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pressure level close to the source array is lower than that calculated using the ‘far field’
calculation (reference, e.g. Urick 1983)."

Sound signals from seismic airgun surveys may be received thousands of kilometres away
from the source if spread in a sound channel. For example, the recordings of autonomous
acoustic seafloor recording systems of the US-NOAA on the central mid-Atlantic Ridge
showed year-round recordings of airgun pulses with a dominance in summer from seismic
surveys often taking place usually more than 3000 km away (Nieukirk et al. 2004).

Other boundary and channelling effects in certain environments have been shown for the Gulf
of Mexico, where received levels from first arrivals of airguns signals in a controlled
experiment were identical (162 dB (p-p) re 1 yPa or 127 dB re 1 yPa2s) at both 2 km and
12 km distance from the source due to multipath reflection patterns, but significantly lower in-
between (Madsen et al. 2006b). In some areas, low-frequency energy from seismic sounds
may travel long distances through bottom sediments, re-entering the water far from the
source (Richardson et al. 1995; McCauley & Hughes 2006).

One alternative to using a short and sharp pulse as the signal from seismic airguns is to
generate a long tone with changing frequency. This method, called Vibroseis, is routinely
used for terrestrial surveys. Although marine vibroseis has been used (primarily for research)
in the past, it is not being used commercially at this time. However, given the increased
attention to seismic sound in the marine environment, renewed interest in this technique has
emerged.

There is a range of designs for seismic airgun surveys. These include 2-D, 3-D and 4-D (3-D
but with time as the fourth dimension); multi-azimuth surveys as well as towed or seabed
configurations.

In 2-D operations, a single seismic cable or streamer is towed behind the survey vessel,
together with a single sound source. Reflections from the subsurface are assumed to lie
directly below the sail line that the survey vessel traverses — hence the name 2-D’. 2-D lines
are typically acquired several kilometres apart on a relatively broad grid of lines, and usually
over a large area. This method is generally used today in frontier exploration areas, to
produce a general understanding of the area’s geological structure.

A 3-D survey covers a specific area, generally with known geological targets generated by
previous 2-D exploration. In 3-D surveying, groups of sail lines (or swaths) are acquired with
the same orientation, unlike 2-D where there is typically a requirement for the lines to be shot
orthogonal to the dominant structural grain. Simplistically, 3-D acquisition is the acquisition of
many 2-D lines closely spaced over the area. The 3-D sail line separation is normally of the
order of 400 to 800 metres, depending on the number of streamers deployed and their cross-

' Far from the sound source (in the acoustic far-field), there is a constant ratio between the pressure component and
the kinetic component of the sound. Closer to the sound source than approximately 1/6 of the wave length (in the
acoustic near-field), this ratio increases dramatically as distance decreases. For 10 Hz, which is at the lower end of
the frequency range where air guns provide maximum effect, the wavelength is e.g. approx. 150 m, and the near-field
extends to approx. 25 m. It is likely that many of the harmful effects observed on organisms close to the sound
source are due to particle acceleration, and not sound pressure. However, it is more difficult to measure particle
acceleration than sound pressure, and nearly all of the reports on the effects of seismic signals on marine organisms
listed the intensity of the sound as sound pressure. Therefore, it is important to be aware that sound with the same
sound pressure may be far more harmful at very short distances compared with longer distances (DNV Report No.
2007-0512).”
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line separation. By utilising more than one source and many streamers from the survey
vessel, the acquisition of many closely spaced, sub-surface 2-D lines, typically between 25
and 50 metres apart, can be achieved by a single sail line. With the number of sail line
kilometres involved, 3-D surveys can take many months to complete.

4-D surveys, or so called “Time Lapse” surveys, are 3-D surveys that are repeated over the
same geographical area, but at different times. 4-D surveys are being used regularly on
established fields to monitor fluid (oil and gas) movement during the field’s production phase.

Multi-azimuth surveys are 3-D surveys containing sail lines that vary in azimuth (direction). In
complex geological areas with steeply dipping salt layers, “shadow-zones” are created, which
limit the ability of the geophysicist to see deeper features. By acquiring seismic information in
different directions, shadow zones can be eliminated, hence providing a much improved
image of the subsurface.

Sparkers and boomers are high frequency devices that are generally used to determine
shallow features in sediments. These devices may also be towed behind a survey vessel, with
their signals penetrating several hundred (sparker) or tens (boomer) of metres of sediments
due to their relatively higher frequency spectrum and lower transmitted power. Typical source
levels are around 204 - 210 dB (rms) re 1 yPa @ 1 m (CCC 2002). Larter (2004) gives the
following specifications for a deep-tow boomer: source level 220 dB (rms) re 1 yPa @ 1 m,
frequency band 0.8 - 10 kHz, pulse length 0.2 ms and beam width 20°.

Chirp sonars also produce sound in the upper frequency range of seismic devices (approx.
0.5 to 12 kHz). The peak source level for these devices is about 210 — 230 dB re
1 puPa @ 1 m. Chirp sonars and sediment echo-sounders can be used in a hull-mounted
mode.

7.2 Effects on Marine Mammals

There is a substantial volume of research and observational data on the potential impacts of
sound from seismic surveys on marine mammals. In general, this research has been
conducted to test the generally accepted hypothesis that intense underwater sounds have the
potential to induce a range of effects on marine mammals.

There have been a few cases of strandings of beaked whales and giant squids coinciding with
academic seismic surveys (Malakoff 2002; Palacios 2004; Guerra et al. 2004). However,
there is no conclusive evidence of a link between sounds of seismic surveys and mortality of
any marine mammals. Moreover, there have been few studies into non-lethal effects. For
example, Finneran et al. (2005) conducted studies on impacts on hearing of odontocetes
(using beluga whales exposed to single pulses of a watergun), and concluded that for this
species, Temporary Threshold Shifts (TTS) might occur if animals were exposed to airgun
discharges while within 5 metres of the gun. Finneran et al. also concluded that there was no
reason to believe that air gun discharges could lead to Permanent Threshold Shift (PTS). In a
recent experiment, Lucke et al. (2008) exposed a harbour porpoise to sounds from a single
airgun. They found that at 4 kHz the TTS criterion at received peak levels of 200 dB re 1 yPa
and a sound exposure level of 164 dB re 1pPa2 * s was exceeded. These levels are lower
than those reported for other toothed whales so far and indicate much larger zones of TTS
around a seismic airgun than for the beluga whale, at least for this individual (Finneran et al.
2004).

By far the greatest amount of information on the responses of marine mammals to sounds
from seismic surveys focuses on estimates/observations of behavioural responses. The
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following paragraphs provide only a cross section of the work carried out, but these do show
the range of conclusions that have been drawn with respect to behavioural reactions, and
therefore the lack of a consensus in the scientific community on the occurrence, scale and
significance of such effects.

Sperm whales in the Gulf of Mexico have been exposed to seismic surveys for many years
(Wilson et al 2006). Visual surveys (Gordon et al, 2006) or satellite tagging (Winsor & Mate,
2006) have not been able to detect changes in the animals’ behaviour. Preliminary
conclusions from recent controlled exposure experiments (CEEs) with tagged animals have
suggested possible responses to sound exposure in terms of foraging activities (Miller et al,
2006). The same authors found that during exposure, one animal stayed at the surface for an
unusual amount of time, and they interpreted that behaviour as potential vertical avoidance
(Miller et al. 2006). While most whales in their study continued their normal dive patterns, a
behavioural response was inferred from the reduced fluke pitch and vocalisation buzz rates
during the dive. The animals showed no avoidance behaviour, however, in a 1 - 13 km range
from the sound source at received levels of 152 - 162 dB (peak to peak) re 1 yPa (equivalent
to 147 dB (rms) re 1 yPa or 115-135 dB re 1 uPazs). Miller et al (2006) suggested that the
‘observed’ foraging might have been related to behavioural reactions of the sperm whale prey
to airgun sound, or may simply be an artefact of the habituation of these animals to seismic
surveys.

Several species of baleen whales (grey, bowhead, blue, sei minke and fin whales) showed
avoidance behaviour to sound from seismic surveys (Malme et al. 1983; 1984; 1985; 1986;
1988; Richardson 1998; Richardson & Malme 1993; Richardson et al. 1986; 1995; Brownell
2004; Gordon et al. 2004). For male humpback whales (Megaptera novaeangliae), some
(partly anecdotal) records of either toleration or attraction to seismic sources have been
reported. Female humpback whales, by contrast, have shown avoidance behaviour in
response to seismic sound (McCauley et al. 1998; 1999; 2000).

