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Avian non-REM sleep can occur

symmetrically, with both cerebral

hemispheres sleeping deeply, or

asymmetrically, with one sleeping lighter

than the other. van Hasselt et al. find that

during periods of increased sleep need,

birds sacrifice asymmetric sleep and the

potential vigilance it provides to recover

lost sleep through sleeping

symmetrically.
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Switzerland
4Experimental Psychology and Helmholtz Institute, Utrecht University, Yalelaan 2, 3584 CM Utrecht, the Netherlands
5These authors contributed equally
6These authors contributed equally
7Lead contact

*Correspondence: niels.rattenborg@bi.mpg.de (N.C.R.), p.meerlo@rug.nl (P.M.)

https://doi.org/10.1016/j.cub.2025.03.008
SUMMARY
Sleep is a dangerous part of an animal’s life.1–3 Nonetheless, following sleep loss, mammals and birds sleep
longer and deeper, as reflected by increased electroencephalogram (EEG) slow-wave activity (SWA;z1–5Hz
spectral power) during non-rapid eye movement (NREM) sleep.4,5 Stimulating a brain region during wakeful-
ness also causes that region to sleep deeper afterwards,6–9 indicating that NREM sleep is a local, homeostati-
cally regulated process.10,11 Birds and some marine mammals can keep one eye open during NREM
sleep,12,13 a behavior associated with lighter sleep or wakefulness in the hemisphere opposite the open
eye—states called asymmetric and unihemispheric NREM sleep, respectively.13–23 Closure of both eyes is
associated with symmetric NREM or REM sleep. Birds rely on asymmetric and unihemispheric sleep to
stay safe.17,24,25 However, as sleeping deeply with only one hemisphere at a time increases the time required
for both hemispheres to fulfill their need for NREM sleep, increased sleep pressure might cause birds to
engage in symmetric sleep at the expense of asymmetric sleep.26,27 Using high-density EEG recordings of
European jackdaws (Coloeus monedula), we investigated intra- and inter-hemispheric asymmetries during
normal sleep and following sleep deprivation (SD). The proportion of asymmetric sleep was lower early in
the sleep period and following SD—periods of increased sleep pressure. Our findings demonstrate a
trade-off between the benefits of sleep and vigilance and indicate that a bird’s utilization of asymmetric sleep
is constrained by temporal dynamics in their need for sleep.
RESULTS

We studied jackdaws (family Corvidae) because their large

corvid brain, relative to body mass, allowed for recording from

several regions simultaneously. Corvids are also of interest due

to their primate-like cognitive abilities28,29 and higher neuronal

densities in their pallial analogs of the mammalian cortex.30,31

We used awireless data logger to record from 28 equally spaced

epidural electroencephalogram (EEG) electrodes that spanned

the dorsal surface of the jackdaw brain (Figure 1A). The elec-

trodes were placed over the following brain regions (STAR

Methods): visual hyperpallium—a large structure involved in pro-

cessing visual information received from the lateral geniculate

nucleus,32 the hippocampal formation—involved in processing

spatial information,33 and the dorsal ventricular ridge (DVR)—a

large, multi-modal sensory and high-order association area

that includes a functional analog of the mammalian prefrontal

cortex.34 To detect head movements, the logger also recorded

tri-axial acceleration (Figure 1B). Recordings were made during
1918 Current Biology 35, 1918–1926, April 21, 2025 ª 2025 The Auth
This is an open access article under the CC BY license (http://cr
three consecutive days (12:12 LD), consisting of a baseline night

and day, followed by sleep deprivation (SD) during the first 4 or

8 h of the second night and recovery during the remainder of

that night, the following day, and a second recovery night

and day.

