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Abstract

Sleep is essential for all organisms, and insufficient sleep can lead to a series of negative
consequences. Presently, anthropogenic disturbances such as noise and light pollution are
increasingly prevalent, and sleep deprivation as well as disturbances have been shown to affect
behavioural and cognitive performances in a variety of animals, including humans. However, few
studies have investigated the effects of sleep deprivation and sleep disturbance on the diurnal

behaviours of birds following the disturbance.

This study focused on adult common mynas (Acridotheres tristis) and investigated the
importance of sleep on birds’ daily activity. I recorded the active and inactive time of common mynas
following a 12-hour sleep deprivation overnight, 6-hour sleep deprivation during either the first or

last half of the night, and 12-hour sleep disturbance due to light exposure.

The findings indicate that sleep deprivation from the previous night results in reduced daily
activity levels of common mynas, with the 12-hour sleep deprivation having a greater impact than
the 6-hour deprivation, and deprivation during the latter half of the night being more significant than
during the first half, while the effect of light disturbance was comparatively minor. Future research
could incorporate electrophysiological methods to further explore the consequences of long-term

sleep loss in different avian species.
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1 Introduction

1.1 Sleep in animals

The definition of sleep is based on behavioural and electrophysiological criteria, where the
behavioural criteria are manifested as: spontaneous maintenance of a specific posture with a
preference for location during periods of quiescence; an elevated behavioural response threshold to
arousing stimuli, with the capability to rapidly return to wakefulness upon sufficiently strong stimuli;
sleep homeostasis, indicated by an increased propensity for sleep following deprivation requiring
deeper and longer recovery sleep periods; and it is typically associated with the organism's internal
circadian clock, though it can also function independently on a physiological level (Campbell &
Tobler, 1984; Piéron, 1913; Zimmerman et al., 2008). The electrophysiological criteria of sleep needs
to be determined by electroencephalogram, electromyography and electroophthalmogram. Different
sleep stages, such as slow wave sleep (SWS) and rapid eye movement (REM) sleep, can be
distinguished by measuring different states of brain activity, eye movement and muscle tension

(Aserinsky & Kleitman, 2003; Jaggard et al., 2021; Paul-Antoine & Anthony, 2015).

Sleep is a fundamental requirement for sustaining life processes, playing a critical role in the
physical health, growth and development, physiological restoration, brain function regulation, and
the modulation of circadian rhythms across various biological entities (Alhola & Polo-Kantola, 2007;
Aly & Moscovitch, 2010; Beyaert et al., 2012; Klinzing et al., 2019; Vorster & Born, 2015; Xie et al.,
2013). Within the animal kingdom, sleep exhibits notable diversity and complexity (Rattenborg &
Ungurean, 2023). As animals have evolved, sleep patterns and mechanisms have undergone
significant changes and adaptations, reflecting the importance of sleep in physiology and species
survival (Blumberg et al., 2020; Paul-Antoine & Anthony, 2015; Rattenborg & Martinez-Gonzalez,
2015; Siegel, 2022). Despite the apparent universal need for sleep among all animals, the form,
duration, and patterns of sleep display remarkable variability depending on the species,
environmental conditions, and habitual behaviours (Campbell & Tobler, 1984; Peever & Fuller, 2017;
Rattenborg et al., 2022).



In evolutionarily older taxa, the resting or quiescent state of arthropods such as insects is usually
similar to sleep, it is typically combined with periods of activity (Hendricks et al., 2000; Shaw et al.,
2000). Studies have indicated that the roundworm (Caenorhabditis elegans) exhibits sleep-like
behavioural traits during the lethargus phase of larval development and the adult stage under
conditions of satiety (Cassada & Russell, 1975; Maycock et al., 2008). Bees, flies, butterflies, and
other such organisms display periods of behavioural quiescence with stereotypic postures, requiring
more intense external stimuli to be awakened to a state of alertness, and this regulation occurs
independently of the biological clock, maintaining homeostasis (Campbell & Tobler, 1984;
Hendricks et al., 2000; Rau & Rau, 1916; Shaw et al., 2000; Siegel, 2008). Some studies have shown
that fruit flies and bees exhibit alternation between deep and light sleep during prolonged periods of
inactivity (van Alphen et al., 2013; Zwaka et al., 2015). As a model organism for understanding sleep
functions, the fruit fly (Drosophila melanogaster) has been demonstrated to have two stages during
sleep, active and quiet sleep, which function similarly to those in mammals (Stanhope et al., 2020;
Van De Poll & van Swinderen, 2021; Yap et al., 2017). Recent research has discovered that the
jumping spider (Evarcha arcuata, Salticidae) also displays a state akin to rapid eye movement sleep
during nocturnal rest, including periodic retinal movements, limb twitching, and characteristic leg

curling behaviours (RoBler et al., 2022).

Aquatic animals, such as fish, often exhibit short periods of inactivity akin to sleep, which can
be defined as behavioural sleep. During this state, metabolic processes are slowed, and vigilance is
reduced (Campbell & Tobler, 1984; Dutfield, 2023; Siegel, 2008). The resting characteristics among
different fish species vary significantly. For instance, the parrotfish (Chlorurus) swims to the seabed
rocks after sunset, where glands located posterior to the gills secrete mucus to form a cocoon that
protects it from potential harm while sleeping (Dutfield, 2023). The zebrafish, serving as a primary
model for fish sleep research, has been observed to exhibit sleep characteristics similar to those of
mammals, including reversible states of quiescence, increased arousal thresholds, preference for
specific resting locations, regulation by circadian rhythms, and evidence of homeostatic rebound
following sleep deprivation (Yokogawa et al., 2007; Zhdanova et al., 2001). Recent research
employing fluorescence-based polysomnography (fPSG) techniques on zebrafish has, for the first

time, recorded and analyzed neuronal activity in their dorsal pallium, along with continuous



monitoring of the whole brain, muscle, heartbeat, and eye movements, uncovering two primary types
of their sleep: Slow Bursting Sleep (SBS) and Propagating Wave Sleep (PWS). The SBS mode is
similar to the Non-Rapid Eye Movement/Slow Wave Sleep (NREM/SWS) in mammals,
characterized by slow synchronous oscillations of neuronal discharges in the brain, low muscle
tonicity, and slow heartbeats. Meanwhile, the PWS mode shares similarities with Rapid Eye
Movement Sleep (REM/PS), including specific neural network activities within the brain, wake-like
activity in the dorsal part of the telencephalon, complete muscle relaxation, and irregular heart rates
(Leung et al., 2019). Similarly, sleep in marine invertebrates such as octopuses exhibits two phases:
quiet sleep and active sleep (Medeiros et al., 2021). During active sleep, despite its short duration,
octopuses display a variety of dynamic skin patterns, accelerated eye movements, and
electrophysiological recordings indicate that local field potential (LFP) activities in the brain
resemble wakefulness, similar to the REM sleep state in mammals. During quiet sleep,
electrophysiology shows less activity in these brain areas, but they are found to have characteristic
brain waves similar to those in NREM sleep, and the skin is uniformly pale, the pupils are
constricted into thin slits (Pophale et al., 2023). Cuttlefish have also been found to have similar sleep

states (Frank et al., 2012).

Most amphibians and reptiles exhibit behavioural characteristics of sleep, a specific immobile
position with a reduced heart and respiratory rate, alongside a higher arousal threshold and decreased
electroencephalographic (EEG) frequency (Paul-Antoine & Anthony, 2015). However, some reptile
species can enter a prolonged low-metabolic resting state during darkness and cold, known as
dormancy, and this particular state exhibits behavioural traits similar to those of sleep, but with a
slow-wave sleep rebound after dormancy, suggesting that there is a functional difference between
sleep and dormancy (Rial et al., 2010). Currently, there is no evidence of rapid eye movement (REM)
sleep in amphibians, and it is controversial whether reptiles experience REM sleep (Frank, 2013;

Paul-Antoine & Anthony, 2015; Siegel, 2008).

In species with homeothermy, sleep patterns are more complex. Mammals possess Rapid Eye
Movement (REM) and Non-Rapid Eye Movement (NREM) sleep phases (Rattenborg et al., 2011).
Sleep patterns vary significantly across species, from the smallest mammals (bats) to the largest

(blue whales). The short-nosed fruit bat (Cynopterus sphinx) predominantly sleeps during the day,



with fewer but longer cycle of NREM and REM sleep, whereas the sleep of the dawn fruit bat
(Eonycteris spelaea) is more evenly distributed between day and night (Zhao et al., 2010). Some
marine mammals can be half-asleep and half-awake while swimming, while remaining asleep and
alert at the same time (Lyamin et al., 2017; Yokogawa et al., 2007). For example, northern fur seals
(Callorhinus ursinus) exhibit REM sleep and slow-wave sleep (SWS) on land similar to terrestrial
mammals, but in water, they primarily engage in unihemispheric slow-wave sleep (USWS), with one
side eye open and keeping rest while the other eye closed but the brain awake to maintain necessary
physiological activity and alertness (Lyamin et al., 2018; Lyamin et al., 2017). It is noteworthy that
seals do not exhibit the rebound in REM and SWS sleep that is typical in terrestrial mammals
following sleep deprivation (Siegel, 2022). Moreover, dolphins and certain whale species
demonstrate only unihemispheric slow waves during sleep, with no observed indications of REM

sleep (Lyamin et al., 2006; Siegel, 2022).

In summary, sleep, as a universal physiological phenomenon, has evolved alongside nervous
systems and brains, from the simplest forms of quiescence to the complex stages of REM and NREM
sleep. Various ecological factors, including habitat type, seasonal climate, food resources, and the
pressure of being preyed, influence animals' lifestyles and physiological needs to varying extents,
thereby shaping their diverse sleep patterns (Siegel, 2022). These varied sleep patterns not only
reflect the specific lifestyles and physiological needs of different animals but also reveal the crucial

role of sleep in sustaining fundamental life processes.