Clark and Gagnon (2006) reported cessation of vocalisation of a group of 250 fin whales
across an area of 10 000 square nautical miles coincident with a seismic survey on the basis
of recordings made using an array of hydrophones located at the continental slope off
western Europe. Vocalisation recommenced once the survey had been completed.

Stone and Tasker (2006) analysed 1625 sightings of marine mammals occurring during 201
seismic surveys in UK waters between 1998 and 2000. They found sighting rates of white-
sided dolphins, white-beaked dolphins, a grouping of “all small odontocetes” and a grouping
of “all cetaceans” were significantly lower during periods of shooting compared with non-
shooting periods on surveys with large airgun arrays. However, throughout the course of
surveys, sighting rates were not found to differ significantly, indicating that any behavioural
responses were short-term in nature.

Controlled exposure experiments with small airguns were carried out (source level: 215 - 224
dB re 1 yPa (p-p) over 1 hr to individual harbour seals (Phoca vitulina) and grey seals
(Halichoerus grypus), and in seven out of eight trials with harbour seals, the animals exhibited
strong avoidance reactions. Two harbour seals equipped with heart rate tags showed
immediate, but short-term, startle responses to the initial airgun pulses. The behaviour of all
harbour seals seemed to return to normal soon after the end of each trial, even in areas
where disturbance occurred on several consecutive days. Only one harbour seal showed no
detectable response to the airguns and approached to within 300 m of them (Thomsen 2000).
An avoidance response was seen during all trials with grey seals. They changed from making
foraging dives to making v-shaped transiting dives, and moved away from the source,
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increased swim speed and/or dive duration. Excluding two seals which hauled out after
testing, those that remained in the water seemed to have returned to pre-trial behaviour within
two hours of the end of the experiment (Thompson 2000). The authors commented that “both
seal species reacted at the maximum ranges tested”, “they therefore reacted to relatively low
signal strengths” and that responses to more powerful commercial arrays might be expected
to be more extreme, longer lasting and to occur at greater ranges (Gordon et al. 1998 after

Thompson 2000).

In a recent study of multi-species exposures to an academic seismic survey (Bain & Williams
2006), harbour seals, California sea lions (Zalophus californianus) and steller (northern) sea
lions (Eumetopias jubata) exhibited general avoidance behaviour at exposure levels above
170 dB (p-p) re 1 uPa. Harbour seals generally stayed at the surface with their heads outside
the water and looking towards the airguns; individuals were sometimes observed to stay
closer together in the water than is typically observed. Although many seals appeared to be
“responding” to the airguns, some seemed to be at least equally concerned with the acoustic
monitoring vessel, and those observed at low exposure levels did not show a detectable
response to the airguns (Bain & Williams 2006).

7.3 Effects on Fish

It is important to note that the principles of hearing in fish differ from those of marine
mammals, and these differences have great influence on the way an assessment of sound
induced impacts has to be carried out. Studies investigating sound-induced effects on fish are
relatively scarce compared with those on marine mammals, and the results are variable
(Hastings & Popper 2005). It is often not possible to extrapolate the results gained in specific
investigations or in fundamental research to different conditions, owing to variation in hearing
systems and differences in the physical properties of the sound stimulus. For more detailed
reviews on fish audition, sound production and impacts of sound, see Popper et al. (2004);
Hastings & Popper (2005); ICES-AGISC (2005) and Thomsen et al. (2006).

Mortality: Studies on the effects of impulsive sound found measurable and statistically
significant decreases in the survival rate of both eggs and larvae in the northern anchovy
(Engraulis mordax) (Holliday et al. 1987). Other studies have shown similar results, with
species exposed to impulsive sound exhibiting decreased egg viability, increased embryonic
mortality, or decreased larval growth when exposed to sound levels of 120 dB re 1 pPa
(Banner 1973; Kostyuchenko 1973; Boomanet al. 1996). Swim bladder damage occurred in
adult anchovy at peak pressures of 217 - 220 dB (p-p) re 1 uPa as well as 50% mortalities of
2 day and 4 day old larvae at this level (Tsui 1998). A modelling study on the consequences
of seismic-exploration-created mortality may have on the population level was performed by
Seetre & Ona in 1996. The model was based on the observed mortality figures for larvae and
fry at given distances in Holliday et al. (1987) and Booman et al. (1996). Typical versions of
airgun arrays and course line densities used in 3D surveys were used as a basis, together
with observed depth distributions for larvae and fry (Bjgrke et al. 1991; Holmstrgam 1993). As
a “worst case” situation, the model predicted that the number of larvae killed during a typical
seismic survey could be 0.45% of the total larvae population (0.03% when more realistic
expectation numbers were applied). If the same larval population were exposed to multiple
seismic surveys, the effect would add up for each survey. Yet, in another investigation, the
extent of seismic-induced mortality for commercial species in Norwegian waters was
estimated to be so low that it was considered not to have a significant negative impact on
recruitment to the populations (Dalen et al. 1996).
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Several studies have been performed to prove any potential effects of seismic surveys on
marine organisms, and the results show that harm to individual fish and increased mortality
from firing airguns can occur at distances up to 5 m, with most frequent and serious damages
up to 1.5 m. Fish in the early stages of life are most vulnerable (DNV Report No. 2007 —
0512).

Physiological effects: A series of studies in Australia showed that pink snapper (Pagrus
auratus) sustained extensive damage to the hair cells located at the sensory epithelia of the
inner ear after they were experimentally exposed to impulsive airgun sound. The damage was
regionally severe, with no evidence of repair or replacement of damaged sensory cells up to
58 days after air-gun exposure (McCauley et al. 2003). Other studies have shown that
underwater sound can temporarily deafen goldfish, tilapia, and sunfish (Smith et al. 2003;
Scholik et al. 2001).

In contrast to the study by McCauley et al., Popper et al. published a study in which three
freshwater fish species were exposed to 5 or 20 airgun impulses (Popper et al. 2005).
Temporary hearing threshold shifts (TTS) (temporary elevation of the level at which sound
can be detected) has been found in 2 of the 3 species with recovery within 18 hours of
exposure at sound levels more than 10 dB higher than those used by McCauley et al. (2003)

Behavioural changes: A number of studies noted that various species of fish display “alarm”
responses to airguns (Wardle 2001; Hassel et al. 2004).

When fish receive a strong sound stimulus, an alarm reaction, or an escape reaction, can be
triggered (Dalen 1973; Blaxter et al. 1981; Blaxter & Hoss 1981; Popper & Carlson 1998;
Karlsen et al. 2004). The reaction is often characterised by a typical so-called “C-start”
response, as the body of the fish forms a C, and the body points away from the sound source.
Chapman & Hawkins (1969) observed that the depth distribution of whiting changed during
shooting with an airgun. The fish avoided loud levels of noise by immediately moving deeper
into the water.

Studies on caged sand eels (Ammodytes marinus) in the North Sea revealed distinct but
rather weak reactions to seismic shootings (Hassel et al. 2004; Skaar 2004). No increased
mortality was found during this experiment.

Dalen & Knutsen (1987) observed in 1984 on the Gullfaks oil field in the North Sea that the
distribution of fish at 100 — 300 metres depth changed along the course lines of a seismic
vessel towing an airgun array of 40 guns with a total chamber volume of 78 litres (4750 cu.in.)
during a 3D seismic survey. The average measured echo abundance, which represented the
quantity of fish, was reduced by 36% after the shooting, compared with the measured values
prior to shooting. Slotte et al. (2004) also observed that fish (herring and blue whiting) in an
area where 3D seismic was shot, moved to deeper waters (approximately 10 m deeper).

Large scale changes in behaviour among fish populations exposed to seismic surveys have
also been observed, as measured by catch rates from long-line and bottom-trawling fisheries.
Norwegian studies have indicated probable declines in the catch rates for both cod and
haddock (between 45 and 70%) in the vicinity of an airgun array, affecting fish catches at
distances of nearly 25 nautical miles (Engas et al. 1996; Lgkkeborg et al. 1993). Catch rates
did not recover within five days after operations ended. A similar study showed a 52% decline
in catches in a rockfish fishery exposed to a single airgun array (Skalski 1992). The reason for
this decline in catch rates is unknown, but it has been suggested that it is due to changes in
the swimming depth of fish or of shoaling behaviour in response to the airgun sound (Wardle
2001).
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Changes in behaviour have been observed during special studies in fishery areas (Pearson et
al. 1992) on the part of redfish species exposed to airgun shooting. Fish of these species that
were held in net cages exhibited changes in swimming patterns and depth distribution during
the course of 10 minutes sound exposure. These observations showed that relatively minor
behavioural changes were observed even at low sound levels, and that alarm responses
became more and more obvious as the sound level increased.

