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Abstract Temporal variation in physical activity is mainly
determined by the day—night cycle. While this may be true
for diurnal species whose vision at night is often poor, the
situation might be more complex in nocturnal animals as
many such species can see both in the dark and in the
daylight. We examined in Barn Owl (Tyto alba) nestlings
whether temporal variation of behavioural activities and
sleep is shaped by parental feeding visits occurring during
the first part of the night and the extent to which they also
occur during daylight hours. We measured several beha-
viours in 280 individuals from 90 broods recorded in 4
years. Parental feeding visits progressively declined in
frequency from the beginning to the end of the night, and a
number of offspring behaviours followed the same pattern
of activity (feeding, vocalization and self-preening). Sur-
prisingly, nestlings were awake not only at sunset, but also
at sunrise. Several behaviours (locomotion, wing flapping
and sibling interactions, such as pecking and allopreening
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among nestlings) showed peaks of activity at sunset and
sunrise, suggesting that they were performed for other
reasons than to interact with parents. Allopreening was
performed more often during the day than at night. We
conclude that although adult Barn Owls are nocturnal,
nestlings display a complex temporal pattern of activity
that is governed not only by feeding but also by other
unknown factors.

Keywords Barn Owl - Behaviour - Bimodality - Diel
organization - Ontogeny - Sleep

Zusammenfassung

Néchtliche, tiagliche und bimodale Muster der
Lokomotion, der Interaktionen mit Geschwistern und
des Schlafs bei Schleiereulennestlingen

Der zeitliche Verlauf der korperlichen Aktivitit wird
hauptsdchlich vom Tag-Nacht-Rhythmus bestimmt.
Besonders tagaktive Arten sind oft nicht in der Lage
nachts zu sehen, wihrend nachtaktive Arten sowohl am
Tag als auch nachts sehen konnen. Wir untersuchten an
Schleiereulennestlingen (Tyto alba), ob zeitliche Variation
von Verhalten und Gehirnaktivitdt von den elterlichen
Besuchen in der ersten Halfte der Nacht abhingen und ob
Aktivititen wihrend des Tages ausgefiihrt werden. Wir
bestimmten Verhaltensweisen von 280 Individuen aus 90
Bruten iiber vier Jahre. Elterliche Fiitterungsbesuche
nahmen iiber die Nacht stetig in der Frequenz ab, und
einige der Verhaltensweisen der Nestlinge folgten diesem
Muster (Fressen, Rufen und Putzen). Erstaunlicherweise
waren Nestlinge nicht nur bei Sonnenuntergang wach,
sondern auch bei Sonnenaufgang. Einige Verhaltensweisen
(Lokomotion, Fliigel schlagen und Interaktionen mit
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Geschwistern wie Picken und gegenseitiges Putzen)
zeigten hohe Aktivitit bei Sonnenuntergang und
—aufgang, was darauf hindeutet, dass sie aus anderen
Griinden ausgefiihrt wurden als mit den Eltern zu
interagieren. Gegenseitiges Putzen wurde tagsiiber ofter
durchgefiihrt als nachts. Zusammenfassend ist zu sagen,
dass Schleiereulen zwar nachtaktiv sind, Nestlinge aber ein
komplexes Aktivititsmuster zeigen, das durch die
elterliche Fiitterung vorgegeben ist, aber auch durch
weitere, noch unbekannte Faktoren bestimmt ist.

Introduction

Specific behaviours should be expressed at the appropriate
time of the day or night to maximize the associated benefits
while minimizing the costs. An animal’s activity pattern
can be shaped by environmental factors, such as food
availability, temperature and light intensity, or by the social
environment (Vasquez 1996; Elvert et al. 1999; Mrosovsky
1999; Boydston et al. 2001). For example, in teleost fishes,
rain improves nocturnal foraging efficiency, which in turn
induces them to switch their activity period from diurnal to
nocturnal (Payne et al. 2012). Predation risk can also limit
the activity of prey species to the periods with the lowest
risk of predation. Three-toed sloths (Bradypus variegatus)
exposed to nocturnal predators preferentially sleep at night,
whereas the pygmy sloth (Bradypus pygmaeus) living on
an island without any predator shows no preference for
sleeping during the night or day (Voirin et al. 2014).

