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ABSTRACT: Acoustic deterrent devices (ADDs) to prevent pinniped predation on fish farms and
fisheries are widely used, but show highly varying success. Recently, ADDs have also been high-
lighted as a conservation concern due to their adverse impact on toothed whales. We review the
available literature on the efficiency of commercial ADDs, evaluate the unintended impact on
behaviour, communication and hearing of marine life, and suggest solutions based on psycho-
physiological predictions. The main problems associated with ADDs are a lack of long-term effi-
ciency, introduction of substantial noise pollution to the marine environment and long-term effects
on target and non-target species. Odontocetes have more sensitive hearing than pinnipeds at the
frequencies where most ADDs operate, which may explain the reported large-scale habitat exclu-
sion of odontocetes when ADDs are used. Furthermore, long-term exposure to ADDs may damage
the hearing of marine mammals. Fish and invertebrates have less sensitive hearing than marine
mammals and fewer efforts have been made to quantify the effects of noise on these taxa. Solu-
tions can be found by decreasing sound exposure, exploiting neuronal reflex arcs associated with
flight behaviour and making use of differences in species’ hearing abilities to increase target
specificity. To minimise adverse effects, environmental impact assessments should be carried out
before deploying ADDs and only effective and target-specific devices should be used.

KEY WORDS: Acoustic deterrent device - ADD - Noise pollution - Predation - Seal - Hearing
damage - Aquaculture - Fisheries - Temporary threshold shift - Permanent threshold shift

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Worldwide farming of marine and diadromous fin-
fish species has experienced tremendous growth,
with a 10-fold increase over the past 3 decades (Food
and Agriculture Organization 2005). The resulting in-
crease in potential food resources for other species in
the marine environment could be expected to induce
interactions with predatory species. Foraging models
predict that air-breathing predators such as marine
mammals will exploit food resources depending on
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their profitability and potential costs, with dive depths
playing a major role (Thompson & Fedak 2001). With-
out any predator-control methods, the costs, for exam-
ple, for a seal of attacking a fish farm are low while the
profitability is high. It is therefore not surprising that
such interactions occur. Nevertheless, predation losses
on fish farms in both North America and Europe have
often been reported to be caused by only a few ‘rogue’
individuals (Scottish Salmon Growers Association
1990, Morris 1996). On some occasions, salmon gro-
wers reported that predation by harbour seals Phoca
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vitulina stopped after the specific individuals believed
to be causing the problem were removed (Morris
1996). Similarly, reports from British Columbia showed
that just a few male California sea lions Zalophus cali-
fornianus reduced the annual steelhead trout Onco-
rhynchus mykiss run through the Ballard locks from
2500 to ~200 in less than a decade (Fraker & Mate
1999).

Predatory behaviour by seals around fish farms can
cause a variety of economic as well as market-related
risks for the owner (Nash et al. 2000), which has led to
the development of several predator-control methods.
These methods fall into one of the following cate-
gories: net modifications or additions of barrier nets,
acoustic devices to deter seals, population control
through lethal or non-lethal removals of seals, and
aversive conditioning (Hawkins 1985, Wiirsig & Gai-
ley 2002, Quick et al. 2004). The most problematic of
these is predator population control by lethal re-
moval. These methods can be ecologically hazardous,
particularly if the number of removed animals is un-
derestimated (Ross 1988), are ethically controversial
and their effectiveness is questionable (Pemberton &
Shaughnessy 1993), as newly arriving individuals can
quickly replace removed animals (Ross 1988, Morris
1996). Furthermore, culling of higher-order predators
can affect predation rates by other predators. Pin-
nipeds forage on predatory fish species around the
net pen that could potentially feed on aquaculturally
important species (Fraker & Mate 1999).

Of all predator-control measures, acoustic deter-
rent devices (ADDs) have often been considered the
most benign way of dealing with the problem. There
are 2 basic assumptions of how acoustic deterrence
may work. The first solution presents acoustic stimuli
at a source level that exeeds the auditory pain
threshold, with the idea being that animals would
avoid such stimuli, and the second relies on the
acoustic stimulus itself being aversive without
causing pain. Over the past 2 decades, a variety
of acoustic devices have been designed to reduce or
stop predation by pinnipeds on finfish farms
(Table 1). Low-power devices operating at source
levels below 185 dB re 1 pPa have commonly been
labelled as ADDs, while those operating at higher
source levels are considered to be acoustic harass-
ment devices (AHDs) (Reeves et al. 2001). However,
suggesting an effect based on source level is prob-
lematic when reaction thresholds are poorly under-
stood and vary depending on animal motivation
(Gotz & Janik 2010). We will therefore refer to all
devices as ADDs in this review, as deterrence is the
ultimate goal when using them. Our review summa-

rizes the current methodology in acoustic seal deter-
rence, investigates the problematic biological effects
and their potential ecological consequences, and
evaluates the potential of acoustics to control preda-
tion in general.

HOW EFFECTIVE IS ACOUSTIC DETERRENCE?

One of the first attempts to deter seals by the use of
sound was carried out in the late 1970s with captive
harbour seals and wild grey seals Halichoerus gry-
pus around netted salmon (Anderson & Hawkins
1978). The results were not promising: pure tones of
unspecified source level had no effect and killer
whale Orcinus orca calls and other recorded sounds
(e.g. noise) seemed to be effective for a few succes-
sive trials, but aversive responses waned quickly.

Experiments with more powerful devices operating
at high source levels were carried out by Mate & Har-
vey (1987) and Mate et al. (1987). They used fre-
quency-modulated pulses (8 to 20 kHz) of variable
length at peak-to-peak (p-p) source levels of ~187 dB
re 1 pPa to deter harbour seals from salmon hatcheries
for 4 successive years (1 to 32 ms long pulses at ran-
dom intervals with an average of 2 per second). The
paradigm applied was to deter seals by broadcasting
sounds within the most sensitive frequency range of a
seal. Reactions included seals turning away from the
sound source and sometimes leaping out of the water
before retreating quickly. In the 3 following years, the
predation rate was substantially lower and only one
individual seal was responsible for most of the dam-
age. However, although the device seemed to prevent
recruitment of new animals, in the fourth year the
predation rate returned to its original level. Geiger &
Jeffries (1987) investigated the effect of an ADD on
harbour seal predation on salmon fisheries using a de-
vice similar to that used by Mate & Harvey (1987).
While the ADD reduced predation in some fisheries,
there were 2 sites where predation rates were higher
when the ADD was switched on. In one fishery, pre-
dation increased over a 3 wk period until it reached a
much higher level than during control periods, which
may indicate that the originally aversive sound had
become a conditioned reinforcer, resulting in a
‘dinner bell effect’ (see also Jefferson & Curry 1996).

