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Potential acoustic discrimination within
boreal fish assemblages

Stéphane Gauthier and John K. Horne

Gauthier, S., and Horne, J. K. 2004. Potential acoustic discrimination within boreal fish
assemblages. — ICES Journal of Marine Science, 61: 836—845.

Differences in the acoustic characteristics of forage fish species in the Gulf of Alaska and
the Bering Sea were examined using Kirchhoff ray-mode (KRM) backscatter models. Our
goal was to identify species-specific characteristics and metrics that facilitate the discrimina-
tion of species using acoustic techniques. Five fish species were analyzed: capelin (Mallotus
villosus), Pacific herring (Clupea pallasii), walleye pollock (Theragra chalcogramma),
Atka mackerel (Pleurogrammus monopterygius), and eulachon (Thaleichthys pacificus).
Backscatter amplitude differences exist among these species, especially between swim-
bladdered and non-swimbladdered fish. Echo intensities were variable within and among
species. The effect of morphological variability was indexed using the ratio of the Reduced-
scattering length (RSL) standard deviation over its mean. Morphological variability was
low only at fish length to acoustic wavelength ratios less than eight. Target strength
differences between pairs of carrier frequencies (ranging from 12 kHz to 200 kHz) differed
among species, and were dependent on fish size and body orientation. Frequency
differencing successfully discriminated between fish species but the choice of frequency to
maximize target strength differences was not consistent among species pairs. Frequency-
dependent, backscatter model predictions facilitate comparison of target strength differ-
ences prior to acoustic data collection.
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Introduction

One of the main challenges and limitations in fisheries
acoustics is species identification (Rose and Leggett, 1988;
Horne, 2000; Petitgas et al., 2003). The success of acoustic
surveys to quantify and monitor marine populations depends
on the accurate partitioning of echoes to constituent fish
species. The discrimination of acoustic targets in mixed
aggregations is particularly difficult and limits our ability to
use echosounders as remote sensing tools.

Acoustic surveys are routinely conducted in the Bering
Sea and the Gulf of Alaska to map walleye pollock
(Theragra chalcogramma) abundance and document stock
structure (Honkalehto et al., 2002). Other forage species
such as the capelin (Mallotus villosus), Pacific herring
(Clupea pallasii), Atka mackerel (Pleurogrammus monop-
terygius), and eulachon (Thaleichthys pacificus) can be
mixed with walleye pollock and complicate the interpre-
tation of survey results. In many cases it may be impossible
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to partition acoustic energy to species based solely on the
interpretation of sparse net samples. The acoustic in-
formation obtained from mixed aggregations is often
dismissed because of our inability to properly identify or
discriminate species.

The discrimination and identification of constituent
species within acoustic data is accomplished using a variety
of techniques. Typically these data are collected in con-
junction with trawl samples to document species compo-
sition and length distributions in the geographic area of
interest. The use of trawl-catch statistics to interpret acoustic
samples has several limitations, including the selectivity and
catch efficiency of the fishing gear among species, the
resolution and paucity of net samples, and species partition-
ing and interpolation in non-sampled areas (Doonan et al.,
2003; O’Driscoll, 2003). Other approaches to identify
targets use the direct interpretation and analysis of acoustic
data. The discrimination and identification of fish species
based on aggregation characteristics and image analysis
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metrics have been used (e.g. Weill et al., 1993; Scalabrin
et al., 1996; Lawson et al., 2001), but these techniques are
limited when fish are dispersed. Alternatively, frequency-
dependent backscatter techniques, such as mean volume
backscatter differencing between two frequencies, have been
used to separate broad species groups such as krill and
swimbladdered fish (e.g. Kang et al., 2002). Other methods,
including discrimination based on echo-envelop metrics
(e.g. Fleishman and Burwen, 2003) and broadband fre-
quency spectrum (e.g. Simmonds ef al., 1996; Foote et al.,
1998) are promising, but these techniques are not mature. An
alternative approach to species discrimination is the use of
backscatter models to characterize the acoustic properties of
fish (e.g. Clay and Horne, 1994; Horne and Clay, 1998).
Kirchhoff approximations have been used to predict
backscatter of several species, ranging from fish with large,
air-filled swimbladders (Jech ez al., 1995; Horne et al., 2000;
Foote and Francis, 2002) to deepwater species without air-
filled bladders (Barr, 2001; Kloser and Horne, 2003). Back-
scatter model predictions can be used to identify and isolate
features among target types and the results can be used to de-
termine the approaches that maximize species discrimination.
The main objective of this study is to examine whether
forage fish species in the Gulf of Alaska and the Bering Sea
have unique acoustic properties that would allow discrim-
ination of single targets or groups of single targets with
conventional split beam echosounders operating within the
geometric scattering range. Using numerical models of
acoustic backscatter, we evaluate several metrics for use in
acoustic classification. Some constraints are identified and
techniques to maximize detection are proposed.

