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Abstract
1. Management interventions to reduce human– wildlife conflict can have unintended 

consequences for non- target species. Acoustic deterrent devices (ADDs) are used 
globally by the aquaculture sector. However, the potential for these sound emis-
sions to impact non- target species, such as cetaceans, has not yet been quantified 
at population relevant spatial scales.

2. To better understand the extent of potential impacts on cetaceans, such as har-
bour porpoises, we used acoustic modelling to investigate levels of ADD noise 
throughout the west coast of Scotland and across a Special Area of Conservation 
(SAC) for this species.

3. Using an energy- flux acoustic propagation model and data on aquaculture sites 
known to be using ADDs, we predicted the spatial extent of ADD noise on the 
Scottish west coast from 1 February 2017 to 31 January 2018. Noise maps were 
produced to determine the risk of auditory impairment for harbour porpoises 
under a range of scenarios which assumed single or multiple ADDs and simultane-
ous use across all sites.

4. The acoustic propagation model performed well when tested against field meas-
urements up to 5 km, with 98% of sound exposure level (SEL) predictions within 
±10% of the measurements. Predictions of SELs over a 24- hr period suggested 
extensive temporary hearing loss zones (median radius: ~28 km) for harbour por-
poises around aquaculture sites. Assuming a single device at each site, 23% of the 
harbour porpoise SAC was predicted to be exposed to ADD noise sufficient to 
induce a temporary threshold shift, and under the worst- case scenario (multiple, 
continuously running devices per site with an aggregate duty cycle of 100%), lev-
els exceeding permanent threshold shift could reach 0.9% of the SAC.

5. Policy implications. This study highlights the potential for ‘collateral damage’ from 
interventions such as acoustic deterrent devices (ADDs) which are intended to re-
duce human– wildlife conflicts with pinnipeds but may affect the long- term health 
and habitat use of non- target species. This is especially true for harbour porpoises 
which are protected under the EU and UK Habitats Regulations. The aquaculture 
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1  | INTRODUC TION

Human– wildlife conflicts are widespread and can be damaging to 
wild animals and people (Redpath et al., 2013). Conflicts arise from 
predation of animals reared for human use, perceived competition 
for resources, contamination or damage to resources and property, 
and disruption to construction activities (Nunny, 2020). To reduce 
conflicts, interventions are sought to lessen interactions. One exam-
ple is the increasingly widespread use of man- made sound (‘acoustic 
deterrents’) to deter wildlife from activities including water storage, 
aviation and farming on land (Bomford & O’Brien, 1990), and fish-
ing, offshore construction and aquaculture in marine environments 
(Götz & Janik, 2013; Mikkelsen et al., 2017). Acoustic signals are 
used to discourage predation, displace species away from harmful 
stimuli, or reduce damage to resources and property (Bomford & 
O’Brien, 1990; Schakner & Blumstein, 2013).

In the marine context, acoustic deterrent devices [ADDs; or 
acoustic harassment devices (AHDs)], produce loud sounds (source 
levels ≥ 185 dB re 1 μPa RMS), within the mid-  to high- frequency 
range (2– 40 kHz; Lepper et al., 2014) and are audible to marine mam-
mals (pinnipeds: 50 Hz– 86 kHz; small cetaceans: 150 Hz– 160 kHz; 
NMFS, 2018). ADDs are used globally in coastal areas where aqua-
culture production can extend over large spatial scales to reduce 
pinniped depredation (Coram et al., 2014).

Exposure to ADD noise has the potential to exceed levels es-
timated to cause temporary threshold shifts (TTS) in cetaceans 
(Schaffeld et al., 2019), and may induce behavioural changes, increas-
ing the energetic demands on individuals (Mikkelsen et al., 2017). 
Additionally, ADDs can exclude animals from key habitats over long 
periods (Morton & Symonds, 2002).

The Scottish aquaculture sector is the third largest finfish pro-
ducer globally, and production (primarily Atlantic Salmon Salmo salar) 
is widespread across western Scotland (Kenyon & Davies, 2018). 
Individual sites are widely distributed along the coast to reduce cu-
mulative impacts of eutrophication, chemical pollution and disease 
outbreaks. Depredation events by harbour Phoca vitulina and grey 
seals Halichoerus grypus on this coast are frequently reported by 
the sector (Coram et al., 2014). ADDs were first introduced in the 
mid- 1980s (Coram et al., 2014) to counteract this issue and reduce 
the practice of shooting seals for which, until recently, licences were 
granted (Marine (Scotland) Act 2010; Scottish Government, 2020).

