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Abstract

Study Objectives: We explore non-rapid eye movement (NREM) and rapid eye movement (REM) sleep homeostasis in Australian magpies
(Cracticus tibicen tyrannica). We predicted that magpies would recover lost sleep by spending more time in NREM and REM sleep, and by
engaging in more intense NREM sleep as indicated by increased slow-wave activity (SWA).

Methods: Continuous 72-h recordings of EEG, EMG, and tri-axial accelerometry, along with EEG spectral analyses, were performed on wild-
caught Australian magpies housed in indoor aviaries. Australian magpies were subjected to two protocols of night-time sleep deprivation:
full 12-h night (n = 8) and first 6-h half of the night (n = 5), which were preceded by a 36-h baseline recording and followed by a 24-h recovery
period.

Results: Australian magpies recovered from lost NREM sleep by sleeping more, with increased NREM sleep consolidation, and increased SWA
during recovery sleep. Following 12-h of night-time sleep loss, magpies also showed reduced SWA the following night after napping more
during the recovery day. Surprisingly, the magpies did not recover any lost REM sleep.

Conclusions: Only NREM sleep is homeostatically regulated in Australian magpies with the level of SWA reflecting prior sleep/wake history.

The significance of emerging patterns on the apparent absence of REM sleep homeostasis, now observed in multiple species, remains unclear.

Statement of Significance

We investigated non-rapid eye movement (NREM) and rapid eye movement (REM) sleep homeostasis in wild-caught Australian magpies.
Magpies exposed to all-night and half-night sleep deprivations recovered lost NREM sleep by sleeping more, with increased NREM sleep
consolidation, and increased slow-wave activity (SWA) during recovery sleep. After 12 hours of night-time sleep deprivation, magpies also
showed reduced SWA on the subsequent night after napping more during the recovery day. Interestingly, we did not detect any REM sleep
rebound following sleep deprivation. Overall, our results indicate that NREM sleep is homeostatically regulated in Australian magpies re-
flecting prior sleep/wake history. However, the importance of emerging patterns on the absence of REM sleep homeostasis, which has now
been observed in several species, remains unclear.
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Introduction

Sleep appears to be an evolutionarily conserved behavior, as it
has been observed in all animals studied to date [1-3]. This ubi-
quity across Animalia is not surprising given that sleep serves
many critical physiological functions, including those related
to energy homeostasis [4, 5], and brain development [6, 7] and
maintenance [8-11]. Moreover, sleep functions lead to important
behavioral consequences, such as learning [12, 13], and more
broadly, maintaining high waking neurobehavioral perform-
ance [9, 14, 15]. These physiological functions and behavioral
consequences are thought to be adaptive given the persistence
of sleep under dangerous situations [16-18], and when animals
would otherwise benefit from uninterrupted wakefulness [19,
20].

The homeostatic regulation of sleep also suggests that there
are non-trivial sleep functions. Birds and mammals exhibit two
types of sleep, non-rapid eye movement (NREM) and rapid eye
movement (REM) sleep. During REM sleep, the electroencephalo-
gram (EEG) is characterized by low-amplitude, high-frequency
activity resembling the brain waves associated with wake-
fulness; conversely, during NREM sleep, the EEG is character-
ized by high-amplitude, low-frequency (<4 Hz) activity [21-23].
When birds and mammals lose sleep, they recover from lost
REM and NREM sleep by sleeping more, and, for NREM sleep,
sleeping more intensely [24-26]. The intensity of NREM sleep
can be quantified by the incidence and/or amplitude of EEG
slow-waves, called slow-wave activity (SWA; typically 0.5-4.5
Hz power density). In mammals, the level of SWA predicts the
intensity of stimuli needed for arousal to wakefulness [27], but
this has yet to be shown in birds. In animals that consolidate
wakefulness, SWA is highest at the beginning of the sleep bout
and declines with time spent asleep. Moreover, the level of SWA
increases further following sleep loss, and decreases following
daytime naps [28]; the former having been demonstrated in
a variety of mammals [26, 29-32] and birds [19, 20, 24, 33-36].
Although a dose-dependent increase in SWA following ex-
tended wakefulness has long been recognized in mammals [29],
similar dose-dependent dynamics have yet to be demonstrated
in birds. Nonetheless, in mammals and birds, the level of SWA
is thought to reflect homeostatically regulated processes tied to
the function of NREM sleep [15, 37-39].

The regulation and function of REM sleep remains less
consistent and less clear. REM sleep in birds and mammals is
thought to be involved in the maturation of the central ner-
vous system, in part because the amount of REM sleep is
highest in these young animals [6, 40, 41], and, in mammals,
REM sleep-related skeletomuscular twitching is important for
the development of sensorimotor maps [42-44]. REM sleep is
homeostatically regulated in mammals and birds in that these
animals typically engage in more REM sleep following sleep
loss; REM sleep does not appear to have an intensity dimension
[25, 26]. In many mammals, both total sleep deprivation and se-
lective REM sleep deprivation elicit a rebound in the amount
of REM sleep (e.g., cat [45]; cow [46]; dog [47]; rat [48]; human
[49]; mouse [31]). Conversely, tree shrews (Tupaia belangeri) re-
covered only a modest amount of REM sleep after deprivation
[50]. Furthermore, fur seals (Callorhinus ursinus) that suppressed
REM sleep while in water showed little or no REM sleep rebound
when they returned to sleep on land [51]. In birds, evidence
for REM sleep homeostasis appears less consistent. Although
pigeons (Columba livia) recover [24, 52, 53] and barnacle geese

(Branta leucopsis) partially recover from lost REM sleep [35], REM
sleep homeostasis has not been observed in sleep-disturbed
white-crowned sparrows (Zonotrichia leucophrys gambelii) [33],
European starlings (Sturnus vulgaris) [36] or Australian magpies
(Cracticus tibicen tyrannica), the latter having had sleep disrupted
by artificial light at night [34] and urban noise [54].

