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Abstract

Anthropogenic noise across the world’s oceans threatens the ability of vocalizing

marine species to communicate. Some species vocalize at key life stages or whilst

foraging, and disruption to the acoustic habitat at these times could lead to adverse

consequences at the population level. To investigate the risk of these impacts, we

investigated the effect of vessel noise on the communication space of the Bryde’s

whale Balaenoptera edeni, an endangered species which vocalizes at low frequencies,

and bigeye Pempheris adspersa, a nocturnal fish species which uses contact calls to

maintain group cohesion while foraging. By combining long-term acoustic monitor-

ing data with AIS vessel-tracking data and acoustic propagation modelling, the

impact of vessel noise on their communication space was determined. Routine ves-

sel passages cut down communication space by up to 61.5% for bigeyes and 87.4%

for Bryde’s whales. This influence of vessel noise on communication space exceeded

natural variability for between 3.9 and 18.9% of the monitoring period. Additionally,

during the closest point of approach of a large commercial vessel, <10 km from the

listening station, the communication space of both species was reduced by a maxi-

mum of 99% compared to the ambient soundscape. These results suggest that ves-

sel noise reduces communication space beyond the evolutionary context of these

species and may have chronic effects on these populations. To combat this risk, we

propose the application or extension of ship speed restrictions in ecologically signifi-

cant areas, since our results indicate a reduction in sound source levels for vessels

transiting at lower speeds.
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1 | INTRODUCTION

Anthropogenic activity is changing the soundscape dynamics of many

terrestrial and aquatic ecosystems globally (Barber, Crooks, & Fristrup,

2010; Erbe, Williams, Sandilands, & Ashe, 2014; Francis, Ortega, &

Cruz, 2009; Frisk, 2012; Hildebrand, 2009; Merchant et al., 2016;

Proppe, Sturdy, & St. Clair, 2013). Soundscape ecologists and govern-

ing bodies alike are concerned because large commercial vessel noise

lies between 0.1 and 1 kHz (Hildebrand, 2009), which overlap the

frequency range used by many species of aquatic animals for commu-

nication. Invertebrates produce sound both actively for behavioural

display (Buscaino et al., 2012) and passively while feeding (Radford,

Jeffs, Tindle, & Montgomery, 2008b). Fish typically produce sound for

social cohesion (van Oosterom, Montgomery, Jeffs, & Radford, 2016),

reproductive displays and territorial defence (Amorim, Vasconcelos,

Marques, & Almada, 2006). Similarly, marine mammals use sound as a

primary means of communication as well as to attract mates from a

great distance (Payne & McVay, 1971; Payne & Webb, 1971). The
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growing understanding that sound plays a critical role in the life his-

tory of many aquatic animals has led to the recognition of anthro-

pogenic noise as a major pollutant of international concern

(Richardson, Greene, Malme, & Thomson, 1995; Radford, Kerridge, &

Simpson, 2014), with progressively more research programmes

around the globe focusing on the effect of noise on aquatic life (Erbe,

2012). Government departments in many countries regulate under-

water noise emission, and industries undertake environmental impact

assessments before any planned aquatic activity.

Anthropogenic noise can cause effects at scales ranging from

individual organisms to ecological communities. At the individual

level, anthropogenic noise can cause physical injury and behavioural

effects. Physical injury to the vestibular, reproductive or nervous sys-

tems, although potentially lethal, is rare (Erbe, 2012) and the injured

animal would have to be very close to the noise source for physical

damage to tissues and organs to occur (Dooling, Westm, & Leek,

2009). Auditory injury, such as hearing loss or threshold loss

depends on the noise level, rise time, duration and spectral charac-

teristics of the introduced signal (Erbe, 2012). The range over which

auditory injury can occur is also source dependent (Dooling et al.,

2009). Temporary threshold shift (TTS) occurs when the hair cells of

the inner ear are fatigued, yielding an increase in the auditory

threshold. Fish (Caiger, Montgomery, & Radford, 2012; Smith, Kane,

& Popper, 2004) and marine mammal species (Kastak, Southall,

Schusterman, & Kastak, 2005; Lucke, Siebert, Lepper, & Blanchet,

2009; Nachtigall, Supin, Pawloski, & Au, 2004) have been found to

sustain TTS when exposed to anthropogenic noise. Goldfish (Caras-

sius auratus) took 14 days to fully recover to control hearing levels

after exposure to 21 days of aquaculture noise (Smith et al., 2004).

Mean threshold shifts ranged from 2.9 to 12.2 dB when three spe-

cies of pinnipeds where exposed to noise, with full recovery of audi-

tory sensitivity occurring within 24 hr (Kastak et al., 2005). The

likelihood of TTS occurring is increased the higher the sound level

and the longer the duration of exposure (Weilgart, 2007). Permanent

threshold shift (PTS) occurs when the hearing does not fully return

to normal after noise exposure, for example snapper (Pagrus auratus)

exposed to airgun noise sustained extensive damage to their hair

cells, with no evidence of repair up to 58 days after exposure

(McCauley, Fewtrell, & Popper, 2003). However, potentially longer

term and large-scale impacts of anthropogenic noise may be on

behaviour, including acoustic communication because this can be

affected by lower sound intensities (Radford et al., 2014). Introduced

sound into an environment could potentially distract or detrimentally

change behavioural performance (Purser & Radford, 2011). Further-

more, aquatic animals could be displaced or elect to avoid their habi-

tat permanently in response to introduced sound. Grey whales

(Eschrichtius robustus) altered their migration course when exposed

to low-frequency (160–330 Hz) vessel noise (Moore & Clarke, 2002)

and catch rates of cod (Gadus morhua), haddock (Melanogrammus

aeglefinus) (Eng�as, Løkkeborg, Ona, & Soldal, 1996) and rockfish

(Sebastes spp.) (Skalski, Pearson, & Malme, 1992) were lower in habi-

tats following exposure to seismic exploration noise. Alterations in

the way conspecifics are distributed in the environment, even for a

short time period, could subsequently impact the likelihood of

detecting signals and the effort needed to acquire that information.

