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An experimentto verifythe basiclinearityof fisheriesacoustics
is described.Herring (Clupea
harengusL.) wasthe subjectfish.Acousticmeasurements
consistedof the echoenergyfrom
aggregations
of encagedbut otherwisefree-swimmingfish,and the targetstrengthfunctionsof
similar,anesthetized
specimens.
Periodicphotographicobservation
of the encagedfishallowed
characterizationof their behaviorthroughassociated
spatialand orientationdistributions.The
fishbiologyand hydrographywerealsomeasured.Computationsof the echoenergyfrom
encagedaggregations,
derivedby exercisingthelineartheorywith the targetstrengthfunctionsof

anesthetized
fishandgross
behavioral
characteristics
of encaged
fish,agreed
wellwith
observation.
This success
wasobtainedfor eachof four independentechosounders
operatingat
frequenciesfrom 38 to 120 kHz and at power levelsfrom 35 W to nearly 1 kW. In addition to
demonstratingthe basiclinearityof fisheriesacoustics,the experimentverifiedbothconventional
acousticmeasurements
on anesthetizedfish,at leastfor averagingpurposes,and the echo
integrationmethod.Two simpletheoremssummarizingthe meaningof linearityfor usewith the
echointegrationmethodare stated.
PACS numbers: 43.20.Fn, 43.30. Dr, 43.80.Jz
INTRODUCTION

Assessment
of fishstocksby meansof the echointegration methoddemandsdetailedknowledgeaboutthe back-

scattering
crosssection
or targetstrength
offish.• A popular
meansof acquiringsuchinformation is by direct measure-

mentonanesthetized,
stunned,
or killedspecimens.
2'3While
suchmeasurements
allowa highdegreeof control,the extent
to whichtheyarerepresentative
of free-swimming
fishin the
wild is unknown.

It was to resolvethis matter for the importantclassof
swimbladder-bearing
fishthat the presentinvestigation
was
undertaken.In particular,it washopedthat the connection
between measurements on anesthetized fish and measure-

mentson encagedbut otherwisefree-swimmingfishcouldbe
established
unambiguously.
Thus, recognizingthat the two
prominentextrinsicdependences
of fishtargetstrengthare
the orientationand depth-ordepth-history-related
stateof
the swimbladder,it wasapparentat the outsetthat the one
effect must be isolated from the other.

Giventhedistinguished
historyof attemptsto elucidate

depth-induced
effectson the targetstrength,
4-6whichare
still unclear,it wasdecidedto avoiddeptheffectsentirelyby
conductingall measurementsnear the surface,in the man-

nerof R6ttingen7
andNakkenandOlsen.
3Transferring
fish
from pensto the tilting suspension
or net cagecouldthenbe
accomplishedswiftly, and the acousticmeasurementscommencedimmediatelyuponpositioningthe fishor net cagein
the center of the transducer beam.

Naturally, the measurementswould have to be made
ventrally;but asthe purposeof the experimentwasverification of a methodology,andnot derivationof targetstrengths
to be applied directly to field measurements,this was no
drawback.In fact, the configurationof ventrally executed
measurementshad everythingt•orecommendit--from the
principaladvantageof beingableto maintainthe subjectfish
nearthe surfaceat all times,to the verypracticaladvantage
1932
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of precludingbubbleentrapmentby the transducersor their
housingsdue to disturbancesbeneaththem. In addition, if
the ventral aspectmeasurementson the anesthetizedfish
were found to be representativeof the encaged,free-swimming fish, then accompanyingmeasurementsof the dorsal
aspectfunctioncouldpresumablybeappliedin surveywork,
given sufficientknowledgeabout the circumstancesof fish
occurrence.

For the sakeof redundancy,the measurementswere to
be performedon eachof two species,with eachof four echo
soundersoperatingat frequenciesfrom 38-120 kHz and at
powerlevelsspanninga wide range.A largenumberof data
wereto be collectedto establishpossibleforthcomingresults
with a high degreeof confidence.In the event,the redundant
designprovedits worth, and usefuldata were collectedin
abundance.