Here, we sought to further explore NREM and REM sleep
homeostasis in Australian magpies using a more direct method
of sleep deprivation than exposure to light at night [34] or urban
noise [54] might have allowed. We suppressed sleep by actively
stimulating the birds whenever signs of restfulness were pre-
sent. In addition to this more direct approach for inducing
wakefulness, we used two durations of night-time sleep depriv-
ation (12 h and 6 h) to provide a better understanding of the
dependence of sleep architecture on prior sleep/wake history in
magpies. We tested the hypothesis that, like some other birds
and mammals, sleep is homeostatically regulated in Australian
magpies. We predicted that magpies would recover lost sleep by
spending more time in NREM and REM sleep, and by engaging
in more SWA-rich NREM sleep. Furthermore, we also predicted
that this rebound would be larger after 12 h of sleep loss relative
to the 6 h protocol.

Materials and Methods
Animals and housing

In January 2019, we caught 12 adult Australian magpies,
equally sexed (based on plumage), in the city of Melbourne,
Australia, using walk-in traps baited with grated cheese.
All magpies were non-breeding and non-paired individuals
without a territory (Connelly, pers. obs.). When unpaired,
Australian magpies often form mixed flocks containing both
sexes. These flocks are fluid, with some individuals remaining
in these flocks for years, while others remain for only a few
days. From personal observations (F.C.), birds do not reproduce
while in these flocks; individuals that have emigrated from
mixed flocks have been observed breeding, but only when
paired in a defined territory. Following capture, each bird was
banded with numbered metal and plastic leg bands for indi-
vidual identification. Immediately after banding, birds were
transported to an indoor aviary facility at La Trobe University,
Melbourne. Here, the magpies were housed individually in avi-
aries (1.8 m high x 1.8 m deep x 0.9 m wide) in two rooms, with
6 birds per room (3 males and 3 females). Magpies are social
birds, such that we allowed them to both see and hear one an-
other throughout their time in the animal house. Each aviary
contained two wooden rectangular perches (15 cm wide), one
1.3 m above the floor at the back of the aviary and the other
0.45 m above the floor at the front of the aviary; aviaries also
contained a wooden cylindrical perch 0.45 m above the floor
at the front. Additionally, all aviaries were equipped with
two infrared video cameras to record animal behavior and
eye state (when visible); one positioned at the highest perch
where the magpies usually slept, and the other was mounted
on the aviary door focussing on the lower perches and the
aviary floor. Both rooms were temperature controlled (22 £ 5 C)
and insulated from all external light. Room lighting (153 + 18
lux; room mean from measurements in front of each aviary)
was kept on a 12:12 light:dark cycle with lights-off at 1800 h.
A light imitating the intensity of moonlight (average ~0.1 lux
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at the level of the highest perch) was present in each room
allowing the magpies to move safely in their aviary at night.

Magpies were maintained on a diet of 55 g minced meat
combined with an insectivore mix (Wombaroo Food Products,
Australia) and calcium powder fed daily at 0900 + 1 h. Clean
water was provided daily in a large bowl, so the magpies could
drink and bathe. Aviary floors were covered in woodchips. As en-
richment, 15-20 live mealworms were scattered throughout the
woodchips each day giving the magpies an opportunity to forage
on the ground, as they would do in the wild.

All procedures were carried out with permission from
the Department of Environment, Land, Water, and Planning
(permit number: 10008264), La Trobe University Animal Ethics
Committee (AEC18034), and the Australian Bird and Bat Banding
Scheme (#1405).

Electrode implantation and recording

To reveal changes in sleep architecture in response to sleep
loss, three gold-plated, round-tipped pins were placed on the
right hemisphere on the dura over the (1) hyperpallium, (2)
mesopallium, and (3) either the nidopallium caudolaterale (NCL)
or area parahippocampalis (APH), using standard stereotaxic tech-
niques to record the EEG (see Aulsebrook et al.[34] for details).
The hyperpallium could be seen through the cranium as a pink
oval. The hyperpallial electrode was situated at the anterior end
of this oval and 2 mm lateral of the midline, the electrode for the
mesopallium was 7 mm lateral of the midline (or 5 mm lateral
of the hyperpallium), and the electrode over the NCL/APH was
placed 9 mm posterior to the mesopallial electrode (in the ab-
sence of a brain atlas for Australian magpies or histological ana-
lysis, we could not resolve whether the posterior electrode was
seated over the NCL or APH). A bare stainless steel wire (AS633
electrode wire, Cooner Wire) was laid over the neck muscle to
record the electromyogram (EMG). All electrodes were referenced
to the cerebellum; a ground electrode was positioned over the
left hyperpallia. Electrode wires were pre-soldered to a small con-
nector (6.0 mm wide) attached to the top of the head with dental
acrylic, forming a “head plug” to which the EEG/EMG datalogger
would later connect. Each magpie was given a minimum of two
weeks of post-operative recovery before experiments began.
To record the EEG and EMG, we connected the datalogger
(Neurologger 2A) powered by two zinc air batteries (ZA675 1.4V,
Renata, Switzerland) to the head plug. Dataloggers continuously
recorded the EEG, EMG, and three-dimensional head acceleration
through an in-built tri-axial accelerometer at a sampling rate
of 100 Hz. Each datalogger with batteries (6 g) was wrapped in
kinetic thread seal tape for protection from moisture and phys-
ical damage. Magpies showed no overt behavioral changes when
fitted with a datalogger. Nevertheless, following attachment of
the datalogger, all magpies were given at least 24 h of habituation
to the datalogger before baseline recordings commenced.

