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SHORT NOTE

Prey capture attempts can be detected in Steller sea lions
and other marine predators using accelerometers
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Abstract We attached accelerometers to the head and jaw
of a Steller sea lion (Eumetopias jubatus) to determine
whether feeding attempts in a controlled setting could be
quantified by acceleration features characteristic of head
and jaw movements. Most of the 19 experimental feeding
events that occurred during the 51 dives recorded resulted
in specific acceleration patterns that were clearly distin-
guishable from swimming accelerations. The differential
acceleration between the head-mounted and jaw-mounted
accelerometers detected 84% of prey captures on the verti-
cal axis and 89% on the horizontal axis. However, the jaw-
mounted accelerometer alone proved to be equally effective
at detecting prey capture attempts. Acceleration along the
horizontal (surge)-axis appeared to be particularly efficient
in detecting prey captures, and suggests that a single accel-
erometer placed under the jaw of a pinniped is a promising
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and easily implemented means of recording prey capture
attempts.
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Introduction

Observing and quantifying predation events is essential for
determining when, where, and how top predators forage.
Unfortunately, investigating foraging behavior of marine
predators that feed at sea is challenging, and foraging stud-
ies with polar marine predators present additional chal-
lenges with respect to logistics and visibility. Given the
divergent demographic trends detected between Steller sea
lion (Eumetopias jubatus) populations in the North Pacific
(Trites and Larkin 1996, NMFS 2008), such data would
provide extremely valuable information on the foraging
success and resource quality of the areas visited by these
populations.

To date, most foraging behavior studies of marine preda-
tors have described spatial distributions and diving activi-
ties (Baechler et al. 2002; Boyd 1996; Guinet et al. 2001)
using such characteristics as time on the bottom or the num-
ber of “wiggles” per dive as indirect proxies for foraging
effort. It is only recently that new miniaturized electronic
technologies have been developed to detect prey capture
events and directly assess the foraging success and fine
scale foraging behavior of top predators (Austin et al. 2006;
Charrassin et al. 2001).

Early devices used to record predation events of seabirds
and marine mammals included stomach (Wilson et al.
1992) and esophageal temperature sensors (Ancel et al.
1997) which detected temperature changes induced by prey
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ingestion. However, these temperature loggers have certain
limits—they are restricted to endotherms feeding on ecto-
thermic prey, are quite invasive, fail to detect multiple rapid
ingestions of small prey, and are often regurgitated (Ropert-
Coudert and Kato 2006). External loggers such as the Inter-
Mandibular Angle Sensor (IMASEN or “Hall Sensor”)
record the mouth opening angle (Wilson et al. 2002), but
are sometimes difficult to apply on animals with flexible
lips (Liebsch et al. 2007; Ropert-Coudert et al. 2004).

Accelerometers are a new bio-logging device that
records acceleration and were recently shown to record
feeding events while mounted to the head and jaw of
hooded seals, Cystophora cristata (Suzuki et al. 2009). We
experimented with this new technology to detect jaw open-
ings associated with ingesting fish using two accelerome-
ters that simultaneously measured the differential
acceleration between the upper and lower jaw of a Steller
sea lion. We reasoned that jaw movements should be the
only movement detected during prey capture attempts rela-
tive to the whole head because the lower jaw is the only
mobile portion of a sea lion’s skull. The system we
employed consisted of one accelerometer on top of the head
and the other placed below the lower jaw of the animal
(Fig. 1a). This enabled us to record mouth openings using
the acceleration differential on the vertical axis between the
two accelerometers. We also investigated whether failed
and successful prey capture events could be detected using
just one accelerometer, and whether the head-mounted or
jaw-mounted logger yielded better results. Thus, we devel-
oped a method to detect prey capture attempts using head
and jaw-mounted accelerometers, and validated their use
with an otarid, the Steller sea lion.