Therefore, exposure to anthropogenic noise could influence not just

individual fitness but information flow through conspecific networks

and whole communities (Francis & Barber, 2013; Naguib, 2013).

Masking of sound can either be energetic, whereby the signal of

interest is overlapped by sound in the same frequency and time, or

informational, whereby the signal cannot be disentangled from the

ambient soundscape (Clark et al., 2009). Both result in reduction of

a caller’s communication space (the range over which one conspeci-

fic can detect another), as the signal cannot be perceived, recognized

or decoded. Anthropogenic noise could significantly reduce the com-

munication space of many aquatic species. Vessel traffic noise

reduced the communication range of cod and haddock, which was

suggested to affect reproductive success (Stanley, Van Parijs, &

Hatch, 2017). The two species vocalize during spawning and poten-

tial masking could result in the incorrect assessment of the quality of

potential mates and reduction in the ability to attract mates (Rowe,

Hutchings, Skjæraasen, & Bezanson, 2008; Stanley et al., 2017). A

reduction in the communication space of bottlenose dolphins (Tur-

siops truncatus), because of anthropogenic noise, was suggested to

interrupt social behaviour and disrupt group dynamics (Janik, 2000).

Furthermore, anthropogenic noise could potentially decrease pup

survival by reducing the aerial communication space of female and

pup attraction calls for northern elephant seals (Mirounga angu-

stirostris; Southall, Schusterman, & Kastak, 2003).

To accurately investigate an animal’s communication space, the

acoustic behaviour (source level, frequency range and/or hearing

threshold) of the animal in question and the local sound propagation

conditions must be understood. Habitat type (such as reef, coastal,

offshore) and time (whether noise occurs during feeding, breeding or

migration) also need to be taken into account to critically assess

whether any change is biologically relevant for a particular species

(Clark et al., 2009). Uncertainty regarding the specific effects of

anthropogenic noise combined with a lack of data on current and his-

toric ambient sound levels limits policymakers in their ability to for-

mulate absolute thresholds for ecologically sustainable sound levels

(Merchant et al., 2016). Deep water observations indicate that the

ambient soundscape in the Northeast Pacific has been rising by 3–

10 dB between 20 and 300 Hz since at least the 1960s (Andrew,

Howe, Mercer, & Dzieciuch, 2002), due to increases in the number

and gross tonnage of vessels, reflecting global economic growth

(Frisk, 2012). Importantly, the extent to which these open ocean

trends apply to coastal areas where anthropogenic activity is concen-

trated is unclear (Merchant, Witt, Blondel, Godley, & Smith, 2012).

A key recommendation of reports dealing with the issue of

anthropogenic noise is the need to establish acoustic budgets (Hatch

et al., 2008), thereby defining the relative contributions of identifi-

able sound sources to the soundscape. Acoustic budgets for Stellwa-

gen Bank National Marine Sanctuary, USA (Hatch, Clark, Van Parijs,

Frankel, & Ponirakis, 2012; Hatch et al., 2008) and the British

Columbia coastline, Canada (Erbe et al., 2014) were among some of

the first research efforts to establish baseline data for ecologically
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significant areas. Understanding the baseline communication space

of individual animals is an important step in determining the effect

of changes in the acoustic budget of an area. Other studies have

focused on determining the key factors contributing to vessel noise,

including vessel design, operational and oceanographic characteristics

(McKenna, Ross, Wiggins, & Hildebrand, 2012; McKenna, Wiggins, &

Hildebrand, 2013). It can be speculated that the communication

space of individual animals will undergo the greatest reduction when

longer and faster vessel pass by because they have previously been

recorded to produce higher source levels (McKenna et al., 2013).

Our study site was the Hauraki Gulf, north-eastern New Zealand,

an ecologically significant embayment with numerous species of

soniferous marine animals (Putland, Constantine, & Radford, 2017)

as well as a major shipping route (Kelly, Sim-Smith, Faire, Pierre, &

Hikuroa, 2014), making it a suitable location for the investigation of

anthropogenic noise. Defining the relative contribution of vessel

noise here in the Hauraki Gulf also provides a bellwether for other

coastal port areas because, following global trends, vessel traffic is

expected to increase by 70–75% in the next 20 years (Ports of

Auckland, 2010). There are also plans in place to accommodate lar-

ger vessels as well as increasing container volumes (Auckland Coun-

cil, 2017; Kaplan & Solomon, 2016). With this in mind, the present

study had two objectives: firstly, to establish baseline data on

anthropogenic noise from commercial vessels throughout the Hau-

raki Gulf; secondly, to use this information to determine the effect

of vessel noise on the communication space of bigeye, Pempheris

adspersa, and Bryde’s whales, Balaenoptera edeni. These two species

are both residents of the Hauraki Gulf and communicate using sound

(Constantine et al., 2015; van Oosterom et al., 2016; Radford, Ghaz-

ali, Jeffs, & Montgomery, 2015). Bryde’s whales vocalize at a rate

and frequency range similar to many other baleen whales (Moore,

Stafford, Dahlheim, & Fox, 1998; �Sirovi�c, Hildebrand, Wiggins, &

Thiele, 2009; Stafford, Mellinger, Moore, & Fox, 2007), suggesting

Bryde’s whales would be a suitable model species to investigate the

potential consequences of increasing anthropogenic noise on vocal

baleen whales’ communication space in coastal waters. The source

level and hearing ability of bigeyes is known from laboratory experi-

ments (Radford et al., 2013, 2015), which can be directly used in the

communication space model. Bigeyes also provided the first direct

experimental evidence that vocalizations are used as contact calls to

maintain group cohesion in fishes (van Oosterom et al., 2016), mak-

ing communication space directly linked to their life history. It can

be speculated that other reef fish vocalize to maintain group cohe-

sion because fishes represent over half of all vertebrate species;

therefore, bigeyes are a suitable model species to investigate the

effect of anthropogenic noise on the communication space of fishes.

