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1. Intraoduction

In racent years the assessment of fish stocks by acoustic surveying has
become a widely accepted technique. The quantitative acoustic information
8o obtained provides, in the first instance, a relative meazure of fish
abundance, However, reliable interpretation of ecLo integration resulis in
terms of absolute fish dersities depends on accurate values heing available
for the target strength per unit weight of fish.

Measurements on single fish, for example those reported by Nakken and
Olsen (1977) and Coddard and Welsby (1977), have often been used in the
derivation of the target strength per unit weight of gadoids. Unfortunately,
a number of factors limit the confidence with which the values so obtzined
can be applied to acoustic survey results. These include the limited
knowledge of the orientational frequency distribtution of fish in the wild,
the limited amount of data on live fish, and the fact that experimenis have
generally been conducted under hydrostatic pressures considerdably lower than
thoge normally encountered by fish in the wild.

Preliminary experiments to determine the target strength per unit weight
of gadoids, using moderately large mumbers of caged fish, were zarried out
by the Marins Laboratory at Loch Etive in 1975 and reported by Edwards (1975).
Useful informuation was cobtained on the practical problems involved in conducting
such experiments. Subsequently, a full scale series of experiments was
enbarked upon to determine the dependence of thc target strength of gadoids on
depth, species and fish length.

This paper deals with the resultis of the 1976 and 1977 experiments on depth
and species depsndence, These were carried out at Loch Hourn and Loch Duich
respectively., The results of the 1978 experiments to determine dependence on
figh length will he reported later.

2., Measurement Facilities

2.1 Underwater Equipment

This is shown in Figure 1. The fish were contained in an octagonal cross
section cage, constructed from polythene garden netting and suspended between
wWo ) metre diameter tubular steel rings. - A guard net of 12 mm knotless purse
Beine netting was rigged over the steel rings ic prevent predators and other
interfering organisms from entering the acoustic beam in the nczmty of the
fish cage.

A Hydro Products low light television camera was mountad in the centre of
the bottom panel of the guard net so as to provide a veniral aspect view of the
fish in the experimental cage. The complete assembly was suspended from a '
square wooden frame, on wWhich was mounted a Simrad EK38 transducer. A reference
target in the form of a brass sphere was suspended on the acoustic axis to
provide continuous moniioring of the system sensitivity throughout the
experiments,

. The complete underwater rig was suspended from a raft moored in 100 metres
of water. The transducer and television camera were commected to the
shove laboratory by two 1000 metre long cables, . °
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2.2 Measurenent 3ystem

The electronic equipment was installed in a mobile laboratory stationed on
shore anl conneoted to the public electricity supply.

The data acquisition and logging system is shown in Figure 2. It was basged.
on a Computer Automation LSI 2/20 computer, which performed a useful amount of
real tinme analysis, The transmitter generated a 38 kHz pulse of 500 microseconds
duration with & repetition pericd of 300 milliseconds. Echo signals from the
transducer were amplified and demodulated in the fixed gain receiver before being
sampled and digitised. For each transmission the computer accepted 100 samples
at 100 microsecond intervals, The computer then applied a 20 log R correction
to the sample amplitudes and squared the result to convert to intensity., Values
corresponding to the fish and reference echoes were accumelated for 1000 itransmissions.
Simultaneously, an overall depth profile of echo intensity was generated by -adding
the corresponding values from each transmission. After each 1000 transmissions
the accumilated data was output to a Perifile digital cartridge tape recorder for
subsequent laboratory analysis, The mean fish and reference integrals and their
standard deviations were output to a line printer for immediate use, A complete
set of data was generated every 6 mimtes, Ir addition to enabling preliminary
analysis of results on site, this provided a useful means of detecting faultis in
the measuring system, Sufficient data was stored on tape to allow each experiment
to be regenerated in detail at a later date.

