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ABSTRACT 

A co-operating survey between a seismic vessel and a research vessel 
took place in the North Sea during June, 1984. Changes of the behaviour pat- 
terns of the fish along the course lines of the seismic vessel from imme- 
diately before to just after airgun shooting proved that the fish were 
affected. Changes in the overall fish distribution were demonstrated between 
the situation before shooting started to that after one week of shooting. 
Eggs, larvae and fry of cod were exposed to a small airgun and fry to a 
large airgun and a watergun during March-July 1985. Significant damages when 
exposed, to the small airgun were not observed. The older fry exposed to 
both airguns at 1 m and to the watergun at 6 m got problems with their bal- 
ance. The watergun killed 90% of the fry at short distances. 

SCARING EFFECTS ON FISH FROM 3-DIMENSIONAL SEISMIC SURVEYS 

Introduction 

During recent years different configurations of airguns have mostly 
been applied as offshore seismic sources. The generated sound energy from 
airguns is distributed at rather low frequencies which are audible to most 
fish species (Chapman and Hawkins 1969 a, b, Olsen 1969 a, b). The sound 
pressure which is presented to the fish is a function of the supplied air 
pressure to the airguns, the volume of the chambers, the number of airguns 
and the distance between the airguns and the fish. 

Until some years ago2-dimensional exploration methodswithinter-course- 
line distances of 1 to 10 km were mostly in use. By the more recent applied 
3-dimensional methods the seismic vessel runs on parallel course lines 50 to 
100 m apart. From this we may expect that the fish will be exposed in a more 
intensive, continuous and systematic manner by 3-dimensional surveys than by 
2-dimensional surveys. 

Methods 

The survey took place in Mid June 1984 with the research equipped 
stern-trawler/purse seiner MV "Libas" and the seismic vessel MV "Malene 
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SEISMIC 
VESSEL % \ AIRGYN ARRAY 

HYDROPHONE STREAMER z3150m 

Fig. 1. Seismic vessel, with airgun arrays in a "super wide airgun" (SWAG) 
configuration and the hydrophone streamer. 

Ostervold" ig the North 3ea, block 3417. Block 3417 &S defined by the 
lagitudes 61 15'N and 61 301N, and the longitudes 02 OO'E and 
02 20'E. The seismic explorations took place in the southern part of 
the block in an area of extension 6.10 n. miles, denoted as "the seismic 
area" (indicated by dotted lines on Fig. 3). 

For acoustic fish observations MV "Libasu was equipped with: The echo- 
sounder, SIMRAD Ek 38 A, an echo integrator, SIMRAD QM Mk 11, the sonars, 
SIMRAD SM 600 and WESMAR SS 200. For the seismic explorations MV 'Malene 
Ostervold" held the following airgun set-up: 40 airguns distributed along 8 
arrays with 5 airguns in each array towed at 6 m depth. The airguns used 
were theJBolt 1500 B, 1500 C, and the 600 B. The total chamber volume was 
77932 cm (4752 cu.in.) while the supplied air pressure to the airguns was 
138 kg/cm2 (2000 psi). The firing period was 10 sec corresponding to firing 
intervals of approximately 25 m at 5 knots speed. The acoustic output of the 
primary pulse was measured (during calibration) to 3.144 MPa re l m which 
equals 249.9 dB / /  1 pPa re 1 m. Fig. 1 shows a horizontal view of the cur- 
rent airgun configuration and the streamer. 

The program of the survey comprised the following tasks: 

Task 1: The observation vessel should observe the abundance and distri- 
bution of fish prior to the airgun shooting along every new course line the 
seismic vessel was to run. Immediately after the shooting along the line the 
observation vessel should make a new sweep along the line to observe any 
changes in the abundance and distribution patterns of the fish. 

Task 2: Before the seismic exploration started the fish populations in block 
3417 and adjacent blocks should be acoustically mapped using echo-sounder, 
echo integrator and sonars to provide information on fish distributions in a 
practically undisturbed state. A number of trawl stations should be taken to 
identify the fish by species and size. 

Task 3: The acoustic fish mapping should be repeated a number of times 
during the period to obtain information of any migration or movements of the 
fish in the seismic area and adjacent areas. 

