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FOREWORD

Zn March 1968, the University of Washington received one of severalSea Grant Institutional Awards under the National Sea Grant College andPrograI Act. This program is directed toward development of mazine re-sources and their proper use through rational management policies. Fota long time, acoustical devices have been emploved to locate exploitablestocks of fish, but, until quite recently, few attempts had been made toquantify signals reflected from fish ot other marine organisms, althoughboth the practical fishing industry and management agencies need numericalestimates.

A proposal to develop acoustical means for enumeration of aquaticorganisms was submitted and funded in the initial gz ant to the Universityof Washington and in the subsequent one. Because of the involved electronicaspects of the problem and applications of interest to fisheries and ocean-ogzaphy alike, an interdisciplinary team was formed with Dr. S. Murphy asteam leadez' and with members from the Division of Marine Resouzces, theDepartment of Electrical Engineering, the Department of Oceanography, andthe College of Fisheries.

Since salmon fisheries are of great importance on the West Coast ofthe United States and Canada, it was only natuz'al initially to seek asystem that could be used to enumerate both adult and juvenile salmon.The schooling habits of these fish preclude a direct enumeration of indi-vidual fish, and the effort was centered on an estimate of the biomassof fish through integration of the reflected echosignals. These, in turn,must be converted into population estimates by a test-fishing program.
This teport, wzitten by two graduate students engaged in dissertationresear ch, contains a brief description of the developed integrator andthe calibration experiments on stocks of hake and herring in Puget Sound.A subsequent report will deal with population estimates of sockeye salmonin Lake Washington.

Ole A. Mathisen



ACOUSTIC TECHNIQUES OF FISH POPULATION ESTIMATION
WITH SPECIAL REFERENCE TO ECHO INTEGRATION

INTRODUCTION

Me of the basic problems in fishery management is the lack ofreliable means for estimating population size. Present techniques,mainly analysis of catch per unit of effort and tagging expez'iments,
are subject to many assumptions, limitations, and souzces of error.
Acoustic estimation of population size through the application of ultzasoundto fish detection provides a promising solution to the problem.

The recording echo sounder was first used for fish population estimationin the early 1950's  Cushing, 1951!. Abundance of fish was estimated by
the numbez of discernible fish echo targets per unit of distance covered.Subsequently, several researchers estimated populations by means of theecho recordez either by counting the number of individual tazgets or by
estimating the size of schools from the size and darkness of thetrace  Cushing, 1967!. These early studies wez'e subjective in that they
required human decision as to whether a mark on the record represented onetarget oz' two, or as to the degree of darkness of the trace. Also, oftenearly studies did not take into consideration characteristics of the echo
recorder. Foz example, the type of signal return depends greatly on thefrequency and pulse length of the sounder and the amplification or sensitivityof the receiver. In addition, since the volume sampled by the echosounder increases in proportion to the square of the depth and the intensityof a fish signal decreases in proportion to the fourth power of thedepth, the returning sipnaI is greatly modified by depth.

Subjective errors involving human decision can be eliminated by
the use of electronic signa3.-processing equipment. The first electronic
counting system was described by Nitson and Wood �961!. This
instrument counted taz gets at three different voltage thresholds . Three
types of electronic appar atus for quantifying the returning signals havebeen described: �! the z'elatively simple pulse counter, like that of Nitsonand Wood, which counts the number of resolvable targets of more than aminimum threshold level; �! the pulse length counter described byCarpenter �967!, which analyzes both the number and length of the returningpulses; �! the echo inteprator, first described by Dragesund, Olsen, andHoff �965!, which measures the total strength  voltage! of echos within
a given depth interval and sums these voltages over time.

ACOUSTIC CHARACTERISTICS QF FISH

Two aspects of the acoustic characteristics of fish are of majorimportance in the evaluation of acoustic techniques of fish populationestimation: the relationship between target strength and fish size and theeffect of multiple targets and high densities.



