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Development and application of an empirical
multifrequency method for backscatter
classification

Alex De Robertis, Denise R. McKelvey, and Patrick H. Ressler

Abstract: We evaluated the feasibility of identifying major acoustic scatters in North Pacific ecosystems based on empiri-
cal measurements of relative frequency response. Acoustic measurements in areas where trawl catches were dominated by
single taxa indicated that it might be possible to discern among key groups of scatterers such as fish with gas-filled swim-
bladders, euphausiids, myctophids, and jellyfish. To establish if walleye pollock (Theragra chalcogramma), a key species
in the ecosystem, can be separated reliably from other groups under prevailing conditions, we developed a method based
on the normal deviate (or Z score) to identify backscatter consistent with the pollock relative frequency response. We eval-
uated the performance of the method by comparing it with the traditional method of species identification (i.e., directed
trawl catches and subjective interpretation of echograms) during five large-scale acoustic surveys of the eastern Bering
Sea. Pollock abundance estimates employing the multifrequency method were highly correlated with those using the tradi-
tional method, which indicates that the multifrequency method performs well in this situation. In this environment, multi-
frequency methods will allow more inferences to be drawn when direct sampling of organisms is limited and will also
complement existing abundance surveys by improving species classification and providing information about key nontarget
species.

Résumé : Nous évaluons la faisabilité d’identifier les principales rétrodiffusions acoustiques dans les écosystémes du Paci-
fique Nord, d’apres des mesures empiriques des fréquences relatives des réponses. Les mesures acoustiques dans les ré-
gions dans lesquelles les prises au chalut sont dominées par un seul taxon indiquent qu’il devrait étre possible de discerner
les groupes principaux d’organismes responsables de la rétrodiffusion, tels que les poissons avec vessie natatoire remplie
de gaz, les euphausiidés, les myctophidés et les méduses. Afin d’établir si la goberge de 1’Alaska (Theragra chalco-
gramma), une espéce dominante de I’écosystéme, peut étre distinguée de fagon fiable des autres groupes dans les condi-
tions actuelles, nous avons mis au point une méthode basée sur 1’écart normal (ou cote Z) pour identifier la rétrodiffusion
correspondant aux fréquences relatives des réponses de la goberge. Nous avons évalué la performance de la méthode en la
comparant avec la méthode traditionnelle d’identification des especes (c’est-a-dire des récoltes dirigées au chalut et une in-
terprétation subjective des échogrammes) durant cinq inventaires acoustiques a grande échelle dans I’est de la mer de Bé-
ring. Il existe une forte corrélation entre les estimations de I’abondance des goberges de 1’ Alaska basées sur la méthode
des fréquences multiples et celles tirées de la méthode traditionnelle, ce qui indique que la méthode des fréquences multi-
ples fonctionne bien dans les circonstances. Dans cet environnement, les méthodes des fréquences multiples permettront de
faire plus de déductions lorsque 1I’échantillonnage direct des organismes est restreint et elles viendront compléter les inven-
taires actuels d’abondance en améliorant la classification des especes et fournissant des renseignements sur les especes im-
portantes non ciblées.

[Traduit par la Rédaction]

Introduction

Acoustics is widely used for remote sensing of marine
zooplankton and nekton (e.g., Holliday and Pieper 1995;
Simmonds and MacLennan 2005). This approach offers
many advantages for studies of the distribution and behavior
of aquatic animals, including continuous sampling of large
volumes of water and high-resolution measurements of ver-
tical distribution and aggregation structure. The methodol-

ogy for quantifying acoustic backscatter from echosounders
is well developed (reviewed in Simmonds and MacLennan
2005). One of the major challenges in the use of acoustics
in this context is the conversion of acoustic backscatter to
biologically relevant information such as species composi-
tion and body size (Holliday and Pieper 1995; MacLennan
and Holliday 1996; Horne 2000). The traditional approach
to species identification (hereafter referred to as the tradi-
tional identification method) has been to combine acoustic
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measurements with information from trawls or optical in-
struments and visual interpretation of echograms to interpret
acoustic backscatter (e.g., McClatchie et al. 2000; Jech and
Michaels 2006).

