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Determining the behavioural dose–response relationship of
marine mammals to air gun noise and source proximity
Rebecca A. Dunlop1,*, Michael J. Noad1, Robert D. McCauley2, Lindsay Scott-Hayward3, Eric Kniest4,
Robert Slade5, David Paton5 and Douglas H. Cato1,6

ABSTRACT
The effect of various anthropogenic sources of noise (e.g. sonar,
seismic surveys) on the behaviour of marine mammals is sometimes
quantified as a dose–response relationship, where the probability of
an animal behaviourally ‘responding’ (e.g. avoiding the source)
increases with ‘dose’ (or received level of noise). To do this, however,
requires a definition of a ‘significant’ response (avoidance), which can
be difficult to quantify. There is also the potential that the animal
‘avoids’ not only the source of noise but also the vessel operating the
source, complicating the relationship. The proximity of the source is
an important variable to consider in the response, yet difficult to
account for given that received level and proximity are highly
correlated. This study used the behavioural response of humpback
whales to noise from two different air gun arrays (20 and 140 cubic
inch air gun array) to determine whether a dose–response
relationship existed. To do this, a measure of avoidance of the
source was developed, and the magnitude (rather than probability) of
this response was tested against dose. The proximity to the source,
and the vessel itself, was included within the one-analysis model.
Humpback whales weremore likely to avoid the air gun arrays (but not
the controls) within 3 km of the source at levels over 140 re.
1 µPa2 s−1, meaning that both the proximity and the received level
were important factors and the relationship between dose (received
level) and response is not a simple one.
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INTRODUCTION
A dose–response relationship quantifies the magnitude, or
probability, of the response of an animal in relation to the dose of
some stimulus or stressor. In the case of whales exposed to noise
from human activities, the response may be behavioural, and the
stimulus would be the noise exposure. This relationship can then, in
theory, be used to predict potential impacts of an anthropogenic
sound source and it is often assumed that the behavioural response
will increase in magnitude as the received sound exposure level
increases (e.g. Antunes et al., 2014; Goldbogen et al., 2013; Houser

et al., 2013; Kvadsheim et al., 2011, 2012, 2014; Miller et al., 2012,
2014; Tyack et al., 2011; Sivle et al., 2015; Southall et al., 2012;
Williams et al., 2014). Behavioural response studies are often
designed with this dose–response outcome in mind. The response
threshold is the minimum ‘dose’ required to elicit a change in
behaviour and the magnitude of the response, or probability of a
response, should then increase in proportion to the increase in sound
exposure level, resulting in a sigmoid curve. Studies of noise-
induced temporary threshold shift (TTS) in hearing sensitivity of
marine mammals in captivity have produced relationships between
the magnitude of TTS and the received noise energy level for
several species (Finneran, 2015), typical of dose–response
relationships. These have led to criteria for managing the effects
of high levels of noise on marine mammals (Southall et al., 2007) as
a way of avoiding hearing damage. A TTS, however, requires
relatively high noise levels and thus occurs at shorter distances
compared with behavioural effects, which are likely to occur at
much lower levels.

So far, establishing a simple dose–response relationship between
a behavioural response and noise exposure levels in marine
mammals has proved elusive. In reality, this relationship is an
over-simplification because of the complexity of the behavioural
responses, resulting from social and environmental effects (Dunlop
et al., 2013, 2015, 2016a; Ellison et al., 2012). In addition, many
studies use the probability of animals responding as the response
variable, rather than the magnitude of the response, and this
therefore requires some sort of threshold level that separates a non-
significant from a significant change in behaviour related to
‘avoidance’ of the source. In a dose–response study, this change in
behaviour is usually related to avoidance of the source. Qualitative
scoring has been used in some studies (e.g. Miller et al., 2014),
where experts compared behavioural patterns during the experiment
(a movement response was assumed to be an avoidance response to
the noise source). A number of other studies (including the Miller
et al., 2014 study) have used a more quantitative technique, called a
‘change-point’ analysis (https://synergy.st-andrews.ac.uk/mocha/),
to determine whether each subject significantly changed its
movement pattern in response to naval sonar (e.g. Antunes et al.,
2014; DeRuiter et al., 2013; Miller et al., 2014). In these analyses,
changes in the speed and position of whales were measured between
two successive time windows and the point along the time series at
which there was an obvious change in movement or dive behaviour
(compared with a ‘baseline’ dataset) was taken to be a significant
response. Further work by Antunes et al. (2014) using simulations
determined the threshold at which this change in movement
behaviour could be considered an avoidance response, and Curé
et al. (2012) developed a ‘reaction score’ based on whether the
animal approached or avoided the source. Other studies have
categorised behavioural responses into a number of ‘severity scores’
(e.g. Williams et al., 2014) based on a methodology outlined inReceived 28 March 2017; Accepted 22 May 2017
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Southall et al. (2007). These scores were then used to decide ‘cut-
offs’ between what could be considered a ‘response’ and what could
be considered ‘no response’. In all previously mentioned studies, it
was then assumed that an increase in received level (dose) increased
the probability that an animal would respond, thus producing a
dose–response function.
To add further complexity, a dose–response relationship may not

