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Abstract 16 

1. Management interventions to reduce human-wildlife conflict can have unintended 17 

consequences for non-target species. Acoustic deterrent devices (ADDs) are used 18 

globally by the aquaculture sector. However, the potential for these sound emissions to 19 

impact non-target species, such as cetaceans, has not yet been quantified at population 20 

relevant spatial scales.   21 

2. To better understand the extent of potential impacts on cetaceans, such as harbour 22 

porpoises, we used acoustic modelling to investigate levels of ADD noise throughout 23 

the west coast of Scotland and across a Special Area of Conservation (SAC) for this 24 

species. 25 

3. Using an energy-flux acoustic propagation model and data on aquaculture sites known 26 

to be using ADDs, we predicted the spatial extent of ADD noise on the Scottish west 27 

coast from the 1st February 2017 to 31st January 2018. Noise maps were produced to 28 

determine the risk of auditory impairment for harbour porpoises under a range of 29 

scenarios which assumed single or multiple ADDs and simultaneous use across all sites.  30 

4. The acoustic propagation model performed well when tested against field 31 

measurements up to 5 km, with 98% of sound exposure level (SEL) predictions within 32 

±10% of the measurements. Predictions of SELs over a 24-hour period suggested 33 

extensive temporary hearing loss zones (median radius: ~28 km) for harbour porpoises 34 

around aquaculture sites. Assuming a single device at each site, 23% of the harbour 35 

porpoise SAC was predicted to be exposed to ADD noise sufficient to induce a 36 

temporary threshold shift, and under the worst-case scenario (multiple, continuously 37 

running devices per site with an aggregate duty cycle of 100%), levels exceeding 38 

permanent threshold shift could reach 0.9% of the SAC. 39 
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(pinnipeds: 50 Hz-86 kHz; small cetaceans: 150 Hz-160 kHz; NMFS, 2018). ADDs are used 65 

globally in coastal areas where aquaculture production can extend over large spatial scales to 66 

reduce pinniped depredation (Coram et al., 2014).  67 

Exposure to ADD noise has the potential to exceed levels estimated to cause temporary 68 

threshold shifts (TTS) in cetaceans (Schaffeld et al., 2019), and may induce behavioural 69 

changes, increasing the energetic demands on individuals (Mikkelsen et al., 2017). 70 

Additionally, ADDs can exclude animals from key habitats over long periods (Morton and 71 

Symonds, 2002). 72 

The Scottish aquaculture sector is the third largest finfish producer globally, and production 73 

(primarily Atlantic Salmon [Salmo salar]) is widespread across western Scotland (Kenyon and 74 

Davies, 2018). Individual sites are widely distributed along the coast to reduce cumulative 75 

impacts of eutrophication, chemical pollution, and disease outbreaks. Depredation events by 76 

harbour (Phoca vitulina) and grey seals (Halichoerus grypus) on this coast are frequently 77 

reported by the sector (Coram et al. 2014). ADDs were first introduced in the mid-1980s 78 

(Coram et al., 2014) to counteract this issue and reduce the practice of shooting seals for which, 79 

until recently, licences were granted (Marine (Scotland) Act 2010; The Scottish Government, 80 

2020).  81 

Harbour porpoises (Phocoena phocoena) are protected under the EU and UK Habitats 82 

Regulations and occur in high densities around the Scottish west coast (Booth et al., 2013). In 83 

2016, much of this area was designated a Special Area of Conservation (SAC) for this species. 84 

This SAC is the second largest for harbour porpoises in the UK and Europe (13,813.9 km2), 85 

and aims to provide protection and maintain favourable conservation status of this population 86 

(NatureScot, 2020). The SAC overlaps considerably with aquaculture production (Fig. 1), 87 

which has led to concerns that impacts from this industry may compromise its Conservation 88 

Objectives (NatureScot, 2020). 89 





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


https://www.gaelforcegroup.com/
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Ambient sound analysis  190 

Ambient sound (ISO, 2017) data were collected over 1-year at six acoustic monitoring stations 191 

within the study area (Fig. 1; COMPASS EU INTERREG VA Programme; www.compass-192 

oceanscience.eu). SoundTrap 300 HF acoustic recorders were deployed for up to 4-months, 193 

moored ~3 m above the sea floor in depths ranging from 45-110 m, and programmed to record 194 

on a 20/40-minute on/off duty cycle at a sampling rate of 96 kHz.  195 

PAMGuide was used to calculate median TOB sound pressure levels (SPL; dB re 1 µPa) for 196 

each site. Median TOB SPLs were weighted for VHF cetaceans (Southall et al. 2019; see Figure 197 

S6) and accumulated over a 24-hour period (SELw,24h). The median broadband (2-40 kHz) 198 

SELw,24h for each site was then computed via an energy summation across all frequencies, and 199 

the median SELw,24h for all sites combined was calculated (see Table S3) and used in ADD 200 

noise maps to represent ambient sound levels. A signal-to-noise ratio (SNR) of 0 dB was used 201 

for mapping the extent of ADD signal propagation.   202 

Exposure to ADD noise by stationary and fleeing harbour porpoises 203 

To understand how different behaviours could affect the potential for animals to be exposed to 204 

levels of ADD noise exceeding auditory impairment thresholds, hypothetical noise exposure 205 

scenarios assuming stationary and straight-line fleeing animals were investigated. These were 206 

based on minimum, average, and maximum swim speeds reported in the literature (see Table. 207 