Tn the original system, as operated in 1976, three optional outputs were
available sn the line printer after each complete page of data. Examples of
these are shown in Figures 3, 4 and 5. Figure 3 is a depth profile of echo
intensity, accumlated cver 1000 transmissions. Echoes due to the reference
target, the upper supporting riag of the guard cage, the fish being measured
and the television ramera can be readily identified.s This facilitated the
choice of the most appropriate depth iimits for the fish cazge and reference
integrals at the start of each experiment., Figure 4 is a typical histogram of
single transmission fish echo integrals for 1000 consecutive transmissions,
classifiei in fifty amplitude bands, TFigure 5 is an equivalent histogram of
single transmission reference integrals. ,

Additional refinements were incorporated in the peasurenent system for the
1977 experiments., The most significant of thene was the use of a graphics
termingl to provide a pictorial summary of each group of 1000 transmissions.
Permansnt copies could be obtained as required. An example is giVﬁn in Figure 6.

1 ' i

2.1 Calibration

Calibration of the system was performed by positioning a standard table tennis
ball on the acoustio axis and comparing the maximum .echo intensity produced by the
reference target with the correspornding maximum from the table tennis ball,

The method used to calculate the fish target strength values from the experimental
data Yas been described in detail by Forbes {1977).

The reference target echo integral was used to monitor the syaten sensitivity
continuously., Since the sensitivity of the magnetostrictive iransducer used
in 1976 was found to be significanily depth deperndent, thie was an essential
feature of the measurement system. In 1977 a new Simrad ceramic transducer was
used. This was found to have constant sensitivity over the required depth range.
The positional stability of the reference target can be gauged by referring to the
histograms of reference integrals in Figures $ and 6. Typical standard deviations
of 1% were observed for 1000 transmissions,




2.4 Television

The low light television system monitored and recorded the behaviour and
npatial distribution of the fish during the course of each experiment, This was
particularly important sinecs the accuracy of the measurements depends on the fish
distributing thewselves, on average, randomly in the horizontal plane. In
midsummer it was possible to view the fish by available light from about 3 am
until 11 pm. Mo artifical illumination was used, in the interest of minimising
disturbance of the fish.

3. Experiments

Fish availability was the main factor determining the experiments which were
performed. The cod, haddock and whiting were hand lined in Broadford Bay and
transported by road to the experimental station. The saithe were hand lined in
Loch Duich. They were stored in keep cages at a depth of approximately 2 wetres
and fed regularly on squid. Mortality was negligible.

Preliminary measurements were carried out to determine the best timing for the
main operation. Ix saon became clear that at least iwo weeks would be required
even for an experiment invelving only two depths.

The 1976 experiments were all of the same form. TFish were loaded into the
exp:rimental cage st the purface and the rig lowered to 20 metres. In all cases
the echo intensity increased progressively after an initial settling perioed of a
few hours, The fish wore maintained at this depth until the echo intensity
stabilired, The cage was then lowered to 70 metres. This caused a substantial
drop in fish echo intensity. GSubsequent recovery as the fish adapted to the new
hydrostatic pressure was contimiously monitored. When the echo intensity
averaged over successive 24 hour periods had stabilised, the fish were raised by
stages to 20 melrss., After the echo intensity had stabilised once more, the
fish ware raised to the surface by stages, measured, weighed and diassected to
check swimbladder integrity.

In 1977, two sxperiments similar to the 19756 series were performed. The
remainder of the experiments were carried out at the single depth of i17.5 metres,
This was the shallowest depth at which interference from back echoes from the sea
surface could be avoided. In experiment 77/1, 30 haddock were allowed to
acclimatise for 1} days, in order to check the long term consistency of the mean
tarzet strength for successive 24 hour periods., In experiments 7'3,{3 and 77/4,

a wide range of .umbers of saithe were measured in order to test for any bias
which might have been caused by the relatively high packing density used in the
experiments.

4. Results

4.1 Consistency of measurements

Figare 7 shows the progress of an experiment in which thirty haddock were
kept at a depth of 17.5 meires for thirteen days. The iwo howr rumning mean
target atrength is plotied with respect to time. Even when averaged on this
time scale, extreme fluctuations of up to 4 dB are observed. These are
attrituted to variations in the apatial distribution of the fish within the cage.
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Television observations indicated that the fish could be regarded as
redistributing themselves on two widely differing time scales. In the short term,
the mobility of the fish with respect to each other was sufficient to give rise
to substantial variations in echo intensity from pne transmission to the next.
Standard deviationa of the order of 80% were typical for 1000 consecutive
transmissions (Figures 4 and é). Viewed overall, the fish sremnt a substantial
part of each day distributed more or less uniformly over the acoustic beanm.