Although the originalmajor objectivewas verification
of the target strengthfunctionsof anesthetizedfish, it was
discoveredearly that the linearity of the whole acoustidal
processwouldbe tested.Success
with thiswouldalsoenable
the basicecho integrationmethod to be verified.Thus the
theme of the work becameestablishmentof the linearity of
fisheries acoustics. In this, conventional measurements of

targetstrengthfunctionsprovidethefundamentalacoustical
knowledge about fish. In addition, the echo integration
method is one of the consequences
of linearity.
The plan of the paperis the following:presentationof
the simplelineartheoryfor acousticscatteringby fishaggregations,statementof the problemof verification,outlineof
an experimentaldesign,descriptionof materialsand method, includingdata analysisand results,discussion
of these,
and listing of summaryconclusions.
I. THEORY

Accordingto the hypothesisof linearity, the acoustic
echofrom an aggregationof fish is merely the sum of the

0001-4966/83/061932-09500.80

¸ 1983Acoustical
Societyof America

Downloaded 18 Dec 2012 to 128.128.44.26. Redistribution subject to ASA license or copyright; see http://asadl.org/terms

1932

individual
echoes.
1'8-'13
If theprocess
of reception
islinear,
thentheequivalentreceivedpressure
fieldPrecisjust

Prec•Prec,
i,

(1)

i•l

whereprec.i
isthecomponent
duetotheith fishofn. In terms
of the backscattering
crosssection•r, productof transmit
andreceive
beampatterns
b 2,andcumulative
gainG,includingreference
pressure
levelof thesource,receiveramplification,andpossible
time-variedgain(TVG),

Prec,i
--{Gb2(T}•/2Si,

(2}

wheresi is the echowaveform,which is generallydifferent
fromthat of the ensonifying
signal.The severalfactorsin Eq.
(2}are generallyimplicitor explicitfunctionsof fishorientation and positionin the beamsof the acousticsourceand
receiver,not to mentionphysicalstateof the fish.
Compoundingof the receivedechoesfrom individual
fishby Eq. {1}, squaring,and integratingin time, yieldsthe
well-knownexpression
for the echoenergye; namely,

e--• • (Gb:(r)•/•(Gb:(r)J/:ci•, (3)

tion technique,further statisticaldevelopmentof Eq. {3}is
unnecessaryhere.
II. PROBLEM

OF VERIFICATION

The gist of linearity in fisheriesacousticsis expressed
mostsuccinctlyin Eq. {5):givena sufficientnumberof acoustic observationson a fish aggregation,the mean densityof
sensedfish, or mean numberper ensonification,can be estimated without bias.This consequence
of linearity is a tenet
of the echo integrationmethod of estimatingfish density,
hencemay deservecloserexamination.
There is a massof powerful,circumstantialevidencefor
the truth of Eq. (5). This lies in the early observationsof
Truskanovand Scherbino,
TM
in manymeasurements
of en-

cagedfishaggregations,
7 andin consistent,
long-termsuccesses
withtheechointegration
method.15.4
priorisupportis
derived from well-known

and oft-confirmed

acoustical and

electromagnetic
theoriesfor echoformationby randomcol-

lectionsof scatterers,
•6 whichhavebeentraditionallyacceptedin fisheries
acoustics.
17'18
What hard evidenceis there, however, for the truth of

the equation,hencethat of the echointegrationmethod?In
where% is the correlation
coefficient
of echowaveforms fact,whatcouldconstitutea proofor convincingdemonstration of either, giventhe nearly mutually exclusiverequirefrom the (i,j) pair of fish,
mentsfor acousticallycleanmeasurements
on a fish aggregation and exact knowledgeabout thesefish during their
measurement?
This is the problemof verification.
c
c
In orderto verifythe echointegrationmethodasrepresentedby Eq. {5),it mustbe possibleto specifyeachterm of
whereTis the durationof the transmitsignal,t is the time, r i
the equationfor the sameconditionsof observationof the
istherangeof theith fish,andc is thespeidof sound.The
samefishaggregation.The constituentsof this specification
factorG in Eq. {3}hasbeenscaledbyincorporation
of several are the following:measurementof the echoenergye from an
multiplicativeconstantssothat e hasthe unitsof energy.
aggregation
of knownnumberdensityno,determination
of
Statisticalevaluationof Eq. {3}for ordinarysonarsigthe cumulativegain G of the receiverand coupledechointenalsis straightforward.
In the meanof a largenumberof
gratorandof cumulativepatternsb 2of thetransmitterand
observations
andin theabsence
of noise,assumed
implicitly ß receiver, simultaneous observation or determination of the
above,
behaviorof the encagedfish,i.e., of their collectivestatesof
orientationand position,and independentknowledgeof the
Ave = no(Gb•),
(5)
backscattering
crosssection•r of the aggregatingfish.
wherenoisthe averagenumberof fishdetectedper pingand
To be convincing,thesedata mustbe gatheredon a fish
(Gb:(r) istheensemble
average
ofGb:(r.Thisisdetermined
aggregation
undernontrivialcircumstances.
Thustheaggrefromthegeneraldistributional
characteristics
of the fish.In
gation
density
should
be
sufficiently
high,
or
the duration of
terms of the cumulative distribution function F,
the ensonifyingsignal shouldbe correspondinglylong, so
that fishechoesoverlapandthe correlationcoefficientof Eq.
{4) is not identicallyzero for all pairs of fish. Similarly, the
ensonification
frequencyshouldbe sufficientlyhigh so that
wherethe subscripts
attachedto the integranddenotethe
the
phases
of
the
overlappingechoesare not all identical,
length! of the fish and other biologicalcharacteristics/3,
which
would
be
equivalent
to a unity correlationcoefficient,
suchas species,
conditionwhenobserved
acoustically,
and
anothertautologicalsituation.The frequencyshouldalsobe
behaviorinsofarassocialinteractionsmay influencethe fish
as acousticscatterers.The probabilityelementdF shares sufficientlyhighsothat echoesfrom individualfishare sensithesedescribeddependences
togetherwith the suppressed tive to their orientation.Within theselimits, the potential
complexityis great. This may incidentallyexplainwhy the
positionandorientationdependences
of the fishwhenbeing
only echo verificationexperimentconsideredby Swingler
observed.
andHampton,19in a refutation,involvedtetheredspherical
Higher-ordermomentsof the echoenergycanbe compolystyrenefloats.
puted.Theseareimportantfor understanding
thenatureof
variationsin observations
of fishaggregations,
but do not, in