Ten of the 12 magpies were successfully equipped with
EEG/EMG electrodes. One of the two other birds developed a
pronounced cardiac arrhythmia whenever under isoflurane

Baseline day Baseline night Pre-treatment day
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anesthetic, such that we could not perform surgery safely on
this bird; the other bird aspirated under anesthesia and died.
For the 12-h sleep deprivation, we obtained data from eight of
the ten birds, but only seven birds included also the recovery day
and night. For the 6-h sleep deprivation, we obtained complete
data from five birds. Incomplete data was due to logger failure,
or loggers falling off during the experiments.

Experimental design

Magpies underwent a full or half-night of sleep deprivation.
Whenever behavioral signs of sleep were present (restfulness), we
stimulated the magpie by moving towards the aviary, making a
noise, tapping the aviary, or, towards the end of the deprivation,
gently touching the birds (similar to Martinez-Gonzalez et al.[24]).
Magpies underwent two experimental sleep deprivation proto-
cols: 12-h and 6-h of sleep deprivation (in that order). During the
treatment night of the 12-h protocol, the birds were deprived of a
full night of sleep (i.e., 1800-0600 h); during the treatment night of
the 6-h protocol, the birds were deprived of the first one-half of the
night of sleep (i.e., 1800-0000 h). Both protocols consisted of a con-
tinuous 72-h recording, where each treatment night was preceded
by an undisturbed baseline day and night and a pre-treatment
day, and was followed by an undisturbed recovery day and night
(Figure 1). This research was conducted as part of a larger study
investigating the effects of extended wakefulness on avian cogni-
tion; as such, birds were tested on a cognitive task between 0600-
0900 h on the pre-treatment day and recovery day. Results from
this cognitive work will be published in a forthcoming manuscript.

Sleep staging

To analyze sleep, we used the supervised machine-learning algo-
rithm Somnivore™ to score wakefulness, NREM sleep, and REM
sleep in 4-s epochs [55]. In Somnivore, all available channels (3
EEG, 1 EMG, and a 3-dimensional accelerometer) were used when
scoring signals, and scoring was manually checked for errors and
artifacts. Briefly, NREM sleep was characterized as high-amplitude,
low-frequency EEG waves with stable, moderate muscle tone and
without head movements. This was quite unlike wakefulness in
which head movements were frequent and large, supported by
high and variable muscle tone, and an EEG that showed either
low-amplitude, high-frequency activity, or high-amplitude, high-
frequency artifacts. REM sleep resembled alert wakefulness in
the EEG, but with moderate or low muscle tone, a head that was
still (when the head was resting on the back) or drooping (when
the head was facing forward), and the animal could wobble, as
seen in video recordings. Somnivore has been validated for use
on Australian magpies [54] and other birds and mammals [34, 55].

Spectral power density analysis

We performed fast Fourier transforms on Hamming-windowed,
artifact-free epochs of NREM sleep in 0.39 Hz bins from 0.78 to
25 Hz using RemlLogic v. 3.4.4 (Embla Systems, Pleasanton, USA)

Treatment night Recovery day Recovery night

Figure 1. Experimental designs for the two sleep deprivation protocols, along with nomenclature of the various 12-h days and 12-h nights. The treatment night
(black-and-white horizontal lines) consisted of either a full-night, or half-night, of sleep loss beginning at lights-off.
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to visualize spectral changes in sleep, including SWA (< 4 Hz)
and faster frequencies [39]. Epochs that contained a mixture
of NREM sleep and another state (i.e., where one state was less
than 4 s) were excluded from the spectral analysis [39]. Spectral
power density was calculated for each quarter of the baseline,
treatment, and recovery nights, and expressed as a percentage
of the 12-h baseline night mean per frequency bin. We also
calculated spectral power density for each 12-h day (baseline,
pre-treatment, and recovery) and similarly expressed these as
a percentage of the 12-h baseline night mean per 0.39 Hz bin.
In addition, we calculated NREM sleep SWA (mean 1.17-4.30 Hz
power density) for the area parahippocampalis, and slow-wave
energy (SWE, or cumulative SWA). SWE was used to determine
whether increased NREM sleep intensity fully compensated
for lost NREM sleep. We used two-tailed paired t-tests when
comparing aspects of sleep between the different conditions.
All statistical analyses were conducted in R version 3.5.2 (R
Development Core Team 2018).

Release into the wild

Importantly, after the study was complete, all magpies except
the individual that died under anesthesia were released back
into city parks in July 2019. A week before their release, the mag-
pies were put under isoflurane anesthesia and the head plug
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was removed with residual dental acrylic being greatly reduced.
Over the first year following release, nine of the eleven birds
were seen alive in the wild. Five birds were known to have estab-
lished territories and were observed regularly by F.C. throughout
2020. The most recent observation was made in April 2021 and
included the sighting of an individual feeding a juvenile. Such
serendipitous sightings suggest no long-lasting effect of cap-
tivity or surgery.