The spectral properties of the jackdaw’s EEG were largely

comparable to those reported in other birds.23,35–43 Non-rapid

eye movement (NREM) sleep was characterized by increased

slow-wave activity (SWA; peak 2–4 Hz) relative to wakefulness

and REM sleep (Figure 1C). Consistent with other EEG studies

of birds, and intra-cerebral and thalamic recordings in pigeons

(Columba livia),44 12–15 Hz mammalian thalamo-cortical spin-

dles were not observed in the power spectra or the raw record-

ings. However, unlike recordings in other bird species, a second

peak occurred around 7 Hz, resulting from a distinct oscillation

visible in the raw (e.g., Figure 1B, bottom plot) and filtered (Fig-

ure S1) EEG recordings. The two frequency peaks were evident

at most recording sites but were strongest in the visual hyperpal-

lium and DVR and lowest in the hippocampal formation of each
ors. Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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Figure 1. High-density EEG recordings in sleeping jackdaws

(A) Position of 28 epidural EEG electrodes on the skull (left) and over the brain (right). The 3D view of the brain was derived from a CT scan. The brain regions

covered by the electrode array include the visual hyperpallium (Hyper), the dorsal ventricular ridge (DVR), and the hippocampal formation (HF) of each hemi-

sphere. The dashed line represents the vallecula, a shallow suture demarcating the posterior-lateral boundary of the hyperpallium. A reference electrode (R, blue)

was placed medially near the anterior cerebellum (Cb). A ground electrode (G, green) was placed posteriorly on the left hemisphere. The numbers correspond to

the EEG channels in (B). (B) Three representative 30-s recordings of all 28 EEG channels and head acceleration (sway, surge, and heave) showing episodes of

wake (green), symmetric NREM sleep (dark blue), asymmetric NREM sleep (dark + light blue), and REM sleep (red) (see also Videos S1, S2, and S3). The

electrodes are arranged 1 (top)—28 (bottom) according to their position on the brain in (A). (C) Mean EEG power spectra for the three states (wake, NREM, and

REM sleep) during a 24-h baseline day plotted for all electrodes arranged according to their position on the brain. The gray shaded area around the curves

indicates SEM. Abbreviations: EEG, electroencephalogram; A, anterior; P, posterior; D, dorsal; V, ventral; Acc (acceleration).

See also Figures S1 and S2 and Videos S1, S2, and S3.
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hemisphere. Although proximity to the reference electrodemight

have contributed to this lower power, medial electrodes farther

from the reference had lower power than lateral electrodes

closer to the reference (e.g., 8 vs. 12 and 20 vs. 28). SWA was

greatest early in the night, whereas power around 7 Hz was

greatest early and late in the night (Figure S2). NREM sleep

occurred symmetrically, asymmetrically (Figure 1B), and unihe-

mispherically. On a compressed timescale, NREM sleep EEG

activity appeared synchronous within a hemisphere. However,

when visualized as a slowed-down video, waves of activity usu-

ally emerged asynchronously within a hemisphere and appeared
to travel across the surface of a hemisphere, or even between

hemispheres, in variable patterns (Videos S1, S2, and S344,45).

The baseline sleep patterns of jackdaws were similar to other

diurnal birds.46 The 24-h day consisted of 51.5%± 0.4%wakeful-

ness, 39.8% ± 1.1% NREM sleep, and 8.7% ± 1.1% REM sleep,

with sleep occurring mostly at night (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). REM sleep

made up 18.6% ± 2.4% of total night sleep time, 3.8% ± 0.7% of

total day sleep time, and 17.8% ± 2.3% of total sleep time of a

24-h day. Across nights, the percentage of time spent in NREM
Current Biology 35, 1918–1926, April 21, 2025 1919



Figure 2. Impact of SD on NREM and REM

sleep

The hourly percentages of NREM (top panels) and

REM (bottom panels) sleep during the baseline

day (green), the experimental day with SD and 1st

recovery (orange), and 2nd recovery day (purple).

The light:dark cycle is denoted by the yellow

and blue bars on top, respectively. The orange

hatched bars in the middle of the figure denote the

SD period (4 and 8 h). After both SDs, the amount

of NREM sleep increased during the remainder of

the night. NREM sleep time remain elevated into

the light phase only after 8-h SD. After 4-h SD

there was no change in REM sleep time, whereas

8-h SD yielded an increase in REM sleep time

during the light phase and 2nd recovery night. Data

are plotted as mean ± SEM.

