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a b s t r a c t

Urban areas are inherently noisy, and this noise can disrupt biological processes as diverse as commu-
nication, migration, and reproduction. We investigated how exposure to urban noise affects sleep, a
process critical to optimal biological functioning, in Australian magpies (Cracticus tibicen). Eight magpies
experimentally exposed to noise in captivity for 24-h spent more time awake, and less time in non-rapid
eye movement (non-REM) and REM sleep at night than under quiet conditions. Sleep was also frag-
mented, with more frequent interruptions by wakefulness, shorter sleep episode durations, and less
intense non-REM sleep. REM sleep was particularly sensitive to urban noise. Following exposure to noise,
magpies recovered lost sleep by engaging in more, and more intense, non-REM sleep. In contrast, REM
sleep showed no rebound. This might indicate a long-term cost to REM sleep loss mediated by noise, or
contest hypotheses regarding the functional value of this state. Overall, urban noise has extensive,
disruptive impacts on sleep composition, architecture, and intensity in magpies. Future work should
consider whether noise-induced sleep restriction and fragmentation have long-term consequences.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Sleep serves many important and non-mutually exclusive
functions. Sleep has been implicated in the maintenance of the
brain (Xie et al., 2013; Tononi and Cirelli, 2016; Fultz et al., 2019;
Zada et al., 2019), improvements in attention, motivation, memory
(Van Dongen et al., 2003; Dieckelmann and Born, 2010; Tononi and
Cirelli, 2016) and learning (Huber et al., 2004; Der�egnaucourt et al.,
2005), brain maturation early in life (Scriba et al., 2013; Kayser
et al., 2014), and energy homeostasis (Siegel, 2009; Schmidt et al.,
2017). The essential value of sleep is further implied by the
apparent absence of any truly sleepless animal (Ungurean et al.,
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2020), as well as the evolutionary persistence of sleep under the
risk of predation (Lima et al., 2005), and in the face of competing
waking demands (Lesku et al., 2012; Aulsebrook et al., 2016;
Rattenborg et al., 2016; Ferretti et al., 2019).

The expansion of the urbanworld has led to a dramatic increase
in anthropogenic noise infiltrating natural spaces (Barber et al.,
2010). Environmental noise has diverse impacts on wild animals,
including decreased breeding success (Schroeder et al., 2012;
Potvin et al., 2015; Ernstes et al., 2016), diverted migratory paths
(McClure et al., 2013; McClure et al., 2016), altered vocalization
frequency and timing (Brumm, 2004; Fuller et al., 2007; Kight and
Swaddle, 2015), and elevated stress responses (Wright et al., 2007;
Kleist et al., 2018). Although noise associated with urban environ-
ments decreases the amount of sleep in humans (Weyde et al.,
2017; Basner et al., 2014; Fyhiri et al., 2010; Frei et al., 2014) and
laboratory rodents (Rabat et al., 2005; Rabat, 2007; Bosquillon de
Jenlis et al., 2019), whether such pollution similarly restricts sleep
in wildlife, or impairs sleep-related functions, is unknown. Indeed,
to our knowledge, no study has investigated how urban noise
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impacts sleep physiology in wildlife.
We used behaviour and electrophysiology to investigate how

experimental exposure to urban noise affects sleep in a native bird,
the Australian magpie (Cracticus tibicen tyrannica). Australian
magpies are an ideal species to address this question as they are
common birds found across much of Australia; they occupy urban,
noise-polluted areas, and they tolerate close human interaction
(Ashton et al., 2018; Kaplan, 2019). Utilizing miniature electroen-
cephalogram (EEG) dataloggers (Vyssotski et al., 2009), we recor-
ded the electrical activity of the brain to provide insight into the
amount, composition, continuity, and intensity of sleep in magpies.
Birds and mammals have two kinds of sleep: non-rapid eye
movement (non-REM) and REM sleep, each thought to serve a
unique, or perhaps complementary, function (Lesku and
Rattenborg, 2014; Vyazovskiy and Delogu, 2014). Furthermore,
when birds and mammals are kept awake, they recover lost non-
REM sleep by sleeping more, and/or more intensely. Non-REM
sleep intensity is reflected by increased incidence and/or ampli-
tude of EEG slow waves, or ‘slow wave activity’ (SWA; Rattenborg
et al., 2009; Tobler, 2011). Using these data, we were able to
quantify any changes to sleep in wild-caught magpies exposed to
urban-recorded, experimentally controlled noise in a laboratory
context. We anticipated that exposure to urban noisewould disrupt
sleep, and that lost sleep would be recovered when the noise was
turned off.

2. Methods

(a) Animals and housing conditions

In January 2019, we captured 12 wild adult Australian magpies
(equal numbers of each sex) in the City of Melbourne, Australia,
using a walk-in trap baited with grated cheese. All magpies had
previously inhabited urban parklands and were captured within
6 km of one another. Of these birds, we ultimately obtained com-
plete data from eight individuals; see Supplementary Information.
Magpies were transported to an indoor facility at nearby La Trobe
University where they were housed individually in aviaries (1.8 m
high x 1.8 m deep x 0.9 m wide) in one of two sex-mixed rooms
with similar configurations (Supplementary Fig. 1). Aviaries were
left uncovered, allowing the magpies to both see and communicate
with each other. Each aviary contained three perches: two rectan-
gular plank perches (15 cm wide), one 1.3 m and the other 0.45 m
above the ground, and a dowel perch 0.45 m above the floor. The
birds routinely slept on the highest perch, therefore one video
camera with infrared capabilities was positioned at one end of the
high rectangular perch, and a second was mounted on the aviary
door focussing on the lower perches and the floor of the aviary.
Magpies were fed 55 g of a mixture of minced meat and an insec-
tivore mix (Wombaroo Food Products, Australia) once per day
(0900 ± 1 h). Water was provided ad libitum via a large bowl,
providing themagpies a place to both drink and bathe. Aviary floors
were covered in woodchips. To provide enrichment, 15e20 meal-
worms were scattered daily throughout the woodchips giving the
magpies opportunity to forage. Rooms were temperature
controlled (22 ± 5 �C) and insulated from all external light. Room
lighting (153 ± 18 lux) was set to a 12-h light (0700e1900 h), 12-h
dark (1900e0700 h) photoperiod. A night light that mimicked the
intensity of moonlight (average ~0.1 lux at the level of the sleeping
perch) were placed in each room allowing the magpies to move
safely during the night.

(b) Recording sleep

To investigate the impact of urban noise on sleep, we implanted
magpies with electroencephalogram (EEG) and electromyogram
(EMG) electrodes using standard stereotaxic procedures (see Sup-
plementary Information for details). All electrode wires were sol-
dered to a small connector (6.0 mm wide) fixed to the top of the
head with dental acrylic, forming a ‘head plug’ to which the EEG/
EMG datalogger would later connect. Magpies were given a mini-
mum of two weeks to recover from surgery before the experiment
began. To record the EEG and EMG, we captured magpies by hand
and connected the datalogger (Neurologger 2 A), powered by two
zinc air batteries, to the head plug. The datalogger continuously
recorded the EEG and EMG, and included an inbuilt tri-axial
accelerometer that measured head acceleration, for 5 days; all
signals were sampled at 100 Hz. The datalogger and batteries
(together 6 g) were wrapped in kinetic thread seal tape to protect
them from moisture and physical damage. Magpies were given a
minimum of 24-h after attachment of the datalogger to adjust to its
presence before baseline recordings began. Magpies showed no
change in behaviour when fitted with the dataloggers.

(c) Experimental design

Effects of recorded urban noise on sleep and recovery eWe used a
repeated measures design to investigate the impact of urban noise
playback on magpie sleep. The playback stimulus consisted of a
single track of urban noise (including cars, motorcycles, trams,
people, dogs, and wildlife) recorded over a 24-h period, on a
weekday, at a busy roadside park in Melbourne, occupied by
magpies. The playback was recorded using a Bioacoustic Audio
Recorder (BARs, Frontier Labs; sampling rate: 44.1 kH gain, 20 dB);
positioned 30 m from the nearest road. All sound levels presented
were A-weighted decibels (dBA). This recording was unedited and
highly heterogeneous, containing no repeating components, and a
large variety of sounds in an unpredictable sequence including
traffic, human voices, animal noises, and environmental noise. The
recording was played back at amplitudes observed in the wild
(Melbourne urban park range: 50e70 dBA, average over 24 h) and
therefore represented a realistic urban sound environment. The
recording was broadcast to the magpies through an omnidirec-
tional speaker (Ultimate Ears Boom 2) placed in the centre of each
room, such that three of the eight magpies were closer (<1 m) to
the speaker, and the others were farther away. A sound level logger
(Sound Level Meter Data Logger NSRT mk2, type 1, Convergence
Instruments), positioned approximately 3.5 m from the speaker,
allowed us to monitor noise levels in the room throughout the
experiment.

