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ABSTRACT
Dual-beam sonar has been used since June 1987 to estimate the riverine abundance of chinook salmon
Oncorhynchus tshawytscha in the Kenai River. During 1993 daily abundance estimates of chinook salmon were
generated from 16 May through 7 August. The total seasonal estimate of 71,660 included 19,669 early-run and
5 1,991 late-run fish.
Key words:

Dual-beam sonar, chinook salmon, Oncorhynchus tshawytscha, hydroacoustics, Kenai River, riverine
sonar

INTRODUCTION
The Kenai River supports the largest sport
fishery for chinook salmon Oncorhynchus
tshawytscha in Alaska (Nelson 1990).
Because of the consistently large size (mean
weight) of Kenai chinook salmon, this river
attracts fishermen from around the world, as
well as a growing number of anglers from
within the state. The fishery has been
politically volatile because substantial
numbers of chinook salmon are also
intercepted by the Cook Inlet sockeye salmon
0. nerka commercial fishery during the
months of July and August.
In 1974 a creel census program was
implemented to estimate angler effort, harvest
and success rates in the chinook fishery
(Nelson 1990). The need for biological
information about Kenai River chinook
salmon was identified as early as 1975 when
the department proposed a tag-and-recovery
project to estimate abundance of early-run and
late-run fish as well as age structure, mean
length-at-age, and sex ratios. A variety of
methods were tested for catching chinook
salmon including electrofishing, drift gillnets
(Hammarstrom 1980), fish traps, and fish
wheels (Hammarstrom and Larson 1982,
1983, 1984). Beginning with the late run of
1984, a tag-and-recovery project was
implemented
using
drift
gillnets
(Hammarstrom et al. 1985). The tag-andrecovery project produced estimates of
riverine
abundance
through
1990
(Hammarstrom and Larson 1986, Conrad and
Larson 1987, Conrad 1988, Carlon and

Alexandersdottir 1989, Alexandersdottir and
Marsh 1990). Recognizing the need for
inseason information on chinook salmon
abundance for more effective management of
the sport fishery, the department initiated a
research project in 1984 to determine whether
dual-beam sonar technology could be used to
count chinook salmon.
Due to the
considerable size difference between Kenai
chinook salmon and other species of fish
present in the river, it was postulated that
dual-beam sonar might distinguish the larger
chinook salmon from smaller fish and count
the number returning to the river. Feasibility
studies were conducted from 1984 through
1986 (Eggers et al. 1995) and the first daily
sonar abundance estimates of chinook salmon
were produced in July 1987.
Chinook salmon returning to the Kenai River
are managed as two distinct runs, early and
late, which typically peak in mid-June and late
July. Early-run fish are harvested primarily
by the sport fishermen, late-run fish by both
commercial and sport fishermen.
In
November 1988 the Alaska Board of Fisheries
set the first optimum spawning escapement
goals of 9,000 and 22,300 for early-run and
late-run chinook salmon, respectively
(McBride et al. 1989). As part of the
management plan, commercial, sport,
subsistence, and personal use fisheries could
be restricted if the projected run size fell
below set escapement goals (ADF&G 1990).
The Board further defined the early run as
those fish entering the river from 16 May
through 30 June and the late run as those fish
entering the river between 1 July and
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10 August. This delimitation is somewhat
arbitrary as overlap between the timing of the
two runs does occur.

Dual-beam techniques were used to estimate
fish target strengths, which are related to fish
size (Figure 2). An explanation of the theory
of dual-beam sonar and its use in estimating
target strength can be found in Ehrenberg
(1983).

The primary goal of this ongoing project is to
provide daily and seasonal estimates of
chinook salmon passage into the lower Kenai
River. These figures, used in conjunction
with other run information, facilitate inseason
management of the fishery. Additionally, the
estimates contribute to a database used for
long-term assessment of the Kenai River
chinook salmon population.