7.4 Effects on other species

Avoidance responses of sea turtles to low frequency sounds have been demonstrated
(Lendhart 1994). Behavioural responses among turtles, such as rising to the surface and
altered swimming patterns, may be elicited with exposure to seismic signals from a Bolt PAR
600B air-gun with a 0.3 litre (20 cu.in.) chamber with firing rates of 10 s and 15 s at received
levels of 166 dB (rms) re 1 yPa (McCauley et al. 1999).

Evidence of strong behavioural reactions from squid (Sepioteuthis australis) to airgun sounds
has been demonstrated through controlled exposure experiments in which the squid showed
an increase in alarm responses above 156 dB (rms) re 1 pyPa. The squid quickly changed
direction away from the airgun and, in many cases, fired their ink sacs. Firing of ink sacs was
not evident if the array was ramped up rather than starting at full volume (McCauley et al.
2000).

There have been two recorded incidents of multiple shore strandings of giant squid
(Architheutis dux) on the coast of Asturia, Spain. Necropsies of some of the squid showed no
external injuries. However, all squid had badly damaged ears. In addition, two of the squid
sustained extensive damage to their internal organs. Stomachs and hearts were ripped open
and muscles disintegrated with some organs being unrecognisable (Mackenzie 2004a, b).
The occurrence of these strandings during two research cruises conducting seismic
exploration suggests that acoustic factors could have caused or contributed to the organ and
tissue lesions, and probably caused the deaths of the squid (Guerra et al. 2004, 2005).

Virtually no knowledge exists on the underwater hearing abilities of diving birds (such as:
cormorants, black- and red-throated divers, guillemots, razorbills, puffins, albatrosses and
petrels) and the sensitivity of these birds to intense anthropogenic underwater sound.

7.5 Mitigation

All mitigation measures have a common purpose, namely to prevent exposure of target
animals to sound that might harm the animal. This is achieved either by avoiding exposure, or
by ensuring that exposure is at levels that do not pose a threat to the animals. In the latter
case this is achieved by preventing/deterring animals from approaching a sound source, thus
reducing the risk of the animals being harmed by exposure to the sound, for example an
operating air gun array during a seismic survey.

There is a range of mitigation measures that has been applied, either singly or in combination
to mitigate the potential impacts of marine seismic surveys. The methods employed include:
geographical and/or seasonal restrictions, source reduction or optimisation, buffer zones,
surveillance of buffer zones by visual, acoustic or other means, “ramp-up” or “soft-start”
techniques and reporting requirements. Methods are applied individually or in combination,
often as required by operational guidelines.
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Geographical and Seasonal Restrictions: The most effective mitigation measures are
geographical and seasonal restrictions to avoid ensonification of sensitive species and
habitats. Sound producing activities may be designed to avoid areas and/or times where and
when sensitive marine mammals and fish species are usually engaged in susceptible
activities such as mating, breeding, feeding, or migration.

This approach was taken by Australia (Environment Australia 2001), Brazil (Brazil 2004), the
UK, ASCOBANS (ASCOBANS 2003), ACCOBAMS (ACCOBAMS 2004), Norway (Bjarke et
al. 1991; Dalen et al. 1996), and the IWC Scientific Committee (IWC 2004), who call for
seismic surveys to be spatial-temporally arranged in a way that eventual acoustic impacts are
reduced. The IUCN recommends that member governments work through domestic and
international legislation to consider restrictions for sound in their management guidelines for
Marine Protected Areas (MPAs) (IUCN 2004). In Norway, seasonal restrictions on seismic
surveys may be imposed in specific areas (Bjgrke et al. 1991), or included in the license
conditions (Anon. 1985). Prior to each seismic survey the Norwegian Institute of Marine
Research is doing a resource biological evaluation and recommendation, and the Directorate
of Fisheries is considering and advising in seasonal fishing periods in the area.

Source Reduction: Two international conservation agreements, ASCOBANS (2003) and
ACCOBAMS (2004) and a number of advisory bodies (e.g. the California Coastal
Commission, 2003) have suggested limits on source levels used during seismic surveys and
have, amongst other things, proposed and/or requested the use of lowest practicable power
levels, reduction of unnecessary high intensity sound (JNCC, 2003), array optimisation or
avoidance of sources of ‘unnecessarily’ high energy. As an example, within the UK, the UK
Joint Nature Conservation Committee calls for operators to reduce unnecessary high-intensity
sound produced by airguns or other acoustic energy sources (JNCC 2003), and the JNCC
guidelines have been incorporated into relevant permits for oil and gas seismic surveys within
the UK.

Buffer/Safety Zones: Buffer or safety zones are frequently defined as a circular area around a
sound source (whether this is stationary or moving). Animals outside this zone are presumed
not to be exposed to harmful levels of sound. The radius of buffer/safety zones is most often
defined by the regulatory agency or promoted by other groups (IUCN 2006), and may for
example range from 500 metres (JNCC, 2003) to in excess of 1000 metres (Environment
Australia, 2001). The presence of animals within the buffer/safety zone may require shooting
down an operating array or delaying its start-up.

Visual Surveillance of Buffer Zones: Managing buffer or safety zones is frequently achieved
by specialist marine mammal observers (MMOs). As the name suggests, these observers
scan the buffer/safety zone before and during start-up and also through the period of the
survey, recording and subsequently reporting sightings of animals within (and beyond) the
safety zone. MMOs are often required to have specialist training. The ability to monitor buffer
zones will be determined by sea state and practical visibility. Moreover, the ability to monitor
certain species is limited even within small radii (Barlow & Gisiner 2006): visual detection
probability of beaked whales, for example, is 1 - 2% at most due to their long dives (US-MMC
2004).
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Reporting on visual surveillance can provide information that may aid understanding of
behavioural reactions. IWC (2004) has recommended:

. Continuous acoustic monitoring of critical habitats on sufficient temporal and spatial
scales in relation to pre- and post-seismic activity.

. Independent monitoring of critical habitats (from survey vessel and independent
platforms) to evaluate displacement from critical habitat and/or disruption of important
cetacean behaviours in the critical habitat.

. Increased effort to monitor strandings that may coincide with the activity (IWC 2004).

Soft Start/Ramp-up techniques: The aim of soft start or ramp-up is the gradual increase in
sound from an array (either by starting from a single gun and adding elements sequentially, or
by gradually increasing the power output). The soft start is designed to give animals the
opportunity to leave the survey area before ‘operational’ sound levels are reached. A soft-start
may be employed over 20-30 minutes before full power is reached and a survey line
commenced.

Other Surveillance methods: Visual surveillance is frequently supplemented by acoustic and
other electronic techniques. These include both passive and active acoustic monitoring, as
well as radar and infrared scanning.

7.6 Conclusions

Seismic surveys — for mapping of features beneath the ocean floor — are used for oil and gas
exploration, but also for academic research, and for gathering data for the purpose of
delineating Economic Exclusive Zone (EEZ) extensions under the United Nations Convention
of the Law of the Sea (UNCLOS). In seismic reflection surveys, airguns are the most
commonly used sound source. The airguns release compressed air to generate the seismic
signals’ regular intervals, typically each 25 metres the vessel moves. The sound waves are
scattered from boundaries between the various geological layers in the subsurface. The
backscattered signals are registered by several groups of hydrophones mounted in cables
towed behind the ship.

It is generally accepted that intense anthropogenic sources have the potential to cause
adverse effects on marine mammals and other marine organisms (see section 7.2). There
have been a few cases of strandings of beaked whales and giant squids coinciding with
academic seismic surveys. However, there is no conclusive evidence of a link between
sounds of seismic surveys and the mortality of any marine mammals Furthermore, there is
limited information on possible physical injury (permanent or temporary threshold shift).

There is a considerable volume of research concerning behavioural responses to intense
sounds generated by seismic airguns. While many of these studies have reported changes of
behaviour in a range of species, no universal conclusions can be drawn. Moreover, where
responses have been observed in individual animals or small groups of animals, it is not
known whether these reactions are significant at the population level for the species
investigated.