Research on the relationship between fish size and echo oz' targetstrength has been carried out by several authors, including Jones andPearce �958!, Hashimoto and Haniwa  l956!, Midttun and Hoff  l962!,Cushing et al. �963!, Haslett  L962, l965!, Shishkova  L964!,and Love �969!. Zn general, the following relationship is found:
TS = a + b log L!

where TS = the target strength in decibels  a logarithmic scale!,and L = the fish length.

There is considerable disagreement on the value of the constant b; valuesassigned range from 5 to 60. Haslett contends further that the relation-ship is different for different size classes, depending on the fish Lengthand the wave Length in a complex fashion. Further clarification isneeded on this subject.

When fish of the same size and species are distz'ibuted evenlyand sparsely so that there is no intez'fezence between individual fish echos,the returning signals are directLy related to the number of fish encoun-tered. At high densities this relationship may be modified by three physicalprocesses:  I! multiple scattering, �! sound absorption,   3! multipletargets. Shishkova determined the effects of the first two processes;they tend to work in opposite directions, but the overall effect is adecrease in the proportion of the return at very high densitiesbecause of absorption of the signal by the fish. The third process, multipletargets, causes the greatest problem in acoustic surveys . When two fish occurin the sampling cone approximately the same distance from the tzansducer, theecho pulses wiLl arrive at the transducez' nearly simultaneously . On an echorecorder, these targets will be merged and may not be resolvable into twotargets. Accozding to theory, they can be resolved with a pulse counter whenthey differ in distance from the transducer by mom than one-half the pulselength  Haslett, I964!. Since the speed of sound in water is nearly I,500m/sec, a pulse counter on an echo sounder with a 0.5-m/sec pulse length canresolve two targets separated by ovez 0.375 m. Resolution can be increased bya decrease in the pulse Length and a nazrowing of the beam. In general,this procedure requires an increase in the frequency. Howevez, some com-promise is necessary, since increased frequency means increased atten-uation of ultrasound in the watez' and correspondingly decreased range. Hultipleechos are not only difficult to resolve, but the amplitude does not increasein proportion to the number of targets. Truskanov and Scherbino �966!showed empirically and Lahore  in press! showed theoretically that theamplitude of the return from multiple targets is proportional to the squareroot of the number of targets. This result is due to cancellation andreinforcement of the wave forms reaching the tzansducer. When two signalsarrive at exactly the same time, the signal is twice that of one, but whenthey are spaced one-half wave length apart, the two targets cancel eachThus on the average the intensity is proportional to the number oftargets within the echo, and the signal voltage is proportional to the squareroot of the number of targets.



THE ECHO INTEGRATOR

The echo integratoz' measures the summed echo strength of all targetsrather than the number of targets. An echo integz'atoz  described in theAppendix! was developed by Henry V. Lahore undez' the sponsorship of theDivision of Marine Resources and the Fisheries Research Institute of theUniversity of Washington during the summer of' 1968 for the purpose ofevaluating the potential of integrated echo strength as a tool for fishpopulation estimation. This echo integz'ator wozks in conjunction vith aSimrad EH2E super soundez with a frequency of 38.2 kH and a minimumpulse length of 0.5 m/sec. The integrator is being used in investigationsof populations of Pacific hake  Metluccius ~a+ductus! and Pacific hening ~Ciu ea hmen~ alasii! in Puget Sound and Juvenile sockeye salmon
compared with catch of fish in midvater travls3 The relationship ofintegration rate to catch of hake pez' 30,000 m filtered by the midwatertrawl is shown in Fig. 1. These hauls were taken at night during February,March, and April, 1969. At this time of year large schools of spawninghake can be located at depths genezally greater than 70 m. The inte~ationrate is proportional to the catch at low densities, as indicated by theregression line slope of one on the log-Iog scale. At high densitiesthe integration becomes proportional to the square root of the catch,indicated by the regression line slope at 0.5. The relationship betweenintegration rate and catch of hezring is shown in Fig. 2. These haulswere taken at night during the period October 1968 to January 1969. Contraryto the data for the hake in Fig. 1, the integration zate is pz'opoztional tothe catch at all densities. This difference can be partially explained by thefact that the herring are neaz' the surface, generaLLy Less than 20 m, vherethe volume of the echo soundez' cone is small. Multiple targets are notprobable at these densities. Tvo other possible behavior patterns may havecontributed to this result also: the ability of the herring to avoid themidwater trawl may increase with density, and the packing density ofschools of herring may remain similar even though the overall density varies .

