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SUMMARY

Exploration for oil and gas deposits beneath the sea bed involves use of secismic survey
techniques, in which high level, low frequency sound sources arc discharged in the water
column at different horizontal positions; the sound reflected from the underlying strata iz
received by hydrophones and is then analyzed to determine the geological structure, In the
past, chemical explosives have provided the sound source but their use has long been
5upm:dr-|:'| by the use of pneumatically-driven, impulsive underwater transducers known as
airguns. Airguns are rmnnall:,r deployed from a survey vessel, either singly (shallow water
only) or, more commonly, in multiple arrays. The sound levels emitted are typically of the
order 226 dB re lpPa @ | m for a single airgum, or 248 dB re 1pPa @ 1 m for an array.
The fundamental frequencies fall within the range 0 to 120 Hz,

Unlike with chemical explosives, which can kill or harm marine fish, birds and mammals over
a significant range (depending largely on the size of the charge used), airpuns seldom are seen
o cause any direct physical injuries o animals, and concern centres almost entirely on
behavioural effects, Serious injuries to fish (eges to adults) only appear to occur at sound
levels of the order of 220 dB re 1pPa, in other words, very ¢lose to the source, whereas fish
avoidance is stimulated typically at levels above 160-180 dB re 1pPa. Such levels may be
found at rather larger distances from the sound source, The main issues with respect to fish
arc tho possible disturbances to feeding behaviour or repulsion from fishing grounds, cither
of which might affect sport fishing or commercial captures. For sea birds, the main
possibility of harm is scen as the potential of sound to injure diving birds when below water,
and the potential disturbance of breeding colonies by airbomne sound. In the case of
mammals, the passibility of physical injury, should they stray in close to the sound source,
ot that they will be doven away from their home ranges, are the chief concerns.

The current trend in the UK of conducting seismic exploration increasingly in inshore areas
of high environmental sensitivity, has raised the level of concern amongst fishermen and
conservation groups. The case against seismic survey has been strengthened by recent
Norwegian fishery studies, which have shown that the use of airgun arrays can distarb fishing
patterns over large distances from the centre of a survey operation. In one study, the catch
rates of cod { Gadus morhua) and haddock (Melanogrammus asglefinus) were halved over an
area of T4 x 74 km, and catch rates had not returned to normal within five days of the
cessation of seismic shooting. On the other hand, such an effect is likely to be a transient one
which, whilst it may be inconvenient for the fishermen, is unlikely to be of lasting harm to
the fish populations, and it would be logical to expect the possibility of higher catches in the
areas to which the fish had been displaced. There is also evidence that short exposures to
seismic sound may drive some demersal species to the seabed, rendering them more catchable
by bottom trawling methods.

It has not been appreciated generally that the results from studies such as those conducted in
MNorway, which invaniably have been carried out in relatively deep water {mostly in the range
30-300 m), are of limited relevance to shallow, inshore waters (<50 m), This is for two
reasons, Firstly, sound attenuation is much more rapid in shallow water, owing to interactions
between the primary wavefront and surface- and bed-reflected waves; based on reported
artennation figures for shallow water, the area of effect might be reduced by a factor of ten-
thousand, compared with a comparable deep-water case. Secondly, inshore fish communities
differ from those found offshore. Typically, inshore communities comprise a large proportion
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of benthic species which have no swimbladder and are thus less sensitive to sound, as well
a high proportion small or juvenile fish which, on the basis of the Norwegian studies, may
also be less affected by sound. The impacts on fish and fisheries are therefore likely to be
substantially less in inshore waters, This general conclusion iz supported by one UK study
carried out to determine the effects of inshore seismic survey on the local bass (Dicentrarchus
labrax) fishery, in which it was shown that neither the distribution, nor the catchability of
bass was affected.

Effects on sea mammals and birds have been much less thoroughly investigated. Virtually
no work has been reported on specics present in UK waters, though the findings from North
American studies should be of general validity. There, cetaceans (whales, dolphins, porpoises)
have been shown to change their behaviour (e.g. moving away from the sound source, reduced
dive duration) at threshold distances of between 400 m and 7 km from the seismic vessel.
Whilst it might be assumed that aveidance behaviour will protect cetaceans from injury,
mdividual dolphins will sometimes approach survey vessels and even swim under airgun
arrays. It is not clear, either, whether transient avoidance may lead to any longer-term
disruption of home range i cetaceans. MNevertheless, it is significant that ono of the UK's
largest populations of dolphins, in the Moray Firth, has persisted in spite of the area’s
exposure to intensive seismic surveying using airguns over the last 30 years.

From the limited work on sea birds and seismic survey (undertaken in Canada), no evidence
was found of harm caused by the use of airguns, and even chemical explosives were rarely
harmful unless the birds ventured very close to the detonation.
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A listing of the literature exarmned for the review is appended as a bibliography at the end
of this report. It combines references supplied to us by UKOOA from throe separats sources
(MAFF Directorate of Fisherics Research, Lowestoft, SOAFD Marine Laboratory, Aberdeen
and TAGC), together with additional material uncovered during our review.

1.3 Conventions Used in this Rmrim-r

In this report, sound pressure level (SPL) is quoted in units of decibels referred to 1 pPa (dB
re 1 pPa). Wherever the term dB is used by itself, it should be read as dB re 1 pPa. By the
same convention, source levels are given for a distance of 1 m from the source on the main
beam axis and are written as dB ro 1 pPa @ 1 m. All logarithmic values refer to log;,.

2 SOUND SOURCES USED FOR SEISMIC SURVEY
2.1 Types of Source

Malme et al. (1986) have reviewed the various types of sound source used now or in the past
for seismic exploration. Thesc melude chemical explosives, airguns, water puns, gas
dstonators and spark generators. By 1983, according to Holliday et af. (1987), 97% of
seismic surveys used airguns; airguns are therefors now used to the virtual exclusion of all
ather sources,

The main characteristics of the sound which appear to be of biological concern are given by
halme ef af (1986) as:

. peak pressure;
. pulsc duration;
" total pulse energy and
. average pulse pressure.