Studies investigating sound-induced effects on fish are relatively scarce compared with those
on marine mammals, and the results are variable. Studies have been performed on the
effects of seismic surveys on marine organisms and the results show that harm to individual
fish and increased mortality from firing airguns can occur at distances up to 5 m, with most
frequent and serious damages up to 1.5 m. Fish in the early life stages are most vulnerable.
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The extent of seismic-induced mortality for commercial species is estimated to be so low that
it is considered not to have significant negative impacts on recruitment to the populations.
Adult fish show behavioural responses to the sound waves from seismic activity. Based on
the few existing studies showing a reduction in catch rates during noise exposure behavioural
response is indicated within a radius of several kilometres from the sound source. If fish that
are on their way to the spawning grounds are exposed to this type of noise, or if they are
exposed to the noise during the actual spawning, the effects can have an impact on the fish’s
spawning success and thereby the recruitment.

Avoidance responses of sea turtles to low frequency sounds have been demonstrated.
Evidence of strong behavioural reactions from squid to airgun sounds has also been
demonstrated.

A range of measures is currently employed to mitigate exposure of marine mammals during
seismic surveys. These are employed singly or in combination, and are often required as part
of operating guidelines or as a condition of licence or permit. These include visual and
acoustic surveillance, buffer zones, source optimisation and soft start procedures. Seasonal
restrictions may also be used to protect animals (mammals and fish) during sensitive parts of
their lifecycle such as breeding, calving or spawning, nursing and migration.
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Module 8: Noise profiles of other activities

Please apply the same system for citations as in the other modules, e.g. Names and years
instead of numbers.

8.1 Noise profiles of other activities

8.1.1 Acoustic Deterrent Devices

Reeves et al. (2001) (48) defined high power devices operating at broadband source levels
above 185 dB re 1pPa @1m15 as Acoustic Harassment Devices (AHDs) (Table 8.1) while
those operating at lower source level were termed Acoustic Deterrent Devices (ADDs) (Table
8.2). ADDs or “pingers” are generally used to deter small cetaceans from bottom-set gillnets
or other fisheries in order to reduce lethal by-catch. Pingers operate at much lower source
levels than AHDs; usually 130 to 150 dB re 1 yPa (Table 8.2). Acoustic characteristics of
ADDs differ particularly with respect to randomisation of pulse intervals and pulse duration
(Table 8.2). However, the signal structure and source levels of the vast majority of pingers are
relatively consistent as they have to comply with guidelines laid down by EU Council
regulation (EC) No 812/2004. These devices produce either 10 KHz tones or wide-band
sweeps covering a frequency range from 20 to 160 kHz. According to EC 812/2004, pingers
that are based on analogue signal generation emit tones (10 kHz) at source levels
(broadband) between 130 and 150 dB re 1 pPa while digital devices can either have the same
specifications or produce wideband sweeps at broadband source levels of 145 dB 1 pyPa (see
Table 8.2).

Two further devices listed in Table 8.2 that are designed to reduce dolphin depredation
operate at higher source levels , the High Impact Saver by SaveWave and the DDD (Dolphin
Dissuasive Device) by STM. The acoustic output of the SaveWave device is however still well
below that of acoustic harassment devices used against pinnipeds (Table 8.1).

8.1.2 Acoustic Harassment Devices

Acoustic Harassment Devices (AHDs) were originally developed to prevent pinniped
predation on finfish farms, fisheries or salmon runs through production of high source level
acoustic signals. Table 8.1 details the wide range of AHD specifications including frequency
range, signal types and source levels (SPL @ 1m). For instance, the Lofitech seal scarer
emits 11 kHz constant-frequency pure tone pulses while the device produced by Ace-Aquatec
emits series (up to 20 seconds) of short pulses (2 - 12ms) that encompass a range of different
fundamental frequencies from 5 - 15 kHz. The Terecos seal scarer emits complex and time-
variable variable blocks or tones (35). Despite the differences between AHDs, a common
feature is that most devices produce substantial energy in the ultrasonic range in addition to
the main frequency band [up to 70 kHz (e.g. Ace-Aquatec)]. The broadband source level of
most AHDs is approximately 195 dB re 1 pPa with the exception of the Terecos device
(179 dB re 1 pPa, broadband) and an older model by Ferranati-Thomson (above 200 dB re
1 yPa). Due to their relatively high source level and often broadband characteristics AHDs
can potentially be a significant source of noise in areas of dense fish farming (23).

'3 Unless stated otherwise all source levels (SL) in this chapter are given in dB re 1y Pa @1m distance.
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8.1.3 Fish deterrent devices

Fish deterrent devices are primarily used in coastal or riverine habitats for temporarily
removing fish from areas of potential harm (e.g. guiding fish away from water intakes of power
plants). There is considerable variation between fish deterrent devices with respect to the
frequency range depending on the fish species that are targeted. For applications where the
device is to be effective against a broad range of species, relatively low or infrasonic
frequencies are generally used. For example, some devices produce infrasound at
frequencies of about 10 Hz (31) and a system tested at a water inlet of a power plant in an
estuary consisted of an array of transducers emitting frequencies between 20 and 600 Hz at a
broadband sound pressure output of 174 dB re 1 yPa (38). However, other devices produce
primarily ultrasonic frequencies and are specifically designed to deter high-frequency hearing
specialists (e.g. Sonalyst Inc. or Ultra electronic Oceans Systems). Fish deterrent devices for
some clupeid species which have ultrasonic hearing operate at frequencies between 120 kHz
and 130 kHz, with source levels up to 190 dB (10, 51, 52). Fish deterrent devices generally
produce sequences of short pulses (e.g. 100 - 1000 ms) at intervals of one to several
seconds and duty cycles up to 50% (proportion of time the device is switched on).

8.1.4 Acoustic data transmission

Acoustic modems are used as an interface for subsurface data transmission, and are
currently used in many industrial and research applications. There is considerable variation in
the frequency ranges used by commercial modems. For example, the AQUAModem
produced by Aquatec produces a relatively low frequency (8-12 kHz) acoustic signal
compared to the Hydroacoustic Modem S2C M 48/78 produced by Evologics GmbH (48-78
kHz). However, most encompass a range of around 18-40 kHz. The broadband source levels
are relatively high, ranging from 185 to 196 dB re 1 pPa. A relatively new integrated
communications project is the “Acoustic Communication Network for Monitoring of
Underwater Environment in Coastal Areas (ACME)”. This system uses chirps of continuously
varying frequencies and frequency-shift keying noise covering a frequency range from 5 kHz
and 15 kHz with most energy centred around 12 kHz (29).
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Table 8.1: Signal characteristics of Acoustic Harassment Devices (AHDs) typically used on fish farms to deter pinnipeds

Manufacturer Model Source level Frequency structure Temporal pattern Duty cycle (proportion Energy in the ultrasonic Reference
dBrelpPa @ 1m*® of time sound is range
switched on)
Ferranti-Thomson Ferranti- MK2 model 195dB @ 27 Pulses centred at 5 different 20 ms pulses repeated every 3 % max. 5.5 scrams per Up to at least 40 kHz [3]
Thomson kHz (peak) for frequencies arranged in 5 40 ms in trains of 20s hour
MK2, Mk3 & 4X model: 200dB @ 25 pre-set sequences which are duration’
4X Seal kHz chosen randomly
scrammer
Ace-Aquatec Ace-Aquatec 193 dB @ 10 kHz (rms) Pulses at 28 different 3.3-14 ms long segments in Activity-dependant (50% > 165dB at 30 kHz;145 dB at [1]
frequencies arranged in 64 20 s long trains if trigger is released, but 70 kHz
sequences which are max 18 times per hour)
randomly chosen
Airmar Technology Airmar dB 192 dB @ 10.3 KHz (rms)  More or less sinusoidal: 10.3 1.4 ms long segments at 20 40-50 % 145 dB up to 103 kHz [1]
Corporation Plus Il kHz (2nd harmonic 43 dB ms intervals in 2.25m long
weaker) trains; 4 transducers produce
these trains in an alternating
pattern
Terecos Ltd Terecos type 178 dB @4.9 kHz" (rms) Complex tonal blocks Depending on operation a.50 % less than 143 dB above 27 [1,2]
DSMS-4 forming up and down mode: 8ms segments in kHz
sweeps (fundamental from sequences of eight or 16ms
1.8 kHz-3 kHz), sequences of ~ segments in sequences of 5;
continuous and time variant variation possible due to
multi-component blocks (2.4  randomisation software;
kHz-6kHz), continuous tonal trains from 200ms to 8 s long
blocks forming sweeps
Lofitech “Universal 191 dB @15 kHz 15 kHz (tonal, narrow-band) 500ms pulses in 6s trains 20-25% Single harmonic (depending [2]
(older models by scarer” or long trains on battery status)
SIMRAD) “seal scarer”

1 Lepper, P. A., Turner, V. L. G., Goodson, A. D. & Black, K. D. 2004. Source levels and spectra emitted by three commercial aquaculture anti-predation devices. In: Seventh European

Conference on Underwater Acoustics, ECUA. Delft, the Netherlands.

