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The paper reports the results of an experimental seismic
survey in the open sea by an air gun, carried out to eval-
uate the e�ects of air gun acoustic waves on marine ani-
mals. Air gun blast exposition was found to have a marked
in¯uence on con®ned Dicentrarchus labrax. Our data, in
fact, demonstrated a biochemical response to acoustic
stress induced by air gun blasts. Variations of cortisol,
glucose, lactate, AMP, ADP, ATP and cAMP in di�erent
tissues of D. labrax, indicate that ®sh have a typical pri-
mary and secondary stress response after air gun deto-
nations. Radiography indicates that air gun blasts do not
induce any macroscopic e�ect on skeletal apparatus. The
variations of biochemical parameters returned within
physiological values within 72 h indicating a rapid recov-
ery of homeostasis after acoustic stress and no mortality
was observed. Ó 1999 Published by Elsevier Science Ltd.
All rights reserved.
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Environmental changes both natural or human can in-
duce detrimental or adaptive alteration in animal or-
ganisms. Because of these environmental changes
(stressors), the organism determines a wide set of re-
sponses directed toward homeostasis recovery (stress).

The exposition to a stressor, in fact, produces a cas-
cade of events, which develop through di�erent stages.
The primary response is characterized by neuroendo-

crine modi®cation, i.e., catecholamine release and cor-
tisol production. Moreover, the secondary one, because
of corticotropin-inter-renal axis activation, shows nu-
merous modi®cations of the haematological parameters.
If the homeostasis is not recovered, the tertiary response
involves the entire organism, a�ecting growth, disease
resistance, fecundity and even inducing death.

To determine stress tolerance, several methods have
been devised in order to monitor primary or secondary
responses. Physiological e�ects of environmental stress,
in fact, can determine signi®cant modi®cations of some
biochemical parameters (Heath, 1990). Studying these
variations, it could be possible to determine the extent
of stress and forecast eventual detrimental e�ects
(Mazeaud et al., 1977; Wedemeyer and McLeay, 1981;
Thomas, 1990).

From the point of view of natural resources man-
agement, it is evident that, by in¯uencing a single or-
ganism, stress may have a direct e�ect on animal
populations, by reducing reproductive capacity and
adult abundance (Jobling, 1995; Shuter, 1990).

Among human activities, o� shore oil seismic explo-
rations probably have a signi®cant role in producing
negative e�ects on marine environment. The air gun is
the most popular geophysical seismic device utilized.
This device produces elastic waves, inducing pressure of
2200 kg/cm2 in the surrounding sea (Dossena and Ce�a,
1990; Piccinetti, 1988). Therefore, this kind of explora-
tion causes serious concerns, particularly among ®sher-
men. They suppose, in fact, that sound waves, generated
by seismic acoustic devices, could a�ect commercially
important ®sh and shell®sh populations, inducing de-
creases in catches.
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These anthropogenic environmental disturbances,
could be de®ned, according to Shuter (1990), as a ``type
1'' stress, i.e., a spatially localized stress, detectable in
individual organisms. On this basis, it will be expected,
as response to this stress, a strong trophic reaction, with
modi®cation in spatial distribution of involved free
swimming organisms. It cannot be excluded, however,
that this stress may determine more durable e�ects on
marine animal organisms, inducing immediate or de-
layed mortality on a massive scale or reducing repro-
ductive capacity. Therefore, the result will be not only a
spatial redistribution, but also an absolute reduction in
population abundance.

Several studies, as reviewed by Turnpenny and Ne-
dwell (1994) indicate that seismic survey may have a
signi®cant impact on marine organisms. In particular it
has been reported that sounds produced by an air gun,
can modify wild ®sh population distribution (Engas
et al., 1993; Pearson et al., 1987) and their catchability
(Bjoerke et al., 1991; Engas et al., 1993; Lokkerborg and
Soldal, 1993; Skalski et al., 1992).

On the other hand, results of the physiological e�ects
of seismic prospecting on exposed ®sh are often con-

trasting, particularly as far as induced mortality is
concerned.

