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Abstract

Controlled exposure experiments using 1 to
2 kHz sonar signals were conducted with 11
humpback whales (Megaptera novaeangliae),
one minke whale (Balaenoptera acutorostrata),
and one northern bottlenose whale (Hyperoodon
ampullatus) during three field trials from 2011 to
2013. Ship approaches without sonar transmis-
sions, playbacks of killer whale vocalizations,
and broadband noise were conducted as controls.
Behavioural parameters such as horizontal move-
ment, diving, social interactions, and vocalizations
were recorded by animal-attached tags and by
visual and acoustic tracking. Based on these data,
two expert panels independently scored the sever-
ity of behavioural changes that were judged likely
to be responses to the experimental stimuli, using
a severity scale ranging from no effect (0) to high
potential to affect vital rates (9) if exposed repeat-
edly. After scoring, consensus was reached with a
third-party moderator. In humpback whales, killer
whale playbacks induced more severe responses
than sonar exposure, and both sonar expo-
sures and killer whale playbacks induced more
responses and responses of higher severity than
the no-sonar ship approaches and broadband noise
playbacks. The most common response during
sonar exposures in all three species was avoidance
of the sound source. The most severe responses
to sonar (severity 8) were progressive high-speed
avoidance by the minke whale and long-term area
avoidance by the bottlenose whale. Other severe

responses included prolonged avoidance and ces-
sation of feeding (severity 7). The minke whale
and bottlenose whale started avoiding the source
at a received sound pressure level (SPL) of 146
and 130 dB re 1 uPa, respectively. Humpback
whales generally had less severe responses that
were triggered at higher received levels. The
probability of severity scores with the potential to
affect vital rates increased with increasing sound
exposure level (SEL.n). The single experiments
with minke and bottlenose whales suggest they
have greater susceptibility to sonar disturbance
than humpback whales, but additional studies are
needed to confirm this result.
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Introduction

All marine mammals use sound to gather infor-
mation about their surroundings, either through
active echolocation (Au, 1993) or passive listening
(Gannon et al., 2005). Sound has a fundamental
role in prey and predator detection, animal commu-
nication, and navigation (Richardson et al., 1995;
Tyack, 2000; Simpson et al., 2005). During the last
century, there has been a significant overall increase
of underwater anthropogenic noise, leading to
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increased background noise levels and more fre-
quent exposure to high intensity sounds (McDonald
et al., 2008). Exposure to noise might lead to direct
physical injuries (Southall et al., 2007) or behav-
ioural changes (e.g., Morton & Symonds, 2002;
Tyack et al., 2011; DeRuiter et al., 2013; Kuningas
et al., 2013; Miller et al., 2015). Among the con-
tributors to increased noise levels are navies with
modern active long-range sonars, typically operat-
ing in the frequency range of 0.2 to 10 kHz, which
is within the range of hearing sensitivity for most
marine mammals (Popper & Ketten, 2008).
Potential negative effects of such sonars on
marine mammals have received particular atten-
tion after several atypical cetacean mass strand-
ings in connection with naval sonar activity,
mostly (but not exclusively) involving beaked
whales (Frantzis, 1998; Balcomb & Claridge,
2001; D’Amico et al., 2009). These stranding
events might be directly or indirectly caused by
behavioural responses (Cox et al., 2006). Besides
stranding, other negative effects on vital rates
might also be induced by behavioural responses.
Behavioural effects of sonar can range from subtle
effects such as short changes in vocal behaviour
(Miller et al., 2000; Croll et al., 2001; Fristrup
et al., 2003; Alves et al., 2014) and dive patterns
(Sivle et al., 2012) to more severe responses such
as habitat avoidance (Tyack et al., 2011; DeRuiter
et al., 2013; Miller et al., 2015), typically also
associated with cessation of feeding (Miller et al.,
2012; Goldbogen et al., 2013; Isojunno & Miller,
2015) and even separation from dependent oft-
spring (Miller et al., 2012). The specific context of
the exposure event appears to alter the likelihood
of responses (Goldbogen et al., 2013) and may
also explain high variability in response thresh-
olds (Antunes et al., 2014; Miller et al., 2015).
Eventually, the behavioural context of exposed
animals will probably also determine the bio-
logical significance of responses (Southall et al.,
2007; Ellison et al., 2012; Miller et al., 2012).
Experimental exposure of free-ranging indi-
vidual animals to high intensity sounds such as
naval sonar or seismic signals is one approach
for providing a better understanding of the
sound-level thresholds at which responses occur,
the context of the reactions, and their poten-
tial biological relevance on populations in the
wild (Tyack et al., 2004; Tyack, 2009). Such
experiments are designed to control the species
and location, timing of the exposure, and target
received sound levels, as well as to allow for the
collection of appropriate data on natural baseline
behaviour. Baseline behaviour of an individual is
compared to its behaviour during sound exposure
and, thus, is used to evaluate the likelihood of a
behavioural response at different received levels.

This experimental approach also allows testing
of various control stimuli. Indeed, comparison
of responses to an approaching ship transmitting
sonar vs a ship with no transmissions is used to
separate the effects of sonar from the effect of
the source ship itself (e.g., Miller et al., 2012).
Furthermore, comparison of responses to sonar
with natural anti-predator responses can help
in understanding the biological significance of
observed behavioural responses to anthropogenic
disturbances (Frid & Dill, 2002).

Southall et al. (2007) provided a useful
response severity scale for evaluating observed
changes in animal behaviour in response to
anthropogenic noise. Using that scale, Miller et al.
(2012) scored behavioural responses collected
from high-resolution tags and visual observations
of long-finned pilot whales (Globicephala melas),
killer whales (Orcinus orca), and sperm whales
(Physeter macrocephalus) exposed to naval sonar
and control signals. They identified some behav-
ioural responses that were not considered in the
original scale (Southall et al., 2007), and they
made a slightly modified scale that still followed
the original logic (Miller et al., 2012). Moreover,
Miller et al. (2012) found marked differences in
the severity of responses across species and signal
frequency. In the present study, we have used this
modified severity scale to determine the severity
of expert-scored behavioural responses of one
odontocete species, the northern bottlenose whale
(Hyperoodon ampullatus), and two mysticete spe-
cies, the humpback whale (Megaptera novaean-
gliae) and the minke whale (Balaenoptera acu-
torostrata), to controlled exposure of naval sonar
signals, no-sonar ship approaches, and playbacks
of killer whale sounds and broadband noise.

Methods

Animal Welfare Considerations

All animal research activities were permitted
by the Norwegian Animal Research Authority
(Permit No. S-2011/38782) and were approved
by the Animal Welfare Ethics Committee at the
University of St Andrews and the Institutional
Animal Care and Use Committee of the Woods
Hole Oceanographic Institution. All of our experi-
ments followed a safety plan designed to protect
the welfare of the study animals as well as other
animals in the area. Visual observers continuously
scanned for whales throughout the exposures with
a detailed plan in place to stop sonar transmissions
if potentially hazardous responses occurred or if
any animal came too close to the sonar source.
Our experimental design further involved limited
duration exposure periods, changing of subjects
between experiments, and exposure of a limited
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number of animals, reducing risk of harm to
experimental subjects.

Experimental Design and Protocol

Sonar exposure experiments were conducted
in the Arctic Atlantic Ocean near Bear Island
and Svalbard and off Jan Mayen during 2011,
2012, and 2013 using the Norwegian Defence
Research Establishment (FFI) research vessel
HU Sverdrup Il (“HUS”). Details of each annual
cruise can be found in specific cruise reports
(Kvadsheim et al., 2011, 2012, 2014). Details
of the experimental procedures can be found in
Kvadsheim et al. (2015) and are only summa-
rized here. The protocol consisted of five phases:
(1) searching, (2) tagging, (3) baseline pre-expo-
sure, (4) experimental exposure, and (5) post-
exposure (Kvadsheim et al., 2015). Sonar sig-
nals were transmitted from HUS, whereas killer
whale sounds and broadband noise playbacks
were broadcasted from a small boat. The whale's
position and social and surface behaviour were
recorded when the whale surfaced repeatedly at
more than 2 min apart, using the procedure of
Visser et al. (2014).