2 Reeves, R.R,, Read, A.J., Notarbartolo di Sciara, G., 2001. Report of the Workshop on Interactions between Dolphins and Fisheries in the Mediterranean: Evaluation of Mitigation

Alternatives. Istituto Centrale per la Ricerca Scientifica e Tecnologica Applicata al Mare, Rome, Italy

3 Yurk, H. & Trites, A.W. 2000. Experimental attempts to reduce predation by harbour seals (Phoca vitulina) on out-migrating juvenile salmonids. Transactions of the American Fisheries
Society 129: 1360-1366

'8 source levels are calculated over a broad analysis bandwidth unless values are given at a certain frequency
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Table 8.2: Signal characteristics of Acoustic Deterrent Devices (ADDs) and other devices to reduce cetacean depredation

Manufacturer Model Source level dB Fundamental frequency Frequency range  Pulse duration Inter-pulse Reference
re1pPa@1m" interval
Airmar Technology group Gillnet pinger 132 dB 10 kHz Harmonics present  300ms 4s [2]
Aquatec Subsea Ltd Aquamark 100, 145 dB (model Model 200, 210: Harmonics up to 50 - 300 ms 4-30s www.aquatec.com and [1]
200, 210, 300 100, 200, 300), 5-60 kHz frequency 160 kHz (depending on (pseudo-
150 dB (model sweeps model) randomised
210) Model 100: 20-60 kHz except for
frequency sweeps model 300)
Model 300: 10 kHz tonal
Dukane NetMark NetMark 1000 & 132 dB 10 kHz Harmonics up to 300ms 4s [2]
2000 (stopped 73 kHz
manufacturing)
Fumunda FMDP 2000 132dB 10 kHz - 300ms 4s [2]
Marine Technology Marexi Acoustic 132 +4 dB 10 kHz - 300ms 4s www.http://www.pinger.es
Marexi pinger V.2.2
SaveWave “High impact 155dB (HI, LL HI model: signal has two I:;(r)mka:ics up % 500-900 ms 4-16s www.savewave.net, “Guidelines
saver” model), partials: 5 - 40 kHz and randomised (randomised) to minimise cetacean-fishery
“Long line saver” 140 dB (ES 30 - 160 kHz; wide band (depending on conflicts in the ACCOBAMS
“Endurance saver” model) sweeps. LL model: 5 - 60 model) Area”
kHz wide band sweeps. (http://www.accobams.org), and
ES model: 5-90 kHz [1]
STM DDD (Dolphin - 1-500 kHz - - - Manufacturer’s information

Dissuasive Device

1 Kastelein, R. A., van der Heul, S., van der Veen, J., Verboom, W. C., Jennings, N., de Haan, D. & Reijnders, P. J. H. 2007. Effects of acoustic alarms, designed to reduce small cetacean
by-catch in gillnet fisheries, on the behaviour of North Sea fish species in a large tank. Marine Environmental Research, 64, 160-180.

2 Reeves, R.R,, Read, A.J., Notarbartolo di Sciara, G., 2001. Report of the Workshop on Interactions between Dolphins and Fisheries in the Mediterranean: Evaluation of Mitigation
Alternatives. Istituto Centrale per la Ricerca Scientifica e Tecnologica Applicata al Mare, Rome, lItaly.

" source levels are calculated over a broad analysis bandwidth unless values are given at a certain frequency
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8.1.5 Research activities

Ocean science studies use a variety of different sound sources to investigate the physical structure of
the ocean. These include explosives, airguns, and underwater sound projectors. Ocean tomography
studies measure the physical properties of the ocean using sound sources with frequencies between
50 and 200 Hz with high source levels (165 - 220 dB re 1 pPa, 48). Perhaps the best known of these
is the “Heard Island Feasibility Test” where signals with centre frequencies of 57 Hz were projected in
the SOFAR channel at 175 m depth at source levels up to 220 re 1 pPa for around 1 hour each day
(4). The signals could be detected across ocean basins with received levels up to 160 dB re 1 yPa at
1km distance. Another major research project using sound as a tool was the “Acoustic Thermometry of
Ocean Climate” (ATOC) research programme. The ATOC sound source emitted coded signals at 75
Hz at source levels of 195 dB re 1 pPa for up to 20 min (see 50 for a brief review). Geophysical
research activities e.g. studies on sediments in shallow water may also use typical mid- or low-
frequency sonar systems or echo-sounders.

8.1.6 Marine renewable energy devices

Offshore tidal and wave energy turbines are a relatively recent technological development and
available information on the acoustic signatures of such activities is limited. However, tidal turbines
appear to emit broadband noise covering frequency range from 10 Hz up to 50 kHz with significant
narrow band peaks in the spectrum (45). Depending on size, it is likely that tidal current turbines will
produce broadband source levels of between 165 and 175 dB re 1u Pa.

8.2 Impact on marine mammals

8.2.1 Responsiveness

When considering the impact of acoustic deterrent and harassment devices on the behaviour of
marine species, it is important to distinguish between target and non-target species. While it is clear
that a deterrent device aims to cause at least some form of moderate avoidance response in the target
species, ideally it should not influence non-target-species behaviour. Since acoustic harassment
devices operate at much higher source levels than pingers they can be expected to cause stronger
avoidance responses. High-power AHDs (e.g. Ferranti-Thompson 4x) can be audible to harbour
porpoises (Phocoena phocoena) up to 10 km away under low ambient noise (55) while harbour seals
(Phoca vitulina) could potentially hear a device with a source level of 175 dB re 1yPa @ 1m at
distances of 1.4 km to 2.9 km in quiet conditions (57). Early AHDs operating at a peak-to-peak (p-p)
source level of 187 dB re 1uPa @1 m caused initially strong avoidance responses in seals. However,
responses appeared to decline after several years. Although it is possible that hearing loss occurred
over this period, habituation or even a conditioned response resulting from the association of the
sound with a profitable food source (“dinner bell effect”) are more likely explanations. However,
habituation due to positive stimuli (food) may increase the risk of the animals being exposed to
deleterious effects of noise.

Jacobs & Terhune (2002) (21) tested an Airmar dB Plus ADD that operated at a measured p-p source
level of 172 re 1uyPa @ 1m with harbour seals around a haul-out. They found no difference between
control and sound exposure sessions. However, other studies have found deterrent effects on target
species (grey seals) over several consecutive years (15). In contrast to the findings for target-species,
several studies showed that AHDs can have dramatic impacts on odontocetes which do not seem to
predate on finfish farms in most areas in Northern and Western Europe. Olesiuk et al. (44)
investigated effects of the Airmar AHD on harbour porpoise distribution in the British Columbia. They
showed that porpoises were completely excluded from an area of 400 m radius around the AHD and
the number of sightings dropped to 10% of the expected value at ranges between 2500 and 3500 m
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from the device. Similarly, Johnston (22) showed that porpoises did not approach an emitting AHD
closer than 645 m (received level at this distance would be 128 dB re 1yPa). Porpoise numbers were
also significantly lower at ranges of up to 1500m from the sound source. Morton & Symmonds (42)
reported a reduction in killer whale (Orcinus orca) sightings rates in Johnston Strait, Canada after
AHDs had been introduced on fish farms, and a sudden recovery after they were removed. Similarly,
Morton (41) found that Pacific white-sided dolphin (Lagenorhynchus obliquidens) abundance
decreased after AHDs were introduced in the area. In summary the previously mentioned studies
seem to show that AHDs can cause both avoidance and habitat exclusion in odontocetes, but appear
to have only moderate effects on pinnipeds (target species). These differences may have to do with
the fact that all odontocetes for which audiograms are currently known have 30-40 dB lower hearing
thresholds at frequencies where AHDs operate (10-40 kHz) compared to pinnipeds (17). This would
mean that AHDs sounds are perceived as louder by odontocetes as by pinnipeds. In addition, in many
areas in Northern and Western Europe where AHDs are commonly used, odontocetes do not seem to
forage commonly on farmed fish and potentially will be less motivated to remain in the area.