At other times they moved as a group, occupying only part of the cage but exhibiting
no detectable preference for any particular part of it. The time scale of these
group movements was of the order of several hoursa.

The 24 hour running mean target strength is plotted in Figure 8, for the
same experiment as in Figure 7. The maximum range of target strength values,
after the initial acclimatisation period, is about 0.6 @B, This consistency is
taken as confirmation that 24 hours is a sufficient time interval to ensure that
the fish are, on average, randomly distributed over the acoustic beam.

Similar results were obtained in experiments on cod and whiting. However,
considerable difficulty was experienced in conducting reliable experiments on
saithe, as they were much less amenable to caging than the other species,

Except when very large mumbers of fish were used, they did noi readily distribute
themeelves randomly throughout the cage. 4s a result, the target strength
valuas obtained for saithe are subject to wider confidence limi*s than those for
cod, haddock and whiting.

Durinz the course of each experiment, 24 hour running means of echo
intensity were plotted to ensure that ample time was allowed for the fish to
acclimatise after depth changes, Where possible, the fish wsre not moved until
the 24 hour mean had remained stable for at least three days. Acclimatised
target strength values were derived by averaging all of the data collected after
the point at which a stable value was first reached,

4.2 Acclimatisation

Variations in target strength resulting from enforced depth changes are
shown in Pigures 9 and 10, It is probable that in the whiting exveriment :
(Figure 9) the decrease in target strength on lowering to 70 metres was masked to
Boma extent as a result of the time taken to lower the fish, No substamtial change
in measured target strengih occurred when the whiting were raised to 20 metires,
after being allowed to acclimatise at 70 metres. The reason for this is not clear.
In most of the expsriments an increase in target stirength was observed in similar
‘eircumstances. When such an increase was observed, as in Figure 10, full recovery
to the original shallow depth acclimatised value did not usually occur within the
period of the experiment.

Acelimatisation times were estimated by extrapolating the rising portion of the
target atrength versus time curve, following each enforced depth increase,to the’
eveatual mean value of the target sirength at the new depth. The results are
summariged in Table 1, For cod, haddock and whiting about one day was required
for acclimatisation following a drop from the surface to about 20 meires. This is
in agreement with the results of btuoyancy adaptation measurements on cod and =aithe
reported by Tytler and Blaxter (1915&.‘“ ,

In contrast, the saithe of experiment 77/4 reqliired. about 2.5 days to
acclimatise under similar conditions. The lower reliability of the saithe

measurements has already been mentioned, However, this alone does not satisfactorily

explain the large difference in acclimatisation time.

An approximately linear dependence of acclimatisation time on the
corresponding absolute pressure jnorease i8s suggested by F:.g::e 11, which is
derived from the resulta of Table 1 for cod, haddock and whiting. _

4
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4.3 Target 3trencth per Kilogram of Acclimatised Fish

Table 2 shows values of target strength per kilogram for fish acclimatised at
various deptha. For all species +the valucs for fish acclimatised at about
20 metres lie in the range - «~28.7 to -30.5 dB/kg. Ho signifi-ant species
dependence is apparent.

In the saithe experiments, increasing the total weight of fish in the cage
from 1,49 kg to 20.2 kg resulted in a decrease in measursd target sirength of
1.8 dB for fish of similar length, However, a further increase in total weight
to 38.43 kg resulted in an increase of 0.4 dB., These results suggest that the
differences in the measured target strength of saithe are due to random scatier in
the measurements, rather than a systematic depenience on the packing density of
fish in the experimental cage. This conclusion is supported by the
results for cod, in which no systematic dependence on packing density is evident.

Taken as a group, the results for cod, haddock and whiting acclimatised at
about 20 metres fall within a2 1.3 dB range. The lowest values tend to correspond
to the largest fish, which is in accordance with previous findings. However, for
the range of fish lengths used in the experiments, differences in target strength
are so small that any length dependence which may exist is masked by random scatter in
the measurements.

In all cases, when tie depth of the fish was increased, a reduction in
acclimatired target strength resulied, In the 1976 experiments an average reduction
of 1.3 dB was observed for a pressure ratio of 2.67. The 1977 measurements suggest
a smaller depth dependence, of the order of 0.2 dB for & similar pressure ratio.