Results
Baseline sleep and efficacy of sleep deprivation

A detailed report on sleep architecture in laboratory-housed mag-
pies can be found in Connelly et al. [54]. Briefly, under baseline con-
ditions, magpies slept predominantly at night, with a mid-day nap
(Figure 2). During the baseline before the 12-h sleep deprivation,
the magpies spent 46.6 + 1.1% of the 24-h day asleep, with 5.6 +
1.6% occurring during the light phase and 87.6 + 0.9% during the
dark phase. Likewise, during the baseline before the 6-h sleep de-
privation, the magpies spent 47.6 + 1.8% of the 24-h day asleep,
with 6.5 + 2.7% during the day and 88.6 + 2.0% during the night.
The baseline nights before the 12-h and 6-h sleep deprivations
consisted of: 78.7 + 1.4% and 81.2 + 2.0% NREM sleep, and 8.9 +
0.9% and 7.4 + 0.4% REM sleep, respectively; the rest of the night,

6-h Sleep Deprivation
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Figure 2. Effect of 12-h sleep deprivation (left column) and 6-h sleep deprivation (right column) on time spent in NREM sleep (top row) and REM sleep (bottom row).
The percent time (mean + SEM) spent in each state is plotted for each hour for each of the three 24-h periods. The first 24-h period served as an undisturbed baseline
(open circles). The second 24-h period is divided in two halves: a 12-h pre-treatment day and a 12-h treatment night (black circles). The third 24-h period is divided into
a 12-h recovery day and a 12-h recovery night (grey circles). The grey shaded area indicates the timing and duration of the sleep deprivation per se. The horizontal white
and black bar at the top of the plot indicates day and night, respectively. Time on the x-axes is expressed as circadian time representing the 12:12 light:dark cycle, with

“lights on” at 0 and “lights off” at 12.
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the birds were awake. During the 12-h and 6-h baseline nights,
REM sleep made up 10.2 + 1.0% of total sleep time (n = 8) and
8.4 + 0.5% of total sleep time (n = 5), respectively. The low 8.4%
REM sleep value, observed in the 6-h baseline night, is notably
lower than the 14.4 + 1.2% that has been reported for these same
birds (see Connelly et al. [54], where n = 8). Our low REM sleep
value reported here did not arise from inter-scorer variability,
because sleep was scored by one person across all studies.
Instead, the difference appears to be due to a lower sample size
on the 6-h baseline night (n = 5, compared to n = 8). Nonetheless,
similar to other birds, including magpies, the amount of NREM
sleep decreased, and the amount of REM sleep increased, across
the baseline nights (Figure 2).

On the treatment night, sleep was substantially reduced
(Figure 2). During the 12-h and 6-h periods of sleep deprivation,
NREM sleep was reduced to: (1) 1.5 + 0.8% on the treatment night
during the 12-h sleep deprivation protocol, and (2) 2.5 + 1.3%
during the first half of the treatment night during the 6-h sleep
deprivation protocol. REM sleep was virtually eliminated during
the deprivation protocols (12-h baseline night: 8.9 + 0.9%; 12-h
treatment night: 0.0 + 0.0%,; first half of the baseline night: 3.2 +
0.3%,; first half of the treatment night: 0.0 + 0.0%).

Recovery sleep architecture

12-h sleep deprivation. After the 12-h sleep deprivation night, the
amount of NREM sleep significantly increased during the day
(baseline day: 5.6 + 1.6%; recovery day: 40.3 + 5.3%, t = 13.455,
df = 6, p < 0.001; Figure 2). In contrast, the amount of daytime
REM sleep did not increase significantly following sleep depriv-
ation (baseline day: 0.0 + 0.0%; recovery day: 0.1 + 0.1%, t = 1.199,
df = 6, p = 0.276). During the recovery night, the amount of NREM
and REM sleep was similar to baseline values (NREM sleep base-
line night: 78.7 + 1.4%; recovery night: 76.9 + 1.7%, t = -0.904,
df = 6, p = 0.401; REM sleep baseline night: 8.9 + 0.9%; recovery
night, 10.7 + 1.3%, t = 1.374, df = 6, p = 0.219). To affirm this non-
significant REM sleep result, we conducted a linear mixed-
effects model on the baseline and recovery nights and found
no significant difference between nights (F = 2.761, df = 1,176,
p =0.098). Moreover, we conducted pairwise post-hoc Tukey tests
that compared each hour of the baseline night to that during the
recovery night and again found no significant difference in REM
sleep amounts (all p between 0.156 and 0.999).

6-h sleep deprivation. During the second half of the treatment
night, when sleep was allowed to occur unhindered, the amount
of NREM sleep was significantly higher than baseline levels
(second half of baseline night: 75.6 + 2.5%; second half of treat-
ment night: 86.2 + 1.5%, t = 6.225, df = 4, p = 0.003). However,
NREM sleep during the second half of treatment night was not
significantly different compared to the first half of baseline
night (first half of baseline night: 86.9 + 2.0%; t = -0.281, df = 4,
p =0.793). Although the birds engaged in some REM sleep during
the second half of the treatment night, the amount of REM sleep
was consistently lower than baseline levels (second half of base-
line night: 11.6 + 0.6%; second half of treatment night: 2.2 + 0.7%,
t=-13.168, df = 4, p < 0.001; first half of baseline night: 3.2 + 0.3%;
t=-1.348, df = 4, p = 0.249).