Harbour porpoises Phocoena phocoena are protected under the 
EU and UK Habitats Regulations and occur in high densities around 
the Scottish west coast (Booth et al., 2013). In 2016, much of this 
area was designated a Special Area of Conservation (SAC) for this 

species. This SAC is the second largest for harbour porpoises in 
the UK and Europe (13,813.9 km2), and aims to provide protection 
and maintain favourable conservation status of this population 
(NatureScot, 2020). The SAC overlaps considerably with aquacul-
ture production (Figure 1), which has led to concerns that impacts 
from this industry may compromise its Conservation Objectives 
(NatureScot, 2020).

ADDs are not currently licensed in Scotland and their use at in-
dividual aquaculture sites thus remains poorly documented (Coram 
et al., 2014). Data gaps include the number of devices per site, duty 
cycles, and their acoustic source levels. The geographic spread 
of ADD noise along much of the Scottish west coast is increasing 
(Findlay et al., 2018), highlighting the need for a more quantitative 
understanding of the spatial extent of this noise to identify areas 
where harbour porpoises may be affected (Coram et al., 2014).

This study uses an acoustic propagation model to predict the 
spatial extent of ADD noise from the aquaculture industry across 
the west coast of Scotland and within the designated harbour por-
poise SAC. These noise maps are then used to examine areas which 
may be impacted and predict zones of potential auditory impairment 
for harbour porpoises.

2  | MATERIAL S AND METHODS

The study area extends from the Scottish mainland to beyond the 
Outer Hebridean Archipelago (Figure 1; 55°N- 59°N and 4°W- 9°W). 
This temperate, shallow (<300 m), coastal shelf environment, is top-
ographically complex with numerous islands, sounds and sea lochs 
(Mcintyre & Howe, 2010).

Locations of aquaculture sites using ADDs during a 1- year 
period (1 February 2017 to 31 January 2018) were obtained 
from information submitted to the Marine Scotland –  Licensing 
Operations Team in fulfilment of seal shooting license applications 
(NatureScot, 2018), and consequently may not include all sites 
using ADDs in 2017. Four ADD types (Ace Aquatec US3, Airmar, 
OTAQ SealFence and Terecos Type DSMS- 4) were reported at 120 
sites (Figure 1).

2.1 | Acoustic propagation model

An energy- flux acoustic propagation model (Weston, 1971) was im-
plemented in MATLAB (MathWorks® 2018b). Energy- flux models 
are two- dimensional, range- dependent models which account for 

industry, policymakers and regulators in countries where ADDs are used should 
consider these findings when attempting to mitigate pinniped depredation.
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bathymetry, sound speed, seabed reflectivity and are widely used 
for higher frequency (>1 kHz) sources located in shallow waters 
(Sertlek & Ainslie, 2014). Propagation loss from each aquaculture 
site was calculated for all 1/3 octave frequency bands (TOBs) cen-
tred between 2 and 40 kHz (Lepper et al., 2014).

Energy source levels (ESLs; dB re 1 µPa2s- m2 RMS over 1 s; 
ISO, 2017) expressed in TOBs between 2– 40 kHz for ADDs were 
taken from the literature (Lepper et al., 2014; see Figures S1– S2 in 
Supporting Information for further details).

Bathymetric data were obtained from the European Marine 
Observation and Data Network (EMODnet) Bathymetry Con-
sortium (http://www.emodn et- bathy metry.eu/; 115 × 115 m), and 

OceanWise maps via the EDINA Marine Digimap (https://digim 
ap.edina.ac.uk/marine; 30 × 30 m). These data were combined 
into a bathymetric grid with 112- m resolution using the raster 
package in R (Hijmans, 2018) and corrected for mean tidal depth. 
Combination of these datasets was necessary to improve accuracy 
along the coastline and in sea lochs where aquaculture sites are lo-
cated. Bathymetric values were extracted at 100- m intervals along 
360 radials extending 100 km from each source. Four sites were 
excluded due to poor bathymetric data at the source. To improve 
computation efficiency, the bathymetry- dependent component 
of propagation loss (integral and minimum depth; Weston, 1971) 
were pre- computed and interpolated from values extracted along 

F I G U R E  1   Map of the west coast 
of Scotland showing the locations 
of aquaculture sites using acoustic 
deterrent devices (ADDs) between the 
1 February 2017 and 31 January 2018 
(NatureScot, 2018), the Inner Hebrides 
and Minches Special Area of Conservation 
(SAC) for harbour porpoises, the three 
validation sites and the six acoustic 
monitoring stations 

http://www.emodnet-bathymetry.eu/
https://digimap.edina.ac.uk/marine
https://digimap.edina.ac.uk/marine


1634  |    Journal of Applied Ecology FINDLAY et AL.

radials into computational grids (112- m resolution) for each aqua-
culture site, and applied in calculations of propagation loss.