This Aifference may partly be acaounted for by the improved stability of the
sensitivity of the transducer used in 1977, Tha reduciion in target sirength cannot
bo explained by differences in the randomness of the spatial distritution of the
fish at the two depths, 1In all cases, the maximum short term average echo
inlensities measured at the deeper station were lower than tiie maxirmn values at

the shallower depth, The minimum short term cverage echo intensities wera

also lower at the deeper station.

The reduction could be explained if the fish were to adopt different average
tilt angles when acclimstized at different depths, An alternative, and possibly
related, explanation might be that the preferred buoyancy adopted by the fish is
depeadent on lepth, Were either explanation to be correct, there is no evidence
to show that similar behaviour does not occur in the wild. Consequently, thouch

" the effect is small, it is believed that the existence of a germine,dependence of

acrlimatised target strength on depth cannot be ruled out.

4.4 Target Strength of Unacclimatised Fish

Values of the initjial reduction in target sirength following enforced depth
increases are given in Table 3. TFor the purpose of estimating the reduction when
fith wers lowered from the surface, the acclimatised target strength at 20 or
17.5 metres waa taken as a good approximation to the unknown value at the surface.
Reductions of between 4 4B ani & dB were typically observed for cod, haddock ang
whiting. The larger reduction exhibited by the saithe was almost certainly due to
their tendency to swim around the outside edge of the cage for some time after
being lowered. If the maithe results are ignored, the values in Table 3 suggest
that the initial reduction in target strength is dépendent on the pressure
increase ratio, rather than the absolute increase in pressure. This is consistent
with the gwimbladder volume changing in accordance with Boylets Law, a8 suggested by
Alexarder (1966).
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These resulta clearly demonsirate the imporiance of iaking into account the
state of vressure adaptation of the fish whan interpreting the results of target
gtrength measurements,

4.5 Second Order Effects

In the experiments on whiting and saithe a diurnal variation in fish echo.
intensity was observed, An example can be seen in Figure 9, in which both
12 hour and 24 hour runmning means are ploited. The 24 hour rumning mean effectively
eliminates the pronounced variation which is clearly evident in the 12 hour running
megi,

In a feow experiments there was evidence of a cyclic variation in echo intensity
with a period of 12.5 hours, suggesting correlation with tidal flow,

Pigures 12 and 13 show acoustically derived evidence of the vertical
distribution of the fish in the caze throughout the course of two experiments,
In sach case, the depth of the peak of the fish echo, relative to the bottom of the
cage,is plotted. The depth rauge between -3 dB points on the echo intensity
depth profile is also plotted.

After lowering from the surface to 20 metres the whiting (Figure 12) maintain
a cunstant position relative to the bottom of the cage. On lowering ito TO metres
there is an initial drop in mean depth,and almost immediately a marked terdency to

disperse vertically at night is evident. As the fish adapt to the new pressure,the

night time dispersal diminishes, Instead, the fish tend to migrate collectively
upwards during darkness. Raising the fish tc 20 metres resulis in regeneration of
the night dispersal effect and thedisappearance of collective migration,

. When the cod {Figure 13) were lowered from the surface to 20 metreas, and
frow 20 metres to 70 metres, they tended to occupy the lowest part of the cage.
This was confirmed by television observations, which showed some of the-cod
resting on the bottom of the cage for part of tho acolimatisation period. As
the cod acclimatised they moved higher in the cage (Figure 13). On raising the
fish to 20 metires, the fish moved towards the bottom of the cage, 4 graduel
movement to higher levels in the cage then took place over a period of about
two days. A tendency to disperse vertically azt nighi was detectable throughout
the experiment. ;

Y

S Conclusiong: _ \ : .

Tha time taken by gadoids of the order of 30 cm in length to acolimatise
after an enforced pressure increase is dependent on the absolute change in pressure,
and ip measurable in unite of days rather than hours. This determines the time
scale required for any target strength measurements of fish which have swimbladders.

The target strength per kilogram for gadoids of about 30 cn in lengfh is =29,5
dB/kg. Differences in target strength for the four species measured are :
insignificant.