Although numerous studies demonstrate the influence of
environmental and species-specific adaptation on activity
pattern in adults (Hut and Beersma 2011), few studies have
examined the activity and sleep—wakefulness patterns
during development. Studies from a wide range of taxa are
required to determine the major underlying factors that
influence temporal variation in sleep—wakefulness states
and locomotor activity (e.g. Scriba et al. 2013b). Nocturnal
species are interesting because their visual systems allow
for active behaviour during both the day and night (Hall
and Ross 2007; Hall 2008). Consequently, nocturnal ani-
mals may be more flexible in their timing of activity than
diurnal species (Hoogenboom et al. 1984; Levy et al. 2007;
Daan et al. 2011).

We have been studying whether Barn Owl (Tyto alba)
nestlings are primarily active at night, like their parents
(Erkert 1969; Scriba et al. 2013a), or throughout both the
day and night. Although nocturnal provisioning by the
parents might favour nocturnal activity in nestlings, the
storage of food in the nest may free nestlings to also feed
during the daylight hours (Roulin 2004). Furthermore,
nestlings experience various environmental and social
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influences, such as environmental disturbances during the
day and interactions with siblings.

We thus designed a study in which we recorded a
number of behaviours in different individuals monitored in
2007, 2011, 2012 and 2014. These behaviours included the
timing of nestling cerebral wakefulness and sleep, parental
food provisioning, nestling feeding, preening of themselves
and of their siblings (i.e. allopreening), locomotion, wing
flapping, vocalization and competitive behaviour (peck-
ing). We assessed these activities in the field and also in the
laboratory in the absence of the parents. We predicted that
some activities, such as feeding and vocal competition for
food, would follow the nocturnal timing of the parental
visits. This nocturnal pattern may however shift to
bimodality if there is some benefit in performing activities
at different times of day (e.g., exposure to different cues,
for improved sensory development or having many bouts
of sleep for cognitive development). As a consequence,
nestlings might be highly active shortly after sunset and
around sunrise. In rats, the rhythmic clock gene expression
important for a circadian rhythm develops gradually during
the first weeks after birth (Vallone et al. 2007). In young
quail, a circadian rhythm for feeding activity first occurs
with 4-6 weeks of age (Formanek et al. 2011). These
findings raise the interesting possibility that nestlings might
not yet display a circadian rhythm in various behaviours at
this stage of their development as they live in a non-
rhythmic or slightly rhythmic environment (e.g. Kouba
et al. 2014). Digestive constraints might also lead to cyclic
behaviour. When the owlet’s stomach is full, it may be best
to invest in sleep-related functions. In particular, sleep is an
important state for learning, memory, the immune system,
energy homeostasis and brain maintenance (Vyazovskiy
et al. 2008; Markwald et al. 2013; Rasch and Born 2013;
Xie et al. 2013; Opp and Krueger 2015), and sleep depri-
vation negatively impacts physiology and cognition (Van
Dongen et al. 2003). Hence, nestlings are likely to be
awake only during some parts of the nights. Superimposed
on this expected nocturnal or bimodal activity pattern,
nestlings may also have an endogenous need for sleep at
regular short intervals, since developing animals spend
more time asleep than adults (e.g. Roffwarg et al. 1966).
Additionally, interactions between siblings are important
before the night, as nestlings show reciprocation between
allopreening taking place during the day and food-sharing
at night (Roulin et al. 2016). Nestling Barn Owls vocally
negotiate the priority of access to the impending food, a
process that takes time and hence is already expressed
during the day (Dreiss et al. 2016a). The use of prosocial
behaviour allows animals to reduce the cost of competition,
but this activity is commonly time consuming (Lewis et al.
2007), implying that such behaviours may have to be
expressed not only at night but also during the day.
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Furthermore, nestlings can feed on stored food at any time
of the day or night to optimize energy intake (Roulin
2004). Hence, some behaviour directed towards siblings,
such as allopreening and pecking, may show a more even
temporal distribution. Answering all of these questions is a
huge undertaking, and a first approach to tackle this
research agenda is to perform a descriptive study that
describes the temporal pattern of activity in many beha-
viours. This was the goal of the study reported here.