Relevant damage has been observed by Larsen (1990)
in Gadus morhua and Salmo salar, on endothelium and
endocardium as well as on mortality.

Svedrup et al. (1994) reported unpublished data on
delayed mortality (after 7 days) in farmed ®sh exposed
to underwater blasts. Their direct observations indicate,
however, that experimental in Atlantic salmon exposi-
tion to underwater blasts induces alterations on cate-
cholamine and cortisol levels and damage to the
vascular endothelium of the ventral aorta and of the
celiac-mesenteric artery. The ®sh recovered from this
damage in one week and no mortality was observed in
this period.

The Adriatic Sea has a high density of gas extraction
o� shore platforms. This implies a high activity of
seismic surveys. However, no data are available on the
e�ects of these activities on surrounding marine animal
population.

Therefore, our multidisciplinary program had the aim
to collect data on the e�ect of an experimental seismic
survey by an air gun on ®sh and shell®sh populations in

Fig. 1 Location of the transept followed by R/V ``OGS Explora''
along the coast of Ancona (Italy).
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the exposed area. In particular, the data reported in the
present paper concern the variations observed in some
biochemical parameters consequent of the primary re-
sponse, such as cAMP and cortisol, and of the second-
ary response such as glucose, lactate and Adenylate
Energy Charge (AEC).

In order to ascertain a possible direct e�ect on skeletal
structure of the animals, X-ray analysis was carried out.

Materials and Methods

Experimental design
Experimental seismic survey was conducted in the

Adriatic Sea o� the coast of Ancona (Italy) (Fig. 1). The
research vessel ``OGS Explora'' made the experimental
seismic survey along a transept of 10 nm (vertex a: Lat
N 43°200 Long E 13°46.50; vertex b: Lat N 43°280 Long E
13°420), at a speed of 5 nm/h, on an average depth of
15 m and 3 nm away from the coast (Fig. 1). The R/V
``OGS Explora'' towed one air gun array (Prakla Seis-
mos) at a depth of 6 m, made up by two sub-arrays
consisting of 8 air guns each developing a total volume
of ca. 2500 i3; details of array characteristics are sum-
marized in Fig. 2.

Acoustical and spectral analyses of noise emission
were undertaken in the surveyed area, before the pas-
sage of the seismic ship (considered as control) and si-
multaneously to air gun emission. Source emission was

recorded by an array of two hydrophones, at a depth of
ÿ6 and ÿ15 m and by a geophone laid at the sea bot-
tom, positioned on the R/V ``Tecnopesca II'', at a min-
imum distance of 180 m from the ``OGS Explora''
transept.

Fish
Six lots of European sea bass (Dicentrarchus labrax)

belonging to the age class 0+ (17.41�0.32 cm, stan-
dard length) and six groups of 1+ age classes
(21.11�0.96 cm, standard length), were distributed in
two groups of 6 m3 metal cages, at a density of 25 in-
dividuals/m3. The cages (identi®ed as, CONT, 0±300,
72±300, 72±500, 72±2000 and 72±5000) were located at
di�erent distances from the transept followed by the
OGS vessel (Table 1) at a depth of 15 m.

Fig. 2 Characteristics of air gun arrays (A: pressure wave form; B:
pressure spectrum) utilized by R/V ``OGS Explora'' during
experimental seismic survey o� the coast of Ancona (Italy).

TABLE 1

Cage distances from the air gun explosions and times of cage recovery
after OGS vessel passage.

Lot Distance (m) Time (h)

CONT 180 ÿ6
0±300 180 6
72±300 180 72
72±500 2400 72
72±2000 3700 72
72±5000 6500 72
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Cages were recovered 6 h before ``OGS Explora''
passage (CONT), just after (6 h) (0±300) and after 72 h
(72±300, 72±500, 72±2000 and 72±5000) the air gun
blasts.

Bearing in mind that hauling the cages aboard rep-
resents in itself a severe stress for ®sh, during sampling,
the main goal was devoted to standardize the technique
and the time for ®sh sampling. This operation, in fact,
was carefully planned. Each cage was hooked by a scuba
diver and rapidly lifted by a crane, until the bottom of
the cage was still 20±30 cm below the water surface. The
cage was then opened and the ®sh were rapidly collected
by a landing net and immediately anaesthetized or killed
on deck.