It has long been recognized that acoustic backscatter
strength from zooplankton and fish is frequency-dependent
and that this frequency dependence can be used to make in-
ferences about the species composition and size distribution
of the acoustic scatterers (reviewed in Holliday and Pieper
1995; Jech and Michaels 2006). As a result, broadband
acoustic measurements (e.g., Simmonds et al. 1996; Zakha-
ria et al. 1996) or, more commonly, narrowband measure-
ments at multiple frequencies (e.g., Greenlaw 1979) have
been used to make inferences about the identity of acoustic
scatterers. Much of the early development of multifrequency
acoustics was conducted in the context of zooplankton stud-
ies. In the frequency range commonly used (10s to 100s of
kHz), zooplankton backscatter is highly frequency- and size-
dependent, as these small organisms span the transition from
Rayleigh to geometric scattering, which is not the case for
larger fish with swimbladders (Holliday and Pieper 1995;
Horne and Jech 1999; Horne 2000). Multifrequency ap-
proaches to backscatter classification have recently prolifer-
ated in the fisheries acoustics community due to
(i) increased interest in information about species that are
not subject to commercial fisheries (Pikitch et al. 2004; Ko-
slow 2009) and (i) increased availability of instrumentation,
methods, and software for multifrequency acoustic measure-
ment via multiple narrowband echosounders (Higginbottom
et al. 2000; Korneliussen and Ona 2002; Korneliussen et al.
2008). This has led to the implementation of a diverse range
of approaches using the difference in backscatter measure-
ments at multiple frequencies (i.e., the relative frequency re-
sponse) to improve acoustic species identification
(Korneliussen and Ona 2003; Lavery et al. 2007; Benoit-
Bird 2009). Substantial progress has been made, but the util-
ity and effectiveness of any particular approach is situation-
dependent: classification success depends on the species
composition, relative abundance, relative frequency re-
sponse, and spatial overlap of the species assemblage
present in the environment.

Objective assessment of the effectiveness of multifre-
quency species identification methods under realistic condi-
tions remains a challenge. The primary difficulty is that only
a small subset of acoustic measurements can be verified
with other sampling methods. Additionally, there can be
substantial uncertainty even where verification of the species
present is attempted because of sampling biases (McClatchie
et al. 2000). In practice, many assessments of classification
efficacy have relied on case studies of small data sets (e.g.,
comparison of trawl ground-truthed echograms). However,
these data sets may not be representative of the conditions
encountered during a survey in general, as there may be spa-
tial or temporal changes in the extent to which organisms
overlap or lower signal-to-noise ratios (SNR) in the survey
measurements than in the case study. Notable exceptions to
this are the studies of Jech and Michaels (2006), who com-
pare the results of a multifrequency method with the results
of multiple acoustic surveys, and Anderson et al. (2007),
who provide a statistical measure of classification certainty.

Here, we evaluate the potential for use of multifrequency
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backscatter classification methods to improve interpretation
of acoustic backscatter during long-standing acoustic-trawl
surveys of walleye pollock (Theragra chalcogramma, here-
after referred to as pollock) in Alaska, USA. During these
surveys, acoustic backscatter measurements are allocated to
species based on the examination of echograms by experi-
enced analysts and targeted trawling of aggregations with
pelagic and bottom trawls (e.g., Karp and Walters 1994;
Honkalehto et al. 2002). The approach taken here is empiri-
cal: we extract the relative frequency response from single-
species aggregations sampled concurrently with acoustics
and a trawl. We then develop a multifrequency method
based on the normal deviate, or Z score, with which we
compare unclassified acoustic measurements with the rela-
tive frequency response of trawl ground-truthed organisms.
Finally, we assess the efficacy of the Z-score method by
comparing pollock abundance estimates based on traditional
species identification methods (i.e., trawling and echogram
interpretation) with those based solely on the Z-score sum-
mary of relative frequency response during five large-scale
surveys of the eastern Bering Sea shelf.