Task 4: The observation vessel should be stationary at specific distances 
(150 - 300 m) from the course lines of the seismic vessel. While this vessel 
approaches, passes and moves away, changes of the behaviour of the fish in 
the area should be observed. This procedure should be repeated under dif- 
ferent conditions. 

pesults and Discussion 

after the airqun shootinq. The seismic explorations started at June 16. 
During this program we worked according to Task 1. 
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To study the behaviour of each species or groups of species the echo- 
integrator recordings were divided into groups based on the echograms and 
the trawl catch compositions: 

1 - Demersal fish: Including saithe (Gadus virens L.), cod (Gadus morhua 
L,), haddock (Melanoarammus aealefinus L), whiting (Merlanqus merlancrus 
L,), great silversmelt (Arqentina silus) , ling (Molva molva L. 1 ,  tusk 
(Brosme brosme L.), and other rare species. 

2 - Blue whiting (Micromesistius voutassou) - a pelagic species. 

3 - Small pelagic fish: Including Norway pout (Trisovterus esmarleii L), 
lantern fish (Myctophidae a), silvery cod (Gadiculus araenteus thori 
L.), and few and sparse recordings of herring (Clupea harenaus L) - 

4 - Plankton and spawn. Appearing in the upper 40 metres in parts of the 
area. 

The seismic area was divided into 12 sub-areas of extension 2-2.5 n. miles 
for statistical analysis and for data scrutinizing. Table 1 shows the mean 
echo-intsrator recordiigs, i.e. mean echo abundance in each sub- area 
before, Ib, and after, Ia, shooting with standard deviation and 
number of observations. 

l 
Fig. 2 shows a vertical section of the seismic vessel and distributions 

of pelagic and demersal fish. The hypothesis to be tested is that the pela- 
gic species migrate out to each side of the course line and that the demer- 
sal species migrate downwards to the bottom as the vessel runs the course 
line. If the hypothesis is true, this yields that the echo integrator re- 
cordings, will be reduced along each course line after the shooting compared 
to the values prior to the shooting both for the pelagic species and for the 
demersal species which cannot be fully observed as some of the fish enter 
the echo-sounder dead zone close to the bottom. 

The depth within the seismic area varied from 100 m to 300 m. Based on 
the measured resultant source strength, 249.9 dB//IpPa re 1 m, and simply 
reducing this by spherical spreading out to relevant depths, the estimated 
sound pressure levels are 210, 204, and 200 dB//IpPa at 100, 200, and 300 m 
respectively. 

Dalen (1973) showed that herring responded to airgun sound pressure 
levels of 180-186 dB//lpPa by swimming away from the airgun locations. 
Similar observations were reported by Chapman and Hawkins (1969b) on whiting 
at airgun sound pressure level of 188 dB//IpPa. The estimated values are at 
least 12-20 dB above the referred values so positive responces to the 
current airgun set-up are expected. 

When we calculated the averaged echo abundance from Table 1 for the 
species groups 1-3 for the whole seismic area from the observations along 
the course lines prior to the shooting (105 observations), and those after 
the shooting (110 observations) we found: For the demersal species the aver- 
aged echo abundance was reduced by =, for the blue whiting by =, and for 
the small pelagic species by respectively which confirms the hypothesis. 

To indicate possible changes of the compositions of species and of the 
abundance of fish in the depth-range close to the bottom before and after 
the airgun shooting, three comparative bottom trawl stations were undertaken 
June 20. One trawl station was taken before and two immediately after the 
shooting on one line at nearby-laying positions. The results showed that the 
number of fish of the demersal species in the trawl catches increased by 349 
and m from the catch before shooting to the two catches after shooting 
respectively. 
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2  Table 1.  Hean relative echo abundance [mm/nm ] of demersal fish, blue whiting and small pelagic fish before, 
Ib! and after Ia, the airgun shooting along each course line. S is standard deviation, and 
N is number of observations in the sub-areas. 