COMPARISON OF ACOUSTIC TECHNIQUES
In a simple system containing mainly a single species of a uniformsize and vith an insignificant number of multiple targets either becauseof Low density or shallow depth, all three electronic survey techniquescan result in a good correlation betveen electzonic output and net catch .Further, with adequate calibration equipment the outputs can be calibratedto absolute numbers, without dependence on assumptions of net efficiency .However, because of the fact that the integrator examines the totalreturning echo strength rather than the number of targets, it has a majoradvantage in surveying. The echo sounder beam is approximately cone-shaped; therefore, the volume increases with depth, and the number oftargets increases for any fixed density. Thus there is a built-in bias inthe output of any counter. To reduce this bias, one must sample onlylimited depth intervals. When a survey is concerned with a large depthintez'val, it is advisable to use more than one counter to increase the covez'age.The echo integrator can be used, with appropriate adjustment, to surveyover any depth interval within the range of detection of the echo sounder,since for any given density of fish the ~turning signaL voltage decreases
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FIG. l. Relationship between integration rate and density of hake in
Puget Sound, E'ebruary, lIarch, and April, 1969.  Catches taken
by midwater trawl and all trawling done by nipht.!



O.l

IOOOWeight  Ib! per 30,000 m3

~IG, 2. Relationship between integration rate and density of herring inPuget Sound, October, l968-January, l969.  Catches taken bymidwater trawl and all trawling done by night.!



jn proportion to the depth . When the echo sounder or integrator is equippedwith the appropriate time-varied-gain, the signal voltage is compensatedfor the decrease vith depth. This technique was used successfulLy in asurvey of the Lake Washington sockeye salmon in February, 1969  Thorneand Woodey, unpublished report! ~

When high densities or deep depths are characteristic of the surveyarea, problems are encountered because of multiple targets, and thepopulation is underestimated, Take as an example a situation where fourfish are tightly schooled vithin a depth interval less than one-half thepulse length of an echo sounder. Both the pulse counter and the pulseIength counter would count only a single fish. On the average, the echointegrator would count two fish, according to the square-root relationshipof Truskanov and Scherbino, and it might even be possible to square thepulse, and thus count four fish. Such a squaring function has not beenexperimented with yet, but would be a vaLid procedure in a system vhereall individual targets are of similar size if, as suggested by the workof Truskanov and Scherbino, the voltage is proportional to the square rootof the number over most densities.

In the case where multiple targets are significant, it is no Longerpossible to integrate over a large depth interval without bias, since thefrequency of multiple targets will increase with depth because of theincreased sampling volume. It is then desirable to use more than .oneintegrator for surveying large depth intervals, although the degree ofbias is still much less than with a counting system.
Najor difficulties are encountered with acoustic survey techniquesin a situation where the species and size distribution are complex. Itis still possible to count the number of targets with counting systems,providing useful data when species composition is known from net hauls.Where two distinct size groups occur, it may be possible to count at twodifferent amplitude intervals, provided that the presence of multipletargets does not obscure the difference in individual target strengths .Similar difficulties are encountered with the echo integrator. When thespecies composition remains relatively constant, integration provides usefulresults. At present, little is known of the relationship betveen echostrength and size. If the relationship is a function of weight or squareof length or length alone, the integrator vill give an estimation of thesum of these parameters' This result will still give little informationon the contribution from each species, although this contribution can beestimated from net hauls just as with counting techniques . A furthersource of difFiculty may exist for the integrator if, as Haslett suggests,the relationship between fish size and target strength does not remainconstant over a large size range.