The position of each tagged whale was estimated
in real-time by the observers and relayed to the
sonar operator on the source vessel (HUS). Sonar
transmissions were always initiated by a ramp-up
procedure, which implied a gradual increase of
source level from 152 to 214 dB re 1 uPa m. The
primary goal of movements of the source vessel
with respect to the subject whale was to achieve
a gradual escalation of sonar received levels, but
the ship’s movements during sonar transmissions
were different between the three species:

e Humpback Whales —Three different experimen-
tal conditions were used for humpback whales:
(1) no-sonar-control approaches, (2) ramp-
up sonar exposures, and (3) no-ramp-up sonar
exposures, each with a 10-min duration. During
the ramp-up exposures, sonar transmission
was initiated at approximately 1.3-km dis-
tance from the tagged animal, and the source
ship approached with a speed of 4.1 m/s on a
predetermined straight course to intercept the
animal’s course (determined prior to the start
of the exposure), while transmitting a 5-min
ramp-up. Full power transmission then con-
tinued for another 5 min. The no-sonar control
approach and the no-ramp-up approach fol-
lowed the exact same procedure, except that no
sonar pulses were transmitted during no-sonar
controls, and transmissions only started at full
power 5 min into the session during no-ramp-
up exposures. This protocol was specifically
designed to partly test the efficacy of ramp up

as a mitigation procedure, as well as to assess
behavioural responses to the sonar exposure.

* Minke Whale — HUS approached the whale
from a distance of 8 km at 4.4 m/s, first doing
a no-sonar run, followed by a sonar exposure
run with a 10-min ramp-up. The animal was
approached to intercept its course, which was
determined prior to start of the exposure. The
sonar exposure continued until 5 min after the
closest point of approach (CPA), but sonar
exposure never lasted longer than 60 min. This
protocol was identical to that of Miller et al.
(2012), which allows comparison of results.

* Northern Bottlenose Whale — This species
can dive for more than 1 h (Hooker & Baird,
1999). Good tracking of these animals, there-
fore, relies on acoustic tracking during deep
dives in combination with visual tracking when
they are at the surface. To achieve this goal, the
source vessel sailed 2 km x 2 km boxes, towing
an acoustic array at 100 to 200 m depth around
the estimated position of the whale throughout
the tracking period. During sonar exposure,
the source ship started ~5 km from the posi-
tion of the whale and sailed a predetermined
track consisting of 3% of a 2 km x 2 km box at
2.6 m/s while first transmitting a 20-min ramp-
up, followed by 15 min of full power transmis-
sions (Miller et al., 2015). During exposure,
the focal whale was not inside the box but
several km away from it, and, thus, the angle
from the whale to the source vessel changed
very little. This protocol was similar to those of
Tyack et al. (2011) and DeRuiter et al. (2013)
to ensure comparability with existing data on
other beaked whales.

Playbacks of Killer Whale Sound and

Broadband Noise

These were only conducted with humpback
whales (Curé et al., 2015). The killer whale sound
playback was used as a positive control for assess-
ing responses of animals to a natural threatening
stimulus (i.e., predation risk), and the noise play-
back was used as a negative control of the killer
whale sound playback to test the animal’s reaction
to any unspecific noise.

The killer whale playback stimulus was previ-
ously recorded in the North Pacific using Dtags
(Miller et al., 2010) and corresponded to natural
sequences of vocalizations of a killer whale group
attacking and feeding on prey. The stimulus thus
represents “unfamiliar” mammal-eating killer
whale sounds expected to be perceived as an
immediate risk of predation (Deecke et al., 2002;
Curé et al., 2013, 2015). The control stimulus was
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a broadband noise playback (0.5 to 10 kHz). Both
the killer whale sound and the broadband noise
were of 15-min duration and had similar root
mean square (rms) source levels (146 to 152 dB
re 1 pPa m), corresponding to typical source
levels of killer whale sounds (Miller, 2006; Curé
et al., 2013) but much lower than the source level
of the sonar (214 dB re 1 uPa m). Playbacks were
conducted from a stationary small boat, and fur-
ther details of the playback protocol are given in
Curé et al. (2012, 2013, 2015).

Sonar and No-Sonar Control Exposures

The sonar source (Socrates II, TNO, The
Netherlands) deployed from the HUS during the
experiments was a multipurpose towed acous-
tic source developed for underwater acoustic
research and previously tested as a prototype
sonar system on operational Royal Netherlands
Navy frigates. The transmitted signals were 1.0
to 2.0 kHz frequency-modulated hyperbolic
upsweeps in the bottlenose whale experiment,
and 1.3 to 2.0 kHz frequency-modulated hyper-
bolic upsweeps in the humpback and minke whale
experiments. The ramp-up procedure was used as
part of the risk mitigation plan, and also as part of
the experimental design that aimed to gradually
escalate the acoustic dose. The sonar pulse repeti-
tion interval for all experiments was 20 s, and the
signal duration was 1 s, except during the ramp-up
period of humpback whale experiments for which
the signal duration was 0.5 s. Humpback whales
and the minke whale were also subject to the same
approach by the source vessel but without sonar
transmissions (no-sonar control) to enable com-
parison of potential responses to the sonar with
responses to the approaching source vessel alone.

Data-Recording Tags
Whales were tagged with movement-and-sound-
recording Dtags (Johnson & Tyack, 2003) or Ctags
(Kvadsheim et al., 2011). The Dtag was attached
to the whale with suction cups using a 15-m can-
tilevered carbon fibre pole or a pneumatic remote
deployment system (ARTS; Kvadsheim et al.,
2009) and stayed on for 16 to 18 h. The Dtags had
one or two hydrophones and recorded sound with
16-bit resolution at a sampling rate of 96 kHz,
and were also equipped with depth and a three-
dimensional (3D) accelerometer, and magnetom-
eter sensors sampled at 50 Hz. Additionally, the
Dtag contained a VHF transmitter and a GPS data
logger (SirTrack, F2G 134A, Fastloc 2), which
recorded the horizontal location of the tagged
whale.

The CTAG was used for the minke whale exper-
iment because previous experiences with minke
whales confirmed that suction cup attachment

was unreliable (Kvadsheim et al., 2011). The
Ctag was deployed using the ARTS system and
was attached to the whale by a 5-cm-long barb
that penetrates the skin and anchors within the
blubber. It contained a VHF-transmitter and a
Star Odditime-depth recorder (Kvadsheim et al.,
2011). The Ctag was released from the animal
using a galvanic time release after 19 h.

Visual and Acoustic Observations and Tracking
Visual searching and tracking was conducted from
an elevated marine mammal observation platform
on the HUS. Focal follows of the group containing
the tagged whale were either made from the HUS
(bottlenose whales) or from an independent small
boat deployed from the HUS (humpback and
minke whales). Both platforms had a digital VHF
direction finder (DFHorten; LK-ARTS, Norway)
used in combination with visual observers.
Passive acoustic monitoring was used to locate
bottlenose whales and track them during experi-
ments (Kvadsheim et al., 2014), using a dedicated
hydrophone array developed by TNO (von Benda-
Beckmann et al., 2010). Surface behaviour of the
focal group was recorded systematically from the
first sighting to the end of the experiment follow-
ing Visser et al. (2014).

Processing and Analysis of Movement Data

For humpback and minke whales, horizontal tracks
of the tagged animals were created from the GPS
data and visual track data. A dead-reckoned track
(“pseudotrack™) based on the output of the tag’s
orientation and acoustic sensors was produced for
the tagged bottlenose whale (Miller et al., 2015)
as this animal was lost for visual tracking, and the
tag did not record GPS data.

The horizontal speed and direction of move-
ment of the tagged whale were calculated from
the horizontal locations obtained from sightings
at the surface and/or by GPS logger, or from the
dead-reckoned track. For sightings and GPS,
speed was calculated as the total great circle dis-
tance travelled over three surfacings divided by
the total time between them. Directness was cal-
culated by dividing distance covered by the whale
during three observation points of a track segment
(i.e., the distance between the first surfacing and
the third surfacing) by the cumulative distance
between all three points and is given as values
between 0 (circular movement) and 1 (straight
movement).

Acoustic recordings of tagged whale sounds
were analyzed only for the bottlenose whale. There
was no acoustic sensor on the Ctag, and, thus, no
acoustic data were collected for the minke whale.
For humpback whales, an extensive scan of the
acoustic recordings on the tags revealed that they
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made very few sounds, and we did not pursue this
any further to reduce time costs. The audio record-
ing of the bottlenose whale was audited to identify
foraging sounds produced by the tagged whale
and other nearby whales (Miller et al., 2015).
Click and buzz sounds were used as acoustic cues
indicating foraging activity. Audio files recorded
by the Dtags were displayed as spectrograms
(Blackman-Harris window; FFT length: 512) with
a 15-s duration window. The start and end of each
detected sound was identified and marked, and it
was ascribed to the tagged whale or another whale
depending upon its relative amplitude and spec-
tral characteristics. Other biological sounds from
the tagged or nearby whales were also annotated.
Details of the method can be found in Miller et al.
(2015).

