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Humpback whales rely on acoustic communication to mediate
social interactions. The distance to which these social signals
propagate from the signaller defines its communication space,
and therefore communication network (number of potential
receivers). As humpback whales migrate along populated
coastlines, they are likely to encounter noise from vessel traffic
which will mask their social signals. Since no empirical data
exist on baleen whale hearing, the consequences of this are
usually assumed, being the modelled reduction in their
communication space. Here, the communication space and
network of migrating humpback whales was compared
in increasing wind-dominated and vessel-dominated noise.
Behavioural data on their social interactions were then used to
inform these models. In typical wind noise, a signaller’s
communication space was estimated to extend to 4 km, which
agreed with the maximum separation distance between groups
that socially interacted. An increase in vessel noise reduced
the modelled communication area, along with a significant
reduction in group social interactions, probably due to a
reduction in their communication network. However, signal
masking did not fully explain this change in social behaviour,
implying there was also an additional effect of the physical
presence of the vessel on signaller and receiver behaviour.
Though these observed changes in communication space and
social behaviour were likely to be short term and localized, an
increase in vessel activity due to tourism and coastal population
growth may cause more sustained changes along the
humpback whale migration paths.
1. Introduction
Vocal communication networks involve a signaller, one or more
intended receivers and one or more ‘unintended receivers’ such as
‘eavesdroppers’ [1–4]. The size of this communication network is
usually defined as the distance radius from the signaller at which
any other receiver can detect and interpret the signal. This
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depends on the signal level and structure, the propagation environment, levels of background noise and the

receiver’s ability to detect, recognize and discriminate the signal within noise [5]. In the marine environment,
as sound propagates over large distances, cetacean communication networks can be extensive and involve
multiple intended and unintended receivers. Cetaceans are likely to use these networks within feeding (e.g.
[6,7]) and breeding interactions (e.g. [8,9]), meaning effective communication exchanges are essential for
these life functions.

In the underwater environment, there are several natural sources of noise, such as noise from surface
breaking waves during periods of high wind. Noise sources can also be anthropogenic in origin, such
as from vessel activity, oil and gas exploration, naval sonar activity or construction. These noise sources
have the potential to mask signals, meaning they become inaudible to receivers. This will reduce the
size of the communication network and, in turn, may have detrimental effects on feeding or breeding
interactions within these networks. Important data for predicting the potential impacts of masking
include, for the receiver, basic audiograms, critical ratios (CRs) of hearing and identification of
mechanisms that allow receivers some release from masking [10]. For the signaller, important data for
predicting masking include determining which anti-masking strategies are used and how successful
these strategies are [10]. Signalling whales, for example, increase their signal level [11,12], change their
signalling behaviour [13], frequency content [14–16] and duration of their signal [17] in increasing noise.
It is likely, however, that there is a limit to the success of these strategies, especially if the noise source is
anthropogenic in origin and noise levels are above natural noise levels. Therefore, in anthropogenic
noise, the receiver’s ability to detect and interpret sounds may be reduced over and above that in
natural noise, with a higher risk of loss of communication space and reduction in communication network.

Acoustic communication in humpback whales (Megaptera novaeangliae) has been extensively studied,
making this a good model species for cetacean masking studies. The communication space of social sounds
(‘vocalizations’, blow-hole associated sounds and percussive signals generated at the surface) is in the order
of kilometres [18] in a shallow-water environment (less than 50 m). This space includes a network of likely
intended and unintended receivers [8,9]. Their repertoire of humpback whale social vocalizations is diverse
and spans a fundamental frequency range of less than 40 Hz to over 2 kHz. Sound types range from low-
frequency ‘grumbles’ to high-frequency bird-like ‘chirps’ and include modulated (e.g. ‘moans’, ‘trumpets’
and ‘cries’), amplitude-modulated (e.g. ‘purrs’ and ‘growls’) and broadband (e.g. ‘roars’ and ‘underwater
blows’) sound types [19]. These social sounds are commonly heard during breeding [8,9,20,21] and feeding
group social interactions [22–25]. They probably function to provide information on group membership,
changes in group membership (social information), as well as signaller sex, size, location [26] and
motivation [27]. Previous studies found that the communication space of humpback whale signallers
extends to approximately 4 km [18]. Signallers maintained this space in increased wind-dominated noise
by switching from vocal sounds to surface-generated sounds [13] and increasing their vocal source level
[11]. Interestingly, in response to increased vessel-dominated noise, there was no evidence that the signaller
used either of these anti-masking strategies [28]. This implies that when vessels are traversing the area, the
communication space of a humpback whale signaller is significantly reduced. The consequences of this
within the context of breeding interactions, if any, remain unknown.