Sonar System Configuration
The sonar system (Figure 2), used since 1990,
consisted of the following hardware:
(1) Biosonics' model 102 dual-beam
echosounder, operating frequency 420 kHz
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(2) Biosonics'
elliptical dual-beam
transducers with the dimensions: narrow
beam = 3" x 10" (narrow x wide axis), wide
beam = 7Ox 21"

The 1993 sonar site was located 14 km from
the mouth of the Kenai River (Figure 1). This
site has been used since 1985 and was
selected for its acoustic characteristics and its
location relative to the sport fishery and
known spawning habitat for chinook salmon.

(1) Biosonics' model 281 Echo Signal
Processor card installed in a Compaq'
386/20e computer
(1) Simrad' model CF-100 color video
monitor

The river bottom in this area has remained
topographically stable for the past 8 years.
The slope from both banks is gradual and
uniform, which allows the maximum
proportion of the water column to be
ensonified without acoustic shadowing
effects. The bottom is composed primarily of
mud, which is an absorptive rather than
reflective surface. This absorptive property
improves the signal-to-noise ratio when the
beam is aimed along the bottom.

(1) Nicolet' model 3 10 digital storage
oscilloscope
(1) Biosonicsl model
multiplexer

151 transducer

(1) Dowty' model 3700 dual-channel
thermal chart recorder
( 1) Biosonics' remote-aiming controller

(2) Biosonics' pan and tilt remote aiming
axes.

The sonar site is located below the lowest
suspected spawning sites of chinook salmon
yet far enough from the mouth that most of
the fish counted are probably committed to
the Kenai River (Steve Hammarstrom, Alaska
Department of Fish and Game, Soldotna,
personal communication). Initially, almost all
sport fishing occurred upstream of this site. In
recent years, fishing at, and below the sonar
site has increased dramatically.

Sampling was controlled by electronics
housed in a tent located on the right bank of
the river, from which communication cables
were deployed to the transducers and their
aiming devices on both banks (Figure 3). The
cables leading to the left-bank equipment
were suspended above the river. Steel tripods

'
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were used to deploy the transducers offshore.
One transducer was mounted on each tripod.
At the start of the season the transducer
tripods were placed on each bank in a position
close to shore but still submerged at low tide.
The Kenai River is glacially influenced and
peak flows occur during August. As the water
level rose throughout the season the tripods
were periodically moved closer to shore so
that the total range ensonified by the sonar
beams increased from approximately 75 m at
the lowest water conditions to 100 m at high
water.

system started automatically sampling the
right bank for 20 min. After a 5-min break,
the system sampled the left bank for 20 min
followed by a 15-min quiescent period. This
routine was followed 24 hours per day and 7
days per week unless one or both banks were
inoperable.

The vertical and horizontal aiming angles of
each transducer were remotely controlled by a
dual-axis electronic pan and tilt system. A
digital readout indicated the aiming angle in
the vertical and horizontal planes. In the
vertical plane, the transducer was aimed using
an oscilloscope and chart recorder to verify
that the sonar beam was grazing the bottom of
the river while maintaining at least a 10 dB
signal-to-noise ratio (mean background noise
level at least 10 times smaller than the
minimum target). In the horizontal plane, the
transducer was aimed perpendicular to the
flow of the river current in order to maximize
the probability of ensonifying fish from a
lateral aspect. The range encompassed by
each transducer was determined by using a
depth sounder to find the center of the river
channel between the two sonar beams,
deploying a large underwater target in
midchannel, aiming both sonar transducers at
the underwater target and recording the range
from each, and subtracting 0.5 m from each
range.

Continuous sampling of the left bank during
some low tide stages was a function of beam
configuration and bottom topography at the
site. Because the deepest part of the channel
is offset toward the left bank, the bottom on
the right bank has a more gradual slope and
almost twice the effective sampling range as
the left bank (Figure 3). As a result, the
cross-sectional area of the beam encompasses
the entire water column of the right bank at
low tide. Disturbance caused by boat wakes
reflects sound when the acoustic beam lies
close to the surface. Because the number of
targets masked by boat noise cannot be easily
quantified, we preferred
to sample
continuously on the left bank and use the
relationship between right-bank and left-bank
passage to estimate the missing right-bank
data (see data analysis). The left bank beam
was unaffected by boat traffic due to the
steeper grade of the bottom and shorter
sampling range. Because low tide stages
represent the times at which the sonar counts
are at a minimum (Eggers et al. 1995), the
contribution of these extrapolations to the
total variance estimate is typically small.