Seabed acoustic properties (sound speed, density and attenua-
tion) of the four main sediment types: coarse, mixed, mud and sand 
(EMODnet Geology Project; http://www.emodn et- geolo gy.eu/; 
Jensen et al., 2011) were averaged and incorporated as a single 
model parameter, the seabed bottom loss (see Figure S3; Table S1; 
Weston, 1971). Water column properties were extracted from the 
West Scotland Coastal Ocean Modelling System (WeStCOMS- 
FVCOM; Aleynik et al., 2016). Seasonally variable values (tempera-
ture: 7– 14°C; salinity: 3– 34.5 ppt) were used to calculate an average 
annual sound speed profile for use in calculations of propagation 
loss (Weston, 1971). The sensitivity of model predictions to changes 
in seabed sediment type and sound speed is illustrated in the 
Supporting Information (Figures S3– S5; Tables S1– S2).

2.2 | Validation of the acoustic propagation model

The energy- flux model was validated by comparing predictions 
with measurements of ADD signals at three sites: (a) Firth of Lorne 
(56°21.837′N, 5°32.633′W); (b) Sound of Kerrera (56°23.008′N, 
5°32.081′W); and (c) Loch Etive (56°26.954′N, 5°12.409′W; Figure 1). 
These sites exhibit a range of environmental conditions typical of 
Scottish aquaculture sites, but without contaminating noise from ADDs.

An Airmar ADD (https://www.gaelf orceg roup.com) was de-
ployed at 10- m depth, a typical deployment depth in Scottish aqua-
culture. The signal was recorded for ~1 min at intervals of ~100 m up 
to 1 km, and then at 2 and 5 km, in four directions around the device. 
The true range between the ADD and each recording was recorded 
via GPS (Garmin eTrex). Recordings were made using a SoundTrap 
300 HF (sensitivity −188.4 dB re 1 V/μPa; Ocean Instruments Ltd.) 
sampling at 144 kHz, suspended at 10- m depth.

PAMGuide (Merchant et al., 2015) was used to calculate the 
average TOB Sound Exposure Level (SEL; dB re 1 μPa2s over 1 s). 
For each measurement location, SELs were modelled by applying 
the same methodology and model parameters as described above. 
Agreement (±10% error) between measured and modelled SELs was 
then assessed for all TOBs.

2.3 | Potential for auditory impairment in 
harbour porpoises

The potential for predicted levels to exceed published thresholds 
for TTS and permanent threshold shift (PTS) in harbour porpoises 
was estimated using non- impulsive acoustic thresholds for very 
high- frequency (VHF) cetaceans (SELs: TTS = 153 dB re 1 μPa2s 
and PTS = 173 dB re 1 μPa2s; Southall et al., 2019). Non- impulsive 
thresholds were used following recommendations made by Southall 
et al. (2007) which state that although these devices can pro-
duce pulsed signals, they are emitted in such a rapid fashion that 
some mammalian auditory systems are likely to perceive them as 

continuous. Although there are no internationally harmonised noise 
impact criteria (Lucke et al., 2020), these threshold values are often 
used by regulators to assess zones of potential auditory impairment 
(NMFS, 2018; Southall et al., 2019).

VHF cetacean auditory weighting was applied to TOB (f; Equations 
1 and 2) ESLs for the three ADD types (ESLw; Equation 1). ESLw were 
calculated over a 24- hr period, consistent with the TTS/PTS accumu-
lation period (ESLw,24h; Equation 1; NMFS, 2018). Each aquaculture 
site was assumed to deploy: (i) a single device (Airmar: 52.4% duty 
cycle, Terecos: 6.7% duty cycle (Lepper et al., 2014); and Ace Aquatec: 
5% duty cycle (pers. comms. Pyne- Carter)); or (ii) multiple devices. 
There is a lack of information on aggregate duty cycles of sites with 
multiple devices. The operation of up to 20 devices per site is common 
practice in Scotland (Northridge et al., 2010). As a proxy for aggregate 
duty cycles of multiple overlapping devices, we used either 75% or 
100%. Duty cycles were calculated as the percentage of time a device 
was ‘on’ in seconds over a 24- hr period (T; Equation 1).

The weighted SEL accumulated within a range cell over a 24- hr 
period (SELw,24h; dB re 1 μPa2s; Equation 2; ISO, 2017) at each TOB 
centre frequency was computed as follows:

where PL(f) is the associated propagation loss. Broadband (2– 40 kHz) 
weighted SELw,24h was then computed via an energy summation across 
all frequencies.