Fish of the 0+ class, after cage recovery, were killed
in phenoxyethanol (250 ppm) and ®xed in formol 10%.
Groups of ten ®xed ®sh were X-rayed in the following
conditions: 100 mA, for 0.004 s, 4 mA and 45 KV, uti-
lizing a Trimax 16F 3M ®lm.

A sample of ®sh of the age class 1+ was recovered
before (CONT) and a sample just after (0±300) the air
gun blast (Table 1). On board of a support vessel, ®sh
were anaesthetized with phenoxyethanol (50 ppm) and
bled by intracardiac puncture. After 3 h clotting at 4°C,
sera were collected by centrifugation at 4.000 rpm, at
4°C, for 15 min. Immediately after bleeding, liver and
skeletal muscle samples were dissected and kept in dry
ice and then stored at ÿ80°C, until chemical analyses
were performed.

Fish (1+ age class) from the lots 72±300, 72±500, 72±
2000 and 72±5000, collected after 72 h after OGS vessel
crossing, were immediately killed in phenoxyethanol
250 ppm at 0°C, stored in ice and kept at ÿ80°C. In the
laboratory, liver and skeletal muscle were dissected and
immediately processed for chemical analyses.

In order to monitor ®sh behaviour, an underwater TV
camera was positioned on top of the 0±300 cage and ®sh
reactions were recorded throughout the experiment.

Sound characterization
During the experimental seismic survey, the sound

was characterized by an array of two hydrophones lo-
cated at 1 and 10 m depth and a geophone at the sea
bottom. The background noise of the same area was
recorded before the arrival of R/V ``OGS Explora'' and
considered as control.

Tissue extraction
Liver and muscle samples were homogenized in Hank

bu�er (1:5 w/v), ®ltered on gauze, centrifuged at
10.000 rpm for 15 min.

For the nucleotide analysis, liver and skeletal
muscles were extracted with 10% TCA (1:3 w/v), cen-
trifuged at 10.000 rpm for 15 min. The pellet was washed
with 7% TCA (v/v) and the supernatant pooled with
the ®rst. Sera were extracted only once with 10% TCA
(1:3 v/v).

Chemical analyses
An immunoenzymatic assay of cortisol levels was

run on sera and tissue extracts using an Arnika kit (code
SH-101, Milan, Italy).

Glucose and lactate contents were determined by
commercial colorimetric kits from Sentinel (Milan,
Italy).

Tissue contents of cAMP were determined immuno-
enzymatically by the Biotrak kit from Amersham (Little
Chalfont, England).

The adenylates were determined by HPLC utilizing an
inverse phase column C18, 5 lm (4 ´ 150 mm) with a
pre-column of 4 ´ 20 mm. The eluting bu�er was an
isocratic gradient of KH2PO4 (0.08 M) pH 6.4,
containing tetrabutilammonium (5 ´ 10ÿ3 M) and
methanol (23%) at a ¯ux of 1.5 ml/min (Juengling and
Karmermeier, 1980). AEC was calculated using the
formula ATP+1/2 ADP/ATP+ADP+AMP (Ivano-
vici, 1980).

Statistics
Variance analysis was used to test the signi®cance of

the di�erences observed between the biochemical data
obtained from di�erent lots of ®sh.

Results

Sound characterization
To correlate the ®sh response with the sound, the

noise of the area was monitored and recorded during the
experimental seismic survey. Fig. 3 shows the noise
spectra collected by hydrophones, during the sound
emission, compared to the background noise of the same
area recorded before the R/V ``OGS Explora'' passage.
It is evident, from the spectral analysis, that in these
conditions the ratio between air gun noise and back-
ground becomes signi®cant for frequencies higher than
about 100 Hz.

Fish behaviour
TV camera monitoring of ®sh indicated that, when

the R/V was 2500 m away from the cage, most ®sh swam
slowly against the stream ¯ow. Few individuals had a
rapid startle response, visible as a sudden change in
swim speed and a sharp bend to one side synchronous to
the air gun emission.

