MEASUREMENTS OF FISH TARGET STRENGTH: A REVIEW
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ABSTRACT

The concept of target strength and its application to the quantitative aszessment of fAshery resources

are discussed,
results presented,

Quantitative assessment of fishery resources is
a difficult task. and many groups have turned to
acoustic techniques to conduct assessment sur-
veys, Present acoustic techniques can give an
estimate of the number and dimensions of fish
schools in a geographic area and. by estimating
the density of the fish in a school, the number of
individual fish in the area can be approximated.
Measurements of fish target strength are being
made by various investigators in an effort to en-
able the direct acoustic estimation of the number
and size of individuals in a school and to enable
the direct identification of those individuals by
acoustic methods. This paper discusses the
concept of target strength and its application
to the quantification and/or identification of fish
schools, reviews target strength measurement
techniques, and discusses some results which
have been obtained utilizing these techniques.

TARGET STRENGTH

Active sonars project acoustic energy into the
Water in an effort to detect ohjects by the echoes
they return, the intensity of the echo depending
on the proportion of the sound reflected back to
the receiver. The target strength of the echo-
Producing ohject is a quantitative measure of its
reflecting characteristics and is defined as

T = 10 1og<_ll>, (1)
T
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Methods of determining the echo characterist
Among the more important of these resul
terest to the fishing industry is in an acoustic region in w!
fish size and aspect and acoustic frequency, (21 the major co
have been determined to be the swim bladder, fesh, and ske
aspect and dorsai-nspect target strength of an individual fis

2 oof fish are reviewed and a number of
are: {1 practically every case of in-
the target strength varies widely with

huters to target strength in this region
cand () the average maximum side-
h have been determined for this region,

where [. is the intensity of the sound striking
the taraet and [, is the intenzity of the reflected
sound measuired at 1 m fron the acoustic center
of the tavget. If /. is the intensity of the re-
flected sound measured at some distance » from
the target, then, assuming that the sound spreads
spherically, and there ure no losses, /. will be
directiv proporvtional to [

L= (o) L, °
<477> = (=)

o i defined as the acoustic cross-section of the
target, and Jdwr° is the spherical surface area
through which all the incident energy is reflected.
o depends on the size, shape., and orientation
of the target, and, in general, will vary with the
angle between the incident direction and the
direction of the receiver. In all present fish-
ertes work, this angle is zero and therefore in
this paper o will be the acoustic cross-section
of a target for the caze in which the source and
receiver are located at the same point.

By letting » in equation (2) be equal to I m
and combining equations (1) and (2),

A

T = 10 log (i.)

Now if [, iz the intensity of the projected sound
1 m from the source,

L = 1s (4)

and therefore,
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or in logarithmic form,

10 log 7, == 10 log( _'T ) I 10 log I — A0 log r.
(6)

Defining the echo level (1) as H0 log I, and the
source level (85) as 10 log [, and reavranging,

T I =S 1 A0 log o, (1)

Fquation (7) can be used to compule target
strength in an ideal medium, In a real medium,
however, the actual transmission loss will in-
clude eflects due to absorplion, scattering, re-
fraction, and the boundaries. 1lence, in a real
medium

T = F — S + 20 (8)

where /{ is the one way transmission loss. [{
takes into account spreading loss, absorptlion,
and any anomalies. In actual practice [ cannot
alwayvs be reliably predicled and must be mea-
sured unless the ranges involved are small.
Equation (8) is known as the aclive sonar equa-
tion and is always used in the computation of
target strength since it involves only direclly
measurable quantities—echo level, source level,
and transmission loss.

It is impossible for more sound to be reflecled
from a targel than is incident upon it, and it is
therefore seemingly impossible for any object
Lo have a positive target strength, vel many large
targets do.  This is a consequence of the refer-
ence distance being 1 m, and the measurements
being made al greater distances, with spherieal
spreading assumed in order to calculate the
Largel strength, However, the spreading loss
very close to a target is less than the spherical
spreading loss which is assumed, and henee pos-
itive target strengths can he obtained for large
largets,

The importance of the target strength of a po-
tential target is obvious from the sonar equation
(equation (8)). The maximum range at which
a target can be delected in any given environ-
ment depends on its targel strength and the
characteristics of the transmitting and receiving
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systems.  Therefore, an estimate of target
slrength is essential to the eff'eetive design and
operalion of any active sonar system.