Early experimental studies showed that ADDs have the capacity to reduce by-catch of small
odontocetes (32). Field observations around simulated net equipped with pingers that operated at
source levels of 145 dB re yPa at 1 m showed that harbour porpoises avoided an area of about 130 m
around the sound source (9). Studies in other areas have found larger exclusion zones around
pingered nets (300 — 500 m), and this has raised concerns that ADDs might exclude porpoises from
important habitats (3). However, there is also some evidence for habituation of porpoise avoidance
responses to pingers over periods of several weeks (7). A recent study, that tested different acoustic
alarms operating a frequencies between 100 and 140 kHz (source level between 128 and 153 dB re
1uPa) on two captive porpoises also demonstrated a degree of habituation (56). In contrast, an earlier
captive study on two harbour porpoise did not find clear habituation within and across playback
session.

It is also important to note that different cetacean species may respond differently to pingers. For
instance, wild bottlenose dolphins did not show strong avoidance responses to a simulated gillnet
equipped with Dukane NetMark 1000 pingers (8). A captive study on a single harbour porpoise
(Phocoena phocoena) and a striped dolphin (Stenella coeruleoalba) demonstrated differential
responses to pinger-type signals with the dolphin showing much weaker aversive responses than the
porpoise (25). There is also some indication from a correlating study covering a period of 17 years,
that beaked whales (Ziphiidae) may exhibit stronger responses to pingers than other cetaceans (6).
By-catch of beaked whales in gillnet fisheries ceased completely after pingers were introduced while a
steady level of by-catch remained for all other species (it should be noted that the level of beaked
whale by-catch was only a fraction of those for other species previously).

Fish deterrent devices can influence different species depending on whether they emit high or low
frequencies. With respect to low-frequency sources mentioned in this report, baleen whales are likely
to be affected. However, this may be reduced to some extent as baleen whales rarely inhabit areas
where fish deterrents are used. Kastelein et al. 2006b (28) showed that behavioural avoidance
responses of seals to mid-frequency artificial sounds (fundamentals 8 - 12 kHz) occurred at received
levels of 108 dB re 1 pPa. However, the hearing threshold of a harbour seal is 20 -25 dB less
sensitive at the frequencies where fish deterrents operate (e.g. 500 Hz). It is therefore possible that
seals would only exhibit responses at higher received levels at these frequencies but direct
measurements would be needed to draw any meaningful conclusions and predict deterrence ranges
caused by fish deterrent devices. Fish deterrent devices using high or ultrasonic frequencies (52) have
a clear potential to affect odontocetes on a similar magnitude as AHDs. Behavioural impact zones are
likely to be similar to those predicted for AHDs. High-frequency fish deterrents also have some
potential to impact seals.
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Behavioural effects of acoustic data transmission systems on captive harbour porpoises have been
studied with a system emitting broadband signals with most energy centred at 12 kHz (29). Results
showed that porpoises exhibited avoidance responses at received levels between 97 and 112 dB re
1 uPa (all SPL in this study were calculated over the main four fundamental 1/3 octave-bands for the
respective sounds, see 30). The authors predicted that if the device were to operate at a source level
of 170 dB re 1 pPa the “discomfort zone” would be between 1.2 and 6.3 km from the device depending
on the sound type (source level calculated for the main fundamental 1/3 octave bands). In a second
experiment using similar methodology, avoidance responses in captive harbour seals (Phoca vitulina)
occurred at received levels between 107 and 108 dB re 1 yPa. This equates to a predicted impact
zone (assuming 170 dB source level) of up to 2km (28). Although both studies were conducted on
captive animals they show that data transmission devices have a clear potential to influence marine
mammal behaviour over relatively large areas.

Behavioural impacts caused by ocean research activities have been a major concern over the last
decade (50), but evidence for effects on behaviour of marine mammals remains controversial. In the
“Heard Island Feasibility Test”, sighting rates of medium-sized or large whales (e.g. pilot, beaked and
baleen whales) dropped in response to the projected 57 Hz signal, but dolphins and fur seals did not
show any apparent response and even seemed to approach the source vessel (4). In addition to the
movement responses, sperm and pilot whales temporarily ceased calling. A follow-up experiment
used a sound source that projected phase-modulated signals at 75 Hz. Au et al. (1) measured
detection threshold of the signal in two captive delphinids and concluded that the signal would not be
audible to these animal unless they dived to a depth of 400 m. The authors also concluded that effects
on baleen whales are likely to be minimal since these animals use similarly loud calls for
communication (170-180 dB re 1 yPa, broadband). However, the latter argument is controversial since
behavioural responses to conspecific calls can be expected to be different from responses to unknown
artificial sounds. Southall et al. (2007) reviewed behavioural responses of baleen whales to low-
frequency artificial sounds and concluded that, in most cases, non-migrating whales responded to
received levels between 140 and 160 dB re 1 pPa. In the “Heard Island Feasibility Test”, received
levels of 160 dB were measured up to distances of one kilometre (4). In conclusion, there is the clear
potential for ocean tomography and thermography studies to influence the behaviour of mysticetes
and medium sized odontocetes; this is less likely for small odontocetes and pinnipeds.

Marine renewable energy devices are relatively new, and empirical studies (45) attempted to predict
behavioural impact zones for environmental impact assessment purposes. They used a sensation
level criterion of 75 dB for marine mammals within the frequency band of interest and predicted that
depending on sound propagation conditions, mild aversion zones for harbour porpoises were
expected to be 108-280 m, while aversion zones for harbour seals would only extend 5-15 m from the
source. These conclusions are arguable since the criterion used is only partly validated by empirical
data. Therefore, studies on the behaviour of marine mammals around tidal turbines need to be carried
out.

8.2.2 Masking

Marine mammals use sound for communication, orientation, and prey detection (see Richardson et al.
1995). Masking generally refers to the detection of one tonal signal being influenced by a second
sound. Unless the masking sound is very broadband the masking effect is dependent on the
bandwidth of the masker up to a critical bandwidth (see 16). Critical bandwidths in marine mammals
are generally below 10% of the signal’s centre-frequency. For masking to occur there needs to be an
overlap in the frequency range of signal and masker and the received level of the masker needs to
exceed that of the signal. Noise produced by some AHDs (e.g. Lofitech) clearly overlaps with the
frequency range of the communication signals of many delphinid species. In contrast, vocalisations of
baleen whales and many pinniped species that occur in areas of intense aquaculture tend to be lower
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in frequency and are therefore less likely to be masked (50). However, vocalisations of some seal
species have energy over 10 kHz (e.g. bearded seals) or even extend into the ultrasonic range and
would therefore be prone to masking by high duty cycle AHDs (see 50 for a summary of seal
vocalisations).

Pingers generally emit sound in short pulses (300 ms) which might reduce the masking potential with
respect to longer duration communication like whistles in delphinids. In theory, there is the potential
that ADDs which emit broadband sound pulses in the frequency range between 20 and 150 kHz could
mask the echolocation clicks of odontocetes (e.g. harbour porpoises) but this seems less likely. One
needs to consider that masking effects are attenuated if the masker and signal come from different
directions. Bottlenose dolphins (Tursiops truncatus) can distinguish sound sources that are presented
at angles of less than 3° apart (49). Furthermore, bottlenose dolphin hearing is directional (Au &
Moore 1984) which increases the capability of detecting signals in noise if the masker noise source
and target sound are spatially separated. Therefore, cetaceans may successfully avoid masking
effects in some cases. However, direct measurements have to be obtained to confirm this.

With respect to sound produced by fish deterrent devices, ocean tomography or tidal turbines, little is
known about the potential effects of masking. Low-frequency, high source level fish deterrent devices
have some potential to mask communication signals of baleen whales and seals depending on
whether signals are narrow or broadband. Although there may be little spatial overlap of geographical
areas in which fish deterrents are used and the habitat of baleen whales, seals commonly breed in
coastal or estuarine habitats. For instance, a fish deterrent device producing a sound pressure
component of 195 dB re pyPa within a frequency range of 200 Hz and 500 Hz may have strong
potential to mask the communication calls produced by harbour seals during the breeding season (see
18 for characteristics of harbour seal calls).