See also Figures S3 and S4.
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and REM sleep decreased and increased, respectively (p < 0.001

for both NREM and REM sleep; lmer model; Figure 2). The mild

stimulation used to prevent sleep was highly effective in keeping

the birds awake during the 4- and 8-h SD. During the remainder

of the night following SD, there was an increase in NREM sleep

time that lasted 2 h after 4-h SD (p < 0.05; post hoc test after

lmer model) and 3 h after 8-h SD (p < 0.05; post hoc test after

lmermodel). In addition, after 8-h SD, but not 4-h SD, NREMsleep

increased during the subsequent light phase (p < 0.01; lmer

model). REM sleep was suppressed during SD and remained

reduced for 2 h after 4-h SD and 3 h after 8-h SD (p < 0.05; post

hoc test after lmer model). Subsequently, there was no sign of

REM sleep recovery after 4-h SD. In contrast, after 8-h SD, the

birds had 1.6 h more REM sleep during the following light phase

(p < 0.001; lmer model) and REM sleep remained elevated during

the first 6 h of the 2nd recovery night (p < 0.05; post hoc test after

lmer model). The increases in NREM and REM sleep time during

the recovery phase did not fully compensate for the sleep lost dur-

ing SD (Figure S3). Finally, 4- and 8-h SDcauseda similar increase

inNREMsleepboutduration fromapproximately 30 s on thebase-

line night to130 son the1st recoverynight (p=0.016andp=0.007,

for 4- and 8-hSD, respectively; post hoc test after lmermodel; Fig-

ure S4); bout duration decreased to baseline values on the 2nd re-

covery night (p = 0.012 and p = 0.001, for 4- and 8-h SD, respec-

tively; post hoc test after lmer model). As in other birds,46

baseline nighttime bouts of REM sleep lasted approximately

6–8 s. The only significant change was an increase to 9 s between

the 1st and 2nd recovery nights following 8-h SD (p = 0.015; post

hoc test after lmer model) (Figure S4), when the delayed recovery

of REM sleep was also observed.

Sleep loss caused an initial increase in NREM sleep EEG po-

wer that dissipated across the remainder of the 1st recovery night

(Figure 3A; Figure S2). As described in previous studies of birds

using a smaller number of electrodes, the increase in EEG power

was bimodal across a broad range of frequencies.9,37,38,42,47

Compared with the same hour of the baseline night, power
1920 Current Biology 35, 1918–1926, April 21, 2025
increased across 1.5–20 Hz, with two

distinct peaks between approximately

1.5–5.5 (i.e., SWA) and 7.5–18 Hz during

the first hour of recovery sleep. The
bimodal increase was present following 4- and 8-h SD at virtually

all 28 electrodes, indicating a widespread response of the avian

brain to SD (Figure 3B). Nonetheless, the magnitude of this

response was largest in the visual hyperpallium and DVR, re-

gions that also showed the greatest baseline EEG power (Fig-

ure 1C). The bimodal nature of the initial response to SD was

attributable to a small or absent increase in EEG power around

7 Hz, the frequency band that showed a power peak during

baseline NREM sleep (Figure 1C) early and late in the night (Fig-

ure S2A). In addition to the limited initial response in this fre-

quency, during the last 1–2 h of the 1st recovery night, 7 Hz power

decreased relative to the same hours of the baseline night (Fig-

ure 3A; Figure S2). Consequently, unlike the 1.5- to 5.5-Hz

SWA and the 7.5- to 18-Hz band, which showed large increases

early in the recovery night, SD caused a small or no increase in

7 Hz power early in the night and suppressed it late in the night.

The bimodal response to SD was evident in all electrodes, but

the relative magnitude of the increase in the two frequency

bands varied by region. To quantify local variation in the EEG

response to SD, we calculated the area under the curve (AUC)

for the 1.5- to 5.5-Hz SWA and the 7.5- to 18-Hz band during

the first hour of recovery (Figure 3B). SWA showed the greatest

increase in the DVR (p < 0.001; lmer model; Figure 3C). In

contrast, power in the 7.5- to 18-Hz band increased the most

in the visual hyperpallium (p < 0.001; lmer model; Figure 3D).

As with the regional differences in absolute power, these differ-

ences were largely mirrored between the two hemispheres. For

both frequency ranges, the increase in AUC was slightly higher

after 4-h SD compared with 8-h SD (SWA: p = 0.04; 7.5–18 Hz

band: p = 0.009; lmer model). Consequently, unlike the time

spent in NREM and REM sleep, EEG power did not show a

dose-dependent increase in response to SD.