It should be noted, however, that these characteristics are of concern primarily at sound
pressure levels (SPL) which cause physical injuries in fish, whereas at the lower levels at
which the effect is primarily upon fish behaviour, the frequency and SPL are mast impartant.

To facilitate compariscn of the many different standards used for measuring sound levels
found in the literature, conversion details are given in Appendix 1.

2.2 Afrguns and Airgun Arrays

The seismic airgun is an impulsive underwater transducer which preduces high energy sound
at low frequencies, typically with fundamental frequencies in the rangs 10 to 200 Hz, high-
resolution devices, used in only a small proportion of seismic work, may have spectra
extending to 1000 Hz (Malme et al.,1986), The principles of operation and charactenistics of
airguns are described by Barger and Hamblen (1976).

All types function in the same general way, whereby a container of high-pressure air is
released suddenly into the surrounding water, producing an air-filled cavity. The resulting
air bubble pulsates rapidly scveral times producing an acoustical signal that is proportional
to the rate of change of volume of the bubble. The waveform is usually characterized as a
damped sinusoid. The fundamental frequency of the waveform depends largely on the
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1. INTRODUCTION
1.1 Background

Underwater acoustic sources have been used for many years by the il and gas exploration
industry for seismic survey, The chemical explosives uscd at one time have become virtually
obsolete owing to more stringent safety requirements and to the potentially lethal effects on
fish in the vicinity of seismic shooting, A varicty of alternative acoustic sources has become
available, including airguns, water guns, spark generators and others. These modern sources
are not generally directly lethal to aquatic animals and concern now centres on the possible,
more subtle effects of underwater sound sources on the behaviour of fish, affecting their
distribution or catchability, and on diving mammals and bards.

Ajrguns are currently by far the most common acoustic source used in seismic survey, A
number of recent Eurcpean and North American studies have investigated the effects on
commercial fishing of the use of airguns. These have demonstrated varying degrees of cffect
{including no effect) on fish behaviour and fishing success but have concentrated
predominantly on deep water (=50 m) fishing areas.

OFf growing interest and concern are the actual or potential effects on fisherics of seismic
survey operations in shallow coastal waters, cspecially in the 10 to 30 m depth band, but also
in the infralittoral zone (<10 m). Exploration activity is increasingly moving into shallow
water areas of conservation sensitivity and the effects on marine biota of these operations need
to be fully explored and assessed.

The present review was commissioned by the UK Offshore Operators Association {UKOOA)
to collate the existing literature relevant to understanding the effects on marine vertebrates af
sound emitted by seismic survey operations, to review critically the scientific quality of the
studies, and to asscss the validity of the findings with respect to shallow water applications;
finally, it was to identify present deficiencies in our understanding of scismic survey effecls
in shallow waters.

1.2 Scope of Review

This review is intended to deal specifically with the effects of airguns (singly, or as arrays)
on marine fish and diving mammals and birds. Reference to research on other sound sources
used in seismic surveys will be made only where it throws additional light upon the likely
effects of airguns,

Wherever possible, the review will focus on specics of animals found in Nerth Atlantic and
UK coastal waters, Howaver, since useful information comes from North American studies
in the Pacific Ocean, this material has been included in the toview. Whilst inter-specific
differences in sensitivity to underwater sound are found, nevertheless useful peneralizations
can be made for species of similar size and maorphaological type.

In addition to the literature dealing specifically with seismic survey effects, any other work
found in the review which was considered relevant has been incorporated. This includes
studies on hearing in fish and their behavioural responses to sound, on the deliberate
generation of underwater sound fields for fish guidance, fot example away from power station
water intakes, and on the physics of underwater sound propagation.
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of the signal achieved depends primarily on the energy contained in the compressed air prior
to discharge, and hence great efforts have been made to increase the volume and pressurs of
the initial gas charee.

Hy¥drophana
streamar

Figrare | Typical Towed Arrangement for S¢ismic Exploratoen

Airguns are operatad either singly or in arrays. A typical survey arrangement is shown in
Fizure |. In use. they are towed behind the survey vessel, at between 1 and 10 m depth
below the water surface {usually 6-8 m). As a minirmum, they are submergad to a depth of
one-guarter of the longest wavelength (L) of interest, w ensure propagation of the wavetorm
{e.g. for 30Hz, A=30 m, A/4=7.5 m). Normally, the survey vessel travels at about 4.5 knots
(2.2 ms™"), discharging the source every 10 1o 50 m, i.e. at intervals of ~1{ 5.

Single airgun scurces are not powerful enough for anything but shallow water surveys.
Typically, the sound output level in the 0 to 120 Hz frequency range for a single source 13
226 dB re TuPa @ 1 m, compared with 248 B re [pPa @ | m for an array (Malme of
al.,1986). The peak sound pressurs is roughly propertional to (chamber volume)™™ for a
single aitgun, or {chamber valune)™™ for an array, with an aperating pressure from 14 w
15 MPa. This relationship is shown m Figure 2,

Barger and Harmblen ffov, cit) give waveforms and nen-dimensional information for a vanety
of sources. Thesz results arc for deeply submerged airguns, but they present results that may
be extrapolatad to near-surface conditions with reasonable confidence. The main results may
be summarised &s follows:

(i} The waveTorms of the airguns resemble damped cosines, although the amplituds of the
imitial peak 15 tather fower,

FAWRLEY drjiialle reswarch laboratories 1kl -3-



(i)  The fundamantal frequency of the source may be expressed as:

(d+33)™ =321 f, (E)*7 (1),
where E is the initial energy contained in the charge, d is the depth and £, is the fundamental
frequency of the airgun.