Modelled ADD noise maps were used to calculate the median ra-
dial distance around aquaculture sites, and the percentage area of the 
harbour porpoise SAC in which an animal could exceed the TTS/PTS 
exposure thresholds for energy accumulated over a 24- hr period.

2.4 | Ambient sound analysis

Ambient sound (ISO, 2017) data were collected over 1 year at 
six acoustic monitoring stations within the study area (Figure 1; 
COMPASS EU INTERREG VA Programme; www.compa ss- ocean 
scien ce.eu). SoundTrap 300 HF acoustic recorders were deployed 
for up to 4 months, moored ~3 m above the sea floor in depths rang-
ing from 45 to 110 m, and programmed to record on a 20/40- min on/
off duty cycle at a sampling rate of 96 kHz.

PAMGuide was used to calculate median TOB sound pressure lev-
els (SPL; dB re 1 µPa) for each site. Median TOB SPLs were weighted 
for VHF cetaceans (Southall et al., 2019; see Figure S6) and accumu-
lated over a 24- hr period (SELw,24h). The median broadband (2– 40 kHz) 
SELw,24h for each site was then computed via an energy summation 
across all frequencies, and the median SELw,24h for all sites combined 
was calculated (see Table S3) and used in ADD noise maps to represent 
ambient sound levels. A signal- to- noise ratio (SNR) of 0 dB was used 
for mapping the extent of ADD signal propagation.

(1)ESLw,24h(f) = ESLw(f) + 10 log10(T),

(2)SELw,24h(f) = ESLw,24h(f) − PL(f),

http://www.emodnet-geology.eu/
https://www.gaelforcegroup.com
http://www.compass-oceanscience.eu
http://www.compass-oceanscience.eu
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2.5 | Exposure to ADD noise by stationary and 
fleeing harbour porpoises

To understand how different behaviours could affect the potential 
for animals to be exposed to levels of ADD noise exceeding audi-
tory impairment thresholds, hypothetical noise exposure scenarios 
assuming stationary and straight- line fleeing animals were investi-
gated. These were based on minimum, average and maximum swim 
speeds reported in the literature (see Table S4).

Modelled scenarios started with the animal at distances of 1, 
100, 500, 1,000 and 5,000 m from a single Airmar ADD. Animals 
were assumed to remain stationary or swim in a straight line away 
from the source. Range- dependent SELw was accumulated at 1- s in-
tervals up to a duration of 24-  hr along each straight line, with no au-
ditory recovery assumed to occur within this period (NMFS, 2018).

3  | RESULTS

3.1 | Validation of the acoustic propagation model

The Airmar playback signal was strongest between 8 and 12.5 kHz. 
The SNR outside these frequencies was too low for accurate vali-
dation. Overall, good agreement was found between measured and 
modelled SELs at distances up to at least 5 km with 98% of predic-
tions falling within ±10% of measurements (Figure 2), and under-  or 

over- prediction varying with validation site and source– receiver dis-
tance (see Appendix S2, Table S5; Figure S7).

3.2 | Predicted spatial extent of ADD noise

Maps of ADD noise indicated that, when assuming continuous ADD 
use over a 24- hr period and regardless of duty cycle, over 11.8% 
(15,966 km2) of the Scottish west coast study area was ensonified 
by ADD noise exceeding the broadband (2– 40 kHz) median ambient 
sound level accumulated over a 24- hr period (132.5 ± 1.4 dB re 1 
μPa2s) by more than 10 dB (Figure 3; see Figures S6– S8; Table S3). 
When assuming a single device at each aquaculture site (Figure 3a), 
the maximum weighted SELw,24h was 218 dB re 1 µPa2s and occurred 
within ~100 m of sites. As expected, SELw,24h decreased with in-
creasing distance from the source but could remain 10 dB above am-
bient sound levels (>142.5 dB re 1 µPa2s) at considerable distances 
(>60 km; Figure 3). SELw,24h was highest in areas where aquaculture 
sites were located close together, or in narrow sounds and sea lochs. 
For example, the Sound of Mull, a narrow strait (~168 km2) with four 
aquaculture sites, was ensonified by SELw,24h in excess of 145 dB re 
1 µPa2s (Figure 3a).