In addition to impacting intra-hemispheric EEGpower asymme-

tries, SD also influenced inter-hemispheric asymmetry. For all

epochs of NREM sleep, on each night, we calculated the inter-

hemispheric asymmetry index (AI) between the left and right
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Figure 3. Bimodal NREM sleep EEG response to SD by brain region

As shown in (A) for the anterior left electrode, the change in relative EEG power (0.5–25Hz) after 4-h (blue) and 8-h (red) SDwas extracted for the first hour of recovery,

when the response wasmaximal, and plotted for each electrode according to its position on the brain (B). For both SDs, there was an immediate increase in spectral

(legend continued on next page)
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hemispheres for 1.5–5.5 Hz SWA (STAR Methods).25,48 In addi-

tion, we calculated the AI for the 7.5- to 18-Hz band that also

responded to SD. To explore potential regional differences in

inter-hemispheric asymmetries,49 we calculated the AI for 3 in-

ter-hemispheric pairs of electrodes spaced 12 mm apart along a

left to right axis (6 mm lateral of the midline) and 8 mm apart along

the anterior-posterior axis (Figure 4). The electrode pairs corre-

sponded to the anterior visual hyperpallium (anterior pair), poste-

rior visual hyperpallium (middle pair), and hippocampal formation

(posterior pair). For all three electrode pairs, themajority of epochs

had AI values for 1.5–5.5 Hz SWA, falling in the category of sym-

metric NREM sleep (Figure 4A). The number of epochs that ful-

filled the criteria for unihemispheric sleep was low for all three

electrode pairs and conditions (less than 0.1% in each case),

but a substantial portion of the epochs fell in the category of asym-

metric NREMsleep (4-h SDbaseline; anterior pair: 18.4%± 1.8%,

middle pair: 18.3% ± 2.3%, posterior pair: 31% ± 5.7%; 8-h SD

baseline; anterior pair: 17.6% ± 1.7%, middle pair: 19.3% ±

2.1%, posterior pair: 30.7% ± 4.3%). The AI for 7.5–18 Hz power

showed largely similar distributions (Figure S5A). For the posterior

visual hyperpallium, the distribution in both frequency bands was

skewed to the right for all 3 nights (more epochs with higher EEG

power in the left hemisphere). And, the distribution of asymmetry

values for the hippocampal formation was skewed to the left for all

3 nights and both frequency bands (more epochs with higher EEG

power in the right hemisphere).

We next investigated whether homeostatic sleep pressure

impacted the occurrence of asymmetric NREM sleep. Due to

the low amount of unihemispheric NREM sleep, we combined

unihemispheric and asymmetric NREM sleep and plotted the

proportion of NREM sleep with asymmetry values exceeding

the threshold for asymmetric NREM sleep. In general, EEG

asymmetry in NREM sleep increased along the anterior-poste-

rior axis (p < 0.001; lmer model; Figure 4, Figure S5B). The asym-

metry values for the 7.5- to 18-Hz band were largely constant

across the night and unaffected by SD (Figure S5B). In contrast,

asymmetry values for the 1.5- to 5.5-Hz SWA in the visual hyper-

pallium (anterior and middle pairs) significantly increased across

the night (p < 0.05; post hoc test after lmer model; Figure 4B). In

addition, the asymmetry values for SWAwere reduced during the

initial hours following 4- and 8-h SD in the anterior visual hyper-

pallium and, to some extent, after 8-h SD in the posterior visual

hyperpallium (p<0.05; post hoc test after lmermodel; Figure 4B).

Collectively, this suggests that during periods with elevated

sleep pressure (i.e., at the beginning of nighttime sleep after a

day spent mostly awake or after extending wakefulness by 4 or

8 h), sleep in the visual hyperpallium is more symmetric.

