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Abstract

rence of feeding lunges with assigned behavioral states.

Background: The use of multi-sensor tags is increasingly providing insights into the behavior of whales. However,
due to limitations in tag attachment duration and the transmission bandwidth of the Argos system, little is known
about fine-scale diving behavior over time or the reliability of assigning behavioral states based on horizontal move-
ment data for whale species. How whales use the water column while migrating has not been closely examined, yet
the strategy used is likely to influence the vulnerability of whales to ship strike. Here we present information from a
rare week long multi-sensor tag deployment on a pygmy blue whale (Balaenoptera musculus brevicauda) that pro-
vided a great opportunity to examine the fine-scale diving behavior of a migrating whale and to compare the occur-

Results: The depth of migratory dives was highly consistent over time and unrelated to local bathymetry. The mean
depth of migratory dives (~13 m when corrected for the tag position on the whale) was just below the threshold
depth (12 m) that blue whales are predicted to travel below to remove the influence of wave drag at the surface.

The whale spent 94 % of observed time and completed 99 % of observed migratory dives within the range of large
container ship drafts (<24 m). Areas of high residence identified using the horizontal movement data (FastLoc GPS)
did not reflect where lunge feeding occurred.

Conclusions: The lack of correspondence between areas of high residence inferred from horizontal movement data
and the locations where the whale performed feeding lunges highlights the need for further research to determine
whether movement models can accurately detect whale feeding areas or only areas of prey searching. While migrat-
ing, the whale made dives to a depth that is likely to allow it to avoid wave drag and maximize horizontal movement.
Although this strategy may reduce energy expenditure during migration, it also placed the whale at greater risk of
ship strike for a much longer period than currently thought. If other whales have similar diving behavior to this animal
during migration, many whale species may spend much longer periods than currently estimated within the parts of
the water column where the risk of ship strike is high.

Keywords: Area-restricted search, Accelerometer, Balaenoptera musculus brevicauda, Biotelemetry, Diving, Feeding,

Migration, Residence time, Ship strike, Wave drag

Background

Annual migrations involve a large input of energy from
an animal in order to travel successfully between alter-
nately favorable environments [1]. Some of the long-
est migrations of any mammal species are completed
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by baleen whales that make annual migrations between
high-latitude feeding grounds and low-latitude breeding
grounds [2—4]. The large majority of research effort on
whale behavior has focused on their feeding and breed-
ing grounds, with comparatively less known about their
behavior while migrating. In order to make migration
successful, whales should have evolved ways to reduce
energy expenditure while migrating between feeding
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and breeding sites. Morphological adaptations such as
a streamlined body shape to reduce drag, and the use of
oscillatory propulsion allowing for thrust generation on
both the upward and downward stroke reduce energy
expenditure and increase propulsion efficiency [5]. In
addition to these morphological adaptations, behavioral
adaptations have also been shown in many marine mam-
mals, such as the use of energy-efficient stroke and glide
behavior while diving [6].

When swimming close to the surface, the production
of wave drag can increase the drag force felt by an animal
by 2.5-5 times that of an animal moving at depth [7-9].
The impact of wave drag decreases with depth until it
becomes negligible at depths of greater than three times
the body diameter of the animal [10]. When swimming
deeper than this threshold at a given speed, the drag
forces acting on a whale remain constant with increasing
depth [10]. Given that whales are an air-breathing mam-
mal, the most efficient and energy-conserving place for a
whale to swim might be just below this depth threshold,
removing the influence of wave drag, while remaining in
close proximity to the surface to reduce the travel dis-
tance to their air supply. As a result, the depth that dif-
ferent species of whales are predicted to swim at while
migrating should vary between species based on varia-
tion in body diameter (Table 1).

