
Tnt uction
Knvledge of fish and other organisms as acoustic oh
cets is essential both for their identification or classifica

tion as well as their sizing and abundance estimation.
During nearly 5(1 years of acoustics in fisheries, a consid
cr:iI,Ie attloulit of activity has been concentrated on the
study of target strength of fish and to some extent also of
other marine organisms. The present paper intends to
revie’ our State of knowledee on the subject. Since there
is as vet no acoustic theory which can fully describe the
process of scattering from complex targets such as fish
and other marine organisms. several practical ap
proaches and techniques have been applied to obtain
wanted information on tarect strength for applications.
David Cushing (1973). himselfa pioneer in the field, has
written a historic review on the detection of fish. with a
comprehensive list of references covering progress up to
around 197(1. Since then a number of conferences have
been held to consider the State of development of our
knowledmtc on target-strength matters.

The situation by the end of 1972 is reflected in the
report from the last Bergen Symposium (Margetts.
lS77).

‘[he FAOIAC1RR Working Party on Fish Target
Strength met in Aberdeen in 1977 with the view of
assessing the st:it of and gaps in. current knowledge on
the subteet and to specifvin future research needs and
priorities —“ and reported accordingly (Anon.. 1978).

In June 1979 :ñomher meeting was held, this time in
(‘;mtrmhridua. sImssmehusemts. LiSA. Among the topics
‘erc acoustic scattering characteristics of single and ag
gregated fish, equipment calibration, and verification of
results A critical review from this conference seems to
mc a hit too pessimistic to reflect the true state of the art
I Suomimla. 1951)

Fish as acoustic targets
Theoretical considerations

Although no acoustictheorv has been fully formulated to
describe the scattering process from fish in the sea. he-

cause of the complexity in shape and acoustic properties
01 their component hones, tissue, and bladder. theoreti
cal considerations are of importance both for the design
of experimental work and for the interpretation of re
sults. Recently a new text book has been published by
Clay and Medwin (1977) dealing with principles ofacous
tie rellectmon Irom targets including processes affecting
the scattering characteristics of marine life.

In some approaches fish or their swimhladders have
been treated as simple geometric shapes (Hasleit. 1971)).
Yudanov and Kimlikhman (198!) and Mitson (Anon.,
1978) have also reported some results along this line. So
farthe method has given only a first approximation to the
solution.

Measurements of target strength

Th phTnsophv bhid the measurements cam’. be re
garded as twofold:

I) To obtain knowledge of scattering from fish with
respect to the acoustic wavelength, fish species. size.
orientation. swimbladder condition, and generally with
respect to all variables affecting the target strength. This
type of measurement requires carefully controlled condi
tions where the variables can also he observed or re
corded together with the reflected signal. The results can
then he used in models and applied to field conditions at
sea.

2) For practical reasons. in siw observations on wild
fish have the advantage of being a direct way to measure
fish in their natural habitat. Such measurements can he
used for calibration purposes. but also for verification of
results obtained otherwise. Some disadvantages and as
sociated problems are related to the transducer direc
tivits’ and lack of control over the target being measured.
Combined with underwater photography or fishing the
method can he considerably improved.

A great number of experimental exercises have been
performed to measure the target strengths of fish. They

-, “:‘‘
- ‘

Rapp. P.c. Reun. Cons. ito. Explor. Mcr. (54: 25 —33. (454.

Fish and other organisms as acoustic targets
Lars ‘‘1dttun
lmi-.tiimmic ut M:trimie Rcsemrch
‘c). Bus L57(I

cot I lteriien’Nordn.’s
:\om” .1’

-

can be grouped into three methods.



on ri’therecl lish
Such work has been conducted. amoni other places. in
Japan by Hashimoto and Maniwa ( 1956) and Shihata

1971). in Norway by Midttun and Hoff (1962). Nakken
and Olsen (1977). and Dalen er itt. ((976). in the UK by
Harden Jones and Pearce (1958). (‘ushino ci at. (1963).
and Haslett I 1971)), in the USA h Smith (1954). Diercks
and Goldsherrv (19711). Volherg (963), and Love (1969.
1471. 1977). and in the USSR by Yudanov. Gaukov. and
Shatoba ( ‘t’udanov. 1977) and Shishkova ( 964). Mea—
surcitients are also reported by Johannesson and Losse
(1977). These series of observations have usually been
made with stunned or dead fish over a wide range of
frequencies .speeies. and sizes of 1kb.