DISCUSSION

EEG activity and its response to SD varied across the surface of

the brain. The hippocampal formation showed the lowest EEG
power around two distinct peaks (approximately 1.5–5.5 Hz SWA and 7.5–18 Hz).

plotted the area under the curve (AUC) for 1.5–5.5 Hz SWA (C) and 7.5–18 Hz (D

The heatmaps show the AUC based on a GAMmodel. The AUC for 1.5–5.5 Hz SW

theAUC for 7.5–18Hz increased toa greater extent in the anterior-lateral electrodes

the AUC for both frequency bands (bottom plots and C and D). The gray shaded a

See also Figure S2.
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power during baseline NREM sleep and the smallest increase

during recovery from SD. The hippocampal formation—a rela-

tively thin structure resting between the dura and lateral ventricle

in birds—might lack the capacity to generate the higher voltages

observed in other brain regions. Electrodes that recorded

greater EEG power were over the visual hyperpallium—a primary

visual area—and the DVR. As both regions are comparatively

thick, this might explain the stronger signals in these areas. Alter-

natively, these regional differences in EEG voltage might reflect

intrinsic neurophysiological and functional properties of these

regions.

Jackdaws exhibited a distinct 7-Hz oscillation during NREM

sleep not found in other birds. Although the avian EEG, in gen-

eral, includes power in a wide range of frequencies, including

7 Hz, with a peak around 2–4 Hz during NREM sleep, a distinct

secondary 7-Hz peak in absolute power has only been found in

jackdaws.23,35–43 Given the widespread distribution of the 7-Hz

power peak, including regions (e.g., visual hyperpallium) tar-

geted in previous studies, it seems unlikely that a similar oscilla-

tion was missed in other birds. Consequently, the 7-Hz oscilla-

tion might be unique to jackdaws or, at the very least, more

developed in this species. This might be mechanistically and

functionally linked to the large brains with high neuronal den-

sities30,31 and associated complex cognitive abilities that

evolved in corvids.28 A similar oscillation, albeit occurring in

the rodent hippocampus primarily during REM sleep, called

theta, has been implicated inmemory consolidation.50,51 Despite

the different sleep states and brain regions involved, 7-Hz oscil-

lations might serve a similar function in jackdaw brains.52

The bimodal increase in EEG power observed in jack-

daws following SD has been found in several species of

birds.9,37,38,42,47 Our high-density EEG recordings indicate that

much of the dorsal surface of the avian brain responds in this

manner. The increase in SWA after 4-h SD is consistent with

studies of sleep homeostasis in mammals,4 wherein SWA is

thought to reflect sleep pressure and to play a role in synaptic

homeostasis andmemory processing.10,53 However, the absence

of an even greater increase following 8-h SD is inconsistent

with findings in mammals and suggests that the capacity of the

avianbrain to increaseSWAduringNREMsleep is limited. Tovary-

ing degrees, a similar bimodal increase in EEG power, with a dip

around 6–8 Hz, during recovery from SD has also been observed

in rats,54 mice,55 Syrian hamsters,56 and rabbits.57 The reason

for this dip, as well as the mechanisms and functions of the in-

crease in higher frequencies, is unknown in mammals and birds.

The finding that power around 7 Hz increases the least following

SD in birds and several mammals suggests that the differential

regulation of this frequency band is a common feature of NREM

sleep in birds and mammals, despite their differences in brain

organization.

Jackdaws exhibited region-specific differences in the laterali-

zation of asymmetric sleep. In the anterior visual hyperpallium,
To investigate regional- and frequency-specific differences in this response, we

). The red dots in the top panels of (C) and (D) reflect the electrode positions.

A increased to a greater extent in the posterior-lateral electrodes (DVR), whereas

(visual hyperpallium). Themost-lateral electrodes showed the greatest increase in

reas around the curves in A–D indicate mean ± CI (95%).
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Figure 4. Sleep pressure decreases asym-

metric sleep

(A) Distribution of the asymmetry index (AI) values

for 1.5–5.5 Hz SWA for three electrode pairs (green

in right electrode plots), and all NREM sleep epi-

sodes, during the baseline night (night 1, green),

the 1st recovery night (night 2, orange), and the 2nd

recovery night (night 3, purple) following 4- and 8-h

SD. The dashed vertical lines indicate the thresh-

olds for classifying NREM sleep as symmetric

(�0.33 < AI < 0.33), asymmetric (0.33 < AI < 0.67

or �0.33 > AI > �0.67), and unihemispheric

(�0.67 > AI > 0.67). The most prevalent form of

NREM sleep was symmetric, followed by asym-

metric, with only a small (<0.1%) proportion being

unihemispheric.