Materials and methods

The trials were conducted at the Vancouver Aquarium (BC,
Canada) in August and September 2007 using a single
Steller sea lion (Eumetopias jubatus; Schreiber 1776)
equipped with acceleration data loggers (M100L-D2GT)
manufactured by the Little Leonardo Ltd (Tokyo, Japan).
The loggers recorded accelerations on two axes (i.e., heave
accelerations were measured along the vertical axis or
dorso-ventral axis, while surge accelerations were mea-
sured along the horizontal axis or antero-posterior axis;
Fig. 1a). All accelerometers were set to sample heave and
surge accelerations at 32 Hz, and to sample water depth at
1 Hz using a pressure transducer (resolution of 0.1 m).

We used a digital video camera to record the trials from
an underwater viewing window in the test tank, and synchro-
nized recording times between the acceleration data loggers
and the video camera. Synchronization between the two log-
gers was needed to properly calculate the acceleration
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Fig.1 a A Steller sea lion equipped with two accelerometers that
measure heaving and surging accelerations. b The feeding experiment
set up

differentials for both axes. We therefore carried out a small
synchronization procedure for each trial (before attaching
the accelerometers to the sea lion) by connecting the accel-
erometers together with tape and moving them quickly in
different directions so that they recorded the same initial
sequence of movements.

The accelerometers were secured to the sea lion using
Velcro glued to the fur on top of the head and under the
mandible while the sea lion was under anesthesia. One
accelerometer was inserted into a Velcro-backed neoprene
pocket that matched the Velcro strip previously glued under
the mandible, while the second accelerometer was mounted
on a small piece of neoprene using cable-ties, and secured
to a piece of neoprene with swivel grommets that matched
the head-mounted piece of Velcro (Fig. 1a). The Velcro,
pocket, and swivel grommets allowed us to easily attach
and remove the accelerometers without anesthetizing the
animal following or prior to each trial.

The experiment consisted of feeding dead herring (Clu-
pea pallasii) to the sea lion using a feeding tube placed 1 m
below the surface of a large research pool equipped with an
observation window (Fig. 1b). The sea lion was allowed to
swim ~15 m (50 ft) to the feeding tube to catch one fish at
a time before returning to the trainer at the opposite end of
the pool where it was rewarded with a second fish as posi-
tive reinforcement. The time it took for the sea lion to swim
to reach the feeding tube was sufficient for the fish to sink
in front of the underwater window, allowing us to record
the prey capture on video. Two trials were carried out, with
each trial consisting of feeding the sea lion 10 fish through
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the feeding tube (one fish per dive), and 10 fish by the
trainer for reinforcement. At the end of each trial, the log-
gers were carefully removed from the head and jaw of the
sea lion and the data downloaded.

We recorded some swimming sequences without feeding
events to better distinguish the mandible movements from
other head and body movements. This was achieved by
allowing the sea lion to swim freely in the tank while
recording its behavior on video and with the accelerome-
ters. The sea lion did not open its mouth while underwater,
thereby providing acceleration signals representative of the
swimming movements of the animal.

Data analysis

Accelerations on both axes that characterize mouth open-
ings associated with catching a fish were analyzed using R
software (R Development Core Team 2009). Times series
recorded from the two accelerometers were first synchro-
nized at 1 Hz, using the depth profiles of the two loggers
while searching for the time lag that minimized the mean
differences in depth (as the depth profile of the two loggers
should have been nearly identical, Fig. 2a, b). The loggers
were then synchronized at 32 Hz using the acceleration
data.

We used the initial sequence of accelerations recorded
by the two loggers during the synchronization procedure to
calculate the time lag that minimized the mean difference in
accelerations (both heave and surge) between the two times
series. This time lag was then used to synchronize the time
series of the two loggers (Fig. 2¢), and was validated using
the recorded sequences of the sea lion swimming with its
mouth closed when the accelerometers had the same rela-
tive position and recorded the same signals. Data recorded
over long periods could suffer from the two clocks drifting
relative to each other, but was not an issue in our case due
to the short duration of our experiments.