be directly due to the received level of the noise source – it may also
depend on the proximity of the source to the animal. Whales may be
more likely to respond to a close-by source compared with one
further away, as found for beaked whales in response to different
naval sonar sources (De Ruiter et al., 2013). However, the received
level of a noise source is usually highly correlated with distance
from the source; therefore, it is difficult to separate the effects of
received level versus the effects of proximity within one experiment.
To do this, different received levels are required at the same
proximity, which would require different sources at different source
levels.
Finally, the behavioural change may not be exclusively in

response to the noise stimulus. It is possible that the whales are
responding to the presence of the vessel itself, and the noise it
generates (Williams et al., 2014), as well as to the noise stimulus (as
found in Dunlop et al., 2015, 2016a). If undertaking experiments to
test for an animal’s response to a specific noise source, such as naval
sonar or seismic air guns (which involve the source being towed by a
source vessel), a set of controls should be undertaken to separate the
effect of the experimental noise source from the effects of the vessel.
Although the response to controls can be tested using a block
analysis, it is more difficult to integrate any potential response to the
controls in a dose–response relationship in terms of a simple
regression relationship between the response and the dose. In some
studies (e.g. Antunes et al., 2014; Miller et al., 2012; Sivle et al.,
2015), no, or little, response to the controls was found; therefore, it
was probably deemed not necessary.
In this paper, we used the previously measured response of

groups of humpback whales to noise from air guns to investigate
whether there is a quantifiable dose–response relationship between
the received noise level and the source proximity (measured as
distance from the source) and the magnitude of the behavioural
response, whilst accounting for any potential effect of the source
vessel itself. The study presents a novel, and comprehensive,
analytical framework with which to test for a dose–response
relationship which can then be used to make management decisions
regarding the behavioural responses of marine fauna to
anthropogenic noise sources.

MATERIALS AND METHODS
To determine the behavioural response of migrating humpback
whales,Megaptera novaeangliae Borowski 1781, to various air gun
arrays, experiments were carried out over 5 years (2010–2015). The
animal ethics permit for the study was granted by the University of
Queensland Animal Ethics Committee. The behavioural results of
experiments one (2010) and two (2011) have been published
(Dunlop et al., 2015, 2016a), and this study builds on these results
by developing a dose–response model. A pre-experimental power
analysis (Dunlop et al., 2012) was carried out using the behavioural
response to other stimuli (Dunlop et al., 2013) as a basis for the
effect size (minimum required was n=12 based on an assumption of
a greater effect size than that observed in Dunlop et al., 2013).
The general experimental design has been presented before

(Dunlop et al., 2015, 2016a) and will be summarised here.
Experiments were performed off Peregian Beach, in Southeast

Queensland, Australia (26°29′S, 153°06′E), during the migration of
humpback whales from winter breeding grounds to summer feeding
grounds in the Antarctic (2010 and 2011). Each experiment
consisted of a series of ‘trials’, where a source vessel towed air
guns along a designated transect in the study area while behavioural
observations were made. Each trial used one of several treatments
and one or two trials were conducted each good-weather day.
Treatments were either ‘active’where the air gun(s) was operated, or
‘controls’, where the air guns were towed but not operated. There
were also baseline studies in the absence of the vessel.

All trials consisted of three main phases – ‘before’, ‘during’ and
‘after’. In the ‘before’ phase, groups of whales were ‘focally
followed’ by either land- or boat-based teams for at least 1 h. The
source vessel would wait at its designated transect start point,
moving the minimum necessary to keep the array astern of the vessel
and to stay in the vicinity against wind and tide. In 2010, the vessel
was FV Ash Dar S, a 19 m West Coaster, and in 2011, it was RV
Whale Song, a 28 m, 185 ton ship.