The quantification of a fish school, knowing its
target strength, is possible beeause the target
strength of a school depends on the average size,
number, distribution, and aspeet of the individ-
uals in the school.  Tu order to quantify fish
schools using targel streneth information, it is
first necessary to determine the size and number
of individuals reguived to produce a given Lareet
strength.  The initial step in this process is the
determination of the tarvget strength of an in-
dividual fish. The application of thic knowledge
Lo studies on the acoustic interactions of arrays
of scallevers will eventually produce accurale
predictions of school tavget strength. The greal
majority of work done up to this time has been
on individual fish, and quite a hit more must be
done before this initial step is completed, De-
finilive work on the quantification and identifi-
cation of fish schools utilizing targel strength
information awaits completion of this step.

teftection of sound from an object in water
occurs when the object has an acoustic impedance
which difTers from that of the water. Acoustic
impedance is defined as the product of the den-
sity (p) of a substance and the velocity of sound
(e) in that substance. The proportion of sound
reflected from or transmitled into an object in
water depends on the magnitude of the imped-
ance mismatch between the ohject and the water,
The simplest case of reflection occurs when a
plane wave is normally incident upon a plane
boundary belween two semi-infinite media, The
pressure amplitude veflection coeflicient is de-
fined as the ratio of the refleeted pressure ampli-
tude Lo the incident pressure amplitude, and for
this case it is found to bhe £202 — iy,

P02 4 Py
mar is the immpedance of the medium in which

the incident wave is traveling and paes is the
impedance of the medium upon which the wave
1s incident. If the second medium is reduced to
finite thickness and a third medium is placed
behind it (the third medium may or may not be
the same as the first), the problem becomes
slightly more complicated. When the incident
wave arrives at the first boundary, some energy

where
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is reflected and some is transmitted. After this
transmitted portion reaches the second boundary,
some of the energy is transmitted into the third
medium and some is reflected back into the sec-
ond medium, where it is again partially reflected
from the first boundary. This process continues
until a steady state is reached. The solution of
this problem is relatively easy, but il is inter-
esting because the resultant amplitudes of the
transmitted and reflected waves depend on the
phases of the component waves, The component
waves add vectorially and whether the amplitude
of the initially veflected wave is increased or de-
creased depends on the thickness of the second
medium and the wavelength of the ineident wave.

The reflection of sound from an infinite plate
poorly approximates the reflection from a fish,
and it i1s useful to examine the reflection from a
finite object such as a sphere. When the sphere
is large compared to the acoustic wavelength,
the echo originates from specular reflection, in
which the part of the sphere near the point
where the sound wave is normally incident pro-
duces a coherent reflected wave. When the size
of the sphere is comparable to a wavelength, in-
terference cffects similar to those mentioned for
the plate with finite thickness will cause the
acoustic cross-section to vary. When the sphere
is small compared to a wavelength, scattering
takes place and the acouslic cross-section of a
sphere of radius @ is proportional to «% A where
A s the wavelength. This solution was obtained
by Lord Rayleigh and hence this region is called
the region of Rayleigh scattering,

For objeets other than spheres, analysis be-
comes diflicult, if not impossible. However, as
long as the object is not highly compressible,
the concept of the regions of Rayleigh scattering,
interference effects, and geometric veflection is
valid., Tfor a fish, the distinctions between these
regions hecomes unclear because of the fish's
internal structure. When the fish is very small
compared to the acoustic wavelength, Rayleigh
scatfering can be expected. IHowever, if the fish
has a gas-filled swim biadder the gas bubble will
resonate at some wavelength in this region,
mreatly increasing the larget strength over that
predicted by Rayleigh seattering, When the size
of the fish is comparable to the wavelength, in-

terferences will occur among the fish flesh and
organs, the skeleton, the gas in the swim bladder,
and the boundaries of the fish. When the fish
is Targer than the wavelength, the dimensions of
many of these parts will he comparable to the
wavelength and the region of interference effects
will be greatly extended into what would be the
region of gecometric reflection for a homogencous
haody.

