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ABSTRACT: Animal behaviour is largely defined in terms of movement or lack of it, so precise quantification of animal movement is a potentially powerful way of identifying several animal behaviours.
Animal-attached tags that record acceleration lend themselves particularly to this. In this work we
show how tri-axial acceleration can be used to identify some of the behaviours of imperial cormorants
Phalacrocorax atriceps. Based on the assessment of tri-axial acceleration signals, the following
behaviours were identified in free-living birds: standing, sitting, floating on water, flying, walking
and diving. During diving, the descent, bottom and ascent phases could be distinguished. We considered the factors which coded for the different behaviours and this allowed us to design a key that will
allow researchers assessing tri-axial accelerometry data to identify some of the behaviours that
imperial cormorants perform.
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Over recent years, the development of new technology and the miniaturization of electronic components
have allowed researchers to construct recording tags
that can be attached to wild animals so as to study
the behaviour of species that are difficult to observe
(Ropert-Coudert & Wilson 2005). Data loggers with biaxial acceleration sensors have been deployed on
aquatic and terrestrial animal species, and various
behaviours have been identified based on particularities in the signals (Yoda et al. 1999, 2001, RopertCoudert et al. 2004, Watanabe et al. 2005).
Although bi-axial accelerometers have proved to be
very useful in the differentiation of behaviours, movement usually occurs in all of the 3-dimensional axes so
that, theoretically at least, quantification of movement,
and thus behaviour, should be more powerful if triaxial accelerometers are used. Despite this, relatively
few researchers have used tri-axial accelerometers for
the study of animal behaviour, the exceptions being
Johnson & Tyack (2003), and Wilson et al. (2006, 2008).

In addition to their use in the study of animal behaviour, accelerometers have also been suggested as useful for alluding to energy expenditure. Studies on great
cormorants Phalacrocorax carbo (Wilson et al. 2006)
and on humans (Halsey et al. 2008) have shown high
correlation coefficients between overall dynamic body
acceleration (ODBA) and the rate of oxygen consumption (VO2). Clearly, if tri-axial accelerometers can be
used to define both energy expenditure and behaviour, then activity-specific energy expenditure can be
determined in free-living animals, providing a particularly powerful tool for ecologists. This is also potentially valuable to conservationists, for instance in defining the energetic costs associated with anthropogenically mediated changes in behaviour, such as
those following habitat loss or fragmentation (e.g.
McLellan & Shackelton 1988), exposure to human
presence as seen in ecotourism (e.g. Bejder et al. 2006),
or global change (e.g. Cotton 2003). The ability to
record and identify behavioural patterns may also be
important where such behaviours may increase the
risk of mortality, such as the predation of livestock by
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wild predators, or limit population recovery, e.g. the
ability of reintroduced animals to develop the necessary range of behaviours seen in their wild counterparts (Wallace 1994).
In the present study we deployed tri-axial accelerometers on free-living imperial cormorants Phalacrocorax atriceps and analyzed the resultant data to determine the extent to which tri-axial acceleration could
code for behaviour. A specific objective of this work
was to present a systematic key that may serve as a
template for other researchers working with seabirds
and accelerometers, but also one that would be particularly valuable for people working with cormorants.

face, assuming that this value was representative of the
true zero, and correcting all other measured values to
accord (cf. Sato et al. 2003, Watanuki et al. 2003).
The 3 acceleration signals (surge, heave and sway),
and their transformation into pitch and roll, over time
were visually inspected in graph form in order to identify any obvious patterns that might be characteristic of
particular behaviours. A brief description of how pitch,
heave, sway and surge relate to the cormorant movement is shown in Fig. 1. Stretches of data corresponding to defined behaviours were then assessed for mean
values and variance in pitch angle as well as for repetitive patterns in surge, heave and sway signals. In the
latter case, the period of the pattern was established.