Methods
Study system

We studied a population of Barn Owls breeding in nest
boxes (62 x 56 x 37 cm) fixed to the external wall of
barns in western Switzerland (46°49’'N, 06°56'E). Hence,
nestlings were exposed to the light—dark cycle through
the nest box entrance hole (13 x 20 cm), and they could
hear sounds in the environment from a variety of external
sources, including humans. We also studied nestlings in
the laboratory in similarly sized, ventilated nest boxes
with a weak light source (LEDs, 1 W), switched on
during natural daytime. Nestlings in the laboratory were
therefore also exposed to the light—dark cycle, as in
nature. We recorded behaviour and electroencephalo-
grams (EEG) in nestlings at about 4 weeks of age when
they were able to thermoregulate and eat without
maternal help (we regularly visited nests to determine
hatching dates of all siblings after measuring wing length
a few days after hatching; Roulin 2004). At this time, the
parents were not sleeping in the nest box, but somewhere
close by during the daytime. For each behaviour, we
calculated the mean hourly values 4 h before and after
sunset and sunrise, respectively; specific details includ-
ing sample sizes and behavioural definitions are provided
in the following sections for each of the different aspects
of this study. We recorded nestlings between May and
October, during which time day length varies by about
4 h. Therefore, we examined locomotion, sleep and
behavioural pattern in relation to sunset and sunrise
rather than the exact time of the day or night. For each
1-h interval around sunset and sunrise (up to 4 h before
and after these specific time points), we recorded beha-
viours and cerebral activity to evaluate temporal varia-
tion in relation to natural light conditions to
accommodate seasonal changes in night length. We
chose this methodology, because we predicted that
nestling behaviour would be sensitive to the day—night
cycle. Indeed, Barn Owl parents bring the first prey item
of the night at around 2230 hours in June but at 1830
hours in October (personal observation).

Sleep and locomotor activity in the field in 2011

The Barn Owl, like other birds and mammals, exhibits two
sleep states, namely REM (rapid eye movement) and non-
REM sleep, which alternate in short intervals and can be
recorded with EEG (Rattenborg et al. 2011). Between May
and October 2011 we recorded the brain activity of nest-
lings continuously for about 5 days using minimally
invasive subcutaneous electrodes. This was done in the
field in 29 broods involving 31 male and 35 female nest-
lings, aged 27-48 days [mean =+ standard deviation (SD)
38.2 £ 0.6 days]. Using Somnologica software (Medcare,
Embla Systems Europe, Amsterdam, The Netherlands), a
single person analysed the last 24-h period of the record-
ings. Only one 24 h-period was analysed in order to
exclude the periods during which owlets habituated to the
recording device. The EEG signals were scored for wake-
fulness, REM and non-REM sleep in 4-s epochs, and
epochs containing more than one state were scored
according to the predominant state. Wakefulness was
characterized by low-amplitude, high-frequency EEG
activity, but it was often also accompanied by movement
artefacts characterized by high frequency and amplitude
activity when the birds were engaged in active behaviour.
Non-REM sleep consisted of low-frequency, high-ampli-
tude EEG activity. REM sleep was characterized by low-
amplitude, fast-frequency activity, accompanied by head
dropping or swaying of the body detected via accelerom-
eter recordings (for more details, see Scriba et al. 2013a, b;
2014). We calculated the fraction of time per hour spent
awake, in non-REM and REM sleep, respectively. The
recording equipment, which weighed at most 2.1% of the
bird’s body weight, did not seem to have an adverse effect
on the nestlings, as all of the birds fledged, and recruitment
into the breeding population in the following year was
actually higher in those Barn Owl nestlings which had their
sleep recorded (26.3%) than in those that had not (19.0%;
Scriba et al. 2013a, b; 2014). Furthermore, we installed the
device on the nestlings during daylight hours, and they
usually went asleep a few minutes after we completed the
procedure, demonstrating that our method allowed us to
record brain activities without artefacts. We found that the
temporal variation in REM and non-REM sleep was very
similar (Electronic Supplementary Material Fig. 1),
because REM sleep mostly takes place after a bout of non-
REM sleep; hence we report here only temporal variation
in wakefulness (we nevertheless separately examined
whether REM and non-REM sleep are more often per-
formed at day than night). We did not examine how the
number and duration of wakefulness—sleep bouts vary over
a 24-h period, because this is closely associated with the
percentage of time spent asleep. However, we did examine
whether the number and duration of wakefulness and REM
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and non-REM sleep bouts differ between the light and dark
phase.