During the following (recovery) day, the amount of NREM and
REM sleep was not significantly different from baseline (NREM
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sleep 12-h baseline day: 6.5 + 2.7%; recovery day: 12.4 + 3.2%,
t=1.908, df = 4, p = 0.129; REM sleep 12-h baseline day: 0.0 + 0.0%;
recovery day: 0.0 + 0.0%, t = 1.372, df = 4, p = 0.242). During the
recovery night, there was a modest decrease in the amount of
NREM sleep (baseline night: 81.2 + 2.0%; recovery night: 79.3 +
2.1%, t = -2.872, df = 4, p = 0.045), but REM sleep did not differ
from baseline levels (baseline night: 7.4 + 0.4%; recovery night:
7.9 £ 0.8%, t = 0.741, df = 4, p = 0.500).

Duration and number of sleep episodes

12-h sleep deprivation. NREM sleep episodes were shorter and
fewer during the treatment night, reflecting sleep fragmenta-
tion, and longer and more abundant during the recovery day,
reflecting sleep consolidation (Table 1). REM sleep did not occur
during the baseline or recovery days. During the subsequent re-
covery night, the duration and number of NREM and REM sleep
episodes were not different from baseline.

6-h sleep deprivation. Note that for each 12-h night of the entire
6-h sleep deprivation protocol, the duration and number of sleep
bouts were analyzed in 6-h time bins owing to the half-night na-
ture of this treatment. Thus, in Table 2, B1 and B2 correspond to
the first, and second, half of the baseline night, respectively, and
so on for the treatment (T) and recovery (R) nights.

In addition to reducing the amount of sleep during the first
half of the treatment night (Figure 2), the sleep deprivation (T1)
also resulted in significantly shorter NREM sleep episodes, com-
pared to the first half of the baseline night (B1) (Table 2). During
the second half of the treatment night, when the birds were free
to sleep undisturbed, NREM and REM sleep bouts were fewer
compared to baseline, but NREM sleep episodes were longer; the
latter was an effect that persisted across the 12-h recovery day.
REM sleep did not occur during the recovery (or baseline) day.
NREM and REM sleep bout duration and number were not sig-
nificantly different between the baseline and recovery nights.

Spectral power density

We explored NREM sleep spectral power density from 0.78 to 25
Hz in 0.39 Hz frequency bins for the hyperpallium, mesopallium,
and area parahippocampalis (APH, or nidopallium caudolaterale),
across the baseline, treatment, and recovery nights for the 12-h
(Figure 3) and 6-h (Figure 4) protocols divided into quarterly (3-h)
time bins, and during days (Figure 5) quantified as a single 12-h
bin owing to little sleep occurring during the day. We also cal-
culated NREM sleep SWA (mean 1.17-4.30 Hz power density) for
the area parahippocampalis (Figure 6A, B) along with slow-wave
energy (SWE, or cumulative SWA; Figure 6C, D). General patterns
are highlighted below.

12-h sleep deprivation

Baseline night. In all brain areas recorded, low-frequency power
density (<c. 3 Hz) decreased across the baseline night, being highest
in the first quarter of the night (Q1), lower in the second (Q2), and
lowest in either the third (Q3) or fourth (Q4) (Figure 3; Figure 6A).
Power in frequencies (<c. 18 Hz) were generally highest during Q1.
During Q4, we identified (1) an increase in c. 3-8 Hz power density
observed in all baseline (and recovery) nights, and in all brain re-
gions, and (2) an increase in faster frequencies (above c. 20 Hz).
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Table 1. Effects of 12-h sleep deprivation on the mean number and duration of bouts of NREM and REM sleep in Australian magpies

Day 2
Day 1 Pre-Treatment Day 3 P P P
Baseline (B) (Pre-T) Recovery (R) B-Pre-T B-R Pre-T-R
NREM no. bouts 195.1 +38.9 221.5+26.5 543.7 + 68.4 t=1.58 t=4.20 t=4.29
p=0.16 p<0.01 p<0.01
bout duration (s) 10.8 1.5 9.6+0.9 35.1x4.7 t=-1.18 t=7.74 t=7.06
p=028 p<0.01 p<0.01
Night 1 Night 2 Night 3 p P
Baseline (B) Treatment (T) Recovery (R) B-T B-R
NREM no. bouts 778.0 +37.2 99.8 +44.6 888.4 +55.2 t=-10.11 t=0.01
p<0.01 p=0.99
bout duration (s) 446 +2.6 51+05 38.7+3.6 t=-15.46 t=-1.63
p<0.01 p=0.15
REM no. bouts 574.0 + 34.5 - 685.6 +72.9 - t=1.66
p=0.15
bout duration (s) 6.6+0.3 - 6.5+0.3 - t=-0.95
p=0.38

P-values are from paired t-tests that compared across days (top) and nights (bottom). Means + SEM for each 12-h period; n = 8 for all comparisons, but n = 7 for re-
covery day and night. Daytime REM sleep contained zero values and was unable to be calculated. Shaded comparisons denote significance.