Nib-aComments 

Not used, few record- 
ings before shooting 
Not used, few record- 
ings before shooting 

Not used, few record- 
ings before shooting 
Not used, 1  recording 
before shooting 

Sub- 
area 

I 

I1 

I11 

IV 

V 

V1 

V11 

V111 

IX 

X 

XI 

XI1 

- 0 . 4  

0  

-0 .4  

-1 .1  

1 .4  

0 . 2  

0 . 9  

-0 .4  

N T ~ - T ~  

0 . 3  

0 . 1  

1 . 4  

0 . 1  

1 . 6  

2 . 4  

5 . 1  

-1 .2  

Blue 

Before 
shooting 

- 
I~ S N 

4.5  3 .5  2  

- - 

71.7  103.8 9  

77.3 101.4 10  

0  - 17 

0  - 

1 . 0  - 1  

29.9 41.5  9  

0  - 18 

0  - 16 

0 . 2  0 . 6  12 

0 . 4  0 . 8  14 

Small 

Ref ore 
shooting 

- 
I~ S N 

1.0  1 .4  2  

- - - 

0  - 9  

0  - 10  

2 . 6  2 .8  17 

1 .3  1 .5  4  

0  - 1  

0 . 8  1 . 4  9  

2 . 1  1 .9  18 

1 . 5  1 . 8  16 

2 .3  1 .9  12 

0 . 9  1 . 1  14 

Demersal 

Before 
shooting 

- 
Ib S N 

1 .5  0 . 7  2  

- - - 

2.8  2 .2  9  

1 . 2  0 . 9  10  

5 . 0  3 .5  17 

7 . 8  8 . 2  4  

0  - 1  

1 . 0  1 . 4  9  

4 . 1  4 . 2  18 

4 .7  6 .3  16 

7 . 3  6 .4  12 

2 . 9  2 . 8  14 

pelagic species 

After 
shooting 

- 
I~ S 

3.7  3 . 8  9  

1 .5  1 . 7  10 

0 . 4  0 . 8  11 

0  - 10  

3 . 0  3.2 14 

1 . 1  0 . 9  14 

1 .5  1 . 6  15 

1 . 9  3 . 3  15 

0 . 7  0 . 8  15 

1 .3  2 . 0  14 

1 . 4  1.1 16 

1 .3  1.3 15 

species 

After 
shooting 

Ia S 

4 .2  3 . 1  9  

4 .2  3 .9  10  

2 . 5  1 .8  11 

1 . 1  1 .1  10  

3 . 6  2 .4  14 

1 . 8  1 .2  14 

1 .9  1 . 6  15 

0 . 9  1 . 0  15 

2 .5  1 .9  15 

2 .3  1 . 8  14 

2 . 2  2 .9  16 

4 . 1  6 .3  15 

whiting 

After 
shooting 

- 
I~ S 

0 . 1  0 . 3  9  

3 .6  5 . 0  10  

12 .0  17 .9  11 

34.4  26.5 1 0  

0  - 14  

4 0  - 14 

2 .0  5 . 1  15 

21.7 32.3 15 

0  - 1 5 '  

0  - 14 

0  - 16  

1.7 3 . 2  15 

- -  
N I ~ - ~ ~  

59.7  

42.9 

0  

8 . 2  

0  

0  

0 . 2  

-1 .3  
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A l RGUN 
ARRAYS 

PELAGIC 
F I S H  

- 
DEMERSAL F l SH 

- - - - -  _ _  _- O - m - - -  - - - - - - -- 
S - --- y~,-- - - - 

DEAD-ZONE .S.. ,*.~. y. "- >::, !:F~J: -;=.:. i:,~:::: .=? .-- ,:~: 
/ / / / / / / / / / / / / f l / / / / P 7  

Fig. 2 .  Sketch of the seismic vessel and distributions of fish. 

A binomial test (Zar 1974) and a nonparametric test (Mann-Whitney test) 
(Lehmann 1975) were performed of the data of Table 1. The hypothesis of the 
tests were: 

- - 
Ho: Ib = Ia 

- 
A: (alternative hypothesis) : Ib > ia 

Sub-areas having less than 5 observations were excluded from the tests and 
Table 1 thus yields: 

- 
Demersal species: Ib > Ta in 7 of 8 events - 
Blue whiting: Ib > ya in 4 of 5 events 

- 
Small pelagic species: Ib > Ta in 3 of 7 events 
The computed probabilities according to the one-sided binomial test are: 

P(x)demersal species = 0.0313 (3) 

blue whiting = 0.0783 (4 

P(X)small pelagic species = 0.2734 ( 5 )  

On a sisnificance level equal to 0.05 the observed echo abundance of 
demersal species were higher before shooting compared to that after 
shooting. For blue whiting and small pelagic species the tests did not 
confirm the alternative hypothesis at this high significance level. 

Nonparametric one-sided test (Mann-Whitnev test). This test will show 
the strength of the hypothesis relative to a t-test since the observations 
are not normally distributed. 