The experiments were different, both in their perfor
mance and their data analysis. A more detailed discus
sion will he made later in this paper. However, it can
already he concluded that target strengths of fish vary
with size. orientation. species or sroup of species. and
frequency of sound. The validity of the results has been
questioned since they are derived from dead or stunned
fish lAnon.. 1978).

1cu.siire,nenis on live fish in controlled svsrei,ic
Buerkle and Sreedharan (1981) measured the target
strength of live cod supported in the centre of the acous

tie beam and rotated in varying combinations of pitch
and roll . lcCartnev and Stuhhs (1971) measured six
gadoid speetes with four frequencies from 4 to 2(1 kHz.
The tish could swim within a hug I in long and 4(1 cm in
diameter. A hvdrophone measured both the incident and
the reflected signals of the same transmitted pulse so that
ealibranon errors could he avoided. On the other hand,
the fish could pitch by an unknown angle. The authors
con’lude therc is no guarantee that the absolute max
mum value in the pitch plane has been recorded. es

pceiallv at high Ll•t.•’. Because of variations in the scat
tered stitnals. ihe maximum value of eight pulses wits
used.

Sv’scriil experimetits have been performed with caged.
lit otherise tree-sssirnmiite fish. The method was in
troduced by Jo[iannesson and Ltissc (1977) in some FAO
projects for calibration purposes. Groups of tish of
knon number were used. Volume haekscattering
streiiiths were niJasured and the ticraiae tareet strength
ot indis duals calculated in addition to tulfilling the main
purpose ot integrator calibration. Results from target—
strength measurements h this method arc also reported
b .-\vlen r ul. (19S1) and by Johannesson and Vilchcz
I tONI 1 who sometimes improved the method with a TV
camera monitoring the fish distribution from beneath the

Goddard and Welshv (19751. using a 2 x 2 m and I m
cage, observed individuals and roups of tish in

dorsal and 22 degrees aspect with T\-miinitoring from
beneath the cage. Similar experiments on caged groups
iii tish have heen conducted in Scotland fur several years
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and have been reported by Dunn (197$). Forbes ci a!.
(1980). Edwards and Armstrong (1981). and MacLen
nan (1981). Some of these British expcrinwnts also in
clude studies of adaptation effects on target strength.

The general drawback with this type of experiment on
live caged fish is he lack of control. particularly over the
tilt-angle distribution of the caged fish. This may explain
the reason why the sometimes large sariances in ob
served strength have seldom been explained. However.
there is one experiment which, in this respect. may claim
to he properly conducted since a television camera could
observe and record the tilt-angle distribution (Foote.
1983). Foote’s experiment also consisted of target-
strength measurements of tethered. anesthetized indi
viduals. The TS functions thus measured. together with
hehiiviour intormation. constituted a basis for calculat
ing the expected echo from the encaged fish. The direct
echo measurements from the encaged fish were in excel
lent agreement with the calculated values. Among other
things. this experiment concluded that observations on
anesthetized fish are valid and representative for live.
free-swimming fish.