The target strength per kilogram for fully acclimatised gedoids ia dependent
on the depth to which the fish are acclimatised, The target strength decreases
sufficiently with depth to suggest that caution should be exercised in applying
results of shallow water measurements directly to deep living fish such as blue

whiting.
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The targat strenzth of unacclimatised fish may easily be as much as 6 dP less
than the fu)ly acoclimatized value., Since the state of acclimatisation of fish
in the wild is not known, particularly in the case of species which perform
substantial diurmal migrations, there is likely to be a high degree of uncertainty
regarding the most appropriate target strength value for any given oncasion.
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TABLE 1. Acclimatisation time (in hours) followingz enforced depth increase.
1 2 | > it 5 Column
2.0 1,75 5.C 2,45 4.45 | Absolute Pressure
Increase (Atmospheres)
3.0 2.75 2.67 1.89 2.62 | Pressure (Zinal
Ratio Initial
Experiment | Soecies | Mean Length
{cm)
76/19 | Cod 35.9 28 - 36
76/20 | Vhiting 23.3 19 L5
76/21 Cod kb 27 101
727/ Haddock 28.4 2h
77/2 Haddock 29.2 21 40
"77/4(a)| Saithe 25.5 60
772/4{b)| Saithe 26,0 65
77/5 Cod 28.7 33 66

gl




TABLE 2. Tai'ge'i:'_s'trggﬂl' per kilogram for acclimatised fish at varicus depths.

Expt No Species Depth
70 m

76/18 Cod

76/19 Cod

76/20 Whiting

76/21 ~ Cod

77/ Haddock

77/2 Haddock

77/3(a) Saithe 25.7 8.79 56 -29.7

?7/§(b) Saithe 25.1 3.81 28 -28.9

77/3(e) | Saithe 24.0 1.49 14 28,7

|77/4¢a) Saithe 25.5 28.43 216 -30.1

77/4(b) Saithe 26.0 20.2 114 -30.5

77/5 Cod : 28,?F - 12.98 Sh -29.1 | -29.8

Gl



TABLE 3. Initial reduction (in decibels) of target stremghper kilogram due to enforced pressure increase.

2.0 1.75 5.0 2.45 | bL.45 | Pressure Increase (Atm)
3.0 2.75 2.67 1.89 2.62 | Pressure (Final ,
Expt. No.| Species Mea?ciﬁngth
76/18 Cod 35.3 6.0
76/19 Cod 35.9 6.0 5.0
76/20 Whiting 23.3 5.0 5.0
76/21 Cod 3h.4 6.0 6.0
77/1 Haddock 28.4 4.3
77/2 Haddock 29.2 4.0 3.6
77/4(a) | Saithe 25.5 10.5
77/(v) | Seithe 26.0 8.0
77/5 Cod 5.0 7.7

28.7

Sl
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TARGET STRENGTH PER KIL.OGRAM OF 30 HABDOCK AT 175M.

24 HOUR RUNNING MEAN

JUNE

1977

G 1l




intensity

w .
[

| RUNNING MEANS OF TARGET STRENGTH FOR 45 WHITING
;-26 - 7[=23-3cm; . - .- R ‘

"Dnﬂ-——ﬂZOr‘l | 20m —jom

?miZOm_ - ZOmL——r—liOm | |
22 23 24 23 .f.:: 27 28 29

A .
August 76 |
T FGRES  w

A




9

inlensity

dB/ Kg

1
1
[N ]
[= <]

RUNNING MEANS OF TARGET STRENGTH FOR 26 COD |

-l—. = 34.4cm.

ELomllzom ! ‘ | i 1. 1 | 1 ! | 710mH?0m i 2?ml0ml
28 30 3 t T 2 S €& 7 & ¢ 1 1 1 B %
August September 76

FIGURE 10

Ul



1.5

N0
100+ x cod x
A Raddock
, e Whiiing
S0 )
X
80
% 701
w X
X
e
=z 60
O
i
4.
-~ .
g 50
3
ot ®
<
LOF . R
X
30
%
A
A
20 - P
10F
f 1 1 1 | 1
0 1 2 3 4 -5

PRESSURE INCREASE (ATM)

ACCLIMATISATION TIME FOLLOWING ENFORCED DEPTH INCREASE

FIGURE N




43 WHlTING

Depth varlatlon of peok of fish echo “with reSpect
to bottom of cage
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Depth varlatlon of peak of fish echo w:th respect
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