Material and methods

We used a Kirchhoff ray-mode (KRM) backscatter model to
characterize the acoustic properties of each fish species.
Fish were captured at sea and radiographed to obtain lateral
and dorsal images of the fish body and swimbladder. For
species that do not possess a swimbladder, digital photo-
graphs were taken and used to trace the outlines of the body
of the fish. These planar images were elliptically in-
terpolated to render three-dimensional (3-D) representa-
tions of the fish bodies and swimbladders. The species
analyzed were: capelin, Pacific herring, walleye pollock,
Atka mackerel, and eulachon. If the sampled fish spanned
a large length range, then the species concerned were
partitioned into length groups. This reduced the morpho-
metric variability within groups and limited the range of
lengths at which fish were proportionately scaled during
backscatter modelling (Table 1).

Each 3-D fish image was vertically divided in 1 mm thick,
gas-filled (representing swimbladder) or fluid-filled (repre-
senting fish body) finite cylinders. Backscatter from each
cylinder was estimated using the KRM model and then
coherently summed to obtain backscatter estimates for the
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Table 1. Species and length group used in the KRM backscatter
models. The range indicates the minimum and maximum scaled
length used in the models, centered approximately on the average
(caudal) length of fish within each group.

Range (cm) Swimbladder
Species Min—[Mean]—Max n type
Capelin 10—[13]-20 34 Physostome
Pacific herring 10—[22]-30 30 Physostome
Walleye pollock 10—[14]—-20 15 Physoclist
Walleye pollock 20—[26]-35 10 Physoclist
Walleye pollock 35—[42]-60 25 Physoclist
Atka mackerel 10—[18]-30 10 No swimbladder
Atka mackerel 30—[41]-50 10 No swimbladder
Eulachon 10—[17]—20 30  No swimbladder
Eulachon 20—[23]-30 13 No swimbladder

body, swimbladder, and whole fish (see Clay and Horne,
1994 for details). Scattering intensities are expressed as
Reduced-scattering lengths (RSL, dimensionless), which is
defined as the estimated scattering length (£, units m,
Medwin and Clay, 1998) normalized by the fish caudal length
(L, units m). The absolute square of the scattering length
gives the backscattering cross-section (Gps). RSL can be
converted to target strength (TS, units dB):

TS = 10 log,y(cvs) = 10 log,,(1£f)
=20 log,,(RSLXL)
=20 log,(RSL) + 20 log,,(L). (1)

The target strengths of each species were compared over
a wide range of lengths at frequencies corresponding to
those commonly used in fisheries acoustics (12 kHz,
38 kHz, 120 kHz, and 200 kHz). Backscatter values were
obtained by proportionately scaling each fish within a group
over the same length range in the KRM model. Averages
and standard deviation of backscattering intensities were
calculated at each 1-mm interval. When averaged, scatter-
ing intensities were calculated in the linear domain prior to
logarithmic transformation. All backscatter intensities were
initially modelled at normal aspect (i.e. fish body per-
pendicular to the incident wave front). Ensemble target
strength (TS) is used to represent the mean echo intensity
for a group at any specified length, tilt, and frequency. The
KRM model predicts TS as a function of caudal length (i.e.
tip of snout to end of caudal peduncle). To be consistent
with other reported target strength to fish length relation-
ships, caudal lengths were converted to total lengths (L)
using linear regressions from collected specimens. Ordinal
ranking of target strengths among species was compared
across lengths and frequencies.

Variability within and among species was examined
by calculating a coefficient of variation (CV = standard
deviation/mean RSL) for a given species (or length group).
To emphasize the influence and interaction of length and
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frequency in the potential for species discrimination, we
plotted the inverse of the coefficient of variation (CV 1 as
a function of the ratio of fish length to acoustic wavelength.
A low CV (or high CV ~') within a group indicates low
morphological variability. CVs were calculated for each
species at normal aspect at 1-kHz bands over a frequency
range of 12 kHz to 200 kHz. A CV was also calculated for
each group at actual lengths, incorporating a normal
distribution of tilt angles. For each group, 100 tilt angles
were randomly generated from a Probability density
function (PDF) based on published estimates of fish
swimming angles (Figure 1). Backscatter values of every
fish within a species or length group were estimated at each
tilt angle and then averaged to obtain a tilt-averaged
estimate. Tilt angles were restricted to +40° from hori-
zontal (dorsal aspect) to minimize the effects of extreme tilt
angles (Reeder et al., in press). CVs were plotted as
a function of mean fish length and mean fish length to
acoustic wavelength ratio at four acoustic frequencies
(12 kHz, 38 kHz, 120 kHz, and 200 kHz).
Frequency-dependent backscatter was examined for each
species by plotting target strength to total length (TS—Lrt)
relationships at several frequencies on the same plot. To
facilitate comparisons, a series of arbitrary fish lengths
(10 cm, 20 cm, and 50 cm) representing small, medium,
and large fish were marked on the TS—Lt function curves.
Frequency-dependent backscattering characteristics were
used to determine the potential for discrimination using
target strength differencing. The difference in the predicted
TS of individuals or groups of individuals was measured
using pairs of carrier frequencies. This technique is
comparable to the difference in mean volume backscatter-
ing strength (AMVBS) method (e.g. Madureira et al., 1993;
Kang et al., 2002), in which the mean volume backscat-
tering strength as a function of one frequency is subtracted
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Figure 1. Tilt angle Probability density functions (PDF) used to
estimate tilt-averaged target strengths. Dark grey line = capelin
(Carscadden and Miller, 1980: mean = 93.3°, s.d. = 18.4°), broken
line = Pacific herring (Ona, 2001, based on measurements on
Atlantic herring: mean = 86.9°, s.d. = 14.2°), thin dark line =
walleye pollock (Olsen, 1971, based on measurements on Atlantic
cod: mean = 85.6°, s.d. = 16.2°), thick black line = Atka mack-
erel and eulachon (no published data: mean = 90°, s.d. = 15°).
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from the mean volume backscattering strength of another
(higher) frequency:

AMVBS=MVBS(f,) — MVBS(f}), )

where MVBS is the mean volume-backscattering strength
(logarithmic, units dB) and f; is the frequency (kHz). In
detailed form the equation is:

AMVBS :% i {IOIOgm (M)}

1 v
_éi{lologm(wn 3)

where N represents the number of samples used to estimate
MVBS, o are the backscattering cross-sections (m?) of
scatterers at each frequency (f; and f;), and V is the volume
ensonified. Assuming that individuals are randomly dis-
tributed within integration cells and are the same species
and size (Kang et al., 2002), or that sampling volumes are
equivalent among transducers, we have:

X G (£
AMVBS = 10 log;, (%"(2))

~101og,, (L G\‘;‘“(fl)) , (4)

where n is the number of individuals. By eliminating
redundant terms (n: number of individuals and V: volume),
the equation reduces to:

AMVBS = 10 log,,0us(f2) — 10 log, s (f1), (5)

which is equivalent to:
ATS = TS(f,) — TS(f)). (6)

ATS values were estimated using pairs of frequencies
ranging from 12 kHz to 200 kHz. The technique was used
to measure (TS) differences of fish groups modelled at
normal incidence over a defined length range. The tech-
nique was also used to test differences in estimated TS of
fish modelled at their actual length, and over 100 tilt angle
values from the PDFs. The target strength mean difference
for a given species or size group is calculated as:

ATS B 1 & Z,li? <Ts(f2)j,ei_Ts(f1)j,9i)
L 2 100 ’

=

()

where m represents the number of individuals in a group, i
is the number assigned to a random tilt angle value from the
PDF (8 in degrees), and f denotes the frequency (kHz)
used to estimate the target strength of individual j at tilt
angle 0;. Tilt-averaged ATS values from each fish were
averaged to incorporate both the orientation and anatomical
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variability of individuals within the species length group.
Analyses of variance were used to detect differences among
species (species “a” ATSy,_¢, — species “b” ATS¢,_¢,).
When a statistical difference was found, post hoc analyses
(Tukey’s “Honestly Significantly Different” and Student—
Newman—Keuls’ tests) were performed to determine
species-specific, pair-wise differences in ATS.

Results

Mean target strength (estimated at normal aspect) did not
increase monotonically as a function of fish length (Figure 2).
As expected, backscatter intensities of fish species without
a swimbladder were much lower than any physostomous or
physioclistous, swimbladdered species. Differences in echo
intensity within swimbladdered or non-swimbladdered fish
were not consistent across all lengths and frequencies. At
38 kHz, the (TS) of eulachon and Atka mackerel were much
lower than fish with a swimbladder at all modelled lengths.
At other frequencies, (TS) values for fish with and without
a swimbladder were similar at opposite ends of the length
range: the (TS) of large fish without a swimbladder was
comparable to those of small fish with swimbladders.

Target strength variability increased with frequency.
Ordinal ranking of echo intensity at 12 kHz was consistent
at all lengths for species with swimbladders. Capelin had
the lowest values, followed by walleye pollock, and Pacific
herring. The (TS) of Atka mackerel appeared to be slightly
higher than that of eulachon at the same length. At all the
other frequencies tested, ordinal ranking among fish with or
without swimbladders changed considerably throughout the
modelled length range, with no consistent pattern or
structure.

The coeflicient of variation was explored as an index for
potential species discrimination. At normal aspect, vari-
ability in echo intensity due to intra-specific morphological
differences was low at fish length to acoustic wavelength
(L/X) ratios less than eight. The inverse of the coefficient of
variation (CV ~') emphasizes the potential for species
discrimination at small L/A ratios by increasing the range
and scale of values (Figure 3). Mean coefficients of
variation for fish measured at their actual length and over
a PDF of tilt angles differed at 12 kHz (Figure 4). Atka
mackerel and eulachon had the highest values (highest
variability), followed by Pacific herring. Walleye pollock
and capelin had the lowest values (lowest variability).
Differentiation among swimbladdered species was not
possible when splitting walleye pollock in length groups
(roughly equivalent to juveniles, young adults, and mature
fish). At higher frequencies (>38 kHz), CVs were rela-
tively high and discrimination among most species was
impossible. Pacific herring had consistently higher values
than the other species, indicating high levels of intra-
specific morphological variability.
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Figure 2. Mean target strength (dB) at normal aspect for the five
species as a function of the ratio of fish length to acoustic
wavelength (L/A) at four discrete frequencies: (a) 12 kHz, (b)
38 kHz, (¢) 120 kHz, and (d) 200 kHz. Modelled fish lengths range
from 10 to 60 cm. Plotted curves are divided into sections when
more than one length group is modelled for a species. Grey dashed
line = capelin, black dashed and broken line = Pacific herring,
black continuous line = walleye pollock, grey continuous line =
Atka mackerel, black broken line = eulachon.