Changes in sound speed and sediment type had a limited influ-
ence on predicted SELw,24h. For example, assuming an average sedi-
ment type, the comparison of extreme sound speed values (1,485.9 
and 1,501.2 m/s) yielded median differences of 0.3 ± 0.02 dB, while 

F I G U R E  2   Measured versus modelled 
sound exposure levels (SELs; dB re 1 
µPa2s) for TOBs with centre frequencies 
from 8 to 12.5 kHz. Solid line indicates 
perfect agreement and dashed line 
indicates ±10% error
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varying sediment type and keeping sound speed constant made 
between −1.5 ± 0.1 dB (mud) and +1.33 ± 0.03 dB (coarse) differ-
ence to SELw,24h when compared to the average sediment type as 
assumed in the model (see Figure S5; Table S2).

When increasing the aggregate ADD duty cycle to 75% and 100% 
(Figure 3b,c), the maximum SELw,24h increased to 220 and 221 dB re 
1 µPa2s, respectively at ~100 m from source. Accordingly, in these 
scenarios, areas exceeding 142.5 dB re 1 µPa2s (75% = 21,406.5 
km2; 100% = 23,517.3 km2) were larger than for the single- device 
scenario (15,966 km2).

3.3 | Potential for auditory impairment in 
harbour porpoises

Predicted SELw,24h exceeded the TTS threshold in large areas around 
aquaculture sites, and across the entire west coast of Scotland 
(Figures 3 and 4). For a single device at each site, the predicted TTS 
radius ranged from 11 to 53 km (median: 28 km; Figure 4a). Predicted 
PTS radii were 0.2– 0.9 km (median: 0.5 km; Figure 4b). Increasing 
the aggregate duty cycle at a site increased median distances for 
TTS and PTS. The radius of predicted TTS zones were increased to 
20– 70 km (median: 44 km) for 75%, and 23– 72 km (median: 46 km) 

for 100% respectively (Figure 4a). Predicted PTS distances increased 
to 0.3– 1.3 km for 75% (median: 0.7 km) and 0.4– 2 km for 100% 
 (median: 1 km; Figure 4b).

Large areas of the harbour porpoise SAC were predicted to be 
ensonified by ADD noise levels exceeding auditory impairment 
thresholds for the species. For the single- device scenario, 23% 
(3,177.2 km2) of the SAC had predicted SELw,24h that exceeded TTS 
exposure thresholds (Figure 5). In this scenario, 0.2% of the SAC (27.6 
km2) was at high enough levels to exceed PTS thresholds. In scenar-
ios with higher aggregate duty cycles, these percentages were in-
creased (TTS: 75% duty cycle = 33% (4,558.6 km2); 100% duty cycle 
= 37% (5,111.1 km2); and PTS: 75% duty cycle = 0.6% (82.8 km2);   
100% duty cycle = 0.9% (124.3 km2); Figure 5).

3.4 | Exposure to ADD noise by stationary and 
fleeing harbour porpoises

Both stationary and straight- line fleeing animal scenarios indicated the 
potential for auditory impairment thresholds to be exceeded in har-
bour porpoises. The greatest exposure was incurred by animals closest 
to the ADD at onset (1 m; Table 1). In this scenario, both stationary 
and fleeing harbour porpoises (travelling ≤1.5 m/s; see Table S4) would 

F I G U R E  3   Very high- frequency cetacean weighted 24- hr cumulative sound exposure levels (dB re 1 μPa2s). Maps include the outputs of 
aquaculture sites using Ace Aquatec US3, Airmar, and Terecos Type DSMS- 4 acoustic deterrent devices (ADDs) with (a) a single device (5, 
6.7, 52.4%), (b) 75% and (c) 100% duty cycles, between 1 February 2017 and 31 January 2018 (NatureScot, 2018) 
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F I G U R E  4   Median distance around all aquaculture sites where acoustic deterrent device (ADD) noise levels were predicted to exceed  
(a) temporary threshold shift (TTS) or (b) permanent threshold shift (PTS) levels over a 24- hr period for different duty cycles of devices 
[single device (5%, 6.7% or 52.4%), 75% and 100%]. Figure shows the median value (solid line), the 25th and 75th percentiles (boxes), the 
range without outliers (whiskers) and outliers (circles)

