Tarrytown, 
NY, USA) for recording and storing the EEG and EMG signals, as well as head move-
ments by an on-board accelerometer (LIS302DLH; STMicroelectronics Geneva, 
Switzerland). The data were recorded with a sample frequency of 100 Hz and stored 
on an on-board memory chip. The device could record for approximately 15 days on 
a 3.6 V battery (LS 14250; Saft, Levallois-Perret, France).

Sleep-wake patterns in the geese were recorded for periods up to 15 days in winter 
(February) and summer (June). During these recording periods, the birds were sub-
jected to two different durations of sleep deprivations (4 and 8 hours starting from 
sunset), as reported in another paper (Van Hasselt et al., 2020c). The sleep depriva-
tion days and subsequent recovery days were excluded from the current analysis. In 
between the recording sessions in winter and summer, the geese were returned to 
the larger outdoor meadow. 

Data analyses

All recordings were scored with an automated scoring program using machine learn-
ing algorithms with input from a human scorer who was unaware of animal iden-
tity and time of recording (Somnivore Pty. Ltd., Parkville, VIC, Australia; Allocca et 

al., 2019). The program used all electrophysiological channels (EEG + EMG + accel-
erometer) to determine the vigilance state per 4 sec epochs. The recordings were 
scored for wakefulness (W), rapid-eye-movement (REM) sleep, and non-rapid-eye-
movement (NREM) sleep. An epoch was scored as wakefulness when the EEG signal 
showed low-amplitude and high frequency activity together with high EMG and ac-
celerometer activity. REM sleep was scored when the EEG signal was similar to that 
of wakefulness but EMG activity was low, and the accelerometer showed either no 
head movements or signs of head drops. An epoch was scored as NREM sleep when 
the EEG amplitude was at least twice that of wakefulness, the EMG signal was low, 
and the accelerometer showed no activity. The automated scoring program has been 
validated with various species including pigeons and yielded an accuracy for wake of 
0.96 ± 0.006; NREM 0.97 ± 0.01; REM 0.86 ± 0.02 as compared with a human scor-
er (Allocca et al., 2019). We have also done an additional validation in our geese based 
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on 4 of the 24-h winter recordings, which yielded correlations between program and 
human scorer of 0.98 ± 0.01 for Wake, 0.97 ± 0.01 for NREM sleep and 0.84 ± 0.04 
for REM sleep (van Hasselt et al., 2020c). 

We acquired data on the solar and lunar cycle specifically for our study site from 
https://www.timeanddate.com. In our analyses we used day and night-time. Day 
was defined as hours from sunrise to sunset and night was defined as hours from 
sunset to sunrise, for both we excluded hours containing nautical twilight. Data on 
cloud cover and rainfall were used from a nearby weather station in Eelde, the Neth-
erlands (53°08’07.7”N 6°34’12.0”E, https://www.knmi.nl/nederland-nu/klimatolo-
gie/uurgegevens). To analyse the relationship between cloud cover and light levels, 
we used previously collected data from a light spectrometer located on the roof of a 
building adjacent to the site where our EEG recordings took place (Woelders et al., 2018). 
We also used data from https://www.lightpollutionmap.info to get detailed infor-
mation on the average amount of light pollution at our study site and other locations 
(see table 1) (Falchi et al., 2016). As the sleep-wake recordings used for the current anal-
ysis were not specifically aimed at assessing effects of light at night and cloud cover, 
we did not have a full range of cloud cover for each moon phase and season. All 
available data on night-time sleep for different cloud covers during different moon 
phases and seasons are summarized in figure S1.  

Statistics

Data were analysed in R by modelling the data according to a linear mixed effect 
model by taking animal ID as a random effect using the lme4 package (R Development 

Core Team 3.0.1., 2013; Bates et al., 2015). From this package the BootMer function was 
used for bootstrapping to make model predictions by running 10000 simulations to 
acquire more reliable prediction estimates with 95% confidence intervals (CI) (Buck-

land, Davison and Hinkley, 1998; Morris, 2002). Statistical differences between groups were 
tested with a posthoc Tukey HSD test using the lsmeans package (Lenth, 2016). Data 
and text in figures are expressed as mean ± SEM.

Results

Figure 1A shows the pattern of NREM sleep across the 24-h cycle during full moon 
and new moon in both winter and summer. In winter, when most sleep takes place 
during the long nights, full moon was associated with a reduction in NREM sleep 
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particularly during the night-time (linear mixed effect model, p = 0.006, Figure 1B). 
In summer, when nights are shorter and sleep is more spread out over the 24h cycle, 
this was not the case (linear mixed effect model, n.s., Figure 1B). During both winter 
and summer, full moon was associated with a near-significant reduction of NREM 
sleep during the day (p = 0.052, p = 0.053 respectively).

To assess levels of moonlight and ALAN in relation to cloud cover, we analysed an 
earlier reported dataset containing light spectrum measurements at our study site 
(Woelders et al., 2018). This analysis showed an increase in photons over a broad-spec-
trum range during new moon nights with overcast compared to clear nights (Figure 
2A, left panel, linear model, p < 0.0001). During full moon, this was only the case 
between 550 and 650 nm (Figure 2A, right panel, linear model, p < 0.001). The rel-
ative contribution to the light spectrum that can be attributed to ALAN has a peak 
around 600 nm and is significantly higher during new moon nights compared to full 
moon (Figure S1A, linear model, p < 0.001). Furthermore, during new moon nights, 
the number of photons increased when cloud cover increased (Figure 2B, left panel, 
linear model, p = 0.002), whereas during nights with full moon there is no signifi-
cant relationship with cloud cover (Figure 2B, right panel). This analysis shows that 
light levels were lowest during a moonless night with few clouds. However, during a 
moonless night with maximum cloud cover, artificial light reflecting back from the 
clouds reached the same level as a full moon. During full moon, light levels were 
independent of cloud cover presumably because the light levels measured could ei-
ther be moon light (when there were no clouds) or ALAN (reflecting back from the 
clouds). 

The ALAN levels we observed during moonless cloudy nights at our study site on the 
edge of the city of Groningen are comparable to the levels seen in rural areas and 
natural habitats where wild populations of barnacle geese live (e.g., Stad aan ‘t Har-
ingvliet, Table 1), but far less than levels of light pollution seen in major cities (e.g., 
Amsterdam, Table 1).
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Figure 1. (A) NREM sleep patterns across the day in winter (left) and summer (right) during new moon 
(top) and full moon (bottom), averaged for all individuals. (B) The effect of moon phase on NREM sleep 
during the night and day in both winter and summer. During the winter, full moon was associated with a 
significant reduction of NREM sleep during the night (linear mixed effect model, p = 0.006). In both sea-
sons, full moon was associated with a trend towards reduced NREM sleep during daytime (linear mixed 
effect model, winter: p = 0.052; summer: p = 0.053).
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Figure 2. (A) Light power spectra during nights with new moon (left panel) and full moon (right panel) 
during clear nights (black line) and nights with maximal cloud cover (grey line). (B) During nights with 
new moon, the number of photons increase with cloud cover (linear model model, p = 0.002). There is 
no significant effect of cloud cover on the number of photons during nights with full moon. (C) Predicted 
values of the linear mixed effect model based on bootstrapping. The shaded area around the line denotes 
predicted confidence intervals. The effect of new moon (left) and full moon (right) on the nightly hours 
of NREM sleep in relation to cloud cover for winter (blue) and summer (red). Barnacle geese sleep sig-
nificantly less when cloud cover increases during nights with new moon (linear mixed effect model, p < 
0.001). Cloud cover has no effect on NREM sleep during full moon nights.
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The analysis of night-time sleep in relation to moon phase and cloud cover shows 
an association between cloud cover and sleep time during new moon (linear mixed 
effect model, p < 0.001, Figure 2C) but not during full moon (linear mixed effect 
model, p = 0.79, Figure 2C). During nights with new moon, the amount of NREM 
sleep significantly decreased by 6.2% (CI = 2.9, 9.5) per okta increase of cloud cover, 
independent of season (Figure 2C, Figure S1). See table S1 for the predicted model 
output using bootstrapping. Across the cloud cover range in our data set, this would 
mean a decrease in the overall amount of night-time NREM sleep for winter from 
71.3% (CI = 62.8, 79.7) during nights with medium cloud cover (okta 4) to 46.4% (CI 
= 36.2, 56.6) during nights with full cloud cover (okta 8). For summer this was from 
60.1% (CI = 48.4, 71.5) to 35.3% (CI = 28.2, 42.3). 

Besides ALAN, one other possible explanation for the finding of reduced sleep time 
during cloudy nights might be rainfall. We therefore extracted data on night-time 
rainfall from the same nearby weather station and added this to the model. In this 
model the amount of night-time NREM sleep time was explained by season (p = 
0.002) and by the interaction between moon phase and cloud cover (p = 0.004), but 
not by rainfall (overall effect of rainfall: p = 0.82; moon phase × rainfall interaction: 
p = 0.53). 

Discussion

The analysis of night-time light levels and cloud cover at our study site showed a 
clear relationship with higher light levels during nights with stronger cloud cover. 
However, this was only true during new moon, not during full moon. During new 
moon nights stronger cloud cover presumably resulted in stronger reflection of ar-
tificial light. Instead, the light levels during full moon nights were fairly constant, 
either because of moonlight on clear nights or by the reflection of artificial light on 
cloudy nights. Since ALAN is known to have a major impact on wildlife physiology 
and behaviour, our finding implies that these effects may be exacerbated by cloud 
cover. Indeed, an intriguing outcome of our analysis was the strong relationship be-
tween cloud cover and sleep time, particularly during new moon when sleep was 
unaffected by moon light. Our data show that geese slept less when cloud coverage 
became stronger. In fact, across the range of cloud cover in our dataset from about 
4 to 8 okta, i.e., from nights with medium to strong cloud cover, this would mean a 
24.8% reduction of night-time NREM sleep. 
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Table 1. Measures of ALAN at different locations

Location GPS SQMa Brightnessb Artif. Brightc Bortled

Schiermonnikoog 53.47857, 6.16093 21.76 0.214 42.6 3

Zernike 53.24262, 6.53795 19.91 1.17 998 5

Stad aan ‘t Haringvliet 51.73445, 4.25338 19.87 1.22 1040 5

Groningen 53.21800, 6.56647 19.12 2.43 2260 6

Amsterdam 52.37303, 4.89800 18.19 5.72 5550 8 - 9

New York 40.72702, -73.99393 17.4 11.9 11700 8 - 9

Levels of ALAN at different locations and habitats as quantified with different measures and scales.  
 a  Sky brightness (SQM) is an estimate to quantify skyglow in mag./arc sec2, where 
   22 is the darkest sky and < 17.5 is the most illuminated sky (de Miguel et al., 2017).   
 b  The brightness scale is a measure of how much millicandela is present per square meter  
    where 1 mcd/m2 is considered an unilluminated night sky.    
 c  The artificial brightness is a more sensitive light measurements measured in microcandela 
   per square meter where 1 μcd/m2 is the absolute threshold of human vision  
   (Hood and Finkelstein, 1986).    
 d  The Bortle scale is a nine-level classification system for night-time brightness from 1 – 9,  
    darkest sky is 1 and most polluted sky is 9 (Bortle, 2001).  
According to all 4 scales, our study site at Zernike on the edge of the city of Groningen has average levels 
of ALAN, comparable to Stad aan ‘t Haringvliet, a natural habitat where wild populations of geese live. 
Schiermonnikoog is an island north of the Dutch coast with low levels of light pollution. Much higher 
levels of light pollution are found in major cities such as Amsterdam or New York. Data are acquired 
from: https://lightpollutionmap.info (Falchi et al., 2016).

A limitation of our study was that we did not measure and manipulate ALAN levels 
during the sleep recordings. The correlations with cloud cover and sleep time thus 
need to be examined in more detail in future studies. It is important to keep in 
mind that our study site was only an average light-polluted area (Table 1). Previous 
research shows that ALAN levels in cities can be as much as 4 times higher than 
light levels from the full moon (Kyba et al., 2011). Consequently, in areas with stron-
ger light pollution there might be an even stronger effect on sleep. The notion that 
ALAN can disrupt or suppress night-time sleep is in agreement with other studies, 
but none of these studies considered the modulating effect of cloud cover (Erren 
and Reiter, 2009; Czeisler, 2013; Silva et al., 2014; Stevens and Zhu, 2015; Ouyang et al., 2017; Silva, 
Diez-Méndez and Kempenaers, 2017; Aulsebrook et al., 2018; Spoelstra et al., 2018; Aulsebrook et al., 

2020b; Batra et al., 2020). 

The lower amount of NREM sleep during new moon nights with heavy cloud cover, 
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presumably mediated by ALAN reflecting of the clouds, were similar to the levels of 
NREM sleep during full moon nights. This suggests that at our study site ALAN had 
a similar sleep suppressing effect as full moon. Indeed, the full moon significantly 
reduced NREM sleep in barnacle geese by 2 h, independent of season (van Hasselt et al., 

2020c). This finding is in line with recent research reporting that barnacle geese are 
more active and show an increased body temperature and heart rate on full moon 
nights (Portugal et al., 2019). Also in other bird species, it has been reported that light 
from the moon directly suppresses sleep and increases night-time activity (Milsom, 

Rochard and Poole, 1990; Pinet et al., 2011; York, Young and Radford, 2014; van Hasselt et al., 2020b). 

The physiological mechanisms underlying the sleep-suppressing effect of moon light 
and artificial light might be diverse, but could include a suppression of melatonin. 
Indeed, it is commonly known that artificial light decreases melatonin levels, also in 
avian species (Dominoni et al., 2013; Kernbach et al., 2020). Since melatonin is often consid-
ered to be a sleep-promoting factor, this may partly explain the sleep-reducing effect 
of moon light and ALAN. However, light may also have direct effects on sleep that 
are not mediated by the suppression of melatonin (Rattenborg et al., 2005), for example, 
through activation of the wake-promoting hypocretin/orexin system (Lin et al., 1999; 

Hara et al., 2001). This system is highly active when voluntary behaviour occurs such as 
grooming, eating and exploratory behaviour (Mileykovskiy, Kiyashchenko and Siegel, 2005). 
Recent studies reported that light-induced neuronal activation is in part mediated 
by the hypocretin/orexin system (McGregor et al., 2011; Adidharma, Leach and Yan, 2012). 