Although there are no studies on the masking effects of data transmission systems, they have some
masking potential with respect to dolphin communication signals because the sounds are relatively
broadband and overlap with the typical frequency range of communication signals like whistles. There
is also some potential for masking of the underwater vocalisation of some seal species. With respect
to other low-frequency sound sources (e.g. ATOC) there may some potential to mask baleen whale
communication or vocalisations of certain seal species (e.g. harbour seals; 17). Similarly, low-
frequency noise by tidal turbines may again primarily affect seals and baleen whales. If noise by tidal
turbines is broadband rather than tonal (with a harmonic structure) the masking potential may be
higher.

8.2.3 Injury

The risk of injury caused by any of the aforementioned noise sources is most likely to be limited to
hearing damage. Hearing damage occurs first as a temporary but fully recoverable shift of the hearing
threshold (temporary threshold shift=TTS). As a result of exposure to higher intensity or longer
duration acoustic stimuli recovery may not be possible and the threshold shift becomes permanent
causing chronic damage (permanent threshold shift=PTS). The risk of hearing damage is considered
to be a function of sound pressure level and exposure time (11). Therefore, sound exposure level
(SEL) or energy flux density might be a good measure for defining safe exposure levels. Southall et al.
(2007) reviewed available literature in an attempt to define noise exposure recommendations for
different marine mammal taxa (see also module 3). Although there are a number of limitations with the
study, it is currently the only integrated approach combining all available data. However, it should be
acknowledged that until more experimental data is available on hearing damage in marine mammals,
there remains a high degree of uncertainty in the injury risk predictions.
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8.3 Impact on fish

Most fish species have low frequency hearing, and are generally not very sensitive to sound pressures
at frequencies higher than 1-2 kHz [hearing generalists (14)]. However, “hearing specialists” like
Atlantic herring (Clupea harengus) possess good sensitivity to sounds up to several kHz with some
clupeid species having ultrasonic hearing (39).

8.3.1 Responsiveness

AHDs and ADDs primarily produce high-frequency sound (10 - 150 kHz). Therefore, it is expected that
behavioural disturbance will be limited to species with good high-frequency hearing. Kraus et al.
(1997) found that herring catch rates in gillnets equipped with pingers were lower than expected. In
contrast, a more recent study suggested that there were no significant differences in catch rates (Culik
et al. 2001). Kastelein et al. (2007) tested behavioural responses of a range of North Sea fish species
to several types of commercially available pingers. Although none of the fish species exhibited a
startle response, sea bass (Dicentrarchus labrax), thicklip mullet (Chelon labrosus), Norway pout
(Trisopterus esmarkii), and herring changed their swimming behaviour in response to some pingers
while cod (Gadus morhua) did not respond to any of the devices. The authors concluded that only
pingers which produce frequencies lower than 10 kHz and have a source level above 130 dB re 1 pPa
are likely to have a significant influence on the behaviour of fish.

Responses of fish to commercially available acoustic harassment devices (AHDs) have not been
tested yet. However, in fish with good ultrasonic hearing, strong avoidance responses have been
shown in response to frequencies of 110 - 130 kHz at received levels down to approximately 160 dB
re uPa (10). This would indicate that AHDs which produce substantial energy in the ultrasonic range
(e.g. Ace-Aquatec) may cause some behavioural avoidance responses in clupeids in the immediate
vicinity of the transducer (e.g. closer than 20m). Kastelein et al. (2007) (26) investigated startle
responses in fish to a variety of different sounds ranging in frequency from 0.1 to 60 kHz at maximum
received levels of up to 180 dB re 1 yPa. The only species that showed a response to frequencies
higher than 2 kHz was Atlantic herring which responded at 4 kHz to received levels of approximately
170 dB re 1 yPa. Assuming spherical spreading losses, received levels around a commercial AHD
would probably be down to 170 dB re 1 yPa at distances not more than 20 m. In conclusion, ADDs
and AHDs are probably unlikely to influence the behaviour of fish unless they are close to the device.
Given the similarity in acoustic characteristics of data transmission devices to AHDs, the responses
are expected to be similar.

Fish deterrent devices projecting infrasound or low-frequency sound (up to 500 Hz) have been shown
to be at least partly successful in keeping several species out of water intakes in riverine or estuarine
habitats (e.g. 38, 53). These responses are considered to be caused primarily by the particle motion
component of the sound, and may therefore be short-range and unlikely to influence fish populations
in the surrounding habitat. Responses of fish to deterring sounds also vary depending on the
frequency band of the projected sounds; experiments with salmon (Salmo salar) smolts showed that a
10 Hz signal 114 dB above the hearing threshold (at the respective frequency) caused an avoidance
reaction while a 150 Hz signal did not (30). Fish deterrents emitting ultrasound at frequencies between
130 and 140 kHz are based on the finding that clupeid species exhibit strong avoidance responses to
these signals (43). However, behavioural responses to these fish deterrents seem to be limited to the
small areas around the sound source (43).

Responses of fish to simulated signals of the ATOC sound source showed that fish exhibited
moderate attraction rather than avoidance responses. However, Kastelein et al. 2008 (27) showed
startle responses to 100 Hz pure tones in several fish species [e.g. pelagic horse mackerel
(Decapterus maruadsi)] at received levels of approximately 120 dB re yPa. This would mean that fish
over a relatively large area around an ATOC source could be affected behaviourally.
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As with marine mammals, Parvin et al. (45) recently made predictions on behavioural impacts of tidal
turbine noise on fish but some of the underlying assumption may be problematic (use of sensation
level criterion of 75 dB for fish). This study concluded that it is unlikely that that hearing generalists will
be affected and hearing specialists may show behavioural responses up to a few metres. Kastelein et
al. (27) showed that startle responses occur in some in North Sea fish species at received levels down
to 130 dB at 300-500 Hz. However, significantly more information is needed to predict the responses
of fish to anthropogenic noise from tidal turbines.

8.3.2 Masking

Most communication signals in fish fall within a frequency band between 100 Hz and 1 kHz and (see
Zelick et al. 1999(60)). Hearing abilities (e.g. localization and frequency discrimination) in most fish
species are less sophisticated than in mammals (14), which may make them more prone to masking
effects. Consequently, masking in fish also follows different principles than in mammals. A neuro-
physiological study on goldfish (a hearing specialist) showed that responses of nerve fibres to tones
between 400 and 800 Hz can be suppressed by maskers of a broad range of frequencies essentially
covering most of the hearing range (13). Elevated detection thresholds as a result of masking have
been shown in hearing generalists as well as specialists (58, 59) although species clearly differ in their
susceptibility to masking (47). This might mean that even signals outside the frequency band used for
communication but within the hearing range may cause masking. Masking in fish has been primarily
studied with broadband noise making it difficult to say how pure tones or more multi-tone sweeps
influence fish communication. Continuously operating low-frequency fish deterrent devices or signals
produced by oceanographic studies or noise from tidal turbines might be a source of masking. In
contrast the masking potential of AHDs, ADDs, and data transmission devices may be low, at least
with respect to the species that do not posses high-frequency hearing. The potential of masking of fish
communication signals really needs further investigation.

8.3.3 Injury

Injury in fish can occur on the level of physical trauma, caused by the pressure wave, or by causing
temporary or permanent hearing damage (19). The noise sources discussed here are unlikely to inflict
direct physical trauma but may still damage hearing. Hair cell damage in fish has been found in cod
exposed to broadband sound pressure levels of 180 dB re 1 pPa for several hours (12), in oscars
(Astronotus occelatus) that were exposed to 300 Hz sine wave sounds of the same source levels (20),
and snappers (Pagrus auratus) that were repeatedly exposed to airgun emissions (received levels up
to: broadband 180 dB re 1 pPa) (40). Smith et al. (2004) found a linear correlation between the
logarithm of exposure time and the amount of temporary threshold shift caused by experimental
exposure to white noise (170 dB re 1 pPa) in goldfish (a hearing specialist). However, such a
relationship was not found in tilapia (a hearing generalist). All mentioned studies used signals that
contained at least some energy within the most sensitive hearing range of these species making it
difficult to draw conclusions about the effect of higher frequency signals as those used in AHDs,
ADDs, or data transmission devices. However, even when assuming that fish may be equally
susceptible to higher frequencies effects of current high source level AHDs would probably not extend
much beyond 100 m from the source where received levels can be expected to be lower than
150 — 170 dB re pPa.