(i)  The spectra of the sources indicate a bandwidth of about 40 Hz for a source centred
at 120 Hz, and hence an cffective () of about 3.
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@ 240
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:E Singka sirgun, 31 MFa _‘___--“;F ___,.-—"'-"_-FH_
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_——
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EEID' | . ol | Loij syl | " L
100 200 s00 4,000 2,000 5000 10,000 20,000 S0,000 100,000
Total Chamber Volume, cuble centimetres
Figure 2 Peak Output Levels of Airgons and Airgun Arrays in Relation to Chamber Yolume and
Operating Pressure, Note: Peak levels are as measured on the beam axis, (After Malme
et al, 1986).

The authors also indicate that the waveform of the airguns is relatively independent of the
radiation condition at their surface, The practical implication of this staternent is that it is
possible to model the sound pattern from an array of airgun sources by superposition, in the
way that this would be done for sonar systems. It is thus relatively easy to calculate the
directivity of patterns of airguns, either in terms of the pressure spectrum that would be
gencrated at a distant point or the pressura waveform that would result. Results arc presented
in the paper that confirm this view.

Arrays comprise several strings of airguns forming a towed grid; for example, Malme ef ai.
(loc. cit.)y describe a 32-gun array consisting of four 21 m strings of cight guns, each string
spaced 25 m apart. Provided that the individual guns are spaced at < A/2 apart, the array acts
as a single source with a beam perpendicular to the axis of the array.

There arc several advantages of this layout, As well as the increased SPL achieved, the
interaction of the sources results in a downward-focused beam, created by the constructive
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interference of sound waves on the beam axis and their destructive interference at the
periphery, limiting the unwanted spread of sound away from the target area.

A third important advantage is that, by using simultaneously a range of airgun chamber
volumes, different bubble sizes are created. With a single airgun in use, significant masking
of the seismic echoes from the primary (direct) impulse is caused by the reflected impulse
from the water surface. The timing of this reflected waveform is determined by bubble
volume, hence by using a range of bubble volumes, the reflected impulses are out of
synchrony and do not reinforce one another, whereas the primary impulses are additive,
thereby increasing the signal-to-noise ratio.

3 SOUND PROPAGATION IN WATER: SOURCE LEVEL AND SIMPLE
SPREADING LAWS

3.1 Source Level

The output generated by underwater sources is most usefully presented as a source level (SL),
or the effective output of sound at one metrs from the source, This is never measured directly
but rather is calculated by measuring the pressure from the source at, say, ong hundred metres
and estimating a pressurc at one metre by assuming that the pressure reduces in inverse
proportion o the range, For instance, if a peak pressure of 0.1 bar was recorded at ome
hundred metresz, the source strength would be quoted as ten bar-metres (equivalent to 240 dB
re 1 pPa i@ 1 m). The actual pressure at one metre from the source is very unlikely to bear
any relation to this calculated value, The reason that this concept is useful is because at large
distances from the source the sound behaves as though it is radiating from the source.

In order to develop environmental guidelines for seismic surveying it would be helpful to have
generic information characterising cutput pressures, emission spectra and waveforms of
airguns, The available information has mainly been aimed at the needs of the seisme
comrmunity, and typically is simply expressed as a peak source strength in bar-metres, This
assumes that the pressure waveform from the source reduces in inverse proportion to the
range, which in turn implies that the measurements are performed in deep water far away
from reflecting surfaces. In fact, this is rarely the case for airguns and the quality of the
information concerning the source strength of airguns is often poor. [t is sometimes possible
to obtain recordings of pressure time histories for airguns, but again these often suffer from
inadequate recording of the conditions of test. Similar comments pertain to derivatives of
these measurements such as spectra or ensrgy measurements.

It will be demonstrated in Appendix 2 that the acoustical characterisation that iz available for
airguns is not adeguate for the purposes of predicting the effects on fish stock of shallow
water selsmic surveying, as the level of far-field pressure at distances that are large when
compared with the water depth is predominantly dependent on the rate of change of pressure
from the source. This quantity 1s not documented in the literature, and even where waveforms
are available the conditions of test are not sufficiently documented to allow adequate estimates
of the rate of change of pressure to be made. [t might, nevertheless, be worth examining
existing recordings made during seismic survey operations to answer some of these questions.
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3.2 Transmission Loss

The parameter termed transmission Joss describes the weakening of sound between the source
and a point in the field. It is most commonly expressed as a logarithmic quantity, given by:

TL = 20 log [P,/ B] L2

where P; is the measured pressure at the field point and P, is the strength of the source,
usually expressed as the pressure at one metre,

In the simplest case, the source of sound iz considered to be located in a unbounded, lossless
medium. Sound spreads egually in all directions at an equal speed, leading to wave fronts
that are spherical with the source located at their centre. It is easily shown (see for instance
Urick, 1967) that the sound pressure under these circumstances decreases as the reciprocal of

the tange, B, or :
TL = 20 log R (3).

This is nsually termed spherical spreading. Where the sound is trapped between two parallel
boundaries across which negligible sound passes, such as the surface of the water and a hard
rock substrate, the sound spreads outwards with wave fronts that are roughly cylindnical,
Ieading to a sound pressure that decreascs as the inverse square root of the range, or:

TE = IO s e R S (4).

An additional case arises where the source is near to the surface, as in this study, and the
seabed may be charactenized as absorptive. This latter condition would generally be met,
since the frequencies of surveying systems are chosen to give maximurmn penetration into the
seabed. This case is addressed in Appendix 2.

For most of the deep-water operations covered in this report, researchers have assumed
spherical spreading and computed fish exposure levels accordingly; this assumption, however,
becomes questionable in shallow waters. This subject will be further explored in Section 7.

4 UNDERWATER SOUND: THE BIOLOGICAL PERSPECTIVE
4.1 The Importance of Sound in the Lives of Marioe Animals

Urnick (1967} states 'of all the forms of radiation known, sound travels through the sea the
best'. It is therefore clear why sound is an important source of sensation and communication
in many marine ammals. It 13 beyond the scope of the present document to review all the
literature in this broad field, but key reviews on hearing and commmunication in fish are given
by Platt and Popper (1981) and Hawkins (1981; 1986). Other useful sources are to be found
in the bibliography given at the end of this report.