To record locomotor activity, a neurologger (Neu-
rologger 2A; Vyssotski et al. 2009, http://www.vyssotski.
ch/neurologger?2) equipped with an accelerometer to mon-
itor locomotor activity at 200 Hz was placed on the head of
the nestling (Scriba et al. 2013a; Anisimov et al. 2014).
The logger electronics was complemented with a board
carrying a three-dimensional (3D) accelerometer chip
(LIS302DLH; STMicroelectronics Inc., Calamba, Laguna,
Philippines)  and  communication = microcontroller
PIC18LF13K22 (Microchip Technology Inc., Chandler,
AZ). Acceleration in each direction was measured in the
range £2 g and stored as an 8-bit value. Acceleration data
were analysed in R (version 2.15.2; R Core Team 2012)
using custom written scripts. To estimate the amount of
body movement, the absolute value of the 3D acceleration
vector was computed, and the variance of this vector was
taken as an estimate of locomotor activity. We obtained
activity data for 64 of the 66 nestlings for the same period
of time during which we recorded their EEG.

Feeding, allopreening, pecking and wing flapping
in the field in 2007

Between May and September 2007, we artificially reduced
21 broods to three nestlings to better score nestling beha-
viour of 49 individuals for which we successfully obtained
data from the video footage. The other nestlings were kept
in ventilated boxes (with food) at some distance from the
nests. The older nestlings of these three-chick broods were
on average 42 days old (range 35-50 days), the middle-
born individuals 38 (range 28-47) days and the juniors 34
(range 21-44) days. We used two infrared-sensitive video
cameras per nest box to film under dark conditions from
1900 to 0700 hours. All of the video recordings were
analysed by the same observer, who was blind to the study
question. For each hour, this observer counted the number
of times nestlings were pecking and allopreening each
other. Pecking is an agonistic behaviour characterized by
one individual hitting another one with its beak, while
allopreening involves one individual using its beak to preen
its sibling. The observer also scored for each hour the
number of times nestlings were flapping their wings.
Finally, the observer recorded the time when parents were
bringing food to the nest and when nestlings were eating.

Vocal negotiation in the field in 2014
Barn Owl nestlings communicate vocally during the night
while parents are foraging with the purpose to negotiate

which individual will have priority access to the next
delivered prey item (Roulin 2001). Between June and
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August 2014 we installed microphones inside of ten nest
boxes containing on average 5.7 (range 4-9) nestlings with
a mean age of 36.9 (range 20-45) days. We counted the so-
called “negotiation calls” of the entire broods (calls could
not be assigned to specific individuals) using Matlab
(R2012b 8.0.0.783; MathWorks, Natick, MA). For each
1-h interval around sunset and sunrise, we divided the total
number of calls by the number of nestlings. Calls were
recorded from 2000 or 2200 hours to 0400 or 0700 hours
during the dark period, explaining why we could not
always count calls up to 4 h before sunset and 4 h after
sunrise.

Locomotor activity, self-preening, allopreening,
vocal negotiation and feeding in the laboratory
in 2012

Between May and August 2012, we brought 116 nestlings
(average age 30.6 days; range 16-39 days) from 30 broods
to nest boxes in the laboratory. These boxes were sound-
proofed so that nestlings placed in one box could not hear
other individuals placed in neighbouring boxes. From 1400
hours to 1300 hours the following day, we recorded their
behaviour using video cameras (TVCCD-150SET; Mona-
cor International GmbH and Co. KG, Bremen, Germany)
and microphones (MC930; Beyerdynamic GmbH and Co.
KG, Heilbronn, Germany). Each nestling was recorded
alone for one 23-h period and with another sibling during
the next 23-h period (or the other way round, with the order
randomized). Nestlings are known to produce negotiation
calls also when they are alone in the nest box.