The time until devices become ineffective varies
between studies and study sites. Harvey & Mate
(1987) tried to establish an acoustic barrier after driv-
ing harbour seals from a haul-out in a bay where they
forage on migrating salmon. Within the following
week about one-third of the animals returned, which
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may have been partly caused by intermittent failure
of the deterrence device. In contrast, Rivinus (1987%)
reported that only in the third year after the introduc-
tion of a similar ADD did 1 or 2 harbour seals return
to predate on a fish ladder. Kastelein et al. (2006a)
successfully deterred captive harbour seals over a
2 mo period using 250 ms long pulses of 8 to 45 kHz
tones with harmonics. However, in this study there
was no food associated with the location of the ADD.

Working on otariidae (eared seals), Akamatsu et al.
(1996) investigated the reactions of captive Steller sea
lions Eumetopias jubatus to sound while the animals
were swimming in a pool or feeding on salmon at-
tached to a net. They tested an iron drum (0.5 to
2 kHz, 210 dBre 1 pPa) and different playback sounds
at a maximum source level (rms) of 165 dB re 1 pPa.
They found that killer whale calls yielded little effect,
frequency-modulated sweeps (1 to 4 kHz, 1 s dura-
tion, 1 s inter-stimulus interval) repelled juveniles and
pure tones (8 kHz, 5 s duration, 5 s inter-stimulus in-
terval) were successful in repelling all animals except
adult males. Only the iron drum was able to deter
adult males in the feeding trial, which might have
been due to the high source levels of its sounds.

Only a few experiments have been carried out
using commercially available ADDs under realistic
settings. As Table 1 shows, the acoustic characteris-
tics of devices that were sold commercially over the
past years differ by manufacturer and model, which
makes generalisations difficult. While some devices
produce trains of brief pulses (Airmar, Ace-Aquatec),
others produce longer, separated pulses (Lofitech)
or emissions of more continuous noise (Terecos)
(Table 1). Yurk & Trites (2000) tested ADDs produced
by Airmar and Ferranti-Thompson in an attempt to
keep harbour seals from feeding on out-migrating
salmon under a bridge. The Airmar dB Plus II deter-
rent device yielded a decrease of predation rate in 7
successive trials, but further trials were not carried
out. The Ferranti-Thompson device was only tested
once, yielding a decrease in the number of seals com-
pared with the control trial on the following day, but
seal numbers were still high compared with earlier
control trials. Jacobs & Terhune (2002) tested an Air-
mar dB Plus ADD (consisting of an array of 4 trans-
ducers, p-p source level 172 re 1 pPa) after chasing
harbour seals from a haul-out into the water. They
found no differences between control and sound ex-
posure sessions in surface positions taken by the ani-
mals. In another experiment, the authors could not
find any effect of an acoustic barrier consisting of Air-
mar ADDs on harbour seals approaching a haul-out
site. Similarly, ADDs used to protect salmon runs (Na-

tional Marine Fisheries Service 1995) and fish farms
(Norberg 1998) had little effect on otariids, although
in some cases recruitment of new individuals was
successfully prevented (National Marine Fisheries
Service 1995). Installation of an Airmar dB Plus II de-
terrent device did not seem to result in a dramatic
drop of predation levels inflicted by southern sea lions
Otaria flavescens on a salmon farm in Chile (Vilata et
al. 2010). However, a comparison of predation levels
at the test site with the test site during the previous
year and a control site on the same production cycle
showed that the device caused a significant reduction
in losses (Vilata et al. 2010). As the authors state, de-
ployment was limited to a 3 mo period and long-term
habituation was not evaluated. In an internal com-
pany report, Ace-Hopkins (2002a) presented a num-
ber of trials with his Ace-Aquatec device at different
salmon farms in Scotland where potential predators
are grey and harbour seals. He reported a reduction
of fish damage at 2 farms while no effect was found at
a third farm. Unlike other ADDs that produce sounds
at random or regular intervals, the Ace-Aquatec de-
vice uses a triggering system that senses salmon
movements in response to predator presence (Ace-
Hopkins 2002b). Fjalling et al. (2006) used a Lofitech
seal scarer that emitted at a source level of 179 dB re
1 pPa to protect salmon traps from grey seal pre-
dation in the Baltic Sea (an unmodified version of the
device operates at a duty cycle of about 9 to 10 %; the
authors partly used a modified version with a duty cy-
cle of 4.5% by reducing the pulse length to 250 ms).
The use of this seal scarer resulted in both higher
catch rates and lower fish damage during the test pe-
riods over 3 consecutive years. However, the effect
waned towards the end of the season in each year.
Similarly, Graham et al. (2009) found that a Lofitech
ADD that was deployed in 2 rivers in Scotland for a
5 mo period reduced the number of seals upstream of
the device by 50%. However, overall numbers of
seals in the river system were unaffected.

These experiments showed substantial variation in
behavioural responses across studies and study sites.
This is probably the result of a variety of poorly un-
derstood factors influencing animal responses to
sound in the wild. In a recent study, Gotz & Janik
(2010) demonstrated that the behavioural avoidance
responses to sound in phocid seals were influenced
by food motivation, learning processes, sound type
and sensation levels (the level by which a sound
exceeds the hearing threshold). The study also tested
sounds of 4 commercially available ADDs (Terescos,
Ace-Aquatec, Lofitech and Airmar dB plus). Study
subjects habituated rapidly to all sound types when
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played at a received level of 146 dB 1 pPa (rms) and
food was presented next to the sound projector. Most
ADD manufacturers claim a deterrence effect at this
received level (e.g. Lofitech). Thus, these results gen-
erally question whether current ADDs can be effi-
cient. However, the same study also demonstrated
that without food presentation, ADD sounds of 3 out
of 4 manufacturers yielded a deterrence effect down
to received levels of 135 dB re 1pPa.

Indirect information on the effectiveness of current
ADDs has been obtained by analysing the results of a
questionnaire survey in Scotland where a variety of
devices were in use (Quick et al. 2004). Only 23 % of
the fish farmers reported ADDs to be very effective,
50 % reported moderate, 15 % poor and 7 % little effi-
ciency. As in other areas (e.g. Mate et al. 1987) some
of the farmers believed them to even attract seals.
Perceived performance of currently available com-
mercial deterrent systems (evaluated through inter-
views) was even worse in Chile where predation is
inflicted by southern sea lions (Sepulveda & Oliva
2005). Acoustic deterrent systems were considered
ineffective at 12 out of 16 sites, while only 4 sites
claimed high or moderate efficiency.

The reasons for differences in reported efficiency
may be diverse, and include the exact ADD deploy-
ment method and schedule, the animals’ foraging
motivation, differences between populations and
species in reactions to human actions and differences
in sound propagation characteristics of the habitat.
The potential reasons for the loss of effectiveness
observed in most studies over time are also varied.
These are the induction of hearing damage due to
ADD sound exposure (Reeves et al. 1996), habitua-
tion to sounds (Groves & Thompson, 1970), learning
that sounds indicate the location of a fish farm (the
‘dinner bell effect’) and learning how to avoid the
sound by swimming with the head above the surface.