After 1 h of the ‘before’ period, the ‘during’ period was initiated,
regardless of where the focal groups were relative to the source
vessel. The vessel moved along a pre-determined path (eastwards
across the migration) for 1 h at 4 knots with the air gun(s) either
firing or not firing while behavioural observations continued, and
then stopped. Note the air gun compressor was operating during
control trials as well as active trials. In 2010, a single Bolt 600B air
gun with a 20 cubic inch chamber bolted into a towfish was used,
towed by FVAsh Dar S at a depth of 5.6 m. In 2011, RVWhale Song
towed an array of six air guns including the same 20 cubic inch gun
as used in 2010 as well as three 40 cubic inch GI air guns, which
enabled it to be used either as a 20 cubic inch source or as a 140
cubic inch source. There were also two 150 cubic inch air guns used
in ramp-up (Dunlop et al., 2016a) but not in the analysis presented
here. The spacing of the air guns and timing of firing of each
element were designed to maximise the horizontal transmission of
sound and reduce directional differences in radiated sound level. In
both years, the air guns were towed 18 m astern of the vessels, fired
every 11 s when operating and were tracked using GPS. Active trials
were designated AE20 for the 20 cubic inch air gun and AE140 for
the 140 cubic inch air gun, while controls were CE1 with FV Ash
Dar S and CE2 with RV Whale Song.

At the end of ‘during’ phase, the vessel slowed again to a
minimum for the ‘after’ period, where behavioural observations
continued for another hour. The land- and boat-based observers (see
below for details) were blind to both the start of the ‘during’ phase
and whether the treatment was an active or control. The ‘trial
director’ (the person who maintains overall coordination of the
experiment, particularly the movement of the research vessels and
source vessel with regard to the initiation of the trial) used a random
block design approach to select which trial was to be carried out on
each day (to remove any subjective choice). This allowed for a
balanced sample size in terms of the number of trials carried out. On
days where two trials were completed, one active and one control
trial were carried out (there were never two active trials in one day).

Land-based behavioural observations were collected daily
(07:00 h to 17:00 h, weather permitting) from two different
stations: the northern station (32 m elevation, 100 m from the
waterline) and a second station 11 km to the south (73 m-high hill
called ‘Emu Mountain’ set 700 m back from the beach). The
stations had unobstructed and overlapping fields of view. Two
‘focal follow’ teams (continuously observing a group for the
duration of the experiment; Kavanagh et al., 2016a) were located at
each station, with a third ‘scan sampling’ team also at the southern
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station to provide contextual data (ad lib observations of all other
groups in the area). Each team tracked humpback whale groups
using a theodolite (Leica TM 1100) connected to a notebook
computer running VADAR tracking software (developed by E.K.;
http://www.brahss.org.au/content/vadar.html). Theodolite-derived
‘fixes’ were annotated with observed behaviours (e.g. blow,
breach, pectoral flipper slap, tail slap, splitting apart of a group,
joining together of two groups), group size and composition, and
direction of travel. Groups, unless joining together, were usually
separated by more than 2 km and followed a predictable course,
speed and dive interval. The track lines were monitored in real-time
to ensure the follow was of a single focal group. If joining, the field
of view allowed these joining animals to be tracked as they
approached the focal group. If splitting apart, the focal follow
continued on the original group (always a female–calf ). The
location of singing whales in the area was determined using a fixed
array of five hydrophones. Each hydrophone was attached to a
mooring and connected to a surface buoy, which transmitted
acoustic data to a base station ashore using a VHF transmitter. This
allowed for recording and real-time tracking of vocalising (usually
singing) whales at the base station (Noad et al., 2004) using
differences in the arrival times of the song sounds at the different
hydrophones (Ishmael software; http://bioacoustics.us/ishmael.
html).
Three boat-based platforms (a 6 m rigid hulled inflatable and two,

5.6 and 6 m, aluminium, centre-console boats) were used for data
collection of focal groups. All behaviours were recorded for each
individual in the group, along with group size and group
composition. The boat was tracked continuously with on-board
GPS to allow the positioning of the group relative to the boat. Boats
attempted to stay within 200 m of their focal group in order to
maintain visibility of behaviours whilst minimising disturbance.
Individual whales were identified early in the focal follow by
distinctive dorsal shapes, markings and fluke markings. Groups
were photo-identified throughout the focal follow and group
members were constantly validated using these photos. If groups
were lost, they were excluded from the analysis. The boat-based
tracking of groups that were tracked simultaneously by a land-based
station was validated, as land and boat data agreed. While focal
groups observed from the boats were usually different to those
observed from land, some were observed by both, allowing
comparison of the data collected for calibrating the land-based
observations (Godwin et al., 2016) and for testing effects of the
small vessels on the behaviour of the groups (Williamson et al.,
2016).