Materials and methods

Data collection

Concurrent acoustic measurements and trawl hauls were
used to estimate the frequency response in areas where
backscatter was dominated by a single taxonomic group.
Measurements were made in the eastern Bering Sea and
Gulf of Alaska during 13 echo integration-trawl surveys of
pollock conducted from 2004 to 2007 aboard the NOAA
ships Miller Freeman or Oscar Dyson. Acoustic backscatter
was measured at 18, 38, 120, and 200 kHz with Simrad
EK60 echosounders (for details, see De Robertis et al.
2008). A 70 kHz EK60 was installed on Oscar Dyson in
2007 and operated during one cruise. During some cruises
in 2004 and 2005, a Simrad EK500 echosounder was used
to measure 38 kHz backscatter. Echosounders were operated
at power levels recommended to minimize harmonic distor-
tion (Tichy et al. 2003; Korneliussen et al. 2008) and were
calibrated at the start and end of each cruise. The spatial
and physical characteristics of the measurements at different
frequencies were as similar as possible following the recom-
mendations of Korneliussen et al. (2008). All frequencies
were transmitted simultaneously once per second with a
1.0 ms pulse length. The transducers were mounted as close
together as possible on a centerboard extending 9 m below
the waterline during all cruises except for one, where the
18 kHz transducer was mounted 11.3 m forward of the other
transducers. In this case, a first-order correction was made
by shifting the data in time to correspond as closely as pos-
sible to the spatial location sampled by the other frequencies
(Korneliussen et al. 2008). Acoustic measurements from
trawl locations were processed using Echoview (Higgin-
bottom et al. 2000).

Aggregations detected by the echosounder were sampled
with trawls to determine the species composition and fish
size distribution during the surveys. The gear used depended
on the suspected identity of the organisms: fish were
sampled with a large midwater trawl or a bottom trawl, and
smaller organisms (e.g., young-of-the-year fish, macrozoo-
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plankton) were sampled using smaller trawls (for a descrip-
tion of the trawl gear, see Honkalehto et al. 2002). Trawl
depths were monitored using a netsonde to ensure that the
trawl fished at the depth of the targeted aggregations. Catch
compositions from 395 trawl hauls were screened to identify
cases in which a single species or group (hereafter referred
to as taxa) was likely to dominate the measured backscatter
(Table 1).

Measurement of relative frequency response

The relative frequency response of aggregations domi-
nated by a single taxon was measured in the immediate vi-
cinity of the trawl path. Analysis was restricted to a region
extending + 0.5 nautical miles (nmi) from the fishing loca-
tion and 20 m above to 20 m below the depths sampled by
the trawl. A horizontal offset was applied to the analysis re-
gions to account for the spatial separation of the trawl and
the transducers (Zhou et al. 1994). Within these regions, the
echograms were examined to ensure that there were no ob-
vious signs of another taxon (e.g., fish schools did not over-
lap with diffuse backscatter likely to be from plankton).
Backscatter passing these criteria was assigned to the taxon
dominating the trawl catch for further analysis.

The relative frequency response was estimated from
measurements of volume backscattering strength S, (dB re
1 m™!). Pairwise frequency differences (i.e., AS,;; = S,; —
Sy, where i and j are indices denoting frequency in kHz)
were computed to describe the relative frequency response.
Subtracting logarithmic quantities in this manner is equiva-
lent to computing the ratio in backscattering strength ex-
pressed in linear units. The relative frequency responses
from aggregations where the trawl catch was dominated by
pollock, capelin, euphausiids, jellyfish, myctophids, Pacific
ocean perch, and eulachon (Table 1) were compiled into a
database.

At each sampling location, S, measurements from each
taxon were averaged vertically and across multiple pings
into larger analysis cells with the averaging conducted in
the linear domain. The choice of analysis cell size represents
a trade-off between decreasing variability in the observed
relative frequency response and minimizing violations of
the assumption that backscatter is dominated by a single or-
ganism. To guide selection of analysis cell size, the sensitiv-
ity of AS, to spatial averaging was evaluated on five
aggregations of pollock. AS, 5035 at the original vertical
resolution (0.19 m) was averaged at a series of spatial scales
ranging from 1 to 2105 samples. The mean AS, 59 33 varied
by only a small amount across the spatial scales, but the
measurements became less variable as the spatial averaging
increased (Fig. 1). The degree to which averaging combines
backscatter from multiple species is more difficult to quan-
tify, as this depends on the number of taxa present and their
spatial overlap. To gain insight as to the degree to which in-
creased averaging will result in combining backscatter from
multiple taxa into an analysis cell, we reviewed a large
number of echograms from previous surveys. We found that
at moderate scales of averaging (~10s of metres), mixing of
species was unlikely to be a concern. Based on these consid-
erations, backscatter measurements collected within the
boundaries of the trawl region were averaged vertically by
5 m and horizontally across 5 pings (hereafter referred to as

Table 1. Catch composition used to identify instances where a single taxon was likely to dominate backscatter at the trawl site.