The reduction of sleep with higher levels of ALAN may have both positive and neg-
ative consequences. On the one hand, it might be beneficial for species to actively 
use nights with increased light levels for foraging while still being able to see and 
avoid predators. This is supported by a study in peahens (Pavo cristatus) showing 
that ALAN caused an increase in vigilance behaviour to avoid predators (Yorzinski et al., 

2015). Such effects of ALAN might then add up to effects of moonlight that have been 
reported. For example, earlier work has shown that barnacle geese spend much more 
time on the foraging grounds during moonlit nights than during the dark phases of 
the moon (Ebbinge, Canters and Drent, 1975). Also, in one study on brent geese (Branta 
bernicla) nocturnal feeding was positively correlated with moonlight and was a ma-
jor part of their energy intake (Tinkler, Montgomery and Elwood, 2009). 

On the other hand, the suppression of sleep may be an important mediator of the 
potential negative health consequences of artificial light at night, for example by af-
fecting immune function. Indeed, it is well known that sleep plays an important role 
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in regulating both the innate and adaptive immune system (Irwin, 2002; Irwin and Opp, 

2017). Studies in house sparrows showed that exposure to ALAN suppressed the im-
mune system which then increased mortality rate caused by the West Nile virus (Ker-

nbach et al., 2020). Also, in another songbird species a strong correlation was reported 
between the exposure to ALAN and the prevalence of malaria infection (Ouyang et al., 

2017). Such an effect of ALAN on immune function might thus be mediated by AL-
AN-induced sleep disturbance. 

In conclusion, our study shows that sleep in geese is highly sensitive to light, both 
natural and artificial. Sleep is suppressed under full moon, and the effects of artificial 
light may be as strong as the effects of moon light. Moreover, our findings suggest 
that cloud cover can amplify the immediate effects of ALAN on wildlife. Sleep ap-
pears to be a highly sensitive read-out for the consequences of ALAN, and may there-
fore serve as an important indicator for future studies. Finally, given the importance 
of sleep as a recovery process that is crucial for health, the findings may also indicate 
that effects of ALAN on fitness of animals in the wild may be directly mediated by 
disturbance of sleep.

Acknowledgements

This study was supported by an Adaptive Life Program scholarship from the Gronin-
gen Institute for Evolutionary Life Sciences, an Ubbo Emmius scholarship provided 
by the Faculty of Science and Engineering at the University of Groningen, and a 
grant from the Dutch Research Council (OCENW.KLEIN.240). NCR was supported 
by the Max Planck Society. We thank Tom Woelders for allowing us to use his previ-
ously published data on night-time light levels in the study area. 



130

CHAPTER 6

400 500 600 700 400 500 600 700

0.0

0.1

0.2

0.3

Wavelength (nm)

lo
g 

ph
ot

on
s 

(c
m

-2
s-1

)
New moon Full moon

Figure S1. (A) Light spectrum of ALAN reflected by the clouds and perceived by the geese that is derived 
from the difference between the spectra during clear nights and overcast nights, plotted per moon phase. 
The relative contribution to the light spectrum that can be attributed to ALAN has a peak around 600 nm 
and is significantly higher during new moon nights compared to full moon (Figure S1, linear model, p < 
0.001).
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Figure S2. Data based on the model output presented in figure 3C. Cloud cover decreases significantly 
nightly NREM sleep independent of season (circle: summer; triangles: winter; linear mixed effect model, 
p < 0.001). During full moon, nightly hours of NREM sleep are unaffected by cloud cover increase. 
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Table S1. Model output

Random Effects Variance Standard deviation 

BirdID 62.75 7.92

Residual 65.7 9.78

 

Fixed Effects Predicted Fit 95% (CI)

(Intercept) 84.83 60.17, 109.50

Full Moon -42.62 -66.76, -18.33

Cloud cover -6.20 -9.64, -2.67

Winter 11.18 3.81, 18.52

Full Moon × Cloud cover 5.76 1.85, 9.61

Linear mixed effect model output that was presented in Figure 2C. The model output was obtained by 
running 10000 simulations using a bootstrapping method.  
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geese: are measurements of 
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sleep-wake patterns?
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Abstract

Sleep is a widely spread phenomenon in the animal kingdom and is thought to 
serve important functions. Yet, the function of sleep remains an enigma. Studies in 
non-model animal species in their natural habitat will provide more insight in the 
evolution and function of sleep. However, polysomnography in the wild may not 
always be an option or first choice and some studies may need to rely on rest-activity 
recordings as a proxy for sleep and wakefulness. In the current paper we analysed 
how accelerometery-based activity data correlate with electro-encephalogram (EE-
G)-based sleep-wake patterns in barnacle geese under seminatural conditions across 
different seasons. In winter, the geese had pronounced daily rhythms in rest and 
activity, with most activity occurring during the daytime. In summer, activity was 
more spread out over the 24h cycle. Hourly activity scores strongly correlated with 
EEG-determined time awake, but the strength of the correlation varied with phase 
of the day and season. In winter, the correlations between activity and waking time 
were weaker for daytime than for nighttime. Furthermore, the correlations between 
activity and waking during daytime were weaker in winter than in summer. During 
daytime in winter, there were many instances where the birds were awake but not 
moving. Experimental sleep deprivation had no effect on the strength of the cor-
relation between activity scores and EEG based-wake time. Overall, hourly activity 
scores also showed significant inverse correlations with the time spent in non-rap-
id eye movement (NREM) sleep, which in the barnacle geese makes up about 89% 
of total sleep time. However, correlations between activity scores and time spent 
in REM sleep were weak. In conclusion, with some modulation by time of day and 
season, accelerometery-based activity scores can serve as a good estimate for time 
awake, its inverse time asleep, or even the specific time spent in NREM sleep. How-
ever, activity scores cannot reliably predict REM sleep and sleep architecture.
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Introduction

All mammals and birds appear to spend a large part of their life asleep. It is widely 
accepted that sleep is homeostatically regulated and that a need for sleep builds up 
during wakefulness (Benington, 2000; Deboer, 2013). Yet, despite many theories, the exact 
function of sleep remains an enigma (Siegel, 2005). However, much of what is currently 
being learned about sleep is based on experimentation in a handful of mammalian 
species and almost exclusively in tightly controlled laboratory settings. Indeed, field 
studies to examine sleep under the natural conditions where it evolved have so far 
been rare (Rattenborg et al., 2017). In most ecological studies that assess behaviour in the 
wild, sleep episodes are often little more than blanks in the activity recordings. How-
ever, if sleep indeed serves important functions, then the time available for sleep 
or any restrictions herein may very well be a determining factor in the fitness of an 
individual. 

Recent technological developments allow for detailed studies of sleep-wake patterns 
and sleep architecture based on recordings of brain activity even in freely-moving 
animals (Vyssotski et al., 2006; Rattenborg et al., 2017). However, the datalogger methodolo-
gy and necessary surgical procedures for implantation of brain electrodes required 
for this approach may not be the first or preferred choice for every study. In many 
cases, researchers may still choose for the simpler approach of inferring sleep-wake 
patterns from some kind of measurements of movement activity (Stuber et al., 2015; 

Rattenborg et al., 2017). This has been done in a wide range of species, from small bird 
species that may be too small to carry dataloggers without affecting their natural 
behaviour (Steinmeyer et al., 2010; Stuber et al., 2015) to large mammals that are difficult for 
the necessary surgical procedures (Miller et al., 2008; Mitani et al., 2010; Bäckman et al., 2017; 

Gravett et al., 2017). 

This approach then is based on the assumption that a lack of movement indicates 
that an animal is asleep. However, to date it is unknown how reliable rest-activi-
ty recordings are as a proxy for sleep-wake patterns in freely-moving animals un-
der (semi)natural conditions. Wakefulness can occur when animals are motionless, 
for example in the three-toed sloth (Bradypus variegatus) (Voirin et al., 2014). Also, 
animals might be considered awake due to movements registrations while actually 
being (partially) asleep, for example in flying birds (Rattenborg et al., 2016), swimming 
dolphins (Lyamin et al., 2008), or ruminants that continue chewing while being asleep 
(Ruckebusch, 1972).
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In a previously reported study in barnacle geese, we used a miniature datalogger 
system for a detailed EEG-based assessment of sleep and sleep homeostasis under 
semi-natural conditions in winter and summer (van Hasselt et al., 2020c). These datalog-
gers also contained an onboard accelerometer and we now analysed how reliable ac-
celerometery-based activity scores are as a proxy for wake-sleep patterns at different 
phases of the day and in different seasons. 

Methods

Animals and housing

Twelve barnacle geese (Branta leucopsis) (7 males, 5 females) were used in this 
study to measure sleep and activity. The geese were group-housed in a semi-natu-
ral enclosure with access to water and food ad libitum (food item numbers 615220 
and 384020; Kasper Faunafood, Woerden, The Netherlands). The winter recordings 
took place between February and March. The summer recordings took place in June. 
In between these seasonal recording sessions, the geese were all together in a large 
outdoor meadow (length × width = 68 m × 60 m) with a water pond (25 m × 15 m) 
and had food ad libitum. 

Surgery

The barnacle geese underwent surgery for implantation of epidural EEG electrodes 
and subcutaneous electromyogram (EMG) electrodes as previously described (van 

Hasselt et al., 2020c). The surgeries were done under isoflurane anaesthesia (1.5 – 2%). 
Before the surgery diazepam (0.68 ml; 2 mg/kg) and meloxicam (0.17 ml; 0.5 mg/
kg) were injected to alleviate from stress and pain, respectively. Five holes (0.5 mm 
in diameter) were drilled through the crania for insertion of the electrodes to the 
level of the dura mater: two frontal EEG electrodes, one per hemisphere covering 
the hyperpallium (4 mm lateral of the midline) and three electrodes in a left-to-right 
line over the caudal part of the telencephalon that consists of one EEG reference 
electrode (4 mm lateral of the midline), one caudal EMG reference electrode (on the 
midline), and one ground electrode (4 mm lateral of the midline). The electrodes 
consisted of round gold-plated tips (0,5 mm diameter, BKL Electronic 10120538, 
Lüdenscheid, Germany). Two flexible wires were placed on the neck muscle to re-
cord an electro myocardiogram (EMG) (PlasticsOne, Ranoke, VA, USA). All elec-
trodes were soldered to a connector (BKL Electronic 10120302, Lüdenscheid, Ger-
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many). The connector was subsequently secured to the skull by using Paladur dental 
cement (Heraeus Kulzer, Hanau, Germany) and a 0.6 mm screw served as an anchor 
point for the implant. A small plastic cap was used to cover the plug and protect it 
from wear and tear. 

Sleep and activity recordings

To measure movement activity and sleep-wake patterns the barnacle geese were 
equipped with a head-mounted datalogger (Neurologger 2A; Evolocus, Tarrytown, 
NY, USA). This datalogger records EEG and EMG activity as well as movement accel-
eration in 3-axes using an accelerometer (LIS302DLH; STMicroelectronics Geneva, 
Switzerland). The data were recorded with a sample rate of 100 Hz. With a 3.6 V 
battery (LS 14250; Saft, Levallois-Perret, France), the logger could run for approxi-
mately 15 days. 

All EEG recordings had a minimum length of 8 days and were processed as previ-
ously described (van Hasselt et al., 2020c). The barnacle geese, housed in two aviaries 
underwent two sleep deprivations of 4 and 8 hours starting from sunset in winter 
and summer in a cross-over design. The loggers were attached to the implants right 
before noon to have an undisturbed baseline night. After one undisturbed baseline 
night, a sleep deprivation was induced by two experimenters, one in each aviary, 
starting from sunset to last either 4 or 8 hours by means of mild stimulation. One 
week later the sleep deprivation procedure was repeated so that all the geese in both 
aviaries received both sleep deprivation treatments. In total, every recording yielded 
a minimum of 3.5 undisturbed days. 
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Figure 1. Average actograms of the geese in winter (panel A) and summer (panel B). In winter, there 
was a clear daily rhythm in activity with most activity occurring during daytime. In summer, activity was 
more spread out over the 24h cycle. The bars in yellow represents the hours where a sleep deprivation 
experiment occurred. The numbers indicate the recording days. The data are presented as mean ± SEM. 

Data analyses

The accelerometer data from the logger were used to calculate overall dynamic body 
acceleration (ODBA) according to published procedures (Duriez et al., 2014). All three 
accelerometer channels were individually smoothed by applying a running mean of 1 
s. Furthermore, for all three channels and every time point the smoothed values were 
subtracted from the unsmoothed values for the same timepoint. Then ODBA was 
calculated as a vectoral sum by applying the square root of the sum of the squares 
of the three accelerometer channels (Duriez et al., 2014). ODBA is relative to the grav-
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itational pull of the Earth (g = 9·81 ms−2), the unit of measurements is milli g. For 
simplicity and consistency, in results and figures we refer to ODBA as activity since 
it is a detailed activity measure. 

All EEG/EMG recordings were automatically scored every 4 seconds for wakeful-
ness, NREM sleep and REM sleep by using machine learning algorithms (Somnivore 
Pty. Ltd., Parkville, VIC, Australia). The program used all available recorded chan-
nels (EEG + EMG + accelerometer) to determine the vigilance state based on input 
from a subset of manually scored epochs (± 100 epochs per vigilance state). NREM 
sleep was scored when the signal showed high amplitude and low frequency EEG 
activity with reduced EMG activity and a lack of accelerometer output. In contrast, 
wakefulness was scored when there was high frequency low amplitude EEG activity 
in combination with high EMG and accelerometer output. Epochs were scored as 
REM sleep when there was high frequency low amplitude EEG activity with a lack of 
EMG activity and low accelerometer output that sometimes coincides with a slight 
head drop. This program was initially validated for successfully scoring pigeon EEG 
(Allocca et al., 2019) and we confirmed it is equally successful in analysing our goose 
recordings (van Hasselt et al., 2020c).  