Received levels of air gun array and vessel noise
To calculate the received levels of air gun signals and vessel noise at
the focal groups, four autonomous acoustic recording systems
(CMST-DSTO noise ‘loggers’; www.cmst.curtin.edu.au\products)
were deployed at various positions on the sea floor throughout the
area using subsea moorings with acoustic release units. The
positions of the loggers were changed every few days throughout
field seasons to record sounds of the air guns, vessels and ambient
noise at various positions and propagation paths. Recordings were
made at 27 positions, with a north–south spread of more than 20 km
and an east–west spread of approximately 7.5 km. Distances of
receivers from the air guns ranged from 100 m to more than 10 km.
Loggers used system gains of −3 to 40 dB, with low gains used to
avoid saturation of short-range air gun signals. Most systems were
set with low and high gain channels, each sampling at 4 kHz. All
loggers were individually calibrated by injecting and recording

white noise of known level with the hydrophone in series. This
allowed the full system gain with frequency response to bemeasured
(1 Hz to Nyquist frequency). Hydrophones (either Massa TR1025C
or HiTech, HTIU90) had individual calibration specifications. Eight
Aquatech 520T temperature loggers were deployed (two per noise
logger), one on the seabed and one 11 m above the seabed (water
depths were mainly between 20 and 40 m). These were used to track
water temperature across the study period to check the usual well-
mixed water column at the study site as shown in CTD profiles.

Measured air gun signals recorded on the loggers were calibrated
in the time domain using the full system gain, and 16 descriptive
parameters defined in McCauley et al. (2003) were calculated for
each signal. The air gun arrival time and source–receiver range was
used to establish the source firing time and so source–receiver
geometry. The received levels from the air gun arrays were
measured as sound exposure level (SEL), the time integral of the
squared pressure over the duration of the pulse, as defined in
McCauley et al. (2003) and Dunlop et al. (2015). Source levels of
the 20 and 140 cubic inch arrays were estimated as 199 and 212 dB
re. 1 µPa2 s (SEL) at 1 m, respectively.

A frequency-dependent, empirical acoustic propagation model for
the studyareawas developed using received air gun levels recorded on
the loggers (details in Dunlop et al., 2015). Water depths in the study
area were mainly between 20 and 40 m so propagation over the
recorded frequency range was dominated by the acoustics of the sea
floor. Propagation was complicated by the presence of high-loss
patches where rock was exposed on the sea floor in some areas,
resulting in higher propagation loss compared with that of the
surrounding seabed of relatively deep sand. These rock patches were
spatially delineated using sidescan sonar (Humminbird; http://
humminbird.com.au/technology/side-imaging/) and bathymetry.
The propagation model was determined from regression of received
levels of air gun signals as a function of range for the sand-covered
areas and for the patches. The received position and arrival time of
every air gun signal at followed whales were calculated from
interpolation between the positions and times of consecutive whale
observation points, after allowing for signal travel time. This gave the
propagation path between the source and the whale for each air gun
signal, and the received level was determined from the source level
and the propagation loss with comparison to levels received at the
nearest logger.

The noise of the source vessel during control runs was determined
from the logger recordings. Alignment of the vessel GPS and logger
positions allowed curves of the received noise levels of the vessels to
be developed as a function of range and bearing of the receiver from
the vessel. There was significant variation in the broadband received
levels with bearing and this was incorporated into the estimated
source levels for the vessels. Vessel noise received by whales was
then determined from the source level and the propagation loss with
comparison to levels received at the nearest logger.

The higher gain recordings on the loggers were used to estimate
ambient noise levels for each whale observation time, i.e. the
general background noise not including the sound of the source
vessel or the air guns. Both ambient noise and vessel noise were
measured for frequencies above 7 Hz.

Relevant results of previous studies
The following summarises results of two previous studies (Dunlop
et al., 2015, 2016a,b) which form the basis of this study.

