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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). 



12

CHAPTER 1

 

Additional sleep 
pressure

Wake EEG

Wake EMG

NREM sleep EEG

NREM sleep EMG

REM sleep EEG

REM sleep EMG

A

B

Sleep depSleep Sleep

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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