Lower-frequency sound sources like those used in ocean thermography studies do have the potential
to affect fish. Popper et al. (46) tested effects of low-frequency active sonar (LFA) on rainbow trout
and found exposure to narrow-band 193 dB re 1 uyPa to cause 20 dB threshold shift as a result of
sound exposure. As mentioned earlier Hastings et al. (20) showed that 1h of sound exposure to
continuous 300 Hz tones at 180 dB re 1 yPa (frequency 300 Hz) caused some hair cell damage in
oscars, but exposure to the same signal at duty cycle of 20% did not result in any damage. Assuming
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that exposure to received levels of 180 dB re 1 yPa would cause permanent hearing damage, the
ATOC signal would only affect fish that are very close to the source. Finally, it may be worth noting
that in contrast to some of the damage caused exposure to loud sound may be reversible. However,
this may only be the case in certain circumstances and even temporary hearing damage may still have
a fitness cost to the fish.

8.4 Effects on other species

The effect of any of the aforementioned noise sources on reptiles and invertebrates will depend on the
ability of these animals to detect sound. Sea turtles seem to be primarily sensitive to low-frequency
sound below 1 kHz (2). As a result, they are unlikely to be influenced by noise from AHDs, ADDs, and
data transmission devices. However, although sea turtles may be influenced by low frequency sound
like ocean tomography or thermometry studies (e.g. ATOC), there are currently no empirical data
available. Similarly, there is some potential that other noise sources like tidal turbines may have some
influence on behaviour. Invertebrate detection of vibration stimuli is primarily low-frequency and mostly
limited to the particle motion component of the signals. For instance, some cephalopods are sensitive
to water movement stimuli up to 100 Hz (5), and a species of prawn has been shown to be able to
detect the particle motion component of sounds up to 3 kHz (36). This may indicate that lower
frequency noise (e.g. by fish deterrents or tidal turbines) may have some effect on these species if
they are very close to the sound source. It is unknown whether the pressure component of sound that
would be detectable in the far field adversely influences sea turtles or crustaceans. There are currently
no reliable data available on hearing damage in sea turtles or invertebrates as a result of exposure to
anthropogenic noise.

8.5 Mitigation

Given the marked variation in the acoustic parameters of the noise sources, and the different hearing
abilities of the species discussed in this chapter, it is unlikely that a generic process of mitigation could
be implemented. Furthermore, it is clear information on behavioural responses, masking potential, and
injury risk for many species is limited, and further studies would be required to design a robust set of
mitigation measures.

In a technical sense, reducing the potential impacts of devices, such as AHDs, on non-target species
could be achieved through changing frequencies to those where non-target species are less sensitive,
or by using responsive-mode devices that only emit sound when an animal approaches an area of
interest. Similarly, changes in frequency of data transmission devices may help eliminate the potential
risk to more sensitive species. However, it is clear that there will be implications for data transmission
efficiency with changes in frequency. Noise pollution by AHDs could also be reduced by decreasing
the duty cycle of the device. This would not only decrease the risk of causing hearing damage in target
or non-target species, but may also decrease the likelihood of target species habituating to the sound.
Similarly, it may be possible to use pingers that are triggered by echolocation activity of an
approaching dolphin or porpoise, or reduce the duty cycle of pingers.

Reducing the potential impacts caused by noise produced by marine renewable devices may also be
feasible at the design stage. Although it may not be possible to reduce noise through changes to
individual turbines, it is important to reduce the risk of “acoustic barrier effects” or avoidance of
important areas when designing the configuration of arrays of turbines. For example, it is important to
ensure that narrow channels used as transit routes for animals are not fully occluded by turbines, or
critical habitats are not used to site arrays of turbines.

127



Overview of the impacts of anthropogenic underwater sound in the marine environment

Reducing the effects of ocean tomography or thermometry studies, and data transmission devices,
may be possible by ensuring that the immediate vicinity around the sound source is clear of animals.
For marine mammals, there are existing guidelines, e.g. from the Joint Nature Conservation
Committee, for minimising the risk of acoustic disturbance from seismic surveys that may be
appropriate for these sound sources. These precautionary guidelines suggest that, in addition to
keeping noise levels at lowest practicable levels, practical measures are taken to ensure no marine
mammals are within an area of risk. This is clearly more challenging for animals to that do not
regularly come to the surface to breathe (i.e. fish).

Playing temporarily aversive sounds that causes animals to show a small-scale avoidance response
up to a certain distance from the sound source may provide a means of reducing physical injury
(hearing damage). This may be feasible for temporary noise activities like ocean tomography studies
or acoustic data transmission. With all species, planning activities so that their timing will reduce the
likelihood of encounters with breeding areas or juvenile animals, using the lowest practicable power
levels throughout the survey, and seeking methods to reduce and/or baffle unnecessary frequencies
from the devices will lead to reduced risk of injury, masking, and behavioural responses.

8.6 Conclusions

Avoidance behaviour by marine mammals can be expected to occur in response to several of the
‘other’ noise sources. However, ranges over which animals might be impacted will depend on the
species, and the respective noise source. Large-scale habitat exclusion of odontocetes (a non-target
species) has been demonstrated in response to commercially available acoustic harassment devices
(AHDs) and should be considered a potential concern (if no mitigation measures are implemented).
Although there is the potential that some pingers could exclude porpoise from their habitat, it should
be highlighted that avoidance responses do not seem to extend over more than a few hundred metres
from the device (3, 8). Therefore, the benefits of reducing lethal by-catch may outweigh the impact on
behaviour in some populations and habitats. Due to their high frequency content, both AHDs and
pingers are less likely to affect fish behaviour, except for individuals within the immediate vicinity of the
device. Ocean research studies and low-frequency fish deterrents have a clear potential to influence
the behaviour of large whales (e.g. baleen whales) and pinnipeds. However, with respect to ocean
research activities, monitored responses during experiments did not always seem to be overt (1, 4).
Similarly, some studies failed to show a clear effect of ocean research studies on the behaviour of fish.
However, captive experiments on fish may indicate that some effects on behaviour (e.g. C-starts)
could be expected over substantial ranges. Acoustic data transmission devices have been
documented to elicit avoidance responses in captive odontocetes and pinnipeds at relatively low
received levels. When extrapolating from captive experiments to wild animals, predicted impact zones
would be large, possibly extending over several kilometres. However, further research is needed and
these devices should not be implemented in areas of important habitat for pinnipeds or cetaceans.
High-frequency or ultrasonic fish deterrents have the potential to influence behaviour of odontocetes in
a similar way as AHDs. However, no research into this has been carried out to date. The current
scarcity of data makes it difficult to predict impact of any of the noise sources on invertebrates or other
non-mammalian animals.

With respect to masking, particularly broadband high source level noise sources may constitute a
problem (e.g. data transmission devices, AHDs). AHDs and data transmission devices (acoustic
modems) could potentially mask the communication signals of delphinids. Lower-frequency sound
sources (e.g. ocean research studies, tidal) may cause masking of communication signals in fish or
pinnipeds. Tidal turbines may mask communication signals for a variety of species in the vicinity of the
device due to the broad frequency spectrum of the noise emission. This may be particularly evident for
fish which do not have sophisticated strategies to counteract masking like some marine mammals.
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Hearing damage may only be caused by some of the high intensity noise sources mentioned in this
chapter in species with good hearing sensitivity. Depending on the assumptions made, predicted
impact zones may vary markedly. Odontocetes exposed to a single emission of an AHD are unlikely to
suffer hearing damage even when being close to the device. However, repeated exposure for
extended amount of times (e.g. as a result of overlapping sound fields from different devices) may
pose a substantial risk. Similarly, long-term exposure to some data transmission devices may pose a
risk that needs to be taken into account. Impact of the low-frequency sound sources (e.g. ocean
tomography) on baleen whales and fish may be limited to the vicinity of the device. However,
particularly with respect to fish, the possibility of strong inter-species variation needs to be considered
and more data is needed. Since no direct measurements of hearing damage or even hearing abilities
in baleen whales are available the possibility of underestimating the risk should also be taken into
account.

In conclusion several noise sources described in this chapter have the potential to impact aquatic life.
Although general conclusions can be drawn from the available data, knowledge gaps in certain areas
will inevitably mean that some predictions have to be based on assumptions that might be potentially
controversial. Therefore, it will be important to consider impact for many of the aforementioned noise
sources on a case by case basis taking species, habitat and density of noise producers into account.
However, mitigation measures should be implemented wherever possible.
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