ECOLOGICAL IMPACTS ON TARGET
AND NON-TARGET SPECIES

Acoustic devices could cause negative impacts on
animals in 4 different ways. They could cause dam-
age to the ear due to high sound pressure, mask
sounds used for communication, orientation or prey
detection, lead to avoidance and an exclusion of ani-
mals from parts of their habitat, and/or induce detri-
mental physiological changes, such as increased
stress hormone levels.

To affect the behaviour of an animal a sound
must be audible. A high-power ADD (e.g. Ferranti-

Thompson 4 ) can be audible to the harbour porpoise
Phocoena phocoena for up to 10 km under low ambi-
ent noise (Taylor et al. 1997). Similarly, a harbour seal
could potentially hear a device with a source level of
175 dB re 1 pPa at distances of 1.4 to 2.9 km in quiet
conditions (Terhune et al. 2002). The effects on fish
and other marine life with less sensitive hearing may
be more localized, but could still be detrimental. We
will now review the potential effects of ADD sounds
on marine life.

Impacts on target species should be considered a
concern for ecologists, managers and the industry
alike. If ADDs cause permanent hearing damage,
this would create a problem not only from a conser-
vation point of view, but also from a commercial per-
spective as efficiency of the devices would be re-
duced. It is also important to note that hearing
damage first affects the outer hair cells in the
cochlea, which leads to only a small rise of the hear-
ing threshold. However, even at this level, hearing
damage causes a diminution of the dynamic range
and a loss of the frequency discrimination ability (see
Moore (1997) for a review on psychophysical effects
of hearing damage). As pinnipeds are likely to rely
on passive acoustics for prey detection (Schusterman
et al. 2000) and mating (van Parijs et al. 2000), sen-
sory effects caused by even weak hearing loss would
probably reduce the ability to classify sounds. This
could make these animals more dependent on pre-
dictable food sources such as farmed fish and affect
their reproductive success.

Hearing damage
General considerations

There is controversy over the effects of ADDs on
cetacean and pinniped hearing. Although manufactu-
rers reject the possibility of hearing damage caused
by their ADDs (Ace-Hopkins 2002b), researchers say
that this concern can neither be proven nor dismissed
at present (Gordon & Northridge 2002). If an animal
is exposed to stimuli that are above a certain level,
hearing damage can occur as a temporary but fully
recoverable shift of the hearing threshold (temporary
threshold shift, TTS). If an animal is exposed to sound
pressure levels (SPLs) beyond the TTS level or for
longer durations, recovery may not be possible and
the threshold shift becomes permanent (permanent
threshold shift, PTS). The risk of hearing damage is
considered to be a function of SPL and exposure time
(Eldred et al. 1955). For instance, a sound with a short
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duration can be safely presented at a higher source
level than a longer one. It has been suggested that
stimuli of equal acoustic energy carry the risk of
causing similar damage (‘equal energy hypothesis’;
Eldred et al. 1955). Therefore, sound exposure level
(SEL) was suggested as a measure for defining safe
exposure levels: SEL = SPL + 10log(t), where tis the
exposure time in seconds, and SPL is the root mean
square sound pressure level (Southall et al. 2007, see
Madsen 2005 for equation). However, the equal
energy hypothesis has recently been challenged by
studies showing that disproportionally higher SELs
are required to cause a TTS when exposure times are
short (Mooney et al. 2009a,b, Finneran et al. 2010a;
see also Supplement 1 at www.int-res.com/articles/
suppl/m492p285_supp.pdf). The onset of a TTS in
odontocetes occurs at a SEL between 193 and 214 dB
re 1 pPa’s (Finneran et al. 2000, 2002, 2005, 2010a,b,
Schlundt et al. 2000, Nachtigall et al. 2004, Mooney
et al. 2009a,b) while pinnipeds developed a TTS at
levels of about 183 dB re 1 pPa? s (Kastak et al. 2005).
In a harbour porpoise exposed to short transient
noise pulses, a TTS was found at a lower level of
164 dB re 1 pPa’s (Lucke et al. 2009).

Marine mammal noise exposure criteria that can
be used to predict the potential for hearing damage
caused by ADDs have been developed based on
available information on TTSs and permanent hear-
ing damage in a range of taxa (Southall et al. 2007).
The Southall et al. (2007) review is im-
pressive in scope and provides highly
valuable information, but we believe that
there is room for improvement when
using the criteria proposed in it. The main
problem is that frequency weighting func-
tions (M-weighting) suggested by Southall
et al. (2007) cannot be considered conser-
vative. This has mostly to do with the fact

uncertainty when predicting permanent hearing
damage in marine mammals. Supplement 1 explains
the derivation of the unit of SEL.,s. Supplement 2
at www.int-res.com/articles/suppl/m492p285_supp
.pdf provides the calculations of the impact zones for
each species group. We predicted zones within
which temporary and permanent hearing damage
might occur for several exposure scenarios, taking
differences in the devices' SPL and pulse emission
pattern into account (Tables 2 & 3). This was
achieved by choosing 2 cumulative SELs (203 dB re
1 pPa®s and 221.6 dB re 1 pPa? s) and then calculat-
ing corresponding impact zones within which an
animal would have to reside for a specified amount
of time to suffer the respective effect. Therefore,
each impact zone (Table 2) has a corresponding
exposure time required to cause the effect (Table 3).
Impact zones (Table 2) are provided using the
impact criteria provided by Southall et al. (2007),
data by Lucke et al. (2009), as well as our new crite-
ria based on SEL,. In addition, long-term exposure
scenarios that model accumulation of hearing dam-
age over months or years were reviewed (see Sup-
plement 2).