Cuashing et al, (19623) have assumed that the
region ol interference effects extends from L/
= 8 to LA 100, where 1. is the fish length,
and Ais the acoustie wavelength, and they sug-
gest that for quantitative results this region
should be avoided., Negleeting the fact that they
have tenored the effects ol swim bladder reso-
nance, the limits they have placed on the inter-
ference region will now be examined, Fora rigid
sphere of radius « the limits of the interference
region arc approximately | < 2@a/A < 10, and
for any other object these limits will probably
be favther apart, Measurements on individual
fish indicate that interfevence effeets occur at
values of LA = 0.7 (Love, 1971) and this can
be taken as a lower limit.  (This is not to say
that it is the lower limit, only that this is as low
as measurements have heen made.)  Faslett
(1962a) examined a small number of whiting to
determine their “standard dimensions.” He
found that the diameter of the backlione was
about (.01 the length of the fish. Assuming that
the backbone of a fish is the smallest part of a
fish which contrvibutes to its echo, this meuans
that if interfevence effeets oceur in the back-
bone until ils cireumference is something near
10 times as large as the wavelength, as in the
case for the sphere, then the upper limit of the
interference zone for a fish will he at least 1,/x

200, Again, measurements have been made
which indicate that the upper limit will be at
least this high (Tlaslett, 1969). Thercfore, it
may be assumed that the Hmits of the interfer-
ence region are al least 0.7 < L/A < 200,

I 1t is assumed that fish of interest to com-
mercial fishermen range from 10 em to 150 em,
and that fish-finding sonars have frequencies
ranging from 10 kllz to 200 kIlz, then the range
of interest for fisheries applications will be 0.7 <
LA < 200, the Timits set for the interference
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vegion. “Therefore, although it would be advan-
tageous to avoid the interference region, it is
apparent that this is the region in which the
work must be done.

METHODS OF TARGET STRENGTH
MEASUREMENT

Analytical methods ave of limited value in this
interference region and experimental methods
must be utilized to obtain any vadid answers,
It is possible to conduct the needed experiments
either at sea or in the lnboratory, with each Lype
of measurement having its limitations.  Whether
the measurements are made al sea or in the lab-
oratory, Largel sbrength will bhe determined From
the sonar equation, meaning that the source level
of the transmitter, the sensitivity of the receiver,
and the propagation loss must be known. The
calibration of the transmitting and receiving
systems is a standard procedure, but propagation
loss is much more di(ficult to determine if long
ranges are involved, One way to avoid the prop-
agation loss problem is to make measurements
at short ranges, and this is what is done in the
laboratory. This, of course, is impossible with
large targets. Another method is to use a ref-
erence target for which the target strength is
known. In this method neither the transmitting
nor receiving systems have to be calibrated and
the propagation loss does not have Lo be measured
heeause all echo levels are compared to the ref-
crence level. One of the besl reference targets
is a thin-waltled air-filed rubber sphere, although
for large targels buoyvancy becomes a problem.
Another good reference target, which can be
used for large targets, is a lri-plane. three mu-
tually perpendicular planes, for which it ean be
shown that any incident ray will e reflected in
a direction exactly opposile Lo the ineident di-
reetion. llence o Lri-plane nets as asingle plane
perpendicular to the incident rays and refleels
a large, caleulable percentage of the incident
energy. It is possible to measure propagation
loss directly and this is fairly simple if a trans-
mitting and a receiving ship are utilized. Propa-
gation loss measurements can also be made by
placing a calibrated transponder in the vieinily
of the target.
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Along with the problem of accurately measur-
ing propagation loxs, there are other problems
associuted with fargel slrength measurements
at sea, the most erilica) of these bheing relative
motion between the sonar heam and the fish
target. Roll or piteh of the ship can be over-
come by using a stabilized sonar heam, but drift
can cause the axis of the beam lo move off target.
Care must alzo be taken so that (he target sup-
port structure doex not intertfere with the mea-
surenients,  Other problems that can arise are
poor weather, high mmbient noise levels, and ex-
{rancous targets swimming into the beam,

Of course, theve are prohlems associaled with
Laboratory meansuremen(s alko, the chief one
heine the limitation on the size of the Laeet,
The fish must be pleed al a range great enough
Lo insure that the inciden( sound encrgyv is ap-
proximately equal over the complete fish and to
insure that the fish is not in the near-field of the
transmitter nor the receiver in the nearv-field of
the fish. IHowever, the range must not be so
areat that reflections from the boundaries or fish
support interfere with  (he measurements,
Nevertheless, by judicious choice of measure-
ment range and by using shorl pulse lengths,
unambiguous work can be done in a laboratory
tank. In order lo oblain o true vaiue of target
strength the pulse lengths of the discrete fre-
quency pulses most often ulilized by fisheries
sonars must be at least twice the leneth of the
target in the direclion of propagalion, so that
an echo can be oblained from all parts of the
fargel simullancously,