The results showed that the high number of events where H could 
not be rejected on a siqnificant level of 0.05, meaning that tRe 
characteristic changes between the echo abundances before and after the 
shooting were not that great to verify the alternative hypothesis. 

All together we conclude that the statistical tests did not show as 
clearly as the calculated reduction of the averaged echo abundance that 
there were consistent changes of the echo abundance from before shooting to 
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Fig. 3 .  Echo abundance distributions of blue whiting. a: prior to the air- 
gun shooting, b: after 6 days of airgun shooting, (echo integrator 
recordings in relative units: mmlsqr. nautical mile). 

after shooting. 

Geosravhical distributions of fish in the area. According to Task 2 we 
carried out an acoustic survey of block 3417 and the 8 adjacent blocks prior 
to the seismic activities during June 13-15. The area was covered by zig-zag 
course lines with intercourse line distances of 5 nautical miles. Based on 
the fish distributions and the need for sufficient coverage 12 trawl 
stations were carried out to identify the recordings by species, and each 
species by size. During the last 18 hrs. of the survey, we made the final 
acoustic survey of block 3417 and nearby areas according to Task 3. 

Fig. 3 shows as an example the distributions of blue whiting by echo 
abundance maps. Comparing these maps from the two periods, i.e. prior to the 
seismic activities and after 6 days of airgun shooting, we can draw the 
following conclusions: 

Demersal species: The distribution had changed to a situation where the 
fish either were forced to the bottom or the fish had migrated out of the 
seismic area or both, since the overall echo abundance had been reduced. 
Results from the comparative trawling indicated evidences for the first 
mentioned reason. 

B- The fish had migrated out of the seismic area - to the 
north and the east since the overall echo abundance had been strongly 
reduced in the area. 

$mall velauic fish: Here we could not demonstrate any particular syste- 
matic changes of the fish distributions between the two situations. There 
were some reduction of the echo abundance after 6 days of airgun shooting 
although the overall echo abundance was rather low during the whole survey 
period. 

The sub-program expressed in Task 4 could only be undertaken a few 
number of times due to unfavourable scattered fish distributions, and that 
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"Libas" could not be as close to the course lines of "Malene 0stervoldW as 
these scattered fish distributions required, due to unwanted ship noise 
picked up by the hydrophone streamer. 

Altogether we must express that scaring effects from offshore seismic 
explorations could have more clearly been demonstrated having higher fish 
abundances in the topical area - especially schooling fish like herring. 
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HARMFUL E F F E C T S  ON EGGS, LARVAE AND FRY BY AIRGUNS AND WATERGUNS 

Introduction 

Several investigations describe the effects of explosives on fish 
(Aplin 1947, Hubbs and Rechnitzer 1952, Cocer and Hollis 1952, Jakosky and 
Jakosky 1956). However, only a few studies report of effects from airguns. 
Weinhold and Weaver (1972) investigated effects on coho salmon (Onchorvncus 
kisutch) smolts detecting no harmful effects. 

To examine if the most common applied energy sources for seismic 
surveying might injure fish, we exposed eggs, larvae and fry of cod (Gadus 
morhua L.) to two different airguns and a watergun. 

The intention of this investigation was to detect any harmful effects, 
and if such effects were observed, to determine at what distances they 
occurred and what ontogenetic stages which were most vulnerable. 

Methods 

Compared to an airgun having a chamber charged with high pressure air 
befor firing, the watergun has a chamber containing seawater of ambient 
pressure. When firing a watergun the seawater is forced out of the chamber 
by a shuttle while generating a rather weak acoustic pressure wave. When the 
shuttle is arrested at the outer end of the chamber, and the driving force 
thereby removed, inertia of the the fast-moving slugs of water causes 
cavities to form adjacent to the chamber ports. Subsequent collapse of these 
cavities results in a strong and discrete acoustic impulse - the primary 
pulse (Newman 1975, French and Henson 1978). Contrary to the airgun 
generating a primary pulse of positive pressure value, i.e. an explosion 
pulse, the watergun generates a primary pulse having a negative pressure 
value, i.e. an implosion pulse. 

Table 2 shows the sound pressure levels of the applied energy sources 
for relevant depth and supplied high pressure air. 