When the vessel arrived at about 800 m from the cage,
startle response to air gun pulses was displayed simul-
taneously by a larger proportion of ®sh.

With vessel at the minimum distance of 180 m, the ®sh
bunched in the central part of the cage, with random
orientation. A general increase in activity was recorded.
Once the vessel passed a beam of the cage and arrived
one mile from it the startle response was no longer ev-
ident and within 1 h the ®sh reoriented against stream
¯ow. No mortality of sea bass was observed during the
test.
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Radiography
The eventual macroscopic e�ect of air gun bursts was

analysed by radiography on D. labrax belonging to the
age class 0� : A control lot was sampled before expo-
sition to underwater air gun bursts. The experimental
groups were recovered, 72 h after blast exposition, from
the cages located at 180 m (72±300), 2400 m (72±500),
3700 m (72±200) and 6500 (72±500).

Examination of X-ray photographs did not reveal any
modi®cation of the spinal cord morphology. In addi-
tion, no alteration, infraction or fractures of the ®n rays
were observed (Fig. 4).

Biochemical analysis
Biochemical analyses were carried out on serum, liver

and skeletal muscle of D. labrax, belonging to the age
class 1�; sampled from the CONT cage before air gun
shock, and from the 24±300 cage. The other four lots
were sampled from the cages (Table 1) 72 h after air gun
passage, and biochemical determination was run only on
liver and skeletal muscle.
Serum. The chemical analyses on sera collected from

®sh, sacri®ced before (CONT) and just after (0±300) air
gun burst, show the modi®cation of some indicators of
primary and secondary stress response. Cortisol level

Fig. 4 X-ray radiography of sea bass exposed to air gun blasts at a
minimum distance of 180 m.

Fig. 3 Noise spectra measured by a hydrophone at depth of 15 m,
during the sound emission by air gun (source) and background
noise of the same area recorded before the R/V ``OGS Explora''
passage.

1109

Volume 38/Number 12/December 1999



signi®cantly increases (P<0.01) after the acoustic
shock, rising from 30.69 lg/100 ml, measured in control
®sh, to 49.43 lg/100 ml (Table 2). In addition, glucose
and lactate serum levels undergo statistically signi®cant
variations (P<0.01). In fact (Table 2) glucose rises
from 128.68 mg/100 ml to values of 109.66 mg/100 ml,
lactate serum concentration rises from 69.11 mg /100 to
91.24 mg/100 ml (P<0.01).
On the contrary, the serum content of adenylates

undergoes a signi®cant reduction (Table 2), which is
more evident in ATP concentration (P<0.01), and less
clear as far as AMP (P<0.05) and ADP (P<0.05) is
concerned. However, the phosphate bond reserve, indi-
cated by AEC, does not show any signi®cant variation
in air gun exposed ®sh compared to control (Table 2).

Serum cAMP increases from 210.1�108.7 pmol/
100 ml, before the air gun bursts, to 238.1�110.4 pmol,
in ®sh sacri®ced after underwater blasts exposition. This
di�erence, however, is not signi®cant.

Skeletal muscle and liver. In both tissues (Tables 3 and
4) cortisol levels rise signi®cantly (P<0.05). In the
skeletal muscle cortisol content, after air gun blasts,
increases from 0.369�0.124 to 0.505�0.057 lg/g fresh
tissue, in the liver from a value of 0.276�0.028 to
0.506�0.011 lg/g fresh tissue. Later on, 72 h from
exposition to the blast, cortisol levels in liver and skel-
etal muscle reach values not signi®cantly di�erent from
those observed in control animals.

Levels of glucose and lactate in skeletal muscle and
liver undergo more complex changes (Tables 3 and 4).
Glucose levels do not show any signi®cant variations
correlable to the acoustic stress either in muscle and liver
(Tables 3 and 4). Lactate, on the contrary, increases both
in muscle (Table 3) and in liver, (Table 4) after the blasts.
These values remain signi®cantly higher 72 h after air
gun passage. However, no variation between levels of
lactate is evident in tissues of animals kept at di�erent
distances from the blast source (Tables 3 and 4).