However, an alternate or combined strategy is that
whales also use gliding descents during migration, con-
verting potential energy from their negative buoyancy
to kinetic energy as a result of lift generated from their
pectoral fins [11]. However, in a theoretical model for
elephant seals (Mirounga angustirostris) it has been sug-
gested that there is little to no energetic advantage of
gliding descents over horizontal swimming at a depth of
three times their body diameter when transiting to for-
aging areas [12]. In addition, one study of North Atlan-
tic right whales (Eubalaena glacialis) on their feeding
grounds suggested that traveling dives between foraging
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bouts reached a depth just deeper than that predicted
to be required to remove wave drag based on their body
diameter [13]. Studies have shown that cetaceans regu-
larly intersperse shallow dives between their foraging
dives [14-16], and while it has been recognized that
continuous swimming along the surface of the ocean is
rarely completed by aquatic mammals [17, 18], there have
been limited data available to determine whether the dive
depths of migrating whales are optimized, i.e., consist-
ently just below the depth threshold where wave drag has
minimal influence or whether whales utilize other parts
of the water column while migrating. If whales do opti-
mize their travel depths while migrating, then based on
measures of body diameter, it is likely that many species
of whales may be spending a significant amount of time
within the depth range where the risk of ship strike is
high.

The use of biotelemetry and biologging devices to
record the behavior of whales has been rapidly expand-
ing in recent years. The majority of data describing the
diving depths of whales come from feeding grounds,
with whales shown to target the shallowest section of the
densest patch of prey [19], and increase the amount of
feeding lunges completed per dive when prey is deeper to
account for the increase in travel time required to reach
the prey [19-21]. However, when considering migratory
behavior, the vast majority of studies focus on the hori-
zontal movement of whales in an attempt to delineate
population connectivity and the location of unknown
breeding or feeding areas, e.g., [22-25]. Very little infor-
mation is available on the diving behavior of whales while
migrating. In addition, models of horizontal movement
are also used to infer potential behavioral states, based on
the assumption that periods of slow travel speed and high
turning angles represent area-restricted search (ARS)
behavior and likely foraging areas [26—29]. However, it
is unknown whether these areas accurately reflect where
lunge feeding behavior occurs for whale species. Given

Table 1 The depth threshold that various baleen whale species should swim below in order to avoid the impact of wave

drag close to the surface

Species Length N Girth max Diameter Wave drag depth Wave drag
(m) (m) (m) threshold (m) depth-rounded
threshold (m)

Blue whale (Balaenoptera musculus) 2472 3 12.19 3.88 11.64 12

Humpback whale (Megaptera novaeangliae) 135 29 10.08 321 9.63 10

Gray whale (Eschrichtius robustus) 12.29 5 6.86 218 6.54 7

North Atlantic right whale (Eubalaena glacialis) ~ 15.02 10 10.3 3.28 0.84 10

Antarctic minke whale 8.36 2872 4.28 1.36 4.08 4

(Balaenoptera bonaerensis)

Data on the girth of whale species were taken from [73] (Antarctic minke whales) and [74] (all other species). Diameter is calculated from girth by assuming a circular
shape. The wave drag depth-rounded threshold is calculated to represent the level of accuracy of the pressure sensor in the biotelemetry device used in this study
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the increase in evidence of whales feeding while migrat-
ing [30-33], and suggestions that some species such as
blue whales (Balaenoptera musculus) may feed year-
round [27, 34], understanding whether ARS behavior is
likely to indicate where lunge feeding occurs is necessary.

The ability to describe migratory behavior in detail has
been largely constrained due to limitations in tag attach-
ment methods and the transmission bandwidth of the
available telemetry systems. In order to provide a long
temporal scale, the amount of data that are collected
by a tag needs to be reduced. In addition, the high-res-
olution data required to determine when lunge feeding
behavior occurs and to examine fine-scale diving behav-
ior are too large to be transmitted, requiring retrieval of
the tag, which usually limits the sampling duration. For
cetaceans, the sampling duration is typically 1 day or less
because high-resolution, multi-sensor tags are normally
attached with suction cups (e.g., [35]). Here we present
data from a rare week long deployment of a multi-sen-
sor tag attached with small barbed darts to a pygmy blue
whale (Balaenoptera musculus brevicauda) that provided
highly accurate information on the horizontal movement
of the whale (using FastLoc GPS), as well as the dive pro-
file and fine-scale movement data collected by a three-
axis accelerometer. Although our sample size is only one
animal, it is rare for comparisons of the behavioral states
inferred from horizontal movement data and the actual
location of lunge feeding behavior to be able to be made
for whale species, due to a lack of accelerometer data at
the broad temporal scales required to designate behav-
joral states. Our aim was to describe the behavior of the
whale over the week, in order to (1) determine whether
the depth of migratory dive behavior matches the predic-
tions made of optimal swimming depth, (2) determine
whether areas identified as ARS using a behavioral clas-
sification method from horizontal movement data match
areas where lunge feeding behavior occurred and (3)
investigate the environmental factors that may result in
a whale completing exploratory dives and increasing ARS
behavior while migrating.