2 | MATERIALS AND METHODS

A passive acoustic monitoring dataset was collected from the study

site and analysed to identify recordings that contained the general

background soundscape devoid of vessel passage noise (background),

and those with vessel passage noise (transient). Automatic Identifica-

tion Ship tracking data (AIS) was used to single out recordings that

contained the closest point of approach (CPA) of vessel passages

and the source levels of CPAs were back calculated using a site-spe-

cific propagation model. The source level of vocalizations, hearing

capability and detection threshold were assessed for each species.

The communication space of each species was then quantified

according to background, transient and CPA and compared to the

baseline communication space (calculated using the median back-

ground noise level; Figure S1).

2.1 | Acoustic analysis

2.1.1 | Passive acoustic monitoring

Acoustic data were collected at four listening stations around the

Hauraki Gulf, north-eastern New Zealand for 9 months between

October 2014 and June 2016 using omnidirectional acoustic recor-

ders (ST202 Ocean Instruments, NZ; Figure 1). Deployment locations

F IGURE 1 Map of the Hauraki Gulf, New Zealand showing the four
listening stations: Jellicoe Channel (JC), Flat Rock (FR), Shearer Rock (SR)
and Horn Rock (HR) each surrounded by the 10 km radius used to find
each vessel’s closest point of approach (CPA). Triangles represent the
145 CPAs identified over the 9-month monitoring period. Bathymetry of
the area is also shown by the colour-bar from 0 to 65 m. Map produced
using ArcGIS 10.3.1 (http://www.esri.com/software/arcgis/)
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were chosen to be in close proximity to the most traversed shipping

routes into the Ports of Auckland (Constantine et al., 2015). At Horn

Rock and Shearer Rock, hydrophones were attached to a weighted

stand 1 m off the seafloor and retrieved by a diver. At Flat Rock and

Jellicoe Channel, the hydrophones were suspended 2 m off the sea-

floor using an acoustic release (Desert Star Systems). All hydro-

phones were calibrated prior deployment using a pistonphone using

a 1 kHz tone. At all listening stations, the hydrophones recorded on

a duty cycle of 2 min every 20 min for the duration of each deploy-

ment, with a sample rate of 144 kHz and �3dB frequency response

of 10 Hz–72 kHz. Self-noise of the instruments was <34 dB/√Hz re

1 l Pa above 2 kHz (Ocean Instruments NZ).

2.1.2 | Adaptive threshold level

Power spectral density (PSD) was calculated in 1 Hz bins (between

10 and 1,000 Hz) for every recording taken during the 9 months of

corresponding AIS data using a fast Fourier transformation (FFT),

applying a 1 s Hann window with 50% overlap.

An adaptive threshold level (ATL) was then used to determine

the relative level of vessel passage noise above the background

soundscape (only biological and geophysical sounds). The ATL works

on the assumption that the minimum recorded SPL over a given per-

iod is representative of background sound within that period. The

threshold adapts to long-term variations in the broadband SPL while

distinguishing short-term relatively high amplitude events as transient

(Merchant et al., 2012). This method was considered preferable to a

fixed threshold, which would be insensitive to the temporal variabil-

ity of the soundscape (Merchant et al., 2012) and would have to be

adjusted for each listening station due to the spatial heterogeneity

of soundscapes throughout the Hauraki Gulf (Putland et al., 2017).

The time-dependent ATL(t) for broadband SPLs (10–250 Hz) was

calculated as:

ATLðtÞ ¼ min½SPL� tþ
W
2

t� W
2

þ CðdB re 1 lPaÞ (1)

where ATL(t) is C decibels above the minimum recorded SPL within

a rolling time window of duration W centred on time t (Merchant

et al., 2012). In this study, W was set to 4 hr, because crepuscular

activity on rocky reefs has been found to raise the sound intensity

for over 3 hr (Radford, Jeffs, Tindle, & Montgomery, 2008a) and C

was set to 9 dB after trialling three different levels (6 dB, 9 dB and

12 dB). The SPL was calculated between 10 and 250 Hz because

this was representative of the frequency range of vessel passages.

Once the ATL distinguished background and transient recordings,

the concurrent PSD between 10 and 1,000 Hz was retrieved from

original PSD calculations.

To verify the ATL was correctly identifying vessel noise as tran-

sient, 18 days at each listening station (corresponding to the full and

new moon from each month) were manually inspected both aurally

and visually using scrolling spectrograms (FFT length = 1,024). At

Jellicoe Channel, Flat Rock, Shearer Rock and Horn Rock, the false-

positive rate was found to be 0.04, 0.07, 0.04 and 0.11, respectively

(Table 1). False positives were caused by rare events that increased

the sound intensity between 10 and 250 Hz; at Horn Rock and

Shearer Rock the movement of the equipment, at Jellicoe Channel

the vocalizations of Bryde’s whales and at Flat Rock the sound of

earthquakes (Putland et al., 2017).

2.2 | Vessel-tracking data

To further understand the contribution vessel passage sound had on

the ambient soundscape, Automatic Identification System (AIS) ves-

sel-tracking data were sourced for the 9 months of acoustic data

(November 2014; January, March, April, July, October 2015; and

January, February and March 2016). The distance of each vessel

from the listening stations was calculated from its AIS latitude and

longitude coordinates. Positions were plotted against time, linking

data points from the same vessel (identified in the AIS log by the

International Maritime Organization (IMO) number). Only vessels

classified as container, tanker or cargo passing within a 10 km radius

of any listening station were included in this study. Each vessel pas-

sage was considered an independent event and vessel identification

was not considered as an influencing covariate.