The exposure times needed to cause a TTS or PTS
within the respective impact zones differ remarkably
between different devices (Tables 2 & 3), which is the
result of differences in pulse emission patterns, pulse
length and source level. Comparably shorter expo-

Table 2. Zones of temporary and permanent threshold shift for a short-
and longer-term exposure scenario based on cumulative sound exposure
levels (SELs). A cumulative SEL of 203 dB re 1 pPa® s is equivalent to
continuous exposure for 10 s at 193 dB re 1 pPa, while 221.6 dB re 1
pPa? s is equivalent to continuous exposure for 720 s (10 min) at 193 dB
re 1 pPa. The impact zone refers to the range within which the cumula-
tive SEL will exceed the respective criterion for temporary or permanent
hearing damage. These zones have to be interpreted in conjunction with
the exposure times given for the respective devices in Table 3

that animals in TTS studies used to derive
exposure criteria were not always tested
within their most sensitive range of hear-
ing or in some cases tested individuals

Species

Temporary Permanent threshold shift

threshold shift

caused by a cumulative SEL of:

2 2
that had elevated hearing thresholds (see 203 dBre 1pPa”s 221.6 dBre 1 pPa”s
Supplerpent 1). We therefor‘e suggest an Common seal 10 m® 7 ma 60 m®
alternative, more conservative appr.oac’h Porpoise 89 m® 9 me 76 m®
that references SELs to the test subject's 345 mP 35 mP 295 mb
hearing threshold (sound exposure sensa- Delphinids
tion level, SEL,). This has previously Tursiops spp. 2.5m? 2m* 15 m*

b 175 mP 18 mP 150 mP
een suggested by Kastak et al. (2005) _ . . .
and should be considered as a comple- Orcinus sp. 748 m 79m 642 m

mentary rather than alternative approach.
It acknowledges the fact that in spite of
recent advances there is still considerable

aSouthall et al. (2007); "SEL,.s presented in this paper (see Supple-
ments 1 & 2); “Lucke et al. (2009)
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Table 3. Exposure times required to reach the cumulative sound expo-
sure level needed to cause the impact zones given in Table 2. In some
devices multiple scenarios are given to take typical deployment strate-
gies and differing information on duty cycles into account. The duty
cycle (dc) in the first column refers to the time during which an emis-
sion (e.g. pulse train) is produced. In devices which are typically used
with multiple transducers the resulting emission duty cycle is stated.
The calculation of the cumulative sound exposure was based on the
effective duty cycle (rather on the emission duty cycle) to take pulse
length and pulse interval pulse trains into account (see Supple-

ments 1 & 2)

Acoustic deterrent Time needed to reach an SEL of:
device 203 dBre 1 pPa®?s 221.6 dBre 1 pPa’s
Airmar (@ 192 dB re 1 pPa)

50% dc 11 min 49 s 14 h 29 min
200% dc (4 transducers) 3 min 3h 37 min
Airmar (@ 198 dB re 1 pPa)

50% dc 3min1ls 3 h 38min

200 % dc (4 transducers) 45s 55 min
Ace-Aquatec

10% dc? 7min 52's 9 h 30 min

30% (3 transducers)?® 2min 37 s 3 h 10 min
Lofitech

12% dc 17 min 29 s 21 h 7 min

25% dc 8 min 24 s 10 h 8 min
Terecos

11% dc 47 min 55 s 57 h 51 min

33 % (3 transducers) 15 min 58 s 19 h 17 min
“This duty cycle and the impact can be significantly reduced if used
with the Ace-Aquatec trigger device

sure times are needed to cause an adverse effect on

alternative approach using SEL.,s would
however predict somewhat larger TTS zones
for odontocetes ranging from 175 m (bottle-
nose dolphin) to 748 m (killer whale).

Following criteria suggested by Southall et
al. (2007), a PTS in common seals Phoca vit-
ulina would be caused by exposure of the
same duration if the animal was within 7 m
of the device. The noise criteria by Southall
et al. (2007) suggest that delphinids will only
be affected when remaining within a couple
of metres from the device. According to data
by Lucke et al. (2009), porpoises would suf-
fer permanent damage when staying within
a zone of 9 m around a transducer. Our more
conservative approach based on SELg,
yields larger PTS zones of up to 18 m (bottle-
nose dolphin), 35 m (harbour porpoise) and
79 m (killer whale) for odontocetes.

PTS: longer-term exposure scenario
(SEL 203 dB re 1 pPa?s)

The longer-term exposure scenario
(Tables 2 & 3) based on a cumulative SEL of
221.6 dB re 1 pPa? s requires animals to be
exposed to ADDs for between 55 min (Air-
mar array at high source levels) and ~58 h
(single Terecos). Southall et al. (2007) pre-
dict that such exposure will only cause PTS
in odontocetes if animals remain within

hearing in devices that operate at high source levels
or at high duty cycles due to the deployment of multi-
transducer arrays (e.g. Airmar). For example, a 4
transducer Airmar array will reach the lower cumula-
tive SEL used in our calculations (203 dB re 1 pPa? s)
within 2 min 17 s or 45 s (depending on the source
level), while a single Terecos device will have to run
for almost 48 min to reach the same SEL.

TTS and PTS: short-term exposure scenario
(SEL 203 dB re 1 pPa? s)

Using the duty cycles given in Table 1, an exposure
for 45 s to 48 min (depending on the model) is pre-
dicted to cause a TTS in harbour seals when animals
are less than 10 m from the sound source. In the same
short-term exposure scenario, delphinids would be
affected at up to 3 m distance and harbour porpoise
Phocoena phocoena potentially at up to 89 m. Our

15 m of one of the transducers. Data collected by
Lucke et al. (2009) suggests that porpoises would
suffer permanent damage within a zone of 76 m.
Our approach based on SEL, yields much larger
impact zones of 295 m for porpoises, 150 m for bot-
tlenose dolphin and 642 m for killer whales. Pin-
nipeds would suffer PTS at distances of up to 60 m
from a transducer.

PTS: exposure over months or years

Predictions of exposure to low received levels over
several months or years are associated with signifi-
cant uncertainties and based on potentially problem-
atic extrapolations (see Supplement 2). We would
expect permanent hearing damage for pinnipeds
within a zone of about 60 m from a device while
odontocetes may be affected up to 40 m or more than
1 km from the farm depending on the assumptions
made (see also Supplement 2).
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Fish and invertebrates

Impact zones for fish and other marine wildlife are
much smaller or non-existent (see Supplement 2).
Few data are available for these other taxa, but these
suggest that fish and invertebrates are unlikely to be
affected by current ADDs. The exception may be fish
species with good hearing, however, even these may
only be affected within a few metres of the device
(see Supplement 2).

Conclusions

Effects of current ADDs on fish and invertebrates
without specialized hearing are unlikely. However,
current acoustic deterrence methods, particularly
multi-transducer arrays operating at high source lev-
els, may carry some risk of damaging hearing of pin-
nipeds and delphinids if animals stay in the vicinity
of a fish farm for an extended time. Depending on the
assumptions made, the acoustic characteristics of the
device and the species hearing sensitivity, distances
within which ADDs can cause permanent or tempo-
rary hearing damage range from negligible (several
metres) to relevant (several hundred metres). How-
ever, we believe that as all calculations are based on
relatively little data (mostly only one or a few animals
were measured) the most precautionary approach
should be considered. The extent of the risk will pri-
marily depend on whether marine mammals are
likely to stay in the vicinity of a fish farm (less than a
few hundred metres) for long enough (e.g. over 1 h)
to be exposed to sufficient noise doses. This scenario
may not be too unlikely, as aquaculture sites often
attract shoals of wild fish, which in turn attract mar-
ine mammals. Marine mammals have been shown to
ignore sound exposure when attracted to a simu-
lated, potentially profitable foraging spot (Gotz &
Janik 2010). Therefore, this risk should be taken into
account, particularly in areas with a high density of
fish farms using ADDs. If hearing damage is inflicted
then this would most likely reduce fitness of the indi-
viduals involved and, if large parts of the population
were affected, hearing loss could lead to effects on a
population level.