1.2 Sleep in birds

Birds and mammals alike share two types of sleep, namely Rapid Eye Movement (REM) sleep
and Non-Rapid Eye Movement (NREM) sleep - also known as Slow-Wave Sleep (SWS), with each
sleep cycle comprising alternating periods of these two stages (Campbell & Tobler, 1984; Rattenborg
et al., 2019; Rattenborg & Martinez-Gonzalez, 2015). The electroencephalogram (EEG) of rapid eye
movement (REM) sleep shows high-frequency, low-amplitude features similar to those of the waking
state, and differs from the waking state in that muscle tone is reduced to a minimum level and the
eyes move rapidly back and forth, usually in association with dreaming (Martinez Gonzalez et al.,

2008; Rattenborg et al., 2000; Rattenborg et al., 2009; Tobler & Borbély, 1988). EEG recordings



during NREM sleep, on the other hand, exhibit high amplitude, slow waves (0.5-4.5Hz) (Lesku et al.,
2019; Rattenborg et al., 2000; Rattenborg et al., 2009; Tobler & Borbély, 1988). During this stage,
brain temperature decreases, skeletal muscles relax, eye movements typically remain relatively

quiescent, and heart rate and respiration tend to be more regular (Lesku et al., 2019; Rattenborg et al.,

2009).

However, birds exhibit some differences in REM sleep brain activity compared to mammals
(Rattenborg et al., 2011). While most mammals show active brain activity in both hemispheres
during REM sleep, birds can have one hemisphere remain awake while the other exhibits slow-wave
sleep activity, a unique electrophysiological state known as unihemispheric slow-wave sleep (USWS)
(Rattenborg et al., 2000; Rattenborg et al., 2008; Szymczak et al., 1996). Some species, capable of
flying for consecutive days without landing, adapt their sleep patterns based on environmental
changes, employing unihemispheric sleep (closing only the corresponding eye) or even entering
sleep simultaneously in both brain hemispheres for brief periods to sustain prolonged flights
(Rattenborg, 2017; Rattenborg et al., 2019; Rattenborg et al., 2016). This behaviour bears a
resemblance to some aquatic mammals such as cetaceans, dolphins, and several seal species, which
can alternately keep both halves of the brain in the sleeping and awake state (Kendall-Bar et al., 2019;
Lyamin et al., 2017; Mukhametov, 1987; Oleg et al., 2008). When exposed to unsafe environments,
birds tend to utilize unihemispheric sleep more frequently to remain vigilant to their surroundings,
mitigating the conflict between sleep and potential threats (Rattenborg et al., 2000; Rattenborg et al.,
1999a, 1999b; Rattenborg et al., 2016). Furthermore, unlike mammals, where slow-wave sleep can
last for several minutes to tens of minutes, birds may experience hundreds of microsleeps throughout
the day, with rapid eye movement sleep durations typically lasting no more than 10 seconds and
always involving both brain hemispheres (Aulsebrook et al., 2016; Libourel et al., 2023; Rattenborg,
2017).

1.3 Effects of sleep deprivation on birds

Sleep interruption is a common occurrence, with an extensive body of research documenting the
potential adverse effects of sleep deprivation on humans and some other mammals. For example, one

study of healthy young adults who were restricted to 67% of their habitual sleep duration for seven



consecutive nights (averaging 4.98 hours per night) resulted in a cumulative decline in measures of
neurobehavioural alertness at wakefulness, including subjective sleepiness, emotional state, and
psychomotor alertness, and recovery of these losses appeared to require two full nights of sleep
(Dinges et al., 1997). Surprisingly, following sleep deprivation experiments, young adults exhibited
poorer cognitive memory (Alhola & Polo-Kantola, 2007; Smulders et al., 1997) and lower vigilance
(Philip et al., 2004; Stenuit & Kerkhofs, 2005) compared to sleep deprived older adults .

Amidi noted in the review that sleep disorders are prevalent among patients with
neurodegenerative diseases (such as Parkinson's disease) as well as in those with
non-neurodegenerative diseases (such as cancer and mood disorders), and are associated with poorer
cognitive functions (Amidi et al., 2023). According to the research of Banks and Dinges, when
nightly sleep duration is restricted to less than 7 hours, it will not only result in obvious impairment
to an individual's neurobehavioural and physiological functions, but also may lead to decreased
attention, slower memory processing speed, reduced cognitive capacity, and diminished mood
(Banks & Dinges, 2007). Harrison and Horne have pointed out that sleep deprivation impairs the
ability of the prefrontal cortex (PFC) to perform tasks, affecting high-level decision making in
emergency situations (Harrison & Horne, 2000). The study by Tucker et al. suggests that sleep
deprivation has differential effects on various components of cognitive processing. They discovered
that core executive functions, such as working memory and resistance to interference, were not
significantly impaired and that some executive functions even showed improvement. This finding
challenges the prevalent view that executive functions are particularly vulnerable to sleep deprivation
(Tucker et al., 2010). Killgore, in his review, pointed out that the impact of sleep deprivation on
cognitive functions is complex and differentiated, encompassing declines in global vigilance and
attention, the extent to which specific cognitive functions depend on emotional processing networks,
and whether cognitive processes can be compensated for by related brain regions. Thus, maintaining

adequate sleep is crucial for our physiological, emotional, and cognitive functions (Killgore, 2010).

Rechtschaffen and colleagues have experimentally confirmed that total sleep deprivation (TSD)
and paradoxical sleep deprivation (PSD, i.e., deprivation of REM sleep phase) can induce a series of
biological responses in rats, including death, weight loss, debilitated appearance, and skin lesions

(Rechtschaffen & Bergmann, 2002). Mullington et al. reported in their review that sleep



insufficiency increases the risk of developing heart disease by altering cardiovascular risk factors
such as blood pressure, glucose metabolism, hormonal regulation, and inflammation (Mullington et
al., 2009). A study involving 12 normal-weight male subjects, subjected to one night of total sleep
deprivation and one night of normal sleep, found that although blood glucose levels remained
unchanged, total sleep deprivation increased the response of the right anterior cingulate cortex to
images of food compared to normal sleep, indicating that acute sleep deprivation enhances subjective

appetite (Benedict et al., 2012).

The impacts of sleep deprivation have predominantly been examined in male subjects, with
limited consideration for sex-specific effects. However, there is evidence suggesting that the
response to sleep deprivation may exhibit sexual dimorphism. Electroencephalogram (EEG) displays
and reaction times indicate that sleep deprivation affects women less severely than men. Yet, men
can return to their pre-deprivation state after a single night of recovery sleep, while women may
require more sleep for recovery (Corsi-Cabrera et al., 2003). According to research by Andersen et al.
on rats, following a 4-day paradoxical sleep deprivation period, male and female rats exhibited
different recovery patterns during the nocturnal recovery, especially in terms of sleep efficiency and
the rate of recovery of paradoxical sleep (rapid eye movement sleep), with females recovering faster
than males at certain stages (Andersen et al., 2008). Tobler et al., by implanting electrodes in the
cortical and hippocampal areas of rabbits, found that sleep deprivation led to an extension of NREM
sleep duration and a brief increase in REM sleep. The EEG changes in the hippocampus have a
similar response pattern to that of the cerebral cortex in sleep regulation, consistent with observations

in other mammals (Tobler et al., 1990).

In short, there is ample scientific evidence that sleep is crucial for our physiological, emotional,
and cognitive functions, including learning abilities, memory, attention, verbal communication skills,
decision-making abilities, and more, and that it is fundamentally guarantee for maintaining our
normal circadian rhythms. Further, data suggests that in some contexts, there are sex-specific

responses to different types of sleep distruptions.

Sleep restriction comes in two different forms. For the purposes of this thesis, I will refer to
them as sleep deprivation — when the bird is kept from sleeping at all for extended periods of time
(Orzet-Gryglewska, 2010); and sleep disturbance/disruptions — when the bird regular sleep pattern is

7



disturbed but they bird is not kept awake for long stretches of time. In sleep deprivation, the brain is
still fully awake and the body responsive. In disturbance, the animal does reach sleep states, but the
sleep pattern may be disturbed — with different ration of NREM and REM, or lighter sleep, or more

frequent arousal (Connelly et al., 2020).

To date, there is little data on the effects of sleep disruption or deprivation in birds. Some
studies suggest that birds can adapt to the lack of sleep. For instance, birds that breed in the polar
regions, are sometimes awake for very long stretches of time. The polygamous pectoral sandpipers
(Calidris melanotos) face a multitude of challenges during the breeding season, including territorial
disputes with rival males, courtship and mating with receptive females, threats from unknown
predators, and the constant need to forage for sustenance to maintain their energy. In response to
these demands, they have to sacrifice significant amounts of sleep to increase their possibility of
breeding more offspring (Lesku et al., 2012). Some males stay awake for as much as 14 days without
any sleep, and when they do sleep, they sleep more deeply. Similarly, though less extremely,
temperate blue tits (Cyanistes caeruleus) experience sleep deprivation during the breeding season or
months with long sunlight hours. They also may cope with this change by adjusting the depth of their

sleep (Steinmeyer et al., 2010).

Studies have shown that birds also exhibit compensatory responses to sleep deprivation,
restoring physical fitness and brain function by increasing the amount of sleep or changing the depth
of sleep. Chinstrap penguins (Pygoscelis antarcticus) in Antarctica, after staying in the sea for over
20 hours, usually spend the first few hours upon returning to land recovering sleep. And when
exposed to continuous disturbances from egg predators like the brown skua (Stercorarius antarcticus)
and attacks from other penguins during nesting, they manage to accumulate nearly 11 hours of sleep
through thousands of microsleeps, each lasting only 4 seconds, as a way to adapt to the need to
remain vigilant in their external environment (Libourel et al., 2023). Birds engaged in long-distance
flights can have brief periods of sleep while gliding, but this duration is far from sufficient to
compensate for their lost sleep. Great frigatebirds (Fregata minor) can fly over oceans for months
without landing (Weimerskirch et al., 2016), and their sleep intensity reaches its peak shortly after
returning to land, then gradually decreases to baseline (Rattenborg, 2017; Rattenborg et al., 2016).