In fish, deliberate sound production by a variety of means is common, with over 50 families
known to contain sound-producing species (Myrberg, 1981). Many of the sounds produced
are kmown to have a communicatory function with fish of the same or different species, being
used for example to wamn of predators or during reproductive ritals, The sound production
mechanisms include vibration of the swimbladder wall by attached musculature, 'stridulation’
(the term given to sounds produced by friction of adjacent skeletal parts), and rapid head
movement.  Sounds are also produced unwittingly by the fish as a result of muscular
contractions, hydrodynamic disturbances from swimming movements and the release of gas
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from the swimbladder (Marshall, 1962). The deliberate sounds mostly fall within the low
frequency, fish hearing band (50 - 3,000Hz) (Tavolga, 1571).

Sound production in marine mammals is better known, all species being vocal underwater.
Communication is an important function, but whales use high frequencies (~120 kHz) for
echolocation and certain species of whales and dolphins use sound impulses to stun their prey.

g

Eound Preasura Threshobd (dB re 1uPa)
B

]
o ) SO A0 2000 00 WRDHD
Fraguenay (Hz)
Figure 3 Audivgrams of Telenst Fish {after Hawkins, 1956)

4.2 Hearing in Fish

The sensitivity of fish to sounds is normally described in the form of an andiogram, which
relates the detectable sound level threshold (as SPL or particle velocity) to different
frequencies, An example is shown in Figure 3, which gives the audiograms for four species

of fish. It is scen that the sensitive frequency range in all cases falls within the 50 to 3,000
Hz range.

Figure 3 illustrates the marked differences in hearing sensitivity which are found amongst
different species. Sensitivity and frequency response are related to the anatomy of the hearing
mechanisms {Hawkins, 1986). Sound in all species is detected by the otolith organs of the
inner ears, which are paired structures embedded in the cranium on either aide of the mid-

brain. The lateral line organs are also sensitive to low frequency sound (20 1o 500 Hz), but
they are detectors of particle motion rather than sound pressure.

An important factor determining overall hearing sensitivity is the presence of a swimbladder
and the proximity of it to the inner car (Blaxter, 1981). The flatfishes (cg. plaice,
Fleuronectes platessa; dab, Limanda limanda), for example, have no swimbladder and are
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relatively insensitive to sound. The swimbladder, in those species possessing one, acts as a
pressure transducer, converting sound pressure to particle velocity. Thus species without a
swimbladder, or m which the swimbladder has no close connection with the inmer ear, are
ingensitive o sound pregsure and rely upon detection of particle displacement.

Effeet of Fizsh Size

In view of the important role of the swimbladder in the hearing process, it might be
hypothesized that swimbladder size, and hence resonant frequency (Figure 4), would have
a significant influence on the audiogram, with the expectation that small fish would have
maximurn sensitivity at a higher frequency than larger fish of the same species. On the
strength of experimental studics, Hawkins (1986) arguss that the resonant frequency of the
swimnbladder iz offset above the hearing range of the fish, so that it is detuned to give
moderate amplification over a wide frequency range, providing a relatively wide bandwidth
receiver system, For example, the swimbladder resonant frequency of a pressure-compensated
cod 1 m in length was found to be 600 Hz (Hawkins, 1977), compared with optimum hearing
sensitivity at ~150 Hz (Figure 3).

3 -
g
B2
=
£
Ll
&
@
x4 -
|} i - L k — 1
o 10 20 30 40
Fish Langth (cm)
Figure 4 The Resonant Frequency of Fizh Swimbladders In Relation to Fish Lengthimodified

frem Levik and Hovem, 1979). This plat is based on data for cod (Gadus morhwal, saithe
{Polleckius virems), pollack (Pollachins pollackins) berring (Clupes harengus), 3prat
{Spraftes spratins) and trout (Salmo ireifa)

Hawkims (1986) arpues that this wide bandwidth would be necessary to facilitate
communication over a range of fish sizea, since the frequencies of sound produced by
individuals of the same specics may vary (inversely) with size (see Turmnpenny ef al., 1993),
Nevertheless, in behavioural puidance trials in which Loeffelman (1994) exposed fish of the
same species but different size ranges to various sound spectra, the larger fish responded to
lower frequency guidance signals than did their smaller conspecifics.

Notwithstanding Hawkins' comments, enhancement of the local particle velocity will occur
well below the resonant frequency of the swimbladder as a result of the inward compression
of the swimbladder under the influence of the incident wave. The degree of enhancement
depends on the proximity of the resonant to the driving frequency, and hence it is reasonable
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to assmme that hearing will be more acute in a large fish having a swimbladder resonant
frequency closer to the driving frequency than that of a smaller fish. This size-related hearing
sensitivity may have some bearing upon the sizes and species of fish which are apparently
affected by seismic surveys. This point will be taken up forther in Section 6 in relation to
findings from scismic studies, .

Background Noise

An important feature of hearing ability is the need 1o distinguish sounds that are of interest
to the fish from background noise, Auditory masking ooccurs when a tone is surrounded by
background noise of the same or close frequencies. In sensitive species such as the cod, this
may make hearing difficult in noisy environments and, indeed, the cod requires a sound to
be of the order of 20 dB or more, depending upon the frequency, above background noise
level to detect it. ‘This is illustrated in Figure 5, which shows signal-to-noise discrimination
thresholds for cod as a function of frequency of pure tone signals, from work reported by
Buerkle (1968}, Auditory masking may be an important factor when considering the likelihood
of fish responding to underwater sounds generated by seismic survey activities in noisy,
shallow water areas,

60
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& 40+
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Figure § Mean Signal io Noise Levels of Auditory Thresholds in Cod {Gadus morkuas) and their 2