In situ nu’u.rurenienl.c

There are certain requirements involved in using this
method of observing fish in their natural habitats. First.
to ensure single-fish signals, the pulse leneths of echoes
are normally tested and second. the transducer direc
tivity must he removed from the received signals. Craig
and Forbes (1969) have given one method sshich should
he well known to everyone working in this field. Cashing
(1968) regarded all the echoes as ohsered at a mean
angle from the transducer axis. Midttun and Nakken
(1971) observed fish traces. i.e.. successive echoes from
the same fish, and regarded the maximum echo in a trace
as being observed on th transverse axis of the beam.
They then calculated target strcneths hs rcdueine the
maximum echoes according ti the known transverse di
reciivitv pattern 01 the transducer. Ehrcnhcrg I l9’2) in
troduced another signal.proccssin technique. hut
Ehrenherg and Lvtle (19771 conclude that in many cases
the reduction method does not svork ssell, and suggest a
dual-beam technique to he applied for ui iou ntciisure
ment of target strength. Some results are ruhltshcd by

Travnor and Nelson I l9tl I. Rohinson I 197h). in a pre
liminarv experiment with a deep-towed transducer, mea
sured the target strength of blue whiting. Blue whiting
have also been measured by s1onstad and Midttun

I l9X1).
In situ ohservutii ins have also been used as a direct

method hir integrator calibration. Dispersed con
centrations are simultaneously integrated and counted
on a paper recorder. According to this direct method.
described by Nakken and Domniasncs (l95 . mac
curacics insolved in consentiontil calibrations of the
echo-sounder system are circumvented.
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onsideration of results

The validity of the results obtained on stunned, freshly

h’” killed. or anesthetized fish can he trusted provided the

experiments are properly conducted.

Swunh’lcI(ldL’r cwiiribuiwn

The swimhladder is the major cause of scattering from

bladder-hearing fish (McCartney and Stuhhs. 1971).

Foote C l98fla). in comparing target strengths from mack

erel with those from three gadoids of the same size range.

shows that the bladders contribute 91) to 95 °o of the total

echo. Goddard and Welsby (1975) found that dogfish

give echoes some 13 dB lower than those from gadoids.

Midttun and Hoff (1962) observed maximum dorsal

echoes when the fish were tilted sufficiently to render

their swimbladder horizontal. They suggested that the

difference in directivity pattern between cod and saithe is

caused by differences in the bladder form. Observations

on wild fish at sea have verified that suggestion (Miditun

and Nakken. 1971). The Scottish experiments, for exam

ple Edwards ( 1980). show the effec.t ofchanging depth on

the target strength. hut lack of control over the fish

behaviour. i.e.. changing tilt-angle distribution, prevents

too firm conclusions from being drawn. Ii would have

been of particuhir importance to observe the effect on

mackerel of changing depth. hut at least the reported

carver-strength values of mackerel are again shown to he

considerably lower than those of herring and gadoids

I Edwards and Armstrong. 1981).

To obtain deeper understanding of the nature of the

scattering process from bladder fish, attention should he

called to studies on the bladder itself, its form and defor

mations by varying pressure changes, and to compari

sons of the acoustic wavelength with dimensions of the

cwimhladder. Valuable contributions in this respect

could perhaps he expected from phYsiologists. as for

example. Hawkins (1981) and Blaxter (1981).

.4.spccr-itizr,’lc /pcnclcnce
Thc epcrintcncs on tethered fish show that target

‘rrcngth changes with aspect angle. The dorsal reflec

rrvit patterns measured by Nakken and Olsen (1977) on

‘ ul varying size at two sound frequencies (3$

kHi and 21) kHz) have been puhhshed by Foote and

sjkken (197$). ‘(‘he consequence ol the observed diree

ti it in the reflection from fish is that the target strength

ot wild fish will vary with fish behaviour, i.e.. with as

pcet-anvle distribution. Olsen (1971 observed the orren

ration distribution of cod in Lofoten. and Nakken and

Olsen 11977) have prepared a model for calculating the

expected mean target strength of cod with the observed

orientation distribution. Midttun and Nakkcn (1971)

measured an average target strength of Lofotcn cod of

mean length 8(1 cm to he —283 dB. which is in good

agreement with the model. Foote (198(1 b) has prepared

..( ‘

another tiuwlel for averaging with respect to different

oriecttacion dist ributiotis and heumshapcs of the trans

ducer. Footcs’s model gives higher values compared with

those of Nakken and Olsen. especially for medThrn-sized

fish (2(1—hI) cm) and a clarification would he appreciated.