2f_
©oosi
(2G)
ci•---•
ts•(t-

2rj)
dt,

(Go- f(Go
%,,,
dF,

(4)

(6)

themselves,influencethe mean value. Sinceit is the correct-

III. AN EXPERIMENT

nessof this first-ordermoment, as expressedby Eq. (5),
which determinesthe success
or failure of the echointegra-

Given the desireto verify the echointegrationmethod
in a nontrivial manner, consistentwith the above require-

1933
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ments,butalsoassimplyaspossible,
a seriesof experiments totingof conditions
whichcouldchange
thephysical
condion encagedfish was performedin the summerof 1980.As
notedin the Introduction,theoriginalmotivationwasa ver-

tion of the fish, hencemeasurementresults.

Finally, a large degreeof redundancywas employed
throughoutthe measurements,
which were performedon
get strengthfunctionsby measurementon anesthetizedor
two differentspecies
with a numberof differentechosoundstunnedfish,tetheredandtiltedabouta fixedpositionin the
ing systemsoperatingat differentfrequencies
and different
beamof anechosounder.
2'3Thisobjective
wassupplanted, powerlevels.The choiceof herring(ClupeaharengusL.) and
however,by thelarger,moreencompassing
goalof verifica- pollack(Pollachiuspollachius
(L.))wasconvenientfor itsreption of the basiclinearity of fisheriesacoustics.
resentation
of the two classes
of swimbladder-beating
fish,
In essence,the experimentconsistedin simultaneous respectively
the physostomes,
whichpossess
a ductbetween
acoustic
andphotographic
measurements
of an encaged
agthe swimbladder
andalimentarycanal,andthe physoclists,
gregationof otherwisefree-swimming
fish.The leastconsid- whichlackthesame.Weredepthadaptationor otherbehavered densitywas sufficientfor the net cagegeometryand
ioral modifications
a problemwith onespecies,
thenhopepulsedurationto ensure50% overlappingof fish echoes. fully the very problemwould be precludedby useof the
The acousticwavelengthcorresponding
to theleastensonifi- other species.In any case,both kindsof acousticmeasurecation frequencywaslessthan the dimensionsof dominant
mentswereperformedwith eachspecies.The encagedfish
scatteringfeaturesof individualfish,ensuringboththe varimeasurements
wereperformedat differenttimesof the day,
ablenatureof the correlationcoefficient
betweenoverlap- henceunder differentlightingconditions,over a rangeof
densities.The single-fish
measurements
wereconductedat
pingechoes
andtheverysensitive
orientation
dependence
of
similar times under similar conditions.
the fishbackscattering
crosssection.
To keepothervariablesof the measurement
process
as
simpleaspossible,thebeamwidthsof the severaltransducers
IV. MATERIALS
wererequiredto be broadwith respectto the transversedi-

ificationof theconventional
methodof determining
fishtar-

mension
of thenetcage,yetnarrowenoughto permitplacementof an underwatertelevisioncameranearthe net cage,
in theacoustic
shadow
regionbetween
themainandfirstside
lobes. The relative broadness of the beam facilitated collec-

tion of data with good statistics,sincearbitrarinessin the
spatialdistributionof fishwithin the net cagecouldnot in

itselfproducelargevariations.Problemsof the kind experiencedin thenarrow-beam
measurement
of encaged
fish,cf.
Refs.20-23, for example,couldthusbe circumvented.Tailoring of the transducerbeamwidthsalsofacilitatedacoustic