The experiment involved a 3.5-day cycle, starting at lights-off
(1900 h) on Day 1. The first 24-h after the lights were turned off
on Day 1 served as a baseline during which there was no playback,
and noise levels averaged 42 dBA at 3.5 m (Supplementary Fig. 2); a
ventilation and air-conditioning system present in each room was
the source of the low-level noise, whereas magpie carols and calls
were the source of the high-level noise. The magpies were then
subjected to 24-h of noise averaging 66 dBA in amplitude at 3.5 m
starting at lights-off (night-time: 67 ± 1.0 dBA; daytime: 65 ± 1.2
dBA). This sound level was similar to amplitudes measured at other
habitats occupied bymagpies throughout Melbourne, is well below
the safe threshold for humans, and is within the range of noise
pollution found in other metropolitan areas (Brown et al., 2015).
Noise exposure was followed by 36-h of recovery under conditions
identical to the initial baseline (no playback, average 42 ± 6 dBA).

(d) Analysing sleep

To analyse the effects of urban noise on sleep we utilised the
supervised machine-learning algorithm Somnivore™ (Allocca
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et al., 2019) to score wakefulness, non-REM sleep, and REM sleep in
4 s epochs. Somnivore makes use of all available channels when
scoring signals; scoring wasmanually checked for systematic errors
and artefacts (see Supplementary Information for details).

(e) Statistical analysis

We conducted all analyses in the statistical environment R
version 3.5.2 (R Development Core Team, 2018). We used linear
mixed effects models to investigate effects of urban noise exposure
on the amount of each state (wakefulness, non-REM and REM
sleep), as well as total number and duration of bouts of wake and
non-REM sleep during both the night-time and daytime. In addi-
tion, we investigated the percentage of total night-time sleep
composed of REM sleep, night-time EEG slow wave activity (SWA)
during non-REM sleep, as well as total number and duration of REM
sleep bouts during the night. Magpies had little non-REM or REM
sleep during the daytime; we therefore chose to exclude non-REM
sleep SWA, the percentage of total sleep composed of REM sleep,
and the duration and number of REM sleep bouts from daytime
analyses. Daytime and night-time data were modelled separately
for each experiment, with day/night, time of night (quarter), and an
interaction term between day/night and quarter as categorical fixed
effects. Bird identitywas included as a random effect in all models to
account for repeated measures. Sex was initially included as a fixed
effect but was removed as it did not significantly impact any sleep
variable (range: 0.07 < p < 0.99). Models were fitted using the
package lme4 (Bates et al., 2015). Dependent variables were
transformed [log (xþ1)] to meet assumptions for model residuals,
assessed by visually inspecting model residuals, with two excep-
tions. For models of both night and daytime wakefulness, we
modelled the log transformation [log (x)]. For models of the per-
centage of night-time non-REM sleep, variance in model residuals
decreased with the mean; we therefore modelled the log trans-
formation of the inverse [log (100-%non-REM sleep)], then inversed
output values for interpretation. We used a type 3 analysis of
variance (ANOVA) to test for overall effects of fixed factors or in-
teractions in the models (Tables 1 and 2). We ran post hoc paired t-
tests to determine at which level significance was reached for the
amount, duration (expressed as a 12-h or night/day-time quarterly
Table 1
Effects of urban noise exposure on night-time sleep in magpies. Fitted models are LMM
separately, with night, quarter of the night, and the interaction between night and quarte
type three analysis of variance. Statistically significant results are highlighted in bold.

Wake NREM sleep

dfna dfdb F p dfd dfd dfd

Percentage
Treatmentc 3 102 26.90 <0.01 101 11.38 <0.01
Quarterd 3 101 57.64 <0.01 101 53.78 <0.01
Treatment x quarter 9 101 2.36 0.02 101 9.67 <0.01
Bout Duration
Treatment 3 102 3.96 0.01 101 23.09 <0.01
Quarter 3 101 42.92 <0.01 101 72.63 <0.01
Treatment x quarter 9 101 1.47 0.17 101 22.39 <0.01
Number of Bouts
Treatment 3 102 59.10 <0.01 102 13.04 <0.01
Quarter 3 101 12.60 <0.01 101 101.03 <0.01
Treatment x quarter 9 101 2.05 0.04 101 12.85 <0.01

Fitted models are LMMs with bird identity as a random intercept. Night-time (12-h) sle
between night and quarter as categorical fixed effects. Results presented are omnibus test
highlighted in bold.

a dfn is degrees of freedom numerator.
b dfd is degrees of freedom denominator. Degrees of freedom were calculating using t
c Treatment is baseline (no noise), treatment (noise exposure), recovery 1 (no noise),
d Quarter of night represents a 3-h period of the night.
e Percentage of total sleep that is spent in REM sleep.
mean) and number of each state between treatments (12-h) and
quarters (3-h).

To determine whether non-REM sleep intensity was influenced
by urban noise, wemeasured SWA. SWA captures the incidence and
size of EEG slow waves during non-REM sleep, and is typically
quantified as c. 0.5e4 Hz spectral power density during non-REM
sleep (Rattenborg et al., 2009; Tobler, 2011). SWA increases and
decreases with time awake and asleep, respectively, in other birds
andmammals (Rattenborg et al., 2009). Furthermore, SWA predicts
non-REM sleep depth in mammals (Neckelmann and Ursin, 1993).
For these collective reasons, SWA is thought to reflect sleep need
(or pressure) and non-REM sleep intensity (or depth). To calculate
SWA, we performed fast Fourier transforms on epochs in 0.39 Hz
bins using RemLogic v. 3.4.4 (Embla Systems, Pleasanton, United
States) between 0.78 and 3.91 Hz during non-REM sleep, excluding
epochs containing artefacts and transitions between states. SWA
was calculated for each quarter (3-h) of the day and night, and
expressed as a percentage of mean non-REM sleep-related SWA
across the entire 12-h baseline night. We used paired t-tests to
compare the amount of SWA in each treatment per timepoint. In
addition, we used analysis of variance (ANOVA) to look for changes
in sleep intensity over time (throughout the night) and compare
intensity across days. Unless otherwise noted, the values presented
in the results are mean ± SE (standard error).

(f) Ethics and permissions

All methods were approved by the La Trobe University Animal
Ethics Committee (AEC,18034). Birdswere captured, and ultimately
released, with permission from the Department of Environment,
Land, Water and Planning (permit number: 10,008,264) and the
Australian Bird and Bat Banding Scheme (ABBBS number 1405).
One bird died during surgery due to complications while under
isoflurane. After experiments were complete, the remaining birds
were released in July 2019; eight of the eleven birds were observed
in the wild within one month of release. These birds were not
equipped with VHF transmitters and so sightings were serendipi-
tous. Furthermore, three birds were sighted one year after release,
indicating no long-lasting effects of captivity or surgery.
s with bird identity as a random intercept. Night-time (12-h) sleep were modelled
r as categorical fixed effects. Results presented are omnibus tests performed using a

REM sleep REM/Sleepe NREM SWA

dfd F p dfd F p dfd F p

101 26.00 <0.01 101 12.62 <0.01 98 23.74 <0.01
101 83.53 <0.01 101 62.32 <0.01 97 4.25 <0.01
101 1.32 0.23 101 2.40 <0.01 97 2.83 <0.01

100 14.05 <0.01
100 5.70 <0.01
100 0.61 0.79

100 14.71 <0.01
100 69.82 <0.01
100 0.92 0.51

ep were modelled separately, with night, quarter of the night, and the interaction
s performed using a type three analysis of variance. Statistically significant results are

he Satterthwaite method and can vary depending on the response variable.
and recovery 2 (no noise).



Table 2
Effects of urban noise exposure on daytime sleep in magpies. Fittedmodels are LMMswith bird identity as a random intercept. Daytime (12-h) sleep were modelled separately,
with day, quarter of the day, and the interaction between day and quarter as categorical fixed effects. Results presented are omnibus tests performed using a type three analysis
of variance. Statistically significant results are highlighted in bold.