F I G U R E  5   Percentage area of the 
Inner Hebrides and Minches Special Area of 
Conservation (SAC) for harbour porpoises 
exceeding 24- hr very high- frequency 
cetacean weighted cumulative sound 
exposure levels (dB re 1 μPa2s) which 
could exceed thresholds for temporary 
threshold shift (TTS) or permanent 
threshold shift (PTS). Results illustrate 
variable duty cycles [single device (5%, 
6.7% or 52.4%), 75% or 100%]
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exceed PTS thresholds within 1 s (Table 1). With increased distance 
at ADD onset, the overall exposure decreased (Table 1). At an onset 
distance of 100 m, all porpoises would exceed TTS thresholds within 
85 s and up to 464.5 m from the device regardless of swimming speed 
(Table 1; Figure 6). At 500 m, porpoise fleeing at ≤2.8 m/s would ex-
ceed TTS thresholds within 25 min (Table 1). At 1,000 m, animals 
would exceed TTS thresholds if fleeing at 0.15 m/s within 11 min and 
at a distance of 1,097.7 m (Table 1). At 5,000 m, TTS thresholds were 
predicted only in stationary animals (Table 1). Only stationary animals 
at 100 and 500 m were predicted to exceed PTS thresholds when as-
suming a single ADD (Table 1; Figure 6).

4  | DISCUSSION

Our results make evident that noise from ADDs used by the aqua-
culture industry can propagate far beyond the immediate vicinity of 
aquaculture sites. Target and non- target species could therefore be 
affected over large distances. Given model assumptions, estimates 

of ADD noise for 2017 predicted that 15,966 km2 (11.8%) of the 
Scottish west coast study area was ensonified by SELw,24h in excess 
of 142.5 dB re 1 μPa2s, with large areas around aquaculture sites 
(median radius: ~28 km) potentially exceeding TTS levels for har-
bour porpoises. When assuming a single device at each site, 23% of 
the harbour porpoise SAC was predicted to fall within a TTS zone 
and when assuming the worst- case scenario (multiple devices per 
site running continuously and producing an aggregate duty cycle of 
100%) the PTS zone could reach 0.9% of the SAC. Thus, the attempt 
to manage the conflict between aquaculture and pinnipeds through 
the use of ADDs could be creating an unintended impact on another 
protected species at habitat- wide scales (>3,177.2 km2 of the SAC).

4.1 | Methodological limitations

Our results are based on an acoustic propagation model with a num-
ber of assumptions. Principally heterogeneities such as temperature, 
salinity and different sediment types were not included. Alternative 

Distance at onset 
of ADD (m)

Swim speed 
(m/s)

Temporary threshold 
shift (TTS = 153 dB re 1 
μPa2s)

Permanent threshold 
shift (PTS = 173 dB re 1 
μPa2s)

Time (s)
Distance 
(m) Time (s)

Distance 
(m)

1 0 1 1 1 1

0.15 1 1 1 1

1.5 1 1 1 1

2.8 1 1 NA NA

4.3 1 1 NA NA

100 0 35 100 3,458 100

0.15 36 104.4 NA NA

1.5 46 168 NA NA

2.8 61 269.8 NA NA

4.3 85 464.5 NA NA

500 0 190 500 18,923 500

0.15 196 528.4 NA NA

1.5 317 974.5 NA NA

2.8 1,512 4,732.6 NA NA

4.3 NA NA NA NA

1,000 0 589 1,000 NA NA

0.15 658 1,097.7 NA NA

1.5 NA NA NA NA

2.8 NA NA NA NA

4.3 NA NA NA NA

5,000 0 30,434 5,000 NA NA

0.15 NA NA NA NA

1.5 NA NA NA NA

2.8 NA NA NA NA

4.3 NA NA NA NA

TA B L E  1   Time (s) and distance (m) 
over a 24- hr period at which stationary 
or straight- line fleeing harbour porpoise 
would exceed TTS/PTS levels at variable 
distances from an Airmar ADD at its 
onset. NA values indicate no predicted 
auditory impairment
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models (e.g. Ray Tracing; Porter & Liu, 1994) can incorporate this 
detail, but are computationally expensive given the large number of 
sources in this study (Lepper et al., 2014). The potential influence of 
changes in sound speed and sediment type on SELw,24h predictions 
were assessed, and results indicated that both parameters had a lim-
ited effect on model predictions (<±1.5 dB; see Figure S5; Table S2).

Effective quiet, defined as the maximum SPL that will fail to 
produce a significant threshold shift regardless of exposure dura-
tion and accumulation (NMFS, 2018), has been estimated in harbour 
porpoises as ≤124 dB re 1 μPa. However, this can only be applied 
with confidence up to 4 kHz (Kastelein et al., 2012). Given that the 
main frequencies of ADDs in this study lie between 2 and 40 kHz 
(Lepper et al., 2014), the use of this estimate was deemed inappro-
priate in the context of this study. Future assessments of thresholds 
for effective quiet at frequencies exceeding 4 kHz would be useful 
to improve confidence in auditory impairment predictions from mid-  
to high- frequency sources, such as ADDs.