All hourly activity scores and EEG-based wake and sleep data were correlated by 
calculating the Pearson correlation coefficients over all the baseline days where the 
hours of the sleep deprivation and recovery day were omitted from the analysis. 
Next, we did an analysis to test whether the correlation strength was affected by ex-
perimental sleep deprivation by comparing the first 8 hours immediately after sleep 
deprivation with the corresponding hours during the baseline recordings. 
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Figure 2. Heatmap of the wavelet power levels from the actograms shown in Figure 1 excluding the sleep 
deprivation days in barnacle geese. This figure is plotted for winter (panel A & C) and summer (panel B 
& D) based on activity (panel A & B) and wakefulness (panel (C & D). In winter, there is a clearer period 
around 24 h then compared with summer. This is true for both activity and wakefulness. (C) Wavelet 
power levels based on a period between 23 and 25 hours. The wavelet power levels around 24 h decreased 
significantly during summer compared to winter (p < 0.0001, linear mixed model). The data are present-
ed as mean ± SEM. 
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Statistics

Data were analysed in the statistical program R and were modelled according to 
linear mixed effect models by taking animal ID as a random effect, using the lme4 
package (R Development Core Team 3.0.1., 2013; Bates et al., 2015). A linear model was com-
puted when the model performed better without a random component. From the 
lme4 package the BootMer function was used for bootstrapping to make model pre-
dictions by running 10000 simulations to acquire more reliable prediction estimates 
with 95% confidence intervals (CI) (Buckland, Davison and Hinkley, 1998; Morris, 2002). Post-
hoc analysis was done by using the lsmeans package (Lenth, 2016). Time frequency 
analysis was done on the activity and EEG datasets to determine the period by using 
a wavelet power analysis according the Morlet wavelet (Morlet et al., 1982a, 1982b; Roesch 

and Schmidbauer, 2018). All correlation statistics were done using Pearson correlation 
coefficients. Acquired p-values < 0.05 were considered as statistically significant.

Results

In winter, the geese displayed a clear day-night rhythm in their activity with most 
of it occurring during daytime (Figure 1A). In summer, activity was more spread out 
over the 24-h cycle (Figure 1B). Morlet wavelet analysis performed on the activity 
scores (without the sleep deprivation days) shows that during the winter barnacle 
geese have a clear 24-h period in their activity rhythm (Figure 2A). In summer this 
periodicity was much weaker (Figure 2B). The same Morlet wavelet analysis on the 
hourly EEG-based wake time scores similarly showed a clear 24-h rhythm in wake-
fulness during winter and a strongly reduced daily rhythm in summer (Figure 2, 
panel C, D). When all wavelet power levels between the periods of 23 and 25 were 
averaged for each individual goose, the average wavelet power level was significantly 
lower in summer compared to winter for both activity and EEG-based waking scores 
(p < 0.001, linear mixed model; Figure 2E). The wavelet power analysis showed 
there were no significant differences between activity and EEG-based waking. 
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Figure 3. Hourly values of activity of every individual correlated to the three vigilant stages wakefulness 
(A), NREM sleep (B) and REM sleep (C), for winter (left panels), summer (right panels) during the day 
(red) and night (blue). During winter, the correlations are significant steeper during the night compared 
with the day (p < 0.05, post hoc test after linear mixed model). In summer, the slopes of the regression 
lines are similar. Shaded area around the predicted line denotes 95 CI.   
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Figure 4. Correlation of the hourly values of activity and the EEG stages: Wakefulness, NREM sleep and 
REM sleep between night and day within season (panel A) and between season within night and day (pan-
el B). (A) In winter, all correlations during the night are significantly better compared with the day. This 
is not the case for the summer recordings. (B)The correlations between activity and all sleep stages are 
significantly better during the day in summer compared with the day in winter. This effect is not observed 
for the nighttime correlations between the seasons. Horizontal lines indicate significant differences (p < 
0.05, post hoc test after linear model). Data are presented as mean + 95 CI.   

We computed a linear mixed effect model to assess the relationship between hourly 
activity scores and the time spent in each of the three vigilant states for daytime 
and nighttime only for the undisturbed baseline recordings (Figure 3). The hourly 
activity scores significantly correlated with EEG-based time spent in wakefulness 
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(figure 3A), NREM sleep (Figure 3B), and REM sleep (Figure 3C), both in winter and 
summer (left and right panels, respectively). Overall, the more movement activity 
the geese displayed, the more time they spent awake and the less time they spent in 
NREM and REM sleep. 
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Figure 5. Comparisons between analysing the baseline, sleep deprivation and recovery day according 
to the EEG data (panel A, E, C and G) and accelerometer data (panel B, F, D and H) for winter (left) and 
summer (right). The top 4 plots are the 4SD experiments and the lower 4 plots are the 8SD experiments, 
the sleep deprivation period is indicated by the yellow bar on top. In winter, activity is stronger correlated 
to wakefulness compared to summer. The data are presented as mean ± SEM.
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In summer, the activity scores correlated with vigilance states similarly for night-
time and daytime. In winter, however, the correlations between activity and vigi-
lance states were lower for daytime (p < 0.05, post hoc test after linear model; Fig-
ure 4A). Also, these daytime correlations between activity and vigilance states were 
significantly lower in winter than during summer (p < 0.05, post hoc test after linear 
model; Figure 4B). In general, the correlation between activity scores and time spent 
in REM sleep was significantly lower than between activity scores and NREM sleep 
(p < 0.001, post hoc test after linear model).

The 4 h and 8 h sleep deprivation not only increased wakefulness but also increased 
activity, but more so in winter than in summer (Figure 5). The correlations between 
accelerometery-based hourly activity scores and EEG-based hourly waking and 
sleep-time persisted during the first 8 h after sleep deprivation (Figure 6). In fact, 
for the 8 h window immediately following sleep deprivation, the correlations be-
tween activity and the three vigilant states were not different from the correlations 
for the same time window during the preceding baseline day, neither in winter nor 
in summer (Figure 7). 

Discussion

The barnacle geese displayed a more pronounced day-night rhythm in activity in 
winter than in summer. A possible explanation for this reduction may lie in the fact 
that barnacle geese are a migratory bird species and spend a large part of the sum-
mer under constant light conditions above the arctic circle (Eichhorn, et al., 2009). Under 
these conditions, a strong rhythm may not have any specific advantage (Steiger et al., 

2013). In fact, the lack of rhythmicity in this herbivorous goose species might facilitate 
feeding at any time of day.

Another reason for the weak daily rhythms in summer might be that the geese during 
this time are breeding and moulting. The reduction in circadian amplitude may imply 
an increase in vigilance around the clock, which could aid them in protecting their 
offspring and themselves against predators during this vulnerable period. In con-
trast to waterfowl, songbirds maintain the ability to fly during moult, which could be 
one reason why songbirds do not show a similar reduction in circadian rhythmicity 
during this time (Steinmeyer et al., 2010; Stuber et al., 2015; van Hasselt et al., 2020b).  
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Figure 6. Hourly values of activity of every individual correlated to the three EEG stages wakefulness (A), 
NREM sleep (B) and REM sleep (C), for winter (left panels), summer (right panels) during the baseline 
day (red) and recovery day (blue). There are no differences between the baseline and recovery day for both 
4 and 8 hour sleep deprivation for all EEG stages. Shaded area around the predicted line denotes 95 CI.   

Overall, there was a highly significant correlation between the hourly activity scores 
and the time spent on EEG-based wakefulness: the more animals were awake, the 
more they moved. This correlation between activity and waking varied somewhat 
with the phase of the day and season. In winter, the correlations between activity and 
waking time were lower for daytime than for nighttime. Furthermore, the correla-
tions between activity and waking during daytime were lower in winter than in sum-
mer. These findings imply that during daytime in winter there were many instances 
where the birds were awake but not moving. 
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Figure 7. Correlation of the hourly values of activity and the EEG stages: Wakefulness, NREM sleep and 
REM sleep between baseline and recovery within season (panel A) and between season within Baseline 
and Recovery (panel B). (A) There are no significant differences between baseline and recovery day in 
both seasons for both sleep deprivations (recording day: p = 0.79; recording day × EEG stage: p = 0.16; 
post hoc test after linear mixed model). (B) There are no overall differences in the calculated correlation 
coefficients between season for all stages (season: p = 0.32; season × EEG stage: p = 0.16; post hoc test 
after linear mixed model). Data are presented as mean ± SEM.   

In barnacle geese, sleep consists for 89% of NREM sleep, which makes it nearly the 
inverse of waking time. It is therefore not surprising that we also found strong, yet 
negative, correlations between hourly activity scores and time spent in NREM sleep. 
In contrast, REM sleep only makes up 11.5% of total sleep time, which may be one of 
the reasons that it showed weaker correlations with activity scores.

The correlations between activity scores and EEG-based waking time and NREM 
sleep were unaffected by experimental sleep deprivation. After 4 h or 8 h of sleep 
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deprivation in summer, the slope of the regressions between activity scores were 
similar. The finding that sleep deprivation did not affect the relationship between ac-
tivity scores and sleep-wake patterns coincides with our earlier finding that barnacle 
geese show no compensation in sleep time after sleep deprivation in winter and only 
a modest response in summer (van Hasselt et al., 2020c).

Overall, the data indicate that in barnacle geese under semi-natural conditions, ac-
tivity is a good indicator of waking time, with correlation coefficients between 0.59 
and 0.86. It also provides a good estimate of NREM sleep time, with correlation co-
efficients between -0.56 and -0.84. However, activity scores showed a much weaker 
relationship with REM sleep, with correlation coefficients as low as 0.35. 

Importantly, activity scores in the present study were based on accelerometery with 
a head-mounted datalogger that record even the most subtle head movements. Ob-
viously, the correlation between movement activity correlates with EEG-based vig-
ilance states depends on how activity is assessed. For example, measuring activity 
with a device mounted on the back instead of the head presumably would lead to 
weaker correlations because it would only record gross body movements and not the 
head movements that may still occur in animals that otherwise motionless.

Furthermore, notwithstanding the highly significant correlations between be-
havioural rest-activity patterns and EEG-based sleep-wake patterns, it must be kept 
in mind that under specific conditions such correlations can deteriorate. For exam-
ple, various studies have reported that wake-related behaviours such as open eyes, 
standing position and movements can be associated with slow brain waves that are 
characteristics of NREM sleep (Berger and Walker, 1972; Ruckebusch, 1972; Rattenborg, Am-
laner and Lima, 2001; Goldshmid et al., 2004; Gnone, Moriconi and Gambini, 2006; Lyamin et al., 

2008; Lesku, Meyer, et al., 2011; Pigarev et al., 2011). To the opposite there may be occasions 
where animals are motionless and appear to be sleeping yet are awake if one would 
record brain activity. This might be the case for example in birds during the breeding 
season where they spent a lot of time on the nest without moving (Madsen, Bregnballe 

and Mehlum, 1989). 

In conclusion, this study shows that Barnacle geese under semi-natural conditions 
have strong daily rhythms in activity and sleep during winter but only have weak 
daily rhythms in summer. Additionally, this study provides evidence that the trans-
lational strength of activity to EEG states are affected by season and day-night phase. 
Also, the study suggests that activity is a good proxy for overall sleep time but does 
not provide detailed explanatory value for the two different sleep states. 
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Abstract

Recent technological advancements allow researchers to measure electrophysiolog-
ical parameters of animals in remote locations by using miniature dataloggers. Par-
ticularly, sleep might be of interest since measuring sleep in different animals might 
shed light on the function and evolution of sleep. Yet, continuous recording of sleep 
might be constrained by memory and battery capacity. These limitations can be alle-
viated by recording intermittently instead of continuously, although this will reduce 
measurement precision to an unknown extent. To assess how reduced sampling of 
sleep recordings affected measurement precision, we analysed a dataset on sleep in 
barnacle geese that we resampled following twelve different recording schemes, with 
data collected for 1 minute per 5 minutes up to 1 minute per 60 minutes in steps of 5 
minutes. When correlating the twelve periodically recorded dataset to the complete 
dataset, the correlation strength decreased significantly with increasing recording 
period (0.9 – 0.5, respectively). Moreover, the correlation strength in winter was 
higher compared with summer for Wake and NREM sleep. Yet, the average hourly 
values are showing significant differences with the complete dataset from recording 
sleep from 1 minute per 50 minutes in winter and 1 minute per 40 minutes in sum-
mer. Interestingly, REM sleep was unaffected by season and can be well estimated 
using these twelve recording schemes. These data indicate that there is a large safe 
range in which researchers can periodically record sleep in waterfowl with an upper 
limit of 1 minute per 40 minutes. Importantly, environmental conditions can have a 
significant impact on the correlation strength.

How reliable are intermittent EEG recordings?

8



How reliable are intermittent EEG recordings?

155

8

Introduction

Recent technological advancements and the development of miniature dataloggers 
allow researchers to measure sleep in freely-moving animals, even under semi-nat-
ural and natural conditions (Vyssotski et al., 2006; Rattenborg et al., 2017). Such studies can 
provide important insights in the natural sleep patterns and the influence of envi-
ronmental conditions on sleep in different species. For example, starlings (Sturnus 
vulgaris) show a strong reduction in sleep time between seasons with on average 5 
h less sleep in summer compared to winter (van Hasselt et al., 2020b). Besides photoperi-
od, moon phase has also been reported to have a strong sleep-suppressing effect on 
birds, with on average a 2 h reduction in both starlings and barnacle geese (Branta 
leucopsis) (van Hasselt et al., 2020c). Also, recent studies in birds have shown that pecto-
ral sandpipers (Calidris melanotos) forgo with sleep up until a maximum of about 
14 days during the breeding season (Lesku et al., 2012) and frigate birds (Fregata minor) 
have the capability of sleeping during foraging flights although they sleep much less 
in flight compared to on land (2.89% vs 53.28%, respectively) (Rattenborg et al., 2016). 
Together, these findings on sleep in birds indicate that there is a large amount of 
flexibility in the regulation of sleep. Furthermore, these findings challenge the exist-
ing views and theories on the functions of sleep that are largely based on mammalian 
lab studies. Thus, studies in non-mammalian species yield important results that 
contribute to unravelling the function and evolution of sleep. 

