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CHAPTER 2
Sleep architecture and sleep 
homeostasis in the European 
jackdaw (Coloeus monedula)

Sjoerd J. van Hasselt, Dolores Martinez-Gonzales, Gert-Jan Mekenkamp, Alexei L.  
Vyssotski, Simon Verhulst, Peter Meerlo, Niels C. Rattenborg
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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. 



24

CHAPTER 2

Accelerometer

Left EEG

Right EEG

Accelerometer

Left EEG

Right EEG

A

B

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. 

Wake NREM sleep REM sleep

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

0

5000

10000

15000

20000

Frequency (Hz)

Ab
so

lu
te

 E
EG

 p
ow

er
(μ

V2
/H

z)

15 mm

A B



26

CHAPTER 2

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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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). 



34

CHAPTER 2

0

5

10

15

20

25

Fr
eq

ue
nc

y 
ba

nd
s

A

0

5

10

15

20

25

1 5 9 13
Hour of the day

Fr
eq

ue
nc

y 
ba

nd
s

C

0

5

10

15

20

25
B

0

5

10

15

20

25

1 5 9 13
Hour of the day

D

-0.50

-0.25

0.00

0.25

0.50

Δ relative
spectral 
power

0.00

0.01

0.02

0.03

0.04

0.05

Positive
difference

0.00

0.01

0.02

0.03

0.04

0.05

Negative
difference

4SD

8SD

4SD

8SD

Relative to circadian time Statistical differences
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mixed model). 

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. 
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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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