Masking
In masking, the detection of one sound (signal) is

influenced by a second sound (masker). There are
many levels to masking, including energetic mask-

ing, informational masking and effects of noise on
attention and stress that affect information transmis-
sion (Clark et al. 2009). ADDs may have such an
effect on marine mammal communication networks
(Janik 2005) by decreasing detection distances of
communication signals. Fletcher (1940) found that
masking effects in mammals depend on the band-
width of the masker (centred at the frequency of the
signal) until it reaches a so-called critical bandwidth.
Therefore, noise only masks a signal efficiently if it
covers the frequency range of the signal of interest
(but see Martin & Pickett (1970) for a discussion of
upward masking). Marine mammal communication
and echolocation signals overlap strongly with those
produced by current ADDs. Hence, there is signifi-
cant potential for masking, particularly for devices
that emit broadband noise (e.g. Ace-Aquatec, Tere-
cos). The zone of masking can potentially extend up
to the zone of audibility. However, cetacean and pin-
niped sensory physiology also provides ways to alle-
viate masking effects. Critical bandwidths in marine
mammals are generally below 10% of the signal's
centre frequency (Richardson et al. 1995). Addition-
ally, masking effects are attenuated if the masker
and signal come from different directions. Terhune
(1974) found that the harbour seal's minimal audible
angle distinction for clicks is 4.5°. Bottlenose dol-
phins Tursiops truncatus can distinguish sound
sources that are presented at angles of less than 3°
apart (Renaud & Popper 1975). Furthermore, bottle-
nose dolphin hearing sensitivity is direction-dependent
(Au & Moore 1984), which increases the capability of
detecting signals in noise if noise source and target
sound are spatially separated. Another way in which
animals adapt to increased noise is by changing call-
ing patterns. Beluga whales, for example, change
their calling behaviour significantly by either pro-
ducing less calls when close to a noise source or by
increasing redundancy in calling when noise in-
creases moderately (Lesage et al. 1999). Some of
these changes are adaptations to natural noise, such
as a decrease in calling rates when noise is high due
to calling conspecifics (Quick & Janik 2008).

The masking potential of ADDs has not been inves-
tigated directly, but the effects of vessel noise on
communication space have been modelled for baleen
whales (Clark et al. 2009) and delphinids (Erbe 2002,
Jensen et al. 2009). These suggest that broadband
noise can result in a significant reduction of active
communication space. The fact that some ADDs pro-
duce broadband noise within a similar frequency
range as small vessels but at much higher source lev-
els certainly highlights the masking potential, partic-
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ularly in areas with dense fish farming. Further stud-
ies, incorporating direct sound field measurements
from such areas, are needed to further assess this
problem.

Most communication signals in fish are fundamen-
tally lower than the frequency band in which most
ADDs operate (see Zelick et al. 1999). However,
hearing abilities (e.g. localization and frequency dis-
crimination) in the majority of fish species are less
sophisticated than in mammals (Fay & Popper 1999),
which might make them more prone to masking
effects. Elevated detection thresholds as a result of
masking have been shown in hearing generalists as
well as specialists (Wysocki & Ladich 2005, Vascon-
celos et al. 2007). Fish species also seem to differ in
their susceptibility to masking (Ramcharitar & Pop-
per 2004). A neuro-physiological study on goldfish (a
hearing specialist) showed that responses of nerve
fibres to tones between 400 and 800 Hz can be sup-
pressed by maskers of a broad range of frequencies
essentially covering most of the hearing range (Fay
1991). These studies show that masking of communi-
cation signals in fish is a possibility and could also be
caused by noise that does not overlap with the com-
munication signals. However, only few ADDs pro-
duce signals that are audible to fish with the excep-
tion of species that are hearing specialists. Therefore,
the overall potential of current ADDs to mask fish
sounds is probably rather low. Most invertebrates
and sea turtles are unable to detect sounds in the fre-
quency range of ADDs and are therefore unlikely to
be affected (see Supplement 2).

Habitat exclusion

Behavioural reactions of marine mammals to noise
have been documented for a variety of noise sources
(Richardson et al. 1995). Avoidance responses to
ADDs leading to an exclusion from the habitat have
been well studied in harbour porpoises and killer
whales. Olesiuk et al. (2002) carried out a study in the
Broughton Archipelago (British Columbia) investi-
gating effects of the Airmar ADD on harbour porpoise
distribution in the respective observation area. When
the ADD was switched on the number of animals de-
tected dropped significantly to 1.9 % and 3.8 % of val-
ues in control sessions, depending on the sector
scanned. Porpoises were completely excluded from
an area of 400 m radius around the ADD and the
number of sightings was still below 10% of the ex-
pected value at ranges between 2500 and 3500 m
from the device. Johnston (2002) carried out an addi-