9a% Confidence Limits (after Buerkle, 1968}
Duty Cycle

Auditory thresholds of fish are also affected by the duration of a sound stimulus, relative to
intervals with no sound stinubus, This ratio is known as the duty cycle, In general, the briefer
the sound, the higher the hearing threshold. A similar effect is found in man and other
mammals, for pulse durations of up to 200 ms (Hawkins, 1977). Hawkins and Horner (sec
Hawkins, 1977) investigated the relationship between duty cycle and detection threshold-to-
noise ratio in cod, using pure tone pulses of between 8 and 210 ms duration (Figure 6). This
relationship is of importance when interpreting the effects of sounds generated by airguns in
the comtext of other information on fish reaction thresholds to sound. Typically, an airgun
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sound pulse lasts about 30 ms and is repeated every 10 s, having a duty cycle, therefore, of
0.3%. From Figure 6, a pure tone pulse of equivalent duty cycle would raise the hearing
threshold in cod by some 25 dB compared with a signal having a 100% duty cycle.
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Figure 6 Effects of Duty Cycle upon Deiection of Pulsed Tone Signals for the Cod (Gadur morhug).
The duty cycle Is the percentage of 2 total 10 5 stimulus tme occupied by the signal (after
Hawkine, 1981].

5 FISH DEATHS AND INJURIES CAUSED BY EXPOSURE TO HIGH-LEVEL
SOUND

Information on the effects of high-level sound sources has come partly from rescarch into the
use of explosives in the marine environment. Whilst explosives are now seldom used in
seismic surveys, findings of these studies serve to illustrate the environmental benefits of
modern seismic techniques compared with historical methods, and they provide insights inta
the modes of biclogical damage of high-level sources.

The data reviewed are summarized in Table 1. Nots that where source levels have not been
stated explicitly, estimates of likely source levels have been made from the information shown
Figure 2, and these are marked as 'estimates’. Where it has been stated only that single or
array airgun sources were used in the expenments, source levels of 226 dB and 249 dB,
respectively, @ lm have been assumed (marked as 'assumed’). The weight given o findings
based on these values should be judged accordingly. A feature of most of the work reviewed
in this section is that the experiments are pootly documented, notably with respect to the
source levels employed but also in terms of experimental detail. In some cases this is because
synopses only of the work have been published rather than a fall scientific account, In Table
1{¢} information on benthic invertebrates is also presented.

5.1 Adult and Juvenile Fish

The most severe forms of damage associated with explosive sources result from the effects
of the shock wave caused by the initial high pressure impulse, combined with the negative
pressure wave reflected from the water surface. Tissue damage arises when shock waves pass
through tissues of different density, for cxample muscle and bone. The waves travel at

FAWLEY syustlc research lnboratorles Lid -11-



different speeds in the two media and the tissues may be torn apart. Damage is greatest at
interfaces between tissue and gas-filled cavities (c.g., the swimbladder in fish, gometimes the
gut). If the peak pressurc is high enough, cavitation may occur at the tissue surface. Tissue
at the boundary will also explode into the air-space, owing to the high particle velocity normal
to the boundary, imparted by the reflected shock wave (Hill, 1978). O'Keeffe (1985) defines
the following explosion damage criteria for fish, which indicates the rangs of gross, visible
effects that can be expected from exposure to explosive sources:

(0)  No damage (fish survive)

{13  Light hasmorrhaging (fish survive)

{#)  Light haemorrhaging with some kidney damage (risk of kill by predators)
{3)  Swimbladder burst with gross kidney damage (fish killed)

(4)  Incomplets breakthrough of body wall with gross internal damage (fish
kalled}

(5)  Rupture of body cavity with destruction of internal organs (fish killed).

The lethality of sound pressure to swimbladder fish is directly proportional to body weight
{Yelverton et al., 1975). Various models have been developed for predicting the mortality
of fish exposed to explosive shock as a fanction of fish range and depth from the source, and
these appear to produce satisfactory predictions, at least in deep waters {Greene, Engelhart &
Patersan, 1985).

The above lethal injury types have been associated cxclusively with chemical explasives.
Larson (1985) concluded that mortality of the most sensitive of adult maring organisms ocours
when two critical ¢riteria are met simultaneously:

(i) peak pressure >= 2.75 x 10° Pa (229 dB re 1pPa);
(i} rise time and decay time of =< | ma.

Larson states that these criteria are met only by rapid detonation chemical cxplosives (2.g.
dynamite and TNT) and not by low velocity explasives, nor by air-guns and other non-
chemical sources {and thus that airguns are unlikely to kill fish). This is not strictly trug, as
airgun arrays may meet these criteria, though the general conclusion that airguns do not cause
immediate fish deaths is valid.

This conclusion is supported by the results of various studies, for example the work of
Weinhold and Weaver (1972), who subjected caged coho salmon (Oneorkynchus kisutch)
smolts to emissions from 330 and 660 om” airguns and found no lethal effects (estimated level
~214-216 dB). Nonetheless, injuries of a potentially lethal nature have been found in other
studies with airguns. Falk and Lawrence (1973) conducted experiments in which caged fish
(juvenile coregonid species and other North American freshwater fish) were held alongside
an operating airpun. Some fish suffered swimbladder damage, which they considercd a
potentially lethal condition (it would fall between categories 2 and 3 of OKeeffe's
classification). In their experiments they used a larger, 4,916 cm’ single airgun, with a
waorking pressure of 14.2 MPa, and held the fish at distances of between 0.6 and 1.5 m from
the source. Assuming a source level of 230 dB for the airgun (see Figure 2} and a 20 log R
transmission loss, this would imply a lethal level of 226 - 234 dB for airgun discharges, For
a single airgun, the risk of mortalities would therefore be limited to the occasional fish which
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was unfortunate enough to be present when shooting began, it being likely that other fish
would be driven away by the approaching sound source. For g 248 dB airgun array, the
potentially lethal range would extend to 8 m under the same assumptions, but clearly the nisk
of actual deaths would remain small. Since the work of Falk and Lawrence was conducted
with juvenile fish and under enforced conditions of exposure, it may be considered the worst
conceivable case and it is therefore unsurprising that no fish mortalitics have been reported
as a result of the use of airguns in seismic surveying.