There are also some nocturnal migratory passerine birds, such as Swainson's thrush (Catharus



ustulatus) and the White-Crowned Sparrow (Zonotrichia leucophrys gambelii), that remain
migratory restlessness at night, despite being kept in laboratory captivity. These birds experience
significantly reduced night-time sleep, but supplement with more sleep during the day (Fuchs et al.,
2006; Fuchs et al., 2009; Peter et al., 2000; Rattenborg et al., 2004). For 11-day-old chicks deprived
of 8 hours of sleep by forced exercise, the duration of sleep episodes in the recovery period was
increased but did not differ from the total nighttime sleep duration of control chicks. Notably, the
duration of eye closure in the left and right eyes during unihemispheric sleep exhibits significant
disparities, possibly related to hemisphere dominance shifts during chick development (Bobbo et al.,
2002; Bobbo et al., 2008). However, Domestic chickens (Gallus domesticus) between 20 and 23
weeks of age, after being deprived of 14 hours of sleep during the day though artificially employing
visual and auditory stimulus disturbances, showed decreased alertness at night and chose to sleep
more by closing both eyes to make up for the lack of sleep (Boerema et al., 2003). Similarly, pigeons
(Columba livia) forced to stay awake under laboratory conditions exhibited a significant increase in
REM sleep duration (Tobler & Borbély, 1988). Studies show pigeons compensate for sleep loss by
increasing slow-wave activity (SWA), with SWA initially increasing then decreasing during the
nighttime recovery sleep period, and transitions between SWS and REM sleep becoming more

frequent (Martinez Gonzalez et al., 2008; Tobler & Borbély, 1988).

However, though many birds seem to be resilient to sleep loss, sleep deprivation can inflict
potentially long-term negative effects on birds. Irregular sleep patterns may negatively affect the
physiological health and reproductive cycles of birds, leading to alterations in various aspects of
normal behaviour (de Jong et al., 2016). Moreover, sleep is crucial for maintaining normal immune
system function and memory consolidation, and disturbances in sleep can result in decreased
immune system function and cognitive abilities (de Jong et al., 2016). Australian magpies (Cracticus
tibicen) subjected to sleep deprivation experienced significant negative effects, manifested as a
decrease in motivation due to fatigue, reduced cognitive abilities and behavioural flexibility, and
changes in song output, specifically singing for longer durations but producing fewer songs, with
alterations also observed in the peak timing of singing. The effects from full night of sleep
deprivation were more severe than that from half-night deprivation, and some effects persisted even

after a full night of recovery sleep (Johnsson et al., 2022). Similarly, after experiencing sleep



deprivation, common mynas (Acridotheres tristis) showed reduced song output and complexity,
while call output increased, and spectral parameters of calls changed, resulting in longer calls, with
lower frequencies and a narrower frequency range. Moreover, longer duration of sleep deprivation
had a greater impact on the vocal performance of the common myna, with a more significant
reduction in song output after 12 hours of sleep deprivation compared to 6 hours, yet the duration of

singing became longer (Gaviraghi Mussoi, 2023).

Sleep is crucial for the health and survival of birds; however, bird sleep can be disrupted by a
multitude of factors. Among them, natural factors including weather changes, seasonal transitions,
instability of food resources, intraspecific competition, and the threat of predators may all impact
avian sleep (Da Silva & Kempenaers, 2017; Fuchs et al., 2006; Libourel et al., 2023; Lima et al.,
2005). In addition, with the acceleration of urbanization, anthropogenic disturbances have become
significant factors affecting bird sleep. These include habitat destruction, noise and light interference,
etc., particularly light pollution, which is now prevalent in modern society, has emerged as an
important topic in the research of disturbances to bird sleep (Da Silva et al., 2014; Dominoni et al.,

2013; Nordt & Klenke, 2013).

1.4 Effects of sleep disturbances (lights) on birds

The impact of artificial lighting on avian sleep in the natural world is an increasingly concerned
environmental issue, particularly in urban and suburban areas where light from streetlamps and
buildings disrupts the natural sleep cycles of birds (Da Silva et al., 2016; Nordt & Klenke, 2013).
Avian biological clocks are closely linked to daylight cycles (Dominoni et al., 2014; Giebultowicz,
2004; Gwinner & Brandstatter, 2001; Hasan, 2010), and excessive nocturnal lighting can interfere
with the normal secretion of melatonin (de Jong et al., 2016), potentially leading to dysregulation of
the biological clock, affecting their sleep patterns and duration (Da Silva & Kempenaers, 2017; de
Jong et al., 2016; Leopold & Eynon, 1961; Russart & Nelson, 2018; Wright, 1912). The total sleep
time of common mynas subjected to night-time light disturbance decreased by 40.3% compared to
baseline period, and the time period of their night-time sleep tendency also changed, which had the
greatest impact on sleep in the morning and evening, and the impact on sleep in the middle of the

night was relatively small (Gaviraghi Mussoi, 2023). A study monitoring the nocturnal activity of
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great tits (Parus major) at a field site found that individuals living under white light were more
restless and vigilant, exhibited higher activity levels, and had a higher likelihood of disease infection,
with deleterious effects on avian health (Ouyang et al., 2017). When circadian rhythms are altered in
laboratory environments, domestic pigeons (Columba livia) continue to be predominantly biased
towards sleeping in the dark phase, leading to more fragmented sleep and a reduction in overall sleep
time (Aulsebrook et al., 2020; Rattenborg et al., 2005). Indian house crows (Corvus splendens)
exposed to constant light for 24 hours also reduced their rest time, resulting in decreased learning
and cognitive abilities during subsequent daytime tests (Taufique et al., 2018; Taufique & Kumar,
2016). In summary, increasing evidence suggests that lighting disturbance alters avian sleep patterns,

cognitive performance and biological rhythms.

Light pollution may cause birds to engage in activities such as singing and foraging at abnormal
times (Da Silva et al., 2016; Hutchinson, 2002; Kacelnik, 1979; Leveau, 2020; Nordt & Klenke,
2013; Sanders et al., 2021; Stracey et al., 2014), which may affect their energy balance and social
structures. For instance, some studies have shown that urban birds begin their dawn song earlier and
cease calling later than their suburban birds due to the influence of anthropogenic light or traffic
noise at night (Da Silva et al., 2014; Da Silva et al., 2016; Dominoni et al., 2014; Dominoni et al.,
2013; Kempenaers et al., 2010; Marin Gomez, 2022; Miller, 2006; Nordt & Klenke, 2013). Surveys
in mid-latitude regions found that anthropogenic night lighting leads to earlier dawn songs in
passerine birds (Da Silva & Kempenaers, 2017). In contrast, a survey of dawn song times of five
common songbird species in three regions of Europe (northern Finland, 65°N; southern Germany,
48°N; and southern Spain, 37°N), where different latitudes lead to different lighting conditions,
found that the earliest singing species such as European robins (Erithacus rubecula) and common
blackbirds (Turdus merula), sang earlier at dawn with a natural increase in nighttime brightness in
Finland, but anthropogenic nighttime lighting did not further affect their singing times (Da Silva &
Kempenaers, 2017). However, later singing species such as great tits (Parus major), blue tits
(Cyanistes caeruleus) and chaffinches (Fringilla coelebs) showed similar dawn song times to sunrise
throughout the season and at all latitudes were affected by anthropogenic night lighting (Da Silva &

Kempenaers, 2017).
Light at night is not solely negative, however. The continuous presence of artificial light at night
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enables birds to forage with better visibility in the dark, and insects attracted to the light sources
provide readily available food resources for insectivorous birds (Frank, 1988; Leveau, 2020; Negro
et al., 2000). In an investigation of the effects of light pollution on the foraging behaviour of the
Northern Mockingbird (Mimus polyglottos), researchers found that the higher the average light level
around the nest after sunset, the longer the average time that the birds continued to feed their chicks
(Stracey et al., 2014). Similarly, the feral pigeon (Columba livia f. domestica), a common feral
pigeon in urban areas, also increases its foraging activities under the influence of nighttime artificial

light (Leveau, 2020).

In addition, persistent light pollution may affect the breeding cycles and strategies of birds
(Dominoni & Partecke, 2015; Kempenaers et al., 2010). Diurnally active birds often rely on changes
in light intensity around specific moments of the day such as sunrise and sunset to time breeding
activities (e.g., singing), and fine-tune this response by taking into account surrounding
environmental and social factors (Da Silva et al., 2014; Davidson & Menaker, 2003; Foote et al.,
2011). The variation in natural light cycles is closely linked to avian internal biological clocks
(Davidson & Menaker, 2003; Gwinner, 1986; Wikelski et al., 2008), with increasing day length
stimulating the release of hormone, leading to the development and maturation of avian gonads in
preparation for the breeding season (Dawson et al., 2001; Lambrechts et al., 1997). Male birds
usually start singing at dawn to declare territorial ownership (Amrhein et al., 2004; Amrhein & Erne,
2006; Foote et al., 2011; Marin Goémez, 2022; Sexton et al., 2007; Slagsvold et al., 1994; Staicer et
al., 2020), attract females (Kempenaers et al., 1997; Moller, 1991; Slagsvold et al., 1994), protect
their mates (Moller, 1991), or stimulate their reproductive development (MACE, 1987; Sexton et al.,
2007; Staicer et al., 2020; Welling et al., 1995).

However, under the interference of artificial light, the gonadal development and reproductive
cycle of birds will be affected to some extent (Lambrechts et al., 1997). Female blue tits (Cyanistes
caeruleus) living under the influence of street lighting have been observed to start laying eggs earlier
in the breeding season, potentially due to enhanced lighting affecting their biological clocks and
reproductive cycles, leading to early reproductive activities (Kempenaers et al., 2010). Similarly,
captive blue tits raised in captivity after being captured and exposed to a sudden increase in artificial

light also laid eggs earlier (Lambrechts et al., 1997). Laboratory studies have shown that male
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European blackbirds (Turdus merula) even exposed to low-intensity light at night develop their
reproductive systems a month earlier than normal control groups (Dominoni et al., 2013). A field
research study has also found that both male and female gonads of urban European blackbirds
(Turdus merula) living in the wild have advanced growth compared with their forest counterparts
(Partecke et al., 2005). Some studies have suggested that under conditions of artificially increased
nocturnal lighting, some songbirds begin their dawn singing earlier (Da Silva et al., 2014;
Kempenaers et al., 2010; Miller, 2006; Nordt & Klenke, 2013), and males that sing earlier are more
likely to attract females and occupy high-quality breeding territories, gaining a competitive
advantage during the breeding season and significantly affecting individual reproductive success
(Kempenaers et al., 2010; Poesel et al., 2006; Slagsvold et al., 1994). In summary, lighting has
significant impacts on the timing and success rates of breeding in many bird species, with excessive
artificial light potentially leading to earlier or delayed breeding seasons (Kempenaers et al., 2010),
thereby affecting the survival rates of chicks and the health of entire populations. Notably, increased
visibility at night provides birds with more opportunities for foraging and mating, which could

potentially enhance their productivity to some extent (Miller, 2006).