The closest point of approach (CPA) of each vessel (n = 145)

was computed geometrically (using great-circle distance), assuming

each vessel maintained a direct course and constant speed between

AIS transmissions. Each CPA had its concurrent acoustic data manu-

ally verified with the CPA eliminated from further analysis if another

vessel passed within �30 min or if an urchin chorus was present

(since this would contaminate the subsequent source level estimate

at higher frequencies).

2.3 | Source level of vessel passages

Integrating AIS and acoustic data, the received sound level for each

CPA was taken as the average PSD from the concurrent 2-min

TABLE 1 Information taken from adaptive threshold (ATL) results.
False-positive rate during manual verification. Percentage of
recordings over the 9 months analysed that were classified as
transient (when broadband sound pressure level (SPL) exceeded ATL)
and the median difference in SPL the transient recordings exceeded
the concurrent ATL

Listening
station

False-positive rate
of adaptive
threshold
level (ATL)

%
Transient
recordings

Median
difference
between ATL
and transient
(�95%
confidence)
(dB re 1 lPa2)

Jellicoe

Channel (JC)

0.04 18.9 4.9 � 0.2

Flat Rock (FR) 0.07 7.1 3.1 � 0.3

Shearer

Rock (SR)

0.04 10.2 2.9 � 0.2

Horn Rock (HR) 0.11 3.9 1.4 � 0.3
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acoustic recording. These received sound levels (RL) were then com-

bined with a model of transmission loss (TL; the sound energy lost

along the path from the ship source to the receiver) to estimate the

vessel’s source level (SL; the root-mean-square sound level of the

source at a nominal distance of 1 m, expressed in dB re 1 lPa):

SL ¼ RLþ TL (2)

The transmission loss model was based on Weston’s equations

(Farcas, Thompson, & Merchant, 2016; Weston, 1971), which

accounts for bathymetry and sediment reflectivity characteristics.

The original gridded bathymetry data sourced had a resolution of 5–

10 m; therefore, a bi-linear interpolation was used to produce a 1 m

resolution transect of bathymetry between the listening station and

CPA. Seafloor sediment characteristics were obtained from previous

sound propagation measurements made in the Hauraki Gulf (Tindle,

1982; Tindle et al., 1978).

Source level estimates were calculated in 1/3 octave bands

(American National Standard ANSI, 2004). The SL of CPAs could

then be analysed considering speed (kts), gross tonnage and ship

length (m) and unique vessels with multiple passages identified.

2.4 | Communication space estimation

Bigeyes vocalize between 74 and 980 Hz (with a source level of

115.8 � 0.2 dB re 1 lPa at 1 m; Radford et al., 2015) and have a

peak hearing sensitivity between 100 and 400 Hz (Radford et al.,

2013), which is within the dominant sound energy of their vocaliza-

tions. Bryde’s whales in the Hauraki Gulf vocalize between 23.5 and

207.8 Hz (Constantine et al., 2015; Putland et al., 2017), with a

source level between 152 and 174 dB re 1 lPa at 1 m (Cummings,

Thompson, & Ha, 1986; �Sirovi�c, Bassett, Johnson, Wiggins, & Hilde-

brand, 2014). As is the case for all baleen whale species, Bryde’s

whale hearing sensitivity is unknown although it is assumed they are

using their vocalizations for interspecific communication, thereby

their hearing sensitivity is within their vocalization frequency range.

The communication space of bigeye and Bryde’s whales was

derived by rearranging the following equation (modified from Clark

et al., 2009):

SE ¼ SL� TLsp � SPL�DT (3)

Where SE is signal excess, which at SE = 0 defines the 50%

probability of signal detection; SL is the source level of the vocaliza-

tion, for bigeyes measured at four frequencies from the third octave

bandwidths 125, 250, 500 and 1,000 Hz (Radford et al., 2015) and

for Bryde’s whales calculated over the frequency range 40–1,000 Hz

by averaging data from various sources (Constantine et al., 2015;

Cummings et al., 1986; �Sirovi�c et al., 2014); SPL is the background,

transient or CPA SPL; TLsp is spherical spreading transmission loss,

calculated as 20log(r) (Mann, 2006), where r is the range in metres,

and DT is detection threshold, defined as the difference between

the signal and background SPL where a signal can be perceived.

There is no data on DT for fish, so a conservative value of 15 dB

was used (Kastelein, de Haan, & Verboom, 2007), whereas for

marine mammals a widely accepted DT of 10 dB was used (Clark

et al., 2009; Kastelein et al., 2007). Furthermore, we assumed for

the purpose of these calculations, that (i) signal detection is limited

by the ambient soundscape; (ii) vocalization SL does not vary in

response to the background SPL and (iii) fish and whales have omni-

directional hearing sensitivity.

The communication space of an individual fish or whale (Equa-

tion 4) was derived from Equation 3 when SE = 0,

r ¼ 10
SL�SPL�DT

20 (4)

Substituting SPL for three different scenarios:

1. Background received level (to assess how natural variability of

the soundscape affects communication space)

2. Transient received level (to assess how routine vessel passages

affect communication space)

3. CPA received level (to assess how a vessel passage at a known

distance affects communication space).

Each communication space estimate was then compared to a

baseline (taken as the median background SPL at each listening sta-

tion) to standardize the three scenarios (Figures S1 and S2). The dif-

ference in communication space was calculated as a unit distance

(metres or kilometres) as well as percentage.

3 | RESULTS

3.1 | Detection of vessel passages

The adaptive threshold classified between 3.9 and 18.9% of the

recordings from the 4 listening stations as transient suggesting ves-

sel passages (Table 1). As expected, the transient SPL was higher

across all third octave frequencies at all listening stations (Figures

S3–S6).

3.2 | Impact on communication space

Background SPL decreased communication space for bigeyes (at

250 Hz, the 1/3 octave frequency closest to the vocalization peak

frequency) by 42.0, 31.8, 37.7, 27.6% at Jellicoe Channel, Flat Rock,

Shearer Rock and Horn Rock, respectively, when compared to the

median background SPL. Differences in Bryde’s whale communica-

tion space followed a similar pattern to that shown for bigeyes.