We recorded the number of negotiation calls per nestling
in the same way as described in section “Vocal negotiation
in the field in 2014”. Locomotor and feeding behaviours
were assessed in a randomly chosen subsample of 44
nestlings from 13 broods, and self-preening and allo-
preening were assessed in 79 randomly chosen nestlings
from 20 broods and placed alone (to measure self-preen-
ing) or in pairs (to measure self-preening and allopreening).
We considered a subsample because measuring these
behaviours during a 23-h period cannot be done automat-
ically but manually, which is very time-intense. Nestlings
were fed ad libitum at 1400 hours so that we could monitor
the time when they consumed food. Video images of boxes
were divided in 5 x 4 squares to measure locomotor
activity. The video recording was split in 1-min episodes,
and nestlings were considered to be active if they moved
from one square to another. Allopreening was measured as
explained in section “Feeding, allopreening, pecking and
wing flapping in the field in 2007”. An individual was
considered to be self-preening when it touched its feathers
with its bill or scratched its body with its feet. We mea-
sured the amount of time nestlings were self-preening and,
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for each hour, we calculated the proportion of time nest-
lings were self-preening.

Temporal variation in the frequency of allopreening
was very similar in 2012 in the laboratory as in 2007 in
the wild (data not shown). Therefore, for each year we
standardized the data [(value — mean)/SD] and combined
the 2 years of data to calculate the mean standardized
frequency of allopreening for each hour in relation to
sunset and sunrise.

Statistical analyses

The time of sunset and sunrise had been obtained from the
Astronomical Almanac by the H.M. Nautical Almanac
Office in the UK and the U.S. Naval Observatory. We
calculated the frequency of each behaviour in relation to
time to sunset (i.e. 4, 3, 2 or 1 h before sunset; during the
hour comprising sunset; and 1, 2, 3 and 4 h after sunset). A
similar procedure was applied to sunrise. We used this
approach (i.e. calculate mean hourly values) and stan-
dardized the data [i.e. (value — mean)/SD] to compare all
behaviours between each other and in relation to sunset and
sunrise. The data were normally distributed, and hence we
used parametric paired ¢ tests to determine if behaviours
differed between light and dark periods, using average
values per brood. Note that, with the exception for sleep
and locomotor activity in nature, we did not record beha-
viours during the entire dark-light period. We therefore
compared the mean values of light and dark periods during
the studied period only. We performed non-parametric
Spearman’s correlations when samples sizes were small.
All P values are two-tailed, and P < 0.05 was considered to
be significant. Statistical analyses were performed with the
JMP software version 11.0. Using the Hartigan’s dip test
statistic for unimodality (package ‘diptest’; Maechler 2012;
version 0.75-74, in R), we tested if the distribution of each
behaviour (using the recorded 16-h periods) departs from
unimodality.

Results

Comparison between diurnal and nocturnal
behaviour

Parental feeding visits, nestling feeding, calling, locomo-
tion and self-preening behaviours were significantly more
often performed at night than during the day. Cerebral
wakefulness, wing flapping, pecking and REM sleep were
observed as often at night as during the daylight hours.
Only allopreening in the field and non-REM sleep were
significantly more frequent during the day than at night
(Fig. 1).

Temporal variation in nocturnal behaviours

In the field, feeding activities were synchronized with the
parental visits (parents brought food to the nest). There was
a strong correlation between the mean hourly parental
feeding visits and the number of prey items offspring
consumed at night (Spearman’s correlation r; = (.88,
n = 9 night periods of 1 h, P = 0.002; Fig. 2). Parental
feeding visits and offspring feeding mainly started 1 hour
after sunset (Fig. 2) and progressively declined throughout
the night (parents: ry = —0.69, n =9, P = 0.038; off-
spring: ry = —0.83, n =9, P = 0.005). A similar pattern
of nestling feeding activity was observed in the laboratory,
although it was significant only in the situation when
nestlings were placed alone in a nest box for 23 h
(rs = —0.67, n =9, P=0.049; Fig. 2) but not when
placed in a nest box in pairs (ry=—0.12, n =09,
P = 0.77). Not surprisingly, the temporal pattern of nest-
ling vocal negotiation followed the same trend, with high
vocal activity at the beginning of the night followed by a

progressive decline over the night (ry = —0.83, n =9,
P = 0.005; Fig. 3). Finally, self-preening activities fol-
lowed a similar temporal pattern at night (ry = —0.93,

n =29, P =0.002; Fig. 4).

