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ABSTRACT

Measurement of the time allocation of penguins at sea has been a major goal of researchers in recent
years. Until now, however, no equipment has been available that would allow measurement of the
aquatic and terrestrial behaviour of an Antarctic penguin while it is commuting between the colony and
the foraging grounds. A new motion detector, based on the measurement of acceleration, has been
used here in addition to current methods of inferring behaviour using data loggers that monitor depth
and speed. We present data on the time allocation of Adélie penguins (Pygoscelis adeliae) according to
the different types of behaviours they display during their foraging trips: walking, tobogganing, standing
onland, lying on land, resting at the water surface, porpoising and diving. To illustrate the potential of
this new technique, we compared the behaviour of Adélie penguins during the chick-rearing period in a
fast sea-ice region and an ice-free region. The proportion of time spent standing, lying on land and
walking during foraging trips was greater for penguins in the sea-ice region (37.6+13.3 % standing,
21.6+15.6 % lying and 5.9+6.3 % walking) than for those in the ice-free region (12.0£15.8 % standing,
0.38+0.60 % lying and 0 % walking), whereas the proportion of time spent resting at the water surface
and porpoising was greater for birds in the ice-free region (38.1£6.4 % restingand 1.1+1.1 %
porpoising) than for those in the sea-ice region (3.0+2.3 % resting and 0 % porpoising; means + S.D.,
N=7 for the sea-ice region, N=4 for the ice-free region). Using this new approach, further studies
combining the monitoring of marine resources in different Antarctic sites and the measurement of the
energy expenditure of foraging penguins, e.g. using heart rates, will constitute a powerful tool for
investigating the effects of environmental conditions on their foraging strategy. This technique will

expand our ability to monitor many animals in the field.

%ﬂ%%fh d%/ﬁf)e%:glis adeliae, Adélie penguin, acceleration data logger, remote monitoring, behaviour,
time budget, allocation, foraging strategy
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Logging of dive depth and swimming speed has provided useful data about the swimming behaviour of
penguins. Such results have revealed that penguins are marvellous divers: king penguins (Aptenodytes
patagonicus) forage at depths of over 300 m (Kooyman et al., 1992) and Adélie penguins forage at a

maximum depth of 180 m (Watanuki et al., 1997).

Until now, however, no equipment has been available to monitor the many possible behaviours of a
penguin while it is commuting between the colony and the foraging grounds. To determine in detail their
time allocation has been one of the three major goals of researchers studying penguins in recent years
(others are the precise measurement of marine resources and of the energy expenditure of foraging
penguins). Inter-dive behaviour is important for the elucidation of the time budgets of penguins during
foraging trips, because the time spent at the surface accounts for a large part of the foraging trip (e.g.

65—-70 %, Chappell et al., 1993; 52—-73 %, Watanuki et al., 1997).

We have used a new motion detector, which measures acceleration, in addition to previously available
methods of inferring behaviour using data loggers, i.e. monitoring depth and speed. Unlike the previous
data, acceleration data permit behaviour to be recorded directly. We present data on the time allocation
of Adélie penguins, categorized into the different types of behaviours they display during their foraging
trips: walking, tobogganing, standing on land, lying on land, resting at the water surface, porpoising and
diving. To illustrate the potential of this new technique, we compared the time allocation of Adélie

penguins, during the chick-rearing period, in a fast sea-ice region and an ice-free region.

Materials and methods

Field experiments

This study was conducted at Hukuro Cove (69°00'S, 39°39'E) south of Syowa station and at Adélie Land
(66°07'S, 140°00'E) near Dumont d'Urville station in Antarctica from December 1998 to January 1999.
At Hukuro Cove, the bay was covered with fast sea-ice approximately 1 m thick throughout the study
period; the fast sea-ice had completely disappeared before the beginning of the study at Adélie Land.

Skip to Main Content
The behaviour of breeding Adélie penguins was monitored using a 12-bit resolution, 16 Mbyte memory,

thannel UWE-PD2G logger (weighing 60 g, 20 mm in diameter, 122 mm in length; Little Leonardo,
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the penguin, where it recorded acceleration in two axes of three directions; surging acceleration
measured along the longitudinal body axis of the penguin, heaving acceleration measured dorso-
vertically and swaying acceleration measured transversely crossing the penguin’s body from right to left
(Fig. 1).

Fig. 1.

Surging acceleration

Heaving acceleration

Swaying acceleration

Schematic diagram showing the direction of surging, heaving and swaying accelerations recorded by a

datalogger on the back of an Adélie penguin.