For migratory birds, anthropogenic light sources can lead to navigational confusion (Rich &
Longcore, 2006; Van Doren et al., 2017). Many birds rely on the stars and the moon, or magnetic
compass, to determine direction (Fransson et al., 2001; Hiscock et al., 2016; Mouritsen et al., 2016;
Stapput et al., 2008). However, the widespread light pollution in urban areas can severely disrupt
these natural navigational cues (Muheim et al., 2016; Poot et al., 2008; Wiltschko et al., 1993),
leading to disorientation or deviations in migration routes, resulting in delayed migration and
excessive depletion of energy reserves (Rich & Longcore, 2006). In addition, nighttime light sources
not only attract birds and cause them to change their direction (Cochran & Graber, 1958; Day et al.,
2015), but also leads to collisions with urban architectural structures such as windows and glass
facades (Cusa et al., 2015; Nemes et al., 2023), maritime vessels (Fischer et al., 2021; Merkel &
Johansen, 2011; Ryan et al., 2021) and aircraft (Doppler et al., 2015), or even grounding (Heswall et
al., 2022), resulting in massive mortality. The impact of light pollution on the survival of migratory

birds has become a far-reaching issue for a long time.
Birds play a vital role in ecosystems, such as pollination, seed dispersal, and pest control. The
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behavioural patterns changes caused by light pollution may trigger cascading effects on entire
ecosystems, impacting other species and the overall ecological balance. Overall, the impact of
anthropogenic lighting on birds are multifaceted and involve encompassing various aspects from
behaviour to physiology. Not only does it can disrupt their sleep cycles and daily behaviour patterns,
affect physiological health, but it may also interfere with migration routes and even leading to wider
ecosystem changes. With the acceleration of urbanization and the intensification of light pollution
issues, it becomes increasingly important to conduct in-depth studies and focus on the impact of light

pollution on birds and the entire ecosystem.

1.5 Assumptions and objectives

Together, the available research has shown that sleep deprivation and sleep disturbance
adversely affect avian cognitive performance, memory consolidation, developmental learning, vocal
communication, lifestyle habits, breeding and brooding (Gaviraghi Mussoi, 2023; Jackson et al.,
2008; Johnsson et al., 2022; Kempenaers et al., 2010; Lambrechts et al., 1997; Mussoi et al., 2022;
Rattenborg et al., 2011; Taufique et al., 2018; Taufique & Kumar, 2016). However, few studies have
distinctly assessed the independent impacts of different levels of nocturnal sleep deprivation (human
disturbance) and sleep disturbance (light interference) on the daytime activity levels of the same
species of birds. Therefore, it is unclear to what extent birds engage in compensatory resting

behaviour when their sleep is disturbed.

To begin addressing this larger question, I examine the daytime activity levels of 13 captive
common mynas (Acridotheres tristis) after four experiments with different levels and types of sleep
disruptions. Each experiment was divided into two days: a baseline day (after a normal night of sleep)
and a treatment day (after a night of sleep deprivation: 12h or First6h or Last6h; or sleep disturbance:
12h of light). I predict that the after reductions in nocturnal sleep, common mynas would be less
active during the day and unable to fully engage in normal behavioural performance, furthermore
that longer periods of sleep deprivation and more invasive disturbances at night would cause more
sleep fragmentation during the day. Through our experimental tests, we aim to provide further
empirical insights into how birds' daily behaviour is affected by nocturnal sleep deprivation and sleep

disruption, to facilitate a deeper understanding of the consequences of sleep loss.
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2 Materials and Methods

2.1 Study species and housing

Common myna (Acridotheres tristis) is a medium-sized bird belonging to the starling family,
Sturnidae, within the order Passeriformes, measuring 24-25 centimeters in length and averaging 125
grams in weight (Craig et al., 1998). The iris is brown or reddish-brown, with yellow bare skin
around the eyes, and their beaks, legs, and feet are also yellow. The plumage is primarily brownish,
with the head, neck, and upper chest being glossy black. The lower tail feathers, tail tip, and the base
of the primary feathers are white, and during flight, conspicuous white wing patches are visible

(Craig et al., 1998; Wilson, 2013).

Figurel.1. Photograph of a common myna (Acridotheres tristis). Photo by Simeng Li.

Common myna, originally native to India, has now been introduced worldwide (to regions like
South Africa, the Americas, and the Pacific area) (Ewart et al., 2019; Long, 1981; Smith et al., 2020).
It was introduced to New Zealand in the 1860s, mainly to reduce the population of pests in
agricultural areas (Beesley et al., 2023; Heather et al., 2015). However, due to its extensive diet and
strong adaptability, not only consuming a variety of insects, fruits and seeds of plants but also
competing with other birds for food and nesting sites, killing young birds, destroying eggs, and
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displacing small mammals, their introduction has concurrently reduced local biodiversity (Craig et
al., 1998; Rogers et al., 2021; Tindall et al., 2007; Wilson, 1975). Common Myna are monogamous,
re-partnering only upon the death of a mate (Wilson, 1973). There is no significant sexual
dimorphism in appearance between males and females, although females are reported to be slightly
smaller than males, usually necessitating genetic sex determination for accurate identification (Ali &
Ripley, 1972). The species is widely distributed and common in New Zealand, often inhabiting urban
environments. They are social birds, typically living in groups in the wild. Within New Zealand, and
other parts of the world, they are commensal with humans, and thus commonly exposed to urban
noise, light and disturbance. These factors have led to the possibility that they are likely to be
affected by sleep disturbances, making them suitable subjects for studying the impact of sleep

disorders on daily behaviour.

In September 2020, 13 wild adult Common Mynas (Acridotheres tristis) were captured in the
Auckland region of New Zealand using PeeGee traps baited with dog food pellets. Genetic sex
determination revealed that 6 of them were females, and 7 were males. These birds were placed in a
temperature-controlled (23°C £ 1°C) restricted-access laboratory at the University of Auckland. To
facilitate identification, each bird was weighed and equipped with different-coloured tags. The
laboratory was equipped with Sylvania 58w Gro-lux lights, simulating a 12-hour light and 12-hour
dark cycle (lights-off at 1800h). Additionally, four security cameras (Wisenet 20M IR Flat VDome

SMP 2.8MM lens) were installed on the ceiling of the laboratory to record their behaviour.

The birds were placed in individual cages (103 x 45 x 60 cm) that allowed for auditory and
visual contact between them. Each cage was equipped with two perches and provided unrestricted
access to water and food. They were fed a daily diet of dog food pellets, supplemented with fruits or
mealworms at least twice a week. Prior to conducting these experiments, there was a 5-month

acclimation period for the birds within the laboratory environment due to COVID-19-related delays.

2.2 Experimental design

To investigate the impact of sleep deprivation or sleep disruption (light exposure) on the daily
activities of the mynas, we conducted four experiments: (1) Full-night sleep deprivation (12SD;

18:00h-06:00h), (2) Early night sleep deprivation (6SD; 18:00h-24:00h), (3) Late night sleep
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deprivation (6SD; 00:00h-06:00h), and (4) Full-night light disturbance (12SD; 18:00h-06:00h). Each
experiment was conducted over two days: the first night (Baseline), no disturbance to the birds; the
second night the birds were kept had their sleep disrupted (Sleep Deprivation/Disturbance) for the
half of the night (6SD) the entire night (12SD). These experiments were performed in March and

April 2021, with a two-week interval between them to ensure complete recovery of the bird subjects.

During the sleep deprivation experiment, we employed gentle measures to ensure that common
mynas remained awake. Although the room was kept dark, two people were present, moving around
the room continuously. In most cases, the presence and activity of people was sufficient to keep the
birds awake. However, if the birds persisted in attempting to sleep, further intervention measures
were employed to provide visual and auditory stimulation. This included more frequent walking back
and forth, approaching the bird cages, or gently tapping the cages and making slight noise
disturbances. If the birds continued to exhibit clear signs of rest, such as closing their eyelids,
tucking their heads under wings, or remaining still for over 30 seconds, laboratory staff would gently

touch them.

During the light disturbance experiment, the laboratory light source (Sylvania 58w Gro-lux
lights) remained on throughout the night (18:00h-06:00h). Our experimental subjects were exposed
to the same light environment without any shaded or dark areas, and there were no instances of

human interference during the experiment.

2.3 Video data processing

The cameras in the room recorded the behaviour of all the common mynas. For two days of
each experiment, from the onset of the light (06:00) to its cessation (18:00), I observed the birds
behaviour. To facilitate analysis and determine if there were time of day effects, the day was broken
into 30 minutes chunks. I recorded behaviour for the first five minutes of each half hour of video,
recording the behaviour of each myna as either active or not active. Active behaviours include
activities such as foraging, drinking, walking, jumping, flying, alertness, bowing, preening, calling
and singing. Inactive behaviours included resting and sleeping. Postures indicative of resting and
sleeping included standing on one or both legs on a perch without movement, sitting with one or both

eyes closed, tucking the head into feathers, or remaining motionless at the bottom of the cage, among
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others.