In Figure I the consequence of behaviour on target

strength is shown for two behaviour pat writs and it is also

compared with the maximum alues of target strength.

based on the values published by Foote and Nakkcn

(1978) and computed from Fuotes model.
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Figure I. Target strength and behaviour Target strength sersus

length for gachijds observed with the SIMRAD EK-3$ echo

sounder. Each regression is based on niv-asurements of th

dorsal-aspect target-strength function of 171 cod. saithe. and

potluck lNakken and Olsen. (977: Foote and Nakken. (9751.

calculated after Foote’s model (Foote. t9{) bI. Ma.simum val

ues and values for two behaviour patterns are shown.
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L(’,lI’tIl (111(1 jrc’quc’iec_v drpenc1cin
In order to study the length and frequency dependence
the observations have been normalized by some of the
investigators who compared L/X with ai (Love. I969.
1Q71. 1977; Shihata. 1971: MeCartney and Stuhhs. 1971:
Goddard and Weisby. 1975).Haslett (1970) normalized
L/X by oiL1, but his values have also been transformed to
a oi) normalization by McCartncy and Stuhhs (1971).
The attraction is that observations made over a wide
range of sizes and frequencies can he compared. A disad
vantage is that the frequency dependence may he biased
since the length parameter evidently is the most impor
tant within the length and frequency spectrum in practi
cal fisheries research. Foote (1979) has discussed the
question of representation and concludes that merging of
target strengths in species or frequency is generally un
justified. Nakken and Olsen (1977). in comparing values
from 3$ kl-lz and 120 kHz. note that the difference in
target strengths seems to vary with the magnitude of
target strength (fish length).

The dorsal-aspect target strength versus length depen
dence as reported by selected authors, mostly for cod, is

1’

shown in Figures 2 and 3. The values are referred to 3
kHz. Some of the regression lines represent maxtmum
values: others arc from caged fish and haed on averaged
values. The linear regression has been applied by all
authors. probably because it is a simple way both for
presentation and for later use in practical work. The
coefficients are between 19 (Love. 1971) and 2S
(Yudanov and Kalikhman, 19$ I; MacLennan. 1951 ).hut
lie mostly near 24 to 25 dB/decadc. Footcs (1979) aver

aged values of cod are about 22 dB/decade.
The absolute values are dependent on the calibration

accuracy except for those of MeCartnev and Stuhhs.
which are independent of calibration. On the other hand.
these values should he expected to he somewhat below
maximum, as mcnttoned earlier: they are also about 2dB
clow those of Nakken and Olsen on cod, which corre
spond to Shihata’s line (see Fig. 2). Data from Yudanov
and Kalikhman also match fairly well. Love’s line firs for
small fish, hut not for the larger. McCurtnev and Stuhhs’s
line based on Raslert’s data from many sources seems
also to he generally low although the length dependence
is in accordance with the majority. Goddard and
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Welshv data from eaeed individual cod show the same

leneth dependence (Fie. 3). Their reeression line is close

to Nakken and Olsen’s calculated values for “wild fish’.

althoucth the aspect :inrzles have not been observed by

Goddard and V elshs Foote’s reeression line for end is

seen to difler troni sakken and Olsen calculations.

slidttuti and ‘.akkens observations in Lohiten are also

seen in the diagram in Figure 3. Buerkle and

Srecdharan’s measurements on cod at 51) kHz are gener

aIR a hit low: it is questicinable whether the fish were well

cirtrugh acclimatized. Finally, the regression line from

.\lacLcnnzzn report based on Forbes c a/. ( l9l)) is

reproduced. It is based on mean values of fish leneth and

averaged target strength per individual from measure-

merits on sroups of eod in varying numbers from 7 to Sb.

ihe tilt-angle distributions were not observed and it is

therefore difficult to verify these results by calculations

Iron) models. The lencith coefficient (2’4 dBldeeade) is

cIt to he higher than expected from Foote’s model. His

model gave excellent agreement when used on cased

herring as already mentioned above (Foote. 19h3).