MATERIALS AND METHODS
RESULTS
Field work was conducted in December 2006 at
Punta León colony (43° 04’ S, 64° 2’ W), Chubut,
Argentina. Fourteen imperial cormorants Phalacrocorax atriceps were equipped with 13 channel dataloggers (largest dimensions 65 × 36 × 22 mm, mass
40 g) recording data with a resolution of 22 bits into a
512 Mb memory. Ten of the devices recorded data at
8 Hz, while the remaining 4 recorded data at 9 Hz.
Although this study aspired to deal only with acceleration data, the other sensors measuring speed, light, triaxial magnetometry, pressure, pitch and roll (these latter 2 being derived from surge and sway acceleration;
for details see Wilson et al. 2008) were used to help
verify particular behaviours at times when birds could
not be observed directly (such as when they were foraging at sea). The 3 axes for the acceleration transducers (all perpendicular to each other) were calibrated by rotating the units through all combinations
of pitch and roll (0 to 360° for both rotations) so that
output from the transducers could be converted into g,
where g represents acceleration due to gravity.
All the cormorants fitted with devices were brooding
small chicks. A specially designed hook was used to
remove the cormorants from the nest. The loggers
were attached to the lower back of the animals using
TESA tape (Beiersdorf) (Wilson et al. 1997), and great
effort was taken to keep the position of the logger
identical for all individuals. The procedure was completed in less than 5 min and birds were quickly
returned to the nest. The birds were allowed to forage
for a single trip before the devices were retrieved.
Downloaded acceleration and body angle data were
analyzed using custom-made software. The pitch angle
signal was smoothed using a running mean over 2 s (cf.
Shepard et al. 2008, this Theme Section). This measured pitch angle was corrected for imperfect device
orientation on the birds’ bodies by examining the pitch
value from each individual as it rested on the sea sur-

Based on the assessment of tri-axial acceleration, the
following behaviours could be identified: standing, sitting, floating, flying, walking and diving. For periods
when the cormorants were on land there was a clear
basic bimodal frequency distribution in pitch (Fig. 2a)
although one individual had a small third mode around
pitch angles of zero (Fig. 2b). Overall though, the distribution of the pitch angle frequency of all birds
pooled together was bimodal (Fig. 2c). The lower mode
(around 25°) represented periods in which the birds
were sitting, while the higher mode (around 65°) corresponded to periods in which the birds were standing.
The threshold value above which a cormorant was
considered to be standing was 46.25°.
Both standing and sitting periods were characterized
by steady heave and sway acceleration values with
little variance (Table 1, Fig. 3). Floating behaviour
could be distinguished from sitting on land by the
lower pitch angle values and higher variation in the
sway and heave acceleration profiles of the former
(Table 1, Figs. 3 & 4b,c).
Flight was characterized by low pitch angle values
(mean = 5°) and a clear periodic pattern with a mean
frequency of 2.52 Hz in the heave acceleration trace
(Table 1, Fig. 5a). It was during this behaviour that the

Fig. 1. Phalacrocorax atriceps. Diagram showing how the
surge, sway and heave acceleration measurements (solid
lines) relate to the cormorant’s movements and how the pitch
values (grey arrow) relate to the bird’s body angle
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greatest variation in the heave acceleration was
observed (Table 1, Fig. 3). The difference between
landing on land or landing at sea was apparent via the
body pitch angle following cessation of flight behaviour (Fig. 6).