Background SPL decreased communication space (at 40 Hz, 1/3

octave centre frequency closest to peak frequency of the Bryde’s

whale vocalization) by a maximum of 48.4, 37.2, 44.9 and 25.6% at

the four listening stations. Loss of communication space from vessel

passages exceeded variability in background sound for both species

(Figures 2 and 3). For bigeyes routine vessel passages (identified

from transient recordings) decreased communication by 61.5, 55.3,

56.5 and 31.3% at 250 Hz, whilst CPAs decreased the communica-

tion space further still by 99.9, 99.8, 99.8 and 99.8% for the four lis-

tening stations (Figure 2, Table S1). Likewise, for Bryde’s whales

PUTLAND ET AL. | 5



transient vessel passages caused a 84.7, 68.8, 67.3 and 32.7% reduc-

tion and CPAs a 99.8, 99.9, 99.9 and 99.9% reduction at the four lis-

tening stations (Figure 3, Table S3).

The difference in communication space also differed according to

1/3 octave centre frequency. For bigeyes, the reduction in communi-

cation space was highest at 125 and 1,000 Hz (Figure 2), whereas

for Bryde’s whales, the reduction in communication space was most

pronounced in the lower frequencies (40–100 Hz) at Jellicoe Chan-

nel, Flat Rock and Horn Rock (Figure 3).

There was also a difference in the effect of sound from back-

ground, transient vessel passages and CPA recordings between lis-

tening stations, according to the reduction in communication space

as a unit distance. However, there was no difference between the

listening stations when the reduction is given as a percentage com-

pared to the baseline communication space. Jellicoe Channel had the

largest baseline communication space for both species (Figures S2

and S3) reflecting that this station had the lowest median back-

ground SPL, at 40 Hz SPL was 76.7 dB re 1 lPa2/Hz and at 250 Hz

F IGURE 2 Reduction in the communication space (left axis (%) and right axis (metres)) of bigeye caused by the change in the background
ANL, transient vessel passages or CPA of a vessel passage. Lines represent the median and shaded areas the 95% confidence intervals

F IGURE 3 Reduction in the communication space (left axis (%) and right axis (metres)) of Bryde’s whales caused by the change in the
background ANL, transient vessel passages or CPA of a vessel passage. Lines represent the median and shaded areas the 95% confidence
intervals
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SPL was 79.3 dB re 1 lPa2/Hz (Figure S4). Horn Rock and Shearer

Rock had the smallest baseline communication space for bigeyes and

Bryde’s whales, respectively (Figures S2 and S3). At Horn Rock, the

SPL was 85.5 dB re 1 lPa2/Hz at 250 Hz, and at Shearer Rock the

SPL was 87.5 dB re 1 lPa2/Hz at 40 Hz.

3.3 | Temporal effect of vessel passages

Examples of 24-hr periods at Jellicoe Channel and Horn Rock (Fig-

ures 4 and 5) demonstrate how the effect of vessel noise on com-

munication space varies with the distance of a vessel from the

F IGURE 4 Jellicoe Channel 14/07/2015 AIS and acoustic communication information (a) AIS approach of different vessels in different
colours. (b) Concurrent power spectral density (dB re 1 lPa2/Hz) of the received sound level (c) Broadband sound pressure level (SPL) (10–
250 Hz) with background and transient represented throughout the day (d) Communication space of bigeye (m) according to the received
sound level throughout the day (e) Communication space of Bryde’s whales (km) according to the received sound level throughout the day

F IGURE 5 Horn Rock 25/11/2014 AIS and acoustic communication information. (a) AIS approach of different vessels in different colours.
(b) Concurrent power spectral density (dB re 1 lPa2/Hz) of the received sound level (c) Broadband sound pressure level (SPL) (10–250 Hz)
with background and transient represented throughout the day (d) Communication space of bigeye (m) according to the received sound level
throughout the day (e) Communication space of Bryde’s whales (km) according to the received sound level throughout the day
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listening station. Six separate cargo and container vessels (between

180–221 m and 22,204–60,975 gross tonnes) passed Jellicoe Chan-

nel during the 24-hr period and each passage increased the broad-

band SPL (10–250 Hz) by a minimum of 20 dB (Figure 4a,b). An

individual container vessel (183 m and 27,795 gross tonnes) had its

CPA (08:12) at 1.83 km from the hydrophone. During this passage,

the vessel increased the PSD across a wide frequency range (10–

24,000 Hz) and the communication space of bigeyes decreased from

42.3 to 3.3 m (Figure 4d). The communication space at the CPA

remained low for two subsequent recordings before returning to

over 40 m. Bryde’s whale communication space was affected for

longer than bigeyes with a decrease for 2 hr prior and post the ves-

sel passage at 08:00 (Figure 4e). Bryde’s whale vocalizations have a

lower frequency range compared to bigeye vocalizations; therefore,

the less temporally and spatially localized dips in communication

space were synchronous to a steady increase in PSD in the lower

frequencies and a decrease in the distance of the vessel to the lis-

tening station. All six cargo and container vessel passages in the 24-

hr period at Jellicoe Channel showed a similar effect on bigeye and

Bryde’s whale communication space, with the ATL consistent

throughout the day and night (Figure 4).

At Horn Rock during a 24-hr period, three separate cargo vessels

(between 129–180, and 6,309–20,969 gross tonnes) passed within

10 km of the listening station, with only one cargo vessel (129 m

and 6,309 gross tonnes) causing a marked increase in the broadband

SPL (10–250 Hz) at 08:20 (Figure 5c). There was also an increase in

PSD between 500–3,000 Hz of 20–30 dB at dawn (06:00) and dusk

(19:00), as a result of the urchin chorus (Figure 5b). Bigeye and

Bryde’s whale communication space was lowest during each CPA

and transient peaks (Figure 5d,e). However, it should be noted that

Bryde’s whale communication space fluctuated all day and night, fol-

lowing the small changes in the PSD between 10 and 200 Hz (Fig-

ures 5b and 5e). In contrast, bigeye communication space remained

fairly consistent throughout the day at approximately 20 m, except

for an increase to over 40 m prior and post urchin chorus (Fig-

ures 5b and 5d).