2.4 Genetic sex identification

We employed a genetic sexing method to accurately determine the sex of the experimental
subjects. Details provide in Gavarghi Mussoi 2023 and provided here only briefly (Gaviraghi Mussoi,
2023). We collected blood samples and stored until analysis. We extracted DNA from the blood
samples using a specific DNA extraction kit, following the manufacturer's instructions. Using PCR
we amplified sex-specific genetic marker and separated and visualized PCR products through gel
electrophoresis. Due to the differences in the target gene sequences between females and males, they
exhibited different band patterns on the electrophoresis gel; females displayed two bands of different
sizes (representing genes on the Z and W chromosomes), while males showed only one band size
(representing genes on the Z chromosome), thus enabling the differentiation of the sex of the

experimental birds.

Through these steps, we successfully determined that the experimental group consisted of 6
female and 7 male common mynas, providing crucial foundational information for subsequent

behavioural studies.

2.5 Statistical analysis

I conducted all statistical analyses using the R programming software v4.2.0 (R Development
Core Team, 2021). Prior to the analyses, I checked the normality of the variables and applied
statistical transformations when necessary. Due to the non-linear relationship between the dependent
variable and time, I converted the recorded time periods into seconds and calculated the proportion

of active versus inactive time within each five-minute.

I used descriptive statistics and plotting to present the daytime behavioural changes of the
common mynas following different experiments. I utilized generalized linear models to test the
differences between the baseline and various treatments, using the proportion of activity every five
minutes as the dependent variable, with different treatments, time, and their interactions as fixed

effects, and bird ID as a random effect.
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I also compared different treatments (12SD, Last6SD, First6SD, 12LightSD) in the four
experiments with the average of the four baselines to examine the significant differences in the
impact of different treatments on bird activity levels, by using a linear mixed model with the
proportion of the time the bird was active as the dependent variable, the interaction between

treatment and time as fixed effects, and bird ID as a random effect.

To investigate whether sex had an influential role in this experiment, I separately generated
scatter plots and linear regression graphs comparing the activity level proportions of male and female
birds in the Baseline group for different experiments using the ggplot package. I also applied linear
mixed models with the bird activity Prop as the dependent variable, the interactions between

Treatment, time, and sex as fixed effects, and bird ID as a random effect.

Furthermore, I used the dropl function to compare the Akaike Information Criterion (AIC) of

the models, removing non-significant interaction terms, and refitted a simplified linear mixed model.

To visualise the effect of sleep deprivation or disturbance on daytime activity levels, I employed
the ggplot package in R to create boxplots showing the difference between active and inactive time

proportions for each experiment.

To explore how the proportion of active time varied over time under different treatment
conditions, I created separate datasets for each experiment and used the ggplot package to generate
scatter and linear regression graphs showing the interaction effects between different Treatments and
time on the birds' daytime activity levels the following day. To compare the effect of the treatments, I

average the baselines together and then examined all activity levels together in one model.

To visualise the effect of sex in on response to sleep treatments, I separately generated scatter
plots and linear regression graphs comparing the activity level proportions of male and female birds

in the Baseline group for different experiments using the ggplot package.

2.6 Ethical statement

Trapping, housing and experiments were approved by the University of Auckland Animal Ethics

Committee (Approval No. AEC2557).
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3 Result

3.1 Sleep deprivation alters daytime behavioural activity
3.1.1 Full night sleep deprivation

When deprived of sleep for an entire night (12SD), compared to after normal sleep, common
mynas exhibited a significant increase in inactivity during the subsequent day, with an average
increase of 18.22%. The baseline group's average daytime activity was significantly higher than their
average inactivity, but after 12 hours of nocturnal sleep deprivation, the average daytime activity

slightly decreased below the average inactivity level (Figure 3.1).

Sleep deprivation for 12 hours had a significant negative impact on daytime activity levels
(p<0.001), with birds spending more time resting following sleep deprivation treatment compared to
the control group (Table 3.1). There was a significant interaction between treatment and time

(p<0.001), with birds showing higher activity levels later in the day (Table 3.1).
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Figure 3.1. Boxplots presenting the difference in proportion of five minutes of active/inactive time
per half hour during the 12-hour sleep deprivation experiment. The lines extending above and below
the box represent the maximum and minimum values of the dataset, respectively. The thick line
within the box marks the median, while the top and bottom lines of the box correspond to the upper
and lower quartiles, respectively. Points denote the mean. (Note: the boxplots do not consider
additional factors such as bird ID and observation, which are included in the linear model analysis.)
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Table 3.1. Summary of the generalized linear model on the effects of 12h sleep deprivation (12SD)
on next-day activity levels (bird ID as a random effect, and observations is the recording of active
and inactive time within five minutes every half-hour from 6:00 to 17:30 of common mynas).

12SD
Predictors Estimates Std. Error z value P
(Intercept) 0.51 0.46 1.11 0.267
TreatmentSD12h -3.85 0.71 -5.42 <0.001
Observation 0.00 0.00 0.79 0.429
TreatmentSD12h:Observation 0.00 0.00 4.71 <0.001
Random Effects
Birds Variance 0.19
Birds Std.Dev. 0.44
Observations 564.00
Groups Bird, 13

Note: bold=p<0.05

3.1.2 Half night sleep deprivation, last 6 hours

When being deprived of sleep in the last half of the night (Last6SD), compared to after normal
sleep, the common mynas exhibited an increase in inactivity during the day, with an average increase
of 10.35%. However, this increase was less pronounced than after full night sleep deprivation (12SD).
After 6 hours of sleep deprivation in the last half of the night, the average daytime activity still

exceeded the average inactivity (Figure 3.2).

Deprivation of sleep for 6 hours during the latter half of the night significantly negatively
impacted daytime activity levels (p<0.001). On the day following the sleep deprivation treatment, the
birds spent more time resting compared to the control group (Table 3.2). The interaction between
treatment and time had a lesser effect on activity levels (p<0.01), with activity peaking in the evening

(Table 3.2).
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Figure 3.2. Boxplots presenting the difference in proportion of five minutes of active/inactive time
per half hour in the last night sleep deprivation experiment.The lines extending above and below the
box represent the maximum and minimum values of the dataset, respectively. The thick line within
the box marks the median, while the top and bottom lines of the box correspond to the upper and
lower quartiles, respectively. Points denote the mean. (Note: the boxplots do not consider additional
factors such as bird ID and observation, which are included in the linear model analysis.)

Table 3.2. Summary of the generalized linear model on the effects of 6h sleep deprivation in the last
half of the night (Last6SD) on next-day activity levels (bird ID as a random effect, and observations
is the recording of active and inactive time within five minutes every half-hour from 6:00 to 17:30 of
common mynas).

Last6SD
Predictors Estimates Std. Error z value P
(Intercept) 1.76 0.48 3.65 <0.001
TreatmentSD6h -2.22 0.63 -3.52 <0.001
Observation 0.00 0.00 -1.75 0.081
TreatmentSD6h:Observation 0.00 0.00 2.73 0.006
Random Effects
Birds Variance 0.19
Birds Std.Dev. 0.44
Observations 599.00
Groups Bird, 13

Note: bold=p<0.05
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3.1.3 Half night sleep deprivation, first 6 hours

When being deprived of sleep in the first half of the night (First6SD), compared to after normal
sleep, the common mynas also exhibited an increase in inactivity during the subsequent day, with an
average increase of 21.56%. The baseline group's average daytime activity on the following day was
significantly higher than their average inactivity, whereas after FirstoSD, the average daytime

activity on the following day was slightly lower than the average inactivity (Fig. 3.3).

Although deprivation of sleep for 6 hours during the first half of the night did not significantly
impact daytime activity levels (p>0.05), on the day following the sleep deprivation treatment, the

birds spent more time resting compared to the control group (Table 3.3).
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Figure 3.3. Boxplots presenting the difference in proportion of five minutes of active/inactive time
per half hour in the first night sleep deprivation experiment. The lines extending above and below the
box represent the maximum and minimum values of the dataset, respectively. The thick line within
the box marks the median, while the top and bottom lines of the box correspond to the upper and
lower quartiles, respectively. Points denote the mean. (Note: the boxplots do not consider additional
factors such as bird ID and observation, which are included in the linear model analysis.)
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Table 3.3. Summary of the generalized linear model on the effects of 6h sleep deprivation in the first
half of the night (First6SD) on next-day activity levels (bird ID as a random effect, and observations
is the recording of active and inactive time within five minutes every half-hour from 6:00 to 17:30 of
common mynas).

First6SD
Predictors Estimates Std. Error z value P
(Intercept) 1.84 0.52 3.56 <0.001
TreatmentSD6h -0.89 0.68 -1.31 0.191
Observation 0.00 0.00 -1.13 0.259
TreatmentSD6h:Observation 0.00 0.00 -0.28 0.783
Random Effects
Birds Variance 0.10
Birds Std.Dev. 0.32
Observations 564.00
Groups Bird, 13

Note: bold=p<0.05

3.2 Light disturbance effects daytime behavioural activity

When being exposed to continuous light disturbance throughout the night (12LightSD), there
was only a slight difference in the inactivity time of common mynas during the subsequent day
compared with normal sleep, with an average increase of 0.47% and a slight decrease in the average

active time (Fig. 3.4).

Sleep disturbance from all-night light exposure for 12 hours and diurnal time changes both had
a highly significant negative impact on daytime activity levels (p<0.001) (Table 3.4). The interaction
between the two also significantly negatively affected activity levels (p<0.001), with activity level

reaching its lowest in the evening (Table 3.4).
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Figure 3.4. Boxplots presenting the difference in proportion of 5-minute active/inactive time per half
hour in 12h all-night light-disturbed sleep experiment. The lines extending above and below the box
represent the maximum and minimum values of the dataset, respectively. The thick line within the
box marks the median, while the top and bottom lines of the box correspond to the upper and lower
quartiles, respectively. Points denote the mean. (Note: the boxplots do not consider additional factors
such as bird ID and observation, which are included in the linear model analysis.)

Table 3.4. Summary of the generalized linear model on the effects of 12h light disturbance
(12LightSD) on next-day activity levels (bird ID as a random effect, and observations is the
recording of active and inactive time within five minutes every half-hour from 6:00 to 17:30 of
common mynas).