Methods

Tagging operations

A Whale Lander tag (Wildlife Computers, Redmond,
WA, USA) was deployed onto a pygmy blue whale from
a 5.5-m rigid-hulled inflatable using a handheld 6.5-m
carbon fiber pole. The Whale Lander tag (8.9 cm diam-
eter, 6.5 cm tall) was anchored to the dermis with three
titanium darts, similar to the darts on the compact dou-
ble dart satellite tag [36] that we now call the Low Impact
Minimally Percutaneous External-electronics Trans-
mitter (LIMPET) system, except that these darts were
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designed to only penetrate 4.5 cm into the tissue, and
there was only one row of three backward facing barbs,
each 10 mm long by 4 mm wide. The tag contained a
three-axis accelerometer and a three-axis magnetom-
eter, each sampled at 16 Hz, a pressure sensor (accu-
racy = 1 m) and a wet—dry sensor sampled at 4 Hz and
a light level sensor and fast-response thermistor sam-
pled at 2 Hz. The tag included a FastLoc GPS receiver
(Wildtrack Telemetry Systems Ltd, Leeds, UK) and was
satellite-linked, programmed to transmit diving and posi-
tion information via the Argos system. However, the
high-resolution data were obtained upon recovery of the
floating tag.

Identifying lunge feeding behavior

In order to determine when feeding lunges occurred
throughout the deployment, the minimum specific
acceleration (MSA) was calculated using the norm of
the acceleration vector in all three axes (x, y and z) and
subtracting the influence of gravity [37]. The rate of
change in the MSA signal, ‘jerk, was also calculated [37].
Although these two parameters are calculated from the
same sensor, jerk is likely to provide a stronger signal of
rapid changes in the forces acting on a whale at the tag
location, such as those that occur when the mouth opens
during a feeding lunge [37]. Peaks in MSA have been
shown to be a reliable indicator of lunge feeding behav-
ior by humpback whales (Megaptera novaeangliae),
with MSA found to be two to seven times greater dur-
ing lunges than during descents or ascents [37]. However,
inspection of the data recorded in this study revealed that
the MSA during descents was often higher than that of
lunges (Fig. la), making automatic detection difficult.
Instances of lunges could be easily identified by eye using
the MSA and jerk signal, with lunges having a distinct
rise in MSA and jerk as a result of the gradual increase in
acceleration, followed by rapid deceleration and drop in
both MSA and jerk when the mouth opens (Fig. 1a) [38].
In contrast, periods of fluking had a diamond- or round-
shaped jerk signal, and both MSA and jerk often had a
much lower magnitude than during lunges (Fig. 1b, c).
As a consequence, the entire tag record was inspected by
eye to identify times when feeding lunges occurred. The
depth at which each lunge occurred was also determined.
Due to the impact that wave drag can have on the whale
and on the accelerometer signals expected during lunge
feeding at the surface [39], any potential lunges shallower
than 10 m were excluded from the analysis.

Diving behavior
A zero offset correction of the pressure sensor data was
completed using the ‘filter’ method within the diveMove
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Fig. 1 Dive profiles, minimum specific acceleration (MSA) and jerk of the three dive types (a feeding dive, b migratory dive and ¢ exploratory dive)
completed by a pygmy blue whale off the southwest coast of Australia. Lunges (red dots) were identified by looking for periods of increasing MSA
and jerk, followed by a rapid drop in both parameters
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package [40] in R [41] with a minimum depth of 5 m set
as the definition of a dive. This package was also used
to produce a series of statistics for each dive includ-
ing the maximum dive depth and mean bottom depth,
which is the mean dive depth of the whale from the end
of the descent to the beginning of the ascent. Each dive
was categorized into one of three dive types (1) feed-
ing dives = dives containing a lunge, (2) migratory
dives = dives containing no lunge and varying in depth
less than 15 m from the mean of the maximum depth of
the 10 surrounding dives (five dives before and five after),
(3) exploratory dives = dives containing no lunge that
were more than three times deeper than the mean of the
maximum depth of the 10 surrounding dives.