Criteria for inclusion

Catch composition (%)

Weight

Number

No. of

Minimum  Minimum

number
5000
4000
1000

hauls

weight (kg)

Median Minimum  Median
98

Minimum

Size (mm)

Taxonomic classification

Mallotus villosus

Taxon

97
85
100

60—121 (SL)

Capelin

95

100-240 (FL)
15-30 (TL)

80-550 (BD)
40-111 (SL)

Thaleichthys pacificus

Eulachon

27

100

Primarily Thysanoessa spp.

Euphausiids
Jellyfish

20

100 98 100

94
75

Chrysaora spp. (96% by weight)

1000

91

Stenobrachius leucopsarus (81% by number)

Myctophids
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Fig. 1. The relative frequency response at 38 kHz and 120 kHz as a
function of averaging window. Results are for a subset of walleye
pollock (Theragra chalcogramma) measurements. The circles show
the mean ASy,120-38, and the error bars denote the 10th and 90th
percentiles. The 5 ping x 5 m analysis cell resolution used in this
study is indicated by the box.
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a cell), which corresponds to a horizontal displacement of
~7 m at trawling speed (~3.3 kn) and ~24 m at survey speed
(~11.5 kn).

The relative frequency response for each analysis cell was
computed as the six unique pairwise frequency differences
(AS, ;) possible from the combination of four frequencies.
Only a small subset of measurements included 70 kHz, but
we computed AS, 3370 in those cases to identify whether
large differences were present at this frequency. To mini-
mize the effects of background noise, we estimated the signal-
to-noise ratio (SNR) at each frequency using the method of
De Robertis and Higginbottom (2007) and excluded all
AS,;j with SNR < 10 dB for either frequency in the pair.
In addition, only cells with S, > —70 dB for at least one of
the frequencies were used in further analyses.

The aggregations varied in size, and this resulted in a var-
iable number of analysis cells among sampling locations. In
some instances, some frequencies did not meet the SNR cri-
teria. To accommodate these characteristics while maximiz-
ing the amount of data included in the summary of observed
frequency differences, we developed a stratified bootstrap
scheme that weighted the contributions of each independent
sample (i.e., trawl locations) equally and allowed for the in-
clusion of cases in which not all frequencies were above the
SNR threshold. For each of 10000 iterations, 50 samples
from each trawl haul with >50 cells meeting the S, threshold
and SNR criteria at a given frequency pair were randomly
selected with replacement. The mean and standard deviation
(SD) of AS, ;_; for each iteration were stored, and the mean
and SD of AS,;; for a given taxon were computed as the
mean of each quantity over all iterations. Statistics for each
frequency pair were compiled independently; a given cell
can thus contribute to some or all of the pairwise frequency
differences, depending on SNR.

Can. J. Fish. Aquat. Sci. Vol. 67, 2010

Comparison of measurements when trawling and
surveying

The relative frequency response was measured with the
vessel trawling to maximize the probability of correct
ground-truthing. However, acoustic backscatter strength (but
not relative frequency response) measured while trawling
has been observed to differ from that made while a vessel
is surveying due to differential behavioral reactions to the
vessel (Barange and Hampton 1994; De Robertis and Wil-
son 2006). We therefore compared the relative frequency re-
sponse measured while trawling (~3.3 kn) with that
measured at survey speed (~11.5 kn) immediately before or
after the trawl to test for differences.

Analysis of a subset of the pollock (n = 29) and euphau-
siid (n = 14) trawl locations used in this analysis revealed
that relative frequency responses made while trawling and
surveying were similar. The difference in relative frequency
response (i.e., ASyqrey — AS,yaw) averaged over all
pairwise combinations of 18, 38, 120, and 200 kHz was
—0.16 dB for euphausiids and 0.15 dB for pollock when the
vessel was at survey speed compared with trawling. Given
that the relative frequency response when trawling and sur-
veying was not significantly different (¢ test, P > 0.05 in
both cases) and that frequency differences of this magnitude
were small compared with the variability among sampling
locations (see below), we concluded that relative frequency
responses measured while the vessels are trawling are equiv-
alent to those observed when surveying.