The accelerometers were not calibrated by the manufac-
turer and yielded different recorded accelerations for the
same movements (Fig. 2a—c). We therefore calculated
the offset in mean surge and heave acceleration between the
two devices using the data recorded during the initial syn-
chronization procedure. We then corrected the data of the
mandible accelerometer with this value to match the offset
of the data recorded by the head accelerometer (Fig. 2d).

Identifying individual feeding events from the acceler-
ometry data was a six step process: (1) the signals for man-
dible movements were first isolated from head and body
movements by calculating the differences in surge and
heave accelerations between the two loggers, which corre-
sponded to the differential movements between the mandi-
ble and the skull of the animal (Fig.3b-d). (2) The
resulting time series were then filtered with a high pass
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Fig. 2 Synchronization of two loggers (head and mandible acceler-
ometers) shown for a sequence of acceleration data (a) recorded over
20 s during the “synchronisation procedure”. The raw data were fil-
tered at 1 Hz (b) to remove noise and identify a time lag that minimized
the mean differences in depths recorded by the two tags. The data were
filtered again at 32 Hz to remove remaining noise before calculating
the time lag that minimized the mean difference in accelerations (both
heave and surge) between the two times series (c). This time lag was
then used to synchronize the two time series and calibrate the two log-
gers (d)

filter of 3 Hz to remove the remaining noise corresponding
to swimming movement, highlighting the peaks in accelera-
tion representing mouth openings (Fig. 3e) (3) Only signals
recorded below 1 m from the surface were retained to
remove mouth opening events that occurred when the sea
lion surfaced to breathe or grab the fish reward. (4) Vari-
ance was then calculated along a window of 1.5s that
moved over the time series to highlight extreme accelera-
tions (Fig. 3f). (5) We next compared the distribution of
variance obtained during the feeding trials to those obtained
during the swimming sequences to determine the threshold
value that distinguished the variance associated with swim-
ming or mouth openings. We were thereby able to detect
peaks of variance that exceeded the threshold value and
were indicative of prey capture attempts (Fig. 3f). (6) Initial
peaks of acceleration associated with capture attempts
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Fig. 3 Anexample of a prey capture within a 16 s dive by a Steller sea
lion showing (a) the depth profile with corresponding heaving acceler-
ations recorded on (b) the head and (c¢) lower mandible along with (d)
the differentials between the two accelerometers. Data were then fil-
tered (e) with a high pass 3 Hz filter to remove noise associated with
swimming, and variance (f) was calculated along a moving window of
1.5 s to reveal the prey capture event

were usually followed by a succession of smaller peaks
representing prey handlings. We therefore considered peaks
within an interval of less than 1 s to be part of the same
feeding event.

We compared the detected capture events to the actual
prey captures recorded on video for each dive. Recorded
dives were assigned to one of four categories: TP, true
positives (events detected and actual prey captured); TN,
true negatives (no events detected and no prey captured);
FP, false positives (events detected but no prey captured);
and FN, false negatives (no events detected but actual prey
caught). We used these four categories to calculate four
metrics that assessed the efficiency of our method to iden-
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tify prey capture attempts from changes in acceleration
(detection rate, specificity, precision and accuracy): detec-
tion rate (=TP/[TP + FN]) was the proportion of actual pos-
itives that were correctly identified as such (true positive
rate); specificity (=TN/[TN + FP]) was the proportion of
negatives that were correctly identified as such (true nega-
tive rate); precision (=TP/[TP + FP]) was the proportion of
actual positives in the number of events classified as
belonging to the positive class; and accuracy (=[TP + TN]/
[TP + TN + FP + FN]) was the proportion of actual posi-
tives and negative events that were correctly identified. We
also calculated a “weighted accuracy” (=[TP+ TN
[TP + FNJ/[TN + FP]V/[[TP + FN] + [TN + FP][TP + FNJ/
[TN + FP]]) because we had more dives without feeding
events (n =32) than dives with feeding events (n = 19).
Thus, our weighted accuracy gave the same weight to feed-
ing and non-feeding events, as for a balanced experiment.