A Lyvpical block dingram of the eleetronies ve-
auired  for target strength measurements is
shown in IFigure 1. The (ransmitling system
consisls of a sienal source of known frequency,
a means Lo generale pulses, amplifiers, a Lrans-
mitting transducer, a system Lo maleh the elece-
trieal impedances of the amplifier and transdue-
or, and a means Lo measure the oufeoine sighal.
The receiving syvslem consists of a receiving
transducer, amplifiers, 2 means to eate out un-
wanted cchoes, possibly a filler, and a means to
measure the received sienal.  The eleetronic
svstem is basically the came whether il is used
in the lahoratory or at sea.

IT all fish were composed of the same homoge-



LOVE:  MEASUREMENTS OF FIStI TARGET STRIINGTH

FREQUENCY
COUNTER—}_{OSC‘LLATOR ]

AMPLIFIER

TRANSMIT RECEIVE
rGATE II’ SYNC l{ GATE ]HAMPL!FIER

POWER
AMPLIFIER
IMPEDANCE

MATCH

FILTER

TWO CHANNEL
RECORDER

PROJECTOR

FIcURE 1.—Typical target strength measurement system
electronies,

neous material and had the same shape, it would
take a comprehensive measurement program to
determine the target strength of a fish at all
aspects and frequencies because of the complex
shape of the body. Since fish ave definitely not
homogeneous and different species of fish have
different shapes and internal structures, the
problem of determining the target strengths for
all species becomes immense., Considering the
differences among individuals of the same spe-
cies due to age, sex, condition of health, ete., it is
obvious that an experimental program to pre-
dict completely the target strength of any given
fish is impossible. Since the complete delermi-
nation of the target strength of all fish is im-
possible, the most that can be hoped for is that
experimental techniques will eventually lead to
ecmpirical results which can be generalized to
apply to any species of importance,

RESULTS OF MEASUREMENTS OF
INDIVIDUAL FISH

Most of the early experiments conducted dur-
ing the 1950°s investigated a specifie situation.
IFor example, if a researcher had an echo sounder
which operated at a given frequencey, he would

measure the dorsal-aspect target strengths of a
number of fish of the commereial species found
in his geographic arca, in order to obtain an
average dorsal-aspect target strength vs. fish
size for those speeies. This information was
valuable to anyone designing or using an echo
sounder of the same frequency to find these
species, but 1t was of minimal value Lo anyone
clse.

A second technigue used is just an extension
of the carlier technique.  With it, different spe-
cies of fish have heen examined at many aspeets
and/or frequencies in altemipts to determine how
target strength varies with fish size, species,
aspect, and frequency. Iigure 2 shows some
lypical results of this technique. The resulls
are from a live 21-em black crappie which was
rotated about its dorsiventral axis and insonified
with frequencies of 30 kllz and 130 kllz. It
is seen thal the maximum target strength oceurs
very near the side aspect, where the insonified
arca is a meassimum, At 130 kllz the number of
lobes in the pattern is substantially greater, and

TaiL
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Fioree 2o Targel strength of o 21-em black crappie
versus aspect, (a) 30 kHzo by 150 kHzo (From Love,

1969.)
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the maximum larget strength slightly greater
than at 30 kilz. Although these measurements
have produced some useful resulls on the gen-
eral changes of larget strength with fish size
and frequency for aspecls of special interest,
little has been learned aboul the fine-scale
changes or about the differences among gpecies.

The use of a third technigue permits investi-
gation into the nature of the ccho-formatlion
process either by disseelion or modeling, By dis-
seclion, researchers have discovered which parts
of a fish are the major acoustic reflectors. Dy re-
moving the swim bladders from a number of
perch, Jones and Pearce (1958) determined that
the gas-filled swim bladder accounts for approx-
imately 50%¢ of the dorsal and side-aspeel larget
strengths of perch al L-x = 4. Hence, the swim
bladder is an important contribulor lo larget
strength for L/A values in the interference re-
gion, By systematically removing various parts
of a skipjack tuna, Volberg (1963) found that
appreciable echoes could be obtained from either
the skeleton or a piece of flesh.  Diercks and
Goldsberry (1970) have indicated the possibility
that scales may also he an important contribulor
to the targel strenglh of a fish at certain fre-
quencies. Unfortunately, they did nol remove
any scales aud their hypothesis is based on con-
siderations of the directivity of the scales as an
array of scatterers.