For humpback whales, the acoustic record of
the Dtag was used to detect lunge feeding events.
Humpback lunge feeding involves engulfing
a large volume of prey-rich water in the flex-
ible buccal cavity and filtering out prey with the
baleen. A lunge is characterized by an increase
in speed followed by an abrupt drop in speed
as the whale first accelerates forward and then
slows down quickly after the jaw opens. The low-
frequency flow noise measured on the acoustic
record of the Dtag is a useful proxy for the whale’s
speed through the water and was used here to
identify lunge events, replicating the method of
Simon et al. (2012). We developed an automatic
lunge detector that identified events with noise
peaks that exceed the 90th percentile (for depth
> 5 m) of the flow noise (< 500 Hz) in all dives
deeper than 5 m and which were followed by at
least a 12 dB drop in flow noise within 5 s. This
5-s period was truncated if the whale reached the
surface (depth < 0.5 m) to avoid drops in the noise
when the whale surfaced to breathe.

Processing and Analysis of Received

Sonar Signals

Sonar signals recorded by the Dtag were extracted
for detailed analysis of the sonar received levels
(Miller et al., 2011; Kvadsheim et al., 2015).
For each sonar pulse, we measured the broad-
band maximum rms sound pressure level (SPL)
over a 200-ms averaging window and the broad-
band cumulative sound exposure level (SELcum)
throughout the exposure session. These broad-
band received levels were calculated from '/-
octave bands between 1 to 40 kHz in which the
signal exceeded the noise on the tag by 10 dB or
more. The levels of some sonar pulses during the
ramp-up at the start of each exposure session were
below this threshold. The received level of those
pulses was calculated by extrapolation using the
measured level of the closest ping in time adjusted

for the known difference in source level. The
acoustic sensitivity of the Dtags, determined from
calibration measurements, was (mean + SD) -185
+4 dBre 1 uPa™ (N =6 tags).

The Ctag deployed on the minke whale did not
have any acoustic sensors, so the received SPLs
were estimated from acoustic propagation mod-
elling. The ray-trace model LYBIN (Dombestein
& Gjersge, 2012) was used to calculate acoustic
propagation loss in two dimensions (range and
depth) using the transmission characteristics of
the Socrates source. The model was re-run with
two different sound speed profiles measured in
the exposure area shortly after the sonar exposure
(Kvadsheim et al., 2015) and with two different
source depths (source depths varied between 60
and 69 m during the exposure), and the mean
value was used (average standard deviation was
3.6 dB). The depth of the tagged whale was calcu-
lated from the tag’s pressure sensor, and the hori-
zontal movement under water was interpolated
between every surfacing, resulting in a horizontal
and vertical position of the whale at the time of
each sonar ping. Both the GPS position and depth
of the sonar source were recorded, and, thus, the
horizontal distance between the whale and the
source for each ping could be estimated. Received
SPLs were calculated as transmitted source
level minus mean propagation loss estimated by
LYBIN. The received level estimates were found
to be within 5 dB of levels measured by calibrated
hydrophones towed by the small boat tracking the
whale (Kvadsheim et al., 2015).

Scoring Severity of Expert-Identified
Behavioural Responses

Based upon an extensive literature review on
behavioural effects of sound on marine mammals,
a panel of experts in marine mammal behaviour
scaled documented behavioural responses accord-
ing to the putative severity for the affected ani-
mals (Southall et al., 2007). The scale ranged from
no response (0), responses that are not likely to
affect vital rates (1 to 3), responses that have the
potential to affect vital rates (4 to 6), to responses
that are likely to affect vital rates (7 to 9) if the
exposure is of sufficient duration or repeated. The
severity of a response depends upon both the type
of behavioural change and the duration of the
response (Southall et al., 2007)

Each experiment of the present study was rep-
resented by a series of standardized data plots; a
geographic track plot (GIS plot) and a time series
data plot were provided for the whole tag record,
with close-ups of each pre-exposure baseline
and exposure periods (see Figure 1 through 3 for
examples of plots for exposure period). Full sets
of plots are available in Kvadsheim et al. (2015).
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Figure 1. Plot for humpback whale (Megaptera novaeangliae) (mn12_180ab) during the time period from 30 min prior to
the first exposure session (sonar 1) to 30 min after the session. Upper panels show the track of the source boat (HUS) and the
whale, with the upper right panel showing a zoomed-in view around the exposure area. The colour coding on the animal and
ship tracks indicates the time since the start of the exposure session, with blue and red marking the start and end, respectively.
Tracks of the whale are based upon the visual tracking, and the GPS loggers on the whale are plotted, with each dot on the
track representing a position fix. Mn12_180ab was tagged with two Dtags, and both GPS tracks are shown. The lower panel
shows time series plots of different variables recorded. From the top: group structure variables (e.g., group size, number
of individuals in the area, and individual spacing), surface display variables (e.g., observed breaches, surface lunges, rolls,
flukes, and if there were birds surrounding the focal animal[s]), heading and directness (i.e., a measure of how straight the
animal is swimming: 1 = straight line, O = circular) measured from the visual observations and GPS, speed of the animal
based upon the visual track and GPS tracks, and dive profile (black) overlaid with detected feeding lunges marked as red dots.
Vertical yellow lines indicate the start and end of the sonar exposure period. More plots of this animal, including the entire
time series, can be found in Kvadsheim et al. (2015).
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Figure 2. Plot for minke whale (Balaenoptera acutorostrata) (ball_180) during the time period from 30 min prior to
exposure to 30 min after sonar exposure to sonar 1. Format of figure follows Figure 1. The minke whale did not carry a GPS
logger and, therefore, only the visual track is shown. Each dot on the track represents a visual position fix. The sensors on
the Ctag used on the minke whale did not allow detection of lunges, so lunges are not indicated. However, skim-feeding at
the surface was observed, and the timing of these are indicated in the figure. More plots of this animal, including the entire
time series, can be found in Kvadsheim et al. (2015).
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Figure 3. Plot for northern bottlenose whale (Hyperoodon ampullatus) (hal3_176). Upper panel is horizontal track. The
animal was lost for visual tracking and, therefore, the track of the whale is a reconstructed dead-reckoned track (pseudotrack)
based upon estimated speed, pitch, and heading recorded by the tag. The middle and lower panel show time series plots of
the estimated speed based on the flow noise on the tag and the dive profile (black) with identified vocalizations indicated.
The middle panel shows the entire time series, while the lower panel is a zoomed-in view of the time plots showing the time
period from 30 min prior to exposure to 30 min after exposure. More plots of this animal, including the entire time series,
can be found in Kvadsheim et al. (2015).
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Based upon these plots, behavioural changes
were described and scored by two independent
groups of experts in accordance with the Southall
et al. (2007) severity scale modified by Miller
et al. (2012) (Table 1). In the present study, we
made some additional modifications based upon
observed behavioural changes that were not cov-
ered in the existing scale, mainly changes with
shorter duration (Table 1).

The severity of a behavioural response
depends upon its duration, but the duration of the
response will likely vary with exposure duration.
Experimental exposures typically are shorter than
real naval sonar operations; and to enable extrap-
olation, the Southall et al. (2007) severity scale
defined duration on a time scale relative to expo-
sure duration. A moderate change in behaviour
had duration similar to the duration of the expo-
sure, and minor or brief responses were consid-
ered to be progressively shorter than the exposure;
whereas a prolonged response was significantly
longer than the exposure, considering the behav-
ioural and diving patterns of the whale species.
For some response types, a long-term or extended
response is also included to account for responses
that are exceptionally long (i.e., longer than pro-
longed) (Table 1). This logic was used in previous
studies using the severity scale (Miller et al.,2012)
and is also used here; however, the humpback
whale exposures were very short (5 to 10 min)
compared to exposures to other species. To make
the results more comparable across species, for
humpback whale data, a behavioural change last-
ing approximately 10 min (same as duration of the
exposure) to 1 h was defined as moderate, while
prolonged was used for responses lasting for more
than 1 h. Moreover, a brief change was defined as
significantly shorter than the exposure (less than
5 min), while minor was used for changes of dura-
tion between brief and moderate (5 to 10 min).
Using these criteria for the humpback whale data
enabled comparison with the other two species of
this study as well as the three species studied by
Miller et al. (2012), which were all exposed for a
much longer period (30 to 60 min) than the hump-
back whales.

