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Side-looking, fixed-location sonar is used to estimate the abundance of migrating chinook
salmon Oncorhynchus tshawytscha in the Kenai River, Alaska. For this application, echo-
envelope length has previously been shown to predict fish size better than target strength.
Using tethered-fish experiments we generalize these findings to other hydroacoustic
descriptors based on time measurements, including range-measurement variability and fish
lateral movement. These variables are all descriptors of the echo signal through time.
Measurements of these attributes were correlated with daily indices of the species
composition of unrestrained fish passing the sonar site. We hypothesize that time-based
characteristics are superior predictors of fish size because they capitalize on, or are robust
to, the factors which compromise amplitude-based measurements with side-looking sonar.
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Introduction

Shallow-water applications of fisheries sonar present

a unique set of challenges. Boundary effects may distort

fish echoes and impede detection (Gerlotto et al., 2000;

Mulligan, 2000). Ranges are generally short, and beams

narrow, leading to point-source violations because fish are

large relative to the beam (Dawson et al., 2000). Under

these conditions, fish are complex scatterers that can

return echoes which vary greatly in amplitude and dura-

tion. Furthermore, for side-looking applications, fish aspect

relative to the transducer can be quite dynamic. Aspect

can have profound effects on target-strength (TS) measure-

ments at high frequencies (Love, 1969; Dahl and Mathisen,

1983; Kubecka, 1994; Horne and Clay, 1998). Finally,

signal-to-noise ratios are generally low, leading to bias in

the estimates of position (Kieser et al., 2000) and TS

(Fleischman and Burwen, 2000). As a result, TS measure-

ments can be highly variable for shallow-water applications.

Such variability makes it difficult, if not impossible, to

discriminate among species using TS alone (e.g. Johnston

and Hopelain, 1990; Lilja et al., 2000).

Our particular application uses side-looking, fixed-

location sonar to assess chinook salmon Oncorhynchus

tshawytscha returns to the Kenai River in south-central

Alaska. Sonar estimates of abundance provide the basis for

estimating spawning escapement and regulating harvest in

competing sport and commercial fisheries for these fish.

Hydroacoustic assessment of chinook salmon in the Kenai

River is complicated by the presence of sockeye salmon

Oncorhynchus nerka, which migrate concurrently. Sockeye

salmon are generally smaller than chinook salmon

(Figure 1), but outnumber them by an order of magnitude

in most years. The two species are spatially segregated

to the extent that most sockeye salmon swim near shore

and most chinook near mid-channel. Our acoustic beam

coverage is focused on the bottom-middle section of the

river where the relative abundance of chinook salmon is

highest (Figure 2). However, netting studies have shown

that both species are found, in varying proportions, in the

ensonified zone (Burwen et al., 1998).

Experiments with tethered and free-swimming fish in

the mid-1990s uncovered echo-envelope length (‘‘pulse

width’’) as a potential species discriminator, far better than

TS for our 200 kHz side-looking application (Burwen and

Fleischman, 1998). These findings are now confirmed and

expanded upon with results from additional tethered-fish

experiments, and by comparison with gill-netted samples of
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free-swimming fish. Two other hydroacoustic variables are

identified, range-measurement variability and fish lateral

movement (LM), which have potential as size/species dis-

criminators. All of these variables rely primarily on charac-

terization of the acoustic signal through time.

Methods

All experiments were conducted at river kilometer 14 of the

Kenai River. The site is within tidal influence and water

depth at mid-channel varies from 3 to 8m (Figure 2). The

river is approximately 100m wide at this location and the

bottom substrate varies from silty mud to medium gravel.

Water temperatures ranged from 10 to 15�C during the

study. Further details can be found in Miller and Burwen

(2002).

Fish were tethered 19 June to 10 August 1995, 12–30

July 1998, and 4 June to 8 August 2001. Live chinook and

sockeye salmon were captured with gillnets and held in live

pens or totes until they could be deployed (Figure 3). A

cable tie was inserted through a small hole punched in the

lower jaw. The cable tie was then attached to approximately

10m of dacron fishing line, which led to two 1.4-kg down-

rigger weights. Another section of dacron line (approxi-

mately 6m in length) led from the weights to a buoy on

the surface. The buoy, in turn, was attached with poly-

propylene line to an anchor upstream. Using this technique

we were able to isolate the fish from other scattering

surfaces, i.e., the lead weights, buoy, etc. The fish were teth-

ered at approximately side aspect to the hydroacoustic beam

8–37m from the transducer that was aimed perpendicu-

larly to the river current. More than 90% of the salmon

appeared to survive the tethering experience.