Long duration studies in freely moving animals can still be constrained by battery 
life and memory capacity of the dataloggers, especially in smaller species where min-
imizing size and weight of the loggers is an important issue. One possible solution 
for this limitation is programmable dataloggers that allow for intermittent record-
ings over longer periods of time as opposed to continuous recordings of a shorter 
duration. However, in the field of sleep research continuous recordings are a gold 
standard that few deviates from. An important question therefore is how reliable 
intermittent recordings can reflect the true sleep-wake patterns of animals as estab-
lished by continuous recordings. 

To address these questions, we re-analysed an earlier dataset on sleep-wake patterns 
in barnacle geese (Branta leucopsis) that was based on continuous EEG recordings 
during winter and summer under semi-natural conditions (van Hasselt et al., 2020c). We 
now compared the original continuous recordings with different intermittent re-
cording schedules simulated from the same data set. 
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Methods

Animals and housing

Thirteen barnacle geese (Branta leucopsis) (8 males and 5 females) were used in this 
study. The birds were kept all the time on a fenced meadow (68 m × 60 m) with a 
pond (25 m × 15 m) at the facilities of our institute in Groningen when they were not 
used for the experiment. The geese were fully habituated to the presence of humans. 
Flight feathers were clipped to prevent them from flying away. One week prior the 
start of sleep recordings, the animals were transferred in groups of 5 to two sepa-
rate outdoor aviaries (5 m × 4 m). In these aviaries the geese remained exposed to 
outdoor light, ambient temperatures and weather conditions. Water and food were 
present ad libitum (food item numbers 615220 and 384020; Kasper Faunafood, 
Woerden, The Netherlands). All procedures 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).

Surgery

The surgical procedures for implantation of EEG and EMG electrodes were done 
as described earlier (van Hasselt et al., 2020c). Prior to the surgery, the animals received 
meloxicam as an analgesic (0.5 mg/kg, 0.17 ml subcutaneously) and diazepam to re-
duce stress (2 mg/kg; 0.68 ml subcutaneously). The surgeries were performed under 
isoflurane anaesthesia (1.5 – 2%). Five holes were drilled (0.5 mm in diameter) after 
carefully exposing the crania and the EEG electrodes were inserted to the level of the 
dura mater. We inserted two frontal electrodes, one per hemisphere covering the 
hyperpallium (4 mm lateral of the midline). Three more electrodes were inserted 83 
mm caudally from the frontal electrodes: an EEG reference electrode (4 mm left lat-
eral of the midline), an electromyogram (EMG) reference electrode (on the midline) 
and a ground electrode (4 mm right lateral of the midline). The electrodes consist-
ed of gold-plated, round-tipped pins (0.5 mm diameter, BKL Electronic 10120538, 
Lüdenscheid, Germany). For measuring EMG, two flexible wires were inserted sub-
cutaneously on the neck muscle (PlasticsOne, Ranoke, VA, USA). All electrodes were 
soldered to a connector (BKL Electronic 10120302, Lüdenscheid, Germany) that was 
fixed to the skull using Paladur dental cement (Heraeus Kulzer, Hanau, Germany). 
A 0.6 mm screw was drilled into the skull to serve as an anchor point for the dental 
cement-covered implant. The animals could recover for at least two weeks after the 
surgery before moving them to the recording aviaries. 
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Sleep recordings

All animals were equipped with a small datalogger (Neurologger 2A; Evolocus, Tar-
rytown, NY, USA) that recorded and stored the EEG and EMG signals, as well as 
head movements by an on-board accelerometer (LIS302DLH; STMicro-electronics 
Geneva, Switzerland). The data were recorded with a sample frequency of 100 Hz 
and stored on an on-board memory chip. The device could record continuously for 
approximately 15 days on a 3.6 V battery (LS 14250; Saft, Levallois-Perret, France).

Sleep-wake patterns in the geese were recorded for periods up to 15 days in win-
ter (February) and summer (June). During these recording periods, the birds were 
subjected to two different durations of sleep deprivations (4 and 8 hours starting at 
sunset), which we reported earlier (van Hasselt et al., 2020c). The analysis of the data in 
this paper excludes the sleep deprivation day and subsequent recovery day. All other 
days were considered as baseline days. In between the recording sessions in winter 
and summer, the geese were returned to the larger outdoor meadow. 

Data analyses

All recordings were scored with an automated scoring program using machine learn-
ing algorithms with input from a human scorer who was unaware of the animal’s 
identity and time of recording (Somnivore Pty. Ltd., Parkville, VIC, Australia; Allocca 

et al., 2019). The program used all available data channels (i.e., EEG, EMG, acceler-
ometer) to determine the vigilance state on a 4-sec epoch basis. The recordings were 
scored for wakefulness (W), rapid-eye-movement (REM) sleep, and non-rapid-eye-
movement (NREM) sleep. An epoch was scored as wakefulness when the EEG signal 
showed low-amplitude and high frequency activity together with high EMG and ac-
celerometer activity. REM sleep was scored when the EEG signal was similar to that 
of wakefulness but EMG activity was low, and the accelerometer showed either no 
head movements or signs of head drops. An epoch was scored as NREM sleep when 
the EEG amplitude was at least twice that of wakefulness, the EMG signal was low, 
and the accelerometer showed no activity. The automated scoring program has been 
validated with various species and for pigeons yielded an accuracy for wake of 0.96 
± 0.006; NREM 0.97 ± 0.01; REM 0.86 ± 0.02 as compared with a human scorer 
(Allocca et al., 2019). We have also done an additional validation in our geese based on 
4 of the 24-h winter recordings, which yielded correlations between program and 
human scorer of 0.98 ± 0.01 for Wake, 0.97 ± 0.01 for NREM sleep and 0.84 ± 0.04 
for REM sleep (van Hasselt et al., 2020c). 
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To assess how well sleep-wake patterns based on intermittent recordings correlate 
with the patterns based on continuous recordings, we created twelve datasets with 
different intermittent recording schemes, all derived from the original continuous 
dataset. Specifically, we selected epochs to simulate EEG that was recorded for one 
minute every 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 or 60 minutes. 

For each of these data sets we then estimated hourly values of wakefulness, NREM 
sleep and REM sleep, based on the percentages of these different vigilance states 
during the intermittent recording episodes in those hours. These estimated hourly 
values of wakefulness, NREM sleep and REM sleep of the simulated intermittent re-
cording data sets were then correlated with the true hourly values of these vigilance 
states during the original continuous recordings. Furthermore, we analysed the first 
day of the winter and summer recordings to assess differences in the 24 h patterns of 
sleep and wakefulness based on the continuous and intermittent recordings.

Statistics

To assess differences in sleep patterns based on continuous and intermittent record-
ings, data were analysed in R according to a linear mixed effect model by taking 
animal ID as a random effect using the lme4 package (R Development Core Team 3.0.1., 

2013; Bates et al., 2015). The correlations between the hourly percentages of each vigi-
lance state in the original recording and the simulated intermittent recordings were 
calculated using the Pearson’s correlation coefficients. From the lme4 package the 
BootMer function was used for bootstrapping to make model predictions by running 
10000 simulations to acquire more reliable prediction estimates with 95% confi-
dence intervals (CI) (Buckland, Davison and Hinkley, 1998; Morris, 2002). Statistical differ-
ences between groups were tested with a posthoc Tukey HSD test using the lsmeans 
package (Lenth, 2016). Data and text in figures are expressed as mean ± SEM.
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Figure 1. Averaged patterns of Wake, NREM sleep and REM sleep for the first 24-h day of the recordings 
in winter (panel A) and summer (panel B), plotted for the complete data set (red) and the intermittent 
dataset (blue). In winter there are significant differences between the datasets from an intermittent re-
cording of 1 minute per 50 minutes. In summer, statistical differences are present from an intermittent 
dataset of 1 minute per 40 minutes (significant differences are indicated by dots above the line graphs, p 
< 0.05, posthoc test after linear mixed model). Data are presented as mean ± SEM. Panel inlay denotes 
intermittent recording rate: 1/40: 1 minute per 40 minutes; 1/45: 1 minute per 45 minutes; 1/50: 1 minute 
per 50 minutes; 1:55: 1 minute per 55 minutes; 1/60: 1 minute per 60 minutes.

Results

Figure 1 shows that patterns of Wake, NREM sleep and REM sleep during the first 
day of the winter and summer recordings for the complete dataset as well as the 
twelve simulated intermittent datasets. The 24 h sleep-wake patterns based on the 
complete and intermittent datasets were not significantly different from each other 
until the simulated intermittent recordings were similar to or less than one minute 
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every 50 minutes in winter and one minute every 40 minutes in summer (with the 
exception for one minute per 55 minutes in summer). Interestingly, these differenc-
es were only found for Wake and NREM sleep, not for REM sleep (Figure 1). 

When the hourly values of the continuous recordings for each individual were cor-
related with the hourly values of the simulated intermittent recordings, the Pearson 
correlation coefficients gradually decreased when the interval between the inter-
mittent recording episodes increased. In other words, correlations were generally 
strongest for the simulated intermittent schemes of 1 min recording per 5 min and 
weakest for the intermittent schemes of 1 min recording per 60 min (an example of 
all correlations for one individual is shown in Figure 2).

For all individuals together, this gradual decrease in correlation coefficient was sig-
nificant for each of the three vigilance states (p < 0.001; linear mixed model; Figure 
3). Importantly, the correlation coefficient was significantly higher for winter com-
pared to summer for Wake and NREM sleep (p < 0.001; linear mixed model; Figure 
3).



How reliable are intermittent EEG recordings?

161

8

!"#$ !"$% !"$$ !"&%

!"'$ !"(% !"($ !"#%

!"%$ !"!% !"!$ !"'%

! "# #! $# %!! ! "# #! $# %!! ! "# #! $# %!! ! "# #! $# %!!

!

"#

#!

$#

%!!

!

"#

#!

$#

%!!

!

"#

#!

$#

%!!

)*+,-*.-/*0*12.3,-4525,-624,7-8.-38.5*.9894- :,38:7*.04-;<"=89:>

)*
+,

-*
.-

/*
0*

12
.3

,45
25

,-6
24

,7
8.

-*
.5

,:+
*5

5,
.5

:,3
8:

7*
.0

4
;<

"
=8

9:
>

&'()

'()

!"#"$%&&
!"#"$%&&
!"#"$%&'

!"#"$%&(
!"#"$%&)
!"#"$%&*

!"#"$%&'
!"#"$%&'
!"#"$%&+

!"#"$%&,
!"#"$%&
!"#"$%'&

!"#"$%&*
!"#"$%&+
!"#"$%-,

!"#"$%&*
!"#"$%&.
!"#"$%-,

!"#"$%--
! #"$%-'
!"#"$%'(

!"#"$%-+
!"#"$%-+
!"#"$%((

!"#"$%&(
!"#"$%&'
!"#"$%'&

!"#"$%-'
!"#"$%-(
!"#"$%('

!"#"$%',
!"#"$%'
!"#"$%+*

!"#"$%-*
!"#"$%-.
!"#"$%()

*+,-

!"#$ !"$% !"$$ !"&%

!"'$ !"(% !"($ !"#%

!"%$ !"!% !"!$ !"'%

! "# #! $# %!! ! "# #! $# %!! ! "# #! $# %!! ! "# #! $# %!!

!

"#

#!

$#

%!!

!

"#

#!

$#

%!!

!

"#

#!

$#

%!!

)*+,-*.-/*0*12.3,-4525,-624,7-8.-38.5*.9894- :,38:7*.04-;<"=89:>

)*
+

,-
*.

-/
*0

*12
.3

,
45

25
,-

62
4,

7
8.

-*.
5,

:+
*55

,.
5
:,

38
:7

*.
04

;<
"=

89
:>

&'()

'()

!"#"$%&&
!"#"$%&&
!"#"$%&'

!"#"$%&(
!"#"$%&)
!"#"$%&*

!"#"$%&'
!"#"$%&'
!"#"$%&+

!"#"$%&,
!"#"$%&
!"#"$%'&

!"#"$%&*
!"#"$%&+
!"#"$%-,

!"#"$%&*
!"#"$%&.
!"#"$%-,

!"#"$%--
! #"$%-'
!"#"$%'(

!"#"$%-+
!"#"$%-+
!"#"$%((

!"#"$%&(
!"#"$%&'
!"#"$%'&

!"#"$%-'
!"#"$%-(
!"#"$%('

!"#"$%',
!"#"$%'
!"#"$%+*

!"#"$%-*
!"#"$%-.
!"#"$%()

*+,-

Figure 2. A representative example of calculated Pearson correlations coefficients (r) of the hourly 24-h 
baseline values for one individual in winter where the complete dataset is compared with the different 
intermittent recording datasets for Wake (blue), NREM sleep (red) and REM sleep (green). For all vigi-
lance states, the correlation coefficients decreases when the non-recording intervals become longer. The 
heading above each panel denotes the simulated intermittent recording schedule: 1/x: 1 minute per x min-
utes, with x ranging from 5 to 60 in 5 min steps. The dotted black line that represents x = y, i.e., a perfect 
correlation (r = 1) between the continuous and intermittent recordings.