An adjunct to the determination of the parts
of the fish which are acoustically important is
the determination of the acoustic impedance or
reflection coellicient of these parts. The reflec-
tion coeflicient is defined as it wus previously for
two semi-infinite media. The impedance of the
gas in the swim bladder is readily delermined,
and the refleclion coeflicient for the swim bladder
is approximalely —1. Determination of the
acoustic impedance of fish hone ov flesh is dif-
ficull and care must be laken Lo insure valid
measurements. Shishkova (1958) measured the
density of and speed of sound in fiesh from a few
species of fish and delermined the refleclion co-
eflicient in fresh water to be about 0.05. Haslett
(1962b) used a different technique to indirectly
measure the refleclion coeflicients of flesh and
bone from haddock and cod. Ile found the re-
flection coeflicient of flesh in {resh water to be
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about 0.05, in seawaler to be about 0.02, and the
relleclion coeflicient of bone to be aboul 0.25.
Using Lhese values (or the reflection coelli-
cients and his “standard fish dimensions,” Ilas-
lelt (1962¢, 19641) has modeled fish bodies, back-
bones, and swim bladders.  Ulllizing yubber
ellipsoids to model the fleshy body of the fish,
he found that the number of lobes obtained in
polar plols for the ellipsoids and for actual fish
agreed fairly well, that is, with less than 507
error, bul that the tareet streneths obtained for
the models were considerably lower than those
obtained for the fish. Using rubber and plastic
cvlinders Lo model the backbone and copper cyl-
inders to model the swim bladder, 1laslett has
examined varialions in the Larget strenglh of
these models as [requency, size, and aspeel ave
varied, A Dbrief summary of Iasletl’s work for
side aspeet is shown in Ifigure 3. Along with
his dala for the acoustlic cross-seclions of stickle-
backs and guppies, approximations to the
acoustic cross-sections of the swim bladder, body,
and backbone are given. The various curves for
each componenl were delermined by Ilaslett
(1965) using his reflection coeflicients and the
results of his modeling experiments and depend

SWIMBLADDER

~
2 —
-\J 10" 1 x
b
BACKBONE
|o-3 —
e ]
j 10 T

(AN

FIGURE .—Side-aspeet acoustic eross-gections determined
by Haslett,
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+ how the component iz appraximated and on
e limits of that approximation. Ilence the
curves are a function of whether the swim blad-
der is approximated Ly a spherical bubble or a
rigid evlinder: what the Himits of the geometric
and Ravieigh scattering recions ave for the body
and the hackbone: and whether the body is
approximated by an ellipsoid or « plane in the
cseometric resion. These curves indicute that
the swim bladder predominates over most of the
civen L A range, but that thie body and hackbone
become significant at the hicher L A's. It is
apparent that Haslett's measurements of the
acoustic cross-sections of sticklebacks and gup-
vies vary widelv and do not follow any of his
curves.  This variability iz not fully explained
by any of his experiments on fish or models.
Dbviously, the nature of the echo-formation pro-
cess is quite complex if Haslett cannot explain
this variability after such comprehensive work.
In attempting to quantify fish resources the
nbjects of interest are usually fish schools rather
than individual fish. When the target strength
of a school is measured, the question to be an-
swered is “What is the nverage size and number
of fish required to produce this target strength?”
The answer will depend on the average target
strength of the fish in the school. and any vari-
ations among the individuals will be of minor
importance, If a forward-looking sonar is used
for quantification, the minimum size and number
of fish required to produce a given target
Strength will occur at the aspect for which the
target strength of an individual fish is a max-
imum, This azpect will be near the side aspect
of the fish. Thus, average values for the max-
IMmum side-aspect target strength of an individual
fish are important for quantification of fish
s¢hools with a forward-looking sonar. If a down-
Ward-looking sonar. or echo sounder, is used for
‘uantification, average values for the dorsal-
aspect target strength of an individual fish are
‘mportant,
~ For these reasons the author has made max-
Mum side-aspect (Love, 1969) and dorsal-aspect
(Love, 1971y target strength measurements as
4 function of fish size. species. and frequency.
The measurements were made in the [aboratory,
and hollow rubber spheres were used as refer-

ence taveets for culibration, It wuas found that
the magnitude of the variution in target strength
for one spectes was of the same order as it was
for all species. Therefore the duta for all spe-
cies were combined with ail other available per-
tinent data and a regression line was calculated
for eacn aspect using the method of least squares.