In baleen whales, apart from anatomical modelling, there are no empirical data on their hearing in
noise. Therefore, if predicting the impact of masking on the receiver, the signal propagation is usually
modelled in various noise conditions and the distance at which the signal disappears below noise is
assumed to equate to the receiver’s audible limits. In other words, assumptions of receiver hearing in
noise, and/or the receivers’s ability to hear (e.g. [29]) or recognize (e.g. [30,31]) the signal must be made.
To do this, these studies assume the distance at which the measured received level of a signal-to-noise
ratio, or signal excess, becomes a certain value (e.g. 0 dB) delimits the signaller’s communication
distance. This study will follow the approach outlined above to define the communication space of
signalling humpback whales but will use behavioural observations of social interactions to further
inform results. Here, communication space will be defined as distance that conspecifics can potentially
receive acoustic signals (modelled communication space) and where there is an observable (social)
response in the receiving whale (from observational data). To test for effects of anthropogenic noise on
this defined space, first, the likely extent of a signalling whale’s communication space will be modelled
and compared in natural (wind) and anthropogenic (vessel) noise. Second, the study will assess the
behavioural consequences of increased vessel noise within the communication network, in terms of
changes in the number of available receivers and changes in acoustically mediated social interactions.
By combining signal-to-noise measurements at a receiver, with observed group social behaviour within
a local communication network, a more informed representation of their important communication
space is presented which does not rely on assumptions of receiver hearing.
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2. Material and methods

2.1. Visual and acoustic data collection
Acoustic recordings were made of groups of migrating (from their breeding ground in the Great Barrier
Reef, towards their Antarctic feeding grounds) humpback whales (September/October of 2002–2004 and
2008). The study site was Peregian Beach, 150 km north of Brisbane, on the east coast of Australia (26°S,
153°E), where the majority of humpback whale groups migrate close to the shoreline (within 10 km). The
array comprised five hydrophone-buoy systems anchored in 20–28 m of water in a ‘T’ configuration.
Buoys 1–3 were anchored in a line 1.5 km offshore, with buoys 4 and 5 extended a further 1 km
offshore. Each system included a High Tech HTI-96-MIN hydrophone with built-in +40 dB pre-
amplifier, a pre-amplifier (+20 dB) and VHF radio transmitter. Real-time radio transmissions from the
buoys were received at a base station using a Yagi antenna attached to a four channel, low noise,
VHF receiver (type 8101) and a Winradio receiver. Sound source locations were calculated by Ishmael
where the mean position of several estimates was calculated over a brief period. A shore-based
theodolite survey of the surface buoys was used to obtain accurate positions. Sounds were then
attributed to migrating groups (see below). For detailed validation experiments, see Noad et al. [32].

Simultaneous land-based tracking of the groups occurred to obtain visual data of migrating
humpback whale groups within a 10 km offshore radius from the acoustic array. All groups were
tracked regardless of whether or not they were vocalizing. Group positions were recorded using a
theodolite linked to Cyclopes (a tracking program developed by Eric Kniest, University of Newcastle,
Australia) each time the group surfaced. Additional observations on group social composition
(number of adults within the group and whether or not there was a calf ) and social behaviour
(splitting of animals from, and joining of animals to, the group) were recorded at each position using
binoculars. The positions of traversing vessels were also recorded by the land-based observation team
using the theodolite, meaning vessels were tracked as they moved through the study site. Visual and
acoustic positions were then overlaid onto the one Cyclopes file so that the tracking could be matched
to groups being visually tracked. Using this overlaid file, the distance of each signalling group to each
hydrophone-buoy receiver was then measured for each recorded social sound. Vocalizing groups were
recorded out to approximately 5 km from the array in all directions, in water depths of between 20
and 35 m. However, these signalling groups were continuously visually tracked when in visual range
(10 km offshore radius from the array), meaning the visual track was longer than the acoustic track
(up to approx. 3 h).
2.2. Sound measurements
The following analysis was limited to daylight hours, given that is when the visual observations were
taking place. Spectrograms of acoustic recordings were produced and viewed using Raven 1.2 (Cornell
Lab of Ornothology) with the FFT size set at 4096 samples, Hamming window and 80% overlap.
Group recordings started when they first became audible on the array (determined by manual
inspection of the spectrogram) and ended when they were no longer audible as the group migrated
out of the area (between 20 and 80 min). Social sounds (n = 1268 vocalizations) were measured from
31 groups (15 in wind noise and 16 in vessel noise). Each social sound was measured using three of
the five hydrophones. These hydrophones were selected to maximize the range of distances from the
signalling group at which the same social sound was recorded, while still having enough signal above
noise to allow measurement (i.e. at least some of the signal was visible in the spectrogram). This
meant the same sound could be measured at an increasing range from the receiver to better quantify
the loss in signal energy with increasing distance.

Each social sound was then isolated from three different channels and saved as a separate file along
with a sample of background noise either just before or just after the sound. This sample included
background singing only if this sound source was also present within the social sound sample. If a
sound was not visible on one of the spectrograms, only two channels were used in the analysis.

Estimates of received and source level were made using a custom-made Matlab script [33]. From the
wavefile, an FFT was used to calculate the frequency content of the sound (FFT size of 16 384, 1.35 Hz
resolution, 50% overlap) and its power spectrum extracted. The power spectrum was calibrated to
account for the sensitivity of the hydrophone and the gain of the system. The full recording chain was
calibrated post-field. All sounds measured were made within the dynamic limits of the system.
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Hydrophone sensitivity was –164 dB re 1 V µPa−1, which included +40 dB gain for the built-in pre-

amplifier. Full system sensitivity varied by 1.5 dB over the frequency range 40–10 000 Hz.
Transmission loss (TL) was measured at the site as described in [34]. A boat and playback of octave

band-limited white noise were used as the sources. As the bottom type was variable (sandy with patches
of rock), the boat conducted runs along lines radiating to and from the array, from distances of 100 m out
to about 10 km. The boat speed was kept constant. Wind speed for that day ranged from 10 to 15 knots,
swell was less than 1 m and there were no significant currents in the area. This gave various regression
lines of received levels as a function of distance from the source