As far as the adenylate muscle content is concerned,
AMP does not signi®cantly change during the experi-
ment (Table 5). Soon after the explosion, ADP rises
from 0.219 to 0.263 lmol/g ft and reaches still higher
values at 72 h in ®sh collected from all the distances
from the air gun passage. On the contrary, ATP falls to
3.296�0.896 lmol/g ft, a value signi®cant lower than
those present in animals before the experiment. In spite
of the observed variations in the adenylate content, the
AEC value in muscle does not change signi®cantly after
stress. In the liver the variation of adenylates and of
adenylate charge, observed after exposition to the air
gun blasts (Table 6), are more similar and always

TABLE 2

Serum levels of the biochemical parameters measured in D. labrax,
sacri®ced before (pre) and after (post) air gun blast exposition.

Pre Post

Cortisol (lmol/100 ml) 30.69�2.53 49.43�2.83
Glucose (mg/100 ml) 128.68�18.11 169.66�21.42
Lactate (mg/100 ml) 69.11�13.44 91.24�15.58
AMP (lmol/ml) 0.52�0.36 0.29�0.17
ADP (lmol/ml) 1.33�0.54 0.98�0.34
ATP (lmol/ml) 3.61�0.19 2.04�0.97
AEC 0.76�0.08 0.73�0.09
c-AMP (pmol/100 ml) 210.10�108.70 238.1�110.40

TABLE 3

Levels of cortisol, glucose, lactate and cAMP measured in skeletal muscle of D. labrax sacri®ced before air gun explosion (pre), just after (0±300) or
72 h after and kept in cages at 180 m (72±300), 2400 m (72±500), 3700 m (72±2000) and 6500 m (72±5000) from the transept followed by the OGS

vessel (ft� fresh tissue).

Cortisol (lg/g ft) Glucose (mg/g ft) Lactate (mg/g ft) cAMP (pmol/g ft)

Pre 0.369�0.10 6.056�0.89 2.031�0.51 8.73�0.55
0±300 0.505�0.06 6.552�1.21 2.573�0.72 9.18�1.13
72±300 0.322�0.07 5.892�0.66 2.893�0.85 11.47�0.55
72±500 0.316�0.11 6.033�1.32 2.650�0.65 12.15�0.55
72±2000 0.312�0.09 6.554�1.22 2.232�0.80 15.35�2.75
72±5000 0.304�0.06 6.709�0.61 2.249�0.82 16.17�1.25

TABLE 4

Levels of cortisol, glucose, lactate and cAMP measured in the liver of D. labrax sacri®ced before air gun explosion (pre), just after (0±300) or 72 h
after and kept in cages at 180 m (72±300), 2400 m (72±500), 3700 m (72±2000) and 6500 m (72±5000) from the transept followed by the OGS vessel

(ft� fresh tissue).

Cortisol (lg/g ft) Glucose (mg/g ft) Lactate (mg/g ft) cAMP (pmol/g ft)

Pre 0.276�0.028 9.264�5.09 0.371�0.12 10.49�1.37
0±300 0.506�0.011 9.935�1.94 0.521�0.11 10.72�1.06
72±300 0.300�0.069 9.133�2.46 1.056�0.27 19.54�2.21
72±500 0.335�0.036 8.432�2.81 0.925�0.28 19.52�3.43
72±2000 0.325�0.015 7.632�1.76 0.948�0.29 21.67�5.28
72±5000 0.316�0.016 9.122�2.33 1.047�0.35 23.61�5.86
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statistically signi®cant (P<0.05). AMP and ADP val-
ues are still lower at the end of the experiment (72 h),
while ATP and AEC recover the values present before
the explosion.

Content of cAMP shows similar behaviour in muscle
and liver (Tables 3 and 4). Signi®cant increases are ob-
servable at 72 h from the explosions at all the distances
considered. Values of cAMP are, at this time, more than
50% higher than those observed in the samples collected
before or just after the air gun passage. The increase
seems positively related to the distance from the air gun
explosion.