With regard to swimbladder damage, it should be emphasized that this is only potentially
lethal. In experiments conducted by one of the authors (AWHT: unpublished) with captive
whiting (Meriangfus merlangus), swimbladder rupture caused by rapid reduction of the
hydrostatic head was not found to be lethal and the swimbladder healed and re-inflated within
seven days, Indeed, it is common practise in fishery investigations to puncture the
swimbladders of fish brought up from deep water to relieve the pressure, before tagging them
and returning them w the water. Many fish tagped in this way are recaptured live some
months of years later, though the handling mortality is generally not known. Unless the
swimbladder damage is accompanied by damage to surrounding organa as well (net identified
in Falk's and Lawrence's study), the sk of mortality is more likely to stem from increased
predation of disorientated or unbalanced fish.

In a more recent paper, the Russian investigator, Kosheleva (1992), reports on airgun
experiments carried oot in the Barents Sea, Kosheleva used airguns, ranging in chamber
volume from 1000 to 3000 e, either singly, or in combination, to a maximum array volume
of 20,000 co’. Unfortunately, no indication is given of the operating pressure but, assurmng
this to be 14.2 MPa, from Figure 2, peak SPLs in the range 220 to 240 dB @ 1 m could be
expected from these chamber wvolumes, Kosheleva investigated cffects on benthos,
phytaplankton and fish (cod, Gadus morhua, are mentioned specifically). For all of these
taxa, it was concluded that exposure at a distance of 1 m or more is safe. At (L5 m from the
airgun or airgun array, though no fish were actually killed immediately, half of the fish tested
suffered damage to blood cells or intemal bleeding; in cod, eye injuries were also found. [n
young cod, increased inflammation of tissucs was noted but this was considered a "healthy
response to changing ambient conditions', rather than a pathological condition. No evidence
of damage was found amongst fish held at | m or more from the airguns,

A useful, brief review of the effects of high level sound sources on fish is given by Hastings
{1990), The review was carried out as part of an environmental assessment programme for
A military, underwater acoustics project in a freshwater lake. Lethal thresholds for fish
beginning at 229 dB were indicated, therefore corresponding well with the values given above,
Below thizs level, transient stunning was reported at levels of 192-198 dB {requencies of 150
and 400 Hz were used), Thia is a potentially lethal effect in the wild, owing to predation, but
fizh in captivity usually recovered within 30 minutes. The rescarch deseribed relates o tha
use of sound by some aquatic animals, including whales and shrimps, to stun their prey, some
whales apparently achieving source levels of 231 dB (@ 1 m in the 1-5 kHz band.

More subtle pathological effects on fish anditory systems are also idenbfied m studies
included in Hastings' (loc, cit) review. These involved examining the fine structyre of the
inner ear of cod (Gadus morkuag) and goldfish (Carassius auratus), using a scanning electron
microscope, after exposing them to periods of continuous intense sound in the form of pure
tomed, The gound level used with cod was 180 dB, at frequencies of 50-400 Hzx, aome 100-
110 dB above the optimum hearing threshold, while goldfish were exposed to sound levels
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of 182 -204 dB at frequencies of 250-500 Hz (120-140 dB above threshold); exposure was
over periods of hours. Evidence of auditory damage was found in both species. Examination
of the saccular and lagenar maculse within the inner ear revealed ciliary bundles sheared off
at the base, a condition not found in the control fish which had not been exposed to the
intense sound. These ciliary bundles are attached to sensory cells and normally bend in
response to sound, transmitting auditory stimuli to the brain, hence if they do not function the
fish will not hear. Whilst these studies are of interest and indicate the potential for auditory
damage at high sound levels, findings based on protracted exposure to pure tongs are not
immediately applicable to airguns, these being impulsive sound sources having a low duty
cycle. Hastings proposed a safe exposure level of 150 dB for lake fish. At this level, goldfish
were not damaged after several hours exposure to frequencies in the range 100 to 2,000 Hz.
Hastings argues that goldfish offer a suitable subject for defining safe levels, since their
hearing mechanism involves Weberian ossicles, bony structures connecting the swimbladder
to the inner sar, which amplify the sound: hence goldfish have highly sensitive hearing.

5.2 Fish Eggs and Larvae

A number of studies demonsirate the sensitivity to sound of the embryonic (ege) and larval
stages of some fish species. Kostyvchenko (1973) exposed batches of marine fish eggs held
in mesh containers to sound fields from airguns and other sources, at distances of 0.5 to 10
m from the source. The species tested included anchovy (Engraulis encrasichofus) and red
mullet {Mullus surmuletus). A single 5000 ¢ airgun was used, operated 6 m below the
water surface at a pressure of 14.2 MPa, Peak pressure is not stated but, from Figure 2, 13
likely to have been of the order of 230 dB (@ | m.  This would imply exposure levels of 236
dB @ 0.5 m and 210 dB (@ 10 m, assuming spherical spreading. No egg injuries were found
at 10 m from the source; at | m, injury rates for the two species, respectively, were 7.8% and
0%. The injurics noted included deformation of the chorion (outer egg membrane), spiral
curling of the embryo, displacement of the embryo to one of its poles and damage to the
vitelline membrane, Mortality rates of eggs (as opposed to injury rates) were assessed for a
mixture of commercial species, including anchovy, red mullet, grey mullet (Mugil cephalfus,
M. auratus), turbot {Scophthalmus maeoticans), sand sole (Solea lascaris) and others; these,
relative to control values, were 169% @ 0.5 m and 2.1 % @ 10 m (control survival was
92.3%).

In another study on ichthyoplankton, Dalen and Knutsen (1987) exposed captive eggs, larvae
and fry of cod (Gadus morhua) separately to two airguns with nominal SPLs of 222 and 231
dB respectively. The airguns were operated from a boat in open water, suspended at & m
depth below the water surface. The animals wers held at various distances between | and 10 -
m, i.e. at SPLs in the range 202 to 222 dB for the smaller airgun and 211 to 231 dB for the
larger, assuming spherical spreading. Eggs, larvae and post-larvae, aged between 2 and 69
days, showed no signs of injury when exposed to the smaller airgun, but were not tested with
the larger gun. Fry aged 110 days were exposed separately to both guns and showed no signs
of damage but were temporarily unbalanced by the stinmlus.