If one bank was inoperable, the opposite bank
was operated continuously. Circumstances
which necessitated this were (1) equipment
failure or maintenance on one bank, or (2)
high boat activity during low tide , resulting in
high background noise.

Sampling Procedure
A systematic sample design (Cochran 1977)
was used to sample from each bank for 20
min per hour.
Acoustic sampling was
initiated by the model 151 multiplexer, which
was programmed to cycle according to an
internal clock. At the top of each hour the

The largest source of sampling error resulted
from the systematic sampling of fish passage.
Although the sonar system is capable of
sampling both banks continuously, data
collection was restricted to 20-min samples
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per hour to limit the data processing time and
personnel required to produce the daily count.

Estimates of fish passage were made daily
from 16 May to 8 August and were available
to fishery managers by noon the following
day. Passage estimates were finalized and
variance estimates calculated postseason.

Echo Signal Processing
The echo signal processor (ESP) digitized
incoming data and rejected echoes based on
(1) minimum narrow-beam and wide-beam
voltage thresholds, (2) minimum and
maximum pulse widths, and (3) minimum
range (distance from the transducer face).

Fish tracking and Counting
The number of fish per sample was counted
by using both the electronic, partially filtered
data output by the echo signal processor, and
paper chart recordings output by the thermal
chart recorder. We developed Dual-Beam
Data-Processing software (DBDP) which used
26 input parameters to annotate and process
data from the echo signal processor (Figure 4,
Appendix Al). In addition to performing
additional filtering of individual echoes,
DBDP grouped surviving echoes into fish and
calculated average target strength.

Minimum voltage thresholds exclude echoes
from the bottom, smaller fish, and other
spurious sources. A voltage threshold
corresponding to a -34 dB target on-axis was
selected for each channel of the echo signal
processor based on data collected in 1985 and
1986 (Eggers et al. 1995). Threshold voltages
for selected transmit-power and receiver-gain
settings were calculated using calibration data
provided by the manufacturer. The calibration data were field-tested for accuracy using
a tungsten-carbide standard target.

Grouping Echoes into Fish
Three parameters determined how echoes
were grouped into individual targets: (1)
minimum number of pings per fish, ( 2 )
maximum change in range between
consecutive echoes (in m/s) and (3) maximum
time allowed between two consecutive echoes
(in seconds). The optimum value for the
minimum number of pings per fish is related
to the ping rate (pings per second), fish
swimming speed and transducer beam width.
Appropriate values for the range and time
parameters are related to fish behavior such as
swimming speed and angle of passage through
the beam, as well as relative abundance. If
these parameters are set too small, DBDP
divides single targets into multiple targets,
Conversely, if they are set too large, multiple
targets are combined into a single target. All
parameters were selected by comparing the
output of DBDP with a high resolution chart
recording of fish traces while varying each
parameter independently. At a sounder ping
rate of 8 ping&, five was selected for the

The minimum pulse width criterion prevents
narrow band noise from being mistaken for
valid echoes. The maximum pulse width
criterion excludes multiple targets when
estimating target strength. Minimum and
maximum pulse width parameters were set at
0.200 ms and 0.800 ms for a transmitted
0.400 ms pulse.
Echoes less than 2.5 m from the transducer
were excluded due to near-field effect
(MacLennan and Simmonds 1992).
If an echo met the above criteria, data
associated with the echo were passed from the
echo signal processor to the microcomputer
where the data were stored on hard disk in
binary file format. The data file contained the
following data for each echo: (1) sequential
number of the ping which produced the echo;
(2) echo number; (3) wide-beam voltage; (4)
narrow-beam voltage; ( 5 ) range from
transducer; (6) wide-beam pulse width; and
(7) narrow-beam pulse width.
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Species Discrimination

minimum number of echoes per fish, a value
of 0.9 m/s allowed a maximum range change
of 0.1 m between consecutive echoes and
0.625 ms allowed four pings to drop out
between consecutive echoes.

In an attempt to make estimates of chinook
escapement as accurate (and conservative) as
possible, two methods, target strength and
range separation, were used to separate
sockeye from chinook salmon.