A. Experimental site

The measurements
were performedfrom a raft anchoredat theendof a sheltered
fjordarm,Kvalvaagen,
near
Skogsvaagen
on the islandof Sotra,westof Bergen.The
average
waterdepthwas14m. Thetypicaltidalrangeof 0.75
m producedno measurableunderwatercurrentsanywhere
near the anchorage.There were no other sourcesof Under-

watercurrents.Thebottomwasevenandcomposed
of deep,
softmud.Boattrafficin the fjordwasnegligible;
consisting
primarilyin smallfishingboatsusedonlyoccasionally.

hidingof thetelevision
camera,allowingsimultaneous
photographyand acousticmeasurement,
hencedetermination B. Availability of fish
of thespatialandorientation
distributions
of thefishduring
Thesupplyof livingfishin goodcondition,undamaged
their acoustic measurement.
by handlingor evencontactwith thenet,wasensuredby the
Measurementof single-fishtarget strengthfunctions
localabundance
of fishandcatchingof these,for theexperiwas performedimmediately before or after each seriesof
ment,by seining.Transferof fishfrom the seineto holding
encaged
fishmeasurements.
Thus,weretheacousticpropernetsor penswasaccomplished
by shepherding
the fishover
tiesof thefishto changeoverlongperiodsof time,thiscould
not prejudicethe ultimatecomparisonof observedandcomputed effectivebackscattering
strengthsderivedin testing
Eq. (5). Short-termvariationsin the acousticpropertiesof
theencaged
andanesthetized
singlefish,especially
thosedue
to depthadaptation,wereavoidedby performingthe measurements
at nearlytheprecisedepthof fishholdingin a pen.
As this wasshallow,the acousticmeasurements
wereperformedventrally,asby R/Sttingen
7andNakkenandOlsen,3
for the respectiveencagedand single-fishmeasurement
types.

Performance
of bothencagedand single-fish
measurementson successive
dayseliminatedthe needfor long-term
maintenance
of equipmentcalibration.Additionalperformanceof thecalibrationat leastseveraltimeseachday,without adjustmentof equipmentparameters,allowedabsolute
measurements
to bemadeat all times,freeingtheexperiment
asmuchaspossible
fromunknowneffects
of equipment.
The
hydrography
wasalsoperformeddaily,for long-termmoni1934
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the submergedcommonborderof the two netswhendrawn
together.

C. Selection of subject fish

Herring and pollackwerethe subjectsof the measurementsbecause
of their abundance
at the time of the experiment and their representation
of physostomes
and physoclists.

D. Measurement configuration
As noted above, two basic kinds of acoustic measure-

mentsinvolvingfishwereundertaken.Theseweremeasurementsof the target strengthfunctionsof anesthetizedfish

andmeasurements
of theechoenergyfromencaged
aggregationsof similarfish.Bothkindsof measurements
wereperformedwith the samebasicmeasurement
and equipment
configurations
asthoseof thelater"CalibrationSphereProject," reportedin Ref. 24. The measurement
configuration,
Kenneth
G.Foote:
Fisheries
acoustics
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electroacoustical
efficiency
of 50%,1'25
therangeof acoustic
preparedto illustratecalibrationof the echosounders,is
shown in Fig. 1. During fish measurements,
additional
equipmentwaspresent.For the single-fish
targetstrength
measurements,
thiswasthe tilting apparatususedby NakkenandOlsen,
3althoughconfigured
differently
forthepresent investigation.
The fishwasheld, duringits tilting and
measurement,at the exact2.5 m depthand on-axisposition
of the calibrationsphere.
Duringtheaggregation
measurements,
thenetcagewas
heldon the acousticaxiswith its centerat the sphereposition. The severalnet cagesweredesignedsimilarlyto those

ofR6ttingen's
study.
7Theheightanddiameter
ofthenearly
cylindricalvolumedefinedby the net cagewere 1.10 and