Table 2. Effects of 6-h sleep deprivation on the mean number and duration of bouts of NREM and REM sleep in Australian magpies

Day 2
Day 1 Pre-Treatment Day 3 P P P
Baseline (B) (Pre-T) Recovery (R) B-Pre-T  B-R Pre-T-R
NREM no. bouts 250.4 + 103.9 216.2 +99.2 301.6 +74.9 t=-049 t=058 t=1.54
p=065 p=059 p=020
bout duration (s) 11.6+0.8 126+1.0 17.1+13 t=083 t=324 t=289

p=045 p=003 p=0.04

Night 1 Night 1 Night 2 Night 2 Night 3 Night 3 P P P P

B1 B2 T1 T2 R1 R2 B1-T1 B2-T2 B1-R1 B2-R2

NREM no. bouts

bout duration (s) 91.6+169 31.6+23 6.2+0.6

REM no. bouts 120.8 +9.1 4024 +14.9 -

bout duration (s) 5.6+0.1 6.2+0.2 -

84.1+125 815+£139 275%15 t=-515 t=4.85

89.2+25.2 147.8 +15.2 421.2+36.1 -

53+0.3

228.8+29.6 517.4 +34.7 844 +46.5 244.4 +38.2 251.8 +35.4 569.8 +10.7 t=-251 t=-1098 t=0.97 t=1.62

p=006 p<0.01 p=039 p=0.18
t=-1.07 t=-2.41

p<001 p<0.01 p=034 p=0.07
t=-19.12 t=150 t=046

p<001 p=021 p=0.67
53x0.1 62+01 - t=-194 t=-213 t=0.12
p=012 p=0.10 p=0.91

P-values are from paired t-tests that compared across days (top) and nights (bottom). Means + SEM for each daytime 12-h period, and each night-time 6-h period;
n = 5. Daytime REM sleep contained zero values and therefore was unable to be calculated. B1 and B2 correspond to the first, and second, half of the baseline night,
respectively, and so on for the treatment (T) and recovery (R) nights. Shaded comparisons denote significance.

Recovery night.  Spectral power density during the recovery
night was broadly similar to that observed during the base-
line night (Figure 3; Figure 6A). Notable exceptions were sig-
nificantly lower low-frequency (<c. 7 Hz in the APH and < 2 Hz
in the hyperpallium) during Q1 of the recovery night relative
to Q1 of the baseline night, likely arising from reduced sleep
pressure following an increase in daytime napping (Figure 2).
Circa 12-16 Hz power density was higher in the APH during Q1
and Q2; c. 10-15 Hz power was higher in the hyperpallium and
mesopallium during Q2 and Q4.

Daytime. Following 12-h of sleep deprivation, low-frequency (c. <
3 Hz) and c. 8-12 Hz power density were higher during the recovery
day in the hyperpallium and mesopallium relative to baseline
(Figure 5). The prominent hump in c. 3-8 Hz activity is enigmatic.

Slow-wave energy. By the end of Q3 on the recovery day, SWE
was not significantly different to that observed at the end of the
baseline night (t = 1.902, df = 6, p = 0.106), suggesting that the
magpies had recovered lost SWA by the third quarter of recovery
day (Figure 6C).

6-h sleep deprivation

Baseline night. The patterns identified in the baseline night
of the 12-h protocol were also observed during the 6-h protocol
baseline night, even if those patterns did not always reach
statistical significance (Figure 4; Figure 6B). Power density was
broadly highest in Q1, and decreased across the night. Here, this
pattern was clearest in the APH. Faster frequencies were again
higher towards the end of the night, and the hump in c. 3-8 Hz
power density was again present during Q4.
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Figure 3. NREM sleep EEG spectral power density (0.78-25 Hz) during the 12-h sleep deprivation protocol. Each column shows a 12-h night and each row shows a brain
region. The power density for each quarter (Q1, solid black line; Q2, solid grey line; Q3, dashed black line; Q4, dashed grey line) of each night is expressed as a percent
of the entire baseline night NREM sleep mean for each frequency bin. Shaded areas represent error bars. For each plot, significance is indicated by colored circles on
the lines at the bottom of each plot; green and red denote positive and negative change relative to either the 100% baseline mean or the corresponding quarter of the
baseline night (as specified next), respectively. For the baseline (B) night plots, the top line compares BQ1 to 100% baseline mean, and so on. For the recovery (R) night
plots, the top line compares RQ1 to BQ1, the second line compares RQ2 to BQ2, and so on.
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Figure 4. NREM sleep EEG spectral power density (0.78-25 Hz) during the 6-h sleep deprivation protocol. Each column shows a 12-h night and each row shows a brain
region. The power density for each quarter (Q1, solid black line; Q2, solid grey line; Q3, dashed black line; Q4, dashed grey line) of each night is expressed as a percent of
the entire baseline night NREM sleep mean for each frequency bin. Shaded areas represent error bars. For the baseline night (B), values for each quarter and frequency
bin were compared to the entire 100% baseline mean. For the treatment night (T), only Q3 and Q4 are plotted since the Q1 and Q2 occurred during the actual 6-h sleep
deprivation; values for Q3 were compared to Q1 and Q3 of B, and values for Q4 were compared to Q2 and Q4 of B. For the recovery night (R), values for each quarter and
frequency bin were compared to the corresponding quarter of the baseline night. For each plot, significance is indicated by colored circles on the lines at the bottom of
each plot; green and red denote positive and negative change relative to either the 100% baseline mean or the corresponding quarter of the baseline night (as specified
next), respectively. For the baseline night plots, the top line compares BQ1 to 100% baseline mean, and so on. For the treatment night plots, the top line compares TQ3
to BQ1, the second line compares TQ3 to BQ3, the third line compares TQ4 to BQ2, and the fourth line compares TQ4 to BQ4. For the recovery night plots, the top line

compares RQ1 to BQ1, the second line compares RQ2 to BQ2, and so on.