Future 3, Target strength
versus length of ss Id or caged
fish (5cc teXt).

In the analysis above of present knowledge on target

strengths of fish, most of the discussion has been concen

trated on results obtained on gadiitds.e specially cod. But

results of target-strength studies on other species base

been reported in the literature. especially the work done

in many FA() projects. mostly in tropical waters,

The E-\O Working Party (Anon.. l97j concluded

tentatively that all fish with swimbladders may he

ruuped together into one class with respect to target
strength. A eiinlirmation of this suggestion should he

considered In Figure I observed values — from Foote and

s:ikken ll1)7i) — on three gadoids (cod. saithe. and po1-

I:icklat3 kHt hace been merged and analysed h’. Foote

The regression eoelhcients are 24-5 dB/decade br max

imum values and 21 and 21) dB.’decude for the two indi

cated behaviour patterns. This merging can he justified

(Foote. P)7Y), huL a further merging including all hiad

derlish needs to he ins esttcnited.

Concerning the observations at sea, the reported re

sults arc few, hut they seem to agree fairly well when the

tilt-angle distribution is taken into consideration More



hservations of tareet strenitth duriniz..diflerent condi

tions of fish behaviour would he valuable, especially if

executed on unmixed concentrations and in combination

with trawling or underwater photography. It is also be

lieved that the study of lish traces. i.e.. successive echoes

from the same fish. may contribute to knowledge both of

fish behaviour and of the sampling field of the trans

ducer. Indeed, even information for identification of fish

species may he gathered from echo-trace studies (Midt

tun and Nakkcn. 1971; Nakken and Olsen. 1977).

Conclusions

From the considerations above my tentative conclusions

arc:

I. The swimbladder is the major scatterer in bladder-

hearing fish and contributes at least 91) per cent of the

reflected energy. Studies on the air bladder as an

acoustic scatterer are recommended.

2. For practical applications the existing target-strength

functions with respect to length and aspect can he

used in models for calculation ot the average target

strength for different behaviour patterns.
Thc target strength to length relation for gadoids

increases at 25 dB per decade for maximum dorsal

aspect and 211 to 22 dB per decade for wild fish at sea
with a normal” behaviour pattern. But more infor

mation is needed on fish aspect-angle distribution in

relation to different types of behaviour. Behaviour

studies should he encouraged.
S. Other bladder fish may he treated similarly to

gadoids. hut this should be confirmed from model

studies.

4. Fish without swimhladdcrs have not been observed

over wide enough length ranges to indicate the length

dependence. hut for 35 cm mackcri.+a target strength

per kilo of —45 dB has been recommended (Anon..

1975).

Resonance measurements

Several workers have studied the possibility of estima

ting fish size by observations on the resonance frequency

(Andrccva. 1%-I; Weston. t%7: l-lollidav. 1972). Experi

mental work has been reported by McCartnev and

Stubhs (1971). Holliday (1977). and Lovik and Hovem

(1979). In general, the resonance frequencies were tound

to he higher than expected from the theory of free os

cillating gus-filled bubbles. The method is still in an ini

tial phase of research and requires sophisticated instru

mentation and anulysin equipment. Some results from

field work at sea are presented by Løvik et al. (1952).