0.90m, respectively,
implyinga volumeof 0.70m3.
E. Acoustic equipment

The acousticequipmentconsistedprimarily of four
Simrad echosoundingsystemsand the Simrad QD digital
echointegrator.Each of the four transducershad a beamwidth of approximately20 degat its resonantoperatingfrequency.Someof the associated
electronicequipmentis indicatedin Fig. 2. This is incomplete,however,for it doesnot
includemuch additional,althoughnonessential
equipment
usedvariouslyduringthe fishmeasurements.
This included
a 14-channelinstrumentationtape recorder,three hydrophones,separatetransducer-signal
amplifiersbypassingthe

r•ceivers,
a pairof four-channel
oscilloscopes
usedfor continual monitoringof signalsunderrecordingor processing,
and signal amplifiersand detectorsused with the hydrophones.
The parametersof the severaltransmitsignalsandpower levelsof the equipmentareshownin TableI. Assumingan

powerlevelsis seento spanthe rangefrom 17.5 to 434 W.
F. Photographic equipment

This consistedprimarily of an underwater television
system:a Telemation 1100camerawith speciallyconstructed underwaterhousing,Cosmicar25 mm lens,video monitor, andvideorecorder.During the behavioralobservations,
the televisioncamerawas hung at the same2.5 m depth as
the centerof the net cage,but at a distanceof severalmeters.
Sincethe cameracouldnot be hiddenwith respectto all four
transducers,owing to small,but in this context,significant
differences,a compromiseplacementwas found. For this,
the cameraproducedvery weak echoeswith the EK-50 and
EK-120 systems,but sizeableechoeswith the EK-38 and
EY-M systems.In order to make cleanmeasurementsat all
frequencies,the camerawas generallykept in a raisedposition beneaththe float,beingloweredperiodicallyfor the crucial simultaneous

acoustic and behavioral

observations.

V. METHOD

Sevendifferentseriesof measurementson encagedaggregationsof herring or pollack were performed over a
three-monthperiod. In the first two series,fish escapedat
unknown times, invalidatingtheseand necessitatingrepair
andreinforcementof the net cage.In the fourth andseventh
series,theonlytwo serieswith pollack,depthadaptationwas
apparentlya severeproblem,for the fish adoptedextreme
orientationsapproachingthe frontal and the caudal. The
correspondingtarget strengthmeasurementson anesthetized specimenswere limited to tilt angleswithin about 50
degof the horizontal,hencecouldnot be appliedin a test of
the linearity hypothesis.The sixth serieswas performedat

,

TABLE I. Characteristics
of thefourSimradechosounders
usedin theexperiment.
Peak electrical

Echo
sounder

Centerfrequency(kHz)
Nominal

Measured

Pulseduration(ms)
Nominal

Measured

transducer

power {W}

EK-.38

38.0

38.0

0.6

0.64

35

EK-50

49.5

49.6

0.6

0.60

868

EY-M
EK-120

1935

70.0

68.5

0.6

0.60

89

120.0

120.9

0.6

0.68

89
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TABLE II. Numbersand biologyof herringin the encagedfishmeasurement
seriesand in the associated,
analyzedsingle-fish
measurements.

Type of measurement

Date

Total
number of fish

Length
l -t--AI

Singlefishtarget
strengthfunctions
Encagedaggregation

15 July

25

27.4 -I- 1.5

132.6 -I- 24.0

0.006 67

16 July

40

27.1 d- 1.5

131.2 q- 25.4

0.006 69

(cm)

Weight
w _ Aw
(g)

factor

Condition

,

night,withoutphotography,
andwith a highmortality,the
onlyinstanceof its kind. Of the two remainingintegralmeasurementseries,only the data analysisfor the third hasbeen
completed.This series,whichwasperformedon 16July,is
the subjectof the presentinquiry.
Largenumbersof measurements
on anesthetized
fish
wereperformedbefore,after,andbetweenthe encaged
fish
measurementseries.Thesewere performedin the conventional manner,with a configurationsimilarto that of NakkenandOlsen,3butwitha tautersuspension
system
innovatedby E. Ona andA. Raknes.Because
of the unknowneffect

of confinement
onthephysical
stateof thefish,hence
on
their acousticproperties,onlysingle-fish
measurements
performedwithin one day of the subjectencagedfishmeasurements are included in the analysis.

The numberof herring involvedin the two kinds of
measurementsassociatedwith the encagedfish measurementseriesarelistedin TableII togetherwith severalbiological statistics. The condition factor is defined as the mean of

the ratio of the weightin gramsto the cubeof lengthin
centimetersfor all fishin the group.
All acousticmeasurements
were performedabsolutely,
with an echo integratorthat was calibratedseveraltimes
daily by meansof a steelball bearing.This waslater mea-

A. Mean echo energy Ave

The digital echointegratorwas programmedto computethe energyin the total echofrom theencagedfishaggregation. This was generallydone in units of 500 pings,for
whichthe variancewasalsocomputed.The meanand standard deviationwereprintedout on a typewriter/terminalat

theendof eachse•quence
of 500pings.In theanalysis
of the
subjectencagedaggregationseries,the measuredaverage
echo energydue to the empty net cageand reverberation
were subtractedfrom the computed means. For convenience,the noise-correctedtotal echo energyis expressed
belowin unitsof squarecentimeters,to represent,in a familiar manner,the total effectivescatteringstrengthof the aggregation.
B. Number density no