Do behaviours show a bimodal pattern of nocturnal
activity?

According to the Hartigan’s dip test statistic, allopreening,
pecking, wing flapping, feeding, self-preening, activity and
wakefulness were weakly bimodally distributed (HDS,
P values between 0.06 and 0.09), whereas parental visits and
calls followed an unimodal distribution (P > 0.13).

In the field, nestlings slept mainly during the daylight hours
and in the middle of the night until sunrise when there was a
sudden and strong peak of cerebral wakefulness (filled sym-
bols in Fig. 5a). Another, less pronounced peak of wakeful-
ness took place during the first 3 h after sunset (Fig. 5a).
Locomotor activity showed a similar temporal pattern when
measured in the same individuals (Fig. 5a) and in another set
of individuals in the laboratory (Fig. 5b). Although the mean
hourly values of the frequency of nestlings flapping their
wings, pecking each other or allopreening were not signifi-
cantly different from each other (paired ¢ tests, P > 0.05),
there were two peaks of maximal activity at sunset and sunrise,
respectively (Figs. 6, 7).

Discussion
Studying temporal variation in locomotor activity and sleep

in young birds is particularly interesting in the context of
examining whether activity is mainly governed by feeding
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Fig. 1 Extent to which
behaviour and cerebral activity
are nocturnal vs. diurnal in Barn
Owl (Tyto alba) nestlings. Bars
represent brood average values
for the daylight and dark periods
divided by the daylight and dark
average, respectively, to obtain
a percentage. *, **,

*##% Difference (according to
paired ¢ test on mean values per
brood) is significant at

P < 0.05, P <0.001 and

P < 0.0001, respectively. n.s.
Non-significant

* %k
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Fig. 2 Parental feeding visits and nestling feeding activities in the
Barn Owl. Data points are mean standardized hourly values [whiskers
standard error (SE)] according to time to sunset and time after sunrise
as indicated by 0 (i.e. up to 4 h before and 4 h after each of these time
points, respectively). Shaded area dark period. Data on feeding in
nestlings were collected in 21 three-chick broods in the field in 2007

or whether it is also sensitive to social interactions among
family members. When sibling competition is mainly dic-
tated by size-related dominance, social interactions may be
relatively simple and take place mainly when parents bring
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and in the laboratory in 44 nestlings from 13 broods in 2012. The data
were standardized for each year, and mean values are presented. Data
on parental food provisioning in the field were collected in the same
21 three-chick broods in 2007 (note that we fed the nestlings in the
laboratory therefore cannot provide these data for the laboratory)

food to the nest. In systems where young siblings can
behave altruistically or cooperatively to obtain food,
interactions may be more complex because prosocial
interactions may take time and involve multiple
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Fig. 3 Vocal negotiation in Barn Owl nestlings. Data points are
mean standardized hourly number of calls per nestling (whiskers SE)
according to sunrise and sunset as indicated by 0 (i.e. up to 4 h before
and 4 h after each of these time points, respectively). Shaded area
dark period. Negotiation calls were recorded in the field in 2014 in 10
broods and in the laboratory in 2012 in 116 nestlings from 30 broods
placed alone (‘solo’) or in pairs (‘duo’) in a nest box during a 23-h

Fig. 4 Self-preening in Barn 0.6
Owl nestlings in the laboratory.
Data points are mean hourly
values (whiskers SE) of self-
preening events according to
sunrise and sunset as indicated
by O (i.e. up to 4 h before and
4 h after each of these time
points, respectively). Shaded
area dark period. Self-preening
was recorded in the laboratory
in 2012 in 79 nestlings placed in
pairs or alone in the nest box.
For each individual, a mean
value was calculated

0.4 -

0.3 4

Self-preening
Standardized mean values

Time to sunrise
(hour)

period (for each individual a mean value of the two recorded values—
solo and duo—was calculated). Values obtained in the field and in the
laboratory were separately standardized before being averaged and
shown in this figure. Different symbols (squares, circle, triangles)
indicate that values are significantly different from each other using
paired ¢ test analyses

0.1 T T

-4 3 22

Time to sunset

behaviours, such as allopreening, allofeeding, pecking and
vocal negotiation. For these reasons, the temporal pattern
of behaviours may not always follow the pattern of feeding
activities, and hence individuals may not show circadian
rhythms, but rather complex temporal patterns of activity.
This is an interesting aspect to study, but, to the best of our
knowledge, we are not aware of any other similar study
performed in other animals, thus preventing us from
comparing our findings with other systems.