Similar airgun experiments have been conducted in the USA with anchovy (Engrowlis
mordax) eggs and larvas (Holliday ef ol, 1987. summary only reviewed). For a peak
exposure pressure of 223 dB, survival of eges was reduced by 8.2% compared with control
values. Two day old larvae were litile affected, showing slightly reduced growth in 6% of
individuals; at four days old, 33% of larvae died at the highest SPL tested (not given in
summary}, but the guthors note that the level used was unrealistically high. Owerall, they
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concluded that noticeable impacts on eggs and larvae would only result from large numbers
of multiple exposures to full seismic arrays”.

Studies on eggs and larvac of plaice (Pleuronectes platessa) were included in the Russian
experiments mentioned above (Koshcleva, 1992). The author reports that 'at 1 m eggs and
larval plaice died in great numbers, But at 2 m they were not injured’. Kosheleva goes on
to say that, after a 10 day holding period, the egg and larval survival rates were not different
from the control reference group.

Further Russian experiments on the cffects of airgun emissions on captive cod (Gadus
morhua) are described by Matishov (1992), though only in summary form. The paper
describes earlier observations (no source reference given) at Mermansk Marine Biclogical
Institute, in which caged cod and plaice (Plewronectes platessa) (sizefage not stated) were
exposed to a single discharge of an airgun (no details given) at 2 m range and were stunmed
for five minutes, while fish held at 4 m range remained became blind within two weeks, This
gave rise to experiments in which five-day-old ¢od larvae were cxposed (duration not stated)
to a series of pulses at distances of 1, 2, 3 and 4 m range and then the fine structure (gills,
liver, kidneys, intestines, brain, retina) was examined by ¢lectron microscope. It was shown
that in larvac held at 1 m range, the retinas had become delaminated, presumably accounting
for the blindness observed in the previous experiments. Only partial details of the airguns are
provided (Bolt model 190 CT, "grouped ") and it is not therefore possible to establish exactly
the sound levels which led to this condition, though a typical array output of 250 dB at 1 m
might be assumed. From the condition of blindness observed in the original experiments
where a single airgun was used at 4 m range, it might also be deduced that this condition can
arise at levels of the order of 214 dB (assuming SL of 226 dB , TL of 20 log R).

Extreme sensitivity of fish cggs and larvae to elevated sound levels is demonstrated by
laboratory experiments reported by Banner and Hyatt {1973), These authors incubated eggs
and fry of two north American fish specics (Cyprinodon variegams, Fumdulus similis)
containers within two adjacent aquaria, one of which was made 'noisy’ by placement of an air
bubbler close to the eggs. This generated noise with a findamental frequency of ~40 Hz at a
peak SPL of 120 dB. In the adjacent 'quiet’ tank, the peak SPL was some 18 dB lower, The
viability of the eggs and resulting larve of C. varfegatus was significantly reduced in the
noisier tank; eggs of F. similis were unaffected. Individuals of both species, exposed as fry
suffered reductions in growth rate. Whilst this study appears to imply a far greater sensitivity
than shown by the other studies cited, the continuous nature of the sound and the chronic
exposure regime bear no relation to conditions caused by seismme survey.

5.3 Fish Injuries from High Sonnd Levels: Summary

Figure 7 aummarizes the SPL thresholds for the onset of injuries in fish. Auditory damage is
seen to be the most sensitive indicator of sound-related injury (from 180 dB), although the
practical use of this is limited, since its detection requires microscopic dissection and the use
of a scanning electron microscope. Generally, therefore, this level of damage would go
unnoticed. More clearly evident would be transient stunning (from 192 dB} er internal injuries
(from 220 dB), the latter probably giving rise to obviously disorientated fish which would
attract predators. It is seen from the data presented in this section that dircct injunies to fish
associated with the use of airguns occur only when the fish, whatever the life stage, come
within a few metres distance of the sound source, where SPLs are most extreme., This i3
likely to be a potential problem for fisheries only in shallow water areas where survey
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and longline catch patterns for cod may have been because the longline, being a passive gear,
is not an «ffective quantitative fishing method. Reduced catches of cod near the shooting area
may have been caused by reduced feeding activity in response to the sound.

A second important finding was that more larger fish (=60 cm or =2 kg) were driven out of
the survey area than smaller ones. The authors considersd the possibility that higher
awimming speed enabled larger fish to escape the seismic zone region more effectively, but
congluded that smaller fish would also have been able to swim fast enough 1o escape in the
time available. They considered a sccond possibility, that larger fish are more sensitive to
sounds of a lower frequency on account of their larger swimbladder volume and hence lower
resonant frequency; they dismissed this hypothesis on the grounds that the resonant frequency
even of a I m cod (600Hz2) is too high for resonance effects to come inte play. However, as
pointed out in Section 4.2, there is some evidence from Loeffelman's (1993) work that larger
fish react to lower frequency sounds than do smaller fish, so that different hearing sensitivities
may be a factor,

A third finding was that fish disteibution in the area had not returned to pre-survey levels
during the five days after shooting had ceased. There were some indications of a return to
normality in longline catches of cod, but not haddock, within the five days, but no recovery
was found by either trawling or acoustic methods. [t is difficult to envisage that the fish
would have continued actively to avoid the survey arca after shooting was taking place; on
the other hand, it must take a finite time for fish to reinvade the depleted area, This is
prasumably a random process, the duration of which is determined by the average fish activity
lavel. This aspect merits further consideration,

The finding that fish were depleted over the entire survey area implies a censiderable range
of repellant effect of the seismic array used. The authors assume a TL of 20 log R (spherical
spreading), giving a sound level at 33 km, near the periphery of the survey area, of about 160
dB (or a spectral level of 120 dB / Hz). Although spherical spreading is not an unreasonable
assumption given the desp water of the survey area (250-280m), the reliability of this
estimate must be in doubt for an extrapolation to 33 km, and clearly it would have been
preferable to make direct measurements at this range.