The Z score as a summary of relative frequency
response

We developed a method to classify backscatter measure-
ments based on relative frequency response. The approach
is to summarize the relative frequency response and evaluate
the degree to which an unclassified measurement corre-
sponds to the relative frequency response of a known class
of scatters in the database of ground-truthed frequency dif-
ferences. The basis of the method is that the distribution of
the cell-averaged AS, approximates a normal distribution
(Fig. 2). If AS, is normally distributed, the deviations of an
observed frequency difference AS,;; from frequency pair k
observed in sample / can be summarized by the normal de-
viate or Z score:

ASy k1 — Hpm

1 Zk‘ Lm =
( ) " Ok,m

where . ,, and oy, are the sample mean and SD of AS, es-
timated from the ground-truthed relative frequency response
measurements for frequency pair k£ and taxon m.

The deviation of the analysis cell from the Z score ex-
pected for group m is summarized over all frequency pairs
as follows:

n
(2) Zl _ Zk:l ‘Zk,l,m|
m —
n

where |Z; ;| is the absolute value of eq. 1, and n is the num-
ber of frequency pairs used. Z;,, has units of SDs from the
expectation. For example, Z;,, = 1 means that the average
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Fig. 2. Histogram of ASy 120-38 for 5 ping X 5 m analysis cells
identified as euphausiids (open bars) and walleye pollock (Theragra
chalcogramma; shaded bars) based on trawl catches. The corre-
sponding probability density for a normal distribution with the ob-
served mean and variance is given by the gray line.
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pairwise frequency difference observed for cell / differs by 1
SD from the expectation for taxon m.

S, measurements were evaluated for consistency with
taxon m on the basis of Z,,. A threshold of 2 SDs (Zresh <
2) was applied to identify candidate cells that are consistent
with the frequency difference observed for taxon m:

(3) if Zl,m < Zthresh’ then Sv,[,m = SV,lv

otherwise, Sy, = —999

An S, of —999 dB is used if the measurement falls below the
threshold value because —999 approaches zero in the linear
domain. In the case where a cell produced a Z;,, consistent
with multiple taxa (i.e., Z;,, < Zpesn for multiple m), the
sample was assigned to the taxon with the lowest Z. This
criterion required that the backscatter in a given cell be as-
signed in its entirety to the single most likely class.

The average Z score of the relative frequency response
provides a convenient measure of confidence in the cell clas-
sification, expressed in units of SDs relative to the measured
relative frequency response for taxon m. For example, identi-
fication of a cell as consistent with pollock is more likely to
be correct for a Zpollock of 0.5 compared with one with a
Zpollock of 1.9, as 1.9 SDs is further in the tail of a normal
distribution. Although we performed assignment to taxo-
nomic classes (e.g., pollock vs. euphausiids) as a binary deci-
sion in this application, we used Z to interpret the results of
the classification during postprocessing of acoustic surveys.

The availability of software to conveniently implement
multifrequency analyses is a practical concern in many ap-
plications such as fish abundance surveys. We implemented
the techniques described here using Echoview, a commer-
cially available software application (Higginbottom et al.
2000). This allows processing to be conducted in real time
during an acoustic survey. Instructions for implementing the
Z-score method using this software are available from the
authors.

1463

Comparison of multifrequency and traditional species
classification

We compared species classifications using the Z-score
method with those made with traditional species identifica-
tion methodology during five large-scale surveys of pollock
in the eastern Bering Sea. During these surveys, experienced
analysts partitioned the echo integral and allocated a portion
of the backscatter to pollock by “scrutinizing” the echo-
grams following traditional practice (Simmonds and
MacLennan 2005; Jech and Michaels 2006). This involves
using a combination of subjective examination of echo
traces, prior knowledge, and ~100 targeted trawl hauls
(Karp and Walters 1994; Honkalehto et al. 2002). The spe-
cies classification in this survey is considered to be rela-
tively straightforward (Honkalehto et al. 2002; De Robertis
et al. 2008), and results are likely to be reliable compared
with those of other situations. Pollock abundance estimates
made with the traditional method provide a basis for com-
parison with the multifrequency estimates. The key differ-
ence between these methods is that the multifrequency
method is based solely on the observed relative frequency
response, whereas the traditional method relies primarily on
the subjective judgment of the analyst and trawl sampling.