Hydroacoustic data were collected with a Hydroacoustics

Technology (HTI), Inc. Model 244 split-beam echosounder

operating at 200 kHz and a 2.9 by 10� elliptical-beam

transducer with a near-field range of 3.1m. The transmitted

pulse length was 0.2ms while the pulse repetition rate was

8 s�1 in 1995, 1.5 s�1 in 1998, and 3 s�1 in 2001. The sound

speed was assumed constant at 1500m s�1: any likely devia-

tion would have negligible effect on the results. Data were

recorded on 350–9319 echoes per fish, averaging 2397 in

1995, 702 in 1998, and 1419 in 2001. Background noise, as

measured by the maximum detected peak amplitude at the

range of the target, was equivalent to a �50 to �36 dB

target on axis.

The system was calibrated before each field season.

Reciprocity calibrations with a naval standard transducer

were performed, and the calibration results verified using

a 38.1mm tungsten-carbide sphere (�39.5 dB in freshwater

at 200 kHz; MacLennan and Simmonds, 1992). Further

verification was obtained in situ by measuring the same

standard sphere at the Kenai River study site.

Voltage thresholds were applied as follows. In 1995,

echoes were rejected if they did not exceed a minimum

voltage criterion that was equivalent to a �35 dB target on

axis. In 1998 and 2001, data were acquired at voltage

Figure 1. Typical length-frequency distributions for Kenai River

chinook and sockeye salmon.

Figure 2. Aerial and cross-sectional views of the sonar site at river

kilometer 14 on the Kenai River.

Figure 3. The configuration used to tether fish in the Kenai River,

1995, 1998, and 2001.
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thresholds between �35 and �40 dB; echoes less than

�35 dB were omitted during post-processing.

Potential echoes were also filtered for echo-length cri-

teria, measured in digital samples (48 kHz) at the half-

power (�6 dB) point or higher. The amplitude at which

�6 dB echo length (EL6j) was measured for echo j depen-

ded on the signal-to-threshold ratio, STRj ¼ 20 logðej/eTÞ,
where ej was the peak amplitude of echo j and eT the

minimum voltage threshold. If STRj exceeded 6 dB, EL6j
was measured at 6 dB below peak amplitude. If STRj<
6 dB, EL6j was measured at the threshold. In 1995,

echoes with length between 7 and 14 sample units (0.15–

0.29ms), were retained for analysis. In 1998 and 2001,

the acquisition criteria were liberalized to 5–19 sampling

units (0.10–0.40ms), or relaxed altogether. Echoes not

meeting the 1995 criteria were omitted during post-pro-

cessing. Echo data were logged and manually grouped into

fish traces using HTI proprietary software. Post-process-

ing was done with SAS�.

Hydroacoustic variables mean echo length (ELMN),

echo-length standard deviation (ELSD), range jitter (RJ),

LM, and TS were calculated for each fish as follows.

ELMN was the average of EL12j across all echoes j, where

EL12j was the length of echo j measured in 48 kHz sample

units at �12 dB or higher. If STRj exceeded 12 dB, EL12j
was measured at 12 dB below peak amplitude. If 6 dB<
STRj< 12 db, EL12j was measured at the threshold. If

STRj< 6 dB, EL12j was not defined. ELSD was the

standard deviation of EL12j across all echoes for which

EL12j was defined. Range-measurement error and fish LM

were indexed by first applying a local-regression (LOESS)

smoother (Cleveland, 1993) to the range data over time. RJ

was estimated as the standard deviation of the differences

(m) between the observed range measurements and the

fitted values from the LOESS smoother. LM was estimated

as the median, absolute, echo-to-echo change (m s�1) in

the smoothed values of range. TS was calculated as

10 logðr/4pÞ, where r is the average spherical-scattering

cross-section over all echoes. ELMN and ELSD are

equivalent to PW12 and SD12 of Burwen and Fleischman

(1998).