-1 0 1 2 2 -1 0 1 2

Time to sunrise

(hour) (hour)

The adult Barn Owl is mainly nocturnal (Scriba et al.
2013b), and in our study parents were not sleeping in
their nest during daylight hours but at some distance
from the nest. However, our results show that the tem-
poral variation in nestling behaviour is more complex.
Nestlings are not strictly nocturnal, with some behaviour
being displayed as often during the daylight hours as at
night (wing flapping, pecking; Fig. 1) and some beha-
viour (locomotor activity, wing flapping, pecking and
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Fig. 5 Sleep-wakefulness and

==Locomotor activity — —#=Cerebral wakefulness

locomotor activity in Barn Owl (a)
nestlings in nature recorded in 1.7
2011 (a) and in the laboratory
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allopreening; Figs. 5, 6 and 7) showing a bimodal pat-
tern of activity with a first peak at sunset and a second
peak at sunrise. Our recordings revealed that allopreen-
ing was slightly more frequent during the day (Fig. 1), at
least when measured in the field. The activity patterns
show a second peak in nestling activity at sunrise that
did not coincide with feeding activities, which were low
at this time (Fig. 2).

Bimodal pattern

Nestlings behaved differently at different times of the 24-h
period. As expected, nestlings were physically active
around sunset—but, rather surprisingly, they were as active
around sunrise. These two peaks in activity apply, for
example, to locomotion, wing flapping and to sibling
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interactions (pecking and allopreening). We can only
speculate on the potential reasons why nestlings are active
around sunrise. Bimodal activity patterns are common in
animals and can be a strategy to reduce daily energy
expenditure (Erkert and Kappeler 2004). Alternatively,
nestlings may move and flap their wings to warm up in the
cold early morning. Movements performed at sunset may
also correspond to maintenance behaviours, which are less
important at night when the owlets compete for food. Wing
flapping is an important maintenance behaviour as nest-
lings need to adjust their body mass to reach aerodynam-
ically appropriate wing loadings at fledging (Wright et al.
2006). Accordingly, in our study the propensity to flap
wings increased with age, as also observed in Tengmalm’s
Owls (Aegolius funereus) (Kouba et al. 2014). Addition-
ally, nestlings might be active at sunrise to find a place in



J Ornithol

Fig. 6 Wing flapping and

pecking in Barn Owl nestlings 2
in nature in relation to sunrise
and sunset. Data points on wing
flapping (open diamonds) and
pecking (filled circles) are given
as mean standardized hourly
values (whiskers SE) according
to sunrise and sunset as
indicated by O (i.e. up to 4 h
before and 4 h after each of
these time points, respectively).
Shaded area dark period. Mean
hourly values were not
significantly different from each
other according to the paired

t test. Data are from 21 three-
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Fig. 7 Allopreening in Barn Owl nestlings. Data points (whiskers
SE) are given as mean hourly values according to sunrise and sunset
as indicated by 0 (i.e. up to 4 h before and 4 h after each of these time
points, respectively). Shaded area dark period. Data were collected in
the field in 21 three-chick broods in 2007 and in the laboratory in 20

their nest where they will rest and huddle during the day
(Dreiss et al. 2016b). Because huddling implies close
contact between siblings, they may engage in diverse social
interactions, including pecking and allopreening, the latter
behaviour being known to reduce social stress and conflicts
(Lewis et al. 2007; Fraser et al. 2008; Fraser and Bugnyar
2011).