tional experiment using a theodolite tracking method
and found that porpoises did not approach an emitting
ADD closer than 645 m (received level at this distance
would be 128 dB re 1 pPa). The average closest ap-
proaches were 991 m (in contrast to 363 m during
control) and significantly fewer porpoises could be
seen within a range of 1500 m. In addition, porpoises
moved out of the area after the ADD was switched on.
In a more recent study, a Lofitech seal scarer was
found to cause a reduction in harbour porpoise den-
sity down to 1% within an area of 1 km around the
device (Brandt et al. 2013). Here, porpoises showed
avoidance responses within 1.9 km of the device
where received levels exceeded 122 dB re 1 pPa.
Morton & Symonds (2002) reported a considerable
decrease in killer whale sightings in Johnstone Strait,
Canada after ADDs (most likely different brands) had
been introduced on fish farms and a recovery of
sighting rates after fish farmers stopped using them.
This change did not correlate with changes in local
food availability. Interestingly, no differences in
sightings of seals were observed. This study covers a
period of 15 yr and therefore indicates that killer
whales, in contrast to seals, did not habituate to
ADDs. Morton (2000) found that Pacific white-sided
dolphins Lagenorhynchus obliquidens abundance
decreased after ADDs were introduced in the area.
Less information is available on behavioural distur-
bance of fish by noise similar to that used in ADDs,
but these effects might be limited to species with
sophisticated hearing. Kraus et al. (1997) found that
catch rates in gillnets with pingers were lower, but a
causal relationship to the sound could not be proven.
Experiments with salmon smolts showed that a 10 Hz
signal caused avoidance responses at particle accel-
erations of 0.01 m s™2 (3 m distance). In contrast, a
150 Hz signal did not cause avoidance reactions even
when animals were right next to the sound source
where particle acceleration was 4 m s72, which is
about 114 dB above the hearing threshold (Knudsen
et al. 1994). Wardle et al. (2001) used video observa-
tions and tagging methods to monitor behaviour of
cold water reef fish (including pollack Pollachius pol-
lachius) during airgun emissions; however, in con-
trast to the sounds produced by ADDs, airgun pulses
fall in the most sensitive frequency range of fish. All
fish showed C-starts (a reflex initiated by quick
motor neurons) in response to every sound emission
at p-p SPLs higher than 195 dB re 1 pPa, but direc-
tional avoidance responses only occurred when fish
could also see the explosion. No behavioural or phys-
iological responses were found in cod Gadus morhua
exposed to ultrasonic clicks at 50 kHz (Schack et al.
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2008). Kastelein et al. (2007) tested behavioural re-
sponses of a variety of North Sea fish species to sev-
eral commercially available pingers used to reduce
bycatch of cetaceans in gillnets. The authors con-
cluded that, in particular, pingers with signals higher
than 10 kHz are less likely to affect fish species. In a
second experiment, Kastelein et al. (2008) showed
that none of the tested North Sea fish species exhib-
ited a C-start startle reflex to pure tones at frequen-
cies higher than 5 kHz, even at the highest source
level tested (170 to 180 dB re 1 pPa depending on fre-
quency). The highest frequencies that elicited a C-
start response in any of the fish was 4 kHz in Atlantic
herring Clupea harengus, with an average 50%
response threshold of 170 dB re 1 pPa. Although all
this points towards habitat exclusion in fish being
less likely, some fish developed ultrasound detection
capabilities, presumably to avoid echolocating pred-
ators (Mann et al. 1997, Wilson et al. 2011). In shad
Alosa alosa, ultrasonic single pulses presented at lev-
els of 192 dB re 1 pPa (p-p) did not cause a C-start or
directional avoidance response, but trains of such
pulses at repetition rates from 20 to 250 clicks s~! did
(Wilson et al. 2011). Similarly, alewives Alosa pseudo-
harengus respond to broadband pulses at frequen-
cies between 117 and 130 kHz, with an avoidance
response if predation is likely. Some ADDs produce
such pulse trains so that habitat exclusion is a possi-
bility in the vicinity of farms. While overall habitat
exclusion may appear less likely for fish, empirical
data is lacking for many species and behavioural
reactions to noise in fish are still poorly understood.

PROBLEMS AND POTENTIAL SOLUTIONS

The problem of impact on cetaceans:
frequency bands

A major difference in the hearing systems of pin-
nipeds and odontocetes is that the latter are much
more sensitive to frequencies above 5 kHz (Fig. 1).
In humans, contours of perceived equal loudness
roughly follow the hearing threshold in the most sen-
sitive frequency range, but contours flatten towards
the edge of the hearing range (Fletcher & Munson
1933). Thus, sounds that have the same sensation
level (i.e. they exceed the auditory threshold by a
similar amount) are perceived as roughly equal in
loudness even though this relationship breaks down
at the edge of the auditory range. The importance of
sensation levels is supported by a behavioural study
on terrestrial mammals that demonstrated that aver-

sion thresholds run roughly parallel to the hearing
threshold (Campbell 1957). Most importantly, there is
now direct empirical evidence for equal loudness
contours roughly following the auditory threshold in
a bottlenose dolphin that was trained to perform a
2-alternative forced choice task in which it had to re-
port a tone as louder or weaker than a comparison
tone (Finneran & Schlundt 2011). Fig. 1 shows the
hearing thresholds for a representative spectrum of
marine wildlife. Odontocete hearing is generally 15
to 30 dB more sensitive than pinniped hearing in the
frequency band from 4 to 40 kHz. This means that
perceived loudness of sounds within the frequency
band where ADDs operate is likely to be much higher
for odontocetes than for pinnipeds. For example, at 10
kHz (the frequency used by the Airmar dB Plus Il de-
vice) the hearing thresholds of most odontocetes are
15 to 20 dB lower than those of pinnipeds. This may
in part explain why ADDs seem to have more pro-
nounced effects on the behaviour of toothed whales
than on that of pinnipeds. Therefore, although current
ADDs operate at frequencies close to the most sensi-
tive hearing of pinnipeds (20 to 30 kHz) these fre-
quencies cannot be generally recommended, as hear-
ing in odontocetes is even more sensitive in this band.
Many cetaceans have their most sensitive hearing in
the ultrasonic range between 30 and 50 kHz (Fig. 1).
If impact on odontocetes is to be mitigated an ADD
should not produce energy above 5 kHz.

It appears that a frequency band between 1 and
2 kHz for ADDs would be ideal for mitigating impact
on odontocetes when targeting pinnipeds. Compared
with the frequency band used at present in seal scar-
ers, this would lower sensation levels in odontocetes
by about 40 dB (Fig. 1), which could lead to a signifi-
cant reduction in deterrence ranges for odontocetes.
One concern might be that low-frequency sound can
propagate over longer ranges, which could cause
more noise pollution. Absorption coefficients are in
the order of 0.06 dB km™! at 1 kHz, compared with
0.7 dB km™ at 10 kHz, the peak frequency of the Air-
mar device (Fisher & Simmons 1977). The difference
in transmission loss between a 1 kHz and 10 kHz sig-
nal at 5 km distance would therefore only be ~3 dB.
A more serious concern than sound propagation is
that lower-frequency signals would be more audible
to fish and baleen whales and may therefore affect
these species. Tests on baleen whales and hearing
specialist fish would be required before low fre-
quency ADDs were to be deployed in baleen whale
habitat. However, we think that an impact on fish
would be less likely. The audiograms of fish species
with no specific adaptations generally show a rapid
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decline in sensitivity at frequencies above 500 to
1000 Hz, making them less vulnerable to the sug-
gested frequency range. Kastelein et al. (2007)
showed that 6 out of 8 North Sea fish species did not
exhibit startle responses (C-starts) at frequencies
above 800 Hz, even at the maximum tested SPL of
180 dB re 1 pPa. However, there are some fish spe-
cies with a broad hearing range. For example, Amer-
ican shad Alosa sappidissima are sensitive up to
180 kHz (Mann et al. 1997). However, their absolute
hearing sensitivity at frequencies between 1 and
2 kHz is rather low (~130 dB re 1 pPa), which makes
them 40 to 50 dB less sensitive than most odontocetes
at these frequencies. This still leaves hearing special-
ists with lower auditory thresholds (e.g. clupeids) as a
concern. Although most hearing specialists among
fish are pelagic animals and therefore less likely to
occur around coastal fish farms, some use coastal
spawning grounds. However, even hearing special-
ists such as herring are not more sensitive than odon-
tocetes in the range of 1 to 2 kHz (see Fig. 1). In con-
clusion, behavioural studies suggest that signals
between 1 and 2 kHz would not result in dramatic
effects in most fish species, but may have some influ-
ence on hearing specialists close to the device.