SUMMARY AND CONCLUSIONS

Acoustic techniques appear to be 'a promising means of direct popula-
tion estimation for pelagic and semipelagic fishes. In particular, the
echo integrator has several of the desirable characteristics in a survey
tool. The Washington State Department of Fisheries is utilizing it at
present to survey the juvenile sockeye salmon population in Lake Washington
and the hake population in Puget Sound. The echo integrator has several
advantages over counting systems: it can survey over a wider depth interval
with a single channel output; it gives a better approximation under conditions
where multiple targets are prevalent; and it has the potential for esti-
mating multiple targets in systems where a single size class of fish
preponderates. At present the integz'ator is of limited value in complex
systems where a large range of sizes is encountered since little is known
of the relationship between signal strength and fish size. All present
acoustic techniques are inadequate for surveying systems where both frequent
multiple targets and diverse size and species distributions are found.
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APPENDIX

DESCRIPTION OF ECHO INTEGRATOR

This appendix contains an outline of the design of the echo integrator
that was developed by the author. The details of the circuit design will
be published in a technical report from the Division of Marine Resources
of the University of Washington.

An electronic integrator is a device that has at its output terminal
the integral over time of the voltage x time that has been applied to its
input, that is, it sums up the echo amplitude times duration. A block
diagram of the echo integration system is shown in Fig. l. The time base
of the system is triggered by a pulse from the echo sounder. Using this
time base, the circuit turns on the relay for the depth interval to which it

APPENDIX FIG. l. Block diagram of echo integrator system .

has been set. The signal from the sounder receiver goes into the time-
varied-gain circuit, is rectified, and put through the relay contacts to
the integrator, peak detector, and pulse counter. The peak detector indicates
t"e maximum amplitude of the signal in the gated time interval. This serves
to adjust the input to a good voltage range and to provide a record of
«ho density. The pulse counter indicates the number of pulses in the gat=d
interval that have been over a certain amplitude. For low densities this
esults in a count of the number of fi.sh that have been in the de th

pinterval examined.

The time base and depth controL circuitry is shown in Fig. 2. When arigg~r signal is received from the echo sounder, the flip flop changes,



APPENDIX FIG. 2. Time base and depth control circuitry.
turning transistors Ql and Q4 off. This starts a voltage ramp  V !. Thevoltage comparators compare Vt to the voltages present on Rl and k2. Rl
and R are ten-turn potentiometers with three-figure dials reading full2

scale to either 100 or 300 m. The two lower voltage comparators control
the gate circuitry, which drives the relay at the input of the integrator.
The upper voltage comparator resets the flip flop at a depth of about
400 m. The voltage comparators used are Fairchild integrated circuit
uA710.

APPENDIX FIG. 3. Input circuitry.

The input circuitry is shown in Fig. 3. The job of the input circuitryis to prepare a good depth-corrected DC signal to be integrated. The AC
input indicated on the figure comes from the IF part of the echosounder
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receiver section. The diodes serve to attenuate low noise. They shouldbe positioned after the attenuator, but the signal level there is too lowin this design. The TVG is 20 log R and lasts for 1SO m. The
operational amplifier serves as an amplifier and half-wave rectifier with
a very low diode offset voltage.

An operational amplifier with capacitor feedback is used as theelectronic integrator in this system  Fig. 0!. This is the only wayof making an accurate voltage integrator that can be used over a large
range of input and output voltages . The relay at the input is turned
on. at every sounding for the depth interval set on the depth potentiometers .Thus echos f'rom only the depth interval of interest are integrated. Thereset circuit, shown in block form, discharges the one uf integratorcapacitor when its voltage is near the output voltage capacity of theoperational amplifier. Thus the integration pz'oceeds without data being

FOR OFFSET
iOJUSTMERT

OVTPUT

APPENDIX FIG. I. Electronic integrator circuit.

lost. The output goes to a meter on the echo integrator panel and to achart recorder. The operational amplifier used in this system was Analog>evice Inc. Iot21l. Another echo integrator we are px'esently building usesFairchild uA727 and pA701 combination.