Other organisms as acoustic targets
Theory

Hollidav and Pieper (1951)) have divided biological

sound scatterers into two groups. those with gas inclu

sions and those without. Scattering from the second

class, which includes phvtoplankton. zooplankion. and

fishes without bladder, is largely specified by size. sound

speed. and density contrast with the surrounding me

dium. In Figure 4 the theoretical acoustiesignatures. i.e..

target strength versus frequency. of some types of marine

organisms common in the oceans are reproduced from

I
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Figun 4. Theiretical a.uustic
signatures of se cral common
ivpcs Ut manrie oranisms

(alter Holliday and Pieper.
198(t).FREQUENCY (Hzl

3))



the same authors. The siinatures (mm a rish arid a fish

larva. both svjth swimbladder. arc modified from the

free-bubble theory whereas those from tither zoo-

plankton organisms ire based on a model of scattering

from Iluid spheres by Anderson (1950). For both chisses

he size of the scatterer determines both the scattering

level and the frequency at which the transition from

Ra leigh to geomitricscattering occurs. The fluid sphere

model leads to the conclusion that frequencies between

50 and 5(X) kHz should he useful for quantitative studies

iii zoop(ankton from 5 to 40 mm in size. Johnson (1977)

has made a simpler fluid sphere model to he applied to

euphausiids and copepods. These models are very sensi

tive to changes in sound speed and density contrasts and

Johnson (1977) demonstrates that a one-per-cent curia

tion in one of the contrasts caused a change in target

strength of about 2 dB.

Greenlaw (1979) has suggested a method for estima

g size distribution and abundance by means ofa multi-

frequency sonar system, provided the acoustic signatures

with size are known. 1-fe is reporting encouraging results

from measurements on euphniisiirls

1 e asu re ni en Cs

f3eantih C l’)71 I measured in situ target strength from a

tpieul euphausiid at 102 kHz and found that four fifths of

the scattering was caused by compressibility contrasts

between target and medium and the remaining one fifth

is attributed to the density contrast.
Greenlaw (1977) measured backscattering spectra for

preserved specimens of three zooplankton (copepod. eu

phausiid. and sergestid shrimp). Compared with fluid

sphere models the results did not fit well in the geometric

zone. Both cuphausiids and shrimps were found to he

directional scatterers.
both fresh and

pcservcd Il_ neles between_3QandLl)

MHz with results near thosef7eenluw (1977). They

also measured variations with changing Ui-al aspect
angles. The tilt-angle distribution of free-swimming krill

during downward migration was observed with an under
ssater camera. They also noted that th’fkilI

almost alssavs arekept in a stretc_pnsw.ce.
SiE’ork has also been carried Out by measuring in

010 volume hackseattering strength at one or more fre

cjueneics simultaneously with undeater photography

and biological sampline ith trawl or water pumps.
SameLito I I9l)) applied a 21) kHz sounder and towed
opening and closing nets with a camera mounted on the

trame. He studied the behaviour of euphausiids and
some ciipepods and established empirical relationships
between hinniass and numbers from the samples and
volume hackscattering strength of the same layer. The
method is dependent on quantitative biological samplina
of the same layer as measured acoustically. Holliday and
Pieper (19X0) have used a four-frequency sonar system

together with quantitative biological sampline with a
water pump and found that changes in plankton com
position could he explained from principal feEures of the
observed acoustic profiles.

‘Thniative conclusion

Studies on other organisms (than fish) as acoustic targets
are in an initial phase and have so tar hecn concentrated
on model studies and on observations of a few plankton
species mainly consisting of euphausiids. Valuable re
suIts have been achieved, showing among other things
that scattering from krill (and shrimp) is directional
within the used frequency hand. This should favour a
moditieation of the hitherto applied fluid sphere model
for establishing the theoretical acoustic signatures of
such animals.

Promising results have also been obtained at sea both
with single-frequency and multi-frequency sonar systems
in observing volume-scattering strength. More knowl
eTlito of r:irit’r—srrt’nirh variations with size of individuals
is required together with behaviour studies.

Final remarks
In this review much relevant and good work may not
have been mentioned. This is partly caused by mvlimited
capacity and hecause a growing number of people are
now engaged in this field of fisheries research, people
with backgrounds in applied mathematics, acoustics, and
biology, including subjects in a science too large for a
simple sailing oceanographer to cover. But if I should
give any advice: “Don’t forget to watch the paper recor
der of the echo sounder at sea for further inspiration”.
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