Wake NREM sleep REM sleep

dfna dfdb F p dfd F p dfd F p

Percentage
Treatmentc 2 74 0.01 0.99 73 2.78 0.07 73 2.37 0.10
Quarterd 3 73 5.52 <0.01 73 17.17 <0.01 73 4.50 <0.01
Treatment x quarter 6 73 0.93 0.48 73 3.25 <0.01 73 0.85 0.54
Bout Duration
Treatment 2 70 3.30 0.04 70 2.35 0.10
Quarter 3 70 15.17 <0.01 70 6.66 <0.01
Treatment x quarter 6 70 3.27 <0.01 70 1.54 0.18
Number of Bouts
Treatment 2 70 4.49 0.01 70 4.49 0.01
Quarter 3 70 15.75 <0.01 70 17.17 <0.01
Treatment x quarter 6 70 2.64 0.02 70 2.82 0.02

Fitted models are LMMs with bird identity as a random intercept. Daytime (12-h) sleep were modelled separately, with day, quarter of the day, and the interaction between
day and quarter as categorical fixed effects. Results presented are omnibus tests performed using a type three analysis of variance. Statistically significant results are high-
lighted in bold.

a dfn is degrees of freedom numerator.
b dfd is degrees of freedom denominator. Degrees of freedom were calculating using the Satterthwaite method and can vary depending on the response variable.
c Treatment is baseline (no noise), treatment (noise exposure), and recovery 1 (no noise).
d Quarter of night represents a 3-h period of the day.
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3. Results

(I) Magpie sleep composition

Baseline e Magpies are strongly diurnal (Fig. 1). Magpies slept
10.8 h over the 24-h baseline day, and little of this (5.4 ± 1.0%)
occurred during the daytime. Conversely, non-REM and REM sleep
comprised 72.7 ± 1.2% and 12.2 ± 1.0% of the night, respectively,
with the remaining 15.1 ± 2.0% occupied by wakefulness. The
percentage of total sleep time allocated to REM sleep was
14.4 ± 1.2% (Table 3). The amount of non-REM sleep declined across
the night (F11,84 ¼ 14.41, p < 0.01), arising from progressively
shorter non-REM sleep bouts (F11,84 ¼ 5.02, p < 0.01), despite there
being more episodes overall (F11,84 ¼ 23.48, p < 0.01). As the night
progressed, the amount of REM sleep increased (F11,84 ¼ 17.51,
p < 0.01), brought about by more and longer REM sleep bouts
(number: F11,81 ¼ 19.87, p < 0.01; duration: F11,81 ¼ 4.15, p < 0.01).
One hour before lights-on, the magpies began to wake up for the
day, and the large amount of night-time sleep was replaced by large
amounts of daytime wakefulness. The low amounts of daytime
sleep consisted primarily of non-REM sleep during a mid-day siesta
(1000e1300 h). Magpie SWA during non-REM sleep declined
significantly across the baseline night (F3,28 ¼ 2.95, p ¼ 0.05).

To better understand the sleep patterns of magpies, we also
quantified total bout number and duration for each state (Table 4).
During the night, magpies woke up 273 ± 27 times, and entered
non-REM sleep and REM sleep 938 ± 20 and 698 ± 35 times,
respectively. The similar number of non-REM and REM sleep epi-
sodes, and foreknowledge that birds and mammals only enter REM
sleep from non-REM sleep, means that most bouts of non-REM
sleep terminated with REM sleep. Mean bout length varied be-
tween states: bouts of night-time wakefulness were 28 ± 3 s in
duration; non-REM sleep episodes were 34 ± 1 s; and REM sleep
bouts were 8 ± 0 s. During the day, the number of wake bouts were
similar to the night (282 ± 61), but were considerably longer in
duration (201 ± 43 s). There were far fewer (289 ± 60) and shorter
(8 ± 1 s) episodes of daytime non-REM sleep, relative to those at
night. REM sleep occurred infrequently during the day (total
number of REM sleep bouts across all birds: 119, average: 18 ± 8);
thus, daytime REM sleep was not analysed further.
(II) Effects of urban noise on sleep and recovery sleep

Night-time sleep during noise playback - Exposure to urban noise
affected both the amount and composition of night-time sleep,
with impacts observed both across the entire treatment night and
in individual quarters of the night (Table 1).When exposed to noise,
the time spent awake at night doubled to 32.8 ± 3.7%, non-REM
sleep decreased to 61.6 ± 3.2%, and REM sleep was halved to
5.6 ± 1.3% (Table 3, Fig. 2). The percentage of night-time total sleep
time allocated to REM sleep also decreased during the noise play-
back (8.0 ± 1.7%; t ¼ 4.76, p < 0.01). During the first 3-h of exposure
to urban noise, bouts of non-REM sleep were significantly shorter,
and more numerous, compared to the baseline night; REM sleep
episodes were both shorter and fewer during the noise presenta-
tion, reflecting sleep fragmentation (Table 4, Fig. 3). There was no
statistical difference between the two experimental rooms in terms
of the amount of sleep states during the treatment night (wake:
t ¼ �0.93, p ¼ 0.40; non-REM sleep: t ¼ 1.29, p ¼ 0.26; REM sleep:
t ¼ �0.29, p ¼ 0.78).

Night-time sleep recovery e Exposure to noise had a lasting
impact that carried over into the recovery nights (Table 1). During
the first recovery night, the amount of wakefulness decreased to
13.2 ± 0.6%, compared to the baseline night (t ¼ 5.62, p < 0.01),
indicating that the magpies slept more on the recovery night;
however, individually, non-REM sleep (t ¼ �0.92, p ¼ 0.39) and
REM sleep were largely unchanged (t ¼ �1.01, p ¼ 0.35; Table 3,
Fig. 2). Moreover, there were fewer bouts of wakefulness, but the
other architectural features of sleep were unchanged from baseline
(Table 4, Fig. 3). On the second recovery night, no state differed
from baseline in overall amount (wake: t¼ 1.19, p¼ 0.28; non-REM
sleep: t ¼ �0.93, p ¼ 0.39; REM sleep: t ¼ �0.05, p ¼ 0.96), but
there were again fewer bouts of wakefulness, and now non-REM
sleep bouts were also fewer and longer, reflecting sleep
consolidation.

Day-time sleep during noise playback e Noise did not have a
strong impact on day-time sleep (Table 2). During the day with
noise playback (following a night with noise playback), time spent
awake (95.0 ± 2.7%; t ¼ �0.18, p ¼ 0.86), in non-REM sleep
(4.9 ± 2.7%; t ¼ 0.13, p ¼ 0.90), and in REM sleep (0.6 ± 0.0%;
t¼ 1.57, p¼ 0.16), were all similar to baseline values (Table 3, Fig. 2).



Fig. 1. Magpie sleep architecture under baseline conditions. (a) Timing and amount (%) of wake (green), non-REM sleep (blue), and REM sleep (red) across the 24-h undisturbed
recording, and the (b) duration and (c) number of state episodes. Time of day is expressed as circadian time, whereby lights were switched on/off at 00/12 h, respectively. The black
horizontal bar along the top of the plot indicates night; the white bar reflects day. All data are shown as mean ± SE.
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Table 3
Effects of noise on the percentage of wake, non-REM sleep, and REM sleep, and the percentage of sleep allocated to REM sleep (%REM sleep) inmagpies. Magpies were recorded
during an undisturbed 24-h day (Baseline), followed by 24-h of noise exposure (Treatment), and ending with two recovery periods (Recovery R1 and R2; 24-h and 12-h
respectively). Values are presented as mean ± SE, along with P-values from paired t-tests that compared between nights (top) and days (bottom). The %REM sleep during
the day was rare and excluded. Statistically significant results are highlighted in bold.

Night-time Sleep

Night 1
Baseline (B)

Night 2 Treatment (T) Night 3 Recovery (R1) Night 4 Recovery (R2) P
B e T

P
B e R1

P
B e R2

Wake 15.1 ± 0.7 32.8 ± 3.7 13.2 ± 0.6 13.7 ± 0.4 t ¼ �4.36
p < 0.01

t ¼ 5.62
p < 0.01

t ¼ 1.19
p ¼ 0.28

NREM 72.7 ± 1.2 61.6 ± 3.2 73.6 ± 1.6 74.6 ± 1.2 t ¼ 3.28
p < 0.01

t ¼ �0.92
p ¼ 0.39

t ¼ �0.93
p ¼ 0.39

REM 12.2 ± 1.0 5.6 ± 1.3 13.1 ± 1.5 11.8 ± 1.1 t ¼ 5.95
p < 0.01

t ¼ �1.01
p ¼ 0.35

t ¼ �0.05
p ¼ 0.96

REM/Sleep 14.4 ± 1.2 8.0 ± 1.7 15.1 ± 1.7 13.6 ± 1.3 t ¼ 4.76
p < 0.01

t ¼ �0.71
p ¼ 0.50

t ¼ 0.19
p ¼ 0.86

Daytime Sleep
Day 1
Baseline (B)

Day 2
Treatment (T)

Day 3
Recovery (R1)

P
B - T

P
B e R1

Wake 94.6 ± 1.0 95.0 ± 2.7 94.1 ± 1.3 e t ¼ �0.18
p ¼ 0.86

t ¼ �0.49
p ¼ 0.64

NREM 5.2 ± 1.0 4.9 ± 2.7 5.8 ± 1.2 e t ¼ 0.13
p ¼ 0.90

t ¼ �0.63
p ¼ 0.55

REM 0.2 ± 0.1 0.6 ± 0.0 0.1 ± 0.1 e t ¼ 1.57
p ¼ 0.16

t ¼ 1.69
p ¼ 0.14

Table 4
Effects of noise on the number and duration of bouts of wake, non-REM sleep and REM sleep in magpies. Magpies were recorded during an undisturbed 24-h day (Baseline),
followed by 24-h of noise exposure (Treatment), ending with two recovery periods (Recovery R1 and R2; 24-h and 12-h respectively). Values are presented as mean ± SE, along
with P-values from paired t-tests that compared between nights (top) and days (bottom). Daytime REM sleep was rare and excluded from analysis. Statistically significant
results are highlighted in bold.