Finally, we assessed whether a single accelerometer was
sufficient to identify foraging behavior. We thus analyzed
the heave and surge acceleration data of the head and man-
dible mounted accelerometers as standalone units following
Steps 2—-6.

Results

We intended for each of our two trials to consist of 10 feed-
ing events (with a single feeding event per dive). Unfortu-
nately, the head accelerometer fell off after the ninth fish
ingestion during the first trial resulting in a total of 51
dives, consisting of 19 dives with feeding events (9 prey
during Trial 1, and 10 during Trial 2) and 32 dives without
feeding events. Most of the 19 feeding events were refl-
ected by a specific acceleration pattern (Fig. 3). Results
summarized in Table 1 show that the differential accelera-
tions (using the two accelerometers) detected 84% of the 19
prey ingestion events on the heave-axis and had a weighted
accuracy of 86% (i.e., the proportion of foraging type
events recorded by the accelerometers that were correctly
assigned into feeding or non-feeding events). Furthermore,
80% of the events detected to be feeding were actual feed-
ing events (precision). Using the surge-axis, the differential
acceleration correctly identified 89% of prey ingestion
events with a precision of 81% and a weighted accuracy of
88%.

Both the head-mounted and jaw-mounted accelerome-
ters detected more capture attempts (with greater precision
and weighted accuracies) from surge accelerations than
they did from the heave-axis. Furthermore, we found that
the jaw-mounted accelerometer gave better results than the
head-mounted accelerometer for every metric we used. The
surge-axis of the jaw-mounted accelerometer detected 79%
of the 19 ingestion events, whereas 88% of the calculated
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Table 1 The number and percentage of times that prey ingestion
events were or were not detected by the heave- and surge-axes of one
or two accelerometers placed on a Steller sea lion consuming individual

herring during 19 feeding events (19 dives with feeding event and 32
dives without feeding event)

Accelerometers Axis TP FP TN FN  Detection Specificity Precision (%)  Accuracy Weighted
(%) (%) (%) accuracy (%)
Two
Acceleration differential  Heave 16 4 28 3 84.2 87.5 80 86.3 85.8
Surge 17 4 28 2 89.5 87.5 80.9 88.2 88.4
One
Head Heave 10 8 24 9 52.6 75 55.5 66.7 63.8
Surge 13 2 30 6 68.4 93.7 86.6 84.3 81.1
Jaw Heave 14 5 27 5 73.7 84.4 73.7 80.4 79
Surge 15 2 30 4 78.9 93.7 88.2 88.2 86.3

TP true positives, FP false positives, TN true negatives, FN false negatives

capture attempts were actual feeding events. The weighted
accuracy for the surge-axis of the jaw-mounted accelerom-
eter (86%) was on par with the differential acceleration
measurement (88%) (Table 1). Weighted accuracies were
within 1.6% of the unweighted accuracies in all cases.

Discussion

Our results show that head and mouth movements can be
detected from acceleration along the surge- and heave-axes
of accelerometers placed on the skull and mandible of a
Steller sea lion. Acceleration along the surge-axis appeared
to be particularly efficient at detecting prey captures as we
could detect forward movement of the head at the instant of
the grab, which corresponded to a brief and rapid extension
of the sea lion’s neck and a rapid extension of the lower
jaw. These acceleration signals appeared to be the main fea-
tures associated with prey capture events as suggested by
Naito (2007) and observed in hooded seals (Suzuki et al.
2009) and harbour seals, Phoca vitulina (Bowen et al.
2002).

Using the differential acceleration between the two
accelerometers improved the probability of detecting
mouth openings of our study animal by reducing the mis-
cellaneous signals associated with head and body move-
ments. However, the surge-axis of a single accelerometer
placed on the mandible provided good results with an accu-
racy on par with using the two accelerometer approach. The
single jaw-mounted accelerometer had a lower detection
rate than the two accelerometer differential method, but had
greater precision, which was the metric that we most
wanted to maximize. Thus, attaching a single accelerometer
to the mandible seems sufficient for detecting probable prey
captures, and agrees with the findings of Suzuki et al.
(2009) for hooded seals.