TL ¼ a þ b log(x), ð2:1Þ
where b is the slope of the regression line, x is the distance (m) and a is a constant (which was frequency-
dependent). The value of a may have varied with the direction of the boat (approaching or going away
from the receivers) as the noise radiated forward probably differed from the noise radiated aft. Even so, for
most frequencies, b varied with distance but could be well approximated by two values; one applying to
distances less than, and the other greater than, a cross-over value. Absolute values of TL were determined
by measuring received levels of octave band-limited noise, projected using a J11 source suspended from a
boat (estimating the source level using a hydrophone suspended at a distance of 3 m and corrected to 1 m
assuming spherical spreading). This source was projected at three distances (between 200 and 1000 m) from
the array. The trend in loss, blog(x), from the boat runs was then fitted to the absolute values of loss from
the J11 measurements to determine the value of a for each octave band, by minimizing the sum of the
squares of the differences between a + blog(x) and the data-points from the J11 measurements. Using
equation (2.1), the values were then calculated for each octave band. The signal was then reconstructed and
filtered from 35 to 5623 Hz to eliminate low-frequency turbulence noise and high-frequency system noise.

Broadband background noise levels during this time (NLbb: actual band 36Hz–2.8 kHz) were
estimated using 10 min files isolated from each hydrophone-buoy. As recordings were divided into
10 min files for storage, the file containing the social sound of interest was used for the background
noise measurement. Wind-dominated noise was measured when there were no audible and/or
visually tracked vessels in the area (including shipping vessels in the within-sight shipping channel).
A previous study at this site found the measured noise, in the absence of singer and vessels, was
similar to that observed for wind-dependent noise in Australian waters [35]. In addition, this study
found wind speed (ranging from less than 5 to 15 knots) to be significantly correlated with noise
levels in all 1/3 octave frequency bands [13], suggesting the dominant noise source was due to wind.
Wind-dominated noise levels at the hydrophones could be considered to be similar to levels at the
vocalizing whales. These levels varied from approximately 90 to 112 dB re 1 µPa in wind speeds
ranging from less than 5 knots to approximately 15 knots. The median wind-dominated noise was
100 dB re 1 µPa for this area at a wind speed of 12 knots. The vessel noise environment was due to
passing fishing vessels which were usually audible on the array for 10–40 min depending on the
vessel’s trajectory, distance from the array, speed and size. Measured noise levels were above 100 dB re
1 µPa with mean and modal measured levels being 105 dB re 1 µPa (vessels were approx. 4 km from
the array). Given the distance of the vessel, and therefore measured noise, varied across the three
hydrophones, the hydrophone used to measure the signal was also the hydrophone used to measure
the noise. It should be noted that vessel noise may not have dominated the noise environment for the
entire recording as vessel noise would have faded in and faded out as they traversed the area.

The 1/3 octave band containing the most energy was used as the array received level (RLrms) and
noise levels were then used to calculate array signal-to-noise levels (rSNR) as per Dunlop et al. [34].
From the received level of each sound (RLrms over 35–5623 Hz), the source level was estimated as

SLrms ¼ RLrms þ TL: ð2:2Þ
2.3. Modelled communication space
First, signals were grouped into ‘low frequency’ or ‘high frequency’ (separated by frequency content)
using the results of the classification and regression tree (CART) analysis presented in Dunlop [18]. To
summarize, low-frequency sounds generally had a centre frequency below 158 Hz and a minimum
frequency below 126 Hz, with high-frequency signals above these values.

The communication space has been previously statistically modelled for wind-dominated [18] and
vessel-dominated [36] noise. Further details on the statistical modelling procedure and model outputs
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are presented in the electronic supplementary material, Methods (electronic supplementary material,

figures S1, S2 and table S1). In brief, a two-dimensional smooth surface was fitted to the interaction
between background noise and separation distance between the signaller and array. The response
variable was the received SNR at the array (termed rSNR). This gave a series of trend lines representing
the relationship between the distance of the signalling group from the receiver, broadband noise levels,
and measured rSNR for low- and high-frequency vocal sounds. A separate analysis was carried out for
groups in wind-dominated noise and groups in vessel-dominated noise and in both models. It was
assumed that an rSNR below 0 would equate to reduced ability of receiver humpbacks to discriminate
and/or recognize the signal, meaning, for this study, rSNR = 0 was assumed to delimit the signaller
communication space. To compare the size of the communication space in wind-dominated noise with
vessel-dominated noise, statistical model outputs for the 0 dB rSNR trend lines were selected. Raw data-
points were also selected and plotted to indicate the variation around the displayed trend line.