Discussion

The experiment described in this paper is part of a
large-scale research program concerning the study of the
e�ects of the o� shore seismic prospecting on marine
animals. Our present data regard the biochemical stress
response to air gun blasts of European sea bass con®ned
in metal cages positioned at sea bottom along the re-
search vessel course.

Environmental stressors induce physiological re-
sponses addressed to restore or maintain homeostasis
(Adams, 1990). The biochemical response to chemical
and physical stimuli, such as those concerning hormones
and enzymes has been largely studied (Thomas, 1990).
These parameters have been utilized for monitoring the
e�ect of stresses on animal populations (Ne�, 1985;
Viarengo and Canesi, 1991; Zaroogian et al., 1985) and
utilized to verify the level of induced trauma (Thomas
et al., 1980).

In salmon, a chronic stress, such as overcrowding,
induces hyperglycaemia, which may last more than 15

days, even if the restoration of normal values in acute
stress occurs from one to four days. The return to nor-
mal conditions depends on the severity of the stress
(Pickering et al., 1982).

The hypothalamic pituitary inter renal axis is ex-
tremely sensible also to small stimuli (Thomas et al.,
1987) and, as multiple stresses are additive, the response
to consecutive environmental stimuli may also be de-
scribed by biochemical responses to consecutive stresses
(Barton, 1986).

As widely demonstrated the air gun bursts, utilized
for seismic prospecting, a�ect marine animal popula-
tions (Bjorke et al., 1991; Falk and Lawrence, 1973;
Lokkerborg and Soldal, 1993; Pearson et al., 1992;
Skalski et al., 1992; Turnpenny and Nedwell, 1994).
However, previous studies on biochemical responses to
this acoustic stress were conducted in the laboratory, in
simulated and controlled conditions (Svedrup et al.,
1994).

The program we took part in had the aim of giving a
comprehensive evaluation of the e�ects of seismic sur-
veys by an air gun on ®shery resources. The animals
were kept in cages and exposed to air gun blasts at in-
creasing distances, in order to study both the behav-
ioural changes, the biochemical responses to the stress
and the rate of recovery from the eventual stress. In fact,
as maintained by Pickering et al. (1982), the rate of
normal condition restoration depends on the severity of
the stress.

Monitoring of ®sh behaviour by an underwater TV
camera gave immediate evidence of the perception of the
``OGS Explora'' approach by ®sh. This e�ect is already
evident when it is at 2500 m from the cages. When the
vessel is at the minimum distance, con®ned ®sh cannot

TABLE 5

Level of adenylates and AEC in skeletal muscle of D. labrax sacri®ced before air gun explosion (pre), just after (0±300) or 72 h after and kept in cages
at 180 m (72±300), 2400 m (72±500), 3700 m (72±2000) and 6500 m (72±5000) from the transept followed by the OGS vessel (ft� fresh tissue).

AMP (lmol/g ft) ADP (lmol/g ft) ATP (lmol/g ft) AEC

Pre 0.860�0.054 0.219�0.027 3.835�0.786 0.858�0.022
0±300 0.819�0.027 0.260�0.054 3.296�0.896 0.847�0.038
72±300 0.901�0.058 0.263�0.057 2.486�1.670 0.751�0.122
72±500 0.887�0.048 0.297�0.056 2.798�1.213 0.795�0.074
72±2000 0.879�0.023 0.279�0.023 2.892�0.882 0.813�0.046
72±5000 0.868�0.056 0.268�0.023 3.142�1.002 0.826�0.046

TABLE 6

Level of adenylates and AEC in liver of D. labrax sacri®ced before air gun explosion (pre), just after (0±300) or 72 h after and kept in cages at 180 m
(72±300), 2400 m (72±500), 3700 m (72±2000) and 6500 m (72±5000) from the transept followed by the OGS vessel (ft� fresh tissue).