One scoring group consisted of authors PM,
SI, CC, and PW, and the second group of authors
PK, FL, LS, LK, and FV. Both groups conducted
an initial independent scoring that was blind to
the scoring of the other group but not blind to
the experimental condition. The results of the
two groups were tabulated before they met with
an adjudicator (author PT) to reach a consensus
scoring. The judgment of whether behavioural
changes were scored as responses took into con-
sideration the variation in this behaviour during
the pre-exposure baseline period. For example,

if a change in behaviour during exposure also
happened regularly during baseline, this change
would generally not be considered as a response
but a coincidental change in behaviour. In some
cases, this was difficult to judge; and in these
cases, behavioural changes were scored as
responses with low confidence. If a behavioural
change during an exposure was identified but was
not considered to be a response, this change was
given a 0 score (no response).

The data were then inspected in detail to deter-
mine the precise onset time of each behavioural
change as well as its duration. For sonar expo-
sures, the highest SPL received up to the onset
of the behavioural change (SPLmx) was used
as the received level associated with the scored
response. We also report the received SELen until
the last ping before the response (Appendix A,
Tables Al through AIII).

Statistical Analysis

Statistical analysis was only carried out for hump-
back whales as the sample sizes for the minke and
bottlenose whale (n = 1 for both) were too low
for statistical comparison. The statistical analysis
aimed to test the null hypothesis that the number
and severity of scored responses were random
with respect to the type of exposure (sonar — no-
sonar-control — killer whale playback — broadband
noise playbacks).

Generalized estimating equation (GEE) models
were fitted to the data to test the null hypoth-
esis while accounting for serial correlation within
each individual and to obtain effect estimates
averaged across individuals. GEEs are a means
to estimate the parameters of a regression model
with unknown correlation between outcomes. All
models were fitted with the “genmod” procedure
in SAS 9.3 (Littell et al., 2006).

Severity scores were expressed as two inde-
pendent response variables: (1) number of scored
responses (#Score) per exposure session, modelled
as a Poisson variable (identity-link); and (2) maxi-
mum severity score (maxScore) per exposure ses-
sion, modelled as a multinomial ordinal variable
(cumulative logit link). The no-sonar control was
selected as the intercept within the model, and
candidate explanatory variables were designed
to capture differences from this baseline. Six
explanatory variables (covariates) were defined
present (1) or absent (0). Covariate S was set pres-
ent during all sonar exposures, kwPB during killer
whale sound playbacks, and no-ramp-up during
sonar exposures that did not include a ramp-up
period. To test for sensitization/habituation to
sonar during the second sonar exposure compared
to first, S2 was set present during the second sonar
exposure. The effect of the killer whale playback
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Table 1. Severity scale for scored behavioural responses used in this study. The scale is based on the original scale of Southall
et al. (2007). Behavioural changes in bold are modifications made by Miller et al. (2012) and in bold italics are modifications
made in the present study. Brief responses — duration significantly shorter than the exposures; Minor responses — shorter than
the exposures, but longer than Brief; Moderate responses — roughly the duration of the exposure; and Prolonged responses
— significantly longer than the exposures. Long-term and Extended responses are both considered to be exceptionally long

Sivie et al.

duration responses (longer than Prolonged).

Score

Behavioural responses

0
1

No observable response
Brief orientation response

* Moderate or multiple orientation responses

* Brief or minor changes in respiration rates

* Brief cessation/modification of vocal behaviour
* Brief change in dive profile

¢ Prolonged orientation behaviour

* Minor change in locomotion (speed/direction) and or dive profile but no avoidance of sound source
* Minor cessation/modification of vocal behaviour

¢ Individual alert behaviour

* Moderate change of respiration rate

* Moderate change in locomotion (speed/direction) and or dive profile but no avoidance of sound source
* Brief avoidance of sound source

* Minor shift in group distribution

* Moderate cessation/modification of vocal behaviour

* Brief cessation of feeding

 Extended change in locomotion (speed/direction) and or dive profile but no avoidance of sound source
* Minor avoidance of sound source

* Moderate shift in group distribution

e Change in inter-animal distance and/or group size

¢ Prolonged cessation or modification of vocal behaviour

* Minor cessation of feeding

* Moderate avoidance of sound source

* Extended cessation or modification of vocal behaviour

* Visible startle response

* Moderate cessation of feeding

e Prolonged shift in group distribution

e Brief or minor separation of female and dependent offspring
* Aggressive behaviour related to noise exposure

* Brief cessation of reproductive behaviour

* Moderate cessation of resting behaviour

¢ Prolonged cessation of feeding

* Moderate separation of female and dependent offspring
* Severe and or sustained avoidance of sound source

* Extensive or prolonged aggressive behaviour

¢ Clear anti-predator response

* Moderate cessation of reproductive behaviour

e Prolonged avoidance

* Obvious aversion and/or progressive sensitization

* Long-term avoidance of area

e Prolonged or significant separation of female and dependent offspring with disruption of acoustic reunion
mechanisms

* Prolonged cessation of reproductive behaviour

¢ Outright panic, flight, stampede, or attack
* Avoidance related to predator detection
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boat was modelled by setting PB present for both
killer whale sounds and noise playbacks. The
order of the playbacks was modelled by setting
PB2 present during the second playback.

To test for effects of the sonar and killer whale
sound playbacks, model selection was carried out
on the explanatory variables (S, S2, PB, PB2,
kwPB, and no-ramp-up) fitted to scoring data from
the humpback whale experiments. Backwards
step-wise selection was conducted based upon
Type 3 Wald tests for each explanatory variable.
Variables were removed from the full model one
at a time until p values were smaller than 0.05 for
all covariates. The routine was carried out sepa-
rately for #Score and maxScore.

In addition, dose response severity functions
were generated for humpback whales using recur-
rent event survival analysis wherein marginal
stratified Cox proportional hazards models were
fitted to the severity score data (see Harris et al.,
2015, for full details of model application to sever-
ity score data). In short, these models allow us to
combine the results from individual exposures to
estimate the likelihood of response as a function
of exposure level (dose) and behavioral or contex-
tual covariates. We can also stratify by response
severity to produce functions for different severity
levels. Recurrent event survival analysis is gener-
ally used to assess time-to-event, particularly in
the medical context; however, we were interested
in acoustic dose-to-event, and so we replaced
time with received acoustic energy in the form of
SELum. These models, therefore, provide a rela-
tionship between dose SEL.n and the probability
of response of different severity levels. Similar
analysis has been carried out for pilot, killer, and
sperm whales (Harris et al., 2015, based on Miller
et al., 2012); therefore, we can compare respon-
siveness between these four species by extracting
the 50% probability of response from the dose-
response functions for each species.

Our main interest is behavioural changes with
the potential to affect vital rates (i.e., severity
score 4 to 6). For humpback whales, we identi-
fied the first occurrence of each response level
(severity scores 1 to 3,4 to 6, and 7 to 9) within
each exposure session for inclusion in the model.
In the case of no response across all levels within
an exposure session, we allocated the SEL.n at
the end of the exposure session, and the data were
labeled as right-censored. We fitted models to data
from the sonar exposure experiments and included
exposure history (1st or 2nd exposure sessions) as
a continuous covariate and behavioural state as a
factor covariate.

Behavioural state—feeding or non-feeding—
was determined by the presence of lunges in the
dive record 5 to 10 min (depending on the exposure

duration) prior to exposure, and feeding was
assigned if any lunging behaviour was observed in
this pre-exposure period. The data were collected
over 20 exposure sessions across 10 different
individuals. We fitted all possible model combi-
nations and used an Akaike Information Criterion
(AIC)-based model selection. For the selected
model, we tested that the proportional hazards
assumption was met (Kleinbaum & Klein, 2005;
Harris et al., 2015). These analyses were carried
out in R, Version 3.0.2 (R Core Team, 2013) using
the survival package (Therneau, 2014).

Results

We conducted a total of 13 controlled sonar expo-
sure experiments with humpback (n = 11), minke
(n = 1), and bottlenose whales (n = 1). Multiple
exposure sessions were conducted with a subset of
the tagged animals, giving a total of 12 no-sonar
control approaches, 22 sonar exposure sessions,
and 8 killer whale and noise playbacks (Table 2).