Treatment night. Spectral power density for only Q3 and Q4
of the treatment night is shown, as there was insufficient
sleep during Q1 and Q2 (i.e., during the sleep deprivation) for a
meaningful spectral analysis (Figure 4; Figure 6B). Following an
extended period of wakefulness during the first half of the treat-
ment night, power density was highest across a broad range of
frequencies (c. 1-18 Hz) in Q3 when compared to either Q1 or Q3

of the baseline night. This increase persisted in Q4 for frequen-
cies less than 3 Hz and c. 10-15 Hz, relative to both Q2 and Q4 of
the baseline night.

Recovery night. During the recovery night, power density
largely resembled that observed during the baseline night
(Figure 4; Figure 6B).

220z Aenuga4 G| uo Jasn ne‘npa aqoJie|@s|elas Aq 899/5£9/8 1 2aesz/z/S/al01e/das|s/woo dno-olwapede//:sdiy woiy papeojumoq



Johnssonetal. | 9

12-h Sleep Deprivation Daytime 6-h Sleep Deprivation Daytime

m—— Baseline day

= = = Pre-treatment day

500 1 1 Recovery day
400 - 1
300 -

200

100

Hyperpallium
Power Density (% of Baseline Night Mean)

600 1

500 A 1

400 -

300

Mesopallium

200 - PRET
4

v e

100 A

Power Density (% of Baseline Night Mean)

= 600 1 1
@©
=
=500 .
© R
[0 [}
s = 400 - 1 |
(U] [6) Ay,
o 8 IRy " |/
Q_ m 1 1 \/l
o 5 300 A 1 I,/—\
T = e /
S > 200 / f
o % / \ % 47‘:’:
8 GCJ / \ 4 SN SEAfy
— () " S
< 5 100 1 {7
3 7
o
& T T T T T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Frequency (Hz) Frequency (Hz)

Figure 5. Daytime NREM sleep EEG spectral power density (0.78-25 Hz) during the 12-h and 6-h sleep deprivation protocols for each brain region. The power density
for each full 12-h day (baseline day, solid black line; pre-treatment day, dashed black line; recovery day, solid grey line) is expressed as a percent of the entire baseline
night NREM sleep mean for each frequency bin. Shaded areas represent error bars. For each plot, significance between days is indicated by colored circles on the lines
at the bottom of each plot; green and red denote positive and negative change relative to the baseline day, respectively. The top line compares the baseline day with the
pre-treatment day, the second line compares the baseline and recovery days, and the third line compares the pre-treatment day with the recovery day.
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Figure 6. Effect of 12-h sleep deprivation (left column) and 6-h sleep deprivation (right column) on NREM sleep slow-wave activity (SWA; top row) and slow-wave energy
(SWE; bottom row). The horizontal white and black bar at the bottom of the figure indicates day and night, respectively. Each day and night are broken up into quarters
(3-h means) which are represented by each column with error bars showing standard error. For the SWA plots (panels A and B), each quarter is calculated as the mean
power density between 1.17-4.30 Hz for that quarter. For the SWE plots (panels C and D), each quarter represents the accumulation of SWA up until and including that
specific quarter. SWA for each quarter is expressed as a percent of the entire 24-h baseline NREM sleep SWA mean. SWE for each quarter is expressed as a percent of

the entire 24-h baseline NREM sleep SWA sum.

Daytime.  Spectral power density was not different between the
three days (Figure 5). Similar to that observed during the 12-h re-
covery day, following 6-h of sleep loss, a large hump in 3-8 Hz
activity was present during all days in all brain regions examined.

Slow-wave energy. Magpies did not appear to have recovered lost
SWA by the end of the treatment night (t = -9.540, df = 4, p < 0.001)
nor by the end of the recovery day (t = -11.628, df = 4, p < 0.001).
Not until Q3 of the recovery night did the magpies seem to fully
recover lost SWA (t = 0.681, df = 4, p = 0.533; Figure 6D).

Discussion

Australian magpies are diurnal, in accordance with previous
studies [34, 54]. When we prevented the birds from falling
asleep for either the first half of the night, or the entire night,
we found evidence that magpies recovered lost NREM sleep, but
failed to recover lost REM sleep. Taken together with previous

studies of sleep disruption on Australian magpies [34, 54], these
results question the robustness of REM sleep homeostasis in
this species. Because a detailed description of sleep in undis-
turbed Australian magpies has been presented previously [54],
here we focus on the consequences of our two sleep deprivation
protocols on subsequent sleep architecture and spectral power
density during NREM sleep.

12-h sleep deprivation

NREM and REM sleep were suppressed during the all-night sleep
deprivation, and remnant NREM sleep was heavily fragmented.
On the following day, when the birds were allowed to sleep un-
disturbed, magpies showed a rebound of NREM sleep, with more
and longer NREM sleep episodes. Moreover, low-frequency power
density (<2.34 Hz) was highest during the recovery day. Collectively,
increased NREM sleep with greater continuity and more SWA re-
flects NREM sleep homeostasis. On the recovery night, the amount

220z Aenuga4 G| uo Jasn ne‘npa aqoJie|@s|elas Aq 899/5£9/8 1 2aesz/z/S/al01e/das|s/woo dno-olwapede//:sdiy woiy papeojumoq



of NREM sleep resembled that observed on the baseline night.
Interestingly, however, power below 2 Hz in the hyperpallium, and
below 7 Hz in the area parahippocampalis, was lower during the first
quarter of the recovery night relative to baseline. This reduction in
NREM sleep SWA likely arose from reduced sleep pressure owing
to an increase in daytime naps [26]. In contrast to the increases
seen in the amount, continuity, and intensity of NREM sleep, REM
sleep showed no rebound during the recovery day or night.