(B) The hourly proportion of NREM sleep consisting

of asymmetric NREM sleep during the 3 nights.

Because the amount of unihemispheric NREMsleep

was minimal, for this plot, unihemispheric and

asymmetric NREM sleep epochs were grouped

together as ‘‘asymmetric sleep.’’ Across the baseline

nights, there was a significant increase in the pro-

portion of asymmetric episodes in the anterior and

posterior visual hyperpallium (anterior and medial

pairs; p < 0.001; lmer model). This pattern was not

detected in the hippocampal formation (posterior

pair; p = 0.1; lmer model). The proportion of asym-

metric NREM sleep was reduced in the anterior vi-

sual hyperpallium after 4- and 8-h SD and in the

posterior hyperpallium after 8-h SD (p < 0.05; post

hoc test after lmer model; black horizontal line in the

graph denotes the statistical differences between

night 1 andnight 2). Dataareplottedasmean±SEM.

See also Figure S5.
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the likelihood of the left or right sides sleeping deeper was

similar. However, in the posterior visual hyperpallium, the right

side was more likely to sleep deeper, whereas in the hippocam-

pal formation it was the left side. This might be linked to func-

tional lateralization in the brain,58 which can influence hemi-

spheric sleep in birds.59,60 Specifically, functional lateralization

in the avian visual system61 and hippocampal formation62–65
Current
might explain the lateralization in sleep

EEG that we found. As avian sleep is

locally regulated in a use-dependent

manner,9 more sleep in these regions

could be a response to greater waking

brain use.

Several EEG studies of mammals and

birds revealed shifts in the ratio of asym-

metric to symmetric NREM sleep in

response to changing ecological circum-

stances. Mallards (Anas platyrhynchos)

switch from primarily engaging in sym-

metric NREM sleep when positioned

safely in the center of a group to engaging

in proportionately more asymmetric

NREM sleep when vulnerable at the

edge of a group.24 Great frigatebirds

engage in proportionately more asym-

metric and unihemispheric NREM sleep
in flight when compared with sleep on land.25 Northern fur seals

(Callorhinus ursinus) sleep primarily unihemispherically while in

the water but symmetrically on land.66 Finally, even though hu-

mans do not sleep with one eye open, NREM sleep intensity,

based on EEG activity and responsiveness to sounds presented

to the contralateral ear, is lower in certain regions of the left hemi-

sphere on the first night sleeping in an unfamiliar environment; on
Biology 35, 1918–1926, April 21, 2025 1923
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the second night, both hemispheres sleep deeply.67 However, it

is unclear whether these increases in symmetry reflect a homeo-

static response to prior sleep loss, changes in perceived safety,

a response to switching from the air to land in frigatebirds, or

changes in activity and thermoregulation linked to switching

from the water to land in fur seals.66 Through conducting total

SD in an otherwise unchanging environment, we demonstrate

that increased sleep pressure causes birds to sacrifice asym-

metric sleep to fulfill their need for sleep more efficiently through

sleeping symmetrically. Although eye state and vigilance were

not measured in this study, by sleeping symmetrically, sleepy

jackdawsmight sacrifice the visual or acoustic vigilance afforded

by sleeping asymmetrically.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

European jackdaws (Coloeus monedula) Retrieved from nest boxes

in a wild colony

N/A

Software and algorithms

RemLogic software Neurolite, Belp, Switzerland https://neurolite.ch/de/produkte/

schlafmedizin/embla-remlogic-software

SciPy, version 1.2.1 Virtanen et al.68 https://docs.scipy.org/doc/scipy-1.2.1/reference/

Python libraries Numpy, version 1.26.4 Harris et al.69 https://numpy.org/devdocs/user/index.html

Matplotlib, version 3.9.2 Hunter70

R software, lme4 package and mgcv package Bates et al.,71 Wood,72 and Lenth73 https://www.r-project.org,

https://cran.r-project.org/web/packages/

lme4/index.html, https://cran.r-project.org/

web/packages/mgcv/index.html
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Nine European jackdaws (5 males, 4 females) were used in this study. Pre-fledglings (30-day-old) were retrieved from nest boxes in a

wild jackdaw colony. The jackdaws were 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 d (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 enclosures 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 andwater were available ad libitum. Ambient temperature was kept constant at 21�C and

there was a 12:12 LD-cycle with lights on from 8 am to 8 pm. Due to lighting and cage size, we were not able to record eye state in this

study. 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).