Discussion

The results of this analysis suggest that intermittent EEG recordings can accurately 
estimate sleep-wake patterns in freely moving animals. When we compared the first 
24-h sleep-wake patterns based on continuous EEG recordings with the patterns de-
rived from simulated intermittent recordings, there were no significant differences 
until intermittent recordings of 1 min per 50 minutes in winter and 1 min per 40 min 
in summer. 
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Also, the hourly values of sleep and wakefulness based on continuous recordings 
correlated significantly with estimated hourly values based on intermittent record-
ings; yet, the correlation coefficient steadily decreased when the interval between 
recording episodes increased. Interestingly, this decrease in the strength of the cor-
relation in our geese depended on season and was stronger in summer than in winter 
but only for NREM sleep and wakefulness. In other words, the intermittent record-
ings better predicted true sleep-wake patterns in winter than in summer. A possible 
explanation for this might be that in winter the geese had a much more pronounced 
daily rhythm with most sleep occurring during the night-time and little day-time 
sleep (van Hasselt et al., 2020c). The large variation in hourly values of NREM sleep and 
wakefulness across the 24-h cycle in winter would produce stronger correlation co-
efficients as compared to the summer condition when sleep was more spread out 
over the 24-h day and hourly values of sleep and wakefulness varied less. This loss of 
day-night rhythmicity in sleep is a phenomenon that is observed in more migratory 
bird species that breed in summer under constant light conditions of the High Arctic 
(Stokkan, Mortensen and Schytte Blix, 1986; Steiger et al., 2013). 
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Figure 3. Averaged Pearson correlation coefficient per stage (Wake, NREM and REM) and season calcu-
lated over the multi-day recordings in winter (grey) and summer (yellow). There is a significant decrease 
in the correlation coefficient when the non-recording episodes become longer (p < 0.001, linear mixed 
model). Overall, for Wake and NREM sleep the correlation coefficient is stronger for winter than summer 
(p < 0.001, linear mixed model). The horizontal lines at the top of the panels denote significant differences 
between winter and summer (p < 0.05; linear mixed model). Data points are mean ± SEM, model predic-
tions are plotted with 95% confidence intervals.  
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An intriguing finding was that, in contrast to wakefulness and NREM sleep, the de-
crease in correlation strength for REM sleep was not dependent on season. More-
over, the estimated 24 h REM sleep pattern based on intermittent recordings did not 
significantly differ from the pattern based on continuous recordings, not even with 
the most restricted protocol of 1 min recording per hour. Since REM sleep loses cir-
cadian rhythmicity in parallel with NREM sleep in barnacle geese, one might expect 
to observe a similar season-dependent effect (van Hasselt et al., 2020c). A reason for this 
not to be the case may lay in the fact that the overall amount and the range of hourly 
values of REM sleep was much smaller than for NREM sleep and waking.

In conclusion, the results of this analysis suggest that intermittent EEG recordings 
can be a reliable approach for assessing sleep-wake patterns under conditions that 
preclude continuous recordings, for example, in case of long-duration recordings 
with dataloggers limited by battery life or data storage capacity. Seasonality and oth-
er environmental factors may influence the reliability of intermittent EEG record-
ings and an optimal species-specific recording schedule should be determined.
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Abstract

Sleep is a process that is thought to serve important restorative functions where a 
minimum amount of sleep is required. Yet, studies in birds have shown that there 
are phases of the year where sleep time can be greatly reduced. For instance, during 
the breeding season and long-distance flights. In the present pilot study, we ex-
plored whether a population of wild migratory barnacle geese (Branta leucopsis) 
that breeds in the Russian Arctic and overwinters along the Dutch coast might be 
suitable for future sleep studies. At the Russian study site in Tobseda, Nenets Auton-
omous Okrug, near the Barents Sea, geese can be captured after the breeding season 
when they are moulting and flightless. Fifteen geese were equipped with a harness 
containing GPS/GSM transmitters for wireless location determination. From these 
GPS transmitters, 4 out of 15 emitted a signal, one of which ultimately reached the 
wintering grounds in the Netherlands after a journey of 91 days and 3263 km. The 
data retrieved from these 4 loggers showed consistent routes, of which two went 
across Finland and the other in Estonia. We suspect that the other loggers may have 
failed because of problems with the solar-powered batteries, perhaps due to feathers 
covering the solar panel. Based on the experience gained with this pilot study, we 
propose that the Tobseda site is a suitable location for starting future experiments 
on sleep during breeding and migration in wild geese. Preparing to go wild: trackig mi-
gration pattens in barnacle geese

9
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Tracking migration patterns in barnacle geese

Introduction

Most of what we currently know about sleep regulation and function is derived from 
studies in a limited number of mammalian species. Sleep is considered to be ho-
meostatically regulated which implies that a certain amount of sleep is needed af-
ter the preceding waking phase (Tobler and Borbély, 1986; Deboer, 2013). During the past 
few years, more sleep research is done in non-model organisms in a more natural 
setting, and this may yield valuable new insights that could contribute to a better 
understanding of the function and evolution of sleep (Rattenborg et al., 2017). Particu-
larly, studies in birds under (semi-)natural conditions, including our own studies in 
barnacle geese, have shown large phenotypical variation in sleep and strong effects 
of environmental conditions. We observed that geese slept 2 h less in summer com-
pared to winter and in summer, sleep was more spread-out over the 24-h cycle as 
compared to a clear circadian sleep-wake distribution in winter (van Hasselt et al., 2020c). 
Moreover, the geese in summer displayed a recovery response to sleep deprivation 
but this was completely absent in winter.

These studies on sleep patterns and homeostatic regulation of sleep in geese under 
semi-natural conditions do not only provide important insights by themselves, they 
may also serve as a basis for future sleep studies in wild populations. The barnacle 
goose may be an ideal species for such studies because these animals undergo certain 
periods of the year where time for sleep appears to be restricted. First, during the re-
productive phase in Arctic Russia the birds are exposed to a 24-h light condition and 
continuous alertness may be required to guard their nest and young from potential 
dangers. Second, during the migratory phases in spring and autumn the birds fly on 
average 2964 km between Russia and the Netherlands (de Boer et al., 2014). Additional-
ly, barnacle geese are relatively large animals that are able to carry the necessary log-
gers for recording of sleep-wake patterns, as well as GPS transmitters to determine 
their location during migration (Lameris et al., 2017). 

In order to prepare for this future endeavour, we executed an explorative expedition 
to Tobseda, Nenets Autonomous Oblast, in the North of Russia, where a large colony 
of barnacle geese breeds. This study site is an abandoned village that has been used 
in the past for research on barnacle geese (van der Jeugd et al., 2003; Eichhorn, et al., 2009). 
The current field trips were undertaken to determine if this study site is suitable for 
sleep studies as well, i.e., for catching the geese, doing surgery, and safely return the 
birds to the wild. Moreover, we aimed to confirm the migration routes with new GPS 
transmitters to track their location.     
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Methods

For this study we used 15 wild-caught barnacle geese (8 males and 7 females). The 
animals were caught after their breeding season during moult in Tobseda, Nenets 
Autonomous Oblast, Russia (Figure 1). The geese were given a 16 g harness contain-
ing a 24 g GPS transmitter (Milsar Technologies S.R.L.; Feleacu, Romania). It was 
previously shown that the harness we used does not influence the timing of migra-
tion and reproductive success of barnacle geese (Lameris et al., 2018). The GPS transmit-
ter was positioned on the dorsal side of the animal between the wings (Lameris et al., 

2017). It contained a small solar panel to power the device. The GPS transmitter was 
programmed to record its position every 15 minutes, transmitting this data every 8 h 
to a GSM satellite to make the data accessible from anywhere on the globe with inter-
net connection. Since our field site had no GSM coverage, we programmed the GPS 
transmitter to only send signals when the birds were outside of a pre-programmed 
geographical zone to save battery power. This geographical zone was set as the area 
north and east of the city Archangelsk (64.566438, 40.650125).
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Kolokolkova Bay

Chaichi Islands

TobsedaBarents Sea

N

10 km

Figure 1. Study site in Tobseda. We stayed in an old weather station building that was situated in an 
abandoned fishing village of Tobseda (red dots). We caught barnacle geese for implantation twice on the 
Chaichi islands in summer 2018 (purple and green dot). We kept the geese in a small goose pen with food 
and water ad libitum and we equipped them with a harness containing a GPS logger in a small house next 
to goose pen (grey and blue dot, respectively).
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Results

The local goose population had drastically decreased in 2018 compared to the last 
expedition in 2015, yet, we were able to catch sufficient geese at several locations 
(Figure 1). After deploying all the GPS transmitters on the geese, 4 out of 15 GPS 
transmitters sent its location successfully to the GSM satellite for data retrieval 
that covered the fall migration (Figure 2). We could observe a clear route during 
the autumn migration, where two geese flew over Finland and two over the Baltic 
states. From these 4 geese that sent its location, one made it through to the wintering 
grounds in the Netherlands after a journey of 91 days and 3260 km. 

1000 km

N

50°N

55°N

60°N

65°N

70°N

75°N

0° 20°E
Longitude

La
tit

ud
e



171

9

Tracking migration patterns in barnacle geese

Figure 2. Migratory routes of 4 barnacle geese. Two barnacle geese migrated through Finland (red and 
purple) while the other two migrated via Estonia (green and blue). One of the GPS devices continued to 
send signals until the animal reached the wintering destination in The Netherlands (red). 

Discussion

One explanation for the decrease in geese numbers in 2018 compared to 2015 might 
be that the birds were in general breeding further to the North due to climate change 
(Tombre et al., 2019). Another explanation might be that the geese avoid Tobseda due to 
a recent increase in hunting activities in that area, although the latter has not been 
formally established (Lameris, 2020). Despite this reduction in the number of geese 
in Tobseda, we managed to catch sufficient animals, most of them on the ‘Chaichi’ 
(Russian for gull) islands. On these islands there are limited food-sources available 
which led to a lower overall body condition of the birds. 

The migratory routes of the four geese that transmitted GPS signals were largely 
similar, yet two of them flew over the Baltic states while the other two flew over 
Finland. These migratory tracks are similar to earlier reported goose flights from the 
same field station (Eichhorn et al., 2006).

The other 11 GPS transmitters did not send any data. We cannot exclude that these 
geese died before migration due to hunting, predation or age. However, it is more 
likely that the GPS devices did not send any data, perhaps as a consequence of a pow-
er failure. It might be, for example, that the solar panel was not sufficiently exposed. 
Alternatively, the devices may have suffered some other kind of technical malfunc-
tion that prevented it from sending the data. This idea is supported by one goose we 
caught that carried an identical GPS transmitter from another experiment. While 
the GPS transmitter was located on the correct dorsal position with a clearly exposed 
solar panel, we were unable to connect to the GPS device to retrieve the data. Further 
inspection of identical GPS transmitters that were used in another study showed 
that some devices had sudden steep drops in battery levels, indicating that the main 
problem was battery issues. Together, despite the setbacks of this experiment, this 
fieldwork in Tobseda provided us with useful insights and experience for conducting 
future studies on sleep in the high Arctic.

One of the large benefits of using GPS transmitters over GPS loggers is the possibility 
to access data on an online server at any time without the need of re-capturing the 
animals. For measuring EEG during migration, a similar situation would be ideal 
when also EEG data could be transmitted to a GPS satellite. EEG data would be larg-
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er in size compared to GPS data, however, with the recently developed 5g network 
this would not be an issue since a 5g network can transmit 0.12 Gb per second which 
could send an 8Gb file in just over one minute. Although the energy consumption of 
a 5g network is higher than the current 4g standard, new antennas are currently in 
development to significantly reduce this. Combining these new techniques, re-cap-
turing of the animals becomes redundant. Also, the option becomes available to tag 
the animals on their wintering grounds in the Netherlands using cannon nets where 
resources are more easily available instead of the high Arctic. 

Up until now, it still remains unknown whether migratory barnacle geese sleep 
during migration. Sleep has been recorded in a non-migratory species who engages 
in 6-day foraging flights (Rattenborg et al., 2016). These birds use soaring and gliding 
flight techniques on rising air currents which enables them to briefly sleep in short 
episodes (Rattenborg et al., 2016). The current hypothesis is that barnacle geese do not 
use soaring and gliding techniques in mid-air and instead need to flap their wings 
continuously where full attention might be needed, especially when flying in forma-
tion (Portugal et al., 2014; Rattenborg et al., 2016; Rattenborg, 2017). This could mean that sleep 
time is limited during flight. Instead, the geese may use stopovers to get sleep. In 
other words, stopover sites can have an additional function of recovering from sleep 
deprivation in addition to fuelling body reserves by foraging. The execution of this 
research in the future would yield important new insights in our understanding of 
sleep, sleep regulation and the evolution of sleep. To be continued…  
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This dissertation contains a collection of studies assessing sleep patterns and sleep 
homeostasis in three different bird species under both controlled and semi-natural 
conditions. The knowledge gained from these studies provides new insights into not 
only the flexibility of sleep time but also the flexibility of sleep homeostasis. The con-
ceptualization of this dissertation started with the idea that some birds experience 
phases over the year where ecological demands require extended periods of wakeful-
ness (Lesku et al., 2012; Rattenborg et al., 2016). Yet, there remains a gap in our understand-
ing of how these birds can cope with the apparent sleep loss during such times and 
whether there is a need for any (partial) recovery. Even when birds are capable of 
temporal changes in physiology that enable them to suppress the need for sleep and 
cope with sleep loss, there might still be a need for recovery later on. An alternative 
explanation might be that birds that go without sleep ultimately pay a price for that 
in terms of lower survival in the long run. 

To understand the basic mechanism of sleep and sleep homeostasis, we started with 
determining the presence and magnitude of sleep homeostatic response to sleep 
deprivation under controlled laboratory conditions in jackdaws (Coloeus monedula) 
and starlings (Sturnus vulgaris). Sleep under a controlled laboratory setting might 
be different compared to that in the wild. Therefore, to understand what environ-
mental factors can influence sleep, we measured sleep in starlings across the year 
in a seminatural enclosure. We found strong variation in NREM sleep time across 
seasons, as well as a strong sleep reducing effect of moonlight. These findings led us 
to the question of whether sleep homeostasis undergoes similar flexibility across the 
seasons. For that we measured sleep in the migratory barnacle goose (Branta leuco-
psis) in captivity, housed under seminatural conditions where we deprived them of 
sleep in winter and summer. 

Sleep architecture

In all three bird species that we studied, sleep consisted of NREM and REM sleep 
that appears similar to mammalian sleep (Gassel, Marchifava and Pompeiano, 1965; Borbély 

and Neuhaus, 1979; Tobler and Borbély, 1986; Lyamin et al., 2008; Voirin et al., 2014) and earlier 
reported bird species (Szymczak, 1985; Szymczak, 1986b; Tobler and Borbély, 1988; Szymczak 
et al., 1996; Rattenborg, Lima and Amlaner, 1999; Martinez-Gonzalez, Lesku and Rattenborg, 2008; 

Lesku, Meyer, et al., 2011; Lesku and Rattenborg, 2014; Rattenborg et al., 2016; Tisdale et al., 2017). 
Yet, there is a large variation in the amount of sleep they had per light phase (Table 
1). Under controlled baseline conditions, NREM sleep slowly decreases overnight as 
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shown in chapter 2 and chapter 3. Yet, with light onset, the animals strictly shift 
to almost complete wakefulness, which might indicate a direct effect of light and/
or a strong circadian drive for wakefulness in the early morning. This tightly con-
trolled circadian regulation becomes less clear when the animals were group-housed 
in a semi-natural enclosure as has been described in chapter 4 and chapter 5. 
This can be explained by the fact that under seminatural conditions, the onset of the 
light phase occurs less abrupt due to the occurrence of twilight. Another explanation 
might be that the animals keep each other more awake to protect themselves from 
potential danger, threats or disturbances from conspecifics. 