Behavioural response variables (group dive time, course
deviation from south, speed of southward movement, rates of
breaching, pectoral slapping and fluke slapping behaviours, and
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blow rate) were quantified using land- (Kavanagh et al., 2016a) and
boat-based observations of focal groups. Groups that were over
high-loss patches for the entire ‘during’ period (and therefore
received relatively low levels which were difficult to quantify and
which, in some cases, may not have been audible) were also
excluded.
General linear mixed models (GLMMs) were fitted using R (R

Development Core Team 2012) using either the lme4 package
(Bates et al., 2015) or the glmmADMB package (version 0.3: http://
glmmadmb.r-forge.r-project.org/). The first analysis tested the
response of humpback whales to a 20 cubic inch air gun (Dunlop
et al., 2015) and the second to a four-stage ramp-up procedure and a
constant 140 cubic inch air gun array (Dunlop et al., 2016a). Groups
were found to significantly decrease their dive time and speed of
southward movement and increase their course deviation from south
in response to these air gun sources, with some response in the
controls (Dunlop et al., 2015, 2016a). There was no evidence in
either study of significant changes in rates of group surface
behaviours.
The most consistent change in behaviour in the two studies was

the change in movement behaviour (a decrease in the speed of
southwards movement and/or an increase in course deviation from
south). Therefore, for this paper, the response variable used was a
measure of change in movement behaviour.
Movement measures were collapsed into two metrics. The

distance between the predicted and observed positions of the group
was measured after successive 10 min time bins (taking the previous
10 min of data to generate the predicted position), resulting in six
measurements per group per trial (Fig. 1; difference in distance of

the group, DDgp). The change in predicted distance from the source
vessel (Fig. 1; difference in distance to the source vessel, DDsv) was
also calculated after each 10 min time bin, with increased distance
indicating potential avoidance and decreased distance indicating
potential attraction. Maximum received levels within every 10 min
were noted for both the air guns and the vessels (background noise
was used if vessel noise was below ambient background noise), as
well as the minimum distance of the source vessel.

To determine at what point these measures were significantly
different from baseline behaviour and could be considered to be
‘avoidance’ or ‘attraction’ reactions, both the DDgp and DDsv were
compared with similar measures for baseline data in two previous
studies (Dunlop et al., 2016a,b). Observations for baseline data
followed the same procedure as for the active and control trials with
the position of the source vessel predicted using a simulated vessel
travelling with the same speed and path as per other experimental
trials (n=20 groups). These studies found that baseline groups
deviated by around 200 m (95% confidence interval, 164–240 m)
from their predicted course (DDgp), suggesting that a group
deviation from their predicted path in active and control trials
could be considered to be significant if greater than 240 m (i.e.
outside the confidence intervals of the baseline data). A DDgp

deviation of greater than 240 m equated to a DDsv of greater than
150 m (towards or away from the source vessel).

The effect of treatment on these response variables was then
tested using a generalised estimating equation (GEE; Hardin and
Hilbe, 2002) with treatment as a factor variable (five levels:
baseline, AE20, AE140, CE1, CE2). In response to the 20 cubic
inch source, the 140 cubic inch source and one of the controls
(CE2), groups deviated significantly further from their predicted
course compared with baseline groups (DDgp>240 m). However,
there was no significant difference found between the DDsv in
baseline groups compared with the control and active groups. This is
because DDsv responses ranged from negative (indicating the group
approached the source by >150 m) to positive (indicating the group
avoided the source by >150 m). Therefore, despite significant
changes in movement behaviour (DDgp), at a population level
groups did not consistently approach or avoid the source, resulting
in a DDsv close to zero for each treatment. The dose–response
analysis presented here therefore uses received level and proximity
as continuous predictor variables within each treatment, rather than
using treatment as a factor variable.

Testing for a dose–response relationship
This dose–response analysis aimed to determine whether the
response magnitude was related to received level and/or proximity
to each source (20 cubic inch air gun, 140 cubic inch array and two
different control treatments using two different source vessels. A
generalised additive model framework was used to model the
response variables DDgp and DDsv using R software (R Core
Development Team 2015). Specifically, the MRSea (Scott-
Hayward et al., 2014) and geepack (Yan and Fine, 2004;
Højsgaard et al., 2006) packages were used for model fitting and
selection.