Frequency-dependent backscatter (within the geometric
scattering range) appeared to be more prominent among
small fish (Figure 5). For any given species, change in (TS)
with frequency was greater for fish scaled to 10 cm than for
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Figure 3. The inverse of the coefficient of variation (CV = standard
deviation/mean RSL) as a function of the scaled fish length to
acoustic wavelength ratio (L/A) for all species and groups ensonified
at normal aspect. Thin black line = capelin, dashed black line inside
a grey line = Pacific herring, thick black line = walleye pollock
(three length groups), thin grey line = Atka mackerel, thick grey
line = eulachon (two length groups). CV ~' values beyond L/A of 40
are not shown and remain low (<5). The shaded box indicates
L/A<8.

fish scaled to 20 cm or 50 cm. Amplitude and slope of the
(TS) changes (increase or decrease) between consecutive
frequencies were not consistent and depended on L/A.

Dorsal aspect target strength differences (ATS) were most
noticeable between 12 kHz and 200 kHz (Figure 6a). For
10 cm capelin, eulachon, and Atka mackerel, TS differences
were high (positive values) and decreased rapidly with
length. Values were the lowest for walleye pollock and
Pacific herring. Differences in TS were also observed
between 38 kHz and 120 kHz, but were not as high as the
previous frequency pair (12 kHz and 200 kHz). Species
rankings varied considerably across the modelled length
range. Differences in TS were highly variable among non-
swimbladdered species. For example, the ATS ;35 of
eulachon varied by more than 15 dB over a length range of
20 cm. Target strength differences were lowest for walleye
pollock and Pacific herring at this frequency pair, with the
exception of a few nulls in eulachon and Atka mackerel
values. Several successive ATS;,¢—3g nulls and peaks could
be observed for these species. Within the length range
tested, capelin had consistently higher ATS values than
for walleye pollock and Pacific herring (differences of 1
to 8 dB).

Target strength differences between carrier frequencies
predicted for fish at their actual length and over a range of
tilt angles yielded similar results (Figure 7). Mean differences
in TS ranged from 1 to —11 dB (Table 2). Differences in TS
were greater for fish with swimbladders. Species-specific
ATS were significantly different at both the 200—12 kHz
(ANOVA: F4171 =151.9, p<0.001) and 120—38 kHz
frequency differencing (ANOVA: F4 171 = 97.8, p<<0.001).
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Figure 4. Tilt-averaged Reduced-scattering length  (RSL)
coefficient of variation (CV = standard deviation/mean RSL) as
a function of the fish mean total length (cm) for all five species at
four discrete frequencies: (a) 12 kHz, (b) 38 kHz, (c) 120 kHz, and
(d) 200 kHz. Black triangle = capelin, black square = Pacific
herring, black circle = walleye pollock, grey circle = Atka
mackerel, grey square = eulachon. For species with more than
one length group, the larger symbol indicates the mean value.
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Figure 5. Dorsal aspect mean target strength to total-length
relationships at four discrete frequencies (12 kHz, 38 kHz,
120 kHz, and 200 kHz) plotted as a function of the fish length to
acoustic wavelength ratio (L/A) for (a) capelin, (b) Pacific herring,
(c) walleye pollock, (d) Atka mackerel, and (e) eulachon. For
comparison across frequencies, a series of discrete fish total length
were plotted: circle = 10 cm, triangle = 20 cm, square = 50 cm.
Note L/A ranges differ among plots.
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Figure 6. Target strength difference (ATS, units dB) for dorsal
aspect mean TS measured over a range of lengths at (a) 200—
12 kHz and (b) 120—38 kHz. Yellow = capelin, green = Pacific
herring, blue = walleye pollock, black = Atka mackerel, red =
eulachon.

Species-specific differences in TS differed between frequency
pairs. Using 12 kHz and 200 kHz, Pacific herring had lower
values than other species. Differences between capelin and
walleye pollock were very small, especially at similar
lengths. At the 120—38 kHz frequencies, capelin had the
lowest average ATS, followed closely by Pacific herring. At
these frequencies, fish that did not have a swimbladder had
ATS1 5933 values close to 0. Multiple comparison tests
indicated that species could be separated in three target
classes (c1—c3) based on ATS values (Table 3). Using
200 kHz and 12 kHz frequency differencing, the classes
were (in increasing ATS order):

[1: Pacific herring] > [2: capelin and walleye pol-
lock] > [3: Atka mackerel and eulachon]

In comparison, the relative ranking of target classes using
38-kHz and 120-kHz frequencies was:

[1: Pacific herring and capelin] > [2: walleye pol-
lock] > [3: Atka mackerel and eulachon]



842

44 a)
24
° o
04 Q‘ ° :‘. °
24 hd o o
() ()
% o & °
-4 4 2 o [ ) [
o [l
S5 74 JR
-6 o % ® "
°
8 °
8 ‘ 80 oo
10 4 ° o
o °
=) c3 00%33
FRLE %
2 T T T T T
5
=
S 41b)
2 °®
a 8
2 U o ®
W,y - .
] <
0 cl ° o n‘ % °
° L) ®
24 ., 0® ° ;..o .
oPe oA ° ve
4 %\’ ° % _ %
38 Re®
§§ 0% o
6 °
°
8 °
-8 T T T T T
0 10 20 30 40 50 60

Total length (cm)

Figure 7. Target strength difference (ATS, units dB) for TS
measured at (a) 200—12 kHz and (b) 120—38 kHz for each fish
modelled at their default (actual) length and averaged over a tilt
angle PDF. Significantly different classes of ATS are identified in
both panels (c1—c3). Yellow = capelin, green = Pacific herring,
blue = walleye pollock, black = Atka mackerel, red = eulachon.
The horizontal line represents mean ATS for each species.

Discussion

One of the most promising techniques to discriminate
species is target strength differencing. Our study is one of
the first to examine potential target strength differences
between several fish species having comparable length
distributions and anatomical features. In previous studies,
frequency-dependent scattering has been used to identify
and discriminate krill and zooplankton from other scatterers
such as fish (Cochrane et al., 1991; Madureira et al., 1993;
Kang et al., 2002). Kloser et al. (2002) successfully used
frequency-dependent scattering with three frequencies
(12 kHz, 38 kHz, and 120 kHz) to isolate echoes from
different classes of scatterers: fish with large swimbladders
(Macrourids and Mourids), fish with small swimbladders
(Myctophids), and orange roughy (Hoplostethus atlanticus,
a species with a wax-ester filled swimbladder). Using
reverberation measurements in an echoic chamber, Conti
and Demer (2003) showed potential differences in the
scattering spectrum of sardine (Sardinopps sagax caerulea)

S. Gauthier and J. K. Horne

Table 2. Tilt-averaged TS mean difference (in dB) between
combinations of carrier frequency [TS at Ist frequency (kHz) — TS
at 2nd frequency (kHz)] for each species.

Capelin
st
1 f(kHZ) 2nd f
200 120 70 38
-1.4 120
30 -1.6 70
-64 50 -34 38
-5.5 -4.1 2.4 1.0 12
Pacific herring
st
1 f(kHZ) 2nd f
200 120 70 38
-1.2 120
26 -14 70
56 44  -30 38
-10.8 -9.6 -8.2 -5.2 12
Walleye pollock
st
1 f(kHZ) 2nd f
200 120 70 38
-0.5 120
-1.4  -09 70
3.0 25 -1.6 38
-6.1 5.6 4.7 -3.1 12
Atka mackerel
st
1 f(kHZ) 2ndf
200 120 70 38
-0.3 120
-0.2 0.2 70
-09 -06 -07 38
22  -1.8 2.0 -1.3 12
Eulachon
st
1 f(kHZ) 21‘ld f
200 120 70 38
-0.4 120
0.0 0.4 70
0.2 0.6 0.2 38
2.3 -1.8 2.2 -2.5 12
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Table 3. Species-to-species comparisons of tilt-averaged, target
strength differences (ATS) between carrier frequencies (f):

species “a” ATS, ¢, — species “b” ATSy, _¢,.

Mean
difference
(dB) 95% CI
ATSz00-12
Capelin Pacific herring* 5.9 4.8 7.1
Walleye pollock 0.7 —0.4 1.7
Atka mackerel* -3.3 —-4.6 2.0
Eulachon* -32 —43 =21
Pacific herring Walleye pollock* —5.3 —63 —42
Atka mackerel* -9.2 -10.6 -79
Eulachon* -9.2 —-10.2 -8.0
Walleye pollock  Atka mackerel* —4.0 -52 =28
Eulachon* -39 —4.8 =29
Atka mackerel Eulachon 0.1 —-1.2 1.3
ATS20-38
Capelin Pacific herring —0.6 -1.6 —-04
Walleye pollock* —2.5 -34 -16
Atka mackerel* —4.4 -56 =33
Eulachon* —5.6 —-6.5 —4.7
Pacific herring Walleye pollock* —1.9 -2.8 —1.0
Atka mackerel* -3.8 =50 =27
Eulachon* -5.0 —6.0 —4.1
Walleye pollock  Atka mackerel* -1.9 -3.0 -09
Eulachon* -3.1 —4.0 =23
Atka mackerel Eulachon —-1.2 -23 0.1

“Asterisk indicates significant differences at the 0.01 level (Tukey’s
“Honestly Significantly Different” and Student—Newman—Keuls’
multiple comparisons tests).