Residence time

The FastLoc GPS data were filtered to remove any posi-
tions with a residual value >30 [42]. A speed filter set
to 25 km/h was then applied to the data to remove any
additional positions that were likely to be erroneous. The
retained positions were interpolated to provide a posi-
tion of the whale once every hour. The residence time for
each position was calculated using the method described
by Barraquand and Benhamou [43] in the adehabitatLT
package [44] in R [41]. This method builds on the first
passage time method [45] by measuring the time spent
in the vicinity of each location. The mean distance moved
each hour was determined for the whole trajectory and
three times the mean distance per hour was then used as
the radius for the circle within which residence time was
calculated [43]. The animal was allowed to move outside
of the circle for a maximum of 1 h before any re-entry
into the circle was not included in the residence time
calculation for each position data point. The method
of Lavielle [46, 47] was used to partition the trajectory
based on the residence time of the whale [43]. To do this,
the function ‘lavielle’ within the adehabitatLT [44] pack-
age in R [41] was used to generate a contrast matrix that
allowed for the identification of the optimal number of
segments that the trajectory should be broken into based
on the residence time. This was completed by identifying
the number of segments where a sharp break in the value
of the contrast function occurs, identifying the number
of segments required before any further increase in the
number of segments does not significantly reduce the
value of the contrast function. The best location for the
segmentation to occur based on the residence time was
then calculated and given as a time of the switch from
one segment to the next. Segments with high residence
times were considered periods of ‘area-restricted search
(ARS), and segments with low residence time were con-
sidered periods of ‘transit’
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Environmental factors influencing exploratory dives

and residence time

The FastLoc GPS positions were annotated with envi-
ronmental data using a bilinear interpolation method
through the EnvDATA system of Movebank [48].
Bathymetry data used were the ETOPO1 topography and
bathymetry grid [49], and the chlorophyll a and sea sur-
face temperature (SST) data (both 8 day temporal resolu-
tion and 4 km spatial resolution) were sourced from the
MODIS Ocean dataset from NASA’s OceanColor Web
[50]. These data were used to visually determine whether
any patterns existed between the environmental condi-
tions and when the whale was determined to be in an
ARS state using the horizontal movement data (FastLoc
GPS). In addition, patterns in the timing of exploratory
dives in relation to environmental parameters were also
examined visually. Due to the small sample size, no statis-
tical analyses of habitat associations were completed. All
data are presented as mean =+ standard deviation.

Results

A pygmy blue whale was tagged with a Lander tag at
14:23 (local time) on April 30, 2014, at 31.48°S 114.84°E,
approximately 35 nautical miles north of the Perth
Canyon, Western Australia (Fig. 2a). The tag was posi-
tioned approximately 1 m down from the centerline
of the dorsal ridge, in line with midline of the pecto-
ral fins. After tagging, the whale moved north, with the
tag remaining attached for 7.6 days, falling off at 04:53
(local time) on May 8, 2014, off the coast of Geraldton,
Western Australia (Fig. 2a). During that time the whale
covered a total distance of 506.3 km, with a mean speed
of 2.8 £ 2.2 km/h. Movement from the Perth Canyon
region to Geraldton represents approximately 20 % of
the total migration distance of this population of pygmy
blue whales toward Indonesia [34], and so for this reason,
the whale is assumed to have been migrating during the
deployment.

The whale completed a total of 37 lunges, 35 of which
were within the first 30 h after deployment. Depth of the
lunges ranged from 13 to 414 m (mean 167 m). For the
first 3—4 h after deployment the whale fed deep within
the water column (mean 328 m, minimum 213 m, maxi-
mum 414 m) during the afternoon, before switching to
shallow surface feeding early the following morning and
afternoon (mean 16 m, minimum 13 m, maximum 25 m)
(Fig. 3). Inspection of the accelerometer record revealed
that exclusion of the upper 10 m of the water column due
to the potential influence of surface effects on accurate
lunge detection is only likely to have influenced the num-
ber of lunges determined to be completed during these
two surface feeding bouts and not the overall location of
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Fig. 2 The study site off the southwest coast of Australia displaying (a) the interpolated track of a pygmy blue whale tagged with a Whale Lander
tag for 7.6 days. From the deployment location (yellow star) the whale gradually moved north before turning south again just prior to the tag falling
off the whale. Black dots indicate where the whale was considered to be in a transit state, and the red dots indicate ARS behavior. In addition, the
location of feeding lunges completed by the whale (green squares) as determined by the accelerometer data is shown. Shipping activity in the area
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where lunge feeding occurred. After completing these
feeding bouts, the whale migrated north, only lunging
two more times throughout the remaining 6 days of the
deployment (151.5 h) (Fig. 3).