DDgp and DDsv were calculated for all control groups (n=20) and
active groups (n=31) as per previous studies. These groups were
north of the source vessel start point at the start of the ‘during’ phase,
and moving in a southward direction. Groups that were south of the
vessel at the start of the ‘during’ phase were excluded as were those
that were ‘milling’ (high course and speed deviation but remaining
in one area) as the behaviour of groups that are already past the
source and that of non-migrating (socialising) groups is likely to be

North

Hydrophone buoys

T0 T1

T1,p

T0

T–1

T1,o

Base
station

Emu Mtn

Fig. 1. Calculation of the difference in distance from the source vessel
after each 10 min time bin. The position of the whale group at T1,p (10 min
after the start of the ‘during’ phase at T0) is predicted from the group’s positions
at T−1 (10 min before T0) and T0 (assuming no change in course and speed)
and compared with where the whales were observed at T1,o. The distance
between predicted and observed positions (solid red line) is the movement
deviance of the group (DDgp). The distance between the group’s predicted and
observed position is alsomeasured to the source vessel at T1 (inverted triangle
which started eastward at T0). This difference in the distance to the source
vessel (solid green line) is the difference in distance after 10 min (DDsv).
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different. The response data ranged from 0 to 1800 (DDgp) and from
−959 to 1135 m (DDsv) and a Gaussian distribution was
appropriate. Environmental covariates wind speed and water
depth were analysed (found to be significant variables in
predicting movement behaviour by Kavanagh et al., 2016a,b, in a
study on the normal migratory behaviour of humpback whales at
this site) along with treatment [factor variable with four levels:
AE20 (n=15 groups), AE140 (n=16 groups), CE1 (n=8 groups),
CE2 (n=12 groups)], received level (SEL) and source vessel
proximity (SVP, measured as distance to the source vessel). Wind
and depth were considered as smooth terms and an interaction term
was assessed between SEL and SVP.
To fit the interaction between SEL and SVP, both continuous

covariates, a complex region spatial smoother (CReSS; Scott-
Hayward et al., 2014) was used to fit a 2D smooth surface, with a
spatially adaptive local smoothing algorithm (SALSA; Walker
et al., 2011). The surfacewas modelled as the sum of basis functions
that decayed exponentially with distance from a series of points
termed ‘knots’. The rate of exponential decay of the basis functions
was chosen to show local patterns without overfitting. CReSS
modelling incorporates both the active treatments with air guns
operating and control treatments with the vessel towing the air guns
while they are silent (the main source of noise for the controls being
the vessel). The exponentially decaying nature of the basis functions
ensures that response predictions are localised in terms of received
level and proximity; in other words, the different decay functions
ensure that control and active treatments are spatially separated. As
the received noise levels of the vessel are much less than those of the
air guns for the same proximity, they are well separated on the
surface, so that the modelled dose–response is local to each source
and determined only by that particular source. Hence, the dose–
response prediction for an air gun noise source is independent of that
for a vessel source.
Smooth terms were fitted using degree 2 B-splines. Owing to the

differing units for the two interacting covariates, they were both
scaled and centred for analysis. For both the 1D and 2D smooths,
Bayesian information criteria were used for selection of number and
location of knots. The 2D smooth (the relationship between
proximity and received level for the different noise sources) was
then used as one of the covariates within the analysis. Others
included were water depth and wind speed, given that both variables
were found to be significant predictors of movement behaviour in
previous studies (Dunlop et al., 2015, 2016a; Kavanagh et al.,
2016b), and treatment. Model selection of covariates was
undertaken using fivefold cross-validation, where a smaller
number indicated a better fitting model. Once the optimal model
was selected, it was rerun in a GEE (Hardin, 2005) framework to
deal with the lack of independence of model residuals. Focal ID was
chosen as the panel structure, within which residuals are permitted
to be correlated, and between which they are considered
independent. The independent working correlation structure was
used to calculate robust standard errors, which in the presence of
positive correlation are inflated compared with the raw standard
errors. These robust standard errors do not affect parameter
estimates but allow appropriate calculation of confidence
intervals. Predictions were made from the best model and a
parametric bootstrap from the GEE model was used to calculate
95% confidence intervals and presented in figures.

RESULTS
The final model for the DDgp included a linear effect of wind speed,
water depth and the interaction term, and that for the DDsv included

a linear effect of wind and the interaction term (in R notation):

DDgp � sðSEL, SVP, d.f. ¼ 4Þ þ wind speedþ water depth; ð1Þ

DDgp � sðSEL, SVP, d.f. ¼ 4Þ þ wind speed: ð2Þ
Treatment was not selected in either response model, probably
because of the large variance in the reaction to each treatment. The
interaction between proximity and the received level of the various
noise sources (CReSS term) was a significant predictor in the group
movement deviation (Fig. 2) and the deviation of groups away from
the source vessel (Fig. 3). Spatially, within this term, the only region
where animals avoided this source was where the noise was from air
guns (upper left of the graph), received levels were over 140 dB re.
1 µPa2 s or dB re. 1 µP (where 1 μP=1×10−7 Pa s) and the sourcewas
less than 3 km away. Response data (including 95% confidence
intervals) are displayed in Figs 2 and 3.