Figure | shows all the dorsal aspect data. The
data were obtained using fish from 16 families
in & ditferent orders:  Clupeiformes. Cyprini-
formes, Gasterosteiformes, Cyprinodontiformes,
Mugiliformes, Gadiformes, Berveiformes, and
Perciformes,  The fzh ranged in length from
about 1 em to 1T m. Some had swim bladders
while others did not. Insonifving frequencies
ranged from R kllz to TIR0 kilz. Note that the
parameters used here ave o A and L A, which
differ sliehtly from those used by Haslett. The
equation for the regression line calculated from
these data is

o A = 0.041 (L \)'%, (9)
and the dorsal-aspect target strenoth is

Ti = 194 log L ~ 0.6 log A — 249 (10)

Fquation (10) is for 7, at 1 m and L and A in
meters and iz valid in the range 0.7 < L A < 90,

Figure 5 shows all the maximum side-uxpect
data.  The data were obtained using fish from
13 families in 7 different orders: Cypriniformes.
Gasterosteiformes, Cvyprinodoutiformes, Gadi-
formes, Beryvciformes, Perciformes, and Pleuro-
nectiformes. Fish size and acoustic frequency
ranges were approximately the same as those for
dorsal aspect. The equation for the regression
line calculated from these data is

oA = 0.061 (L A=, (11)
and the maximum side-aspect turget strength is

Ts = 2281log L — 28 loc A — 22,9 (12)

Equation (12) is valid in the range 1 < L)
<< 130, and again T.isat Tmand L and A are in
meters,

Figure 6 ix a nomogram solving equations
(10) and (12), given the acoustic frequency, /,
in kHz. and the fish length. L, in cm.
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QUANTIFICATION AND
IDENTIFICATION OF SCHOOLS

Since estimates for the maximum side-aspect
and dorsal-aspect Larget strengths of individual
ish are available, the determination of the
target strengths ol fish schools at these aspecls
will depend on the delermination of the effects
of the number of fish in the school and their
distribution. If the fish are widely spaced, or
in a plane perpendicul:ur to the sonar beam, so
that there is no acoustic interaction among the
individuals, the target strength of (he school i
equal (o the average target strength of an indi-
vidual plus 10 times the logarithm of the number
of fish. The probabilily of finding a school that
meets these qualifications is quite small and
therefore the effects of interactions among the
fish must be taken into account,

Little experimental work on the acoustic inter-
actions of fish in a school has been done, although
some measurements of the target strengths of
groups of fish have been made, usually with
little concern for the distribution of the indi-
viduals (e.g., Thorpe and Ogata, 1967; Shishko-
va, 1960). Some theoretical work on distribu-
tions of scatlerers has been done, the scatterers
usually being point scatlerers or small bubbles
(e.r., Foldy, 1945; Weslon, 1966).  Weston
(1967) has applied the results for bubbles to fish
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schools and has estimated refleetion coefllicients
for regions well-below and well-nbove resonance.
Since there is no interference region for a bubble,
he does not concern himself wilth interlerence
eflfects, and his resalts are of Timited vatue in the
interference vegion.  Bovles (1969) has dis-
cussed the mathemuatical theory of multiple seat-
tering Trom fish schools, but to oblain resulls
in the interference rewion the complete spatial
seatleving and absorption patlern ol an individ-
ual fish must be known,

The identification of a school of fish utilizing
target strength information is obviously much
more diflicult than ils quantification, and since
it is not yet possible to quantify fish schools with
this informatlion, it is surely not vel possible
Lo identify (hem,

