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1. INTRODUCTION

in recent years. the number or aquaculture laciiities using acoustic harassment devices (AHDs) In attempts to deter
seats from approaching fish pens has increased, yet our understanding of the eitects at these devices on both
target and non-target species in the short and long term. is sit target; Incomplete. This paper presents estimateS
of areas in which harbour porpoises (Fhocoena prrocaena) are likely to perceive and be attested by AHD sounds
based on calculations using the source levels and attenuation characteristics at three difierent models 01 acoustic
alarms used In marine mammalillshery conflicts.

2. MEii-lODS

Three device source levels with a low, medium and a high source level (SL) and two ambient noise limits (at very
low and a high noise level) were used as input data tor the calculations. For comparison) the low sound source
used tor this study was acornmerclal acoustic deterrent device (ADD) used in gilinet lisheries in alternate to reduce
marine mammal bycatch and the medium and high sound sources were two models ot commercial AHDs used on
salmon terms in both North America and Europe. An estimate oi the properties at the harbour porpoise hearing
system was made (see below). The calculation results are the limits oi the ADD and AHD audihiiity ranges under
these conditions.

2.1 Source Level
Very limited detailed acoustic data of ADDS and AHDs are available. We used 3source level ranges:

ADDt, low-power:
data derived trorn a Neanarlr 1000 (2ndgeneratrbn)awus tic pinger of the Dukane Company, St. Charles.
iLL, USA; detailed acoustic data in the trequency range of 0 - 100 kHz were measured by TNO-TPD; the
pinger produced every 4.3 s an 11.3 kHz pulse with a duration at 300 ms; broadband 5L was 130 dB re
pPa at 1 or distance: levels ct the lundarnentai frequency and harmonics are shown in Figure 1; the pinger
produced trequency components (harmonics) higher than 100 kHz [levets above 100 kHz were not
measured)

AHDZ, medium-power:
from Halter and Lemon [1] some data of an llcorrstrc Deterrent System' manuiactured by Airmar
Technology, Miriam: NH, USA can be derived; the device produced a complicated pattern of 10 kHz
pulses (duration 1.8 ms, interval 40 ms); only the level or the fundamental (152 dB re 1 pPa) and the first
hamronic was measured; Figure 1 gives these levels. as well as estimated levels at the other nam'lonlcs
up to 100 kHz

ill-+03, high-power:
nigh-power AHDs can reach SL's or 200 68 re t We at 1 m distance, tor instance the Min? Seat Scrant-
mer(Fer:ranii-'niomson. UK}. produces a SL at 194 dB at 25 kHz, pulse duration 20 s; tor the calculation,
we took a signal consisting 0125 kHz pulses with assumed levels or the harmcnlrs - see Figure 1.  Proc.l.O.A. Vol 19 Par19(1997) . 267
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Figure 1. Source levels ofthe 3 devices used In the calculations Levels oi the tundamentai lrequency component
(t), as well as harmonics (h) up to roughly 100 kHz are shown. Fundamental irequencies are: ADD1 11.3 kHz,
AH02 10 kHz and AHDS 25 kHz. The levels are given in dB re 1 uPa at t m distance and reter to the EMS sound
pressure level at the pulse. Only the levels of AD D1 were actually measured, the other levels were partly estimated.
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2.2 Propagation
Sound propagation loss was calculated using a TNO-TPD computer model based on ray-tracing calculations. For
comparison the input parameters were the same as in Heller and Lemon [1] which reler to a listilarm located near
Midsummer Island. BC, Canada: waterclepttt 70 in: sound source depth 9 m; receiver depth 25 or; bottom 2 m thick
sandlmutt on a rock bottom; sound velocity 1482 me; wave height 0.3 m and signal frequency and distance
variable. As a guideline, propagation loss for this particular situation, lor lreouencies above 10 kHz and for
distances of 200 metres and more. can be characterised as [20 log (distance) - 3 dB]. This is In good accordance
with the results of Halter and Lemon's study [1, Frgure 14].

23 Ambient Noise and Audiograrn
Figure 2 shows both ambient noise limits used in the calculations given as isotope omnidirectional spectrum
love! in as re 1 usz a very low level based on sea state i [21 [3} and a high ambient noise level, measured by
TNO-TPD in the Dutch wasial waters, with a large inlluence of wind, waves and the distant noise of sluices.

Figure 2. Ambient noise limits, used in the calculations: a high noise level (—l measured in the Dutch coastal wa—
ters and a very low level (----). based on the theoretical sea state 1 curves of Wenz [2] and Urick [31.
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Figure 3. Audlogram oi harbour porpoise (Phoooena phoooena): smoothed curve (-—) and observations (-) oi
Andersen [4].
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2.4 Critical Bandwidth
Data on the critical bandwidth or the critical ratio at the harbour porpoise hearing system and for other ceiaceans
are scarce. Anesiimation oi the harbour porpoise critical bandwidth was made (see Figure 4) based on available
data [5] [6] [7]; ior pinnipeds: [8] [9] [10]. as well as irom relevant human data.