Using a single accelerometer has the added benefit of
reducing drag and financial costs associated with two
instruments. A single instrument is easier to deploy and
provides data that is simpler and faster to analyze compared
to the two accelerometer approach. It also avoids needing
to synchronize two loggers and negates possible issues
associated with clocks drifting between the accelerometers
over long periods. We did not specifically test how sample
frequency influenced how well our method of detecting
capture attempts performed. However, inspection of our
data and pre-trial experimentation suggests that a sample
frequency of 16 Hz should be sufficient for detecting prey
capture attempts, and would allow for more data to be
stored by the accelerometers.

Logistical considerations prevented us from carrying out
our experiment with more sea lions or with live prey.
Future studies should use live prey and more individual
predators to examine individual variation and investigate
the potential effects of sex and age. Our results nevertheless
demonstrate that acceleration signals provide a valuable
and easy way to implement a proxy of prey capture events.
This is consistent with the findings of Suzuki et al. (2009)
for the hooded seal, and suggests that the single jaw-
mounted accelerometer method is potentially applicable to
a variety of species.

The accelerometer method as we employed it could not
distinguish actual prey captures from attempted catches and
therefore does not give a precise quantitative measure of
the number of prey ingested (Table 1). The accelerometers
failed to detect some prey captures, while detecting some
mouth opening events that did not correspond with inges-
tion. In our experiment, undetected prey captures occurred
when the sea lion sucked down the fish with little move-
ment of its mouth. Feeding by suction is known to occur in
some pinniped species such as hooded seals (Suzuki et al.
2009) and bearded seals, Erignathus barbatus (Marshall
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et al. 2008), but the behavior we observed could also have
reflected the minimal effort required to catch a dead fish.
The extent to which sea lions pursue their prey or ambush
them in the wild is unknown, as is the understanding of the
relative roles played in foraging by suction versus biting
and manipulation of the prey in their mouths. We suspect
that the percentage of captures detectable by accelerome-
ters may be greater for wild animals foraging on live prey
than the values we calculated from captive experiments
using dead fish, which should improve the performance of
the method. However, we recognize that other variables,
such as prey species and size, could also affect the accuracy
of this method. The influence of these factors on the inten-
sity or duration of acceleration signals should be investi-
gated in future studies.

False ingestion events identified by acceleration mea-
surements from our captive study (Table 1) reflected
occasions when the sea lion vocalized or grabbed at
other objects at the bottom of the pool, or opened its
mouth underwater for no apparent reason. The interac-
tion with conspecifics in the wild could also induce
mouth openings. Some of these events could be filtered
out from the acceleration data using depth and swim-
ming patterns as covariates to eliminate unlikely forag-
ing behavior. Whether or not such events are rare or
equally common among wild animals during dedicated
foraging trips will require verification with supplemen-
tal bio-logging data that records other aspects of animal
behavior. In this respect, the simultaneous deployment
of video cameras and accelerometers would be particu-
larly appropriate.

Overall, jaw acceleration analysis is a promising way
to characterize foraging activity in pinnipeds. Despite the
need for further validation to precisely quantify the num-
ber of prey ingested, the acceleration method provides
useful information on the timing and location of prey
encounters. In addition to the advantages of being exter-
nally mounted, accelerometers are also superior to inter-
nal data loggers (e.g., stomach and esophageal
temperature sensors) or Hall sensors as they can provide
additional information related to foraging activity (e.g.,
flipper beat frequency and turning angle with 3-dimen-
sional accelerometers) (Ropert-Coudert et al. 2006; Sato
et al. 2008) as well as detecting encounters with prey. The
accelerometer method can also be applied to endothermic
and exothermic predators seeking endothermic or exo-
thermic prey, which expands the possible applications of
this methodology. This method should be applicable to a
wide range of animals, and the simultaneous deployment
of accelerometers with tracking devices should contribute
to improving knowledge about the foraging behavior of
polar marine predators.
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