Further statistical models were run to assess the variation in rSNRs at the receiver. Here, signals
from groups between 900 and 1100 m from the receiver were measured to limit the data to signals
produced from groups approximately 1 km from the receiver (n = 14 and n = 6 groups for low- and
high-frequency models, respectively). Response data (measured rSNRs) were normally distributed.
A generalized linear mixed model framework was used in ‘R’ software with the ‘lmer’ package for
model fitting. Predictor variables were broadband noise with the interaction effect of dominant noise
source (wind or vessel). GroupID was included as a random effect as multiple signals were measured
from the same group.
0967
2.4. Behavioural analysis
The social environment was first quantified and compared between groups measured in wind-
dominated noise, with those measured in vessel-dominated noise, to ensure the social environments
were comparable (see electronic supplementary material, Methods). For every 10 min of the recording,
the mean distance of each neighbour, being the nearest neighbour, second nearest neighbour, and so
on, for every group within a 5 km radius of the signalling group was measured. This gave between
two and eight measured time periods per group, depending on the length of the recording, and a
range of between zero and six neighbours per time period. Social behaviour was then quantified for
each neighbour according to whether (1) or not (0) it interacted with the signalling group, as outlined
in the electronic supplementary material. An interaction was defined as being joined by, or joining,
another group, or another group changing direction and approaching to within approximately 200 m
of the signalling group. To determine if groups were less likely to interact with each other in
increasing vessel noise compared with wind noise, the response variable (neighbour interaction) was
statistically modelled using a generalized linear model, assuming a binomial regression distribution,
and including the interaction effects of neighbour distance, noise source and noise level.
2.5. Communication area and receiver group distribution models
The communication area (circular area around the signaller) was calculated using the radius from the
signaller at which the signal level above noise was equal to 0 dB. This was the most simplistic
representation of communication area and likely to be used in the absence of information on
propagation loss. Four randomly distributed receiver groups (maximum number observed within this
defined communication area) were placed in the area. The communication space for low-frequency
signals was then reduced according to the communication space results for vessel-dominated noise
(loss of radial distance), and the number of groups left within the area counted. This simulation was
repeated 30 times (approximate signaller group sample size) to give an estimated mean (with
standard deviation) of the percentage loss of receiver groups due to the reduced area. The same
random group distribution of four groups within the area was then used to simulate (30 times) the
percentage loss in receiver groups for the high-frequency signal communication space.

Next, the known (taken from the social environment data) percentage loss in the number of receiver
groups was determined for each signaller group (per 10 min) and reported as a mean and standard
deviation for all signallers. Wind and vessel noise data were combined, given there was no significant
difference in receiver group distribution between the two noise environments (electronic supplementary
material, Methods).
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3. Results
3.1. Social environment
From the visual observations, the majority of signalling groups were observed to have between two and
four groups within 5 km (n = 21). In both noise environments, the mean distance of nearest neighbour
was 2 km, with first and third quartile ranges of 1–3 km. The second nearest neighbour mean distance
was approximately 3 km, and the third, approximately 4 km, from the vocalizing group. Signalling
groups most commonly interacted with their nearest neighbour (16 out of 19 interactions), and then
may have further interacted with their second neighbour (n = 1) or third neighbour (n = 2).
3.2. Modelled communication space
The modelled communication space for low-frequency vocalizations was estimated to be 4 km in received
wind-dominated noise levels of 100 dB re 1 µPa wind noise, reducing to 3 km in the same received level of
vessel-dominated noise (figure 1a). These noise levels equated to typical wind conditions and relatively low
received levels of vessel noise. The maximum interaction distance of groups was a separation of 4 km,
where a neighbour turned to head towards a signalling group from this distance to eventually join
together (n = 2). This separation distance matched the likely extent of the communication space for low-
frequency sounds in typical wind-dominated noise. The size of the communication network for
migrating humpback whales, in this shallow-water environment (less than 50 m), was therefore likely to
be between two and four other groups based on the distribution of groups from the signaller.
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For high-frequency vocalizations, the modelled communication space was 2.5 km in typical wind-
dominated noise, given they were lower in level (mean of 149 dB re 1 µPa @ 1 m compared with
156 dB re 1 µPa @ 1 m in low-frequency sounds). This reduced the number of receiving groups within
the network to one or two. Groups, in wind-dominated noise, had a +50% chance of interacting if
separated by less than 2 km (figure 2) suggesting this distance was likely to be important in terms of
acoustically mediated group social behaviour ( joining together). In relatively low received levels of
vessel-dominated noise (100 dB re 1 µPa), the modelled communication space of high-frequency
vocalizations reduced to 1.5 km (figure 1b).

3.3. Effect of increased noise
As received noise levels increased to 105 dB re 1 µPa (mean received vessel-dominated noise and above
average wind-dominated noise), the modelled communication space decreased to approximately 2 km and
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1 km for low- and high-frequency vocalizations, respectively (figure 2a), meaning the network would
probably be reduced to one receiver. By received noise levels of 110 dB re 1 µPa, which is considered to be
high wind noise, or noise from a close-by (within 2 km) vessel, the modelled communication space for both
signal types was reduced to only 1 km. This space may or may not have included one receiver group,
depending on the distance of the nearest neighbour from the signaller. However, although the reduction in
modelled communication space was the same for both noise sources, a neighbour was significantly less
likely to interact with the signalling group when there was a vessel in the area (t = 2.19, p= 0.03; figure 2a).
In wind-dominated noise, signalling groups had an 80% chance of interacting with another group if it
came within 1 km, reducing to a 30% chance if a vessel was present (figure 2). In other words, there was a
reduction in the probability that a signalling group would join with its nearest neighbour in the presence of
a vessel (figure 2b,c).