2.5 Directivity index
The directiviiy indmt oi the harbour porpoise receiving beam pattern is unknown. The pattern is estimated and the
Di caiouiated using a formula in Urick [3, p42]. The beam pattern data oi harbour porpoise receiving patterns at
very low irequencies Is probably roughly omnidirectional. which means a Di or 0, coniirrned by Andersen [4]. At the
upper trequency limit oi the porpoises hearing system (160 kHz) his probable that a rather narrow beam ls formed.
For bottlenose dolphins receiving beam patterns have been measured by Au and Moore [6] at frequencies at 30. 60
and 120 kHz. Di at these irequencies, calculated with a TNO-TPD computer model, were 8.9. 14.2 and 19.3 dB..
Here. it is asumed that harbour porpoises have roughly the same receiving beam patterns as bottlenose dolphins.
Figure 4 shows the estimated frequency dependent harbour porpoise Dl's.

Figure 4. Hearing system at harbour porpoise (Phoooena phocoena): estimated values for the critical bandwidth
(—l andior the directivliy Index of the receiving beam (------). >
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2.6 Zone oi Audiblllfy‘ '
The zone of audiblllty (ZA) Is a spherical area around a sound source in which the sound can be detected by the
animal. ranging from very weak to very loud. The radius oi this area depends on:
- the sound pressure level of the source (source level, SL) In dB re 1 tape at 1 in distance for a certain

(analysis) bandwidth: for pulsed signals the level is the RMS value of the pulse sound pressure level ('line
level).

- the sound propagation loss between source and animal (transmission loss. TL); this loss ls frequency
dependent and (here) includes the effects of sound absorption: expressed In dBIlrm.

- the detection threshold (DT) oi the animal's hearing system. In d8 re 1 We 'spectrum Ievel'; the DT
depends on the properties cithe animal’s hearing system and is a combination at Its:

l. absolute audiogram (AA) In dB re 1 (Pa “line level'
it. critical bandwidth (CE) in dB
ill. directivlty Index (DI) of the receiving beam pattern In dB
Iv. the lsotrope. omnidirectional ambient noise (AN) level at the animal's location. in 68 re 1 pPa

‘spectrum ievet'
DT ior singletons signals is the highest level of AA and (AMOS-DI), which means that at low and high
frequencies AA demrmlnes OT and at mid-frequencies (AN+CB-Dl).

The radius of the ZA can be found by combining (SL-DI) and TL and is frequency dependent. This calculation
method is valid for (pulsed) tone signals and supposes that the animal's receiving beam is In the direction at the
sound source. If the reoeMng beam Is not In the direction at the sound source. ZA decreases (or even becomes 0).

3. RESULTS

The ranges oi audibllity for both emblem noise conditions were calculated and the results are summarised In Table
1. For these 3 devices. in principle. the fundamental frequency detennlnes the radius oi the zone oi audiblllty.
AHD3 has a smaller range titan AHDZ (with lower SL) because of the higher fundamental Irequertcy oi AHDS (more
absorption). The ranges do not take into account pulse duration and pulse repetition rate: when pulses become
short and/or rate becomes low, detection capabilities tor single pulses are decreased. resulting In a decreased zone
of audibllity radius. However. harbour porpoise hearing system properties are unknown in this respect; tor other
marine mammals see: [7] [10] [11]. The range at AHDS would be unaffected as Its pulse duration is 20 seconds.

Table 1. zones of audibllity for both ambient noise conditions

   ADD/AND zone of stability zone oieudibllity
high emblem nose levels lawambient noise levels   

  

  ADDt 0-2790m
AHDZ 0-2770m 0-12190m
Anna 0-6380m '0-101rom

3.1 Zone oi Severe Dldurbance and Dimmtort
The zone at severe disturbance and discomfort Is an area within which the sound level is very likely to be high
enough to cause severe disturbance in terms of habitat exclusion or discomfort to the animal. For humans the
corresponding sound level Is 80 dB(A). which means that. when the sound source spectrum ls corrected tor the
shape at the human audlogram, the total (broadband) level of the sound is 80 dB re 20 pPa (In air).

270 Proc.l.O.A. Vol 19 Part 9 (1997)
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3.2 Zone of Hearing Damage and Injury -
The zone ot hearing damme and injury is an area within which the sound level is very likely to be high enough to
cause hearing loss or tissue damage to auditory or other systems. For humans this occurs at approximately 130
dB(A).