6-h sleep deprivation

We effectively reduced sleep during the first half of the treatment
night with remaining NREM sleep being fragmented into shorter
episodes; REM sleep was virtually eliminated. When magpies were
allowed to sleep undisturbed during the second half of the treat-
ment night, they had more NREM sleep relative to the second,
but not first, half of the baseline night. Increased NREM sleep was
achieved through longer and fewer NREM sleep bouts, at least
when compared against the second half of the baseline night.
Relative to the first half of the baseline night, NREM sleep episodes
remained shorter, and more numerous, perhaps a lingering effect
of stress induced during the deprivation procedure. Power density,
including SWA, was broadly higher during the second half of the
treatment night relative to both the same circadian timepoint
on the baseline night, and the first half of the baseline night. In
contrast to the increase in NREM sleep, REM sleep remained low.
Indeed, the amount of REM sleep never reached or exceeded base-
line levels. During the recovery day and night, most architectural
and spectral features of sleep had returned to baseline levels.

Taken together, these results reveal a homeostatic response to
extended periods of wakefulness in Australian magpies, but only
for NREM sleep. Magpies increased the amount, continuity, and
intensity of NREM sleep at night following 6-h of sleep loss; and
they compensated for 12-h of sleep loss by sleeping during the day.
Interestingly, following these daytime naps, magpies had reduced
SWA at night. Thus, as supported by our analysis of SWE, SWA in-
creases and decreases following night-time wakefulness and day-
time naps, respectively, as in humans [56, 57]. Even under baseline
conditions, SWA is highest in magpies at the start of the night, and
decreases with time spent asleep. This repeatable decline resem-
bles the pattern seen in mammals and other birds that consolidate
wakefulness to one part of the 24-h day. In some animals, the de-
cline is not specific only to low-frequency activity. In starlings, 1-25
Hz power density decreases across the entire night [36]. Similar to
starlings, 1-18 Hz activity in magpies was higher following 6-h of
sleep loss. Conversely, animals that take frequent naps, such as
guinea pigs (Cavia porcellus) [58] and pigeons [24, 34, 52, 59], do not
show a clear decline in SWA during undisturbed sleep.

Other spectral aspects of magpie sleep were similar to that
reported in other birds and mammals. For instance, during the
baseline nights, fast (c. 18-25 Hz) activity was highest towards
the end of the night. A similar increase in higher frequencies
has been observed in pigeons and starlings [24, 36, 52], and in
Syrian hamsters (Mesocricetus auratus) [30], Djungarian hamsters
(Phodopus sungorus) [60], and rats [61], but not in rabbits [62].
The increase in fast brain waves nearest the start of the day is
thought to be modulated by circadian changes in brain tempera-
ture to prepare the animal for wakefulness, rather than being
under sleep homeostatic control [63].

We are unable to explain the hump in 3-8 Hz activity during
NREM sleep at the end of the night. This waveform was found
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repeatedly in all brain regions examined, and during all baseline
and recovery nights. An exaggerated form can also be seen during
each day. A similar, albeit less pronounced, pattern was observed
in pigeons [24] and starlings [36]. This bandwidth overlaps that of
theta waves exhibited by the mammalian hippocampus during
REM sleep. However, a hippocampal theta rhythm has not been
detected in birds [64, 65], and the waveform was observed during
NREM sleep. Ultimately, the origin and significance of this hump is
unclear; higher density EEG recordings may provide new insight.
Furthermore, from the spectral power data, there appears to be a
bimodal distribution of power between lower (c. 2 Hz) and higher
(c. 16 Hz) activity; such patterns appear also in other bird species
[24, 33] and may reflect an idiosyncrasy of avian NREM sleep.

In neither of our two sleep deprivations did we find evidence
for a rebound of REM sleep. In mammals [26] and pigeons, [24,
52, 53] the amount of REM sleep increases following sleep loss.
In contrast, recent studies on starlings [36] and Australian mag-
pies [34, 54] did not find evidence for REM sleep homeostasis;
and in tree shrews only a small fraction of lost REM sleep was
recovered [50]. Why Australian magpies did not recover from lost
REM sleep is unclear. Further studies investigating the effects
of sleep deprivation, of various durations, might provide insight
into the answer. It is noteworthy that we recorded brain activity
for 24 and 36 hours after the end of the 12-h and 6-h sleep de-
privation, respectively. Whether the magpies delayed their
REM sleep rebound to after this period is unknown. However,
Connelly et al.[54] disrupted sleep in magpies using auditory
stimulation for 24 hours and recorded sleep for a subsequent 48
hours and still found no evidence for increased REM sleep.

Conclusion

We show that Australian magpies recover from lost NREM sleep
by sleeping more and with increased NREM sleep consolidation
and NREM sleep SWA during recovery sleep. Furthermore, mag-
pies showed reduced SWA at night after napping more during
the day. Thus, NREM sleep is homeostatically regulated in these
birds with the level of SWA reflecting prior sleep/wake history.
Surprisingly, despite multiple durations of sleep loss, with re-
covery occurring both at night and during the day, we failed to
observe evidence for REM sleep homeostasis. This result builds
upon previous findings in magpies [34, 54], starlings [36], white-
crowned sparrows [33], fur seals [51], and tree shrews [50] that
showed either no or weak rebound of REM sleep. The significance
of these emerging patterns for the regulation and function of
REM sleep is unclear.
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