NREM sleep homeostasis

Sleep homeostasis is a phenomenon that is reflected by a recovery rebound in both 
the quantity and quality of sleep following a period of sleep loss (see Figure 1A in 
chapter 1). We tested whether the three bird species have a sleep rebound follow-
ing sleep deprivation for 4 or 8 h during the dark phase/night time in chapter 2 
(jackdaws), chapter 3 (starlings) and chapter 5 (barnacle geese) (see Table 2 for 
an overview of the outcomes). A sleep homeostatic response can be reflected by the 
number of NREM sleep epochs and the intensity of NREM sleep. We reported a clear 
NREM sleep homeostatic response in the jackdaws that was stronger after 8 h of 
sleep deprivation than after 4 h of sleep deprivation, which was reflected in a larger 
increase in NREM sleep time and cumulative EEG power (chapter 2). Starlings 
showed a partial NREM sleep homeostasis in NREM sleep time and EEG power with 
largely similar responses after 4 and 8 h of sleep deprivation (chapter 3). Barna-
cle geese showed predominantly NREM sleep homeostasis in NREM sleep time and 
very limited in EEG power in summer where the maximum response is reached after 
4 hours of sleep deprivation (chapter 5). Interestingly, in geese, this compensatory 
NREM sleep response to sleep deprivation was completely absent in winter. 
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Table 2. The presence of a sleep homeostatic response in the 3 bird species for NREM and REM sleep. 
The symbols indicate a complete homeostatic response that is dependent on the duration of sleep depri-
vation (+), a partial homeostatic response that has yet to be confirmed if it is dependent on the duration of 
previous wakefulness (+/-), no evidence for a homeostatic response to sleep deprivation (-).

Species Season NREM sleep REM sleep

Coloeus monedula + +

Sturnus vulgaris +/- -

Branta leucopsis
Winter - +

Summer + +/-

 
In mammals, the homeostatic response to sleep deprivation is often mostly reflect-
ed by an increased NREM sleep EEG power in the slow-wave range or delta range 
(1 – 5 Hz) (Franken, Tobler and Borbély, 1991; Huber, Deboer and Tobler, 2000; Deboer, 2013). 
For all the bird species studied in this thesis, sleep deprivation induced an increase 
in NREM sleep EEG power in a broad frequency range from 1.5 to 25 Hz  (chapter 
2, chapter 3 and chapter 5). Interestingly, in both songbird species, there was an 
opposite response in sleep intensity between 0.4 – 1,5 Hz where NREM sleep EEG 
spectral power significantly decreased compared to baseline. This indicates that the 
gold standard of slow wave activity (SWA) in the delta range (1 – 4 Hz) as a response 
to sleep deprivation does not apply to birds. Therefore, these findings strongly cau-
tion against extrapolating mammalian-based sleep homeostatic definitions to differ-
ent taxonomic groups. 

REM sleep homeostasis

Among the three bird species that were investigated, there was much variation in 
the occurrence of REM sleep during baseline sleep with less than 1% per TST in 
starlings, 11.5% in barnacle geese and 19% in jackdaws where the two extremes are 
among the same order of songbirds (Table 1). Additionally, the occurrence of a ho-
meostatic REM sleep rebound was similarly variable (Table 2). Among these song-
bird species, jackdaws showed mammalian-like sleep homeostasis reflected by an 
increase in REM sleep time that was only observed after 8 hours of sleep deprivation 
but not after 4 hours of sleep deprivation (chapter 2). On the other hand, starlings 
show a complete lack of REM sleep homeostasis (chapter 3). Since jackdaws and 
starlings belong to the same order of songbirds, there must be a more complex expla-
nation than taxonomy alone for the differences in REM sleep. 
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Table 1. Overview of sleep characteristics for NREM and REM sleep as a proportion of TST, nighttime 
and daytime. Abbreviations: TST: total sleep time, REM: rapid-eye-movement, NREM: non-REM.

Nighttime (%)

Species Season NREM sleep SEM REM sleep SEM

Coloeus monedula 75.3 2.1 17.2 2.3

Sturnus vulgaris 82.8 1.7 1.3 0.4

Branta leucopsis
Winter 55.6 2.2 8.1 1.0

Summer 40.4 1.9 6.6 0.7

Daytime (%)

Species Season NREM sleep SEM REM sleep SEM

Coloeus monedula 4.3 1.0 0.1 0.0

Sturnus vulgaris 6.7 1.9 0.0 0.0

Branta leucopsis
Winter 16.8 1.0 1.6 0.5

Summer 29.1 1.8 3.3 0.4

Barnacle geese showed on average 11.5% REM sleep of TST which is close to the 
average of 8% of REM sleep per TST of all recently examined bird species (Roth et al., 

2006). Barnacle geese showed a REM sleep homeostasis response to sleep deprivation 
in both seasons except after 8 hours of sleep deprivation in winter (chapter 5). 

Taking the results from the three species together, it appears that the amount of 
baseline REM sleep to some degree predicts the magnitude of the response to sleep 
deprivation. The starling had very little REM sleep under baseline conditions and 
also did not show a REM sleep response to sleep deprivation. Instead, the jackdaws 
had the highest amount of REM sleep under baseline conditions and also had the 
strongest rebound after sleep deprivation. The geese were in the middle and showed 
a partial REM sleep rebound depending on season. The strong variation that we 
found among these species may be relevant information in our search for the func-
tions of REM sleep. 

Based on mammalian studies, REM sleep is linked to brain plasticity and regulation 
of neuronal connectivity, which is thought to be important for memory formation 
and consolidation (Diekelmann and Born, 2010). This leads to the assumption that REM 
sleep is important in the brain for information processing and storing in animals 
with high cognitive abilities. This might partly explain why we see more REM sleep 
in jackdaws (19% of TST) compared to starlings (< 1% of TST) because corvids have 
cognitive abilities comparable to that of certain primates (Olkowicz et al., 2016; Pika et al., 
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2020). However, this would imply that starlings are the least cognitively developed 
species among the ones we studied, because of the extremely low amount of REM 
sleep. The latter seems unlikely since starlings are capable of performing cognitive 
tasks (Farrell et al., 2012), have an extensive song learning repertoire (Eens, Pinxten and Ver-

heyen, 1992; Mountjoy and Lemon, 1995) and need sleep for memory consolidation (Brawn, 

Nusbaum and Margoliash, 2010). These findings suggest that cognitive capacity is unlikely 
the full explanation for variation in REM sleep between species.

The variability of REM sleep among species may partly be due to the fact that REM 
sleep is more difficult to detect in birds compared to mammals in their EEG because 
REM sleep episodes in birds are in general very brief, and REM sleep is not always 
accompanied by complete loss of EMG muscle tone, even when the head drops. Along 
this line, one may wonder whether REM sleep in birds is always expressed at the cor-
tical level as it is in mammals. However, this is unlikely the full explanation for the 
large REM sleep variation we see in our studies, given that our electrode placement 
and analysis were similar for all species. Also, an underestimation of REM sleep in 
starlings is not supported by the fact that we did not see clear REM sleep behaviours 
such as head droppings (unpublished observations). Perhaps further and more de-
tailed studies are needed here that include measurements of muscle tone, eye clo-
sure and iris diameter. Indeed, iris diameter in birds appears to be a good indicator 
for REM sleep estimation and could perhaps confirm or clarify differences in REM 
sleep among birds (Ungurean et al., 2020).   

Flexibility of sleep 

One of the most intriguing findings of this dissertation is the fact that sleep is strong-
ly modulated by environmental factors and shows much more flexibility than what 
has been previously thought based on controlled laboratory studies (Aulsebrook et al., 

2016; Rattenborg et al., 2017). One of those environmental processes that strongly modu-
lates sleep patterns and sleep duration is seasonality. In chapter 4 we showed that 
starlings have 5 h less NREM sleep in summer compared to winter, which seemed 
related to the much shorter night length in summer compared to winter. In fact, we 
provided evidence that starlings may live under a constant high sleep pressure in 
summer as indicated by a steeper slope in the decline of NREM sleep EEG power 
during the first three hours of the night and also by the fact that the birds displayed 
mid-day naps in summer. Similarly, although less pronounced, barnacle geese have 
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2 h less NREM sleep in summer compared to winter (chapter 5). This reduction of 
sleep time in summer was paralleled by a strongly attenuated daily rhythm in sleep 
and wakefulness. In summer, sleep was more spread out over the 24-h cycle. The 
decrease in circadian regulation in barnacle geese can be explained by the fact that 
during summer, wild migratory barnacle geese breed in the high Arctic under 24 h 
light conditions (Eichhorn, et al., 2009). The arrhythmic sleep-wake patterns would then 
facilitate feeding activity across the 24-h day. 

In our starlings under semi-natural conditions, we did not observe this suppression 
in daily rhythmicity during summer, even though starlings can migrate to similar 
Northern latitudes compared to geese. Starlings are an omnivorous species and may 
therefore retain their circadian organization in summer as has been reported for 
Arctic-breeding insectivorous bird species with a circadian activity that coincides 
with the activity peaks of insects (Silverin et al., 2009) compared to the arrhythmic her-
bivorous barnacle goose. Therefore, there is still a stronger circadian regulation in 
the starlings during summer, with most sleep during the shorter nights, which might 
explain why sleep time in summer is more strongly suppressed in the starlings than 
in the geese. 

Another factor that strongly influenced sleep under seminatural conditions in our 
studies was the phase of the moon. In both starlings and barnacle geese, NREM 
sleep was suppressed by 2 h during nights with full moon compared to nights with 
new moon (chapter 4, chapter 5 and chapter 6). The most obvious explanation 
for this finding is a direct sleep-suppressing effect of light reflected from the moon, 
particularly during the full moon phase. This idea of a sleep-suppressing effect of 
moonlight is supported by the further finding in geese that sleep could also be sup-
pressed by low-level artificial light at night (ALAN), particularly on overcast nights 
with an increase in ALAN levels due to its reflection from the clouds (chapter 6). 
With highest cloud cover level, observed light levels were similar to those measured 
during full moon at our study site. In fact, when ALAN reaches similar light levels to 
full moon, the reduction in NREM sleep time is also similar to the the reduction of 
NREM sleep time of nights with full moon (chapter 6). Therefore, light seems to be 
the most likely explanation as to why birds decrease NREM sleep time under the full 
moon. Barnacle geese might have adapted to promote wakefulness during moonlit 
nights because this is a relatively safe time for foraging since predators are easily 
detected (Tinkler, Montgomery and Elwood, 2009; Portugal et al., 2019). Nevertheless, while 
light is a likely explanation for the reduction in sleep time during full moon, other 
factors may play a role as well. During full moon, barnacle geese showed a strong 
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tendency for reduced daytime sleep as well, which is not easily explained by an effect 
of moonlight. It might be that birds can respond to changes they sense in the mag-
netic field since the full moon can cause fluctuations in Earths’ magnetic field by its 
gravitational pull (Chapman, 1913).

Measuring sleep in a more natural context yields surprising findings and shows an 
enormous magnitude of flexibility that is not observed in controlled laboratory con-
ditions. However, it may not always be possible or desirable to measure EEG in wild 
bird species because they are too small to carry the necessary equipment (see Figure 
2 chapter 1) or because it is difficult to re-capture them. Accelerometry-based activ-
ity measurements may then be the next-best alternative. In chapter 7 we tested in 
barnacle geese how reliable accelerometer-based activity is as a proxy for sleep-wake 
determination since we collected EEG and accelerometer data simultaneously. We 
found that accelerometer data serves as a good proxy for sleep, yet the data should 
be interpreted with caution. The correlation strength between activity and EEG var-
ies with season and daytime/nighttime. More importantly, the correlation between 
activity and REM sleep is substantially weaker compared to NREM sleep. This might 
be a species-specific feature where activity might correlate better in species with 
higher amounts of REM sleep.  

Prospects

The studies described in this thesis clearly demonstrates the importance of studying 
sleep in a more ecological context for understanding the true flexibility of sleep and 
its functions. One important step is to study more species to allow for detailed phy-
logenetic comparisons. Another exciting challenge will be to continue our studies on 
sleep in birds under truly wild conditions. Many important questions lie ahead, in-
cluding how geese organize their sleep during the arctic breeding season under con-
ditions of continuous day light, when they are constantly busy guarding their young. 

Another question is if or when geese sleep during their migrations. Do they stop-
over to sleep or are they capable of sleeping in mid-air, even though they mostly 
use a continuous wing-flapping technique and do not have long gliding flights like 
some other birds? This is important since the only bird species so far that has been 
reported to sleep during flight based on EEG recordings is the frigate bird, which 
only sleeps during soaring and gliding techniques (Rattenborg et al., 2016). In chapter 
9, we described our explorative expeditions to prepare for EEG studies in wild geese 
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in the future. These expeditions allowed us to build experience with fieldwork in wild 
geese, with the potential field sites and with the recording technologies that enable 
us to execute the EEG experiments in the future. During these expeditions, we col-
lected GPS data of 4 geese with high-resolution accelerometer data which provide 
us with clues on how active barnacle geese are during migration but also during 
their stop-over sites to see if there is time for rest and recovery. In addition, the 
recorded accelerometer data can give us some details in the animals’ motion during 
flight to see what flight techniques they use. For measuring sleep in the wild across 
different seasons, including the breeding phase and the migration phase, battery life 
and memory capacity are still limiting factors. We have now gathered information 
on how reliable intermittent EEG recording schedules are (chapter 8). During fu-
ture experiments on tracking sleep in migratory barnacle geese, we might be able to 
extend the total recording time by using these EEG recording schedules and at the 
same time obtain the same explanatory value as a continuous recording. Our analy-
sis showed that even with intermittent recordings up to 1 min per half hour, the data 
yields the same explanatory value as compared to a continuous recording. 