from that of anchovy (Eugraulis mordax) ensonified at
frequencies ranging from 0.5 kHz to 202 kHz. Our model
predictions suggest that it is possible to discriminate
between species using combinations of two frequencies.
Differences between any two species can be maximized
using a particular combination of frequencies. For example,
the ATS of capelin and Pacific herring are significantly
different at the 200—12 kHz frequency pair, but not at the
120—38 kHz frequency pair. The inverse is true for the
ATS of capelin and walleye pollock. Our results also
indicate that target strength differences are dependent on
fish size and body orientation. When individual targets can
be resolved the first of these characteristics may not be
a problem if the goal is to discriminate between species
having different length distributions (e.g. small herring vs.
large walleye pollock), or to discriminate between small
and large individuals within a population (e.g. juvenile vs.
adult fish). The same results could be obtained using
AMVBS, as long as integration samples are small. In
a mixed aggregation of fish having similar length
distributions, target strength differencing might not dis-
criminate species. The dependency of the technique on fish
orientation further emphasizes the need for in situ obser-
vation of swimming behaviour and tilt angle distributions
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(Foote, 1980a; McQuinn and Winger, 2003; Stanton et al.,
2003). If orientations or sampling intensities differ among
survey times or areas then MVBS or TS differencing values
may vary.

Based solely on backscatter intensities at discrete
frequencies, species could be separated in two functional
groups depending on the presence or absence of a swim-
bladder. This is not surprising, since the swimbladder
contributes to at least 90% of the sound scattered by a fish
(Foote, 1980b). Within these two functional groups,
backscatter model predictions for fish of the same length
were very similar at all frequencies, with the possible
exception of fish ensonified at 12 kHz. At this frequency,
there was a consistent 3—4 dB difference among swim-
bladdered species. Unfortunately, the target strengths
increased proportionately with fish length, which precluded
unique TS values over a length range. Therefore, intensity
differences would be confounded when species have
overlapping length ranges which is often the case in situ.
Fluctuations in TS over the modelled length range were
more pronounced at higher length—wavelength ratios, thus
reducing the efficacy of using differences in TS as
a discriminatory metric.

The coefficient of variation reflects variability in TS due
to morphological differences within a group of fish.
Variation in body and swimbladder width, depth, and
shape affect the amount of energy that is backscattered by
a fish (Ona, 1990; Ona er al, 2001). Using scaled fish
lengths at dorsal aspect, our model predictions suggest that
low variability occurs at low length—wavelength ratios
(L/x<8). Differences in CV values among species vary,
and depend on fish length and the frequency used to
ensonify them. A more realistic model of in situ fish targets
includes tilt, which also affects the amount of backscattered
energy. Target strength is more sensitive to incident angle
as frequency increases (Nakken and Olsen, 1977; Miyano-
hana ef al., 1990). High CV values are indicative of fish
having high levels of morphological variability and a wide
distribution of tilt angles or either property per se. The
choice of a representative tilt angle distribution when
estimating backscatter becomes crucial when interpreting
TS variability. For walleye pollock, the CV appears to be
sensitive to fish length, as illustrated by an increasing CV
value across the three length groups at low frequencies.
Ontogenic differences in body and swimbladder shapes may
explain the differences observed in the CV metric (Horne,
2003). Our results suggest that differences in CVs are
greater at low frequencies, which minimize the effect of tilt
on target strength. Even though CV values among species
have a larger range at low frequencies, the ability to
discriminate species or length groups is limited.

Many factors affect the target strength of fish. Un-
derstanding the amount and source of TS variability is
a challenge. A modelling approach offers the advantage of
controlling and manipulating individual variables to
examine their potential effect on TS over a range of
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conditions (e.g. Hazen and Horne, 2003). Such control is
often impossible to achieve during in situ or experimental
measurements. Model predictions from this study agree
with empirical measures of target strength for the same or
closely related fish species (Gauthier and Horne, in press).
Backscatter model predictions can be used to quantify both
the potential for and the constraints of species discrimina-
tion, and for recommendations on equipment configuration
and analytic techniques to maximize acoustic detection.

Efforts to establish definitive acoustic species identifica-
tion are not complete. Potential factors that have not been
examined in this study include the effect of depth changes
on the target strengths of gas-filled swimbladdered species
(Gorska and Ona, 2003), and the inclusion of other
scattering structures (e.g. backbone) in backscatter model
predictions. Additional backscatter from other structures
are not expected to be large, since the difference in acoustic
impedance between cartilaginous bone and soft tissues is
much less than that between gas in the swimbladder and
flesh or bone (cf. Foote, 1980b). The integration of
techniques may also increase the ability to separate species.
Target strength differencing in combination with echogram
imaging techniques (e.g. Korneliussen and Ona, 2003) and
other discrimination tools such as aggregation metrics and
neural networks (Woodd-Walker et al., 2003) may provide
a powerful means of discriminating between and the
identification of fish species. Further efforts should be
directed at the collection and analyses of in sifu measure-
ments of fish in mono- and multi-specific aggregations to
test the metrics discussed in this paper.