One explanation for this reduction in interaction behaviour would be increased signal masking.
However, noise level was not a significant predictor in that increased noise did not explain any
reduction in the likelihood of groups to interact. Even in vessel-dominated noise, many received signals
would have been above noise at this close-by separation distance (figure 1), suggesting masking was
not a significant issue. If using 105 re 1 µPa as a generic (average) received vessel-dominated noise level,
though the modelled communication space of both vocalization types was significantly reduced, it was
still beyond 1 km (figure 1). Using signals at which the rSNR = 0 does not include any measure of
variance, in that, signals received by a whale at 1 km are likely to range in rSNRs. If choosing all signals
emitted from groups positioned at 1 km from the receiver, the rSNR of low-frequency signals, in
received vessel noise of 105 re 1 µPa, was up to +13 dB (figure 3a), and for high-frequency signals, up to



Table 1. The modelled communication area based on the distance from the signaller at which the rSNR = 0. The group numbers
within the wind and vessel noise communication areas were estimated assuming a random distribution (of four groups per 50 km2)
and known distribution, using visual data of groups around signalling groups. Standard deviations are in parentheses.

signal type distance (km) area (km2)

random distribution known distribution

no. groups % reduction no. groups % reduction

low-f 4 50 4 2.2 (1.0)

2 50 0.9 (0.9) 77 (22) 1.0 (0.8) 47 (36)

high-f 2 12 0.9 (0.8) 1.0 (0.8)

1 12 0.3 (0.5) 78 (35) 0.5 (0.6) 33 (44)
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+12 dB (figure 3b). In other words, levels of many of the signals at the receiver would have beenwell above
noise. Further, the modelled decrease in the rSNRwith increasing measured noise was significantly less in
vessel-dominated noise compared with wind-dominated noise (table 1 and figure 3b), in that low-
frequency signals were less masked by vessel noise compared with wind noise, as long as the receiver
was within 1 km of the signaller. Therefore, at close group-to-group separation distances, the observed
reduction in interaction behaviour in vessel noise cannot be explained by modelled signal masking.
67
3.4. Communication area and group distribution
To determine the loss of available receiver groups within the communication area in vessel-dominated noise,
first a random distribution of groups within that area (four groups per 50 km2) was assumed using a simple
spherical communication areawith the signalling group at the centre. In vessel-dominated noise, this equated
to an approximately 77–78% reduction in available receiverswithin the network (table 1) for both signal types.
However, the actual distribution of groups at this study site suggests a bias towards the signalling group,
where the density of groups (available receivers) was higher closer to the signalling group (figure 1). Using
this known distribution, the reduction in available receivers due to loss in communication space was
estimated as 47% and 33% for the low- and high-frequency signal communication area, respectively
(table 1). Behavioural data of observed social interactions found that, in wind-dominated noise, the
signalling group had a 70% chance of interacting with the nearest neighbour if the separation distance was
less than 2 km, reducing by 50% in vessel-dominated noise. Therefore, this reduction in interaction
behaviour was greater than that predicted by using known group distribution as a proxy for the likelihood
of social interactions, but less than using a random distribution of groups within the communication space.
4. Discussion
This goal of this study was to acoustically and behaviourally define the communication space and
network of signalling humpback whales and determine if, and how, this was reduced during periods
of vessel-dominated noise. Here, modelled communication space was defined as distance that
conspecifics could potentially send and receive acoustic signals (assuming a signal excess of 0 dB
delimited this distance). However, the significance of this study lies in the use of observable (social)
responses (from behavioural data) in the receiving whale groups to further inform these acoustic
models and assumptions. First, the communication space and network was defined in wind-
dominated (natural) noise. Acoustic results suggest that humpback whale low-frequency social signals
had a modelled communication space of approximately 4 km with a communication network of two
to four other groups. Behavioural data found that humpback whale receivers responded to, and
eventually joined, a signalling group from a maximum separation distance of 4 km, suggesting low-
frequency sounds may function to mediate longer-range interactions between networks of dispersed
groups. However, sighted behavioural interactions were most likely to occur within 2 km, which
agreed with the modelled communication space of higher frequency signals. Higher frequency signals
were of a lower amplitude compared with low-frequency signals and may be used to mediate closer-
range joining interactions. By matching the predictions of communication space from the acoustic
data, with observed social behaviour, fewer assumptions on receiver hearing in noise are required
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when assessing the extent of a signaller’s communication space. This provides a much more accurate tool

with which to fully assess the consequences of increased anthropogenic noise.
Next, to test for effects of anthropogenic noise, the likely extent of a signalling whale’s communication

space was compared in natural (wind) and anthropogenic (vessel) noise. In average vessel-dominated
noise (105 dB re 1 µPa), the modelled communication space of humpback whale low-frequency
vocalizations reduced by half to 2 km. These results are similar to modelled loss in communication
space of humpback whale social sounds in vessel noise in Cholewiak et al. [30]. The communication
space of high-frequency sounds was also reduced by half in vessel-dominated noise, to only 1 km.
This translates to a reduction of four times the communication area, assuming a circular area from the
signaller for both signal types. In theory, this will reduce the number of available receivers and
therefore the number of observed social interactions. To assess this, many studies do not have access
to data on receiver group distribution and social behaviour within the communication area. Rather, a
random distribution of receiver groups around the signaller is assumed. Here, assuming a random
distribution, the number of available receivers reduced from four to one. However, there are two
problems with this assumption. First, observational data found that receiving groups were not randomly
distributed from the signaller, and second, behavioural data found that signallers were highly likely to
interact with the closest receiver. After accounting for these two problems, the reduction in available
receivers within the communication space was reduced by 47% and 33% for low- and high-frequency
signals, respectively. Observed social interactions in vessel-dominated noise, however, found a 50%
reduction in the likelihood of a signalling group interacting with a receiver group within the 2 km
interaction zone. Therefore, using the random distribution of receivers over-estimated the likely
consequences of the reduction in communication network, whereas accounting for observed receiver
distribution, but not signaller/receiver behaviour, underestimated network consequences. This
discrepancy, as explained later, is likely to be due to the physical presence of the vessel.