Diving behavior
The whale completed a total of 1677 dives over the duration
of the tag attachment, with 86.1 % classified as either feed-
ing, migratory or exploratory dives. The maximum dive
depth was 506 m, which, to the best of our knowledge, is
deeper than any previously published dive by a blue whale.
This dive had a duration of 14.8 min and was completed
during the bout of deep feeding; however, from inspection
of the accelerometer data, no lunge was completed during
this dive. A total of 21 feeding dives were identified, with a
mean maximum depth of 129 + 183 m (range 13-505 m)
and mean dive duration of 7.6 min (maximum 17.5 min).
During the bout of deep feeding, mean dive duration was
114 min, with the duration of feeding dives shortening
during the bout of shallow feeding to a mean of 5.2 min.

A total of 81.8 % of the dives were classified as migratory
dives, with a mean dive duration of 5.2 min (maximum

26.7 min). The consistency in the depth of migratory dives
throughout the duration of the tag deployment was unre-
lated to sea floor depth, with the mean bottom depth of
migratory dives being 14 £ 4 m. When taking into consid-
eration that the tag was positioned ~1 m below the dorsal
midline of the whale, the mean depth of the back of the
whale was ~13 m, just below the predicted 12-m depth
threshold that blue whales should swim under to avoid
the impact of wave drag (Fig. 3). The whale spent 94 % of
its time within the upper 24 m of the water column, and
99 % of migratory dives had a mean depth shallower than
24 m.

A total of 51 exploratory dives were completed, with
a mean time between exploratory dives of 3.3 £ 3.4 h.
Although these dives were deeper than surrounding
dives, review of the accelerometer record confirmed that
no feeding lunges were performed (Fig. 1c). The mean
maximum depth of exploratory dives (107 £ 81 m, range
23-320 m) was similar to the mean maximum depth of
feeding dives (129 m) and did not appear to be related to
sea floor depth. Mean dive duration of exploratory dives
was 8.6 min (maximum 22.05 min).
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Fig. 3 The dive profile of the tagged pygmy blue whale for (top) the entire week of the deployment, (middle) the first 18 h after deployment and
(bottom) 6 h after the whale commenced its northward movement. Letters above the middle panel mark when the whale initially performed feed-
ing behavior at depths below 300 m (a), when it switched to a series of exploratory dives (b) and then shallow feeding behavior (c). After this time,
the whale began to migrate (d) and continued this behavior for the majority of the remaining 6 days (151.5 h) of the deployment, as well as some
additional exploratory dives. The mean bottom depth of migratory dives was often just below the predicted depth threshold (12 m, red line in bot-
tom panel) that the whale should swim below in order to avoid wave drag

Residence time

A total of 481 FastLoc GPS positions were retained
after filtering, with a mean time between positions of
23 &£ 22 min. When interpolated to estimate the position
once every hour, the track had a mean distance between
positions of 2.8 km. Based on this step length, a radius
of 8.4 km was assigned to calculate the residence time
around each position. Inspection of the contrast matrix
revealed that four segments were the optimal number
of breaks in the residence time that allowed for a lower
contrast function value. Two distinct patches of ARS
behavior were located using the FastLoc GPS data, with
the whale spending up to 37 h in these ~220 km? circu-
lar areas (Fig. 4). Locations of ARS behavior identified
with the FastLoc GPS data did not correspond to areas of
lunge feeding behavior as identified by the accelerometer
data (Fig. 2a).