Summary of Behavioural Responses

A total of 66 changes in behaviour were judged
(scored) to be responses to the experimental con-
dition in the 50 exposures conducted (Tables Al
through AIII). The number of changes in behav-
iour scored as responses ranged from zero change
in 17 exposure sessions to six changes in one
exposure session (hal3_176a). Zero, one, or two
changes were most common per exposure ses-
sion (17, 15, and 14 exposure sessions, respec-
tively). When more than one change in behaviour
was scored in the same exposure, these scored
changes often tended to reflect different aspects
of a change in behavioural state (e.g., cessation of
feeding was often associated with a simultaneous
change in dive pattern (e.g., mnl2_180 sonarl;
see Figure 1).

Overall, the most common response scored
in all three species to all exposures was hori-
zontal avoidance (Figure 4) of the sound source
or from its projected future path, including one
case of long-term avoidance of the area (bottle-
nose whale), and one case of progressive aver-
sion (minke whale) in which the whale progres-
sively increased speed and changed dive pattern
in order to more efficiently move away from the
sound source. Movements that were not aimed
at increasing the distance to the source were not
scored as avoidance responses but, rather, as
changes in orientation or locomotion.

The second most commonly observed change
in behaviour was a change in the dive profile.
Many of these changes in diving pattern were
also associated with cessation of feeding (e.g.,
mnl2_170 killer whale playback; Kvadsheim
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Table 2. List of the experiments for the three species. Tag id is the code for the tag deployment, and the number of exposures
of each type is given. Details of all deployments can be found in Kvadsheim et al. (2015).

No-sonar Noise
Species Year Tag id control Sonar  kwPB PB Comments
Humpback whale 2011 mnll_157a 1 2 1 1
(Megaptera novaeangliae) 2011 mnll_158ab 1 Two tags on the
same animal
2011 mnll_160ab 1 2 1 1 Two tags on the
same animal
2011 mnll_165def 1 2 1 1 Three tags on two
different animals
2012 mnl2_161ab 1 2 1 1 Two tags on the
same animal
2012 mnl2_164ab 1 2 1 1 Tags on two
different animals
2012 mnl2_170ab 1 2 1 1 Two tags on two
different animals
2012 mnl2_171ab 1 2 1 1 Two tags on the
same animal
2012 mnl2_178a 1 2
2012 mnl2_179a 1 2
Two tags on the
2012 mnl2_180ab 1 2 1 1 same animal
Minke whale 2011 ball 180a 1 1 Ctag v&_flthout
(Balaenoptera acutorostrata) acoustic sensors
Lost visual contact
Bottlenose whale 2013 hal3_176a 1 with animal prior to

(Hyperoodon ampullatus)

exposure

et al., 2015). Cessation of feeding was not scored
for the minke whale because the identification of
lunges was based on the acoustic sensor, which
was lacking in the tag used in this particular trial.
Changes in group distribution were less common
(Table 2) and only scored for humpback whales.
However, humpback and minke whales are often
solitary in these waters; indeed, five of 11 hump-
back whales and the minke whale were solitary
for most of the period they were tracked. Changes
in vocal behaviour were only scored for the bot-
tlenose whale. The bottlenose whale (hal3_179a)
stopped producing foraging sounds completely
during sonar exposure (Figures 3 & 4). The two
most severe responses scored were observed in
response to sonar: long-term avoidance of a larger
area (score 8) for the bottlenose whale and obvi-
ous progression of the avoidance response (score
8) for the minke whale.

Severity of Scored Responses in Relation to
Received Sound Pressure Level

For humpback whales, changes in behaviour were
scored with response thresholds over a broad
range of received sound pressure levels (SPLux)
from 94 to 179 dB re 1 uPa (Table 3; Figure 5).
The highest score (severity 7) corresponded to an
onset level of 164 dB re 1 pPa. The majority of
scores (16 of 27) were at threshold levels above
140 dB re 1 pPa.

Neither of the covariates investigated in the
Cox proportional hazards model were signifi-
cant at the p = 0.05 level and, therefore, a model
with no covariates was fitted to produce dose-
response functions across all humpback whales
for responses of different severities. From the
function for responses with potential to affect vital
rates (severity score 4 through 6) (Figure 6), we
can see that the probability of a response
increased as received SEL.m increased, with
50% probability at 179 dB re 1 pPa’s (CI 141 to
> 185 dB re 1pPa’s, n = 20). Given that behavioral
state was not a significant covariate for humpback
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Figure 4. Percentage of observed behavioural response types within each species in response to sonar. The figure includes
data for six species: the three species of the current study and the three species studied by Miller et al. (2012). The sonar
signals were presented to the animals in a random behavioural context. This implies that some type of responses were
not available to some individuals at the time of the exposure—for example, only feeding animals can cease feeding, and
only vocalizing animals can stop vocalizing. However, since real sonar exercise also starts at a random time relative to the
animal’s behavioural context, this figure represents an expected distribution of response types during real sonar exercises.

whales, we can only compare humpback whales
averaged across all behavioral states with feeding
and non-feeding killer, pilot, and sperm whales
(from Harris et al., 2015). For feeding killer, pilot,
and sperm whales exposed to low-frequency
active sonar (LFAS), the 50% probability of
response with potential to affect vital rates was
89 dB re 1 pPa’s (CI =80 to> 180 dB re 1 pPa’s,
n=1),142 dB re 1 pPa’s (CI = 126 to > 180 dB
re 1 pPa’s,n=1),and 133 dB re 1 pPa’s (CI =122
to > 180 dB re 1 pPa’s, n = 4), respectively. For
non-feeding killer whales, the 50% probability of
response at the same severity level was 165 dB
re 1 uPa’s (CI=157to> 180 dB re 1 pPa’s,n =2).
Non-feeding pilot whales did not reach the 50%
probability of response at the maximum exposure
level 179 dB re 1 pPa’s, and sperm whales were
always feeding at the start of the exposure. In all
comparisons, the humpback whales had a higher
SEL.m at the 50% response probability than the
other three species,

Two of three of the scored responses for the
minke whale had thresholds <146 dB re 1 pPa;
and in the bottlenose whale, four of six responses
happened at thresholds < 130 dB re 1 uPa (Table 3;
Tables AI-AIII). The lowest threshold in these two
species was at 83 and 86 dB re 1 puPa in the minke
whale and bottlenose whale, respectively, but these

responses were scored to have modest severities
of only 2 and 3, respectively. The highest sever-
ity scored in minke whales and bottlenose whales
was severity 8 for both species, with thresholds of
158 and 130 dB re 1 pPa, respectively.

Severity of Scored Responses in Relation to
Exposure Type

For humpback whales, the scored changes in
behaviour were generally more severe for the killer
whale playback and sonar exposures than for the
no-sonar control and noise playbacks (Table 4).
Sonar exposure and killer whale sound playbacks
were estimated to have 8 and 40 times the odds of
a higher maximum score than the no-sonar con-
trol and noise playbacks, respectively (odds ratio;
Table 5). The average number of scores was esti-
mated to be over 1.35 times higher during sonar
exposures and 2.25 times higher during killer
whale sound playbacks, compared to no-sonar
control transmission for humpbacks (Table 5).
Thus, signal type (kwPB and S) explained a sig-
nificant amount of variation in the severity scores
across exposure types, both in terms of maximum
severity score and number of scores per exposure
(Table B1: Type III Wald test, y*=5.4t0 31.5,p <
0.021). Maximum severity and number of scores
were in general higher for the first sonar exposure
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Examples of Severity Scoring

The tables in Appendix A show the complete set of scored responses. The complete set of data plots from
all scored sessions can be found in Kvadsheim et al. (2015). Three examples of data plots used as a basis
for expert scoring are shown in Figures 1 to 3, one for each species. The scoring results of these experi-
ments can be seen in the following examples:

Example 1. Humpback Whale (mn12_180ab), Sonar 1 — Three different behavioural responses were scored for this exposure.
This experiment was conducted on a mother-calf pair, with the mother as the tagged animal. We did not manage to tag the
calf, but the behaviour of the two whales at the surface was often synchronous. The data plots for this exposure are shown

in Figure 1.

Severity

Description

Minor avoidance — After a period of tortuous horizontal movement prior to the exposure, the track became
more directional while the animal was moving out of the path of the ship. The avoidance response started
almost immediately after the first pulse was transmitted but did not last beyond the duration of the sonar
exposure.