Though this study focused on the acoustic environment and behaviour of receivers, potential
signaller anti-masking strategies were also considered. The estimated communication space of low-
frequency signals in wind-dominated noise was maintained at approximately 4 km up to received
levels of 100 dB re 1 µPa. This was probably due to the Lombard response found in humpback
whales, where signallers increased their vocal source level in response to increased wind-dominated
noise [11]. In the same received levels of vessel-dominated noise, the communication space was found
to be smaller. A previous study found no signaller Lombard response to increasing vessel-dominated
noise [28]. Vessel noise levels were estimated at the signalling group (in [28]) and were comparable to
those measured at the array in this study. In other words, received levels of vessel noise should have
been high enough to cause a Lombard response in signalling whales but did not. One explanation put
forward in this study was that whales have released from masking, in that they can focus their
attention on the vocalizing conspecific, rather than the vessel noise. This implies the receiver groups, if
possessing the ability for masking relief, would continue to behave as if there was no masking noise
source in the area. Behavioural results presented here showed this was not the case. Further, the
reduction in humpback group interaction behaviour in vessel-dominated noise was not fully explained
by signal masking. Behavioural interactions were most likely to occur when groups were separated by
1 km or less where most signals, even high-frequency signals, were still well above received vessel
noise and unlikely to be masked. Again, this shows the value of using behavioural data to inform
acoustic models.

An alternative explanation for the lack of signaller Lombard response put forward in Dunlop [28] was
that humpback whales were emitting signals at a relatively low level to avoid detection, similar to how
they behave around unintended receivers [8]. In other words, the lack of Lombard response was an
acoustic avoidance response to the presence of the vessel. The physical presence of the vessel has been
shown to reduce bottlenose dolphin [37] and humpback whale [38] foraging activity as well as
bottlenose dolphin resting and socializing behaviour [37]. Other studies, carried out on this
population of humpback whales at this study site, found that humpback whale groups significantly
changed their migration speed and direction to avoid a slowly (4 knots) moving vessel towing (silent)
air gun arrays [39,40]. Therefore, this body of work suggests that not only do migrating humpback
whales physically avoid vessels, but also change their acoustic and social behaviour when vessels are
present. As many of these social interactions are likely to be breeding interactions [8,9,26],
understanding the population consequences of disturbance, in this case reduced potential breeding
opportunities, would be the next step in understanding whale and vessel interactions. The population
used for this study is robust in that it is increasing at 11% per year [41]. These behavioural
interruptions within the communication network, if localized and rare, are unlikely to have a
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significant effect on such a robust population. Given this population is also well studied in terms of

population dynamics, a population consequences model would not be difficult to produce once the
link between reduced group interactions within the communication network and reduced mating
opportunities has been established. These models could be extended to other humpback populations
and other baleen whale species, such as the highly endangered right whale (Eubalaena spp.), where
less is known about their breeding behaviour. For now, the most comprehensive model to estimate the
loss of communication space for baleen whales in vessel noise would be to account for signal type,
receiver group distribution with some knowledge of the local communication network and any
additional (e.g. avoidance) effect of the presence of the vessel.

Along the eastern coast of Australia, and probably other populated coastlines, vessel activity is
increasing due to the growth in the tourism industry. For cetaceans occupying a coastal habitat, vessel
interactions are becoming more of an issue. Current Australian mitigation measures regarding the
interaction of vessels and whales include caution zones (within 300 m of the whale) and exclusion
zones (within 100 m). The assumption with these measures is that staying more than 300 m away
‘reduces the risk of disturbance to natural behaviours’. The results of this study suggest otherwise.
What is clear is that the deleterious effects of vessels on whales are not limited to collisions and
increased signal masking but potential changes in vital function behaviours, such as breeding
interactions, should also be considered. In summary, mitigating vessel activity from a noise and
communication space perspective may not mitigate for behavioural changes within their
communication network.

Ethics. The project operated under animal ethics approval from the University of Queensland Animal Ethics Committee,
a Queensland Government Environment, and Heritage Protection permit and an Australian Government Access to
Biological Resources in a Commonwealth Area for Non-Commercial Purposes permit.
Data accessibility. The article’s supporting data are available on the Dryad Digital Repository: https://doi.org/10.5061/
dryad.65j00m3 [42]. Wind and vessel noise communication models are uploaded as part of the electronic
supplementary material.
Competing interests. There are no competing interests in that funding agencies had no input into experimental design, data
collection, data analysis or interpretation or the writing of the paper.
Acknowledgements. The author would like to thank everyone involved in the Humpback Acoustic Research Collaboration
(HARC; funded by the US Office of Naval Research and the Australian Antarctic Division), in particular the numerous
volunteers who donated their time and energy to this project. I also thank David Paton for his invaluable field
expertise and Eric Kniest for his continued support in the development of Cyclopes. The author would particularly
like to acknowledge Associate Professor Michael Noad for leading the HARC work (without which, this study
would not have been possible) and Dr Douglas Cato for his continued support and mentorship.
References