Environmental factors influencing exploratory dives

and residence time

The whale appeared to complete ARS behavior in deep
(~1000 m) areas and transit in more shallow areas
(~200 m) (Fig. 4). In addition, while the number of
exploratory dives completed in a 10-h period was high-
est upon concluding a lunge feeding bout, the number of
exploratory dives also appeared to increase within these
deep areas. Comparisons with environmental parameters

revealed that switching into an ARS state by the whale
did not appear to be correlated with either SST or chloro-
phyll a concentration.

Discussion

The mean bottom depth of migratory dives completed by
the pygmy blue whale was just below the depth thresh-
old where wave drag is likely to have an influence on the
whale. This depth remained consistent over the entire
week of the deployment, regardless of bottom bathym-
etry. By swimming just below the depth where surface
drag is predicted to be removed, the whale likely placed
itself in an area where it was able to minimize the drag
it had to overcome and still remain close to the air sup-
ply at the surface, potentially saving energy while migrat-
ing. The amount of vertical travel completed by the
whale was minimized, allowing for an increase in the
horizontal distance covered by the animal in each dive.
This potential energy-saving strategy used by the whale
is different to that of some other air-breathing divers that
have been shown to complete gliding descents to depths
much greater than three times their body diameter while
traveling [6, 11, 51, 52]. It is possible that factors such as
predation risk or foraging along route may play a role
in driving differences in the diving behavior of migrat-
ing animals [12]. Future research should investigate this
pattern further, in order to determine whether other
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individuals show a similar pattern in their diving behav-
ior, and whether variation between species is a function
of body diameter or migratory strategy.

While reducing drag is likely to reduce energy expendi-
ture and increase travel speed, the use of this depth range
also placed the pygmy blue whale at a greater risk of ship
strike. During a recorded week of travel and feeding, the
pygmy blue whale spent 94 % of its time and completed
99 % of its migratory dives within the possible depth
range of large container ship drafts (<24 m). While most
container ships have drafts of ~8 m (e.g., Panamax) (the
average in the Perth Canyon region is 9 m, maximum
15 m), the draft of some container ships is as deep as
24 m (e.g., Chinamax). Modeling of the hydrodynamic
zone of influence of ships on whales suggests that even
when a whale is two times the depth of the ships draft,
propeller suction will still have a significant impact on
the whale, drawing it toward the hull [53]. The lethal
zone for whales was shown to extend to over three times
the depth of the ships draft when the whale was directly
below the ship [53], so even when only considering con-
tainer ships with moderate drafts (8 m), use of the upper
24 m of the water column for extended periods is likely to
have increased the risk of ship strike for this whale. The
migratory paths of pygmy blue whales along the Western
Australian coast largely overlap with the main shipping
routes through the area [34] (Fig. 2b). When respond-
ing to oncoming ships, blue whales have been shown to
complete a response dive with a slow decent and a lack
of movement away from the ship [54]. While in shallow
sections of the water column, the Lloyd mirror effect
can dramatically influence the ability of a whale to deter-
mine both the direction and distance of a ship [55, 56].

In addition, given that the migratory path of the whales
and shipping traffic lanes off Western Australia are par-
allel [34], and not perpendicular (Fig. 2b), it is also pos-
sible that shadowing of ship noise by the bow of a ship
may impact on a whale’s ability to detect a vessel pres-
ence [56]. Mortality due to ship strike is thought to be a
factor limiting the recovery of some whale populations
from past exploitation [57]; however, documenting how
often whales are hit by ships is difficult [58]. It has been
estimated that the number of whale deaths related to ship
strike is likely to be higher than documented numbers
due to unrecorded or unrecognized events, and difficul-
ties with assigning the cause of death of stranded animals
to ship strike postmortem [58]. The Conservation Man-
agement Plan for blue whales in Australia [59] highlights
that the risk of ship strike is greatest for calves or feeding
animals that are thought to spend the greatest amount of
time at the surface. However, if other whales exhibit simi-
lar behavior to the whale in this study and optimize their
migratory depth to save energy, then many whales may
spend a much larger proportion of their time within the
danger zone for ship strikes than currently thought.