The problem of loudness perception:
source levels

The general paradigm applied in current ADDs is
that a high source level sound is expected to cause
physical discomfort or even pain and therefore
results in the animal leaving an area. There are sev-
eral problems involved when operating at the upper
end of the dynamic range of an animal. In humans,
the relationship between the magnitude of sensation
(¥) and the magnitude of the physical parameter (¢)
of a stimulus can be approximately modelled by
Stevens' law (Stevens 1956):

Y = k(¢- 90"

with k being a constant, ¢, being the lowest perceiv-
able physical stimulus (threshold) and m being a
modality-specific coefficient determining the essen-
tial shape of the function. In the human auditory sys-
tem m = 0.6; however, other sensory modalities have
been found to have exponents higher than 1.0, e.g.
m = 3.6 for pain caused by electric shocks (Fig. 2;
Stevens 1961). Therefore, in the auditory system, a
given increase of the level of a high sound pressure
stimulus leads only to a small increase of the per-
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Fig. 2. Qualitative representation of Stevens' law (arbitrary
units)

ceived loudness, while the same increase of a low
sound pressure stimulus would lead to a stronger
increase in perceived loudness (Fig. 2). In this con-
text 'increase’ does not refer to a ratio but means
adding a defined sound pressure value. Thus, an

increase of sound pressure in the upper range of the
curve in Fig. 2 can be expected to disproportionately
increase the risk of damaging the ear without yield-
ing a much stronger aversive effect. In humans, the
perceived loudness of a sound is generally measured
using the sone scale. On the sone scale a doubling
directly reflects a doubling of perceived loudness.
One sone means that a sound has a perceived loud-
ness equal to that of a 40 dB re 20 pPa tone at 1 kHz
in air for humans. The perceived loudness in sone (L)
can be calculated by the equation L = 0.01(p — p,)™*°
where p is the sound pressure in pPa and p, is the
effective hearing threshold (Scharf 1978). Fig. 3
applies Stevens' law to the harbour seal hearing
threshold and shows different sound sources on a
SPL versus perception scale. This is purely done for
illustrative purposes and should not be interpreted as
a claim that these human psychophysical parameters
are directly applicable to marine mammals. On this
scale, background noise in sea state 2 would lie
between 2 and 3 sone. The lowest level of observed
avoidance for harbour seals described by Kastelein et
al. (2006b) would lie at about 6 sone (Fig. 3). Fig. 3
also shows that most seal scarers operate at the upper
edge of the dynamic range of the animals (800 sone).
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Fig. 3. Theoretical loudness scale for the harbour seal. The y axis shows the perceived loudness in sones; a doubling of the loud-
ness in sones reflects a doubling in perceived loudness. The x axis represents the sound pressure level (SPL) with 57 dB re 1 pPa
as the hearing threshold at 2.5 kHz (Kastak et al. 2005). TTS means that the source level causes a temporary threshold shift if
the animal is exposed for the mentioned amount of time (based on sound exposure levels measured by Kastak et al. 2005). Val-
ues for current seal scarers are source levels at 1 m distance. The lowest observed avoidance threshold is taken from Kastelein
et al. (2006b) and critical levels are based on the data reviewed in our discussion on hearing damage, 2Bf: Beaufort sea state 2
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Some ADDs produce pulse trains with very short
pulse durations of less than 2 ms, while others pro-
duce pulse trains with pulses of several hundred ms
or continuous noise. While the perceived loudness
and possibly also the risk of hearing damage is lower
in a device emitting short pulses, short inter-pulse
intervals can counter this effect.

In humans, pain thresholds are 130 to 140 dB above
the auditory threshold (Spreng 1975), which is close
to SPLs at which an impulsive noise causes hearing
damage (135 dB above auditory threshold; Danielson
et al. 1991). Thus, current seal scarers are either not
likely to cause 'pain’ or if they do they are also likely
to cause hearing damage. Apart from immediate
damage, long-term exposure to moderate levels can
also lead to permanent damage. This can easily occur
without pain. For example, students working in
entertainment venues have been shown to have PTSs
up to a maximum of 30 dB (Sadhra et al. 2002).
Therefore, no attempt should be made to increase the
source level used at present or, indeed, use devices
that emit sound continuously at source levels that fall
at the upper end of the dynamic range close to the
suspected pain threshold. Several studies on terres-
trial mammals showed that the risk of damage from
exposures to brief impulses is substantially increased
if a stimulus exceeds the auditory threshold by 130 to
135 dB (Danielson et al. 1991, Levine et al. 1998).
This so called ‘critical level' should ideally never be
exceeded (Fig. 3).

Our examples here were based on human sound
perception, as little data is available for marine mam-
mals. While such direct comparisons need to be
looked at critically, they can be useful to visualise
basic principles in mammalian hearing and therefore
develop a more accurate framework that can be used
to address the problems related to ADDs. We clearly
need to expand our studies on marine mammal hear-
ing to include effects such as loudness perception.
We suggest that the actual source level of an ADD
should be based on models that take likely exposure
time and received level combinations into account to
ensure both efficiency and minimal impact on the
auditory system of target and non-target species.

The aversiveness of sound stimuli

In the light of the previous consideration, it would
be beneficial to exploit factors other than loudness
for deterring pinnipeds. Zwicker & Fastl (1990)
developed a model to describe what makes sound
pleasant or unpleasant for humans. The relevant psy-

chophysical parameters in the model are sharpness,
roughness, tonality and loudness. In humans, rough-
ness of a stimulus can be maximised by applying a 70
Hz frequency modulation to a carrier signal. The per-
ceived pleasantness of a sound is likely to be based
on the general functioning of the mammalian audi-
tory system (Plomp & Levelt 1965), but it may be
worthwhile testing whether animals judge sounds in
the same way as humans. Gotz & Janik (2010) tested
sounds based on the psychophysical model of
unpleasantness by Zwicker & Fastl (1990) with free-
ranging seals around a haul-out site and found that
the supposedly more aversive sound types elicited
stronger and longer-lasting avoidance responses
compared with control sounds and ADD sounds.
However, this effect was not found with captive ani-
mals in a situation where animals were highly moti-
vated to approach a food source.

How to prevent habituation?