3.4 | Estimated Source Levels of CPAs

Using one unique vessel, effect of ship design and operational condi-

tions could be controlled. The SL was estimated for an individual

container vessel (length 183 m and 27,795 tonnes) for five passages

with different speeds past Jellicoe Channel and once past Horn Rock

(Figure 6). Estimated SL varied by up to 30 dB depending on the

speed of passage and 1/3 octave centre frequency. There was not a

clear relationship between speed and SL. However, when the con-

tainer vessel was travelling <10 knots, the SL was lower across all

frequencies than when the vessel was travelling >10 kts (Figure 6).

The only exception was at 125 Hz for 9.8 kts. Using the concurrent

recorded RL, the communication space of bigeyes and Bryde’s

whales was larger when the vessel was travelling less than 10 knots

(Figure 7) at 40 and 250 Hz (the peak frequencies of each animal).

The results also showed that influence of ship speed on SL varied

depending on frequency. The difference in SL was more notable at

lower frequencies: at 40 Hz SL increased 25.5 dB travelling between

6.6 and 13.9 kts, whereas at 1,000 Hz the SL increased 6.4 dB,

respectively (Figure 6).

4 | DISCUSSION

The introduction of anthropogenic noise into the marine environ-

ment alters soundscapes from their natural state. A global effort is

underway to understand the effects of underwater noise on aquatic

life, in part because vessel noise is already becoming a dominant fea-

ture of many marine acoustic habitats. In the present study, vessel

passages accounted for 3.9–18.9% of recordings during the 9-month

monitoring period and increased the SPL (10–1,000 Hz) by 10.4–

13.9 dB compared to the background. The Jellicoe Channel site is

beside the most traversed shipping lane into the Ports of Auckland,

and had the highest percentage of vessel passages (18.9%). Jellicoe

Channel also had the lowest background SPL, resulting in the largest

baseline communication space (43.5 m for bigeyes, 8.2 km for

Bryde’s whales) of the four listening stations (Figures S1 and S2).

Consequently, this site has the greatest reduction (in metres) in com-

munication space (Figures 4 and 5) during CPA vessel transits. Sites

which have low ambient noise levels, such as Jellicoe Channel, can

serve as useful indicators of environmental change (Merchant et al.,

2016). Vessel passages were less prevalent at Horn Rock (3.9%),

possibly because the listening station was over 10 km from the main

shipping routes for the Ports of Auckland (Constantine et al., 2015).

At Horn Rock, the baseline communication space for bigeyes was

the lowest (21.4 m) because the ambient soundscape contained

other biological sounds such as the urchin chorus, crustacean feeding

sounds and fish vocalizations. However, the reduction in communi-

cation space caused by background, transient and CPA recordings

showed a similar pattern across the four listening stations, when the

percentage change was assessed. Bigeye communication space was

reduced by 42.0, 61.5 and 99.9% at Jellicoe Channel for background,

F IGURE 6 Estimated source level (dB re 1 lPa2 @1 m) of an
individual vessel (length 183 m and 27,795 tonnes) recorded
travelling at five different speeds past the Jellicoe Channel listening
station and one speed past Horn Rock
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transient and CPA recordings. Similarly, at Horn Rock communication

space was reduced by 27.6, 31.3 and 99.8%.

Auditory masking occurs when biologically irrelevant sounds pre-

vent an animal from hearing biologically relevant sounds (Popper,

2003). The literature of the effect of auditory masking on aquatic

animals is limited, with the majority of research focused on marine

mammals (Erbe, 2012). Experiments conducted on bigeyes provided

the first evidence of a fish using sound as a contact call to maintain

social cohesion (van Oosterom et al., 2016). However, the conse-

quences of masking contact calls for schooling fish are as yet

unknown. Bigeye contact calls can be heard throughout day and

night on rocky reefs, with peak vocalization rates during crepuscular

activity when they exit and return to their daytime refuges (van

Oosterom et al., 2016; Radford et al., 2015). Bigeye communication

space was greatest during dawn and dusk, with the communication

space exceeding 60 m (Figure 5), suggesting the species has adapted

to fit this acoustic niche. Therefore, vessel noise would have the

greatest impact on acoustic communication of this species during

these times as it was shown to reduce the communication space

routinely by up to 61.5% during transient vessel passages and up to

99.9% at the CPA (Figure 2, Table S2). This is ecologically significant

because fish shoaling behaviour is generally maintained to increase

foraging success and lower predation risk (Pitcher, 1983). The

consequences of vessel noise masking contact calls could affect indi-

vidual fitness by lowering food intake and/or survival rates. Fish are

a valuable and increasingly utilized model taxa for understanding

behaviour in relation to anthropogenic noise because they represent

more than half of all vertebrate species and exhibit a broad range of

hearing and sound production mechanisms. Some studies suggest

that there is plasticity in the sound production behaviour of fish. For

example, the tidal cycle and other calling males caused a shift in the

duration and calling rate of the toadfish (Halobatrachus didactylus)

(Amorim, Sim~oes, Almada, & Fonseca, 2011), whilst damselfish

(Dascyllus flavicaudus) were capable of modifying the rhythm and

number of pulses of their calls when faced with novel sounds in

their environment (Parmentier, K�ever, Casadevall, & Lecchini, 2010).

Bigeyes also exhibited behavioural plasticity, during tank play-back

experiments increased ambient sound level caused their shoaling

area to decrease and vocalization rate to increase (van Oosterom

et al., 2016). When exposed to vessel passage sound, bigeyes may

elicit a similar response to previous laboratory experiments. Future

research should examine the extent to which specific species can

compete with anthropogenic noise through adaptation or adjustment

of their acoustic signals (Stanley et al., 2017).