The eggs were collected from the spawning stock of cod at the Aqua- 
culture Station of the Institute of Marine Research at Austevoll near 
Bergen. The eggs were spawned naturally. The postlarvae were reared in 
plastic bags in the laboratory on rotatories (Brachiones ~licatitis) while 
the fry were reared in a pond. 

The plastic bags containing the .eggs, larvae and fry were placed in 6 1 
vessels in a climatic room having temperature and light controlling 
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Table 2. Sound pressure levels (nominal values) vs. chamber volume of the 
airguns and the watergun. 

facilities. Prior to the exposure, lids were put on the plastic bags, and 
the vessels, including those containing the control groups, were brought out 
on open sea where the exposures took place. Fig. 4 shows a sketch of the 
set-up during the exposures. The bag and the airgun were lowered to 6 m 
depth, and the distance between them was varied between 1 and 10 m. Stable 
temperature was maintained by keeping the vessels in a cooling box while 
they were away from the climatic room. The largest fry were exposed in small 
meshed net cages (40x40~40 cm) at 4 m depth. All control groups were treated 
in the exact same manners as the test groups except for the exposures. Al- 
together 28 groups were exposed to the guns at the egg and larval stages, 19 
at the fry stages - all against 35 control groups at the different stages. 

After the exposure the dead specimen were taken away and counted 
yielding data of direct lethal affects. The fry were dissected after 7 days 
or after they died yielding potential data of morphological changes. 
Sublethal effects were detected by observing the behaviour and the feeding 
success. This was tested on the larvae from the groups exposed at the egg- 
and larvae stages, by feeding 50 larvae each day from each group with 
rotatories (500 prey/l) reared in the laboratory. The larvae were in the 
vessel for 3 hours. The feeding success was defined as the percentage of 
larvae with food in the stomach (Tilseth and Ellertsen 1984). 

Sound pressure level 
[dB//lpPa re Im]: 

222.0 
231 .O 
229.0 

Energy source 

Small airgun (Bolt 600B) 
Large airgun (Bolt 1500C) 
Watergun (Seismic Systems P400) 

Exvosures with the small airsun (Bolt 600B). No significant differences 
of survival between the test groups and the control groups (nonparametric 
test (Breslow 1970) and MANTEL-COX test (Mantel 1966)) were observed at any 
distances at: 

Chamber3 
vol.[cm ] 

640 
8610 
8610 

1 - the egg stages (2, 5 and 10 days after fertilization) 

2 - the larval and postlarval stages (1, 5, 37, 38, 40, and 41 days after 
hatching) 

3 - the age of 56, 69 and 110 days after hatching for the fry. 

The feeding success of the larvae which were exposed at the egg and 
larval stages was not significant from those of the control groups indi- 
cating there were no sublethal effects from the small airgun. This was also 
the case for the behaviour studies of the fry prior to and after the 
exposures. 

The fry at the age of 110 days got problems with their balance after 
the exposures, but recovered within a few minutes. 

Exposures Only fry of age 110 days 
were exposed to this airgun. The reason for this was that the large airgun 
and the watergun were not available during the earlier phases of the experi- 
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HIGH-PRESSURE 
AIR BOTTLE 

A I RGUN PLASTIC CAGE/ 
NET CAGE 

Fig. 4. Sketch of the boat, airgun set-up, and cage 
containing eggs, larvae or fry. 

ments. None of the specimen were killed. They got problems with their 
balance, but recovered within a few minutes. 

Fxvosures with the watersun (Seismic Systems P400). As mentioned only 
fry of age 110 days were exposed to this energy source too. At a distance of 
2 m of the specimen were killed immediately or died within 2-3 hours 
after the exposures. When dissected all dead specimen had ruptured swimb- 
ladders, with hemorrhaging alongside the swimbladder and on the upper part 
of the liver. 30% of them had also ruptured bellywalls. At the distance of 6 
m all specimen got problems with their balance but recovered except for one 
that died after 2 days. 

When we compare and evaluate the effects from airguns and water- 
guns on fish, it is important to notice the different polarity of their 
primary pulses. An airgun generatesapositive pressure pulse while a water- 
gun a negative one. The fish and its internal organs will be exposed to a 
less dangerous compression by the airgun than to the more dangerous expan- 
sions by the watergun which can tear the swimbladder and the bellywall. 

We believe that the demonstrated effects here are effects at low 
exposure levels compared to offshore real situations where a. great number of 
guns are fired approximately simultaneously of which the resultant pressure 
wave will be strongly amplified. 
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