Night-time Sleep

Night 1
Baseline (B)

Night 2 Treatment (T) Night 3 Recovery (R1) Night 4 Recovery (R2) P
B - T

P
B - R1

P
B e R2

Wake no. bouts 273.4 ± 27.0 780.4 ± 91.9 222.0 ± 29.8 219.0 ± 17.2 t ¼ �5.61
p < 0.01

t ¼ 2.67
p ¼ 0.03

t ¼ 3.03
p ¼ 0.02

bout length (s) 28.1 ± 2.8 20.8 ± 2.6 43.9 ± 12.3 44.3 ± 12.5 t ¼ 3.05
p ¼ 0.02

t ¼ �1.32
p ¼ 0.23

t ¼ �1.67
p ¼ 0.15

NREM no. bouts 937.9 ± 20.3 1101.9 ± 68.1 925.3 ± 38.4 861.9 ± 35.6 t ¼ �2.81
p ¼ 0.03

t ¼ 0.58
p ¼ 0.58

t ¼ 2.43
p ¼ 0.05

bout length (s) 33.7 ± 1.2 25.1 ± 2.4 35.0 ± 2.2 37.9 ± 2.1 t ¼ 3.8
p < 0.01

t ¼ �1.06
p ¼ 0.33

t ¼ �2.40
p ¼ 0.05

REM no. bouts 698.1 ± 34.9 381.4 ± 67.5 732.0 ± 47.0 668.7 ± 37.9 t ¼ 5.80
p < 0.01

t ¼ �1.07
p ¼ 0.32

t ¼ 0.41
p ¼ 0.70

bout length (s) 7.5 ± 0.3 6.0 ± 0.5 7.6 ± 0.5 7.5 ± 0.5 t ¼ 3.03
p ¼ 0.02

t ¼ �0.36
p ¼ 0.73

t ¼ �0.61
p ¼ 0.56

Daytime Sleep
Day 1
Baseline (B)

Day 2
Treatment (T)

Day 3 Recovery (R1) P
B - T

P
B e R1

Wake no. bouts 282.3 ± 60.5 219.0 ± 84.8 278.4 ± 73.8 e t ¼ 1.05
p ¼ 0.33

t ¼ 0.55
p ¼ 0.60

bout length (s) 200.5 ± 42.6 1170.6 ± 740.0 250.5 ± 96.3 e t ¼ �1.35
p ¼ 0.22

t ¼ �1.00
p ¼ 0.36

NREM no. bouts 288.5 ± 59.8 220.3 ± 84.7 282.3 ± 73.8 e t ¼ 1.11
p ¼ 0.30

t ¼ 0.63
p ¼ 0.55

bout length (s) 8.1 ± 0.6 8.0 ± 1.2 12.0 ± 3.2 e t ¼ 0.17
p ¼ 0.87

t ¼ �1.25
p ¼ 0.26

F. Connelly et al. / Environmental Pollution 267 (2020) 1154846
During day-time exposure, duration and number of bouts of
wakefulness were longer, but non-REM sleep, and REM sleep were
all similar to baseline values (Table 4).

Daytime sleep recovery e During the recovery day, the amount,
duration, and number of bouts of wakefulness, non-REM sleep, and
REM sleep were all similar to baseline values (Table 2, Table 3,
Table 4).

Slow wave activity at night e Noise had a strong effect on non-
REM sleep SWA, showing impact to the entire treatment night
and individual quarters throughout the night (Table 1). SWA during
exposure to urban noise was lower relative to baseline
(F1,62 ¼ 29.52, p < 0.01) and did not vary across the night
(F3,28 ¼ 1.95, p ¼ 0.14; Fig. 4). Over the first recovery night, SWA
progressively declined (F3,28 ¼ 4.86, p < 0.01), and was higher
relative to baseline, reflecting non-REM sleep homeostasis. SWA
during the second recovery night was not different from baseline
values (F1,54 ¼ 0.51, p ¼ 0.48).

Slow wave activity during the day e There was less than 1 h of
non-REM sleep across each of the 12-h days. Owing to the paucity
of daytime non-REM sleep-related SWA data, we did not include it
in our analysis.



Fig. 2. Effects of urban noise on the percentage of wake, non-REM and REM sleep. Data
are summarised as quarterly (3-h) time bins for the baseline (open), noise treatment
(orange; lasted the entire 24-h day), first (black) and second (grey) recovery days. Time
of day is expressed as circadian time, whereby lights were switched on/off at 0/12 h,
respectively. The black horizontal bar along the top of the plot indicates night; the
white bar reflects day. All data are shown as mean ± SE; asterisks denote a significant
difference between the quarter of that colour-coded day compared to baseline. For
example, there was significantly more wakefulness during the first, second, and fourth
quarter of the noise treatment night relative to baseline.
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4. Discussion

We found that Australian magpies experimentally exposed to
recorded urban noise in captivity had restricted, fragmented, and
lighter sleep compared to baseline conditions.We provide evidence
that lost non-REM sleep was recovered by sleeping more, and more
intensely, the following night, when the playback was absent. We
found no evidence for the recovery of lost REM sleep, which might
serve to challenge the idea for an essential restorative function of
this state. Overall, these findings provide, to our knowledge, the
first experimental evidence that urban noise disrupts sleep in
wildlife.

How does urban noise exposure affect magpie sleep? Magpies
exposed to noise at night spent more time awake, less time in non-
REM and REM sleep, and allocated less time asleep to REM sleep
than they did during a quiet night. Sleep during noise exposurewas
more fragmented, with magpies waking up more often and
sleeping for shorter durations. When (non-REM) sleep did occur, it
was less intense. Noise had no clear effects on sleep during the day,
perhaps because magpies typically spent so much of the day awake
under undisturbed conditions.

Magpies exposed to urban noise recovered at least some lost
non-REM sleep on the subsequent (quiet) 24-h day. This was shown
by the increase in the time spent in non-REM sleep during the first
part of the recovery night, and by the increase in non-REM sleep
intensity during the recovery night. These findings are consistent
with studies on other birds and mammals showing that these an-
imals compensate for reductions in sleep primarily by increasing
subsequent non-REM sleep intensity (Jones et al., 2008; Martinez-
Gonzalez et al., 2008; Lesku et al., 2011a, 2012; Rattenborg et al.,
2016; van Hasselt et al., 2019). Magpies did not experience a
rebound in REM sleep, which is consistent with a previous study
(Aulsebrook et al., 2020). During noise exposure, magpies lost (on
average) 47 min of REM sleep over the 12-h night, and throughout
the two recovery nights, only gained back four of the lost minutes.
This result was unexpected, as other birds have more REM sleep
following extended periods of wakefulness (Jones et al., 2008;
Martinez-Gonzalez et al., 2008; Rattenborg et al., 2009; Lesku et al.,
2011a, Tisdale et al., 2018). However, other animals either have little
REM sleep (Gravett et al., 2017; Davimes et al., 2018) or, like mag-
pies, (apparently) lack REM homeostasis (Lyamin et al., 2008, 2018).
Indeed, a recent study on starlings (Sturnus vulgaris) found no ev-
idence for REM sleep homeostasis, despite two independent du-
rations of sleep loss (van Hasselt et al., 2019). Further experimental
work is needed to better understand sleep regulation in magpies.
Nonetheless, similar to work on humans, our findings reveal that
avian sleep is also disrupted by urban noise (Rabat et al., 2007;
Fyhri et al., 2010; Elmenhorst et al., 2012).