The communication space for fish is modest in comparison to

marine mammals, with whales capable of communicating over many

kilometres (Richardson et al., 1995). In this study, the communication

space of Bryde’s whales was reduced by as much as 87.4% during

transit vessel passages and up to 99.9% at the CPA (Figure 3,

Table S3). Furthermore, the loss in communication space at Flat

Rock (68.8%) and Shearer Rock (67.3%) (Table S3) caused by tran-

sient vessel passages was comparable to the loss in communication

space (63–67%) calculated for North Atlantic right whales when

exposed to vessel noise (Hatch et al., 2012). Both North Atlantic

right whales (Parks, Urazghildiiev, & Clark, 2009) and Bryde’s whales

vocalize infrequently (Constantine et al., 2015) therefore, masking

from vessel noise could result in missed breeding opportunities or

affect social cohesion. Our results showed vessel noise in the Hau-

raki Gulf reduced their communication space to only a few hundred

metres (from a baseline of over 8 km) when a vessel was present.

Other baleen whale species have been found to respond to vessel

noise, with changes in physiology, foraging and vocal behaviour.

North Atlantic right whales (Eubalaena glacialis) were found to call

louder (Parks, Johnson, Nowacek, & Tyack, 2011) and have height-

ened levels of physiological stress (Rolland et al., 2012) in response

to vessel noise. Furthermore, vessel noise influenced humpback

whale foraging behaviour (Blair, Merchant, Friedlaender, Wiley, &

Parks, 2016) and caused both acoustic and behavioural changes in

fin whales (Castellote, Clark, & Lammers, 2012). Importantly, beha-

vioural disturbance and physiological stress caused by anthropogenic

noise depend on the context (time and place), with different effects

observed for different species. In this study, the effect of anthro-

pogenic noise on the effective communication space of individual

marine fauna has been quantified although it is difficult to directly

relate this to the population or ecosystem level.

Naturally occurring changes in the underwater soundscape have

been studied extensively around the world, with many studies

reporting a maximum peak in SPL during summer and minimum

F IGURE 7 Communication space of an
individual bigeye (m) and Bryde’s whale
(km) versus six speed of an individual
container vessel, calculated using the
received level of the six CPAs
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during winter (Harris, Shears, & Radford, 2016; Lillis, Eggleston, &

Bohnenstiehl, 2014; Nedelec et al., 2015; Radford, Stanley, Tindle,

Montgomery, & Jeffs, 2010; Staaterman, Paris, DeFerrari, et al.,

2014; Staaterman, Paris, & Kough, 2014). Therefore, studies address-

ing the masking effects of anthropogenic noise on soniferous species

need to consider the context of this naturally fluctuating sound-

scape. In this study, variation in the background SPL reduced the

communication space of both bigeye and Bryde’s whales (Figures 2

and 3). The sound of earthquakes, wind and waves (Wenz, 1962)

overlaps the peak frequency of Bryde’s whale vocalizations

(35 � 0.3 Hz) (Putland et al., 2017) and as a result there were tem-

poral fluctuations in an individual’s communication space (Figure 5).

Additionally, for bigeyes, at 1,000 Hz the background sound

decreased communication space to the same degree or sometimes

more than at the CPA (Figure 2). For example, at Horn Rock, back-

ground recordings reduced bigeye communication space by 12.5 m,

whereas CPAs reduced it by 8.9 m (Figure 2b). Natural fluctuations

in bigeye communication space may occur because other soniferous

animals found on rocky reefs, such as fish (Radford, Ghazali, Mont-

gomery, & Jeffs, 2016), crustaceans (Buscaino et al., 2012) or urchins

(Radford, Jeffs, Tindle, & Montgomery, 2008b) produce sounds

between 100 and 1,000 Hz. These biological sounds also exhibit

temporal changes. For example, the crepuscular activity of urchins

and fish caused an increase (20–30 dB re 1 lPa) in the ambient

sound level (Cato, 1978; Radford, Jeffs, Tindle, & Montgomery,

2008b) on reefs in New Zealand and Australia, and the highest

sound levels (130 dB re 1 lPa) on reefs in the Florida Keys, USA,

occurred during the new moon (Staaterman, Paris, DeFerrari, et al.,

2014; Staaterman, Paris, & Kough, 2014).

Importantly, vessel passages and CPAs both decreased communi-

cation space beyond the natural variability of the background record-

ings between 10 and 500 Hz. These results suggest vessel noise

reduces communication space beyond the evolutionary context of

these two species. Bigeyes produce vocalizations to maintain school

cohesion and it is predicted that many other reef fish species do the

same (McCauley & Cato, 2000; van Oosterom et al., 2016; Staater-

man, Paris, DeFerrari, et al., 2014; Staaterman, Paris, & Kough, 2014).

The vocal range of bigeyes is also very similar to many other sonifer-

ous fish; therefore, the reduction in communication space modelled is

representative. Very little is known about why baleen whales vocalize

or their hearing capabilities. In this study, Bryde’s whales were used as

a model organism because their downsweep vocalizations are within a

frequency range (<200 Hz) and produced at rate that is representative

of other baleen whales (Baumgartner & Mussoline, 2011; Stafford

et al., 2007) such as fin (Balaenoptera physalus) (Moore et al., 1998)

and blue (Balaenoptera musculus) whales (�Sirovi�c et al., 2009; Stafford,

Fox, & Clark, 1998). Taking into consideration the assumptions of the

model (such as omnidirectional hearing of the receiver and no ampli-

tude modulation of their vocalization to compensate for noise), the

reduction in communication space during a vessel passage can be used

as a proxy for other baleen whales.