Acknowledgements

We thank Jason Sweet and Rick Towler for their assistance
in the collection and analysis of data. Funding for this
project was provided by the NMFS Steller Sea Lion
Research Initiative (NA17FX1407), the North Pacific
Universities Marine Mammal Consortium (NA16FX2629),
the Office of Naval Research (N00014-00-1-0180), and the
Alaska Fisheries Science Center (NA17RJ1232-AMO01).

References

Barr, R. 2001. A design study of an acoustic system suitable for
differentiating between orange roughy and other New Zealand
deep-water species. Journal of the Acoustical Society of
America, 109: 164—178.

Carscadden, J. E., and Miller, D. S. 1980. Estimates of tilt angle of
capelin using underwater photographs. ICES CM/H:50.

Clay, C. S., and Horne, J. K. 1994. Acoustic models of fish: the
Atlantic cod (Gadus morhua). Journal of the Acoustical Society
of America, 96: 1661—1668.

Cochrane, N. A., Sameoto, D., Herman, A. W., and Neilson, J.
1991. Multiple-frequency acoustic backscattering and zooplank-
ton aggregations in the Inner Scotian Shelf Basins. Canadian
Journal of Fisheries and Aquatic Sciences, 48: 340—355.

S. Gauthier and J. K. Horne

Conti, S. G., and Demer, D. A. 2003. Wide-bandwidth acoustical
characterization of anchovy and sardine from reverberation
measurements in an echoic tank. ICES Journal of Marine
Science, 60: 617—624.

Doonan, 1. J., Bull, B., and Coombs, R. F. 2003. Star acoustic
surveys of localized fish aggregation. ICES Journal of Marine
Science, 60: 132—146.

Fleishman, S. J., and Burwen, D. L. 2003. Mixture models for the
species apportionment of hydroacoustic data, with echo-
envelope length as the discriminatory variable. ICES Journal
of Marine Science, 60: 592—598.

Foote, K. G. 1980a. Effect of fish behaviour on echo energy: the
need for measurements of orientation distributions. Journal du
Conseil International pour I’Exploration de la Mer, 39:
193-201.

Foote, K. G. 1980b. Importance of the swimbladder in acoustic-
scattering fish: a comparison of gadoid and mackerel target
strengths. Journal of the Acoustical Society of America, 67:
2084—2089.

Foote, K. G., Atkins, P. R., and Eriksen, P. K. 1998. Broadband
acoustic-scattering signatures of fish and zooplakton (project
Bass). /n Third European Marine Science and Technology
Conference (MAST conference), Lisbon, 23—27 May 1998:
Project synopses vol. 3: Generic Technologies. European
Commission DG 12 Science, Research and Development 1998
vol. 3: 1011—1026.

Foote, K. G., and Francis, D. T. 1. 2002. Comparing Kirchhoff-
approximation and boundary-element models for computing
gadoid target strengths. Journal of the Acoustical Society of
America, 111: 1644—1654.

Gauthier, S., and Horne, J. K. 2004. Acoustic characteristics of
forage fish species in the Gulf of Alaska and Bering Sea based on
Kirchhoff-approximation models. Canadian Journal of Fisheries
and Aquatic Sciences 61 (in press).

Gorska, N., and Ona, E. 2003. Modelling the effect of swimbladder
compression on the acoustic backscattering from herring at
normal or near-normal dorsal incidences. ICES Journal of
Marine Science, 60: 1381—1391.

Hazen, E. L., and Horne, J. K. 2003. A method for evaluating the
effects of biological factors on fish target strength. ICES Journal
of Marine Science, 60: 555—562.

Honkalehto, T., Williamson, N., de Blois, S., and Patton, W. 2002.
Echo-integration trawl-survey results for walleye pollock
(Theragra chalcogramma) on the Bering Sea shelf and slope
during Summer 1999 and 2000. NOAA Technical Memorandum
NMFS-AFSC-125-126.

Horne, J. K. 2000. Acoustic approaches to remote-species
identification: a review. Fisheries Oceanography, 9: 356—371.
Horne, J. K. 2003. The influence of ontogeny, physiology, and
behaviour on the target strength of walleye pollock (Theragra
chalcogramma). 1CES Journal of Marine Science, 60:

1063—1074.

Horne, J. K., and Clay, C. S. 1998. Sonar systems and aquatic
organisms: matching equipment and model parameters. Cana-
dian Journal of Fisheries and Aquatic Sciences, 55:
1296—1306.

Horne, J. K., Walline, P. D., and Jech, J. M. 2000. Comparing
acoustic-model predictions to in situ backscatter measurements
of fish with dual-chambered swimbladders. Journal of Fish
Biology, 57: 1105—1121.

Jech, J. M., Schael, D. M., and Clay, C. S. 1995. Application of
three sound-scattering models to threadfin shad (Dorosoma
petenense). Journal of the Acoustical Society of America, 98:
2262—2269.

Kang, M., Furusawa, M., and Miyashita, K. 2002. Effective and
accurate use of difference in mean volume-backscattering
strength to identify fish and plankton. ICES Journal of Marine
Science, 59: 794—804.



Potential acoustic discrimination within boreal fish assemblages

Kloser, R. J., and Horne, J. K. 2003. Characterizing uncertainty in
target-strength measurements of a deepwater fish: orange roughy
(Hoplostethus atlanticus). ICES Journal of Marine Science, 60:
516—523.