There are a variety of non-mutually exclusive mechanisms by
which noise might have affected sleep in our study. First, particular
sounds in the recorded noise may have triggered a behavioural
response independent of sound amplitude per se. Our noise treat-
ment was a recording of urban noise and therefore included noises
with varying amplitudes and frequencies, such as dogs barking,
humans talking, other wildlife, and diverse noises common in an
urban environment. Certain sounds could have triggered anti-
predator and vigilance behaviours during the night (Meill�ere
et al., 2015; Yorzinski et al., 2015; McBlain et al., 2020) and there-
fore caused sleep disruptions. Second, the noise itself may have
been novel and only played over a single, 24-h period. Magpies had
lived in quiet rooms (42 dBA) for over two months prior to the
experiment and were therefore adjusted to a non-urban sound
environment. We tried to minimize any novelty effect of the noise,
by exposing the birds to the 24-h noise recording (25 days) before
the experiment began. Furthermore, two of the birds had to
undergo the experiment twice, and the patterns observed in these
birds was similar to the patterns observed overall. For these rea-
sons, it is unlikely that novelty could explain our results. None-
theless, exposing birds to noise over a longer period of time may
help disentangle the effects of novelty versus noise per se. Third, the
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noise treatment began at lights-off, when the circadian clock fa-
vours sleep, and this may have elicited a stress response in the
magpies. It is known that noise can cause stress in wildlife (Wright
et al., 2007; Kliest et al., 2018), and stressful situations reduce REM
sleep disproportionately in pigeons (Tisdale et al., 2018) and ro-
dents (Lesku et al., 2008). It is possible that some sleep disturbance
may have been caused by stress at the start of the playback at lights
off; however, that acute effect would not explain the chronic
disturbance across the entire night. Finally, our experimental birds
were not acoustically isolated from one another. The reactions of a
few birds could have caused the rest of the birds to react to noise.
Magpies are social animals: over the course of two months, the
birds in each room had begun to socially interact (i.e. carol/sing
together). In the wild, we have observed a single alarm call from
Fig. 3. Effects of urban noise on the bout duration and number of state episodes of night-tim
the baseline (open), noise treatment (orange), first (black) and second (grey) recovery nights
denote a significant difference between the quarter of that colour-coded day compared to b
shorter, and less frequent, relative to baseline.
one group triggering a response from several adjacent groups. The
reaction of a few magpies could have disturbed the rest of the
group; however, testing magpies in the absence of conspecifics
would probably have increased stress in this social species (Ashton
et al., 2018).

While this study demonstrates that noise exposure can disrupt
sleep, it was conducted in captivity and may not reflect magpie
responses in the wild (Aulsebrook et al., 2016). The amount of sleep
can differ between captive and wild animals (Rattenborg et al.,
2008) and our findings will need to be validated in a natural
setting. Nevertheless, these results demonstrate that exposure to
urban noise can have adverse and diverse effects on sleep, which
can carry over into the night following urban noise. Noise-induced
reductions of sleep could potentially have detrimental long-term
e wake, non-REM and REM sleep. Data are summarised as quarterly (3-h) time bins for
. Time of day is expressed as circadian time. All data are shown as mean ± SE; asterisks
aseline. For example, across the entire noise treatment night, bouts of REM sleep were



Fig. 4. Effects of urban noise on night-time non-REM sleep-related slow wave activity
(SWA; 0.78e3.91 Hz power density). Data are summarised as quarterly (3-h) time bins
for the baseline (open), noise treatment (orange; lasted the entire 12-h night), first
(black) and second (grey) recovery nights. SWA is expressed as a percentage of the
baseline night non-REM sleep mean (i.e. the 100% dashed line). Circadian time plots
lights off at 12-h. All data are shown as mean ± SE; asterisks denote a significant
difference between the quarter of that colour-coded day compared to baseline. For
instance, SWA was significantly lower during most quarters of the noise treatment
night, and significantly higher during the first quarter of the first recovery night,
relative to baseline.
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consequences for health, survival, and reproductive success given
sleep’s role in energy homeostasis (Schmidt et al., 2017), immune
system maintenance (Imeri and Opp, 2009; Irwin, 2015), learning
and memory (Der�egnaucourt et al., 2005; Kayser et al., 2014), and
brain development in early life (Blumberg, 2015), among other
functions. Unlike humans, free-living territorial animals have
limited options for avoiding or reducing exposure to noise. For this
reason, it is important that levels of urban noise are mitigated (e.g.
widespread use of electric vehicles would eliminate most traffic
noise) in order to protect wildlife from its potential harm.

Our findings suggest many avenues of future research. First, our
study only investigated the impact of 24-h of noise. A longer-term
study looking at noise exposure over several weeks, or even greater
durations, could provide insight into whether animals habituate to
the disruptive effects of noise. Second, birds in our study were all
from urban environments andmay have been accustomed to urban
noises (Linley et al., 2018). If true, then the reactions from these
birds may have been conservative in comparison to more ‘rural’
birds. A study comparing birds from rural and urban areas may aid
in determining if noise has a greater effect on wildlife from less
noise polluted areas. Finally, the control for our experiment was a
quiet environment, containing only the sound of an air condition-
ing unit. In nature, complete noiselessness is rare, and therefore our
control may not have been ecologically relevant. An experiment
utilizing a control noise recorded from a quieter natural area may
provide a better comparison to urban noise.

How do Australian magpies sleep? In the absence of urban noise,
magpie sleep followed patterns similar to those observed in other
birds (Roth et al., 2006). Across undisturbed nights (i) amounts of
non-REM sleep decreased, (ii) amounts of REM sleep increased, (iii)
and SWA during non-REM sleep declined (Martinez-Gonzalez et al.,
2008; Lesku et al., 2011a; Tisdale et al., 2018). The finer, architec-
tural patterns of magpie sleep were also similar to other birds: non-
REM sleep bouts became shorter, and REM sleep bouts became
longer and more numerous as the night progressed (Martinez-
Gonzalez et al., 2008). Similar to other passerine species (e.g.
jackdaw Corvus monedula, Szymczak, 1986; rook Corvus frugilegus,
Szymczak, 1987; European blackbird Turdus merula, Szymczak,
1993), magpies spent very little time asleep during the day;
virtually all daytime sleep was non-REM sleep and was clustered in
the middle of the day. On average, the amount of REM sleep in
magpies was similar to that observed in other songbirds (Roth et al.,
2006), as was the (short) duration of REM sleep bouts (van Twyver
and Allison, 1972; Rattenborg et al., 2004; Ayala-Guerrero et al.,
2003; Lesku et al., 2011b).

In addition to describing the sleep patterns of Australian mag-
pies, we provide the first evidence that even relatively short periods
of exposure to urban noise can restrict, fragment, and lighten sleep
in wildlife. Our results also question the importance of REM sleep
and the functional significance of this sleep state. Noise is pervasive
and is increasing in natural spaces globally. Our findings highlight
the potential for detrimental consequences for wildlife and the
urgent need for further work to establish noise management so-
lutions in urban environments.

Credit author statement

Farley Connelly: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Visualization, Writing - original draft, Writing-
Reviewing and editing, Funding acquisition; Robin Johnsson:
Investigation, Writing-Reviewing and editing; Anne Aulsebrook:
Formal analysis, Writing-Reviewing and editing. Raoul Mulder:
Conceptualization, Methodology, Writing-Reviewing and editing,
Supervision; Michelle Hall: Conceptualization, Methodology,
Writing-Reviewing and editing, Supervision; Alexei Vyssotski:
Software, Resources, Writing-Reviewing and editing; John Lesku:
Conceptualization, Methodology, Writing-Reviewing and editing,
Supervision, Funding acquisition

Funding

This project was supported by the Holsworth Wildlife Research
Endowment and the Ecological Society of Australia. This study was
also funded by an Australian Research Council (ARC) Discovery
Project grant (DP170101003) to J.A.L.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

We would like to acknowledge the Mulder Lab, Sleep Ecophys-
iology Group, and the staff from the La Trobe Animal Research and
Teaching Facility for their assistance during this project; and Juliane
Gaviraghi Mussoi for use of her Australian magpie images.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2020.115484.

References

Allocca, G., et al., 2019. Validation of ‘Somnivore’, a machine learning algorithm for
automated scoring and analysis of polysomnography data. Front. Neurosci. 13.

Ashton, B.J., Ridley, A.R., Edwards, E.K., Thornton, A., 2018. Cognitive performance is
linked to group size and affects fitness in Australian magpies. Nature 554,
364e367.

Aulsebrook, A.E., Jones, T.M., Rattenborg, N.C., Roth 2nd, T.C., Lesku, J.A., 2016. Sleep
ecophysiology: integrating neuroscience and ecology. Trends Ecol. Evol. 31,

https://doi.org/10.1016/j.envpol.2020.115484
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref1
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref1
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref2
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref2
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref2
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref2
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref3
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref3


F. Connelly et al. / Environmental Pollution 267 (2020) 11548410
590e599.
Aulsebrook, A.E., Connelly, F., Johnsson, R.D., Jones, T.M., Mulder, R.A., Hall, M.L.,

Vyssotski, A.L., Lesku, J.A., 2020. White and amber light at night disrupt sleep
physiology in birds. Curr. Biol. https://doi.org/10.1016/j.cub.2020.06.085.

Ayala-Guerrero, F., Mexicano, G., Ramos, J.I., 2003. Sleep characteristics in the
Turkey Meleagris gallopavo. Physiol. Behav. 78, 435e440.

Barber, J.R., Crooks, K.R., Fristrup, K.M., 2010. The costs of chronic noise exposure for
terrestrial organisms. Trends Ecol. Evol. 25, 180e189.

Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., Stansfeld, S., 2014.
Auditory and non-auditory effects of noise on health. Lancet 383, 1325e1332.

Bates, D., M€achler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Software 67, 1e48.

Blumberg, M.S., 2015. Developing sensorimotor systems in our sleep. Curr. Dir.
Psychol. Sci. 24, 32e37.

Bosquillon de Jenlis, A., Del Vecchio, F., Delanaud, S., Gay-Queheillard, J., Bach, V.,
Pelletier, A., 2019. Impacts of subchronic, high-level noise exposure on sleep
and metabolic parameters: a juvenile rodent model. Environ. Health Perspect.
127, 57004.

Brown, A.L., Lam, K.C., Van Kamp, I., 2015. Quantification of the exposure and effects
of road traffic noise in a dense Asian city: a comparison with western cities.
Environ. Health-Glob. 14, 1e11.

Brumm, H., 2004. The impact of environmental noise on song amplitude in a ter-
ritorial bird. J. Anim. Ecol. 73, 434e440.

Davimes, J.G., Alagaili, A.N., Bhagwandin, A., Bertelsen, M.F., Mohammed, O.B.,
Bennett, N.C., Manger, P.R., Gravett, N., 2018. Seasonal variations in sleep of free-
ranging Arabian oryx (Oryx leucoryx) under natural hyperarid conditions. Sleep
41, zsy038.

Der�egnaucourt, S., Mitra, P.P., Feh�er, O., Pytte, C., Tchernichovski, O., 2005. How
sleep affects the developmental learning of bird song. Nature 433, 710e716.

Diekelmann, S., Born, J., 2010. The memory function of sleep. Nat. Rev. Neurosci. 11,
114e126.

Elmenhorst, E.-M., Pennig, S., Rolny, V., Quehl, J., Mueller, U., Maaß, H., Basner, M.,
2012. Examining nocturnal railway noise and aircraft noise in the field: sleep,
psychomotor performance, and annoyance. Sci. Total Environ. 424, 48e56.

Ernstes, R., Quinn, J.E., 2016. Variation in bird vocalizations across a gradient of
traffic noise as a measure of an altered urban soundscape. Cities and the
Environment 8 (1).

Ferretti, A., Rattenborg, N.C., Ruf, T., McWilliams, S.R., Cardinale, M., Fusani, L., 2019.
Sleeping unsafely tucked in to conserve energy in a nocturnal migratory
songbird. Curr. Biol. 29, 2766e2772.

Frei, P., Mohler, E., R€o€osli, M., 2014. Effect of nocturnal road traffic noise exposure
and annoyance on objective and subjective sleep quality. Int. J. Hyg Environ.
Health 217, 188e195.

Fuller, R.A., Warren, P.H., Gaston, K.J., 2007. Daytime noise predicts nocturnal
singing in urban robins. Biol. Lett. 3, 368e370.

Fultz, N.E., Bonmassar, G., Setsompop, K., Stickgold, R.A., Rosen, B.R., Polimeni, J.R.,
Lewis, L.D., 2019. Coupled electrophysiological, hemodynamic, and cerebro-
spinal fluid oscillations in human sleep. Science 366, 628e631.

Fyhri, A., Aasvang, G.M., 2010. Noise, sleep and poor health: modeling the rela-
tionship between road traffic noise and cardiovascular problems. Sci. Total
Environ. 408, 4935e4942.

Gravett, N., Bhagwandin, A., Sutcliffe, R., Landen, K., Chase, M.J., Lyamin, O.I.,
Siegel, J.M., Manger, P.R., 2017. Inactivity/sleep in two wild free-roaming African
elephant matriarchs - does large body size make elephants the shortest
mammalian sleepers? PloS One 12, 1e33.

Huber, R., Felice Ghilardi, M., Massimini, M., Tononi, G., 2004. Local sleep and
learning. Nature 430, 78e81.

Irwin, M.R., 2015. Why sleep is important for health: a psychoneuroimmunology
perspective. Annu. Rev. Psychol. 66, 143e172.

Jones, S.G., Vyazovskiy, V.V., Cirelli, C., Tononi, G., Benca, R.M., 2008. Homeostatic
regulation of sleep in the white-crowned sparrow (Zonotrichia leucophrys
gambelii). BMC Neurosci. 9, 47.

Kaplan, G., 2019. Australian Magpie: Biology and Behaviour of an Unusual Songbird.
CSIRO Publishing, Clayton South, Australia.

Kayser, M.S., Yue, Z., Sehgal, A., 2014. A critical period of sleep for development of
courtship circuitry and behavior in drosophila. Science 344, 269e274.

Kight, C.R., Swaddle, J.P., 2015. Eastern bluebirds alter their song in response to
anthropogenic changes in the acoustic environment. Integr. Comp. Biol. 55,
418e431.

Kleist, N.J., Guralnick, R.P., Cruz, A., Lowry, C.A., Francis, C.D., 2018. Chronic
anthropogenic noise disrupts glucocorticoid signaling and has multiple effects
on fitness in an avian community. P. Natl. A. Sci. 115, 648e657.

Lesku, J.A., Rattenborg, N.C., 2014. Avian sleep. Curr. Biol. 24, 12e14.
Lesku, J.A., Roth 2nd, T.C., Rattenborg, N.C., Amlaner, C.J., Lima, S.L., 2008. Phylo-

genetics and the correlates of mammalian sleep: a reappraisal. Sleep Med. Rev.
12, 229e244.

Lesku, J.A., Meyer, L.C.R., Fuller, A., Maloney, S.K., Dell’Omo, G., Vyssotski, A.L.,
Rattenborg, N.C., 2011a. Ostriches sleep like platypuses. PloS One 6, e23203.

Lesku, J.A., Meyer, L.C.R., Fuller, A., Maloney, S.K., Dell’Omo, G., Vyssotski, A.L.,
Rattenborg, N.C., 2011b. Ostriches sleep like platypuses. PloS One 6, e23203.

Lesku, J.A., Rattenborg, N.C., Valcu, M., Vyssotski, A.L., Kuhn, S., Kuemmeth, F.,
Heidrich, W., Kempenaers, B., 2012. Adaptive sleep loss in polygynous pectoral
sandpipers. Science 337, 1654e1658.

Lima, S.L., Rattenborg, N.C., Lesku, J.A., Amlaner, C.J., 2005. Sleeping under the risk of
predation. Anim. Behav. 70, 723e736.
Linley, G.D., Kostoglou, K., Jit, R., Weston, M.A., 2018. Australian magpies exhibit
increased tolerance of aircraft noise on an airport, and are more responsive to
take-off than to landing noises. Wildl. Res. 45, 282e286.

Lyamin, O.I., Manger, P.R., Ridgway, S.H., Mukhametov, L.M., Siegel, J.M., 2008.
Cetacean sleep: an unusual form of mammalian sleep. Neurosci. Biobehav. Rev.
32, 1451e1484.

Lyamin, O.I., Kosenko, P.O., Korneva, S.M., Vyssotski, A.L., Mukhametov, L.M.,
Siegel, J.M., 2018. Fur seals suppress REM sleep for very long periods without
subsequent rebound. Curr. Biol. 28, 2000e2005.

Martinez-Gonzalez, D., Lesku, J.A., Rattenborg, N.C., 2008. Increased EEG spectral
power density during sleep following short-term sleep deprivation in pigeons
(Columba livia): evidence for avian sleep homeostasis. J. Sleep Res. 17, 140e153.

McBlain, M., Jones, K.A., Shannon, G., 2020. Sleeping Eurasian oystercatchers adjust
their vigilance in response to the behaviour of neighbours, human disturbance
and environmental conditions. J. Zool. jzo.12812.

McClure, C.J.W., Ware, H.E., Carlisle, J., Kaltenecker, G., Barber, J.R., 2013. An
experimental investigation into the effects of traffic noise on distributions of
birds: avoiding the phantom road. P. Roy. Soc. B-Biol. Sci. 280, 20132290.

McClure, C.J.W., Ware, H.E., Carlisle, J.D., Barber, J.R., 2016. Noise from a phantom
road experiment alters the age structure of a community of migrating birds.
Anim. Conserv. 20, 164e172.

Meill�ere, A., Brischoux, F., Angelier, F., 2015. Impact of chronic noise exposure on
antipredator behavior: an experiment in breeding house sparrows. Behav. Ecol.
26, 569e577.

Neckelmann, D., Ursin, R., 1993. Sleep stages and EEG power spectrum in relation to
acoustical stimulus arousal threshold in the rat. Sleep 16, 467e477.

Potvin, D.A., MacDougall-Shackleton, S.A., 2015. Traffic noise affects embryo mor-
tality and nestling growth rates in captive zebra finches. J. Exp. Zool. Part A: Eco.
Gen. Physiol. 323, 722e730.