In conclusion, the results presented in this thesis show that birds are an interesting 
group for studying sleep, both under controlled and (semi)natural conditions. The 
variation and flexibility of sleep under seminatural conditions is much larger than 
expected based on laboratory studies, which cries for more research aimed to un-
derstand how birds can cope with the consequences of this enormous flexibility in 
sleep. One aspect of this is REM sleep. As clearly demonstrated in this thesis, there is 
a substantial amount of variation in REM sleep time in birds, even among the same 
order. More research is needed that is aimed at understanding the function of REM 
sleep in birds and whether this is similar to what we call REM sleep in mammals. 
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Slaap is een staat van rust en herstel en alle dieren die zijn bestudeerd laten een vorm 
van rust-activiteit patronen zien. Echter, het gros van wat bekend is over slaap en 
slaap-regulatie komt voort uit onderzoek dat is gedaan in nacht-actieve knaagdie-
ren zoals ratten en muizen. Studies in deze zoogdieren hebben aangetoond dat een 
minimale hoeveelheid slaap per nacht nodig is om goed te functioneren. Zodra deze 
hoeveelheid niet is gehaald wordt dit verlies gecompenseerd door meer en dieper te 
slapen in de daaropvolgende nacht. Recent onderzoek naar slaap in vogels laat zien 
dat deze regel voor de regulatie van slaap niet altijd van toepassing is. Met name als 
vogels lange vluchten moeten maken van meerde dagen of tijdens drukke periodes in 
het broedseizoen. Tijdens deze periodes waarbij het noodzakelijk is om dagen achter 
elkaar wakker en actief te zijn is er geen duidelijke herstelfase. Om de fundamenten 
van slaapregulatie in vogels beter te begrijpen hebben we in dit proefschrift drie vo-
gelsoorten onderworpen aan verschillende slaap experimenten in het lab, maar ook 
daarbuiten.

In hoofdstuk 2 en 3 hebben we slaap onthouden in kauwen en spreeuwen om de 
regulatie van slaap te bepalen. Hierbij hebben we de hersenactiviteit gemeten. Kau-
wen en spreeuwen behoren tot dezelfde orde van zangvogels maar laten een groot 
verschil in samenstelling van slaap zien. Slaap bestaat uit twee componenten die 
beiden een eigen functie wordt toegedicht: REM slaap en NREM slaap. De NREM 
slaap wordt gekarakteriseerd door een afwisselend verminderde en sterk gesynchro-
niseerde activiteit van de zenuwcellen in het brein. Tijdens de REM slaap daarente-
gen zijn de zenuwcellen in de hersenen juist erg actief, ook al is het organisme in rust 
en zich vrijwel onbewust van zijn omgeving. Van de totale hoeveelheid slaap die de 
vogels tijdens de nacht hebben, laten kauwen een behoorlijk aandeel van REM slaap 
zien terwijl bij de spreeuwen dit nagenoeg nihil is. Na slaapdeprivaties van 4 en 8 uur 
laten beide diersoorten een toename zien in de hoeveelheid NREM slaap. Kauwen 
hebben ook duidelijk een toename in REM slaap na slaapdeprivatie, dit in tegen-
stelling tot de spreeuwen. Deze experimenten zijn gedaan onder gestandaardiseerde 
laboratorium condities, wat betekent dat naast een licht-donker cyclus alle andere 
omgevingsfactoren zoals temperatuur niet veranderen. 

Om een beter beeld te krijgen hoe vogels slapen onder meer natuurlijke omstan-
digheden hebben we de spreeuwen en brandganzen tijdens verschillende seizoenen 
in buitenverblijven gehuisvest. Uit deze metingen blijken brandganzen in de zomer 
1.5 uur minder te slapen dan in de winter. Spreeuwen slapen zelfs 5 uur minder 
(hoofdstuk 4). Dit komt omdat de zomernachten een stuk korter zijn dan in de win-
ter. De reden waarom bij brandganzen dit verschil tussen de seizoenen kleiner is 
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komt hoogstwaarschijnlijk doordat de ganzen in de zomer geen 24-uurs ritmiek 
meer hebben en daardoor overdag net zoveel kunnen slapen als tijdens de nacht. 
De spreeuwen behouden hun 24-uurs ritmiek wel en ervaren daardoor tijdens die 
korte zomernachten dan ook een hogere slaapdruk. Deze data duidt erop dat onder 
natuurlijke omstandigheden de regulatie van slaap niet op elk moment van het jaar 
hetzelfde is. 

In hoofdstuk 5 hebben we de brandgans onderworpen aan slaapdeprivaties in 
de winter en de zomer om te testen of de regulatie van slaap verschilt tussen de 
seizoenen. Deze metingen laten zien dat brandganzen in de zomer het slaapverlies 
volledig compenseren door meer te gaan slapen. In de winter daarentegen is er geen 
enkele compensatie waargenomen. Dit betekent dat de regulatie van slaap in brand-
ganzen inderdaad seizoensafhankelijk is. 

Naast seizoenseffecten op slaap in spreeuwen en brandganzen heeft de maan ook in-
vloed op de hoeveelheid NREM slaap. Beide diersoorten slapen 1.5 – 2 uur minder ti-
jdens nachten met een volle maan vergeleken met nachten zonder maan (hoofdstuk 
4 en 5). Het is aannemelijk dat het maanlicht ervoor zorgt dat de dieren wakkerder 
zijn. Dit kan als voordeel hebben om ’s nachts te kunnen foerageren en tegelijkertijd 
potentiele predatoren zien. Vogels blijken dit niet alleen te doen tijdens nachten met 
een volle maan, maar ook tijdens bewolkte nachten (hoofdstuk 6). Dit komt door-
dat in stedelijke gebieden het kunstlicht wordt weerkaatst door het wolkendek en zo 
weer terug op de aarde komt. De hoeveelheid kunstlicht rondom onze onderzoeks-
faciliteit bleek even sterk te zijn als tijdens wolkeloze nachten met een volle maan.  

Slaapstudies onder natuurlijke omstandigheden blijkt waardevol te zijn in het verkri-
jgen van nieuwe inzichten over de regulatie van slaap. Het is niet altijd even makkeli-
jk om slaap in het wild te meten. Dit hangt af van de grootte van het diersoort en zijn 
habitat. Een alternatief hiervoor zou het meten van activiteit zijn. Om dit te testen, 
hebben we gekeken hoe betrouwbaar activiteit metingen zijn voor het bepalen van 
slaap in brandganzen (hoofdstuk 7). De activiteit metingen kan in hoge mate slaap 
en waken voorspellen. Om de gedetailleerde aspecten van slaap te kunnen bepalen, 
zoals het onderscheid tussen NREM en REM slaap neemt de onzekerheid sterk toe. 
Naast activiteit metingen kan het ook handig zijn om interval metingen te doen in 
plaats van continue slaap metingen. Dit kan de batterijduur behoorlijk verlengen en 
tegelijkertijd loopt de geheugenopslag ook minder snel vol. Om dit te testen hebben 
we de brandgans dataset gemanipuleerd en verschillende opname schema’s gemaakt 
dat oploopt van 1 minuut per 5 minuten tot 1 minuut per 60 minuten (hoofdstuk 8). 
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Met het toenemen van het opname interval neemt de betrouwbaarheid af vergeleken 
met de continue dataset. Tot en met een interval van 1 minuut per 40 minuten kan 
een hoge nauwkeurigheid behaald worden als naar uurgemiddelden gekeken wordt. 
Dit kan een uitkomst bieden om in de toekomst lange metingen in het veld te kunnen 
uitvoeren. 

De bovenstaande analyses kunnen met name gebruikt worden om te bestuderen 
hoe brandganzen slapen tijdens de tweejaarlijkse migraties tussen Nederland en 
Rusland. Met behulp van deze data kunnen we erachter komen of brandganzen ti-
jdens de vluchten met één hersenhelft kan slapen terwijl de andere wakker is, of 
in het geval dat ze helemaal niet slapen of dit slaapverlies ingheaald moet worden. 
Om deze vragen te kunnen beantwoorden moeten brandganzen gevangen worden 
in het Arctische broedgebied en uitgerust worden met EEG loggers en GPS zenders. 
In 2018 zijn we naar een veldstation in Tobseda in Rusland geweest om te verken-
nen of dit een goede studielocatie is voor toekomstige slaapstudies in brandganzen 
(hoofdstuk 9). Op deze locatie zijn de aantallen ganzen flink afgenomen maar dat 
weerhoudt ons niet om te zoeken naar alternatieve plekken om deze studie voort te 
zetten. Wordt vervolgd…

Conclusie

De studies beschreven in deze thesis waarbij slaap is gemeten in vogels en rekening 
werd gehouden met de ecologie van slaap leverden belangrijke nieuwe inzichten op 
over de regulatie van slaap. Vogels laten een (seizoensafhankelijke) homeostatische 
regulatie van NREM slaap zien. De bevindingen over de regulatie van REM slaap is 
in tegenstelling tot NREM slaap niet eenduidig en voedt hierdoor de discussie over 
de functie van REM slaap. Met behulp van kleine dataloggers kunnen we de ecologie 
van slaap bestuderen. Slaap onder seminatuurlijke omstandigheden laat een enorme 
hoeveelheid aan flexibiliteit in slaap zien dat onopgemerkt zou zijn gebleven bij stud-
ies onder traditionele lab condities. 



Nederlandse samenvatting

213

 





APPENDIX III
English summary

English summary



216

APPENDIX III

Sleep is a state of rest and recovery and all animals that have been studied show 
some form of rest-activity patterns. However, most of what is known about sleep and 
sleep regulation are derived from research done in nocturnal rodents such as rats 
and mice. Studies in these mammals have shown that a minimum amount of sleep 
is needed for optimal function. When this minimum amount of sleep is not reached, 
sleep is recovered by sleeping more and/or deeper. Recent research on sleep in birds 
shows that this rule of sleep regulation does not always apply. These birds disregard 
this rule when they need to be active for several days in a row, for instance during 
migration or busy breeding seasons. When these busy periods of activity end, there 
is not a clear recovery phase. To better understand the fundamentals of sleep regula-
tion in birds, we present a series of unique studies in this thesis where we have sub-
jected three bird species to different sleep experiments in the lab, but also beyond.

In Chapters 2 and 3, we deprived sleep in jackdaws and starlings to determine the 
homeostatic regulation of sleep by measuring brain activity. Jackdaws and starlings 
belong to the same order of songbirds but show large variations in the composition 
of sleep. Sleep consists of two components, each of which has its own function: REM 
sleep and NREM sleep. NREM sleep is characterized by an alternation between re-
duced and highly synchronized activity of the nerve cells in the brain. During REM 
sleep, on the other hand, the nerve cells in the brain are very active, even though the 
organism is at rest and almost unconscious of its environment. Of the total amount 
of sleep that the birds have during the night, jackdaws show a considerable portion 
of REM sleep. Starlings, on the other hand, show almost no REM sleep at all. After 
4 and 8 hours of sleep deprivation, both birds showed an increase in the amount 
of NREM sleep. Jackdaws also clearly showed a response in REM sleep after sleep 
deprivation compared to no REM sleep response in the starlings. These experiments 
were done under standardized laboratory conditions, which means that besides a 
light-dark cycle, all other environmental factors such as temperature are kept con-
stant.

To better understand the regulation of sleep under natural conditions, we housed 
starlings and barnacle geese in outdoor enclosures across different seasons. These 
measurements show that barnacle geese sleep 1.5 hours less in the summer than in 
the winter. Also, starlings show a difference in the amount of sleep across the sea-
sons with 5 hours less sleep in summer compared to winter (chapter 4). This diffe-
rence in the amount of sleep across the seasons can be explained by the differences 
in daylength between winter and summer. Barnacle geese show less variation across 
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the seasons and this is probably because barnacle geese lost their daily rhythm in 
sleep and therefore they can sleep as much during the day as they do during the 
night. The starlings, on the other hand, retain their 24-hour rhythm and sleep much 
less during the day. During the summer nights, starlings experience more sleep pres-
sure compared to the winter nights. These data indicate that the regulation of sleep 
changes across the year under natural conditions

In chapter 5, subjected the barnacle geese to sleep deprivations in the winter and the 
summer to test seasonal changes in sleep regulation. The outcome of this experiment 
is that barnacle geese show a clear regulation of sleep in summer. In winter, on the 
other hand, no sign of a sleep compensatory response has been observed. This me-
ans that the regulation of sleep in barnacle geese is season-dependent.

Other environmental factors, such as the moon, have a clear effect on sleep in star-
lings and barnacle geese. Both species sleep 1.5 – 2 hours less during nights with full 
moon compared to no moon nights (chapter 4 and 5). It is most likely that the light 
reflected from the moon’s surface cause the suppressing of sleep. This extra light at 
night might be useful for the birds to safely forage during the night where they can 
see potential threats and predators. Birds also do this during cloudy nights, indepen-
dent of full moon (chapter 6). This is because cloud cover reflects artificial light at 
night back to the surface of the earth. The intensity of artificial light at night around 
our research facility reaches similar levels as the full moon. 

Sleep studies under natural conditions prove to be valuable in gaining new insights 
into the regulation of sleep. It is not always easy to measure sleep in the wild. This 
depends on the size of the species of interest and its habitat. An alternative to measu-
ring sleep based on electrophysiology is to measure activity only. To test how reliable 
activity is in determining sleep, we correlated sleep to activity in our barnacle geese 
dataset (chapter 7). Activity measurements alone can largely predict sleep and wa-
kefulness. However, to determine the detailed components of sleep, such as NREM 
and REM sleep, the reliability of using activity as a proxy for sleep rapidly decreases. 
Besides measuring activity, it might be also beneficial to measure sleep based on 
electrophysiology intermittently. Measuring sleep intermittently significantly saves 
battery life and memory capacity. To test how reliable intermittent sleep recordings 
are, we manipulated the goose dataset and converted it into 12 datasets where we 
simulated a recording scheme of measuring sleep 1 minute every 5 minutes up to 1 
minute every 60 minutes in steps 0f 5 minutes (chapter 8). The reliability of inter-
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mittent recordings rapidly decreases when the recording interval increases. Howe-
ver, high hourly accuracy can be achieved up to a recording scheme of 1 minute per 
40 minutes. These intermittent sampling techniques can be very valuable for future 
sleep studies, particularly for sleep studies in the wild.