Experimental playbacks with harbour seals in a
pool resulted in an exclusion of the animals from a
zone with received levels higher than 108 re 1 pPa
without habituation in 7 consecutive playback ses-
sions per sound type used (Kastelein et al. 2006b).
The fact that seals predating on fish farms appear to
tolerate much higher exposure levels shows that food
motivation must have a major influence on deter-
rence. Indeed, harbour and grey seals have been
shown to habituate rapidly to sounds in a context that
simulates strong food motivation (Gotz & Janik 2010).
In addition, the observation that odontocetes do not
seem to habituate to ADDs in areas where they do
not forage on farmed fish (Morton & Symonds 2002)
indicates that food motivation is important with
respect to habituation.

Several manufacturers state that using highly vari-
able sound types prevents habituation. However,
empirical data for animals in a feeding context
demonstrate that habituation occurs quickly even if
stimulus types are varied (Gotz & Janik 2010). It is
likely that trying to prevent habituation will not be
possible unless a stimulus has strong aversive prop-
erties (see Skinner 1969 and Pryor 1987 for marine
mammals). It may be possible to apply classical con-
ditioning paradigms in the following way: an uncon-
ditioned stimulus, e.g. a fish treated with an emetic
substance that causes sickness, is associated with a
conditioned stimulus, e.g. an artificial acoustic signal
with no biological meaning. After several pairings
the conditioned stimulus is able to cause the condi-
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tioned responses, which consists of the same behav-
ioural pattern as the unconditioned response. Unfor-
tunately, reinforcement methods are limited in an
underwater environment and the only known way is
to use emetics (e.g. ivory soap, LiCl). Emetics have
been shown to be temporarily successful against Cal-
ifornia sea lions (Kuljis 1984, Costa 1986), but some
animals learnt to avoid treated fish and continued to
feed on the natural salmon run (National Marine
Fisheries Service 1996). Pairing of food aversion
learning with non-gustatory modalities (e.g. sound)
does not seem to work very effectively (Nachman &
Ashe 1977).

An alternative may be found by studying learning
processes in relation to repeated stimulus elicitation.
The dual process theory of habituation predicts that
reactions to repeated presentations of a stimulus
are always influenced by a decreasing (sensitisation)
and increasing (habituation) component (Groves &
Thompson 1970). These processes have been stud-
ied extensively in simple reflexes, such as the
acoustic startle response (Koch & Schnitzler 1997).
The startle response constitutes a pattern that in-
volves flexor muscle contraction and is mediated by
a simple oligo-synaptic reflex arc in the brainstem
(Koch & Schnitzler 1997). Pilz & Schnitzler (1996)
showed that latencies of the responses shorten with
repeated exposures (sensitisation), while the magni-
tude of flexor muscle contraction slowly declines
(habituation). For an application in an ADD, one can
try to exploit the sensitising components of the
physiological process. In this context, the startle
reflex itself is an interesting candidate as it has
been argued that its function is to facilitate flight
responses (Pilz & Schnitzler 1996). The startle reflex
is only elicited by isolated sound pulses that have
rise times shorter than 15 to 20 ms and minimum
amplitudes of at least 80 dB above the auditory
threshold (Koch & Schnitzler 1997). Behavioural fol-
low-up responses associated with the reflex have
only recently been investigated in grey seals Hali-
choerus grypus. The majority of seals that were
exposed to startling stimuli sensitised so that ani-
mals were increasingly likely to exhibit rapid flight
responses, left the exposure pool and displayed
clear signs of fear conditioning (Go6tz & Janik 2011).
Once sensitized, seals also avoided a known food
dispenser and showed place avoidance even in con-
trol periods. In contrast, animals exposed to stimuli
of similar SPL but with longer rise times habituated.
These data indicate that the startle reflex plays an
important role in mediating flight responses and
that it can replace habituation with sensitisation.

Acoustic deterrent devices used in
other applications

Pinniped ADDs have been suggested for use in
applications such as exclusion of animals from areas
of potential harm, i.e. marine construction sites em-
ploying pile-driving or tidal turbines. In these appli-
cations, the large deterrence ranges caused by ADDs
in odontocetes are considered advantageous as they
may ensure that animals will move out of the area
within which they could suffer hearing damage
(Brandt et al. 2013). Our suggestions for improving
ADDs do generally also apply to these applications,
but there are some differences. For example, expo-
sure may be short-term and therefore habituation
may be less of a problem (Brandt et al. 2013). How-
ever, pile-driving operation in areas of foraging habi-
tat could be an exception as habituation occurs
quickly when food motivation is high (Gétz & Janik,
2010). Given the potential effects of ADDs on marine
mammal hearing, it may be a better solution to
develop novel devices that are designed for purpose
than to use currently available ADDs.

CONCLUSIONS

Efficiency of ADDs differed considerably between
studies and study sites, which appears to be the
result of differences in environmental conditions,
populations, species, deployment or study design.
Overall, efficiency seemed to range from poor to
moderate with only a few examples where ADDs
have been reported to be very effective, mainly when
used in small and defined areas. Habituation to
ADDs occurred within varying time frames, ranging
from days to years, but it seemed to be a substantial
problem in almost all studies. In contrast, odontocete
species have been shown to be excluded from their
habitat and long-term studies did not find any obvi-
ous habituation of these effects. This is most likely
because odontocetes have more sensitive hearing in
the devices' frequency range and apparently little
motivation to feed on farmed fish in the studied
areas. Therefore, to minimise effects of ADDs on
odontocetes, one should shift to a lower frequency
band than used at present, where the hearing sensi-
tivity is higher in seals than in odontocetes. However,
potential impacts on baleen whales and hearing spe-
cialist fish should be investigated if these occur in the
vicinity of the fish farm. In no case should ADD sig-
nals contain much energy above 5 kHz if odontocetes
use habitats around the fish farm. In addition, meth-
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ods to reduce the duty cycle of ADDs should be
found. Particularly, the effects of triggering methods
or the presentation of isolated sound pulses exploit-
ing autonomous reflexes related to flight behaviour,
such as the startle reflex, should be more thoroughly
tested. Signals should be short and duty cycles as low
as possible to avoid hearing damage. The maximum
SPL should be chosen based on available data for the
onset of TTSs, assuming realistic exposure scenarios.

Most current, commercially available ADDs have
some potential to damage the hearing of marine
mammals, particularly if an animal stays in the vicin-
ity of a fish farm for hours. In areas with a high den-
sity of fish farms, acoustic trauma may accumulate,
similar to exposure of human workers to industrial
noise. Therefore, only sound exposure protocols that
use sound pressure level and exposure time combi-
nations that are unlikely to cause hearing damage in
pinnipeds and cetaceans should be used. Methods to
prevent habituation, such as fear conditioning or the
startle reflex, should be investigated in tests around
fish farms. Furthermore, as food motivation appears
to be a major factor, any newly established fish farm
should try to prevent predation from the beginning.
Most importantly, efficiency and target specificity of
any device should be tested by independent studies
before devices are deployed in fisheries or on fish
farms.
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