12LightSD
Predictors Estimates Std. Error z value P
(Intercept) 3.39 0.48 7.09 <0.001
TreatmentSD12h -1.64 0.29 -5.71 <0.001
Observation 0.00 0.00 -6.52 <0.001
TreatmentSD12h:Observation 0.00 0.00 4.96 <0.001
Random Effects
Birds Variance 0.74
Birds Std.Dev. 0.86
Observations 576.00
Groups Bird, 13

Note: bold=p<0.05
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3.3 Comparison of full night deprivation to full night light disturbance

In the fixed effects, it can be observed that the treatment effect estimate for full night sleep
deprivation (12SD) is -3.85, with a p-value less than 0.001, indicating a significant negative impact
of 12SD on the activity level of mynas. The treatment effect estimate for full night light disturbance
(12Light SD) is -1.64, which also has statistical significance. Comparing the treatment effects under
the two conditions, the effect of 12SD (-3.85) is stronger than that of 12Light SD (-1.64), suggesting
that full night sleep deprivation has a more adverse effect on the activity level of birds than full night

light disturbance (Table 3.1, Table 3.4).

3.4 Comparison of last 6h sleep deprivation to first 6h sleep deprivation

In the fixed effects analysis, the estimated treatment effect for the last 6 hours of sleep
deprivation was -2.22, with a P-value of less than 0.001, indicating that LastohSD has a significant
negative impact on the activity levels of mynas. For the first 6 hours of sleep deprivation, the
estimated treatment effect was -0.89, but with a P-value of 0.19, suggesting that the impact of
First6hSD is not statistically significant. Comparing the treatment effects under the two conditions,
the impact of LastohSD (-2.22) was greater than FirstohSD (-0.89). This suggests that sleep
deprivation in the last part of the night has a greater effect on the activity levels of the birds (Table
3.2, Table 3.3).

3.5 Temporal Changes in Activity Proportion under Different Treatment Conditions

The variable 'Observation' represents the progression of time, and its estimated interaction
effects with different treatments are all exceedingly small, rounded to about 0. When the p-values is
notably small, it indicates that the varying times of observation can alter the magnitude of the
treatment effect. Specifically, the time of observation has a significant moderating influence on the

effect of the treatment (Table 3.1-3.4).

During the baseline periods, the birds generally maintained relatively stable activity throughout
the entire day. However, in three of the four baseline periods, birds were slightly more active in the

morning than the afternoon or evening (Table 3.1-3.4, Fig. 3.5) .
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Birds subjected to overnight sleep deprivation (12SD) exhibited lower activity levels than the
baseline earlier in the day. Activity increased throughout the day, birds were more active than in the

baseline late in the evening (Table 3.1, Fig. 3.5a).

Birds subjected to sleep deprivation during the last half of the night (Last6SD) showed an

upward trend in activity from morning to evening (Table 3.2, Fig. 3.5b).

Conversely, birds subjected to sleep deprivation during the first half of the night (First6SD)

exhibited a declining trend in activity from morning to evening (Table 3.3, Fig. 3.5¢).

Notably, Birds exposed to overnight light disturbance (12LightSD) showed daytime activity

levels that were not significantly different from the baseline day (Table 3.4, Fig. 3.5d).
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Figure 3.5. Interaction between treatment (Baseline: red, SD: green) and time and its effect on bird
activity the next day. (a) Effects of 12 hours of sleep deprivation. (b) Effects of 6 hours sleep
deprivation in the last half night. (c¢) Effects of 6 hours sleep deprivation in the first half night. (d)
Effects of 12 hours light disturbance on sleep. The grey band indicates 95% confidence intervals.

By averaging the baselines across the four experiments and comparing it with different
treatments (Fig. 3.6), it was found that 12 hours of sleep deprivation, deprivation of sleep for the last
6 hours of the night, and time had a very significant effect on the activity level the following day.
Deprivation of sleep for the first 6 hours of the night had a highly significant effect on activity levels.
Moreover, 12-hour sleep deprivation and 6-hour sleep deprivation in the last of the night both had

significant interaction with time (Table 3.5).
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Figure 3.6. Effects of different treatments at night on bird activity the next day. Treatment represents
different experimental treatments and baseline, and different shaped symbol scatter points represent
the proportion of bird activity under specific treatment conditions. The Baseline here is the average
of the Baseline in the four experiments. The grey band indicates 95% confidence intervals.

29



Table 3.5. Summary of the Linear mixed models of the effects of different night treatments on bird
activity the next day relative to baseline group (Baseline is the average of Baseline in the four
experiments here). Bird ID as random effect, and observation is the record of the active and inactive
time during the first five minutes of every half hour between 6:00 and 17:30 in the daytime of
mynas.

Predictors Estimates Std. Error df t value P
(Intercept) 0.86 0.03 10228 2972 <0.001
TreatmentLight12h 0.01 0.06 2281.02  -0.14 0.887
TreatmentSD12h 0.81 0.06 228129  -13.53  <0.001
TreatmentSDFirst6h 0.17 0.06 228121  -2.97 0.003
TreatmentSDLast6h -0.45 0.05 2281.14 -8.23 <0.001
Observation 0.00 0.00 2281.05  -7.43 <0.001
TreatmentLightl 2h: 0.00 0.00 2281.02  -0.50 0.621
Observation

TreatmentSD12h: 0.00 0.00 228122 1229  <0.001
Observation

TreatmentSDFirst6h: 0.00 0.00 2281.17 025 0.805
Observation

TreatmentSDLast6h: 0.00 0.00 2281.09  6.70 <0.001
Observation

Random Effects

Residual Variance 0.06
Residual Std.Dev. 0.24

Birds Variance 0.00
Birds Std.Dev. 0.06
Observations 2303.00
Groups Bird,13

Note: bold=p<0.05

3.6 Does sex influence response to daytime activity

Incorporating the factor of sex, the differences in the performance of male and female common
mynas within the baseline groups of the four experiments were compared separately (Fig. 3.7).
Based on the observation of trend lines, although males may exhibit higher average activity levels
during the same time period at baseline (Figure 3.7), these differences were not statistically
significant in the final model (Table 3.6).

The trend lines for both females and males showed a general trend, but individual data points
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(scatter) were widely distributed across the graph, indicating significant individual variability.
Further analysis on the impact of sex differences through the establishment of a linear mixed model
and examining the removal of statistically non-significant effects revealed that sex had no significant
impact on the outcomes (Table 3.6).

The importance of individual variation is illustrated by calculating the percentage of total
variation of individual variation by using individual variance and residual error of random effects in
the mode. The specific formula used was: Individual Variation Percentage = (Birds Variance / (Birds

Variance + Residual Variance)) = 10%.
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Figure 3.7. Comparison of activity proportion of female (F: red) and male (M: blue) birds in Baseline
group during different sleep deprivation/disturbance experiments. (a) Baseline for 12h sleep
deprivation experiment. (b) Baseline for experiment of 6h sleep deprivation in the last half night. (¢)
Baseline for experiment of 6h sleep deprivation in the first half night. (d) Baseline for 12h light
disturbance experiment. The grey band indicates 95% confidence intervals.
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Table 3.6. Summary of the linear mixed model incorporating sex differences and various baseline
day's activity levels of birds. Bird ID as a random effect, and observation is the record of the active
and inactive time during the first five minutes of every half hour between 6:00 and 17:30 in the
daytime of mynas.

Predictors Estimates Std. Error df t value Pri>|t)
(Intercept) 0.64 0.08 226.77 3.18 <0.001
BaselineFirst6h 0.11 0.09 1188.05 1.26 0.208
BaselineLast6h 0.23 0.09 1188.03 2.52 0.012
BaselineLight 0.29 0.09 1188.03 3.23 0.001
Observation 0.00 0.00 1188.06 0.16 0.877
SexM 0.11 0.08 90.82 127 0.206
BaselineFirst6h: 0.00 0.00 1188.01 0.87 0.384
Observation

BaselineLast6h: 0.00 0.00 1188.02 2.92 0.004
Observation

BaselineLight: 0.00 0.00 1188.01 418 <0.001
Observation

BasclineFirst6h: -0.02 0.05 1188.13 -0.41 0.684
SexM

Basclinel.ast6h: 0.00 0.05 1188.04 -0.05 0.962
SexM

BasclincLight: 0.03 0.05 1188.06 0.65 0.516
SexM

Observation: 0.00 0.00 1188.06 -0.58 0.560
SexM

Random Effects

Residual Variance 0.09
Residual Std.Dev. 0.30
Birds Variance 0.01
Birds Std.Dev. 0.09
Observations 1201.00
Groups Bird,13

Note: bold=p<0.05
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4 Discussion

My study findings indicate that sleep deprivation from the previous night affects the daily
activity levels of common mynas the following day, whether it is for 12 hours or 6 hours; the impact
of 12 hours of sleep deprivation is greater than that of 6 hours on activity levels, with the effect of 6
hours of sleep deprivation during the latter half of the night being greater than that during the first
half. And 12 hours of sleep disturbance due to light exposure has minimal impact on the next day's

activity levels. Furthermore, sex differences do not have a significant impact on activity levels.

4.1 The impact of sleep deprivation on daytime activity in common mynas

The impact of total sleep deprivation in the previous night on avian daytime activity levels was
large and in the direction predicted. Following a full night of sleep deprivation (12SD), common
mynas exhibited a notable increase in daytime inactivity/resting behaviours. Similarly, whether
deprived of sleep during the first half of the night (First6SD) or the latter half for 6 hours (Last6SD),
common mynas also showed an increase in daytime inactivity on the subsequent day , but the effect

was not as great as that of the whole night.

This finding is consistent with previous research on sleep deprivation in Australian magpies and
common mynas, which showed that overnight sleep deprivation had greater effects on cognitive
ability and singing performance than midnight sleep deprivation (Gaviraghi Mussoi, 2023; Johnsson
et al., 2022). Our study further revealed that the longer duration of sleep deprivation also had a more
significant effect on the daytime activity of birds, reflecting that the loss of sleep has an important
impact on the daily behaviour patterns of birds, especially their rest and activity rhythms, and
long-term sleep deprivation may lead to significant fatigue or stress responses. Similarly, studies on
sleep deprivation in humans have also shown that prolonged sleep deprivation has a greater impact

on daily behaviour (Orzet-Gryglewska, 2010).