AMP (lmol/g ft) ADP (lmol/g ft) ATP (lmol/g ft) AEC

Pre 0.115�0.071 0.271�0.246 0.837�0.340 0.788�0.221
0±300 0.106�0.088 0.212�0.161 0.537�0.264 0.743�0.119
72±300 0.095�0.052 0.202�0.235 0.852�0.231 0.720�0.174
72±500 0.097�0.054 0.208�0.120 0.700�0.280 0.783�0.133
72±2000 0.108�0.078 0.265�0.170 0.873�0.389 0.790�0.106
72±5000 0.109�0.078 0.360�0.163 0.868�0.417 0.771�0.077
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escape and after a startle response, they bunch in the
centre of the cages. Behaviour observation indicates,
furthermore, that con®ned sea bass recover normal
status, i.e. they reoriented against stream ¯ow, when the
vessel is one mile away from the cage. The behavioural
reaction observed in our experiment is in agreement with
published ®ndings relating to captive rock®sh (Pearson
et al., 1992) and to herring shoals (Blaxter et al., 1981)
reaction to sounds from seismic prospecting.

Once the TV camera observation indicates that ®sh
become aware of the passage of the air gun, the bio-
chemical analysis was then utilized to demonstrate and
evaluate the eventual stress response. In order to in-
crease the range of ®sh responses, cortisol and cAMP
were chosen as indicators of primary response; glucose,
lactate and adenylates were considered as indicators of
secondary response.

Our experiments indicate that in D. labrax acoustic
stimuli, such as those produced by air gun explosion,
determines a signi®cant primary response. Cortisol level,
in fact, rises in serum as well as in muscle and liver.
However, 72 h after the stimuli application, its level
recovers the normal values. These results are in agree-
ment with those of Svedrup et al. (1994) on Atlantic
salmon indicating that haematic concentration of cor-
tisol reaches its maximum 48 h after the stimuli appli-
cation, with no mortality recorded.

The hyper secretion of both catecholamine and cor-
tisol induces a large number of secondary responses,
such as hypoglycaemia, hyperlactataemy, a reduction of
glycogen, fatty acid and cholesterol contents (Mazeaud
et al., 1977). However, while catecholamine induces an
increase in the glucose levels by mobilization of hepatic
glycogen, cortisol produces the same result by the
stimulation of protein catabolism and glycogenolysis.

In D. labrax, the serum glycemia increases from
128.68 to 169.66 mg/g (Table 2). This e�ect is probably
associated with the mobilization of glucose following the
increase of catecholamine determined by the stress ap-
plication. In muscle glucose (Table 3) and liver (Table 4)
values do not seem to be in¯uenced by acoustic stress.

Lactate levels on the contrary signi®cantly increase
after the stress both in muscle and liver (Tables 3 and 4).
The lactate increment is induced by stressful physical
work (Pickering et al. 1982; Wardle, 1978), which may
occur for instance either by increased swimming fol-
lowing the stress and/or by the sea conditions.

As regards adenylates, the variations of cAMP con-
centrations should allow the characterization of imme-
diate response (Lee and Ip, 1987; Salama, 1993; Yang
et al., 1993) while AMP, ADP and ATP variations may
be indicative of a long-term response. The study of AEC
values allows us to evaluate the general stress e�ect, in
consideration of the relationship between its value and
physiological conditions (Ivanovici, 1980). Its value
ranges from 0 to 1. Value 1 indicates a high metabolic
potential, expressed as disposable energy for the cells, in
terms of high energy bonds (Viarengo and Canesi, 1991).

In D. labrax AMP, ADP and ATP serum levels
(Table 2) underwent a signi®cant reduction during the
experiment, while no signi®cant di�erences are demon-
strable in AEC variations after stress application. In the
muscle and liver, the adenylate concentrations show
more complex modi®cations (Tables 5 and 6).

In the muscle, AMP level does not show signi®cant
variations while ADP rises from 0.219 to 0.263 lmol/g
after the blasts (Table 5). This value continues to in-
crease up to 72 h. In animals sacri®ced just after the
experimental blasts, ATP decreases in concentration
from 3.835 to 3.296 lmol/g, indicating a fast utilization
of ATP resources, with a consequent increase of ADP.
Normal values are restored after 72 h (Table 5). In spite
of these modi®cations in adenylate concentrations, AEC
also does not show signi®cant changes in this tissue after
stimuli application (Table 5).