Kloser, R. J., Ryan, T., Sakov, P., and Koslow, J. A. 2002. Species
identification in deep water using multiple frequencies. Canadian
Journal of Fisheries and Aquatic Sciences, 59: 1065—1077.

Korneliussen, R. J., and Ona, E. 2003. Synthetic echograms
generated from the relative frequency response. ICES Journal of
Marine Science, 60: 636—640.

Lawson, G. L., Barange, M., and Freon, P. 2001. Species
identification of pelagic-fish schools on the South African
continental shelf using acoustic descriptors and ancillary
information. ICES Journal of Marine Science, 58: 275—287.

Madureira, L. S. P., Everson, I, and Murphy, E. J. 1993.
Interpretation of acoustic data at two frequencies to discriminate
between Antarctic krill (Euphausia superba Dana) and other
scatterers. Journal of Plankton Research, 15: 787—802.

McQuinn, I. H., and Winger, P. D. 2003. Tilt angle and target
strength: target tracking of Atlantic cod (Gadus morhua) during
trawling. ICES Journal of Marine Science, 60: 575—583.

Medwin, H., and Clay, S. C. 1998. Fundamentals of Acoustical
Oceanography. Academic Press, London.

Miyanohana, Y., Ishii, K., and Furusawa, M. 1990. Measurements
and analyses of dorsal-aspect target strength of six species of fish
at four frequencies. Rapports et Procés-Verbaux des Réunions du
Conseil International pour I’Exploration de la Mer, 189: 317—324.

Nakken, O., and Olsen, K. 1977. Target-strength measurements of
fish. Rapports et Procés-Verbaux des Réunions du Conseil
International pour I’Exploration de la Mer, 170: 52—69.

O’Driscoll, R. L. 2003. Determining species composition in mixed-
species marks: an example from the New Zealand hoki
(Macruronus novaezelandiae) fishery. ICES Journal of Marine
Science, 60: 609—616.

Olsen, K. 1971. Orientation measurements of cod in Lofoten
obtained from underwater photographs and their relation to
target strength. ICES CM 1971/B:17.

Ona, E. 1990. Physiological factors causing natural variations in
acoustic target strength of fish. Journal of the Marine Biological
Association of the United Kingdom, 70: 107—127.

845

Ona, E. 2001. Herring tilt angles measured through target
tracking. /n Herring: Expectations for a New Millenium.
Lowell Wakefield Fisheries Symposia Series, Fairbanks,
Alaska, pp. 509—519. Ed. by F. Funk, J. Blackburn, D. Hay,
A. J. Paul, R. Stephenson, R. Toresen, and D. Witherell.

Ona, E., Zhao, X., Svellingen, 1., and Fosseidengen, J. E. 2001.
Seasonal variation in herring target strength. /n Herring:
Expectations for a New Millenium. Lowell Wakefield Fisheries
Symposia Series, Fairbanks, Alaska, pp. 461—487. Ed. by
F. Funk, J. Blackburn, D. Hay, A. J. Paul, R. Stephenson,
R. Toresen, and D. Witherell.

Petitgas, P., Massé, J., Beillois, P., Lebarbier, E., and Le Cann, A.
2003. Sampling variance of species identification in fisheries
acoustic surveys based on automated procedures associating
acoustic images and trawls. ICES Journal of Marine Science, 60:
437—445.

Reeder, D. B., Jech, J. M., and Stanton, T. K. 2004. Broadband
acoustic backscatter and high resolution morphology of fish:
measurement and modelling. Journal of the Acoustical Society
of America (in press).

Rose, G. A., and Leggett, W. C. 1988. Hydroacoustic-signal
classification of fish schools by species. Canadian Journal of
Fisheries and Aquatic Sciences, 45: 597—604.

Scalabrin, C., Diner, N., Weill, A., Hillion, A., and Mouchot, M.-C.
1996. Narrowband acoustic identification of monospecific fish
shoals. ICES Journal of Marine Science, 53: 181—188.

Simmonds, E. J., Armstrong, F., and Copland, P. J. 1996. Species
identification using wideband backscatter with neural network
and discriminant analysis. ICES Journal of Marine Science, 53:
189—195.

Stanton, T. K., Benjamin Reeder, D., and Jech, J. M. 2003.
Inferring fish orientation from broadband acoustic echoes. ICES
Journal of Marine Science, 60: 524—531.

Weill, A., Scalabrin, C., and Diner, N. 1993. MOVIES-B: an
acoustic-detection description software. Application to shoal-
species’ classification. Aquatic Living Resources, 6: 255—267.

Woodd-Walker, R. S., Watkins, J. L., and Brierley, A. S. 2003.
Identification of Southern Ocean acoustic targets using aggre-
gation-backscatter and -shape characteristics. ICES Journal of
Marine Science, 60: 641—649.



	Potential acoustic discrimination within boreal fish assemblages
	Introduction
	Material and methods
	Results
	Discussion
	Acknowledgements
	References