1. McGregor PK. 1993 Signaling in territorial

systems—a context for individual identification,
ranging and eavesdropping. Phil. Trans. R. Soc.
B 340, 237–244. (doi:10.1098/rstb.1993.0063)

2. McGregor PK, Peake TM, Lampe HM. 2001 Fighting
fish Betta splendens extract relative information
from apparent interactions: what happens when
what you see is not what you get. Anim. Behav.
62, 1059–1065. (doi:10.1006/anbe.2001.1850)

3. Otter K, McGregor PK, Terry AMR, Burford FRL,
Peake, TM, Dabelsteen T. 1999 Do female great
tits (Parus major) assess males by
eavesdropping? A field study using interactive
song playback. Proc. R. Soc. B 266, 1305–1309.
(doi:10.1098/rspb.1999.0779)

4. Peake TM, Terry AMR, McGregor PK, Dabelsteen
T. 2001 Male great tits eavesdrop on simulated
male-to-male vocal interactions. Proc. R. Soc.
Lond. B 268, 1183–1187. (doi:10.1098/rspb.
2001.1648)

5. Wiley RH, Richards DG. 1978 Physical constraints
on acoustic communication in atmosphere—
implications for evolution of animal
vocalizations. Behav. Ecol. Sociobiol. 3, 69–94.
(doi:10.1007/BF00300047)

6. Janik VM. 2000 Source levels and the estimated
active space of bottlenose dolphin (Tursiops
truncatus) whistles in the Moray Firth, Scotland.
J. Comp. Physiol. A 186, 673–680. (doi:10.1007/
s003590000120)

7. Miller PJO. 2006 Diversity in sound pressure levels
and estimated active space of resident killer
whale vocalizations. J. Comp. Physiol. A 192,
449–459. (doi:10.1007/s00359-005-0085-2)

8. Dunlop RA. 2016 Changes in vocal parameters
with social context in humpback whales:
considering the effect of bystanders. Behav.
Ecol. Sociobiol. 70, 857–870. (doi:10.1007/
s00265-016-2108-0)

9. Dunlop RA, Noad MJ. 2016 The ‘risky’ business
of singing: tactical use of song during joining
by male humpback whales. Behav. Ecol.
Sociobiol. 70, 2149–2160. (doi:10.1007/s00265-
016-2218-8)

10. Erbe C, Reichmuth C, Cunningham K, Lucke K,
Dooling R. 2016 Communication masking in
marine mammals: a review and research
strategy. Mar. Poll. Bull. 103, 15–38. (doi:10.
1016/j.marpolbul.2015.12.007)

11. Dunlop RA, Cato DH, Noad MJ. 2014 Evidence of
a Lombard response in migrating humpback
whales (Megaptera novaeangliae). J. Acoust.
Soc. Am. 136, 430–437. (doi:10.1121/1.
4883598)

12. Parks SE, Johnson M, Nowacek D, Tyack PL.
2011 Individual right whales call louder in
increased environmental noise. Biol. Lett. 7,
33–35. (doi:10.1098/rsbl.2010.0451)

13. Dunlop RA, Cato DH, Noad MJ. 2010 Your
attention please: increasing ambient noise
levels elicits a change in communication
behaviour in humpback whales (Megaptera
novaeangliae). Proc. R. Soc. B 277, 2521–2529.
(doi:10.1098/rspb.2009.2319)

14. Heiler J, Elwen SH, Kriesell HJ, Gridley T. 2016
Changes in bottlenose dolphin whistle parameters
related to vessel presence, surface behaviour and
group composition. Anim. Behav. 117, 167–177.
(doi:10.1016/j.anbehav.2016.04.014)

https://doi.org/10.5061/dryad.65j00m3
https://doi.org/10.5061/dryad.65j00m3
https://doi.org/10.5061/dryad.65j00m3
http://dx.doi.org/10.1098/rstb.1993.0063
http://dx.doi.org/10.1006/anbe.2001.1850
http://dx.doi.org/10.1098/rspb.1999.0779
http://dx.doi.org/10.1098/rspb.2001.1648
http://dx.doi.org/10.1098/rspb.2001.1648
http://dx.doi.org/10.1007/BF00300047
http://dx.doi.org/10.1007/s003590000120
http://dx.doi.org/10.1007/s003590000120
http://dx.doi.org/10.1007/s00359-005-0085-2
http://dx.doi.org/10.1007/s00265-016-2108-0
http://dx.doi.org/10.1007/s00265-016-2108-0
http://dx.doi.org/10.1007/s00265-016-2218-8
http://dx.doi.org/10.1007/s00265-016-2218-8
http://dx.doi.org/10.1016/j.marpolbul.2015.12.007
http://dx.doi.org/10.1016/j.marpolbul.2015.12.007
http://dx.doi.org/10.1121/1.4883598
http://dx.doi.org/10.1121/1.4883598
http://dx.doi.org/10.1098/rsbl.2010.0451
http://dx.doi.org/10.1098/rspb.2009.2319
http://dx.doi.org/10.1016/j.anbehav.2016.04.014


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:190967
12
15. Lesage V, Barrette C, Kingsley MCS, Sjare B.