An impressive feature of the Engls er al. (1993} smudy is the attention paid to possible
experimental artefacts. For example, boat noise was measurad for the survey and sampling
vessels, and shown not to be capable of explaining the observed results on fish, and the
passibility that intensive fish sampling itself caused the depletion was investigated and
satisfactorily dismissed, In our view, this study has set a standard of quality which shiould
be emulated in future seismic fisheries investigations; its only apparent deficiencies are the
lack of long-range sound measurements and the cessation of the trial before the fishery had
returned to normal,

6.3 UK Investigations

Little work has been done on this subject in the UK, compared with the either the Californian
or Norwegian studies.

A brief mention is made by Chapman and Hawkins (1969) of observed reactions of whiting
( Merlangius merlangus) to the operation of a single airgun from a research vessel in Loch
Torridon, Scotland. A school of whiting was detected on an eche-sounder. Samples caught
by hook-and-line were 20-35 ¢cm in length. During aperation of the airgun (source level 220
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The second category of information included here comes from laboratory and ficld studies in
which high level, low frequency sources other than airguns have been used to elicit fish
avoidance behavipur, Since airguns and similar mechanical transducers have proved
unreliable in long-term use (Matousek et af, 1988), more recent cxpeniments have used
electromagnetic transducers, driven by audio-frequency amplifiers and electronic signal
generators {e.g. Loeffelman, 1993; Tumpenny er al., 1993), These systems also give more
control over the form of the signal applied. Table 2 summarizes the more relevant findings
from some of these studics and demonstrates, in particular, markedly lower reaction thresholds
with the sound signals used, being in all cases below 140 dB, i.e. some 20-40 dB (10-100
trmes} lower than the typical avoaidance threshold for an airgun source. The likely explanation
of this is the deliberate customization of elactronic sources to elicit the best response with a
given species or suite of species, as opposed to the chance overlap of airgun emissions and
fish response spectra. The relative duty cycle for the two types of signal may also be an
important factor, being <1% for an airgun source and usually 100%: for electronic sources {zee
Table 2); from Figure &, this could account for about 20 dB of the difference.

Even lower avoidance levels from an electronicallv-synthesized signal are rcported by
Schwartz and Greer (1984). These authors achieved an avoidance reaction with adult Pacific
herming (Clupea harengus pailust) at levels in the range 102-111 dB, which, the authors state,
were at least 30 dB above background at all timas.

6.5 Fish Behavioural Effects: Summary

{1} There is scientific evidence to show that the catchability of commercial species and the
pattern of fish capture may be affected in the vicinity of a seismic survey in which airguns
are used. However, the results derive mainly from deep water (>50m) areas; in one case
(Pocle Bay, England) where the effects on a bass fishery in shallow water {S-30m) wers
investipated, no effect on catches was found.

Clupeidae
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| Gadidae
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Figure & Sound Pressure Levels Obgerved Observed to Capse Flsh Bebavinural Reaclions bo
Airgun Emizskons {Gadidac and Clopeidae)
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The range of any possible cffect will be determined by fish sensitivity on the one hand, and
the sound propagation conditions on the other. Where efTects have been shown, catch rates
have been approximately halved, although there is no reason why the proportionate reduction
should be similar elsewhere.

{2) Typical behavioural effects thresholds for airgun sources range from 160 to 200 dB,
representing soms 100-fold variation. Avoidance thresholds for other underwater sources
desigmed to deter fish can be effective at levels in the mnge 100-140 dB, as a result of better
targeting of the frequency range and, perhaps, higher duty cycle (50-100%, of. 0.3% for
airguns). While there is overlap between species in the reaction thresheld shown by the
limited number of studies reported, padid specics on the whole appear more sensitive than
others investigated (Figure 8).

{3) Two mechanisms have been demonstrated for this catch reduction. The most common
is by fish avoidance of areas of intense sound. The second, which applies only in baited-hook
fisheries, is the cessation of feading activity,

(4) Two tvpes of avoidance response have been described, In the first, found in demersal
species, the fish dive into decper water, Diving responses to intense sound are widely
reported in fish, It has two possible effects: it takes the fish further away from the seund
source which, in seismic surveys is normally suspended about 6 m below the water surface,
thereby reducing the dB exposure level; and, in swimbladder fish, the swimbladder becomes
compressed termporanly, which has the effect of shifting the resonant frequency upwards and
further away from the low fundamental frequency of the source, This may help to reduce the
perceived amplirude of the sound.

The second type of avoidance reaction involves the fish swimming horizontally away from
the source. This appears to be the immediate reaction in pelagic species but may occur
following the diving reaction in demersal species.

(5} Fish size appears to be an important determinant of responze. In one Nerwegian study,
the only report found in which the effect of fish size was taken into cansideration, catches of
larger fish {cod and haddock = 60 em) were reduced more than were these of smaller fish,

Two possible mechanisms have been cansidered:  either larger fish, which can swim fasrer,
eseape more readily, alternatively, larger fish are more sensitive to lower frequency sound,
awing to the lawer resonant frequencics of their swimbladders., Neither of these explanations
is entirely satisfactory on the basis of present knowledge, though we consider the later
explanation more likely.

(6) The persistence of effects on fish distribution and catchability has not been adequatsly
researched. The effzers on the fish themselves appear to be shortlived, possibly only for the
actual duration of the exposure, but where fish are displaced over long distances, remnvasion
may rely upon a diffusion-like process. This would inevitably take longer than the initial
directed movement of fish out of the survey arsa,

(7} Thers is a regrettable lack of direct sound measurements in most of the studies reviewad.
Most rely on calculations from nominal source levels under the assemption of simple spherical
spreading. In one case source level was measured but extrapalated over tens of kilometres,
assuming spherical spreading.
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