In addition, the effects of sleep deprivation not only persist, but may manifest differently at
different times of the day, suggesting that the effects of sleep deprivation are dynamic. However,

sleep deprivation in the middle of the night has different results depending on the time of day, and
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the effects of sleep deprivation also change over time.

4.2 Differential impact of sleep deprivation periods on daytime activity

When sleep deprivation occurs during the latter half of the night (Last6SD), there is a
significant increase in daytime inactivity the following day, although the increase is not as
pronounced as that resulting from the full-night sleep deprivation. When sleep deprivation occurs
during the first half of the night (First6SD), there is also an increase in daytime inactivity the

following day, but the effect was weak and not statistically detectable.

This result indicates that the timing of sleep deprivation may have differential impacts on avian
daytime activity. Compared to Last6SD, First6SD has a lesser impact on daytime activity in birds.
This could be related to different sleep architectures and physiological recovery processes. Different
sleep stages exert distinct effects on sleep quality, with studies suggesting that the first half of the
night may involve more deep sleep, dominated by slow-wave sleep (SWS) (Born & Diekelmann,
2010; Carskadon & Dement, 2010; Sullivan et al., 2022; Yordanova et al., 2010), which is
particularly important for memory consolidation (Groch et al., 2015), physical repair (Born et al.,
1988; Horne, 1979), energy conversion (Pastukhov, 2016), and growth hormone regulation (Born et
al., 1988). In contrast, the latter half of the night is characterized by a predominance of REM sleep
(Born & Diekelmann, 2010; Sullivan et al., 2022), which is beneficial for energy balance (Horne,
2009) and the restoration and optimization of brain functions (He et al., 2011; Kim et al., 2005;

Shaffery et al., 2002; Yordanova et al., 2010).

A study measured and compared the physical activity of men who slept for four hours during
the first half of the night, the latter half of the night, and those who had a normal eight hours of sleep,
found that reduced sleep duration inherently increases the sensation of fatigue. However, despite
equal durations of sleep, the impact on physical activity and subjective fatigue is greater following
late-night sleep loss compared to early-night sleep restrictions (Wilms et al., 2020). A
Meta-analytical review on human sleep insufficiency also conclude that sleep deprivation affects
physical performance, particularly full sleep deprivation and late sleep restriction (early awakening)
have a more significant negative impact on the next day's physical activity compared to early sleep

restriction (delayed sleep) (Craven et al., 2022). These findings align with our experimental results,
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where the impact of acute sleep insufficiency is more pronounced following deprivation in the latter

half of the night.

4.3 Comparison between anthropogenic disturbance and light interference

Compared with sleep deprivation at night by anthropogenic activities, light interference with
overnight sleep (12LightSD) appeared to have a limited effect on daytime activity in common mynas.
Unlike the significant increase in inactivity the next day after 12 hours of sleep deprivation or 6
hours of sleep deprivation, the negligible increase in inactivity after light disturbance suggests that

light disturbance may not affect birds' sleep as severely as other human disturbances.

Nonetheless, the sensitivity of the biological clock to light exposure cannot be overlooked.
Natural lighting plays a crucial role in regulating our circadian rhythms, controlling the cycles of
sleep and wakefulness, and dictating the rhythmic behaviours of both plants and animals (Allard,
1930; Dominoni, 2015; Hopkins et al., 2018; Russart & Nelson, 2018). For birds, lighting is a
significant trigger for singing, with many species initiating their calls at dawn (Allard, 1930; Allen,
1913; Miller, 2006; Wright, 1912). However, singing may be delayed on cloudy mornings (Bruni et
al., 2014; Da Silva et al., 2014; Nordt & Klenke, 2013), while a bright moon can lead to earlier
calling (Bruni et al., 2014; Leopold & Eynon, 1961; Wright, 1913; York et al., 2014). Miller recorded
and compared the dawn chorus of American Robins (7Turdus migratorius) under different intensities
of artificial nighttime light, finding that robins in areas with substantial artificial light begin their
morning singing during the night, and both he and Nordt suggest that nighttime clouds and mist seem
to amplify the effects of artificial light, prompting birds to start singing earlier in a brighter
environment (Miller, 2006; Nordt & Klenke, 2013). However, artificial light at night not only
advances dawn chorusing but also delays nocturnal activities in birds. Observing the slender-billed
nuthatch (Sitta carolinensis aculeata) in California in 1928, Blake found that the time of sunset and
the birds' return to their nests for rest were correlated, suggesting that light interference could likely
delay the nocturnal rest of birds (Blake, 1928). Observations of urban blackbirds (7Turdus merula)
living under varying intensities of light exposure revealed that individuals in higher light conditions
engaged in longer nocturnal foraging times, according to Anja et al. (Russ et al., 2015). Domoni and

Partecke, using light loggers and radio telemetry on European blackbirds (7urdus merula) in the wild,
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discovered that those living in light-polluted areas showed longer activity periods and more unstable
circadian rhythms compared to their forest-dwelling counterparts (Dominoni & Partecke, 2015). In
Norway, where winter days are short, it has been recorded that some passerine birds even extend

their diurnal activity time by 4-5 hours due to artificial light (Byrkjedal et al., 2012).

In previous research from this same set of experiments, the effects of light on specific active
behaviours were examined, specifically singing. After one night of light exposure, the common
mynas sang less and called more compared to baseline. Not much different from the baseline day,
except that songs were output slightly less in the morning and late afternoon, and calls were output a
little more in the morning. In this study, the activity of mynas recorded after a night of light exposure
did not differ much from that recorded on the baseline day and was slightly lower the next morning.
This may be attributed to urban birds having developed a certain degree of adaptation to nocturnal
light exposure, which could be physiological or behavioural, thereby reducing their sensitivity to
light disturbance and minimizing the impact on their daytime behavioural rhythms. Bird behaviour is
influenced by their ecological environment. In certain settings, birds may have evolved strategies to
cope with changes in light exposure, thus mitigating the impact of illumination on their nocturnal
sleep. Silva and Kempenaers examined how natural and artificial light influences the dawn singing
behaviour of birds across different latitudes in Europe (under varying natural lighting conditions), as
suggested by some other studies, different bird species exhibit varying levels of light sensitivity and
adaptive behaviours (Berg et al., 2006; McNeil et al., 2005; Thomas et al., 2004; Thomas et al.,
2002), leading to diverse responses to illumination (Da Silva & Kempenaers, 2017). Some
early-singing species that are sensitive to light might become more active due to artificial light being
brighter at night than at their singing onset, while late-singing birds with lower light sensitivity
maintain their singing rhythms (Da Silva & Kempenaers, 2017). However, in high-latitude regions
like Finland, where natural sunrise already occurs early, the local songbirds have adapted to this
environment and might not start their dawn chorus earlier under artificial nighttime lighting, as they
require time for rest (Da Silva & Kempenaers, 2017; Mace, 1989). According to the results of this
experiment, | speculate that as a common urban bird, the light sensitivity of common myna is not

particularly high.
Furthermore, the impact of artificial light at night (ALAN) on avian behaviour also depends on
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the intensity, duration, and period of the illumination. Da Silva et al. investigated the effects of
artificial nighttime lighting and daytime traffic noise on the singing behaviour of six common
European songbird species, finding that with higher artificial light intensities, birds start their dawn
chorus earlier and the dusk chorus lasts longer (Da Silva et al., 2014). During the breeding season,
common swifts (Apus apus) exposed to moderate (0.83 1x) and relatively high (3.85 1x) artificial light
conditions show a slight extension in their nocturnal activities, but under very intense artificial light
levels (120 Ix), they may remain active throughout the entire night (Amichai & Kronfeld-Schor,
2019). Studies in laboratory settings on great tits (Parus major) further corroborate this: under
varying nighttime light intensities, great tits exposed to high light intensity conditions not only start
their daily activities earlier but also experience a reduction in nocturnal melatonin levels, potentially
leading to sleep disturbances and alterations in sleep patterns, making them more active throughout
the night (de Jong et al., 2016). In our laboratory, the lighting setup was not very intense detection
lights but simulated natural lighting, suggesting that the observed results may be partially due to the

intensity of the lighting.

The work of Dominoni et al. focused on how artificial nocturnal light and noise affect the daily
activity patterns of adult male European blackbirds (7urdus merula) in urban environments. They
found that, compared to rural areas or forests, blackbirds living in cities start their daily activities
significantly earlier when exposed to higher levels of artificial light at night (Dominoni et al., 2013),
whereas noise did not have a significant impact on the activity patterns of these birds (Dominoni et
al., 2014). Marin Gomez's research on the early calling behaviour of the Saffron Finch (Sicalis
flaveola) in Colombia demonstrated that the advancement of dawn singing in birds was only related
to nocturnal artificial light and not to human-made noise (Marin Gémez, 2022). Similarly, Da Silva
et al.'s investigation of the singing times of six common songbird species revealed that artificial light,
rather than noise, leads to earlier dawn singing and extended dusk singing times (Da Silva et al.,
2014). In contrast, Nordt and Klenke's survey of dawn chorus in European urban blackbirds yielded a
different conclusion, finding that both artificial night light and traffic noise significantly advance
birds' singing times, but traffic noise was considered to be a more dominant influence (Nordt &

Klenke, 2013).
Compared to these field studies in the wild, the records from our laboratory provided different
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results, where anthropogenic (noise) influences seem to cause more severe disruption to nocturnal
sleep in birds, while light interference throughout the night has almost no significant effect on the
overall daytime activity of common mynas the following day. As we mentioned above, it is not
surprising that anthropogenic noise disturbances lead to greater impact on birds compared to light
disturbances (Fuller et al., 2007), possibly due to differences in our experimental environment, bird
species, or the conditions of disturbance. Obviously, in our experiments, ordinary light disturbance
may not affect the sleep quality of birds as severely as other anthropogenic activities, which (such as
sound disturbance) directly lead to birds waking up more frequently or experiencing sleep
interruptions, whereas mere light disturbance does not elicit such intense stress responses. Moreover,
birds in the laboratory had ample food sources, unlike birds in the wild, where nighttime artificial
light may increase the likelihood of predation and being preyed upon (Leveau, 2020; Miles et al.,
2013; Russ et al., 2015; Stracey et al., 2014), leading them to be more nocturnally active. Of course,
in the free environment of the wild, birds can easily fly away from light sources or anthropogenic

noise disturbances, but in urban environments, this may be difficult to avoid (de Jong et al., 2016).