The consistency of the shallow migratory depths also
has implications for programming of satellite-linked
dive depth-transmitting tags placed onto whales. These
devices require that a dive be defined as submergence
below some minimum depth to limit the amount of
dive information necessary to compress for transmis-
sion through the very limited Argos bandwidth. In many
cases, the definition of a dive is set to be potentially
deeper than the predicted depth for efficient travel. For
example, if predictions hold for each species, Antarctic
minke whales (Balaenoptera bonaerensis) need to swim
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just below 4 m to avoid wave drag (Table 1). Indeed as
predicted, inspection of dives referred to as ‘shallow
non-feeding dives’ by Antarctic minke whales in another
study appeared to occur at approximately 5 m depth [16],
shallower than the depth threshold set for defining dives
in many studies [37, 60—62]. If other whales also optimize
their dive depths and this is not taken into account when
setting dive definition thresholds, then it is possible that
migratory dives may not be recorded by these devices
and a biased picture of the depth ranges used by species
could be produced.

Typically, studies obtaining horizontal movement data
lack information on the actual behavioral state of the ani-
mal and infer it from track metrics [27, 63—65]. Although
the one whale in this study did not lunge feed to a great
extent, it provided an opportunity to address the likeli-
hood that the location of lunge feeding behavior by the
whale matched areas identified as ARS, and potential
foraging locations inferred from horizontal movement
data. For this whale, the behavioral states inferred from
FastLoc GPS data did not accurately match the locations
where lunge feeding occurred. The method used to infer
behavior was based on an assumption that areas of low
speed and high turning angles result in higher residence
time which is likely to be indicative of foraging behav-
ior; a common assumption in many behavioral models
applied to both FastLoc GPS and Argos data [26-29].
However, on a fine-scale whales have been shown to
feed while still maintaining relatively straight trajectories
with low turning angles [33]. Other studies have looked
at how well behavior inferred from horizontal movement
data overlaps with presumed feeding in other taxa with
mixed conclusions. In southern elephant seals (Mirounga
leonina), increases in body condition, and likely foraging
success, have been used to show that the foraging behav-
ior detected in horizontal movement data is a good proxy
for foraging success [66]. However, in migratory tuna
it was found that periods of high residence can also be
associated with periods of fasting [67], as was observed in
this study. It is possible that for species that spend their
entire lives in the marine environment, periods of resi-
dency are also likely to be associated with periods of rest-
ing, behavior that is often completed on land for species
that can haul out. More research is needed in this area to
determine whether the behavioral states identified from
horizontal movement data are reflective of the location of
feeding by baleen whales.

However, when examining the periods of ARS behavior
by the tagged pygmy blue whale it is possible to specu-
late that the animal was indeed searching for prey during
these times when no lunges were observed. Off Western
Australia, pygmy blue whales are known to feed along the
edges of deep water canyons [68]. The two periods of ARS
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observed both occurred over deep water areas, with an
increase in exploratory diving behavior suggesting poten-
tial prey searching. Therefore, deep canyons around the
southwest coast of Australia may provide suitable feeding
habitat for blue whales. However, depending on the timing
of local conditions with the arrival of a whale, some areas
may have varying success as a feeding area year to year.
Lunge feeding is an energetically expensive strategy with
prey density needing to be above a certain level to induce
feeding behavior by a whale [69, 70]. If an animal enters an
area where they have reliably fed previously, then they may
initiate ARS behavior to assist with searching for prey, and
spend longer in the area, yet not lunge feed if dense prey
is not located successfully [71, 72]. Therefore, while hori-
zontal movement data were not able to successfully locate
areas where lunge feeding occurred, they may still provide
information on potential foraging sites of whales.

Conclusions

The migratory dive depth of a pygmy blue whale was
found to be highly consistent over the week of obser-
vation, with the whale appearing to optimize its travel
depth to reduce the impact of wave drag near the surface,
yet remain close to the surface where it must return regu-
larly to breathe. While this strategy may reduce energy
expenditure during migration, it also placed the whale at
greater risk of ship strike for a much longer period than
currently thought. In addition, periods of ARS identi-
fied using horizontal movement data did not accurately
reflect where lunge feeding behavior occurred for this
animal, but may still highlight some foraging areas. This
suggests that the core assumptions of movement models
should be further tested in relation to fine-scale acceler-
ometer data, as the behavioral states obtained may not
accurately reflect the feeding behavior of whales. Further
development of methods for recognizing actual lunge
feeding events by the tag software and subsequent trans-
mission of that information over longer time periods will
also assist with the identification of whale feeding areas.
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