The oonesponding levels (in water) tor harbour porpoises are unknown but an estimate was made. In favour of the
animal, based on the following:
- the structure and dimensions of the hearing system of odontocetes and ptnntpeds have a strong

resemblance to ttrose of humans: the shape of the audlograms are roughly the same, but frequency range
differs strongly (as well as outer ear structure)

- the dynamic range oi the human beefing system is approximately 140 dB: for odonmcetes' this range may
be larger (because they produce loud signals); tor ptnntpeds this range tray be equal to the human range
or possibly somewhat smaller

- for humans the ettects of high noise levels are known, for instance: discomfort and hearing loss after long-
term exposure > 80 dBtA) and hearing damage and injury >130 dBtA).

It is emphasised that although these criteria are based on extrapolating the properties and effects of the human
hearing s/stem to that of odontocetes and need to be verified by future studies. the elfects of AHDS on harbour
porpoises can at least be estimated. This was done by applying a similar ‘vvelghting methodology as the human
dB(A) methodology.

3.3 Calculation of Weighting
The weighting method lmplles that the sound spectrum of the source is corrected tor the shape at the (porpoise)
audlogram (Figure 3). after which the total (broadband) sound pressure level (SPL) is calculated (= Li). Table 2
gives the weighted levels of the 3 devices and the total level. See Taylor era]. (19] for methods.

Table 2. Weighted SPL'S ol the 3 devices in dB re 1 pPa

 

Because the lowest (= most sensitive) hearing threshold of harbour porpoises in water Is 50 dB re 1 uPa, the
criteria levels for the various zones are:

Zone of severe disturbance
anddlscomfort: L12=50+80=130dBre1pPa

Proc.l.O.A. Vol 19 Part 9 (1997) 271
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Zone of hearing damage and injury: L3 = 50 +130 = 180 dB re 1 pPa

The level at which a sound source will be audible tor harbour porpoises, but will probably not cause discomfort will
be at 80 - 40 as above hearing threshold (provided masking by background noise does not occur):

Ln =80-90dBre1pPa

Although these levels are assumptions based on the extrapolation of human criteria, a validation at these values
can be found in Kasteleln et at. [12] where the ettects of pulsed sounds, with various frequencies and SL‘s, on a
ternale harbour porpoise were determined. The observations were carried out in a shallow water pen, where local
propagation losses, according to TNO~TPD measurements. fluctuated between [10 log (distance)] and [30 log
(distance)]. When a sound source was switched on. the animal swam to a certain area In the pen at which the
average distance to the s ound source was determined. For the validation an average proantion loss in the pen of
[20 log (distance)] was assumed. resulting in the observations summarised in Table 3.

Table 3. Observations ot Kastelein etal. [12]

1 2 3 4 5 6
LU click LU click LU cidr Scanmar MUNi MUN2

   

        

 

        
frequency 140 70‘ 35 110 25 2.5 kHz

“wagedmm 20 22 17 so 10 10 ' in
source

- SL 109 117 103 158 119 131 dB

SPLataverage ea 90 78 V‘ 123 99 111 dBreiuPa
distance

These results, in general, confirm the criteria stated above:
- during activated sources 1 - 3 the animal swam to a location where the sound pressure level (SPL) was

between 78 and 90 dB re 1 pm; this is the criterion unlikely to influence the animal‘s comfort,
- source 4 caused the animal to swim to the pen corners. as for as possible away trom the sound source;

SPL in those comers was 128 dB re 1 pPa, a level which would causesevere disturbance; it the pen had
been larger. the animal would probably have swum to a location with a lower SPL

- during activated sources 5 and 6 the animal swam to an area where the SPL was somewhat higher than
might be expected. namely 99 - 111 dB re 1 pPa; the reason the animal did not swim to a lower (tor
instance 80 dB) SPL location is not clear, but may be because the 2.5 kHz clicks were very familiar as
harbour porpoises produce low-frequency echolocation clicks around 2 kHz [13] [14] [15].

Using the dlilerences between the total weighted levels (Li) oi the devices in Table 2 and L2 and La. the radius 01
each zone at influence was calculated (Tables 4 and 5). Propagation conditions as mentioned earlier were applied.