Gillnets (7.5-in. stretched mesh) were drifted daily in

mid-channel immediately downstream of the sonar site in

2001. The daily proportion of the netting catch comprising

chinook salmon was used as an index—not an unbiased

estimate—of relative chinook-salmon abundance, for com-

parison with the hydroacoustic data. We used Spearman’s

rank correlation coefficient (Conover, 1980) to quantify the

association of sonar measurements with the species compo-

sition of the net catches.

Linear statistical models were used to estimate the

relationships between individual hydroacoustic variables

and fish length, controlling for species, and incorporating

information from all three experiments (1995, 1998, and

2001) simultaneously. The full model was defined as fol-

lows (notation from Neter et al., 1985):

yijk ¼ lþ ai þ cj þ acij þ bxijk þ abixijk þ cbjxijk

þ acbijxijk þ eijk ð1Þ
where yijk and xijk are the values of the hydroacoustic

variable and fish length, respectively, for experiment i,

species j, and fish k; l and b are the overall mean and slope;

ai is the effect of experiment i; cj is the effect of species j;

acij is the interaction effect between experiment i and

species j; abi is the effect of experiment i on the slope; cbj
is the effect of species j on the slope; acbij is the interactive
effect of experiment i and species j on the slope; and eijk is
an independent and identical, normally distributed error

term with mean 0 and variance r2. This is equivalent to

estimating six unique intercepts {b0ij} and slopes {b1ij} for

each combination of experiment (1995, 1998, and 2001)

and species (chinook and sockeye):

yijk ¼ b0ij þ b1ijxijk þ eijk ð2Þ

where b0ij ¼ lþ ai þ cj þ acij and b1ij ¼ bþ abi þ cbjþ
acbij.
Since there were unequal sample sizes among experi-

ments and species, hypothesis tests were conducted using

a multiple-regression approach, with indicator variables for

experiment and species (Neter et al., 1985: Section 10.2).

Testing proceeded from high to low order, i.e. the first test

was for the presence of any ‘‘three-way interactions’’ (H0:

all {acbij}¼ 0), then for any two-way interactions (H1: all

{cb}¼ 0, H2: all {ab}¼ 0, and H3: all {ac}¼ 0). Finally,

the main effects were tested (H5: all {ai}¼ 0, H6: both

{cj}¼ 0, and H7: b¼ 0). For each test, if the null hypothesis

was not rejected (F-test, p ¼ 0:05), then that factor was

dropped from the model unless a higher order interaction

involving that factor was present. The model was re-

estimated each time an effect was dropped and the cascade

of hypothesis tests begun again. All tests were conducted

conditional on all equal- and lower-level effects being

present in the model.

Results

The following hydroacoustic variables were considered as

potential predictors of fish size and discriminators of

species: ELMN, ELSD, RJ, LM, and TS. Note that 1995

measurements of ELMN and ELSD were reported pre-

viously as PW12 and SD12 by Burwen and Fleischman

(1998). RJ and LM are new. RJ is related to how difficult it

is to determine the exact range of a fish and LM to how

rapidly a fish changes range. Because ELMN, ELSD, RJ,

and LM are all measurements of time (or its surrogate

‘‘range’’), they are referred to collectively as time-based

measurements.

All five variables were related to tethered-fish size or

species or both (Table 1 and Figure 4). Controlling for

experiment or species or both, ELMN, ELSD, RJ, and

TS were positively related to tethered-fish length
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(4.2� t� 15.4; p < 0:0001). Echoes from large salmon

tended to be longer and more variable in length than echoes

from small salmon, and large salmon tended to have greater

variability in range measurements and greater TS. LM

differed between species but was not related to fish length

within species ðp ¼ 0:79Þ. Chinook salmon had more

extreme lateral swimming movements than sockeye salmon.