The outcomes of the analyses in the previous paragraph can be used to study how 
barnacle geese sleep during the biennial migrations between the Netherlands and 
Russia. Recording sleep during the migration can provide insights into whether 
geese are capable of sleeping during flight by sleeping with one hemisphere at the 
time, or in case they forgo sleep whether they need to recover from it. To answer 
these questions, barnacle geese have to be captured in the Arctic breeding area and 
equipped with EEG loggers and GPS transmitters. In 2018 we went to a field station 
in Tobseda, Russia to explore whether this is a good study location for future sleep 
studies with barnacle geese (chapter 9). The numbers of geese have decreased consi-
derably at this location, but that does not prevent us from looking for alternatives to 
pursue this study. To be continued…

Conclusion
The studies presented in this thesis revealed important new insights in the flexibility 
and regulation of sleep. Birds show (season-dependent) homeostatic regulation of 
NREM sleep. The findings on the regulation of REM sleep are inconclusive and fuel 
the discussion on the function and necessity of REM sleep in birds. By using small 
dataloggers, we have shown that it is possible and important to include the ecology 
in sleep studies. Sleep under semi-natural conditions shows a tremendous amount 
of flexibility that would have gone unnoticed in traditional laboratory conditions. 
Taken together, our research can be used as building blocks to further unravel the 
mysteries that lie behind the evolution of sleep.
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睡眠是一种休息和恢复的状态，所有被研究过的动物都表现出某种形

式的休息模式。然而，目前为止我们对睡眠和睡眠调节的绝大多数认

知都来自于对大鼠和小鼠等夜间啮齿动物的研究。对这些哺乳动物的

研究表明，这些哺乳动物都需要至少达到一定的睡眠时间才能维持最

佳身体功能。当这个最低睡眠量没有达到的时候，这些哺乳动物通过

更多和或更深的睡眠来恢复身体功能状态。然而，近期关于鸟类睡眠

的研究显示，鸟类睡眠调节机制并不总和哺乳动物中的睡眠弥补机制

一致。当鸟类需要维持连续几天活跃状态时，例如在迁徙过程中或者

在繁忙的繁殖季节中，这些鸟类会无视睡眠弥补机制。当这些繁忙的

活动期结束后，这些鸟类并没有明确的睡眠恢复阶段。为了更好地了

解鸟类睡眠调节的基本原理，我们在本论文中进行了一系列独特的研

究，我们使用了三种不同鸟类在实验室内以及实验室外进行了几种不

同的睡眠实验。

	 在第2和第3章中，我们分别在寒鸦和椋鸟中进行了睡眠剥夺实

验并且测量了它们的脑部活动以此来研究它们的睡眠平衡调节机制。

寒鸦和椋鸟是同属于一个鸣禽目的鸟，但它们的睡眠组成却有很大的

差异。睡眠由两部分组成，每部分都有自己的功能：快速眼动睡眠

（REM）和非快速眼动睡眠（NREM）。非快速眼动睡眠的特点是大

脑中神经细胞在低频和高度同步活动的不断交替。另一方面，在快速

眼动睡眠期间，即使机体处于休息状态并且几乎对外界环境毫无意

识，大脑中的神经细胞却非常活跃。相比于鸟类夜间的总睡眠量，寒

鸦显示了相当一部分的快速眼动睡眠。另一方面，椋鸟几乎完全没有

快速眼动睡眠。在对它们进行4和8小时的睡眠剥夺实验后，这两种鸟

类的非快速眼动睡眠量都有所增加。在睡眠剥夺实验后，寒鸦的快速

眼动睡眠量也清楚地显示出了变化，然而椋鸟的快速眼动睡眠量并没

有任何变化。这些实验是在标准化的实验室条件下进行的，这意味着

除了昼夜循环外，所有其他环境因素（如温度）都保持恒定。
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	 为了更好地了解睡眠在自然条件下的调节机制，我们将椋鸟和

藤壶鹅安置在户外的鸟圈中并且跨越不同的季节。这些实验测量结果

显示，藤壶鹅在夏天的睡眠时间比冬天的少1.5小时。此外，椋鸟在不

同季节的睡眠量也有所不同，与冬季相比，它们夏季睡眠时间要少	5	

小时（第	4章）。这种不同季节睡眠量的差异可以用冬季和夏季之间的

昼长差异来解释。藤壶鹅的睡眠量在不同季节的变化较小，这可能是

因为藤壶鹅失去了睡眠的昼夜规律，所以它们白天的睡眠量可以和夜

间的一样多。另一方面，椋鸟依然保持着	24	小时的节奏，所以它们白

天的睡眠时间要少得多。与冬夜相比，椋鸟在夏夜的睡眠压力更大。

这些数据表明，在自然条件下，睡眠调节机制全年都在发生变化。

	 在第5章中，我们对藤壶鹅在冬季和夏季分别进行了睡眠剥夺实

验以此来测试睡眠调节机制的季节性变化。这个实验的结果是，藤壶

鹅在夏季中表现出明显的睡眠稳态调节。在另一方面，在冬季，藤壶

鹅的睡眠中没有显示任何睡眠补偿机制的存在。这意味着藤壶鹅的睡

眠调节显然是受季节影响的。

	

	 其他环境因素，例如月亮，对椋鸟和藤壶鹅的睡眠有明显影

响。与没有月亮的夜晚相比，这两个物种在有满月的夜晚睡眠时间要

少	1.5	到	2	小时（第	4	章和第	5	章）。从月球表面反射的光很可能会抑

制睡眠。这种夜间额外的光线可能有助于鸟类在夜间安全觅食，帮助

它们看到潜在的威胁和捕食者。和满月无关的是，这些鸟类的睡眠时

间在多云的夜晚也同样有所降低（第	6	章）。这是因为云层在夜间将

人造光反射回地球表面。我们研究所设施周围夜间人造光的亮度与满

月的光强相似。					

	

	 自然条件下的睡眠研究被证明了它们对于获得有关睡眠调节机

制的新见解很有价值。然而在野外测量睡眠并不总是那么容易。这取



决于研究物种的大小及其栖息地。除了电生理学测量睡眠的方式以

为，测量睡眠的另一种方式是仅测量活动。为了测试活动在研究睡眠

方面的可靠性，我们用藤壶鹅的数据测试了睡眠和活动之间的关联（

第	7	章）。单独活动测量可以在很大程度上预测睡眠和觉醒状态。然

而，为了确定睡眠的详细组成部分，例如非快速眼动睡眠和快速眼动

睡眠，这种使用活动来测量睡眠的方式的可靠性迅速降低。除了测量

活动外，使用间歇性地电生理学测试方式来测量睡眠也可能是有益

的。间歇性地测量睡眠可显着节省电池寿命和内存容量。为了测试间

歇性睡眠记录的可靠性，我们操作了藤壶鹅的数据集并将其转换为	12	

个子数据集，我们根据模拟了一个记录方案，从每	5	分钟测量睡眠	1	

分钟到每	60	分钟	1	分钟的记录方案	（每次五分钟不同）（第	8	章）。

当记录间隔增加时，间歇性睡眠记录的可靠性迅速降低。然而，一直

到每	40	分钟	1	分钟的记录方案依然可以达到很高的每小时精准度。这

些间歇采样技术对于未来的睡眠研究非常有价值，特别是对于野外的

睡眠研究。															

	

	 之前段落中的分析成果可以被用于研究藤壶鹅在荷兰和俄罗斯

的年度迁移过程中的睡眠。记录迁徙过程中的睡眠可以用来了解藤

壶鹅是否能够在飞行过程中通过一个脑半球来睡觉。要回答这些问

题，我们在北极繁殖区捕获藤壶鹅，并配备EEG	记录器和	GPS	发射

器。2018年，我们前往了位于Tobseda（俄罗斯）的一个野外站，探讨

这里是否是一个好的研究基地进行未来的藤壶鹅睡眠研究（第9章）。

在这个地点的藤壶鹅的数量已经大大减少，但这并不影响我们寻找其

它地点来进行进一步的研究。未完待续…									

	

结论

	 本论文中展示的研究揭示了关于睡眠灵活性和调节的重要新见

解。鸟类表现出（取决于季节）非快速眼动睡眠的稳态调节机制。关



于快速眼动睡眠调节的研究结果尚无定论有待进一步研究，但推动了

对于鸟类	快速眼动睡眠功能和必要性的讨论。通过使用小型数据记录

器，我们已经证明将生态学纳入睡眠研究是可能且重要的。半自然条

件下的睡眠显示出极大的灵活性，这在传统的实验室条件下是不会被

注意到的。我们在本论文中提及的研究成果为接下来进一步解密不同

物种睡眠进化背后的奥秘进行了奠基。
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Na iets meer dan 4 jaar en 172 uur aan slaapdeprivaties later, sta ik hier nu met mijn 
dokters titel! Dit avontuur begon al tijdens mijn master waar ik als studentje slaap 
ging meten in spreeuwen. Ik ben trots dat mijn masteronderzoek ook onderdeel is 
van mijn proefschrift. Tijdens mijn promotietraject heb ik de meest fantastische 
vaardigheden geleerd en heb ik ervaren hoe veelzijdig de wetenschap is. Bijvoor-
beeld, het bedenken, ontwerpen en het uitvoeren van een experiment, de data plot-
ten in figuren en het schrijven en presenteren ervan vergt dan ook veel energie, cre-
ativiteit en aandacht. Daarnaast heb ik drie bijzondere expedities mogen maken naar 
het Arctisch gebied in Alaska en Rusland. Ik ben dan ook ontzettend trots op het 
eindresultaat. Het traject van beginnend PhD’er tot een zelfstandige wetenschapper 
gaat niet  vanzelf, en hiervoor wil ik een aantal mensen bedanken die me hierbij ge-
holpen hebben. 

De eerste persoon die ik wil bedanken is Peter Meerlo, mijn dagelijkse begeleider. 
Vanaf het eerste moment dat ik bij jou aanklopte voor een masterproject in 2014 
heb je mij razend enthousiast gemaakt over de ecologie van slaap en met name slaap 
in vogels. Je vertelde me dat er nog bijna niets bekend was over de fundamenten 
van slaapregulatie in vogels. Het voelde meteen als een missie voor mij om dit te 
gaan uitzoeken. Ik had net een minor ecologie achter de rug gehad en zag direct in 
dat slaap in het wild wel eens heel anders zou kunnen zijn dan in het lab. Gaande-
weg bleek dit ook te kloppen en je hebt mij tijdens het gehele traject geholpen met 
suggesties voor extra analyses en het bedenken van aanvullende experimenten. Ge-
lukkig wilde je met mij de gok wilde wagen om ons tweede spreeuwen artikel naar 
Current Biology te studeren, deze publicatie is een kers op de taart. Ook heb je mij 
geleerd hoe belangrijk het is om prioriteiten te stellen en dat het soms verstandiger 
is om experimenten te laten schieten en de tijd te gebruiken voor het volledig anal-
yseren van de data die we al hebben. Zo had je in mijn laatste jaar mij geadviseerd 
eerst de hoofdstukken in dit thesis af te maken in plaats van nieuwe experimenten 
te starten met Tupaia’s. Ik ben heel blij dat ik na mijn promotietraject nog 3 jaar bij 
jou aan de slag kan als postdoc. En ook daarna hoop ik nog veel samenwerkingen te 
kunnen doen in het fantastische veld van slaap onderzoek!

Niels Rattenborg, as co-promotor you have taught me a lot about sleep in birds. 
You taught me how to perform the surgeries in barnacle geese and jackdaws and how 
to perfrom a spectral analysis of EEG signals. Also, you have made every chapter of 
my thesis better with your useful comments and suggestions. 

Theunis Piersma, bedankt voor jouw input als promotor in dit project. Jouw sug-
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gesties om de ecologische aspecten in mijn proefschrift te benadrukken waardeerde 
ik enorm. Ook heb je mij gemotiveerd om een exploratieve expeditie te organiseren 
naar Alaska zodat ik me extra goed kon voorbereiden op de expedities die later in 
Rusland zouden plaatsvinden. Door deze trip naar Alaska kwam ik erachter dat je 
eigenlijk geen veldwerk kan doen zonder een goede verrekijker! 

Naast mijn officiële begeleiders wil ik ook Roelof Hut en Simon Verhulst be-
danken. Ik heb jullie ook als mijn begeleiders beschouwd. Roelof, jij bent altijd heel 
enthousiast geweest bij het zien van mijn data en jouw tips en adviezen over analyses 
en het uitvoeren van experimenten hebben mij zeer geholpen. Simon, ook jij was 
tijdens mijn master in 2014 ook één van mijn begeleiders. Ik heb ook jouw adviezen 
op statistisch vlak erg gewaardeerd. De korte momenten dat ik met jou het veldwerk 
heb gedaan met als doel de kauwen vangen heb ik heel leuk gevonden. Zeker dat ik 
daarna de kauwen voor een maand heb bijgevoerd. De discussies die ik met jullie 
beiden heb gevoerd heb ik als zeer aangenaam ervaren en hebben dit proefschrift 
een stuk beter gemaakt!

Alexei Vyssotski, thank you for your endless support on solving technical issues 
with the neurologgers. I also really appreaciated your quick responses by e-mail to 
all my questions. When you visited us in 2018, you offered me to use your spare log-
gers so I could measure EEG in the jackdaws much more efficiently. In the end, this 
meant that I only had to do 4 sleep deprivation sessions instead of 8. 

I would like to thank the assessment committee: John Lesku, Barbara Helm and 
Tom de Boer for reading and approving my thesis and the PhD examining commit-
tee for taking part of the graduation ceremony. 

Gert-Jan Mekenkamp, jij was mijn eerste masterstudent die ik begeleidde, en 
wat voor één! Het eerste wat je mij vertelde was dat de kauwen behoorden tot één 
van je favoriete vogel soorten, maar ik verwacht dat de (brand)ganzen nu ook in dat 
rijtje staan. Jij hebt mij geholpen met alle operaties in de brandganzen en de kauw-
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