Adélie penguins captured at their nests were rapidly equipped with the loggers at Hukuro Cove (N=17)
and Adélie Land (N=8). The dataloggers were attached caudally on the bird’s back to minimize drag
(Bannasch et al., 1994; Culik et al., 1994) using tesa tape (Wilson et al., 1997) at Hukuro Cove and epoxy
adhesive at Dumont d'Urville. The penguins were recaptured after their foraging trip, and the data
loggers were retrieved. The exact position of the logger on the back of a bird varied slightly from one
individual to another in relation to the curvature of its back. To reduce the effects of differences in
attachment among individuals as much as possible, at the start of the analysis of data, surging

acceleration was individually calibrated as being equal to 9.8 m s when the bird was standing still after
S msRteStesipoger

gorization of behaviour from acceleration
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1999). We defined diving behaviour as swimming at a depth of more than 1 m. The acceleration profiles
for specific types of behaviour were categorized during a calibration experiment conducted on two
captive Adélie penguins in the Port of Nagoya Public Aquarium and on each wild penguin equipped with a
data logger during movements from their nest to the sea, where we could observe the birds directly.
Penguins were recorded (at 30 frames s™' ) using a video camera, and the acceleration profiles were
compared by visual analysis of the videotapes. The relationships between the behaviour and
acceleration profiles of penguins walking, tobogganing, standing on land, lying on land and resting on
the water surface were confirmed near their colony in field experiments, and the relationship for

porpoising penguins was calibrated in the aquarium.

The acceleration sensors measure both accelerations related to changes in the movements of birds and
gravitational acceleration (9.8 ms™). Thus, the amplitude of surging acceleration when the penguin is
not moving represents the component of gravitational acceleration that changes in response to the
posture of the bird. This enabled us to determine the posture of the penguins, i.e. whether they were
standing, lying on land or resting at the water surface. To remove the acceleration of the movement, the
surging acceleration data were smoothed using a moving average over 111 points, which was
appropriate for discriminating the dynamic activities in order to determine posture. The threshold at
which the three postures would best be distinguished from each other was identified. Below this

threshold, the acceleration spectra were analyzed automatically.

Dynamic behaviour, i.e. walking, tobogganing and porpoising, were categorized by examining the
acceleration profiles by eye. The periodic properties of the acceleration signal obtained from walking
and tobogganing behaviour allowed a Fourier analysis to be applied, enabling us to determine the

frequency of walking and tobogganing.

Results are presented as means + S.D. Comparisons were evaluated using a Mann—-Whitney U-test.

Differences were accepted as significant when P<0.05.

Results

Skip to Main Content
Penguins had a mean mass of 4.4+0.43 kg (mean + S.D., N=11). In the sea-ice region, all the recorders

‘ecovered, but seven loggers were missing after one foraging trip, one acceleration sensor was
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a foraging trip in the sea-ice region (10.4+6.8 h, mean * S.D., range 3.0-21.5 h, N=7 birds) was shorter
than that in the ice-free region (27.3+10.5 h, mean + S.D., range 13.0-38.1 h, N=4 birds; P<0.05, Mann-

Whitney U-test).

Fig. 2.
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Examples of acceleration and diving profiles of Adélie penguins foraging in an area covered by sea-ice

(A) and in an ice-free area (B).

The distribution of surging accelerations in relation to the posture of penguin was bimodal, with higher

SkIP to Main Content -
alues (5.0 ms” ) corresponding to upright and lower values (<5.0 ms™) to horizontal positions (Fig.

Values 1.5 ms™ corresponded to lying on land and values <1.5 ms™ corresponded to resting at

w..—.water surface (Fig. 3A,B), although this value did not always allow a definitive separation between
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Profiles of surging, heaving and swaying acceleration and depth for Adélie penguins (A) lying and
standing on land, (B) diving and resting at the water surface, (C) walking and tobogganing and (D)
porpoising. Surging acceleration in A and B was smoothed using the procedure described in the text to
differentiate the three types of posture. Leaps during porpoising are indicated by vertical broken lines

inD.

The large lateral swings of walking penguins (Pinshow et al., 1977) and the dash-and-stop movements
of tobogganing penguins affected the surging and swaying acceleration pattern recorded by the loggers
(Fig. 3C). These two behaviours could be distinguished using the posture of the birds indicated by the
surging acceleration profile: walking penguins stand up, whereas tobogganing penguins lie down (Fig.

3C).

Shén periglinsteapt into the air during porpoising, the amplitude of surging acceleration increased

7y up to almost 10 m s before decreasing to =10 m s™2 (Fig. 3D). This might be caused by the
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were barely detectable when these seven types of behaviour were distinguished.