Moderate change in dive profile — The animal made one deep dive to 100 m that started 2.5 min after sonar
onset. A dive this deep was unusual and did not happen in the pre-exposure tag record. The animal’s dive
behaviour changed after this deep dive. Normal diving resumed within 1 h after exposure. The start of the deep
dive was considered to be the onset of the response.

Moderate cessation of feeding — The animal conducted shallow feeding dives to 10 to 40 m depth with frequent
lunges almost continuously for a period of 7 h before the sonar exposure. A few minutes into the exposure,
the animal made one last feeding dive with one lunge before it changed dive behaviour and stopped lunging.
Some feeding resumed within 1 h. The start of the unusual deep dive that followed the dive with a lunge was
taken as the onset of the response.

Example 2. Minke Whale (ball_180a), Sonar I — This was the only minke whale tagged. This whale was subject to a single
sonar exposure session after a no-sonar control approach. Three different behavioural responses were scored for the sonar
exposure. The data plots for this exposure are shown in Figure 2.

Severity

Description

Brief change in dive profile — The animal changed its dive pattern at sonar onset from very shallow diving (0
to 5 m) to diving into the sound channel at around 50 m depth. This started at the first sonar ping at a received
SPL of 83 dB re 1 pPa. During the 30 min prior to sonar onset, the whale had been doing only shallow
(< 10 m deep) dives. This behaviour could be a possible attempt to improve the localization of the sound
source.

Prolonged avoidance — The animal increased speed and swam directly away from the sound source through-
out the rest of the exposure. Opportunistic visual observations of skim feeding at the surface before the start
of the sonar exposure indicated that this response might also have involved a cessation of feeding. The start
of the response was taken as the time of the first sighting where the animal had increased speed and swam at
a course directly away from the source at a received SPL of 146 dB re 1 uPa.

Obvious progressive aversion (and sensitization) — The animal continued to increase its speed as the expo-
sure progressed, swimming at such a high speed that the distance to the source ship remained constant. About
halfway through the exposure, the dive pattern changed to shallower diving, which may be a way to move
more effectively away from the source. This shift in dive pattern is set as the onset of this response with a
received SPL of 158 dB re 1 pPa.
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Example 3. Bottlenose Whale (hal3_179), Sonar 1 — This was the only bottlenose whale that was tagged, and it was subject
to a single sonar exposure experiment. Six different behavioural responses were scored. The data plots for this exposure are

shown in Figure 3.

Severity

Description

Minor change in locomotion — The whale swam towards the source at the very beginning of the exposure
before turning away later. Onset was set to when the animal turned towards the source.

Extended change in dive profile — The whale conducted a very deep and unusual dive during the sonar expo-
sure. This dive seemed to start as a shallow dive, but just after the ascent had started, the animal dove again,
making the deepest dive ever recorded for a bottlenose whale down to 2,340 m. After this deep dive, the animal
made shallow dives to about 250 m depth throughout the rest of the tag record without performing any deep
dives. The onset of the response was taken as the start of the descent of the deep dive.

Prolonged cessation of feeding — The whale conducted regular foraging dives to 1,500 to 2,000 m depth in
the 5 h prior to exposure, with resting dives to about 100 to 200 m between the deep dives. After sonar onset,
no feeding activity (clicks or buzzes) was recorded for the rest of the record. The onset of the response was
chosen as the time during the deep dive when the animal reached the average depth at which feeding sounds
had started in the previous deep dives (168 m). The animal had still not returned to feeding behaviour at the
end of the tag record (7 h later), and the response, therefore, was scored as prolonged.

Prolonged avoidance — After a small loop towards the source scored as a minor change in locomotion, the
animal turned away and moved consistently away from the source with a constant course. The animal was
moving away from the area throughout the tag record, and the response, therefore, was scored as prolonged.
The onset was taken as the point when the animal abruptly changed course and started moving away from the
source.

Long-term avoidance of area — Visual and acoustical detections of bottlenose whales in a surveyed 14 x18 km
area around the sonar exposure dropped dramatically (Kvadsheim et al., 2014; Miller et al., 2015). In the 6-h
period after sonar exposure, no acoustic detections and very few visual detections were made compared to the
24-h period before sonar. Additionally, the tagged whale avoided the area for at least 7 h after the exposure. As
no information was available on the full duration of avoidance of the experiment area, we scored the response
as greater than prolonged following precautionary interpretation of the data. The onset of this response was
taken to be the same as the onset of the prolonged avoidance of the tagged animal.

Extended cessation of vocal behaviour — The animal was vocally active during entire tag record prior to sonar
exposure but turned completely silent for more than 7 h after until the tag detached and the record ended. Onset

of the response was the same as for cessation of feeding.

compared to the second sonar exposure (Tables 3
& 4). However, covariate S2 was the last covari-
ate to be dropped in the backwards step-wise
model using Type III Wald tests for both number
of scores and maximum score, indicating a trend
in the data that the second sonar exposure elic-
ited less severe and fewer responses than the first
exposure, although these order effects were still
not quite significant (p = 0.09 and p = 0.13 for
#Score and maxScore, respectively).

Additionally, the minke whale had much higher
severity responses during the sonar exposure than
the no-sonar control exposure, although this could
not be tested statistically.

Potential False Positives

Of all identified behavioural changes during
experimental conditions, 28% were scored as
severity 0 (no response). In five exposures, a
change in behaviour was scored as a response
but with low confidence whether this change in
behaviour was a response or not (Table 3). Details
of these responses are found in Table A1.

Discussion

The objectives of the present study were to iden-
tify behavioural responses of cetaceans to sonar
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Table 3. Scored responses during sonar exposure with associated maximum received sound pressure level (SPLw) in 10 dB
bins for the three study species. “1” indicates a score given during the first sonar exposure (sonar 1), while “2” indicates
scores for the second sonar exposure (sonar 2) of the same animal. Scores in parentheses indicate low confidence scores.

Experiments with humpback whales

SPLnwx (dB re 1 (Pa)

Severity 100-  110-  120-  130-  140-  150-  160-  170-  180-
score | 70-79 80-89 90-99 109 119 129 139 149 159 169 179 189
9
8
7 -1
6 112 1 (D12
5 1 2 1 1
4 1 1 1 1 2
3 22 22 12
2 1 1 2
1 2

Experiment with minke whale

SPLunwx (dB re 1 (Pa)

Severity 100- 110- 120- 130- 140- 150- 160- 170- 180-
score 70-79  80-89  90-99 109 119 129 139 149 159 169 179 189

9

N W R LN

Experiment with bottlenose whale
SPLux (dB re 1 Pa)

Severity 100- 110- 120- 130- 140- 150- 160- 170- 180-
score 70-79  80-89  90-99 109 119 129 139 149 159 169 179 189

9

N W kA NN
—_
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Table 4. Number of exposure sessions sorted by maximum score within each exposure and stimulus type. Numbers in
parentheses are minke whale data, numbers in brackets are bottlenose whale data, and numbers not in brackets/parentheses
are humpback whale data. Numbers in bold (bottom line) combine data from all three species. Total number of responses
includes all scored responses—not just the maximum score. The bottom row shows percent of the sessions that have a score
of 4 or higher, thus, having the potential of affecting vital rates.

Severity No-sonar control Sonar 1 Sonar 2 Killer whale PB Noise PB
9
8 M [1]
7 1 4
6 1 3 2 2 1
5 1 1 1 1
4 1 2 1 1
3 2 2
2 -1 2 1 1
1
0 8 2 3 5
Total # of exposures 13 13 10 8
Total # of responses 7 24 9 18
% score = 4 154 69.2 40 87.5 375

Table 5. Generalized Estimating Equation (GEE) model estimates: For number of scores (#Score), the estimates are the
number of maximum scores averaged across individuals in each exposure condition (intercept: no-sonar control and noise
playback; S: sonar approach; and kwPB: playback of killer whale sounds). For maximum score (maxScore), the probability
of each maximum score is shown for the intercept condition (no-sonar control and when the noise playback was presented
first). The odds ratios give the odds of a higher severity score in the presence of each exposure compared to the odds during
the no-sonar control (intercept). The odds ratio for a higher maxScore is shown in bold for each exposure condition. S is all
sonar exposures, kwPB is killer whale playbacks, and PB2 is the second playback. Test statistics show Z score and p value for
the null hypothesis that the respective model estimates (intercepts and coefficients for each explanatory variable) equal zero.