It is currently assumed that reef fauna have evolved to cope with

seasonal changes in the natural acoustic habitat caused by other

biological or geological sounds. However, significant levels of anthro-

pogenic noise have only been present in the world’s oceans since

the industrial revolution, and as such soniferous species will have to

adapt to changes in the soundscape over a relatively short evolution-

ary timescale. Some marine species exhibit coping mechanisms, col-

lectively known as the Lombard effect, to adapt to changing natural

acoustic habitats. For example, some species have been found to

change the frequency range (Parks et al., 2011) or increase the vol-

ume (Holt & Johnston, 2014; Parks et al., 2011) of their vocaliza-

tions. Whether the energetic costs associated with these adaptations

are having effects on population growth rates of affected animals is

an open question. Vessel noise masked the entire frequency range

of bigeye vocalizations although the decrease in communication

space was brief (20 min; Figures 4 and 5). Acute exposure to anthro-

pogenic noise could cause immediate effects, such as not avoiding a

predator because a conspecific warning vocalization was missed, and

more incremental and cryptic effects, such as increased stress levels

(Gedamke et al., 2016; Rolland et al., 2012). Chronic exposure to

anthropogenic noise has also been found to cause significant acous-

tic and behavioural changes to aquatic species. For example, killer

whales (Orcinus orca) increased the durations of calls in the presence

of boats, indicating that these whales adjusted their behaviour to

compensate for the introduced anthropogenic noise (Foote, Osborne,

& Hoelzel, 2004).

The source level for vessel passages calculated in this study ran-

ged from 135 to 145 dB re 1 lPa2 @ 1 m between 40 and

1,000 Hz, above the suggested threshold (120 dB re 1 lPa2) at

which baleen whales have been observed to exhibit behavioural

responses (Southall et al., 2007). The estimated SLs also covered the

peak SL for large ships (Arveson & Vendittis, 2000), but were lower

than previous estimates for tankers and container vessels, which

could be a reflection of the propagation model used (Weston, 1971).

The large interquartile range can be explained by the large variation

in size (67–364 m) and gross tonnage (2,747–71,673) of vessels,

which both are known to affect SL (McKenna et al., 2013; Simard,

Roy, Gervaise, & Giard, 2016). There is also a relationship between

ship speed and SL (20–1,000 Hz; McKenna et al., 2013). Focusing

on multiple passages of the same individual vessel, design variability

was controlled and the relationship between SL and speed illus-

trated. Currently, there is a 10 kt speed restriction within the Hau-

raki Gulf Marine Park to help prevent ship strike to resident Bryde’s

whales (Constantine et al., 2015). The level of compliance was inves-

tigated from 2014 to 2016 and average speed was ~10 kts (Ebdon,

2017). Importantly, the calculated SLs of an individual container ves-

sel (Figure 6) demonstrated how compliance to the 10 kt speed

restriction may have the added benefit of reducing sound levels in

the embayment, particularly at low frequencies where the discrep-

ancy in SL (and the risk to Bryde’s whale communication) was the

highest. In this study, the communication space of both species was

higher when the speed of one individual container vessel was below

the 10 knot restriction (Figure 7). This information provides vital evi-

dence for future strategies to reduce vessel noise in the area

although for smaller vessels there is a trade-off between vessels
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travelling slower (decrease in the SL) and spending more time in the

area (increasing exposure duration; McKenna et al., 2013) and for

larger vessels there is a limitation for reducing speed to maintain

manoeuvrability. In the longer term, ship quieting technologies to

reduce ship noise emissions have the greatest potential to reduce

levels of shipping noise pollution.

A major concern for environmental management of the world’s

coastal waters is the anticipated rise in anthropogenic activity, with

an expectation commercial vessel activity will rise by 75% in the

next 20 years for the Hauraki Gulf (Ports of Auckland, 2010).

Increased shipping into coastal ports means decreasing the time

between vessel passages and thereby increasing noise exposure time

for resident marine life. Sound, unlike more persistent forms of mar-

ine pollution, ceases to exist once the source is removed, and so

management measures to reduce vessel noise have the potential to

produce rapid improvements in habitat quality. Improvements to ves-

sel design, such as dampening engine vibrations, changing hull design

and reducing the number of engine cylinders, have been found to

reduce noise produced (Okumoto, Takeda, Mano, & Okada, 2009),

and as such improvements and engineering developments should

continue to be encouraged by government organizations. Modelling

anthropogenic noise using AIS data is one way to identify at-risk

areas for particular species (Erbe et al., 2014), and could be used to

test scenarios of vessel noise reduction measures. However, the

accuracy of acoustic maps based on AIS data is limited because only

vessels over 300 gross tonnes and carrying more than 165 passen-

gers are required to carry AIS transmitters. The Hauraki Gulf cur-

rently has 132,000 recreational vessels, most of which are not

required to operate AIS transmitters. With the number of recre-

ational vessels expected to rise by 40% in the next 20 years (BECA

International Limited, 2012) and their regular contact with marine life

via fishing and tourism, it is critical that the risk posed by this activ-

ity is better understood to enable effective management of sound

pollution.

The present study has shown that vessel passages have the

potential to reduce both fish and whale communication space

beyond the natural variability in background sound. Bigeye commu-

nication space was only impacted for a short time period, but with

vessel passages anticipated to rise in ecological significant embay-

ments, the temporal effect may also increase. Bryde’s whales were

more severely affected, with communication space reduced for sev-

eral hours around a vessel passage. Bryde’s whales are an endan-

gered species in New Zealand waters; therefore, information from

this study could directly inform local mitigation strategies. At Jellicoe

Channel, Bryde’s whale vocalizations were regularly recorded. This

station lies on the border of the voluntary speed restriction which

limits vessels to 10 kts. To combat the effect of vessel noise on

communication space, we suggest this boundary could be extended

or an alternative compulsory speed limit enforced. Reducing vessel

noise would ultimately allow the communication space of soniferous

species like the bigeye and Bryde’s whale to be maintained, as well

as improve the quality of the acoustic habitat for other acoustically

sensitive species.
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