METHOD DETAILS

Surgery
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 min prior to surgery (0.09 ml; 2 mg/kg). Surgeries were performed under isoflurane anaesthesia

(1.5 – 2%). After carefully exposing the crania, 30 holeswith a diameter of 0.5mmwere drilled and rounded gold-plated electrode pins

(0.5mmdiameter, BKL Electronic 10120538, Lüdenscheid, Germany) were inserted to the level of the dura mater. Twenty-eight elec-

trodes were placed on the dorsal surface of the brain (14 on each hemisphere; Figure 1A). The distance between neighbouring elec-

trodes was 4mm. The remaining two electrodes were placed posteriorly to serve as a reference (4mmposterior of themost posterior

row of electrodes, on the midline near the anterior cerebellum) and a ground electrode (4 mm left of the reference electrode; Fig-

ure 1A). The 30 electrodes were soldered to a 32-channel connector (nanostrip connector A79028-001; Omnetics, Minneapolis,

MN, USA) and the connector 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.

Although a brain atlas does not exist for the jackdaw, the gross anatomy of the brain is similar to that of jungle and carrion crows

(Corvus macrorhynchos and C. corone, respectively) for which atlases exist.74–76 Based on these atlases, the anterior electrodes

(rows 1-2, all columns) and the middle row (3, columns 1, 2, 5, and 6) were placed over the visual hyperpallium (Figure 1A).32 The

posterior-medial electrodes were over the hippocampal formation (row 4, columns 3 and 4; row 5, columns 2-5),33 and the poste-

rior-lateral electrodes were over the DVR (rows 4 and 5; columns 1 and 6), a large structure that also extends under portions of

the visual hyperpallium and hippocampal formation.34 The exact boundary between the hyperpallium and hippocampal formation

is histologically unclear in avian brain atlases. Also, the hippocampal formation thins laterally, where it overlies the lateral ventricle

separating it from the underlying DVR. Consequently, the exact anterior and lateral boundaries of the hippocampal formation are

poorly defined.
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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 head movement via accelerometry, with a total

weight of 9.2 g (Neurologger 3; Evolocus, Tarrytown, NY, USA). The EEG and accelerometer data were sampled at 250 Hz and the

logger could run for approximately 24 h on 1 rechargeable lithium polymer battery (165 mAh, 3.7 V; Renata, Itingen, Switzerland).

The first-order high-pass filter set to 1 Hz in the logger recorded frequencies below 1 Hz with reduced amplitude (attenuation

20 dB/decade). We aimed to record sleep-wake patterns for three consecutive days, which meant that the batteries had to be re-

placed daily. This was done in the middle of the light phase, i.e., the active phase, to cause the least amount of disturbance to

the normal sleep patterns. The 3-d recordings consisted of a baseline day, an experimental SD day, and an additional recovery

day. Each of these days consisted of a full 12-h dark phase and subsequent light phase. All jackdaws underwent two 3-d recording

sessions, during which they were subjected to two different durations of SD in a cross-over design. The birds were subjected to either

4- or 8-h of SD starting at lights off on the second day. Under low light, SD was achieved by means of ‘mild stimulation’ consisting of

gently tapping 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.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses
After the third recording day, the data was retrieved from the logger for sleep scoring. All recordings were coded and then scored by

the same person (DM-G) blind to the experimental treatment and identity of the individual. Sleep scoring was done on the basis of all

available EEG electrodes using RemLogic� software (Neurolite, Belp, Switzerland). Every 4-s epoch of the 3-d recording was as-

sessed and labelled as either wake, NREM or REM sleep. 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 in themajority of the channels for at least one hemisphere, together with a lack of headmovements in the accelerometer

channels. In practice, however, as shown in Figure 1B, NREM usually started nearly synchronously within a hemisphere. NREM sleep

was categorized as symmetric, asymmetric, or unihemispheric according to the criteria described below. REM sleep was scored

when the NREM sleep pattern switched to low-amplitude, high-frequency EEG activity in each hemisphere, and without noticeable

head movements in the accelerometer or sometimes with signs of head drops indicative of reduced muscle tone. However, we

cannot rule out the possibility that some of the scored REM sleep included quiet wakefulness; although the reported amounts,

bout durations, and timing of REM sleep were typical for other songbirds.46 A bout of wakefulness, NREM sleep, or REM sleep,

was considered a period uninterrupted by any other state.