#Score Estimate 95% CI 7 score p value
Intercept 04211 0.1775 0.6646 3.39 0.0007
S 1.35 0.3209 2.3791 2.32 0.0205
kwPB 225 1.3674 3.1326 5.61 0.0001
maxScore Estimate 95% CI Z score p value
7 0.01 0 0.03 -5.94 0
6 0.04 0.01 0.15 -4.59 0
5 0.03 0.03 0.22 -3.99 0
4 0.05 0.05 0.29 -3.6 0
3 0.06 0.07 041 -2.55 0.011
2 0.08 0.12 0.49 -2.08 0.037
0 0.73 0.51 0.88 — —
S 8.28 1.69 40.52 2.61 0.009
PB2 12.52 1.59 98.54 24 0016
kwPB 40 5.58 286.78 3.67 0
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and control signals by use of expert judgment,
to describe the severity of the responses using
standardized criteria (Southall et al., 2007; Miller
et al., 2012), and, finally, to define the received
level at which these scored responses began.

Experimental Design and Scoring Methodology
Severity of the observed responses ranged from
unlikely to likely to affect vital rates, with onset
levels ranging over a wide range of received sound
pressure levels (SPLwx) and sound exposure levels
(SELwax). Due to the short exposure duration of
our experiments, however, it is unlikely that the
experimental animals themselves actually suf-
fered any effect on their vital rates. Still, higher
severity responses to sonar in real-world scenar-
ios in which the exposures could be significantly
longer or repeated could potentially affect the ani-
mals in a biologically significant way.

The terms brief, minor, and moderate used in the
severity scale to characterize a change in behav-
iour have been defined differently between studies.
Williams etal. (2014) defined these terms with respect
to a percent change in a variable compared to base-
line—a method that can be relatively easily applied
when evaluating changes in numeric variables such
as change in speed or directedness. However, not all
of our parameters could be quantified in this manner
(e.g., feeding activity, vocalization[s], and social
behaviour). Southall et al. (2007) used the duration
of the change in behaviour relative to the duration
of the exposure to quantify change(s). Miller et al.
(2012) used this same approach.

Herein, we also applied this same method, thus
considering duration of response relative to dura-
tion of exposure. A full-scale naval exercise may
last for hours, or even days, and a behavioural
response such as cessation of feeding, which lasts
the full duration of this exposure, could have severe
consequences during the feeding season. In our
results, moderate or prolonged responses contin-
ued beyond the end of our relatively short duration
experimental sonar exposures sessions. The extent
to which extrapolation can be made from short
duration experimental exposures to long duration
naval scenarios using the severity scale has not
been tested.

A goal of the experimental design was to repro-
duce a realistic exposure of naval sonar, with
source levels, frequency bands, and waveforms
common to a number of nations’ sonar operations
(Ainslie, 2010). Some aspects of our experimental
design also represented fairly realistic sonar opera-
tion scenarios with a moving source transmitting
sonar signals at high source levels with a regular
ping interval. Our sonar exposures also started ran-
domly with respect to the context or behavioural
state of the tagged animal, which is also the case

for actual naval sonar operations. The approach
towards the animal by the source ship was neces-
sary to achieve an escalating received level of the
sonar pulses on the animal. However, this brought
the sonar source quite close to the animal, and this
might not be very realistic for operational sonar use
except in rare circumstances.

Behavioural changes that did not commonly
occur during the baseline (pre-exposure) period
were scored as responses to the experimental
stimuli. In some cases, behavioural changes might
have been caused by unknown factors and not by
responses to the experimental stimuli—for exam-
ple,in mn11_165 sonar 1 (Kvadsheim et al.,2015),
no lunges were made by the animal for a period
of three dives (8 min) during exposure. However,
similar periods without lunges were common in
the baseline phase as well as throughout the rest
of the tag record, and, therefore, this behavioural
change was not scored as a response to the expo-
sure (severity 0). A more difficult example is
mnl2_170ab sonar 1 (Kvadsheim et al., 2015).
Two animals were travelling together; both were
tagged. One animal started feeding 6 min before
exposure, after a long period (> 7 h) of not feed-
ing, but stopped feeding during exposure. Such
short duration feeding events were very rarely seen
in the humpback whale records which indicates
a response. However, the other animal travelling
alongside did not feed at all in the periods immedi-
ately before, during, or after exposure. This might
indicate a low-quality food patch, for example, and
the first animal may simply have realized this and
stopped feeding (i.e., no response). As a precau-
tionary approach, we scored this as cessation of
feeding (severity 7 based on the duration), but we
gave it a low confidence score.

Patterns of Severity by Received Level

and Species Differences

The single exposures with minke and bottlenose
whales made it challenging to compare between
the three species. A range of responses and severi-
ties were scored at a very broad range of received
levels for all species (Table 3; Figure 5). However,
the single sonar exposures with minke and bot-
tlenose whales showed that both these animals
responded with highly severe changes in behav-
iour (severity 7 & 8), and the threshold of these
responses were also relatively low: SPLuw= 146
to 158 dB re 1 pPa in minke whales and 130 to
141 dB re 1 pPa in bottlenose whales. Compared
to this, responses to sonar by humpback whales
were generally less severe and were triggered at
higher received levels. The maximum severity
in humpback whales was a prolonged cessation
of feeding, scored at a severity 7 with a response
threshold at SPLuwx = 164 dB re 1 pPa. This single
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Figure 5. Scored severity vs threshold of all responses in the three species of this study and the three species of Miller et al.
(2012): humpback whale (<>) minke whale (A) bottlenose whale (O) pilot whale (.), killer whale (*), and sperm

whale (D) .

event was also a response judged to be of low con-
fidence that it actually was a response to the sonar
and not simply an incidental change in behav-
iour (Table 3; Table AI). Thus, with the reserva-
tion inherent in drawing conclusions from single
experiments, our results suggest that minke and
bottlenose whales are more sensitive to sonar than
humpback whales. The additional observation
was that the number of bottlenose whales feeding
in the larger exposed area in the 6 h following the
sonar transmission dropped dramatically (Miller
et al., 2015). This may indicate that, at least for
bottlenose whales, the observed response was not
limited to just the single tagged animal.

Other studies that examined humpback whale
reactions to sonar have shown weak avoidance
(Maybaum, 1993) and changed singing activity
(Miller et al., 2000) but with large individual vari-
ation. The number of acoustic detections of minke
whales was found to drop markedly during naval
sonar activity (Martin et al., 2015). No other stud-
ies have been conducted with bottlenose whales,
but other beaked whale species have shown
strong avoidance of sonar signals (Tyack et al.,
2011; DeRuiter et al., 2013; Moretti et al., 2014),
and both minke and beaked whales have been
involved in strandings that were linked to naval
sonar (Balcomb & Claridge, 2001; D’Amico
et al., 2009), which is not the case for humpback
whales. These studies are in accordance with the
present results indicating all three species do
respond to 1 to 2 kHz sonar signals and that minke

and bottlenose whales appear to be more sensitive
to this disturbance than humpbacks.

Our results further imply that the severity of
responses cannot be accurately predicted from the
received levels alone (Table 3; Figure 5) because
responses with potential to lead to changes in vital
rates (> 4) were occasionally triggered at very low
levels (< 100 dB re 1 pPa) (Table 3; Figure 5). This
lack of correlation between severity and received
levels was also noted by Miller et al. (2012),
who concluded that all exposures above hearing
threshold implied some risk of triggering a rela-
tively severe behavioural response. Thus, other
elements, such as the context in which a whale is
exposed to sound, also influence its response.

We used marginal Cox proportional hazards
models to produce dose-response functions for
behavioral responses of different severities for the
humpback whales to allow comparison with pre-
vious analysis on killer, sperm, and pilot whales
(Harris et al., 2015). We limited covariates consid-
ered herein to those considered for other species,
but neither behavioral state nor exposure order
significantly contributed to the fit of the model to
humpback whale data. We believe there may be
other covariates that could be considered with the
data on humpback whales, but that was beyond
the scope of this study.

The comparison between all four species indi-
cated that, on average, humpback whales respond
at higher doses of accumulated sound than pilot,
killer, and sperm whales, indicating humpback



488 Sivie et al.

1.0

p-response

0.4

0.2

| I
100 120

I I I
140 160 180

Figure 6. The predicted probability of a response of severity with potential to affect vital rates (severity 4 to 6) vs received
cumulative sound exposure (SEL.n) (dB re 1 pPa’s) for humpback whales; the grey lines represent the 95% confidence intervals.

whales to be less sensitive than the other three spe-
cies. However, the sample size for some of these
species is rather low in some cases, and, therefore,
these comparisons should not be over-interpreted.