DBDP generated two ASCII output files. The
first file contained the measured target
strength, range, beam pattern factor and other
data for each individual echo (EKO files).
The second file provided the average values
for each fish (FSH files) and was imported
into a database for looking at the distribution
of target strengths over more than a single
day. The files were edited to eliminate
erroneous data the program was not able to
detect, primarily bottom echoes retained as
valid pings. These echoes were identified by
their constant range over time, large target
strength values and wide pulse widths. Each
electronically generated fish was compared
with its corresponding trace on the chart
recording to ensure that there were no echoes
attributable to the bottom or boat wakes. The
chart recorder displayed all echoes above a
minimum threshold voltage which was set at
3 dB less than the ESP voltage threshold. The
chart recorder was not used to count chinook
salmon because it cannot provide acoustic
size information. However, because of the
reduced voltage threshold, all valid targets in
the EKO file showed up on the chart
recording, as well as bottom echoes, boat
wakes, and fish that remain in the beam for
minutes at a time. Fish that showed up on the
chart recording but did not exist in the EKO
file did not meet the minimum voltage or
pulse width criteria and were not counted.
When disagreement between the program and
chart recording existed (e.g. one fish on chart
recorder is separated into two fish by the
software), the more conservative assessment
of number of targets was used.

Target Strength
Target strength was calculated (Ehrenberg
1983) for individual echoes and averaged for
each fish. Fish with mean target strength less
than -28 dB were assumed not to be chinook
salmon (Paul Skvorc, Alaska Department of
Fish & Game, Anchorage, personal communication) and were excluded from further
analysis.
Range Separation
During peak sockeye salmon passage
numerous nearshore targets were seen on both
the chart recordings and in the electronic data
collected. It is believed that a great majority
of these nearshore targets are sockeye salmon
as they exhibit a different behavior pattern
than is seen when only chinook salmon are
present in the river. These sockeye are
typically nearshore (within 20 m) and travel in
large groups. Both of these behavior patterns
are not typically seen when only chinook
salmon are present in the river. To minimize
the chance of mistakenly counting sockeye
salmon as chinook salmon, a range separation
criterion was used. During times of peak
sockeye passage, fish inside the 15 to 25 m
range were not enumerated as chinook
salmon. The range, 15 to 25 m, is determined
by how far offshore the sockeye are
distributed.

Passage Estimates
Using only those fish targets which met the
target-strength and range criteria above, an
expanded count was calculated for each hour
for which a sample existed. This was usually
an exact 20-min count which was multiplied
by 3 for the hourly estimate on each bank. In
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this case, the number of chinook salmon
passing bank b during hour j, was estimated
as :
60

Occasionally both banks were down for a full
hour. In this case the expanded count for that
hour on each bank was interpolated as the
mean of the expanded counts on either side of
the missing count:

(1)

Ybj =-cbj
bj

Ybj =

number of minutes sampled on
bank b during hour j, and

Yb(j-1) + Yb(j+l)

2

Fish passage on day i was estimated as:
(5)

number of fish passing bank b
during hour j which met chinook
salmon target-strength and range
criteria.

where ybj and Yb? were obtained from either
(l), (2), or (4) as appropriate. Exceptions
were 21 and 26 July, when several samples
were missed on both banks. In this case, the
daily estimate yi was calculated as follows:

When the sonar system on one bank was not
operating, the opposite bank was operated for
60 minutes to obtain an actual count for the
hour rather than a 20-min sample. We then
applied a ratio estimator (Cochran 1977)
between banks, using data only from those
hours when both banks were sampled for the
same number of minutes. For a bank that was
not operating, chinook salmon passage was
estimated as:

1440
y. =-1440 Cbi +-cb'i

'

tbi

b'i

tbi

=

number of minutes counted on
bank b during day i, and

Cbi

=

number of targets meeting target
strength and range criteria on
bank b during day i.

tb'i

=

number of minutes counted on
bank b' during day i, and

Cbi

=

number of targets meeting target
strength and range criteria on
bank b' during day i.

where:

(3)
j= I

= expanded count for opposite bank

Finally, the number of chinook salmon
migrating into the Kenai River during a run
was estimated as:

b' during hour j, and
nB

(6)

where :

Ybj = R b y b j

Yb?