S4). 208 

Modelled scenarios started with the animal at distances of 1, 100, 500, 1000 and 5000 m from 209 

a single Airmar ADD. Animals were assumed to remain stationary or swim in a straight-line 210 

away from the source. Range-dependent SELw was accumulated at 1-second intervals up to a 211 

duration of 24-hours along each straight line, with no auditory recovery assumed to occur 212 

within this period (NMFS, 2018). 213 

Results 214 

http://www.compass-oceanscience.eu/
http://www.compass-oceanscience.eu/
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Furthermore, our results indicate several large areas of Scottish inshore waters would be 338 

exposed to noise levels potentially high enough to exceed TTS and PTS exposure thresholds 339 

(Figs 3-4). Radial distances of zones of TTS threshold exceedance ranged between 11-72 km 340 

depending on duty cycle (Fig. 3), and in many areas PTS thresholds were exceeded at ranges 341 

of 0.2-2 km from the source (Fig. 4). These estimates of zones for potential auditory impairment 342 

are based on the NMFS (2018) criteria, which are mostly derived from acute noise exposure 343 

experiments. Despite a lack of studies on hearing impacts from chronic noise exposure in 344 

marine mammals, it is worth noting that evidence from human studies suggests that the 345 

mammalian ear can incur permanent impairment from chronic exposure at lower noise levels 346 

compared to acute noise exposure (Themann and Masterson, 2019). This is of particular 347 

importance given the predictions of high noise levels from ADDs for much of the Scottish west 348 

coast. This study therefore highlights a potential ecological risk to the species within a SAC 349 

designated for their protection.   350 

Theoretical behavioural simulations of harbour porpoise exposure to the onset of a single 351 

Airmar ADD predicted exceedance of PTS thresholds in only stationary animals up to 500 m, 352 

and the potential for TTS threshold exceedance at >1 km from the source when considering 353 

worst-case scenarios of animals slowly (<0.15 m/s) fleeing in a straight-line. While such 354 

simulations can help assess exposure risk in individuals, due to a lack of fine-scale behavioural 355 

data around aquaculture sites, this risk assessment is sensitive to several assumptions. For 356 

example, simulations assumed animals experience no auditory recovery during exposure, but 357 

ADDs used by the Scottish aquaculture sector produce intermittent signals and therefore some 358 

auditory recovery is likely to occur between signal pulse trains or sweeps (see Figure S1). 359 

However, during the deployment of multiple devices (Northridge et al., 2010) where 360 

continuous noise is expected (75% and 100% duty cycles), periods where auditory recovery 361 

could occur are likely to be significantly reduced. Hearing loss is dependent on several 362 
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interacting factors including exposure level and duration, repetition rate, directionality of 363 

hearing, and changes in vertical dive behaviour (Kastelein et al., 2005; Northridge et al., 2010; 364 

Mikkelsen et al., 2017; NMFS, 2018; van Beest et al., 2018). Hence, the results presented here 365 

may over- or under-estimate exposure in porpoises responding to ADD noise.  366 

Our results predict that large areas within the SAC are chronically exposed to high noise levels 367 

from ADDs (Figs 3 & S8), making potential re-distribution to quieter areas challenging. It has 368 

been suggested that cetaceans may remain within high noise environments even when there is 369 

risk of auditory impairment depending on a) the context of previous exposures (Ellison et al., 370 

2012), and b) their motivation to remain within an area when the habitat is of high value for 371 

foraging, resting or reproducing (Forney et al., 2017). Evidence indicates that harbour 372 

porpoises will utilise areas around aquaculture sites using ADDs (Northridge et al., 2010). 373 

Individuals may therefore be willing to remain within high noise environments, such as those 374 

predicted (Fig. 3), increasing their exposure to noise. 375 

While harbour porpoise echolocation is concentrated in the very high-frequency range (120-376 

140 kHz), porpoise best hearing sensitivity occurs between ~10 kHz and 140 kHz (Kastelein 377 

et al., 2017). This range encompasses the peak frequencies of the ADDs considered in this 378 

study. It is unknown how a reduction in hearing sensitivity at these frequencies (2-40 kHz) 379 

might affect the ecology of harbour porpoises. But, auditory impairment could reduce dynamic 380 

range, frequency discrimination, and passive listening space, with implications for navigation 381 

or predator/prey detection (Götz and Janik, 2013; Tougaard et al., 2015; Kastelein et al., 2019; 382 

Pine et al., 2019). Chronic noise disturbance also has the potential to disrupt feeding behaviour, 383 

making individuals vulnerable to starvation if experienced over extended periods due to their 384 

high metabolic demands (Booth, 2020). Chronic degradation of their acoustic habitat and the 385 

potential for auditory impairment could therefore have serious long-term consequences for 386 

harbour porpoise populations in Scottish inshore waters. 387 





https://doi.org/10.5061/dryad.j6q573ndq
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Fig. 1. Map of the west coast of Scotland showing the locations of aquaculture sites using 

Acoustic Deterrent Devices (ADDs) between the 1st February 2017 and 31st 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.  

 



26 
 

 

 
Fig. 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. 

557 
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Fig. 4. Median distance around all aquaculture sites where levels were predicted to exceed 

(a) TTS or (b) PTS levels over a 24-hour 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 

25 and 75th percentiles (boxes), the range without outliers (whiskers), and outliers (circles).  

 

 

 

 

 

 

 