Thisquantityis definedasthe numberof fishin the net
cage.To convertthis to the absolutedensityor numberof
fishpercubicmeter,nomustbedividedby thevolumeof the

netcage;namely,0.70m3.
C. Gain factor

G

In the absenceof time-variedgain, this is the purely

suredagainstcopperspheres,whosetarget strengthsare

geometrical
factorexp( - 2ar)/r4,wherea istheabsorption

knowna priori.2n'26

coefficientat the centerfrequencyand r is the instantaneous
rangeof thesinglefishfrom the transducer.For the particular hydrographicconditionspresentduring the July measurements,
a was computedaccordingto Fisherand Sim-

The time-varied-gainfunctions of the four echo
sounders
werebypassed
for thesakeof simplicity.The nearness of the fish and the source levels of the transmitters made

27 In order of increasingfrequency,a =0.0067,
thisamplification
completelyunnecessary.
Fishecholevels mons.
0.0105,
0.018, and 0.035 dB/m. For convenience,67wasnorwerealwayshigh,generallyexceeding
thereverberation
levmalized
consistentlywith e, so that the ensembleaverage
el by at least10 dB in the meanfor a singlefree-swimming
(Gb•r) ofEq.(6)couldbeexpressed
in unitsofsquare
centifish.
Behavioral observations made with the underwater tel-

evisionwerestoredon videotapefor later analysis.For the
subjectseriesof encaged
aggregation
measurements,
thebehavior was observedfor each density,with varying degrees

meters.

D. Beam patterns ba

of resolutionowingto changinglightingconditions.
No artificiallightingwasemployedat anytimeduringthemeasure-

The productof transmitand receivebeampatternswas
assumedto be given by an ideal circular transducerwith
total beamwidthof 20 degat the - 3-dB level.This hasbeen

ments.

found from much earlier work and from theoretical

simula-

tion to be an excellentapproximation.
VI. DATA

ANALYSIS

AND RESULTS

E. Backscattering cross section c

The fundamentalingredientsfor establishing
thelinearity of fisheriesacousticsand for verifying the echointegration methodare the separatefactorsof Eq. (5). The derivations of these are now described.
1936
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The dependence
of the backscattering
crosssectionof
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FIG. 3. Targetstrengthfunctions
of a 27-cm

herring
inventral
aspect.
Positive
angles
denote
the true head-uporientation.
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TILT ANI3LE {DEi3)

ed expression
of the measurements
overtheir oftenlarge
rangeofvariation,
sometimes
exceeding
30dBor a factorof

biasing
by thecamera
echo,wasconfirmed
bydetailed
ex-

1,000.Thesemeasurements
areillustratedin Fig. 3 for a 27.0cm herringmeasuredon 15 July.

whichtheechowasveryweak;namely,theEK-50 andEK-

F. Fish distribution

function

F

Threedependences
ofthisfunction
necessary
forusein
Eq.(6)wereobtained;
namely,
thoseoflength,position,
and
orientation.
The lengthdistribution
of theencaged
fishaggregation
hasalready
beendescribed
inTableII. Thespatial

aminationof the acousticrecordsof two echosoundersfor

120systems.
Forthese,
therewasessentially
nodifference
in
the measurements
with or without the camera,which is significantsincethe camerawasfavorablyplacedwith respect
to the corresponding
transducerbeams.
G. Ensemble average

lessuniform. The orientationdistributionwascharacterized

Averaging
ofthequantity
Gb20'wasperformed
accordingtoEq.(6)inthemanner
ofRef.28.Theensemble
average
wascomputed
foreachanesthetized
fishforwhichmeasure-

bya truncated
Gaussian
distribution
in thetilt angle0. Val-

mentsof 0.were available.Thesecomputationswere repeat-

distributionof fishin thenetcagewasobserved
to bemoreor

in TableIII. Differuesof 0 wereobtained
fromrepresentative
stillphotographs edforeachof thetilt angledistributions
ences
in thelengthdistributions
of theencaged
aggregation
extracted
fromthe videotape.
The threeparameters
of the
andcorresponding
anesthetized
fishwereresolved
by cordistribution:
the meanangle0, standarddeviationSo,and

according
to a quadratic
length
excursion
factor
nso,
weredetermined
byfitting
asymmetri- rectingthegrandaverages
cal Gaussianfunction to the observations.This is illustrated

dependence
of 0..