Ignoring experiment and species, the relationship between

the hydroacoustic measurement and tethered-fish length

was far more precise for ELMN ðr 2 ¼ 0:61Þ, ELSD ðr 2 ¼
0:75Þ, and RJ ðr 2 ¼ 0:59Þ than for LM ðr 2 ¼ 0:12Þ and TS

ðr 2 ¼ 0:21Þ.
Intercepts differed among experiments for all variables

except LM. In all of these cases (ELMN, ELSD, RJ, and

TS) the 1998 experiment produced the highest measure-

ments. Slopes did not differ among experiments or species.

Intercepts differed between species for ELSD, LM, and

TS. Chinook salmon had greater ELSD than sockeye

salmon of the same size; i.e. ELSD was 0.33 (SE¼ 0.11)

units higher. LM was 0.04 (SE¼ 0.01)m s�1 faster for

chinook than for sockeye. Conversely, chinook had 2.0 dB

(SE¼ 0.6) lower TS than sockeye of the same size.

Measurements of all four time-based hydroacoustic

variables were consistent with gill-net catches near the

sonar site (Figure 5). When the catches were composed

primarily of chinook salmon, time-based measurements

of free-swimming fish passing the sonar site tended to be

large. When sockeye salmon dominated, measurements

tended to be small. Daily medians of time-based measure-

ments were positively rank-correlated with the daily pro-

portion of chinook salmon in the gill-net catch (Spearman’s

q 0.51–0.66, Figure 5).

Discussion

As a species discriminator for side-looking applications as

described in this article, TS performs marginally at best.

Among fish of the same size and species, TS varied as

much as 10 dB (Figure 4). Though TS was significantly

related to fish size within species, chinook salmon had 2 dB

lower TS than sockeye salmon of the same size (Table 1).

Thus the individual fish with the highest TS was a sockeye

salmon (Figure 4). The relationship of TS with length was

far weaker ðr 2 ¼ 0:21Þ than that of all the time-based

variables ð0:59 < r 2 < 0:75Þ except LM (r 2 ¼ 0:12;
Table 1). Finally, TS was a poor index of the species

composition of unrestrained fish passing the sonar site

(Spearman’s q ¼ 0:12, Figure 5).

Time-based measurements appear to be good indices of

fish size or species or both for some of the same reasons

that TS is not. For this side-looking application with narrow

beams and short ranges, fish are large relative to the beam

and present themselves at various oblique aspect angles to

the transducer. The returned echo is a composite from

multiple parts of the fish body. Consequently, measure-

ments of peak amplitude and thus TS are highly variable.

On the other hand, the duration of the echo from a large

complex target is apparently quite sensitive to the size of

that target, perhaps because the fish returns a signal

provided the incident sound beam intersects any part of

the swim bladder (Burwen and Fleischman, 1998: Figure

7). Under this model, echo length, like TS, would be

sensitive to fish orientation. However, previous experiments

have shown that the effect of aspect on ELMN is non-

monotonic and therefore less severe than its effect on TS

(Burwen and Fleischman, 1998: Figs. 4 and 5).

Large targets oriented at oblique angles return echoes with

complex envelopes including occasional double peaks. The

digital echo processor can interpret these as separate echoes,

at least one of which may be quite short in duration. The

combination of these occasional short echoes with the more

common longer echoes is characteristic of large fish, thus

ELSD is an especially good predictor of fish size. It is

hypothesized that the utility of RJ as a size predictor may be

Table 1. The parameters of regression relationships between five hydroacoustic variables and fish mid-eye-to-fork length (cm) from
chinook and sockeye salmon tethered in front of a 200 kHz side-looking sonar on the Kenai River, Alaska, 1995–2001. Standard errors in
parentheses. Where intercepts (b0) did not differ ðp > 0:05Þ among experiments or species, a common intercept was estimated. Slopes (b1)
did not differ among experiments or species. The slope of LM versus fish length was not significantly different from zero within species,
hence it was dropped from the model and the intercepts b0 represent least-square means for LM by species. RMSE is the square root of the
mean-squared error of the linear model (see text). The coefficient of determination r2 applies to a simple linear regression of each variable
on fish length, ignoring experiment and species.