An avoidance response at this distance was not evident in the
control trials, suggesting any avoidance was in response to the air
guns rather than to the source vessel itself.

These results can then be used to create the usual dose–response
plots, whilst controlling for the effect of proximity (Fig. 4A) or
received level (Fig. 4B). For example, at 2 km from the vessel
(Fig. 4A), the DDsv response to the air gun noise was predicted to be
100 m (95% confidence intervals of 40–150 m) and modal received
SELs were 149 and 160 dB re. 1 μPa2 s for the 20 cubic inch air gun
and 140 cubic inch air gun array, respectively. The spread of data
(from 130 to 160 dB re. 1 μPa2 s) was due to the different
propagation pathways of the air gun signals. There was no obvious
difference in response between the two air gun sources at this
distance despite the 11 dB difference in modal received level at
2 km. The difference in response between air guns is more to do
with the combined effects of received level and proximity. Fig. 4B
illustrates the effect of proximity for the same received level
produced by the two different sources. Despite received levels being
the same, groups responded more to the 20 cubic inch source, which
would have been about 2 km closer to the groups at this received
level.

DISCUSSION
Southerly migrating groups of humpback whales (which were
moving towards the air gun source) have been shown to respond to
various air gun sources by slowing their progression southwards
(Dunlop et al., 2015) and deviating more from their southwards
course (Dunlop et al., 2016a). Given that these response variables
were all related to the movement of the group, they were collapsed
into one measure related to their distance from the source vessel,
resulting in a measure of displacement behaviour (Dunlop et al.,
2016a,b). This displacement measure was significantly greater in
control and active groups compared with baseline groups (which
were measured in relation to a simulated vessel), suggesting general
avoidance of the source vessel (though in some cases groups
approached the source vessel). Using this one measure of movement
behaviour allowed the magnitude of displacement to be modelled
against received level and source proximity with the inclusion of the
controls. By using two air gun sources with significantly different
source levels, the correlation between received level and proximity
was broken, allowing their effects to be separated.

CReSS, a spatial smoother model (Scott-Hayward et al., 2014)
was used to fit a surface of the response variable in terms of the
received level and proximity (Figs 2 and 3). The smoothness of the
surface was chosen to show local effects without overfitting. As the
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received levels from the air guns aremuch higher than those from the
vessels for the same proximity, they are well separated, and the
localised nature of the surface fitting ensures that the response of
each source is not affected by the response of other sources. In other
words, the different noise sources, with different relationships
between level and proximity, were used to create the surface. Then
the response to each separate noise sourcewas evaluated in themodel
output, which used the surface in place of the original measures.
Significant responses to the air guns occurred when the source was
within about 3 km and the received level was greater than about 140
re. 1 µPa2 s. When controlling for received level, groups responded

more to the smaller source (which was closer) than to the larger
source, illustrating that proximity to the source is also important (as
suggested in De Ruiter et al., 2013). It should be noted that these
values do not represent the threshold of response but that responses
were more likely to occur within these bounds than outside them. In
addition, the response was highly variable in that some groups did
not respond within these values while others responded outside
them. Treatment (when used as a fixed effect in a block analysis-type
framework) was not a significant effect for either response model
(DDgp or DDsv) because of this large variation in response. Some
groups avoided the source, whilst others approachedwithin the same

Source vessel proximity (m) 
0 5000 10,000 0 5000 10,000 0 5000 10,000

750 

500 

250 

0

160

140

120

R
ec

ei
ve

d 
le

ve
l (

dB
 re

. 1
 µ

P
a2

 s
 o

r d
B

 re
. 1

 µ
P

) 

100

Lower 95% Upper 95%Point estimate

DDgp

Fig. 2. Estimated DDgp according to
the received level of different
sources of noise at a range of
proximities. The colour represents
the estimated response, whilst the
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treatment, resulting in the population DDsv for each treatment being
around zero. In other words, not all movement responses translated
into an avoidance response; therefore, a change in movement
behaviour should not be assumed to be avoidance of the source.
Despite this variance, groups did exhibit a typical dose–response