To examine model accuracy, we compared our predictions 
against field measurements. High levels of agreement were found 
for peak ADD frequencies (8– 12.5 kHz) up to the furthest mea-
surement at a distance of about 5 km (98% within ±10% error; 
Figure 2). Variation in SELs was dependent on validation site and 
source– receiver distance. At sites 1 and 2, measurements within 
200 m were lower than model estimates and higher at greater dis-
tances. At site 3 (Loch Etive) measurements were lower than esti-
mates for all distances (see Table S5; Figure S7), which is likely due 
to the strong water- column stratification (Mcintyre & Howe, 2010), 
creating complex propagation conditions. Validation results confirm 
that for peak ADD frequencies the energy- flux modelling approach 
provided reliable estimates up to at least 5 km. Assessments of low-
er-  and higher- frequency ADD signal components, and at distances 
exceeding 5 km would have improved confidence in model accuracy 
but were outside the scope of this study.

Predicting the precise acoustic outputs of sites with ADDs is 
challenging because there is currently no requirement to report how 
these devices are being used (Coram et al., 2014). The total num-
ber of sites using ADDs, the number of active devices, aggregate 
duty cycles and their acoustic source levels are therefore poorly 
documented. We used data submitted in fulfilment of seal shooting 
license applications in 2017 to model the simultaneous acoustic out-
puts of ADDs from 120 sites, assuming these sites used either a sin-
gle device or multiple devices continuously over a 24- hr period. More 
recent data, which were not available when this study was conceived 
and carried out, suggest that in 2017, 128 aquaculture sites on this 
coastline used ADDs, and that sites often deployed multiple ADDs, 
which were switched on continuously for 89% of stocked days per 
year (Scottish Government, 2021). Consequently, estimating noise 
levels for higher aggregate duty cycles as done in this study may be a 
realistic approximation for the multiple ADD use scenario which ap-
peared to be common on the Scottish west coast in 2017. Addressing 
uncertainties in industry use of ADDs at Scottish aquaculture sites 
could further refine our overall results.

4.2 | Conservation implications

Harbour porpoises occur in relatively high densities in the inshore 
waters off western Scotland (Booth et al., 2013), leading to large 
parts of the area being designated an SAC for the species in 2016. 

F I G U R E  6   Very high- frequency cetacean weighted sound 
exposure levels (SELw; dB re 1 µPa2s) for stationary and fleeing 
harbour porpoise accumulated at 1- s intervals up to 24 hr. Figure 
indicates SELw over (a) time (s) and (b) distance (m) assuming the 
animal is at 100 m from an Airmar acoustic deterrent device (ADD) 
at its onset. Dashed lines indicate temporary threshold shift (TTS) 
or permanent threshold shift (PTS) 
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Our study estimates that much of this area was potentially ensoni-
fied by ADD noise which could remain high (SELw,24h: >142.5 dB re 
1 μPa2s) at considerable distances (>60 km) from aquaculture sites, 
particularly when higher aggregate duty cycles were assumed. 
Higher SELw,24h were especially apparent where multiple aquacul-
ture sites were closely grouped, and in narrow sounds and sea lochs. 
For example, in the Sound of Mull where four aquaculture sites used 
Airmar and Terecos ADDs (Figure 1), noise levels increased by 10 dB 
at higher duty cycles (Figure 3).

Furthermore, our results indicate several large areas of Scottish 
inshore waters would be exposed to noise levels potentially high 
enough to exceed TTS and PTS exposure thresholds (Figures 3 and 4).   
Radial distances of zones of TTS threshold exceedance ranged be-
tween 11 and 72 km depending on duty cycle (Figure 3), and in many 
areas PTS thresholds were exceeded at ranges of 0.2– 2 km from 
the source (Figure 4). These estimates of zones for potential audi-
tory impairment are based on the NMFS (2018) criteria, which are 
mostly derived from acute noise exposure experiments. Despite a 
lack of studies on hearing impacts from chronic noise exposure in 
marine mammals, it is worth noting that evidence from human stud-
ies suggests that the mammalian ear can incur permanent impair-
ment from chronic exposure at lower noise levels compared to acute 
noise exposure (Themann & Masterson, 2019). This is of particular 
importance given the predictions of high noise levels from ADDs for 
much of the Scottish west coast. This study therefore highlights a 
potential ecological risk to the species within a SAC designated for 
their protection.