Fig. 3. Phalacrocorax atriceps. Means (rectangles), standard
errors (box range), mode (horizontal line) and standard
deviations (whiskers) of heave and sway values for 5 of the
behaviours recognized for imperial cormorants

Fig. 2. Phalacrocorax atriceps. Frequency percentage of body
pitch for (a,b) 2 instrumented females while on land and of
(c) 5 (pooled) instrumented cormorants

Walking showed the highest variation in the sway
acceleration trace (Fig. 3) and was characterized by a
clear cyclic pattern in sway acceleration with a mean
frequency of 1.54 Hz (Table 1, Fig. 5b).
Diving behaviour could be clearly divided into 3
phases: the descent phase, the bottom phase and the
ascent phase. The beginning of a dive was distinguished by a clear peak in the surge acceleration profile. Dive descent phases were characterized by negative pitch angles (mean = –65°) accompanied by clear
peaks in the heave acceleration (Table 1, Fig. 7a).
Ascent phases were characterized by their positive
pitch angle values (mean = 64°) and were always preceded by the characteristic negative pitch angle period
of a descent during the preceding 2 min (Table 1,
Fig. 7c). Bottom phases were identified by their negative pitch angles (mean = –21°) and greater variance in
sway acceleration than during descent or ascent
(Table 1, Fig. 7b) as well as by the fact that these

n

17

15

17

18

14

12

12

12

Behaviour

Standing

Sitting

Floating

Flying

Walking

Descending
phase of a
dive

Bottom
phase of a
dive

Ascending
phase of a
dive

64.40 ± 7.00

–21.04 ± 8.53

–64.53 ± 4.57

41.32 ± 8.52

5.05 ± 4.40

1.22 ± 3.14

15.25 ± 9.48

67.31 ± 6.80

Pitch angle
(mean ± SD)

–0.01

0.88

0.39

0.26

0.86

0.88

0.72

0.13

Heave
(mean)

0.14 ± 0.03

0.16 ± 0.06

0.54 ± 0.07

0.23 ± 0.06

0.58 ± 0.06

0.11 ± 0.05

0.04 ± 0.02

0.05 ± 0.03

Heave SD
(mean ± SD)

–

–

–

–

2.52 ± 0.35

–

–

–

Heave freq.
(Hz)
(mean ± SD)

–0.07

–0.10

–0.05

–0.05

–0.12

–0.13

–0.12

–0.03

Sway
(mean)

0.11 ± 0.04

0.25 ± 0.04

0.11 ± 0.03

0.46 ± 0.06

0.24 ± 0.06

0.10 ± 0.03

0.06 ± 0.05

0.06 ± 0.05

Sway SD
(mean ± SD)

–

–

–

1.54 ± 0.16

–

–

–

–

Sway freq.
(Hz)
(mean ± SD)

Mean duration 24 ± 8 s

Mean duration 97 ± 13 s

Mean duration 23 ± 7 s
Foot kicks can be
distinguished by peaks
in the heave accn profile
Beginning of the phase can
be distinguished by a peak
in the surge accn profile

Regular pattern in the
sway accn profile

Regular, repetitive
pattern in the heave accn

Higher variation in the
sway and heave accn
profiles compared to lying
behaviour

Small variation in the
heave and sway accn
profiles

Small variation in
heave and sway accn
profiles

Additional
information

Fig. 7c

Fig. 7b

Fig. 7a

Fig. 5b

Fig. 5a

Fig. 4c

Fig. 4b

Fig. 4a

Example of
triaxial accn
signal

Table 1. Phalacrocorax atriceps. Statistics of the pitch angle, heave and sway acceleration (accn; g) traces of identified behaviours. Graphical examples of identified
behaviours are shown in figures referenced in the last column
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Fig. 4. Phalacrocorax atriceps. Example of the pitch angle and heave and sway acceleration (accn) signals during a period
while the bird was (a) standing, (b) sitting or (c) floating on the water surface

Fig. 5. Phalacrocorax atriceps. Example of the pitch angle and heave and sway acceleration (accn) signals during a period
while an imperial cormorant was (a) flying or (b) walking
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Fig. 6. Phalacrocorax atriceps. Pitch angle and acceleration (accn) profiles during landing (arrow) (a) on land or (b) at sea

Fig. 7. Phalacrocorax atriceps. Example of the pitch angle and acceleration (accn) signals during the (a) descent phase, (b) bottom
phase or (c) ascent phase of a dive. Depth information is presented to aid comprehension
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phases were preceded by a descent phase and followed by an ascent phase.
If we consider all the factors which code for the different behaviours, this allows us to present a schematic
flow-diagram which acts as a key to help differentiate
behaviours displayed by imperial cormorants (Fig. 8).