The frequency of the different behaviour types was calculated for the two study sites (Fig. 4). There was
no significant difference between the two colonies in the proportion of time spent diving during
foraging trips (P=0.06, Mann-Whitney U-test). The proportion of time spent standing, lying on land and
walking was greater for birds in the sea-ice region (37.6+13.3 % standing, 21.6+15.6 % lyingand 5.9+6.3
% walking, means + S.D.; P<0.05, Mann-Whitney U-test) than for those in the ice-free region (12.0+15.8
% standing, 0.38+0.60 % lying and 0 % walking, means + S.D.; P<0.05, Mann—-Whitney U-test) and the
proportion of time spent resting at the water surface and porpoising was greater for birds in the ice-
freeregion (38.1+6.4 % restingand 1.1+1.1 % porpoising, means + S.D.) than for those in the sea-ice

region (3.0+2.3 % resting and 0 % porpoising, means + S.D.; P<0.05, Mann-Whitney U-test).

Fig. 4.
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Behavioural time budgets of Adélie penguins foraging in an area covered by sea-ice (Hukuro Cove; N=7

birds) (A) and in aice-free area (Adélie Land; N=4 birds) (B).
Skip to Main Content

stride frequencies of walking and tobogganing penguins in the sea-ice region were calculated as

.3 Hz (mean £ S.D., range 1.0-2.8 Hz, N=233) and 1.7+0.2 Hz (mean + S.D., range 1.4-1.9 Hz, N=5),
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javascript:;
https://cob.silverchair-cdn.com/cob/content_public/journal/jeb/204/4/10.1242_jeb.204.4.685/2/jexbio_204_4_685f4.png?Expires=1728514512&Signature=oG7HqiLHzF3kUngXs~geqhkxoj4H8qSePSrhMgLx8JeDLXV2nbjhZSc7Z7wo84NlERE33Bon6Rlhs0vHOYER0KW4~pQjTKqZrJvjvqFWQcC0PMIyIFxuuIcvOo5cSU2drPEFMBjQMxyyFCV1f-DTJWZ47leoQRBRN4qvQla1luWmo1dczCaJ3P1aVHCqzeiYFynxnQnaLv0klPedK0~aRku422d~f4G6ckvEmyR~U5S7J2TQvS~duTocKvFQYfXrN-3J0z7sQLPeSg1Unu9GzACwDejbn-9~JvOTGURLuoYy1qh4KHCRlkvZ3PnRGPQ~NQ0IkwDpNFu4~dWiO9CJZw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://cob.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://cob.silverchair-cdn.com/cob/content_public/journal/jeb/204/4/10.1242_jeb.204.4.685/2/jexbio_204_4_685f4.png?Expires=1728514512&Signature=oG7HqiLHzF3kUngXs~geqhkxoj4H8qSePSrhMgLx8JeDLXV2nbjhZSc7Z7wo84NlERE33Bon6Rlhs0vHOYER0KW4~pQjTKqZrJvjvqFWQcC0PMIyIFxuuIcvOo5cSU2drPEFMBjQMxyyFCV1f-DTJWZ47leoQRBRN4qvQla1luWmo1dczCaJ3P1aVHCqzeiYFynxnQnaLv0klPedK0~aRku422d~f4G6ckvEmyR~U5S7J2TQvS~duTocKvFQYfXrN-3J0z7sQLPeSg1Unu9GzACwDejbn-9~JvOTGURLuoYy1qh4KHCRlkvZ3PnRGPQ~NQ0IkwDpNFu4~dWiO9CJZw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=11586053&ar=8706&xsltPath=~/UI/app/XSLT&imagename=&siteId=1000009
https://journals.biologists.com/jeb/article-split/204/4/685/8706/A-New-Technique-for-Monitoring-the-Behaviour-of
javascript:;
javascript:;
https://journals.biologists.com/jeb/article-pdf/204/4/685/2350148/jexbio_204_4_685.pdf
javascript:;
javascript:;
javascript:;

9/8/24, 5:38 PM A New Technique for Monitoring the Behaviour of Free-Ranging Adélie Penguins | Journal of Experimental Biology | The Company of...

m Split-screen = Views 3 '@ PDF @ Versions 3 o<8 Share 3

e% Tools 3 O\ Search Site

ambulatory humans (Bussmann et al., 1998). Moreover, the use of accelerometers to monitor the
swimming activities of free-ranging animals has recently been reported for penguins (Yoda et al., 1999;
Arai et al., 2000) and for seals (Davis et al., 1999; Williams et al., 2000). In the present study,

accelerometers were used to monitor the behaviour of a free-ranging animal both at sea and on land.