Theoretical behavioural simulations of harbour porpoise expo-
sure to the onset of a single Airmar ADD predicted exceedance of 
PTS thresholds in only stationary animals up to 500 m, and the po-
tential for TTS threshold exceedance at >1 km from the source when 
considering worst- case scenarios of animals slowly (<0.15 m/s) flee-
ing in a straight line. While such simulations can help assess exposure 
risk in individuals, due to a lack of fine- scale behavioural data around 
aquaculture sites, this risk assessment is sensitive to several as-
sumptions. For example, simulations assumed animals experience no 
auditory recovery during exposure, but ADDs used by the Scottish 
aquaculture sector produce intermittent signals and therefore some 
auditory recovery is likely to occur between signal pulse trains or 
sweeps (see Figure S1). However, during the deployment of multiple 
devices (Northridge et al., 2010) where continuous noise is expected 
(75% and 100% duty cycles), periods where auditory recovery could 
occur are likely to be significantly reduced. Hearing loss is dependent 
on several interacting factors including exposure level and duration, 
repetition rate, directionality of hearing, and changes in vertical dive 
behaviour (van Beest et al., 2018; Kastelein et al., 2005; Mikkelsen 
et al., 2017; NMFS, 2018; Northridge et al., 2010). Hence, the results 
presented here may over-  or under- estimate exposure in porpoises 
responding to ADD noise.

Our results predict that large areas within the SAC are chronically 
exposed to high noise levels from ADDs (Figure 3; Figure S8), making 
potential re- distribution to quieter areas challenging. It has been sug-
gested that cetaceans may remain within high noise environments 

even when there is risk of auditory impairment depending on a) the 
context of previous exposures (Ellison et al., 2012), and b) their moti-
vation to remain within an area when the habitat is of high value for 
foraging, resting or reproducing (Forney et al., 2017). Evidence in-
dicates that harbour porpoises will utilise areas around aquaculture 
sites using ADDs (Northridge et al., 2010). Individuals may therefore 
be willing to remain within high noise environments, such as those 
predicted (Figure 3), increasing their exposure to noise.

While harbour porpoise echolocation is concentrated in the very 
high- frequency range (120– 140 kHz), porpoise best hearing sensi-
tivity occurs between ~10 and 140 kHz (Kastelein et al., 2017). This 
range encompasses the peak frequencies of the ADDs considered 
in this study. It is unknown how a reduction in hearing sensitivity at 
these frequencies (2– 40 kHz) might affect the ecology of harbour 
porpoises. But, auditory impairment could reduce dynamic range, 
frequency discrimination and passive listening space, with implica-
tions for navigation or predator/prey detection (Götz & Janik, 2013; 
Kastelein et al., 2019; Pine et al., 2019; Tougaard et al., 2015). 
Chronic noise disturbance also has the potential to disrupt feeding 
behaviour, making individuals vulnerable to starvation if experi-
enced over extended periods due to their high metabolic demands 
(Booth, 2020). Chronic degradation of their acoustic habitat and the 
potential for auditory impairment could therefore have serious long- 
term consequences for harbour porpoise populations in Scottish in-
shore waters.

Globally ADDs have been recommended as a non- lethal method 
of mitigating pinniped depredation at aquaculture sites. This study 
highlights the potential for auditory impairment from ADD noise 
to non- target species such as harbour porpoises, at distances ex-
ceeding 28 km from aquaculture sites, amounting to over 23% of a 
designated porpoise SAC. Alternative mitigation options to reduce 
depredation have been trialled at aquaculture sites globally, such 
as improved net tensioning, use of different net materials, multiple 
nets and improved animal husbandry (Coram et al., 2014). The use 
of ADDs as mitigation to reduce interactions by pinnipeds has impli-
cations for sympatric, protected species such as harbour porpoises. 
These unintended consequences might extend over large portions 
of the coastal habitats of target and non- target species which are 
also used in aquaculture production. The aquaculture industry, pol-
icymakers and regulators in countries where these devices are used 
should therefore consider these findings when weighing the efficacy 
of ADDs against other mitigation measures.

5  | CONCLUSIONS

Human activities in marine and terrestrial environments are leading 
to widespread conflicts with wildlife. The increasing and long- term 
use of ADDs to deter pinnipeds from aquaculture sites globally has 
the potential to have unintended impacts on non- target species. This 
study used an acoustic propagation model to investigate the pre-
dicted spatial extent and potential for non- target cetaceans, such 
as harbour porpoises, to be exposed to ADD noise at levels which 
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may exceed auditory impairment thresholds. Due to a lack of infor-
mation, a number of assumptions were made with regards to how 
ADDs are deployed by the aquaculture sector. However, our findings 
underscore the need to consider the potential for ‘collateral damage’ 
from management interventions such as ADDs for non- target spe-
cies at aquaculture sites worldwide.
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