in that an increase in received level resulted in a stronger avoidance
response. However, it should be noted that the avoidance response
within the active treatments was relatively small, in that groups
deviated from their predicted course by an estimated 500 m,
resulting in about a 100 m difference in distance from the source
vessel. Typical humpback whale groups at this study site travel at
an average speed of 4 km h−1 (Noad and Cato, 2007). If, however,
the group responded dramatically by swimming north away from
the source at 12 km h−1 (within the range of speeds measured by
Noad and Cato, 2007), the maximum deviation of the group from
its predicted pathway would be approximately 2670 m (over
10 min), showing that the whales are capable of a much greater
deviation than observed. It is therefore important to put any
response into context. In this study, even the outlier groups
displayed a deviance from their original course of only 1500 and
1800 m, and these two groups approached the source vessel,
causing a ‘shut-down’ (where the experiment was halted because
groups reached SELs of over 170 dB re. 1 µPa2 s per shot). Apart

from these two groups, the maximum group deviation from their
predicted pathway was just over 1000 m, resulting in a 750 m
greater distance from the source vessel.

No clear dose–response to the controls (the vessels) was found.
Although a behavioural response to the controls was found in previous
studies (and it was therefore deemed necessary to include controls in
the dose–response analysis), this was highly variable in terms of its
occurrence, and the proximity and received levels of the groups that did
respond. In addition, Dunlop et al. (2016a) suggested any response to
the controls was short term and occurred within the first 20 min.
Therefore, the response to the controls did not translate into a consistent
response that could be related to received level and/or proximity to the
ship. The temporal inconsistency of these responses precluded the
development of a meaningful dose–response relationship. Other
studies investigating changes in behaviour of marine mammals in
response to increased levels of naval sonar also considered the effect of
treatment (control versus active) in their initial analysis, though not in
the final dose–response analysis (Antunes et al., 2014; Miller et al.,
2012; Sivle et al., 2015). Little response to the controls was found in
these studies, though the differences in study design (such as the
trajectory of the source relative to the groups, response variables
measured, behavioural state of the whales, species, vessel size, etc.)
make it difficult to compare results.
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Fig. 4. Dose–response plots. DDsv, including 95%
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vertical lines indicate the received levels for the two air
gun sources at 2 km (A; n=31 groups) and the proximity
of the two sources at a received level of 145 dB re.
1 μPa2 s (B; n=31 groups), and the grey indicates the
data limits for the air gun noise (with the vessel noise
noted in A).
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Our study design, where the source vessel followed a
predetermined path, meant that it was independent of the positions
of the whale groups and they were not at a uniform distance and
bearing to the source vessel at the beginning of the ‘during’ phase.
This is in contrast to several other whale behavioural response
studies that target individual whales by heading towards them up to a
specified range or increase the level of a stationary source (Antunes
et al., 2014; De Ruiter et al., 2013; Goldbogen et al., 2013; Miller
et al., 2014; Southall et al., 2012; Tyack et al., 2011). These are
known as ‘dose–escalation’ studies. The disadvantage of our
approach is that it allows less control of exposure levels so there
are fewer data points at higher received levels. The advantage,
however, is that by not controlling this, themovement of the source is
independent of the movements of the whales, so is more realistic, as
this is typical of actual seismic surveys and sonar operations. In
addition, this study is only applicable to migrating whales
approaching a source vessel that is moving directly across their
migratory path, although the whales do show significant behaviour
typical of the breeding grounds. Despite this, the results of this study
are surprisingly consistent with previous studies with humpback
whales in different behavioural contexts. Feeding humpbackwhales,
for example, responded at ranges up to 3 km from the source, at
levels of 150–169 dB re. 1 µPa (Malme et al., 1985). Resting female
humpback whales with calves displayed avoidance reactions at
140 dB re. 1 µPa, though other cohorts reacted at higher levels (157–
164 dB re. 1 µPa; McCauley et al., 2003).
This study presents a methodology with which to assess any

dose–response relationship between a noise source and a
behavioural response in marine mammals. It includes any
potential effects of the vessel itself (by including controls where
the air guns were towed by the vessel but not operated) and tests
both the effect of proximity to the source and received level. We
found that both received level and proximity of a source are
important in terms of eliciting a response. It should be noted that the
values found here (3 km and 140 dB re. 1 µPa2 s.) are specific to this
context, sound type and behavioural state of the whales, and therefore
may be different in other contexts. Also, some groups did not respond
within these values, while others responded outside them, so they do
not provide an absolute threshold. However, the results give dose–
responses in terms of both received level and source distance in a
realistic scenario that will be useful in mitigation and designing ramp-
up. Both received level and proximity to the source should be
considered when making management decisions regarding the
mitigation of the interaction between whales and noise sources.
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