Although not statistically significant, exposure
history (1st or 2nd exposure session) was close to
significant (p = 0.07) for humpback whales, with
a lower probability of response during the second
exposure compared to the first. This indicates
that there might be some habituation between the
first and second sonar exposure. Differences in
responsiveness to sound levels may also be due
to differences in sensation levels between species;
however, studies of pilot whales (Antunes et al.,
2014) and killer whales (Miller et al., 2014) indi-
cated no striking difference in response threshold
between 1 to 2 kHz and 6 to 7 kHz sonar, despite
a 30 to 50 dB difference in hearing sensitivity
of killer whales (Szymanski et al., 1999; Miller
etal., 2014).

For the three species in the current study, the
hearing thresholds have also not been well exam-
ined. No direct measurement of hearing ability
has been made for any baleen whale, but biome-
chanical modelling of the hearing organ of baleen
whales indicates that minke whales and hump-
back whales both have sensitive hearing in the 1
to 2 kHz band tested, although absolute hearing
thresholds were not provided (Houser et al., 2001;

Tubelli et al., 2012; Cranford & Krysl, 2015).
The hearing ability of bottlenose whales has not
been measured, but beaked whale species have
their greatest hearing sensitivity at around 40 kHz
(Cook et al., 2006; Finneran et al., 2009), although
hearing has not been tested below 5 kHz. The lack
of quantitative information on hearing thresholds
in the relevant frequency band for all our study
species makes any attempt to explain differences
in responsiveness with hearing ability (sensation
level) speculative.

Overall, avoidance of the sound source was the
most commonly scored response to sonar, both in
the three species studied here (humpback, minke,
and bottlenose whales) and in the three spe-
cies studied by Miller et al. (2012) (pilot, killer,
and sperm whales) (see Figure 4). Changes in
dive behaviour and other changes in movement
and orientation were also commonly seen in all
these species. Change in vocal behaviour was the
second most common type of response observed
in all four odontocetes, which were all very vocal
in the baseline period. Cessation of feeding was
also recorded in all species except for minke
whale, for which the tag did not contain sensors
that could detect feeding behaviour.
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Patterns of Severity by Exposure Type in
Humpback Whales

For humpback whales, there were large differ-
ences both in the number of scored responses and
the maximum severity of responses scored within
an exposure depending upon exposure type (e.g.,
sonar, no-sonar control, killer whale, or noise
playback) (Table 5; Table B1). Killer whale play-
backs had a higher likelihood of being assigned
both a higher number of scores per exposure
and scores of higher severity than sonar expo-
sure (Tables 4 & 5; Table B1). Thus, humpback
whales reacted less strongly to exposure to naval
sonar than to the playback of a natural predator.
Killer whales can potentially attack all three target
species (Jefferson et al., 1991); and killer whale
sounds were expected to induce a natural anti-
predator response. Our intention was to conduct
killer whale playback experiments with all three
target species of our study, but minke whales and
bottlenose whales responded so strongly to the
sonar exposure, which was conducted first, that
exposure to killer whale sounds was not com-
pleted with those individuals.

Overall, humpback whales responded consis-
tently and strongly to killer whale sound play-
backs, whereas they rarely changed behaviour
in response to the broadband noise playback,
thus, specifically reacting to the detection of
killer whale sounds (Curé et al., 2015). Killer
whale sound playbacks induced horizontal avoid-
ance responses away from the sound source and
changes in the dive profile as well as cessation of
feeding for whales that were foraging before the
start of exposure. Among species that can poten-
tially be preyed upon by the killer whale, hump-
back whales are thought to be regular targets
(Jefferson et al., 1991; McCordic et al., 2013). In
the present study, responses of humpback whales
to killer whale playbacks may be interpreted as
typical anti-predator behaviours (Frid & Dill,
2002) wherein animals stop fitness enhancing
activities such as feeding when facing a perceived
risk of predation (Curé et al., 2015).

Sonar exposure was the second strongest stim-
ulus causing behavioural responses in humpback
whales (Tables 4 & 5). Although the statistical
analysis did not fully support it, there did appear
to be a trend in the data suggesting that for hump-
back whales, the second sonar exposure resulted
in less severe and fewer responses (Tables 3 & 4;
Table B1). Consistent with the findings of the mar-
ginal Cox proportional hazards model reported
above, this difference in the first and second sonar
exposure sessions may suggest habituation to the
sonar in that the humpback whales responded less
intensely to the familiar sound that had not led to
acute danger when first heard.

Conclusions

Based upon detailed expert examination of data
recorded during experimental exposures to sonar,
we found that exposure to 1 to 2 kHz naval sonar
signals changed the behaviour of whales. The
descriptive approach taken in this study is useful
to present the data-rich outcomes of experimen-
tal exposure of sonar to cetaceans, which can
be difficult to analyze statistically. Even though
comparison of the three species studied here was
limited to the interpretation of single exposures
to sonar for minke and bottlenose whales, those
two experiments indicate high sensitivity to dis-
turbance from sonar sounds. The bottlenose whale
examined showed behavioural responses with
high severity at a relatively low response thresh-
old. This is consistent with studies of other spe-
cies of beaked whales. The minke whale exam-
ined also showed high sensitivity, with severe
responses at response thresholds lower than many
other species but possibly less sensitive than
beaked whales. Humpback whales generally had
fewer scored responses overall, and responses
were scored with lower severity; these responses
were typically also triggered at higher levels than
for the minke and bottlenose whales. Compared
to previously published data on pilot, killer, and
sperm whales, humpback whales seemed to be
a less-responsive species. They also seemed to
habituate to the sonar when exposed repeatedly,
and they reacted less strongly to exposure to naval
sonar than to the playback of vocalizations from a
natural predator.
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Appendix B: Supplementary Material for Statistical Analyses

Table B1. Backwards step-wise model selection for number of scored responses (#Score, top) and maximum score
(maxScore, bottom). Type III Wald tests are shown for each candidate covariate with both test statistic ()’) and p value.
Candidate covariates with the highest p value were dropped first (highlighted in bold). Retained models are shown on
far right (#Score: Step 5; maxScore: Step 4). To diagnose any problems with the step-wise model selection in SAS, all
combinations of explanatory variables for #Score were also compared using the Quasi-likelihood Information Criterion
(QIC) (“dredge” function in package MuMin in R (Barton, 2011). Both model selection methods arrived at the same final
model (#Score ~ kwPB + S). S is all sonar exposures, S2 is second sonar exposure, no-ramp-up is sonar exposures that did
not include a ramp-up period, PB is all playbacks (both killer whale sound and noise playbacks), PB2 is second playback,
and kwPB is killer whale sound playbacks.

#Score Step 1 Step 2 Step 3 Step 4 Step 5
108.9 109.3 107.6 108.9 108.3
QIC X p value X p value X p value X p value X p value
S 5.0 0.026 58 0016 5.6 0018 5.56 0.0184 537  0.0205
S2 2.7 0.100 2.7 0.100 2.7 0.100 2.94 0.0863
PB 0.5 0.478
PB2 09 0.344 0.2 0.622
kwPB 36.8 0.000 27.6 0.000 315 0.000 31.46 0.0001 3146  0.0001
no-ramp up 1.1 0.285 1.1 0.285 1.1 0.285
maxScore | Step 1 Step 2 Step 3 Step 4
158.1 156.1 156.3 155.6
QIC Chis-q  pvalue | Chis-q pvalue | Chis-q pvalue | Chis-q  p value
S 3.6 0.059 3.6 0.059 6.7 0.010 6.8 0.009
S2 20 0.160 23 0.127 23 0.134
PB 09 0.335 0.9 0335
PB2 52 0.022 52 0.022 55 0.019 58 0.016
kwPB 79 0.005 79 0.005 133 0.000 135 0.000
no-ramp up 0.0 0.984
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Figure B1. Fitted vs observed values from the model maxScore ~ S + kwPB + PB2 (Table B1). Solid black and dashed grey
lines show mean and 95% confidence interval for the model predicted cumulative probability for a maximum score (i.e.,
probability of a score x or higher), while red connected dots show the cumulative number of sessions above the maximum
score in the data. For example, the model predicted probability of a severity score 4 or higher during sonar approach was
0.54 (black line), while 11 out of the 20 sonar approaches (55%) were scored with a maximum severity of 4 or higher (red
connected dots).