These temporal patterns of activity indicate that in
nestlings, at least in the range of age considered in the
present study (16-50 days), nocturnality has not yet been
established. A similar result was found in Tengmalm’s Owl

/
T // T T T T T T T ] 1
4 4 3 -2 -1 0 1 2 3 4

Time to sunrise
(hour)

two-chick broods in 2012. Because the pattern of temporal variation
was globally similar in 2007 as in 2012, we standardized the data
collected in each year and then calculated a mean overall value. Mean
hourly values were not significantly different from each other
according to the paired ¢ tests

nestlings which were spending time at the nest box
entrance not only during night when the parents came with
food, but also during daylight (Kouba et al. 2014). This
daytime behaviour might occur as a preparation for fledg-
ing, as we found that older nestlings spent more time at the
entrance or in the alert state if a predator was trying to enter
the nest. Additionally, the cost for being active at any time
of day or night might be low for the nestlings. From the
data obtained in this study, we cannot draw any conclusion
on circadian rhythmicity; for this, recordings of the
behavioral pattern are needed over several 24-h periods.
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Daylight activities

During the daylight hours (excluding the period around
sunset) nestlings were mostly physically inactive and
engaged in more and longer sleep bouts. Nonetheless,
nestlings did not sleep continuously during the light phase,
and the duration of time spent awake was the same during
the day and night. It is possible that the nestlings are dis-
turbed by human activity during the day since Barn Owls
breed in nest boxes placed in barns. This interpretation is
consistent with the finding that nestlings are physiologi-
cally more stressed, as measured by blood circulating
corticosterone, when located closer to inhabited houses and
livestock (Almasi et al. 2015). Alternatively, some beha-
viours may be realized during the day for adaptive reasons,
which would explain the time spent awake in the day.
During the light period nestlings sometimes eat prey
remains (Roulin 2004), as also observed in the present
study (Fig. 2). The duration of digestion might prevent
individuals from ingesting the daily food intake within a
short time interval at night, since the egestion of a pellet
takes about 6.5-10 h after feeding (Smith and Richmond
1972), which might explain why nestlings sometimes feed
during the day. Furthermore, social interactions, such as
allopreening and pecking, occurred during the light period,
especially before sunset. Nestlings may anticipate parental
visits with prosocial (allopreening) and competitive
(pecking) behaviours, to induce siblings to later share food.
As we recently showed, reciprocation does occur between
food-sharing and allopreening in owl nestlings. An indi-
vidual that preens its sibling during daylight hours is more
likely to be later fed by this sibling. These behaviours may
reduce the level of sibling competition (Roulin et al. 2016).

Locomotor and vocal activities resume around sunset,
before the first parental feeding visit. Nestlings may be
active before the sun goes down to position themselves
closer to the nest box entrance where the likelihood of
being fed by parents is higher (Dreiss et al. 2013a, b;
Kouba et al. 2014). Siblings vocally negotiate priority
access to the impending food items. In the Barn Owl,
parents bring a single non-divisible food item per visit that
is consumed by a single offspring. Each individual eats
three to four items per night, and there is a pronounced
asymmetry in food need between the differently aged sib-
lings. Indeed, as soon as one individual has consumed a
food item, it is much less hungry than its siblings. To
reduce the level of competition, siblings communicate
vocally, a process referred to as “sibling negotiation”.
Because such a process takes a long time (Dreiss et al.
2015), nestlings start to vocally negotiate long before the
first parental feeding visit explaining, in part, why they can
be active during the daylight hours.
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Ethics statement

All experiments were performed under the legal authoriza-
tion of the Veterinary Office (Vaud Canton, Switzerland).
Nestlings recorded in the laboratory were not physiologi-
cally stressed, as shown by the absence of a rise in baseline
corticosterone levels compared to the situation prevailing
under natural, undisturbed conditions (Dreiss et al. 2010).
Keeping owlets at the university for a few days did not
negatively affect their body condition, since mean body mass
and survival at fledgling did not differ between experimental
nestlings and nestlings remaining in their nest during all
rearing period (Dreiss et al. 2013a, b). The minimally inva-
sive EEG recording method did not appear to have any long-
term adverse effects on the Barn Owl nestlings, as all nest-
lings in which the brain activity had been recorded fledged,
and the number of owls coming back for breeding in the
following year was even higher in owls in which we recorded
sleep (26.3%), than in those without sleep recording (19.0%).
Also the owls habituated to the electrodes and data logger
quickly within a few hours and behaved normally afterwards
(as confirmed by video recordings), and nestlings were
sleeping as early as 5—10 min after being placed back into the
nest box after electrode placement.
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