DISCUSSION
This work demonstrates that the use of tri-axial
accelerometers attached to free-living animals has
great potential for quick and easy identification of
behaviours. Even though animal movements may be
studied by the means of others systems (e.g. GPS
technology; Gremillet et al. 2004, Ryan et al. 2004,
Weimerskirch et al. 2005) and some aspects of activity
can be determined by using specific transducers (e.g.

time depth recorders; Tremblay et al. 2003), tri-axial
accelerometers permit an accurate quantification of
any movement (even that which does not result in
translocation) and thus have great potential for studies
of behaviour, irrespective of animal locality (Shepard
et al. 2008, Wilson et al. 2008). In addition, since measures of dynamic acceleration correlate with energy
expenditure (Wilson et al. 2006, Halsey et al. 2008),
accelerometry data can be used to determine how
free-living animals partition their energy into particular behaviours.
A number of authors have already noted the value of
acceleration in describing the behaviour of birds and
mammals (e.g. Davis et al. 1999, Yoda et al. 1999, 2001,
Arai et al. 2000, Ropert-Coudert et al. 2004, Watanabe
et al. 2005, Wilson et al. 2006, 2008, Shepard et al.
2008), but few have been systematic and specific for a
suite of behaviours (but see Yoda et al. 1999, 2001,

Is the pitch angle >0°?
No

Yes
Is the pitch angle >46.25°?

Is pitch angle > –25°?
No

Yes

No

Yes

Stable for more than
20 s

Is the pitch angle >46.25° for more than 2 s?
Yes

No

Preceded by negative
pitch angles?

Landing

Yes
Descending
phase of a
foraging
dive

Followed by dives?
Yes

No

Standing

Yes

Bottom
phase of a dive

No

On the sea

No
Descending
phase of a
non foraging
dive

On land

Is the pitch angle <6°?
Yes

No

Is there a regular pattern in the
heave accn trace

Is there a regular pattern in the
sway accn trace

No

Yes
Ascending
phase
of a dive

Flying Associated with dives?
Yes
Floating

Yes

No

Walking

Sitting

No
Lying

Fig. 8. Phalacrocorax atriceps. Diagram acting as a key to showing how pitch angle and tri-axial acceleration (accn) can be
used to identify imperial cormorant behaviours
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Watanabe et al. 2005, Shepard et al. 2008) and most
relate to aquatic organisms (with the notable exceptions of Watanabe et al. 2005 and Shepard et al. 2008).
Watanabe et al. (2005) presented a complex analysis
of how to differentiate behaviours exhibited by a domestic cat Felis catus using a mono-axial acceleration
transducer and using spectral analysis based on a Fast
Fourier Transform. While powerful, this approach is
not readily accessible due to its complexity and may be
simply because the acceleration data were collected
for only 1 axis and movement frequently occurs in all of
the 3-dimensional axes. We would argue that for most
researchers the approach used by Yoda et al. (1999),
involving simple consideration of body pitch and roll in
combination with variance in acceleration axes and
identification of repetitive patterns, is more intuitive
and more easily carried out. We note here, though, that
our approach relates to very major behavioural categories and that the signals coding for these behaviours
are expected to be the most obvious. Other behaviours,
particularly those that are transitory and/or highly
variable, such as preening, chick-feeding and threatening conspecifics, among others, are undoubtedly
more problematic and may be best dealt with by techniques such as the spectral analysis following Fast
Fourier transformation advocated by Watanabe et al.
(2005).
Whatever system is used for identification, there
needs to be maximum provision for unique coding signals and clear cutoff points where one behaviour leads
into another. For example, during periods when the
studied imperial cormorants were on land, and almost
no variation was observed in the heave and sway
acceleration, the pitch angle information was used to
determine if the birds were lying, sitting or standing. It
is germane that, although the frequency distributions
show clear modes (Fig. 1), the spreads around the
modes overlap. This is due, in part, to birds lying on
the beach, head up, or head down, on an incline, and
in part to slow, and/or multiple transitions between
lying and standing. Inter-individual differences observed in pitch frequency distributions (cf. Fig. 2a,b)
could, therefore, represent terrain differences encountered by the birds, individual lying preferences or
differences in the way individuals move between
behaviours.
Although floating on the sea surface and lying on
land behaviours had similar pitch angle values, the
higher variation in the sway and heave acceleration
profiles of the former permitted successful identification of both behaviours. Distinguishing between floating and lying periods might be more problematic if the
water is particularly calm (many cormorant species forage on inland waterways; De Nie 1995, Bearhop et al.
1999, Carss & Ekins 2002). A higher variation during