The EEG data of all epochs scored as NREM sleep were further processed and subjected to power spectral density analysis for

each 4-s epoch, based on a Discrete Fourier Transform and Welch’s method (Hanning window of 500 samples, step size 100 sam-

ples), using SciPy version 1.2.1.68 This yielded spectral power density values for 250 frequency bins (bin width: 0.5 Hz) up to a

maximum of 125 Hz for all 28 EEG derivations. To correct for interindividual differences in the strength of the EEG signal, we ex-

pressed the spectral values of all 4-s NREM sleep epochs in all frequency bins relative to the mean spectral power in those same

frequency bins during the baseline night.

We calculated a NREM sleep EEG asymmetry index for three intra-hemispheric electrode pairs. The 3 electrode pairs were

12 mm apart in a left to right axis (6 mm lateral of the midline) and 8 mm apart in an anterior-posterior axis (Figure 4). The asym-

metry index has been used in several studies to calculate the strength and direction of the EEG asymmetry observed in NREM

sleep in mammals48 and birds.25 We normalized the raw spectral NREM sleep EEG data of every electrode for every frequency

bin relative to the mean night-time baseline levels of the same frequency bin of all EEG derivations of both hemispheres. We

used averaged NREM sleep power for two frequency ranges that responded the most to SD (1.5 – 5.5 Hz SWA and the

7.5 – 18 Hz band). The asymmetry index was computed by (left hemisphere EEG power – right hemisphere EEG power) /

(left hemisphere EEG power + right hemisphere EEG power).25,48 This yields a distribution ranging from -1 to +1 (Figure 4A).

Symmetric NREM sleep is defined when the asymmetry index for 1.5 – 5.5 Hz SWA is between -0.33 and +0.33. Asymmetric

NREM sleep is defined when the index lies between -0.67 and -0.33 or +0.33 and +0.67. All values lower than -0.67 and higher

than +0.67 are considered unihemispheric NREM sleep.25,48 We used the same thresholds to categorize the level of inter-hemi-

spheric asymmetry in 7.5 – 18 Hz power during NREM sleep. We further used the absolute asymmetry values to analyse the

effects of SD on hemispheric asymmetry.

To visualize temporospatial patterns in electrical potentials across the electrode array, we created videos of EEG signals using the

scientific Python libraries Numpy,69 version 1.26.4, and Matplotlib,70 version 3.9.2. We first filtered the raw EEG with a one-pass,

zero-phase, non-causal 25-Hz low-pass filter, designed with the ‘firwin’ method (Hamming window) in MNE,77 version 0.23.3,

with a 53 dB stop band attenuation and a transition bandwidth of 6.25 Hz. Videos are slowed down by a factor 5 and have a frame

rate of 50 Hz. This way, one frame in the video frame directly corresponds to one multi-channel EEG time sample (250 Hz), so there

was no need for resampling in the time domain or other further conditioning.69,70,77
e2 Current Biology 35, 1918–1926.e1–e3, April 21, 2025
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Statistics
Data were analysed in R using linear mixed effect models as implemented by the lme4 package,71,78 with bird ID as a random effect.

Whenever the random effect did not significantly contribute to the model, as assessed by using the likelihood-ratio test, a more

simplistic linear regression model was computed. To assess the effect of SD on NREM sleep spectral power, we calculated the dif-

ferences in NREM sleep EEG spectral power between the first hour after SD compared to the same hour during baseline up to 25 Hz

for every EEG derivation and calculated the area under that curve. We modelled these changes in EEG power for all 28 derivations

according to a generalized additive model (GAM) using the mgcv package.72 All post hoc analyses were done using the lsmeans

package.73 The absolute asymmetry index values were not normally distributed and were therefore log-transformed. Data in text

and Figures 1, 2, and 4 are expressed as mean ± SEM. Data in Figure 3 are expressed as mean ± CI (95%).
Current Biology 35, 1918–1926.e1–e3, April 21, 2025 e3
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