Experiment n Parameter ELMN (48 kHz su) ELSD (48 kHz su) RJ (m) LM (m s�1) TS (dB)

1995 48 Chinook b0 9.9 (0.21) 0.34 (0.25) �0.018 (0.004) 0.099 (0.005) �30.6 (1.2)
38 Sockeye b0 9.9 (0.21) 0.01 (0.17) �0.018 (0.004) 0.057 (0.006) �28.6 (0.8)

1998 21 Chinook b0 10.7 (0.24) 0.68 (0.27) �0.009 (0.004) 0.099 (0.005) �28.9 (1.3)
15 Sockeye b0 10.7 (0.24) 0.35 (0.19) �0.009 (0.004) 0.057 (0.006) �26.9 (1.0)

2001 13 Chinook b0 10.3 (0.26) 0.44 (0.27) �0.020 (0.005) 0.099 (0.005) �31.3 (1.3)
6 Sockeye b0 10.3 (0.26) 0.11 (0.20) �0.020 (0.005) 0.057 (0.006) �29.3 (1.0)

All 141 b1 0.042 (0.003) 0.032 (0.003) 0.00071 (0.00005) 0 0.091 (0.014)
RMSE 0.63 0.43 0.012 0.044 2.13

r2 0.61 0.75 0.59 0.12 0.21
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related to the same phenomenon, i.e. long and complex echo

envelopes lead to variability in the location of the peak

amplitude, which leads to more range ‘‘jitter’’ for large fish.

LM differed between species, which may reflect an under-

lying difference in behavior between chinook and sockeye

salmon. LM was a good index of species composition

of unrestrained fish (Figure 5), and was the only variable

that did not appear subject to change between experiments

(Figure 4). It was also expected that there would be an

effect of fish size on LM as a result of simple allometry.

That is, as the dimensions of a fish increase so should all

the vectors of its movements. Tethered fish did not show this

effect within species, possibly because the act of tethering

affects behavior.

Thus, for this side-looking application, time-based

characters are superior predictors of fish size because they

capitalize on, or are robust to, some of the very factors that

compromise amplitude-based measurements such as point-

source violations and variable side aspects. They may also

index important behavioral differences between species. It

is worth noting that virtually all of the time-based

information that was found useful is contained in a simple

echogram, given sufficient resolution (Figure 6). Precise

time measurement is a characteristic of echosounders in

general. Thus, if one did not need the location information

provided by split-beam sonar, single-beam sonar would

provide almost equally useful information for species

discrimination.

Figure 4. (a) ELMN, (b) ELSD, (c) RJ, (d) LM, and TS versus length of chinook (diamonds) and sockeye salmon (plus symbols) tethered

in front of a 200 kHz sonar in the Kenai River, Alaska. Units for (a) and (b) are 48 kHz sample units. Black¼ 1995, red¼ 1998,

blue¼ 2001 experiment. The parallel regression lines shown when intercepts differed by year or by species. There was no effect of length

or experiment on LM, hence the separate flat lines for each species. See Table 1 for regression parameter estimates.
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Note that none of the measurements presented here

predict fish size precisely. In a companion paper, a statistical

technique involving mixture models is demonstrated which

extracts maximal information from the frequency distribu-

tions of imprecise discriminators such as these (Fleischman

and Burwen, 2003).

It is somewhat disturbing that four of the five measures

differed significantly among tethered-fish experiments

(Table 1, separate intercepts). There is one possible expla-

nation. The 1998 experiment produced the largest and most

variable measurements for ELMN, ELSD, RJ, and TS,

whereas the 1995 and 2001 data agreed fairly well (Table

1). The 1998 data were collected by an independent sonar

system that often operated simultaneously with the regular

200 kHz system used for estimating upstream fish passage.

We suspect that the two systems may have interfered with

each other. Minimum voltage thresholds also differed

among experiments and may have contributed to differ-

ences in the hydroacoustic measurements. Voltage thresh-

olds affect how echo length is measured (see Methods). We

are currently trying to quantify this effect.

Finally, some limitations of the data and possible direc-

tions for future research need to be noted. Most of these

findings are derived from tethered-fish experiments. Hydro-

acoustic observations of unrestrained fish of known size

and species are desirable for further confirmation of the

results presented here. Also, it is recognized that the current

measures of echo-envelope length used in this article may

not be optimal. Additional metrics of echo-envelope shape

may enhance size prediction and species discrimination.
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