On the contrary, signi®cant di�erences are observed
in liver after the air gun passage, when both nucleotides
and AEC decrease signi®cantly. ATP and AEC recover
after 72 h (Table 6).

Similar di�erences between liver and muscle ATP
contents, with a consequent increase of ADP, have been
observed in Tilapia aurea (Kindle and Withmore, 1986),
as AEC modi®cations are more evident in the liver. It
has been suggested that this di�erent behaviour, may be
determined by the low concentration of creatine phos-
phate in liver cells or, more simply, that AEC has a less
important role in liver metabolic processes (Thillart
et al., 1980).

In mammals acute stress induces an increment of
cAMP levels, both in blood and tissues (Yang et al.,
1993). Equally in ®sh, an environmental stress, such as
hypoxia or an increase in salinity, determines an increase
of cAMP level in serum and other tissues (Lee and Ip,
1987; Salama, 1993). This increment, accompanied by
hyperglycaemia, begins to decrease after 15 min (Perrier
et al., 1979).

In the organs or tissues of ®sh sacri®ced soon after the
stress, no signi®cant modi®cations of cAMP levels were
induced by experimental conditions (Tables 2±4). A
di�erent response occurs after 72 h in muscle (Table 3)
and liver (Table 4) of ®sh collected from the stations
500, 2000 and 5000 m from the air gun passage, where
cAMP levels were signi®cantly higher than in control
®sh.

These intriguing data suggest that for cAMP analyses
a di�erent experimental time schedule may be necessary,
as this substance may change more rapidly in D. labrax
than the schedule we followed. The cAMP increase, re-
vealed after 72 h in the stations farthest from the air gun
blasts, may be indicative of stimuli di�erent from the
ones we studied.

Reported results indicate that acoustic stress, such as
air gun explosions, show e�ects on ®sh also when ap-
plied at a considerable distance (2000 m) and that the
e�ects are evident in primary (cortisol) and secondary
responses (adenylate, glucose, lactate). After 72 h all the
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parameters studied, except cAMP, appear to be restored
to normal values indicating a rapid return after acoustic
stress.

With the aim of correlating the above-mentioned be-
havioural responses to biochemical results, it is possible
to indicate that, for frequencies up to 100 Hz, the signal
strength of air gun pulses is similar to the background
noise (Fig. 3), suggesting that in this band the emission
e�ects are weakly detectable both by hydrophones and,
in particular, by geophones. If we consider that most
®sh species show best hearing sensitivity at low fre-
quencies (from below 100 to about 500 Hz) and best
intensity discrimination sensitivity of about 1.3 to 4 dB
(Fay, 1988), we can suppose that, starting from a min-
imum distance of 1.5 nm and in particular bands, the
wave pressure radiation can be detected by ®sh, deter-
mining a biochemical response. Regarding distances
greater than 1.5 nm, analysing the noise attenuation
pattern during vessel approach and departure, it was
also evidenced that in some bands, it is possible to col-
lect seismic noise due to air gun pulses even at more than
6 nautical miles away from the source (CEOM, 1996a).
The non-reach of the disturbance threshold for this
species of ®sh probably explains the absence of response
phenomena on videotape and the di�erent biochemical
values recorded at these distances. Regarding the ab-
sence of mortality, both during and 24 h after the test, it
is important to underline that further experiments car-
ried out on in situ single air gun shot noise propagation
(CEOM, 1996b), revealed that, due to water and sea
bottom attenuation and re¯ection, the source level of
the air gun, of about 220 dB/lPa, undergoes a reduction
of more than 10 dB in the ®rst 5 m of propagation, and
reaches values which are not lethal to marine organisms
(Little, 1994; Falk and Lawrence, 1973; Turnpenny and
Nedwell, 1994; Weaver and Weinhold, 1972). The wave
front at this low depth shows nearly spherical propa-
gation with attenuation inversely proportional to source
distance.
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