4.4 Change in daily activity patterns under different treatment conditions

During the baseline periods of the four experiments, our study subjects, common mynas,
generally exhibited a relatively stable level of activity throughout the day, with slightly higher
activity levels in the morning and the lowest in the evening. This pattern reflects their natural diurnal
behavioural rhythms, particularly in terms of foraging and social activities. The increase in morning
activity is often associated with foraging behaviour, as many birds choose to forage in the early
morning (Diallo et al., 2023; Kendall, 2014; Kersten et al., 1991). At the same time, morning song is
an important activity for songbirds at dawn, serving not only to mark territory but also potentially to
attract mates or strengthen social bonds within the group through vocal communication (Foote et al.,

2011; Moller, 1991).

Common mynas experiencing full-night sleep deprivation (12SD) displayed significantly lower
activity levels in the morning compared to the baseline, but subsequently showed a significant
increase, especially with higher activity levels at nightfall above baseline. This could be due to initial

fatigue caused by sleep deprivation, resulting in lower morning activity. As the day progresses, birds
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began to become progressively more active after getting some rest, engaging in foraging and social

activities at dusk.

After experiencing sleep deprivation in the latter half of the night (Last 6SD), birds also showed
an upward trend in daytime activity levels contrary to the baseline, but the overall trend was slower
than that of activity after a full night sleep deprivation. This suggests that the longer the duration of
sleep deprivation, the greater the impact on the birds' behaviour the following day. The loss of sleep
in the latter half of the night resulted in lower morning activity levels for the birds. As the day
progressed, the birds might regulated for their physiological state by increasing their activity,

similarly reaching higher activity levels at dusk.

Conversely, after the first half of the night sleep deprivation (First 6SD), birds showed the same
downward trend in daytime activity as at baseline. However, though they followed the same pattern
of activity, they showed lower activity levels overall. This may indicate that sleep in the first half of
the night is more crucial for maintaining the avian activity levels and energy for the following day.
Losing sleep in the first half of the night resulted in the birds feeling fatigued throughout the entire
day, with their overall activity levels being lower than the baseline. Birds that have been disturbed by
sleep deprivation during the first half of the night may continue to maintain a vigilant wakefulness,
becoming increasingly fatigued and drowsy by the following day, which leads to a persistent decline

in their activity levels throughout the entire day.

In our study, the impact of all-night light disturbance (12Light SD) on the daytime activity
levels of common mynas the following day appears to be limited, similar to the trend line of activity
on the baseline day. Although light disturbance had some effect on the sleep of birds, this
interference may not have been sufficient to significantly alter their daytime activity patterns. Similar
observations have been made in other studies, such as monitoring great tits (Parus major) in the wild
active under artificial lighting at night, showing that frequent nocturnal activity may not necessarily
lead to reduced their daytime activity, but there is also an accumulation of sleep debt (Ouyang et al.,
2017) . Likewise, investigations into breeding female great tits (Parus major) found that they would
sleep more the following night to compensate for sleep loss due to the previous night's disturbances
(Raap et al., 2016). While studies have generally claimed that nocturnal lighting leads to earlier
waking in birds (Dominoni et al., 2014; Marin Gémez, 2022). In fact, our results show the opposite
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pattern. Perhaps because of the difference between the laboratory and the field experiment, the birds
in the field can feel the sky getting dark, but there is light, and the birds in our laboratory do not
receive the same signal, and the lights are always on at night. I speculate that common mynas
disturbed by all night lighting had prolonged nocturnal activities (Ouyang et al., 2017), affecting
behaviours like singing and foraging (Sanders et al., 2021). Increased nocturnal activity caused their
morning activity levels the following day being slightly lower than normal, possibly because the
increased nocturnal activity led to greater energy expenditure, so they needed more rest time to

recover.

4.5 Sex differences in activity

Males and females often employ different behavioural strategies to maxmise reproductive
success such as differences in foraging, territorial defense, or breeding behaviour in different seasons,
with male birds possibly displaying higher activity levels due to these behaviours (Steinmeyer et al.,
2010). Though there appeared to be a trend for males to be more active than females in our study,
this was not a statistical difference. This lack of sex difference is in contrast to previous research in
other species. Investigations into blue tits (Cyanistes caeruleus) have found that there are sex
differences in bird sleep behaviour, with males sleeping later and waking earlier than females
(Steinmeyer et al., 2010). Related studies observing blackbirds (Turdus merula) and great tits (Parus
major) found that male birds are more sensitive to artificial light and noise conditions than females
(Grunst et al., 2023; Russ et al., 2015). Male birds, compared to females, may delay waking in noisy
environments, whereas they wake up earlier and leave the nest in quieter territories (Grunst et al.,
2023). However, there are other research indicates that both male and female birds may choose to
leave the nest box earlier to avoid noise disturbances in the morning (Grunst et al., 2021). These
different conclusions may vary according to the life history stages of the bird and seasonal

fluctuations of environmental variables (Grunst et al., 2023).

While trend lines show a general tendency, the widespread distribution of data points across the
graph suggests that there are individual variability. The percentage of individual variation is
calculated at 10%, which means that differences between individual birds (all individual differences

including sex, age, and health status) account for only 10% of the total variation, and most of the
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variation may be caused by a variety of other factors, including experimental treatment conditions,
environmental factors, and so on. The presence of individual variation points to the fact that,
although sex is an important biological variable, it is not the not the only determinant of avian

behaviour.

Further analysis through the construction of linear mixed models to assess the impact of sex
differences revealed that, after statistically removing insignificant effects, sex does not significantly
influence the diurnal activity levels of common mynas. This suggests that under the conditions of
sleep interference examined in this study, sex may not be a primary factor affecting the diurnal
activity levels of common mynas. This finding is consistent with observed individual differences and

underscores the need to consider a variety of interacting factors when analyzing avian behaviour.

4.6 Biological significance of the experiment

These findings are crucial for understanding the biological significance of avian sleep patterns.
They reveal the importance of sleep quality on daytime behaviour in birds, particularly in terms of
stress response. This could have significant implications for the survival strategies and adaptive
behaviours of wild birds, especially in the face of environmental disturbances (such as human
activities and light pollution). Investigations into avian sleep behaviour provide a prototypical
example of the harm caused by human activity disturbances and the alteration of circadian rhythms

in urban areas to wildlife, serving as a cautionary tale for humanity.

4.7 Research limitations and future directions

Although this study provides important insights, there are still some limitations. For instance,
there is personal subjectivity in human judgment in recording bird behaviour, sometimes it is
difficult to distinguish; the experimental conditions lack the diversity, complexity, and dynamism of
natural environments, clearly unable to fully simulate the sleep patterns of birds in the wild; and the
sample size may also limit the understanding of broader sex differences; as a common urban bird, the

common myna may have some immunity to light or noise disturbances in cities.

42



4.8 Conclusion

This study investigates the effects of sleep deprivation and disturbances from the previous night
on the daily behavioural activity levels of birds the following day, as well as the manifestation of sex

differences in activity levels.

I found that sleep deprivation reduces bird activity levels, whether it be total night deprivation
of 12 hours or partial deprivation of 6 hours during either the first or last half of the night. As
anticipated, the negative impact of 12 hours of sleep deprivation was stronger than that of 6 hours.
Specifically, prolonged sleep loss resulted in common mynas being more fatigued the next day,
spending more time resting or sleeping. Although the duration of sleep deprivation was the same,
sleep deprivation in the latter half of the night had a greater impact on daily behaviour than
deprivation in the first half, which may relate to the distribution of different sleep stages during these
periods. Studies suggest that the first half of the night contains more deep sleep, with slow-wave
sleep (SWS) dominating, while the latter half favors REM sleep (Born & Diekelmann, 2010; Sullivan et
al., 2022). Sleep deprivation causes changes in sleep architecture and biological functions, likely
affecting the physiological recovery processes in birds. Experiments on human sleep deprivation
have similarly confirmed that sleep insufficiency impacts physical performance, with total sleep
deprivation and late sleep restriction having a greater negative effect on physical activity than early
sleep restriction (Craven et al., 2022; Wilms et al., 2020). Furthermore, although many birds
typically exhibit sex-specific differences in daily behaviour and sleep (Grunst et al., 2023; Russ et al.,
2015; Steinmeyer et al., 2010), sex differences did not show significance in our sleep deprivation
experiment. This may be due to individual variability among birds in different environments and

periods, possessing different behavioural strategies.

Future research could integrate electrophysiology, using electroencephalography (EEG) or
related instruments to more precisely track and record avian sleep or activity states, with particular
attention to the recovery period following sleep deprivation or disturbance. This includes
investigating changes in the intensity, distribution, and duration of REM sleep and SWS, to explore
the deeper physiological impacts of sleep loss on birds. Subsequent studies should expand sample

sizes and consider more environmental factors to further investigate the responses of different bird
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species during breeding and non-breeding seasons to sleep deficiency. Additionally, in our laboratory
studies, birds living in captivity obviously lead lifestyles distinctly different from those of their wild
counterparts, suggesting future research might validate our results in natural settings. Our study
subjects, common mynas, as urban birds, may have already adapted to human and light disturbances.
Future research could select the same species from urban and rural areas to compare whether birds
from different regions exhibit different behavioural responses under the same experimental
conditions. Moreover, our experiment was limited to a single night of sleep deprivation or
disturbance; however, understanding the long-term impact of sleep quality on avian physiological
health, physical performance, and behavioural strategies is crucial for better protecting disturbed
wildlife species. Whether birds develop certain adaptabilities when exposed to disturbances over the

long term should also be considered in future work.
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