(4)

= number of hours during the season

in which both banks were sampled
for the same number of minutes.
During the season, for purposes of daily
reporting of estimated passage, Rb was
calculated from the cumulative number, to
date, of hours when both banks were sampled
for the same number of minutes. Final
estimates were generated postseason.

where ND is the number of days in the run. Its
variance was calculated as:

9(+)= +s +qR ,
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(8)

where qS is the variance due to systematic
sampling (successive difference model,
Wolter 1985):

failure caused a loss of 1 hour on 23 July and
6 hours on 26 July. Passage estimates for 21
July and 26 July were generated by making
temporal expansions for an entire day rather
than for each hour.
Daily and cumulative sonar counts for the
early (16 May-30 June) and late (1 July- 10
August) runs are given in Tables 1 and 2. The
total chinook salmon counted for this period
was 71,660 of which 19,669 were early run
and 51,991 were late run. Peak daily passage
for the early run occurred on 27 June and on
13 July for the late run (Figure 5). The mean
migration date (Mundy 1982) of the early run
was 14 June and 19 July for the late run. The
migratory run timing of early-run chinook
was, on average, later that that of previous
years (Figure 6). The migratory run timing of
the 1993 late run was, on average, earlier than
every late run except that of 1989 (Figure 7).

where:
Yj

=

NH

= total number of I-hour sampling

ybj -k Yb'j

periods during the run,
fS

= sampling fraction for systematic
sampling (- 0.33),

nb

= number of hours bank b not
operating,

and where $,is the variance due to ratio
estimation (Cochran 1977:155):

A total variance of 148,985 (SE=386) and
1,790,571 (SE=1,338) was calculated for the
early and late runs, respectively. Table 3
shows the total variance estimates broken
down into their individual components due to
( 1) systematic sampling (temporal expansion
of the hourly samples), and (2) spatial
extrapolation from the opposite bank. The
largest variance component for both runs was
that due to systematic sampling. The width of
the 95% confidence interval relative to the
estimate yielded a relative precision of 3.8%
for the early run and 5.0% for the late run.

where f b and f b are the sampling fractions for
ratio estimation:
fb = nB /(nB + n b )

(11)

fu = n B / ( n B + n b ' ) .

(12)

RESULTS
During the early run, there were no sample
periods where both left and right bank sonar
equipment were concurrently inoperable.
Therefore, missing samples for a given hour
could be interpolated or estimated from the
opposite bank. However, during the late run,
there was a total of I 1 hours where data were
lost for both banks simultaneously. On 21
July, debris displaced both left and right bank
transducers causing a total loss of 4 hours of
data. Additionally, equipment (electronics)

DISCUSSION
The attenuation of sound in the Kenai River
associated with the first spring tides following
ice-out was not present during 1993. This
phenomena was documented during the spring
tide series for the 1990, 1991, and 1992 early
runs. This sound attenuation may be related
to high concentrations of flocculent matter
due to the first spring tides after ice out.
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Table 3.-Variance components of the seasonal estimates of fish passage for early and late
runs of chinook salmon on the Kenai River, 1993.
Estimates
of
Fish Passage

Variance
Due to
Systematic
Samplinga

Variance
Due to
Bmk-to-Bmk
Estimationb

Total
Variance

Early Run

19,669

145,444

3,541

148,985

Late Run

51,991

1,508,607

28 1,964

1,79057 1

a

Variance due to systematic sampling estimated using the successive difference model from
equation 9.
Variance due to estimating a missing hourly count using the ratio estimator from equation 5.
who provided logistical support whenever
needed.

Conductivity changes related to a saltwater
intrusion during extremely high tides and
seasonally low water levels is another
possible explanation. During the early run of
1993, the highest tide of the month occurred 6
May and was 23.43 feet. The highest tide
after we started sonar operation was 20.94
feet on 15 May.
During other years of
operation when we experienced attenuation
(1990, 1991, and 1992), the lowest high tide
that created these phenomena was 21.81 feet,
during 1992. All other attenuation phenomena occurred during 23 foot high tides or
better.
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