1999 The effect of vessel noise on the vocal
behavior of belugas in the St. Lawrence River
estuary, Canada. Mar. Mamm. Sci. 15, 65–84.
(doi:10.1111/j.1748-7692.1999.tb00782.x)

16. Parks SE, Clark CW, Tyack PL. 2007 Short- and
long-term changes in right whale calling
behavior: the potential effects of noise on
acoustic communication. J. Acoust. Soc. Am.
122, 3725–3731. (doi:10.1121/1.2799904)

17. Miller PJO, Biassoni N, Samuels A, Tyack PL.
2000 Whale songs lengthen in response to
sonar. Nature 405, 903. (doi:10.1038/35016148)

18. Dunlop RA. 2018 The communication space of
humpback whale social sounds in wind-
dominated noise. J. Acoust. Soc. Am. 144,
540–551. (doi:10.1121/1.5047744)

19. Dunlop RA, Noad MJ, Cato DH, Stokes D. 2007
The social vocalization repertoire of east
Australian migrating humpback whales
(Megaptera novaeangliae). J. Acoust. Soc. Am.
122, 2893–2905. (doi:10.1121/1.2783115)

20. Rekdahl ML, Dunlop RA, Goldizen AW, Garland
EC, Biassoni N, Miller P, Noad MJ. 2015 Non-
song social call bouts of migrating humpback
whales. J. Acoust. Soc. Am. 137, 3042–3053.
(doi:10.1121/1.4921280)

21. Silber GK. 1986 The relationship of social
vocalizations to surface behavior and aggression
in the Hawaiian humpback whale (Megaptera
novaeangliae). Can. J. Zool. 64, 2075–2080.
(doi:10.1139/z86-316)

22. D’Vincent CG, Nilson RM, Hanna RE. 1985
Vocalization and coordinated feeding
behaviour of the humpback whale in
southeastern Alaska. Sci. Rep. Whales Res. Inst.
Tokyo 36, 41–47.

23. Parks SE, Cusano DA, Stimpert AK, Weinrich MT,
Friedlaender AS, Wiley DN. 2014 Evidence for
acoustic communication among bottom
foraging humpback whales. Sci. Rep. 4, 7508.

24. Sharpe FA, Dill LM, Beaver V, Spellman B. 1998
Killing me softly: feeding calls of the Alaskan
humpback whale. In Abstracts of the World Marine
Mammal Science Conf.,Monaco, January, pp. 20–24.
25. Thompson POW, Cummings WC, Ha SJ. 1986
Sounds, source levels and associated behavior of
humpback whales, Southeast Alaska. J. Acoust.
Soc. Am. 80, 735–740. (doi:10.1121/1.393947)

26. Dunlop RA, Cato DH, Noad MJ. 2008 Non-song
acoustic communication in migrating humpback
whales (Megaptera novaeangliae). Mar. Mamm.
Sci. 24, 613–629. (doi:10.1111/j.1748-7692.
2008.00208.x)

27. Dunlop RA. 2017 Potential motivational
information encoded within humpback whale
non-song vocal sounds. J. Acoust. Soc. Am. 141,
2204–2213. (doi:10.1121/1.4978615)

28. Dunlop RA. 2016 The effect of vessel noise on
humpback whale, Megaptera novaeangliae,
communication behaviour. Anim. Behav. 111,
13–21. (doi:10.1016/j.anbehav.2015.10.002)

29. Tennessen JB, Parks SE. 2016 Acoustic
propagation modeling indicates vocal
compensation in noise improves communication
range for North Atlantic right whales. Endanger.
Species Res. 30, 225–237. (doi:10.3354/
esr00738)

30. Cholewiak D et al. 2018 Communicating amidst
the noise: modeling the aggregate influence of
ambient and vessel noise on baleen whale
communication space in a national marine
sanctuary. Endanger. Species Res. 36, 59–75.
(doi:10.3354/esr00875)

31. Hatch LT, Clark CW, Van Parijs SM, Frankel AS,
Ponirakis DW. 2012 Quantifying loss of acoustic
communication space for right whales in and
around a US National Marine Sanctuary.
Conserv. Biol. 26, 983–994. (doi:10.1111/j.1523-
1739.2012.01908.x)

32. Noad MJ, Cato DH, Stokes MD. 2004 Acoustic
tracking of humpback whales: measuring
interactions with the acoustic environment. In
Proc. of Acoustics 2004, Annual Conf. of the
Australian Acoustical Society, Gold Coast, 3–5
November 2004, pp. 353–358.

33. Girola E, Noad MJ, Dunlop RA, Cato DH. 2019
Source levels of humpback whales decrease
with frequency suggesting an air-filled
resonator is used in sound production. J. Acoust.
Soc. Am. 145, 869–880. (doi:10.1121/1.
5090492)

34. Dunlop RA, Cato DH, Noad MJ, Stokes DM. 2013
Source levels of social sounds in migrating
humpback whales (Megaptera novaeangliae).
J. Acoust. Soc. Am. 134, 706–714.

35. Cato DH. 1996 Ambient sea noise in waters near
Australia. J. Acoust. Soc. Am 60, 320–328.
(doi:10.1121/1.381109)

36. Dunlop RA. 2018 The communication space of
humpback whale social sounds in vessel noise.
Proc. of Meetings on Acoustics 35, 010001.
(doi:10.1121/2.0000935)

37. Bas AA, Christiansen F, Öztürk B, Öztürk AA,
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