In this study, seven behaviour patterns of penguins during foraging trips were distinguished. It may also
be possible to obtain information to sub-divide these behaviours further, e.g. jumping on rocks, which is
a common activity of rockhopper penguins (Eudyptes chrysocome), and which may be special interest
for specific research, although the present study categorized general behaviour during foraging trips.
Three postures (standing on land, lying on land and resting on water) could be automatically
distinguished by using appropriate thresholds, although changes in acceleration caused by sea waves
were also used to discriminate between two lying positions. A method by which walking, tobogganing
and porpoising activities can be automatically distinguished from other behaviours is still under
investigation. However, these dynamic behaviours seemed to be clearly distinguishable by eye (Fig. 3).
Once the behaviour/acceleration profiles had been calibrated at an aquarium or in the field, where the
behaviour can be recorded by video camera, this system proved to be highly reliable for continuous

automatic monitoring.

The short sampling interval enabled us not only to monitor high-speed behaviour, such as porpoising,
but also to calculate the frequency of walking and tobogganing, using mathematical methods such as
Fourier analysis. These analyses will enable us to study the energetic efficiency of walking and

tobogganing (Wilson et al., 1991) during foraging trips in the natural condition.

Using this new approach, further studies combining the monitoring of marine resources in different
Antarctic sites and the measurement of the energy expenditure of foraging penguins, e.g. by measuring
heart rates (Bevan et al., 1995), will constitute a powerful tool for examining the foraging strategy
chosenin the different environmental conditions, such as sea-ice conditions. In the present study, the
behaviour of penguins in the sea-ice region and the ice-free region was quite different because of the
difference in resting site between dives, i.e. on the sea-ice in the sea-ice region and at the water surface
Skip to Main Content
in the ice-free region, and the type of locomotion, i.e. walking and tobogganing in the sea-ice region and

ning and porpoising in the ice-free region. These differences in behaviour require different energy
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also the activities of terrestrial animals. For example, the behaviour of flying slaty-backed gulls (Larus
schistisagus) has been monitored as a periodical profile using an acceleration datalogger (K. Yoda, Y.
Watanuki and Y. Naito, unpublished data). The overall design of this system offers high flexibility for the
study of many different animals and enables the behaviour of the animal to be analysed precisely in its

natural environment.
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Call for Papers: The Integrative Biology
of the Gut. Guest Editors Carol Bucking,
Matt Regan and John Terblanche

The Integrative Biology of the Gut

Guest Editors: Carol Bucking, Matt Regan and John Terblanche
Submission deadline: 1 October 2024

§ Journal of .
" Experimental Biology
Call for papers

We are pleased to welcome submissions for our upcoming
Special Issue: The Integrative Biology of the Gut . We are
calling for forward-looking papers that address the
functional roles of the gut. We will consider papers that
address gut function from the cellular level to its interactions
with other organs and tissues, including its role in diverse
ecophysiological processes, spanning both vertebrate and
invertebrate species. The deadline for submission to this

issue is 1 October 2024.
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In our new Conversation focusing on extraordinary creatures,

Christina Cheng and Kristin O'Brien tell us about the
remarkable freeze tolerant nototheniods that live in the
waters around Antarctica and how icefish are the only adult

vertebrates that survive without haemoglobin.

Why are microclimates essential for
predicting climate change responses and
how to measure them?
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In their Commentary, Duncan Mitchell and colleagues discuss
problems with predicting terrestrial animals’ responses to a
warming world based on air temperature, rather than the
microclimate of their thermal environment. They provide a
simple, low-cost approach to microclimate measurements to
provide a more realistic assessment of terrestrial animal
performance and predicted population responses in hot
regions under warming conditions. This approach requires
measuring the variables involved in the exchange of heat and

water vapour between animals and their environment.
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Damp air often feels chilly and now Cody Porter & co show
that tree swallows use 8% more energy when the
atmosphere is damp than when it is dry, so they have to work

harder to keep warm in damp conditions.

Biologists @ 100 - join us in Liverpool in
March 2025

Join usin Liverpool to celebrate our 100th anniversary

24 -27 March 2025, ACC Liverpool, UK Register now

i Abstract deadline:
G - 13 December 2024

Biologists 10 @ #biologists100

We are excited to invite you to a unique scientific conference,
celebrating the 100-year anniversary of The Company of
Biologists, and bringing together our different communities.
The conference will incorporate the Spring Meetings of the
BSCB and the BSDB, the JEB Symposium Sensory Perception
in a Changing World and a DMM programme on antimicrobial
resistance. Find out more and register your interest to join us

in March 2025 in Liverpool, UK.
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