in Fig. 4. The resultsfor thesubject
encaged
aggregation
seriesare summarizedin Table III. That theseare representative for the bulk of the acousticmeasurements,which were

H. Results

Theexperimental
andtheoretical
resultsarecompared
madewithoutphotographic
observation
to avoidpossible inFig.5.Theconfidence
intervals
oftheexperimental
points
are defined at the two-standard deviation level, where the
standard deviation is defined as that of the seriesof means
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Thevariations
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TABLE III. Parameters
ofthetilt angledistributions
offishin theencaged
aggregation
measurements
of 16July.
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FIG. 4. Histogram
ofobserved
tilt angles
forherringofnumberdensity10,

Number
density

Number
of data

•
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with fitted truncated Gaussian function.
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The echoenergyhasbeenexpressed
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Experimentalpointsareindicatedwith confidenceintervalsdefinedat twice the estimatedstandarddeviation.Theory is
indicatedby the solidline.

vidualpingswere much larger,of course,but as a single
datumisseldomsignificant
in acoustics,
themergingof data
in 500-pingsequences
wasconsidered
justified.
Accordingto Eq. (5},the numberof acoustically
sensed
fishcan be estimatedby dividingthe averageechoenergy
Ave by thetheoretically
derivedensemble
average(Gb :•o').
This is donein Fig. 6.
VII. DISCUSSION

A. Linearity of fisheries acoustics

The linearity of fisheriesacousticsis evidentfrom the

agreementshownin Fig. 5. This is confirmedby goodne•sof-fit testing,with no calculatedstatisticbeingsignificant
even at the 0.25 level. Similar results obtain if the theoretical

computations
are repeatedfor a common,density-independentbehavior,whichmaybe described
by treatingthe data
underlyingTable III asthoughbelongingto the sameset.
In its simplestform, the linearityprincipleassertsthe
proportionalityof total echoenergyand densityof fishin an

aggregation.
• Thisassumes,
ofcourse,
thata sufficient
num-

0
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I

30

I

40

TRUE DENSITY

FIG. 6. Comparisonof estimatedand true numberdensitiesof the encaged
herringaggregations.
Estimatesareindicatedby theplussigns,and theory
by the solidline.

other circumstancesof their observationaccordingto Eq.
(6). This finding,which is supportedby the comparisonof
theorywith experimentin Fig. 5, is embodiedin the following additiontheorem,which obtainsunderthe usualconditionsof ensonificationby a directionalechosounder:
Theorem I: In the absenceof extinction, the total echo

energyfrom an aggregation
ofN fishis,in themeanof a large
number of observations,
N

Etøt
= Z Ei,
i=l

where6i is the meanechoenergyfrom the ith fish.
If the density,verticalextent,andmeanextinctioncross

sectionof the fisharelargeenohghsothat extinctionis significant,then the first theoremmay be generalizedby analogywith opticsor quantumscatteringtheory.The followingtheoremrepresents
a quitereasonable
approximationfor
mostapplications:
TheoremII: For N fishuniformlydistributedwithin a
layerof thicknessziz, the total echoenergyis, at leastto the
first order in the extinctionparameterand in the mean of a
largenumberof observations,

1 -- exp(-- 2vAzcre) •v

Etøt
=

2vAzo'e• ei,

ber of observations
are made under low-noisqconditions.
Accordingto thepresenttheory,thisalsoassumes
a constancy of fishbehaviorand the negligibilityof acousticextinc-

wherev is the fish density,•r• is the mean extinctioncross
sectionof the fish,and e• is the meanechoenergyfrom the

tion.

ith fish, were there no extinction.

In general,fishbehaviorwill vary with the densityof
aggregation,
for, at the least,the increasingproximityof fish
must changethe acousticallysignificantorientationdistri-

bution,
28'29
if onlyby delimiting
it. Thetheoryremains
lin-

Thereare at leasttwo practicalapplicationsfor the secondtheorem,whichsubsumes
the first;namely,in the interpretationof certainnet cagemeasurements,
cf. Refs. 7 and
30, and for correctingunderestimates
of densityin largepe-

ear,however,butin thelargersense
of Eq. (5).In theabsence
of extinction,then,the total echoenergyis the sumof independentcontributions
for theconstituent
fishof theaggregation, wherethe contributionsdependon fishbehaviorand

stanceis recognizedimmediatelyby seagoingresearchers
who have probablywitnessedweakening,if not premature
triggering,of the bottomsignalby denseschools.
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lagicschools.
3• The importance
of thislast-mentioned
in-
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It is remarkedin passingthat the linear phenomena
observedin Fig. 5 wereobtainedat transmitterpowerlevels
spanningthe rangefrom about 50 W to 1 kW. In regardto
thenearness
of targetfishin the experimentandthe frequent
useof more powerful transmittersin acousticsurveys,the
rangeof depthstypicallyencounteredin large-scalesurveys
was thus simulated.