Rabat, A., 2007. Extra-auditory effects of noise in laboratory animals: the relation-
ship between noise and sleep. J. Am. Assoc. Lab. Anim. 46, 35e41.

Rabat, A., Bouyer, J.J., Aran, J.M., Le Moal, M., Mayo, W., 2005. Chronic exposure to an
environmental noise permanently disturbs sleep in rats: inter-individual
vulnerability. Brain Res. 1059, 72e82.

Rattenborg, N.C., Mandt, B.H., Obermeyer, W.H., Winsauer, P.J., Huber, R.,
Wikelski, M., Benca, R.M., 2004. Migratory sleeplessness in the white-crowned
sparrow (Zonotrichia leucophrys gambelii). PLoS Biol. 2, e212.

Rattenborg, N.C., Voirin, B., Vyssotski, A.L., Kays, R.W., Spoelstra, K., Kuemmeth, F.,
Heidrich, W., Wikelski, M., 2008. Sleeping outside the box: electroencephalo-
graphic measures of sleep in sloths inhabiting a rainforest. Biol. Lett. 4,
402e405.

Rattenborg, N.C., Martinez-Gonzalez, D., Lesku, J.A., 2009. Avian sleep homeostasis:
convergent evolution of complex brains, cognition and sleep functions in
mammals and birds. Neurosci. Biobehav. 33, 253e270.

Rattenborg, N.C., Voirin, B., Cruz, S.M., Tisdale, R., Dell’Omo, G., Lipp, H.-P.,
Wikelski, M., Vyssotski, A.L., 2016. Evidence that birds sleep in mid-flight. Nat.
Commun. 7.

Roth 2nd, T.C., Lesku, J.A., Amlaner, C.J., Lima, S.L., 2006. A phylogenetic analysis of
the correlates of sleep in birds. J. Sleep Res. 15, 395e402.

Schmidt, M.H., Swang, T.W., Hamilton, I.M., Best, J.A., 2017. State-dependent
metabolic partitioning and energy conservation: a theoretical framework for
understanding the function of sleep. PloS One 12, e0185746.

Schroeder, J., Nakagawa, S., Cleasby, I.R., Burke, T., 2012. Passerine birds breeding
under chronic noise experience reduced fitness. PloS One 7 e39200.

Scriba, M.F., Ducrest, A.-L., Henry, I., Vyssotski, A.L., Rattenborg, N.C., Roulin, A.,
2013. Linking melanism to brain development: expression of a melanism-
related gene in barn owl feather follicles covaries with sleep ontogeny. Front.
Zool. 10, 42.

Siegel, J.M., 2009. Sleep viewed as a state of adaptive inactivity. Nat. Rev. Neurosci.
10, 747e753.

Szymczak, J.T., 1986. Daily distribution of sleep states in the jackdaw, Corvus
monedula. 3rd ed. Chronobiologia 13, 227e235.

Szymczak, J.T., 1987. Daily distribution of sleep states in the rook Corvus frugilegus.
J. Comp. Physiol. A. 161 (2), 321e327.

Szymczak, J.T., Helb, H.W., Kaiser, W., 1993. Electrophysiological and behavioral
correlates of sleep in the blackbird (Turdus merula). Physiol. Behav. 53,
1201e1210.

Tisdale, R.K., Tieri, L., Rattenborg, N.C., Beckers, G.J.L., Lesku, J.A., 2018. Spectral
properties of brain activity under two anesthetics and their potential for
inducing natural sleep in birds. Front. Neurosci. 12, 881.

Tobler, I. 2011. Phylogeny of sleep regulation. In M.H. Kryger, T. Roth 2nd, and W.C.
Dement (Eds.). Principles and Practice of Sleep Medicine (112-125). Amster-
dam: Elsevier Health Sciences.

Tononi, G., Cirelli, C., 2016. Sleep and synaptic down-selection. In: Buzs�aki, G.,
Christen, Y. (Eds.), Micro-, Meso- and Macro-Dynamics of the Brain. Research
and Perspectives in Neurosciences. Springer, Cham.

Ungurean, G., van der Meij, J., Rattenborg, N.C., Lesku, J.A., 2020. Evolution and
plasticity of sleep. Curr. Opin. Physiol. 15, 111e119.

Van Dongen, H.P.A., Maislin, G., Mullington, J.M., Dinges, D.F., 2003. The cumulative
cost of additional wakefulness: dose-response effects on neurobehavioral
functions and sleep physiology from chronic sleep restriction and total sleep
deprivation. Sleep 26, 117e126.

van Hasselt, S.J., Rusche, M., Vyssotski, A.L., Verhulst, S., Rattenborg, N.C., Meerlo, P.,
2019. The European starling (Sturnus vulgaris) shows signs of NREM sleep
homeostasis but has very little REM sleep and no REM sleep homeostasis. Sleep

http://refhub.elsevier.com/S0269-7491(20)36172-8/sref3
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref3
https://doi.org/10.1016/j.cub.2020.06.085
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref5
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref5
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref5
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref6
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref6
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref6
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref7
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref7
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref7
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref8
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref8
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref8
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref8
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref9
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref9
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref9
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref10
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref10
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref10
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref10
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref11
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref11
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref11
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref11
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref12
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref12
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref12
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref13
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref13
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref13
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref13
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref14
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref14
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref14
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref14
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref14
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref15
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref15
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref15
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref16
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref16
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref16
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref16
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref16
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref17
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref17
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref17
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref18
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref18
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref18
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref18
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref19
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref19
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref19
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref19
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref19
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref20
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref20
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref20
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref21
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref21
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref21
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref21
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref22
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref22
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref22
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref22
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref23
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref23
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref23
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref23
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref23
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref24
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref24
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref24
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref25
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref25
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref25
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref26
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref26
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref26
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref27
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref27
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref28
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref28
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref28
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref29
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref29
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref29
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref29
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref30
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref30
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref30
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref30
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref31
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref31
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref32
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref32
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref32
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref32
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref33
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref33
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref34
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref34
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref35
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref35
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref35
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref35
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref36
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref36
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref36
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref37
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref37
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref37
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref37
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref38
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref38
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref38
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref38
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref39
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref39
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref39
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref39
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref40
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref40
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref40
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref40
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref41
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref41
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref41
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref42
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref42
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref42
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref43
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref43
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref43
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref43
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref44
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref44
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref44
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref44
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref44
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref45
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref45
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref45
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref46
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref46
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref46
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref46
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref47
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref47
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref47
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref48
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref48
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref48
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref48
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref49
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref49
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref49
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref50
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref50
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref50
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref50
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref50
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref51
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref51
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref51
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref51
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref52
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref52
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref52
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref53
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref53
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref53
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref54
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref54
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref54
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref55
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref55
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref56
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref56
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref56
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref56
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref57
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref57
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref57
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref58
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref58
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref58
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref59
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref59
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref59
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref60
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref60
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref60
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref60
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref61
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref61
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref61
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref63
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref63
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref63
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref63
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref64
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref64
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref64
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref65
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref65
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref65
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref65
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref65
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref66
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref66
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref66


F. Connelly et al. / Environmental Pollution 267 (2020) 115484 11
43, zsz311.
van Twyver, H., Allison, T., 1972. A polygraphic and behavioral study of sleep in the

pigeon (Columba livia). Exp. Neurol. 35, 138e153.
Vyazovskiy, V.V., Delogu, A., 2014. NREM and REM sleep. Neuroscientist 20,

203e219.
Vyssotski, A.L., Dell’Omo, G., Dell’Ariccia, G., Abramchuk, A.N., Serkov, A.N.,

Latanov, A.V., Loizzo, A., Wolfer, D.P., Lipp, H.-P., 2009. EEG Responses to visual
landmarks in flying pigeons. Curr. Biol. 19, 1159e1166.

Weyde, K., Krog, N., Oftedal, B., Evandt, J., Magnus, P., Øverland, S., Clark, C.,
Stansfeld, S., Aasvang, G., 2017. Nocturnal road traffic noise exposure and
children’s sleep duration and sleep problems. Int. J. Environ. Res. Publ. Health
14, 491.
Wright, A.J., Soto, N.A., Baldwin, A.L., Bateson, M., Beale, C.M., Clark, C., Deak, T.,
Edwards, E.F., Fernandez, A., Godinho, A., et al., 2007. Anthropogenic noise as a
stressor in animals: a multidisciplinary perspective. Int. J. Comp. Psychol. 20.