Table 4. Zone of severe disturbance and discomtort; criterion is 130 dB re 1 nPa
Li (dB to 1 uPa) diiterence (dB) radius zone (metres)
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Table 5. Zone of hearing damage and injury; criterion is 180 dB re 1 We
. Lr(dBret HPI) dlilereneeidBl.‘ radius zone (metres)

 

AHD3 194 14 7

4. DiSCUSSiON AND CONCLUSIONS

Based on the above calculations, we suggest that several commercial AHDs produce sounds loud enough to
adversely affect harbour porpoises, and potentially other species oi coastal marine mammals. Harbour porpoise
populations around the world have been depleted through bycaich in a number at fisheries [16] and they are
currently listed as ‘threatened' by the Committee on the Status of Endangered erdliie In Canada (COSEWlC). A
similar listing is still under review in the United States. There are growing concerns about the behavioural and
physical impacts of such AHDs on both target species (generally pinnlpeds) and on non-target species (cdontocete
cetaceans. some fish and potentially invertebrates as well) in the vicinity ct operating devices. Marine mammals
may be atiected in many different ways by AHD sounds. ranging trom physical and auditory damage. physiological
and behavioural changes. to dismptlon oi activities and displacement irom important areas [17] [18] [19]. The
extent to which a marine mammal may be affected by AHD sounds will depend on how close to the source they are
and the type of device in use. Many assumptions are made when calculating ranges ot acoustic Influence and they
are likely to vary with time, location, individual marine mammal and their motivation, and other factors. Despite
these limitations, such estimates are useful in defining areas where marine mammals need protecting from some
noisy human activities.

For the models at AHD used as deterrents on lishpens in this study. the zone of audibilliy for porpoises was
calculated to range trom a minimum radius of 2.8 km to a maximum radius of 12.2 km. with low ambient noise
conditions In the local marine environment These zones of audibilily may represent a significant proportion oi
coastal habitat, especially where there are large congregations oi tlshtarms e.g. Ciuoddy Fleglon. Bay oi Fundy,
Canada [20]. In these areas, porpoises may perceive AHD noises as a threat and avoid them. in such instances
their habitat would be effectively reduced and movements between Important areas potentially limited [20] [21] [22].
There is some evidence to support this hypothesis as significant reductions in porpoise abundance within 3.5 km of
an active AHD have been documented previously [21]. The same study reported that porpoises were totally
excluded from within 400 m of the sound source. Our caicuiatlons suggest that severe disturbance (and potentially
temporary loss at hearing) of porpoises will occur at distances between 17m and approximately 1 km (depending
on the model of AHD and ambient noise) from the sound source. corresponding well withthe data 'ol Oiesiuk etal.
[21]. There are also other anecdotal data supporting this hypothesis. Morton [23] documents a' reduction oi
sightings of killer, gray, minke and humpback whales in the Broughtcn archipelago after the introducdon ,ol AHDs
on salmon terms and Strudwick [24] also documents reductions in both common (harbour) seal's‘lt—ind harbour
porpoises around salmon farms using AHDs in Scoliand. The distance to which animals were excluded in both
study areas is currently unknown. There are also a few documented cases where sounds have beenshown to alter
the distribution and behaviour of some fish [25] [26] [27] and, in theory. could also sheet the foraging behaviour of
odontoceles and plnnipeds.

Along with displacement and disturbance eflects caused by AHDs, actual physical damage may occur to animals
that are very close to the source. Theoretically. within 7 metres of source AHna immediate hearing damage and
injury could occur to a harbour porpoise Hearing lmpalnnent caused by AHD noise could seriously compromise the
ability oi an exposed marine mammal to navigate, detect prey and,in the me or odontocele cetaoeans such as
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the harbour porpoise, the ability to echclocate. Some models of AHDs can be triggered manually, or by net sensor,
at full power. Exposing animals to such high levels of noise clearly atiects their welfare and may. in the long term.
be counterproductive; individual seals that are deaf will not notice AHDs and deafened porpoises may not detect
ADDs deployed on giilnets in attempts to reduce bycatch.

As in most human-animal conflicts. single solutions are unlikely to be universally applicable. Acoustic harassment
devices should only be used in conjunction with, and after. other non-acoustic. non-lethal. anti-predator methods
[26]. Acoustic harassment devices that are triggered manually or by net sensors should be modified to ramp up
slowly. and tested to determine their eiiectiveness in allowing animals the time to move away from the source. For
conservation and animal welfare reasons. source levels 01 AHDs in use on fish pens should be lirrrited to below the
zone oi severe disturbance and discomfon oi odontocete cetaceans resident In the particular locality. There is still a
need for experimental evidence that AHDs significantly reduce predation cn penned or caught fish [28]. Studies on
the eiiects of high-energy sounds produced by AHDs on marine mammals (target and non-target) and other
organisms are also needed, particularly as the re is growing evidence that noise can have significant detrimental
effects on non-target species.

Our results indicate that some AHDs may pose a threat to marine mammals, particularly In the form of habitat
exclusion. Considering the extent oi AHD use world wide (19] and our lack of understanding on their effects. some
marine mammal populations may have already been adversely affected. Clearly. more research is required to
better determine the ranges at which AHD noises become threatening or damaging for marine mammals and to
resolve conservation issJes related to AHD induced habitat exclusion.
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