B. Validity of target strengths derived by
measurements

on anesthetized

fish

The fact of the agreementof theorywith experimentin
Fig. 5 alsowitnesses
to anotherimportantfinding.This is
that the determinationof fishbackscatteringcrosssections
or targetstrengthsby measurement
on anesthetized
specimensisvalid,at leastfor averagingpurposes.
Thusthe particularmethodsof determiningand applyingtargetstrength
functions
described
by MidttunandHoff,2 NakkenandOlsen,3andFoote,28amongothers,arevalid.
C. Verification of the echo integration method

The experimenthas also verifiedthe echo integration
methodof determiningfishdensity.This is illustratedin the
mostdirectmannerin Fig. 6. While the contidenceintervals
have not beenfinally determined,theseare expectedto be

commensurate
with thoseof Fig. 5, or perhapsbetter.
Admittedly, no time-variedgain was appliedto the receivedsignals,but thiswasof no consequence
becauseof the
measurement
geometry,chosenby design.Theoreticalsimulation of the resultswith "20 log r" and "40 log r" TVG
functions confirms this. That the echo sounders otherwise

performedsatisfactorilywas confirmedby regularcalibration with a targetsphere,oftenat intervalsof severalhours.
A furtherconfirmationwasprovidedby comparingthe integrated,calibratedoutput signalswith the sameechosignal
interceptedat the transducer,independentlyamplified,and
processedin the samemanneras the calibratedoutput signal. No differencecouldbe discernedfor sufficientlystrong
signals.For weakersignals,theindependently
amplifiedsignal was inferior, which merely revealsthe difficultyof performingthefunctionof an echosounderwithoutduplicating
its electronics.

The fact of the fishbeingensonifiedventrallyis similarly immaterial to the verificationof the echo integration
method.Becauseof the shallowness
of the fish-holdingand
measurementdepth,the effectsof depth changeand depth
adaptationwere negligiblefor the herring. The scattering

natureof thefishwastherebyisolated,andinterpretation
of
the encagedfishmeasurements
by referenceto behaviorand
measurements
on similar, anesthetizedspecimens,facilitated. This processwas further aided by the simultaneous
acousticand photographicobservations,which confirmed
the constancyof behaviorthroughoutall of the encagedfish
measurements
at eachdensityandjustifieduseof the large
numberof acousticmeasurements
madewithout photography and the attendantburdenof integrationof the camera
echo, however small.
Thus, there seems little doubt that when the several

factorsinfluencingthe echofrom a fishaggregationare tak1939
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en into account, whether intrinsic to the fish, medium, or

equipment,it is possibleto determinethe density of that
aggregationacoustically.Evidently, from Fig. 6, this determination is eminentlyfeasible.
D. Future

work

The presentfindingsare importantto researchin fisheriesacousticsin severalways:they confirmthe basiccorrectnessof much earlierwork in principle,if not in practice,and
they provide directionsfor future work. In particular, the
effectsof depth changeand depth adaptationon the target
strengthsof fish are still unknown. Granted successwith
these problems,conventionalmeasurementsof the target
strengthsof fishpresumablycouldbe adjustedfor arbitrary
depths and statesof adaptation. Averaging of the correspondingbackscatteringcrosssectionwith respectto behavior, ascharacterizedby the spatialand orientationdistributions,would providesuperiornumbersfor immediateusein
the interpretationof measurements
with echointegrators.
Determination of fishbehavioris thus a key link in the
envisagedimprovedapplicationof target strengthmeasurements.It is hopedthat fisheriesbiologistsand behaviorists
will, in the future, be able to providequantitativedescriptionsof the spatialandorientationdistributionsof fishunder
surveyingconditions.Failing this, acousticalschemesfor

the determination
of behaviormaybe realized.
3:
VIII. CONCLUSIONS

The essentialresultsare the following:
(1}The phenomenonof acousticscatteringby fishunder
surveyingconditionsis strictly linear.
(2} Mean acousticbackscatteringcrosssectionsof living, free-swimmingfish can be determinedfrom measurementson representative
anesthetizedspecimens.
(3} The echo integrationmethod of determiningfish
densityis valid.
A natural sequelto the presentstudywould be elucidation of depth-inducedeffects.Suchknowledge,whenadded
to the presentstoreandguidedby descriptions
of fishbehavior, shouldeffectan immediate,significantimprovementin
the acoustic estimation of fish abundance.
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