Xie, L., et al., 2013. Sleep drives metabolite clearance from the adult brain. Science
342, 373e377.

Yorzinski, J.L., Chisholm, S., Byerley, S.D., Coy, J.R., Aziz, A., Wolf, J.A., Gnerlich, A.C.,
2015. Artificial light pollution increases nocturnal vigilance in peahens. PeerJ 3,
e1174.

Zada, D., Bronshtein, I., Lerer-Goldshtein, T., Garini, Y., Appelbaum, L., 2019. Sleep
increases chromosome dynamics to enable reduction of accumulating DNA
damage in single neurons. Nat. Commun. 10.

http://refhub.elsevier.com/S0269-7491(20)36172-8/sref66
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref67
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref67
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref67
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref68
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref68
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref68
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref69
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref69
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref69
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref69
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref70
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref70
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref70
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref70
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref70
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref71
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref71
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref71
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref72
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref72
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref72
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref73
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref73
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref73
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref74
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref74
http://refhub.elsevier.com/S0269-7491(20)36172-8/sref74


Supplementary Information 
 
 
Recording sleep 
 
To investigate the impact of urban noise on sleep, we implanted magpies with 
electroencephalogram (EEG) and electromyogram (EMG) electrodes. Briefly, magpies were 
anaesthetised with isoflurane (induction: 4-5%; maintenance: 1-3% vaporised in 100% O2) 
using standard stereotaxic procedures. Five holes (0.5 mm diameter) were drilled through the 
exposed cranium to the level of the dura (membrane overlying the brain), without 
penetrating the brain. Four holes were drilled over the right hemisphere, located over four 
brain areas (hyperpallium, mesopallium, nidopallium caudolaterale [NCL], and cerebellum; 
the latter used as the reference). Electrode position was estimated based on (i) our experience 
with other birds (Lesku et al. 2011a,b; Lesku et al. 2012; Tisdale et al. 2017), (ii) a brain atlas 
for a similarly-sized passerine (jungle crow, Corvus macrorhynchos; Izawa and Watanabe 2007), 
and (iii) prior examination of the brain of a dead magpie and a pied currawong (Strepera 
graculina; belonging to the magpie family, Artamidae). It is possible that the NCL electrode 
was located on the area parahippocampalis (APH) – a thin region part of the hippocampal 
complex overlying the NCL. A fifth hole was drilled over the left hemisphere for the ground. 
EEG electrodes consisting of gold-plated round-tipped pins (0.5 mm diameter) connected to 
medical grade electrode wire (AS633, Cooner Wire, Inc., USA) were placed into each of the 
five holes. EMG data were collected using two stainless steel wire electrodes placed on the 
neck muscle. All seven wires were soldered to a small connector (6.0 mm wide) fixed to the 
top of the head with dental acrylic forming a ‘head plug’ to which the datalogger would later 
connect. 

Magpies were given a minimum of two weeks to recover from surgery before the 
experiment began. To record the EEG and EMG, we captured magpies by hand and 
connected an EEG/EMG datalogger (Neurologger 2A, Evolocus, Tarrytown, USA), powered 
by two zinc air batteries (ZA675 1.4V, Renata, Itingen, Switzerland), to the head plug. The 
datalogger was configured to continuously record the EEG and EMG, and included an inbuilt 
tri-axial accelerometer that measured head acceleration (ACC) for 5 days; all signals were 
sampled at 100 Hz. The logger and batteries (together 6 g) were wrapped in kinetic thread 
seal tape to protect them from moisture and physical damage. Magpies were given a 
minimum of 24-h after attachment of the Neurologger to adjust to its presence before baseline 
recordings began. 

Of the 12 magpies captured, we ultimately obtained complete data for 8 birds (five 
males and three females). One bird could not be operated on owing to a pronounced cardiac 
arrhythmia under isoflurane, one bird died during surgery, and technical problems with the 
dataloggers prevented collecting complete data from two other implanted birds. Data from 
these 8 magpies were collected between 12 March – 3 April. Two magpies had to repeat the 
experiment due to logger failure during the first attempt; these magpies were given a 
minimum of one-week of rest between noise exposures. In addition, we failed to collect 
complete data from one bird: missing the recovery day and second recovery night.  



Analysing sleep 
 
To analyse the effects of urban noise on sleep we utilised the supervised machine-learning 
algorithm Somnivore™ to score wakefulness, non-REM sleep and REM sleep in 4 s epochs (a 
4 s time period). Somnivore has been validated previously for use on pigeons and has high 
agreement with manual scoring (Allocca et al. 2019). Nonetheless, we validated Somnivore in 
this study for use on magpies by comparing four hours manual scoring against four hours of 
Somnivore scoring during the baseline night: two daytime hours (c. 0100 h, c. 0800 h in 
circadian time) and two night-time hours (c. 1300 h, c. 2000 h) from eight recordings. The 
automated scoring of wakefulness, non-REM and REM sleep had high agreement with 
manual scoring: 99.4%, 97.0%, and 92.8%, respectively (overall 96.4%). Together with 
previous evaluations of Somnivore (Allocca et al. 2019), these results indicate that this 
software is effective at scoring sleep in birds. 

A single scorer (F.C.) ‘trained’ Somnivore by first manually scoring each recording 
with a minimum of 150 epochs of each state, dispersed over six hours (two during the day 
and four during the night). Manual scoring was completed by visually inspecting EEG, EMG, 
and ACC channels and assigning a state to each of the 3 x 150 epochs. All three EEG channels 
(brain regions), EMG, and three channels of the accelerometer were utilized for scoring. 
Wakefulness was characterised by EEG activation (small, fast brain waves) often 
accompanied by head movements (seen in the ACC and video recordings). As in other birds, 
wakefulness can also be identified by the presence of large amplitude artefacts in the EEG. 
Non-REM sleep was identified by large, slow EEG waves, accompanied by quiescent 
behaviour. REM sleep was characterised by a wake-like EEG pattern, but with no or very 
slow head movements (reflecting a head droop from REM sleep-related reductions in skeletal 
muscle tone); the EMG itself either showed a decrease, or no abrupt increase, from the 
preceding non-REM sleep level. Magpies most often slept with their heads buried in the 
feathers overlying their wings and back, such that their eyes were rarely visible. 
Consequently, we could not use eye state to help score sleep. When at least 150 epochs of 
each state had been scored, the machine-learning function of Somnivore was used to score all 
remaining epochs. The resulting scores were visually scanned to ensure that there were no 
systematic errors in the automated scoring (e.g. smaller non-REM sleep waves being mis-
classified as wake or REM sleep). If errors were encountered, these were corrected manually, 
and Somnivore re-scored the recordings with the revised training. 
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Supplementary Tables  
 
Supplementary Table 1. The average hourly sound levels (dBA) for the noise exposure and 
the control group. Values are presented as average ± SE 
 

Time Noise 
(dBA ± SE 

Control 
(dBA ± SE) 

1900 69 ± 0.1 40 ± 0 
2000 69 ± 0.1 40 ± 0 
2100 69 ± 0.1 40 ± 0 
2200 69 ± 0.1 40 ± 0 
2300 68 ± 0.1 40 ± 0 
0000 66 ± 0.1 40 ± 0 
0100 63 ± 0.1 40 ± 0 
0200 62 ± 0.1 40 ± 0 
0300 64 ± 0.1 40 ± 0 
0400 66 ± 0.1 40 ± 0 
0500 71 ± 0.1 40 ± 0 
0600 73 ± 0.1 41 ± 0.1 
0700 74 ± 0.1 49 ± 0.2 
0800 70 ± 0.1 49 ± 0.2 
0900 67 ± 0.1 46 ± 0.2 
1000 69 ± 0.1 42 ± 0.1 
1100 66 ± 0.1 43 ± 0.1 
1200 64 ± 0.1 42 ± 0.1 
1300 64 ± 0.1 41 ± 0.1 
1400 63 ± 0.1 42 ± 0.1 
1500 62 ± 0.1 44 ± 0.1 
1600 61 ± 0.1 42 ± 0.1 
1700 61 ± 0.1 42 ± 0.1 
1800 61 ± 0.1 46 ± 0.1 

  



Supplementary Figures  
 
 
 

 
Supplementary Figure 1. Room and aviary arrangement; one of the two rooms housed only 
five magpies. 
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Supplementary Figure 2. Sound levels (dBA) during the 24-h baseline (black) and urban 
noise playback (orange) days, beginning at lights-off (1900 h) and shown in 1 second 
increments. As intended, the rooms are much louder environments during the noise 
playback, particularly at night. Spikes of noise occurring intermittently across the baseline 
day reflect caroling. 
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