IFigure 3, which summarized Haslell's work,
seems to indicale that no reasonable pattern of
target strength vs. frequency can be found for
any species due to the rapid Quctuations of tareet
strength.  IHasletl's measurenments were made
at three widely spaced frequencies, DMeasure-
ments made by the author at a larger number
of more closely spaced frequencies indicate that
for individual fish these fluctuations are not so
rapid and that possibly individual fish may be
identified through the usc of {argel strength vs,
frequency (o L vs, I, °)N) curves, Dorsal aspect
target strength measurements made on six bay
anchovies, A nchoa mitehidti, one Atlantic men-
haden, Brevoortia tyrannns, five goldfish, Caras-
stus avralns, and sixoAthntie silversides, e id-
i menidia, revealed that all of these fish had
similar o 'L* ve. L X curves (Love, 1971). The
most notable feature of these curves is a deep
minimum in the neighborhood of LA = 10. This
minimum is easily seen in the average curves
for each species shown in IFigure 7. Similar
measgurenients on three mummichoes, Fundulus
heteroclitus, five striped  killifish, Fundulus
nujalis, six blaek crappies, Pomoxis wigromaci-
latus, and four spotted seatvout, Cynsecion nebu-
losus, revealed that the o L% vs. L7\ curve for
any individual of these species bears no easily
discernible relation Lo that of most, or all, of
the other individuals of that species, or to the
average curve for thal species.

The anchovies, goldfish, and menhaden are
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malacoplerygians, the more primitive teleosts;
the crappies and seatrout are acanthopteryeians,
the more advanced teleosts; and the mummi-
chogs, killifish, and silversides belong to inter-
mediate orders which have characteristics of
Loth groups (Derg, 1947; Bertin and Arambourg,
1958), In general, the malacoplerygians have
physostonmous swim bladders, osseous bone tis-
sue, intermuscular hones, comparatively muany
vertebrae, fing without spines, and cyveloid sceales,
In general, the acanthoptervgians have physo-
clistous swim bladders, osteoid bhone tissue, no
intermuscular bones, comparatively few verte-
hrae, fins with spines, and ctenoid scales. Con-
sidering that the swim bladder, bones, and
possibly scales of a fish contribute to ils acoustic
cross-section, it is obvious that the malacopter-
vejans and the acanthopterygians have signifi-
cant structural differences in components which
have been shown (o be acoustically important.
Why the malacopieryeians and one intermediate
species display the characteristic minimum in
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o 7 near Lx = 10, or why the acanthopter-
yelans and the other two intermediate species
have no distinetive o L? vs, L/A curve cannot
be answered, eiven the present limited knowl-
edee of echo-Tormation by fish,

Although these differences cannot be presently
explained it seems probable that if there were a
geographic area in which two speeies with about
the same size and habits predominated, and if
one species were a Clupeiform and the other a
Pereiform, a ship with a wide-hand sonar could
differentiate hetween individuals of each species
by examining their tavget strength vs. frequency
curves. This hypothetical example indicates how
very limiled the present capability (o identify
fish by determining tavget strength is. Ilope-
fully, more measurements at many frequencies,
with dizsection and removal of various compo-
nents of the fish, and more sophisticated model-
ing techniques will explain the fealures of the
target strength vs. frequency curves for indi-
viduals of a few species. This could then lead
to the prediction of curves for other species,
which in turn could greatly increase the ability
to differentiate between individuals of diffevent
species. This information could then be applicd
to the differentiation of schools of diflerent spe-
cies, although it is to be expeeted that the man-
ner of distvibution of the fish in the school will
cause significant diffevences hetween the target
strength vs. frequency curve obtained for the
school and the average cuvve for the individoals
i the school.

SUMMARY

Some of the more important results of mea-
surements of fish target strength to date are:
(1) it has heen delermined that practically every
case of interest to the fishing industry is in the
region of interference effects, (2) the major con-
tributors to the tareet styeneth of a fish in this
region have been determined and their acoustic
impedances measured, (3) the variations of tar-
get strength with aspeet for an individual fish
have been examined, (1) estimites of the dorsal-
aspect and maximun side-aspeet tavget strength
of an individual fish have been made, (5) there

TI3



are indieations that the identifieation of individ-
ual fish based on target strength va frequencey
curves is possible for limited cases,

The two gouls of fish target strength measure-
ments, namely quantification and identification
of fish schools, have nol vet been attained. The
quantification of fish schools and the identifica-
tion of many individual fish should he hopefully
accomplished in the next few vears. The iden-
Lification of schools will require the information
on quantification of schools and identilication of
individuals, and therefore will probably not be
accomplished for some time,
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