floating periods has also been observed on instrumented Adélie penguins Pygoscelis adelia) and has
been attributed to sea waves (Yoda et al. 2001). In this
regard it would be interesting to determine whether
periodicity in acceleration values during floating on
the sea surface (Fig. 4b) would code for the periodicity
of the waves encountered by the birds.
Flying and walking behaviours were easily distinguished by the periodic pattern they presented in the
heave and sway profiles, respectively. These patterns
were expected since the downward stroke during
wing-beating causes the body to experience an
upward force, the reverse being the case during the
upward stroke, which would produce an increase in
measured heave acceleration during the downstroke
and a decrease during the upstroke. When walking,
cormorants waddle; thus, the sway acceleration is
expected to vary systematically with the steps, with a
single waveform representing a step forward by one
foot followed by the other.
The beginning of a dive was easily recognized by a
clear peak in the surge acceleration profile which represents the pre-dive leap. Simple examination of the
highly negative pitch angle enabled us to identify the
dive descent phase, although this was also accompanied by a characteristic pattern in both heave and
surge. Patterns characteristic of the bottom and then
ascent phases followed on as a logical consequence of
the descent, although both phases had their own obvious and unique patterns in the acceleration. Thus,
although diving behaviour of air-breathing animals is
today examined primarily using pressure-transducer
technology (Ropert-Coudert & Wilson 2005), measurement of acceleration is perfectly adequate for workers
to be able to record dive descent, bottom and ascent
durations and also gives a good measure of the extent
to which animals are working in the various phases
(Watanuki et al. 2003, 2005). Moreover, acceleration
traces could be a promising way of determining feeding events. Previous works have shown that small variations in the depth profile during the bottom phase of a
dive are a good indicator of prey capture (Simeone &
Wilson 2003). If a correlation exists between these
periods of undulations in the depth profile and certain
acceleration traces, the latter could then be used as an
indication of feeding events.
We conclude that the measurement of acceleration,
and specifically tri-axial acceleration, via miniature
archival tags on animals, has great potential for elucidating and quantifying behaviour. Assessment of
major behaviours can generally be undertaken visually without having to resort to complex analytical procedures. The simple production of a key, of the type
presented here, would likely suffice for procedures put
in place by one group to be readily adopted by another

Gómez Laich et al.: Imperial cormorant behaviour

working on the same, or similar, species. Given the difficulties of studying so many animals that cannot easily
be observed, the development and implementation of
accelerometers on wild animals in the future heralds
an exciting period during which we can expect to
make huge advances in understanding how animals
modulate their behaviour. Ultimately, the ability to
identify and quantify a range of behaviours may provide insight into issues ranging from the fundamental –
such as reproductive biology – to the fine scale, including the efficiency of individual foraging trips. In this
way, these types of data may be applied to conservation issues including the assessment of a species conservation status and the likely effectiveness of management solutions.
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