Estimates of pollock backscatter from surveys in 2004,
2006, 2007, 2008, and 2009 (no survey in 2005) using the
traditional identification method used during the survey
were compared with abundance estimates in which pollock
identification was based solely on the Z-score method. Prior
to Z-score classification, S, at 18, 38, 120, and 200 kHz
were averaged into 5 ping (horizontal) X 5 m (vertical)
analysis cells to a maximum depth of 500 m. Backscatter
from the transmit pulse and bottom echo were excluded
prior to averaging. The SNR of S, data was considered be-
fore Z-score classification to minimize biases introduced by
background noise (cf. De Robertis and Higginbottom 2007).
In practice, only 120 and 200 kHz were noise-limited in the
depth range analyzed. If SNR at 200 kHz was <10 dB, the
cell was classified using data from the remaining three fre-
quencies. If SNR at 120 kHz was also <10 dB, the cell was
excluded from further analysis. An exception to this proce-
dure occurred in the analysis of the 2006 survey, when noise
due to ringing of the transmit pulse from the 18 kHz trans-
ducer caused low SNR at short range. The ringing, which
was very temporally consistent, was subtracted from the
2006 18 kHz S, data, and the corrected data were used in
subsequent computations.

For each analysis cell, we computed Z,, relative to four
taxa (pollock, euphausiids, jellyfish, and myctophids). Only
results for pollock will be presented here as they can be di-
rectly compared with the survey results. However, the other
classes are relevant to this analysis in that a cell was allo-
cated to pollock only when Zpollock was lower than Z,, rela-
tive to the other taxa. Pollock backscatter identified using
the traditional survey method and the Z-score method was
integrated at 38 kHz using an S, integration threshold of
—~70 dB re 1 m~!. Nautical area backscattering coefficients
(sp, m2nmi—2) were allocated to pollock using the survey
methodology and the Z-score method and averaged into
0.5 nmi long x 20 m deep elementary distance sampling
units (EDSUs) for comparison. In addition, the mean
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Zpotock for all cells allocated to pollock in each EDSU was
computed.

The 2004 survey presented a special case: in this survey,
age-0 pollock contributed a sizeable amount of backscatter
at 38 kHz. The contribution from these fish was not quanti-
fied during the survey, which enumerated only age-1 and
older pollock (Honkalehto et al. 2005). However, the rela-
tive frequency response of scattering from age-0 pollock is
similar to that of older pollock (see below). The Z-score es-
timate of pollock abundance, which includes contributions
from all age groups of pollock, was substantially higher
than the survey estimate in 2004. This discrepancy is attrib-
utable, at least in part, to the exclusion of age-O pollock
from the survey estimate. To avoid this effect, we limited
the comparison in 2004 to areas in which backscatter was
identified as age-1 and older pollock using the traditional
method.

Results

Observed relative frequency response

The relative frequency response of pollock was similar
across age classes (Fig. 3), despite the large variation in
body size with age (Table 1). Furthermore, the relative fre-
quency response of adult fish in the summer (when the fish
were not in spawning condition) overlapped broadly with
that of adult fish in the winter when many of the fish were
in spawning condition (Fig. 3). This similarity indicates that
it will be difficult to separate pollock age groups or maturity
states on the basis of relative frequency response at the fre-
quencies used in this study. Because of the broad overlap in
relative frequency response, all pollock AS, samples were
pooled together in subsequent analyses.

The compiled estimates of relative frequency response
(Fig. 4; Table 2) indicated that in some cases, AS, differs
substantially among taxa. Pollock (n = 56), Pacific ocean
perch (n = 5), and capelin (n = 2), all of which have swim-
bladders, have relatively flat relative frequency responses
that overlap broadly, which will make separation of these
species on the basis of AS, difficult. Observations of eula-
chon (n = 4), which do not have a swimbladder, suggest a
similar relative frequency response to pollock, Pacific ocean
perch, and capelin, except for increased backscatter at
120 kHz relative to the other frequencies. Scattering layers
dominated by myctophids (n = 3) exhibited elevated back-
scattering at 38 kHz relative to 18 kHz and 120 kHz. Loca-
tions (n = 5) where near-surface trawl catches were
dominated by large Chrysaora spp. jellyfish (primarily
Chrysaora melanaster) exhibited substantially stronger back-
scatter at 18 kHz than at the other frequencies. Adult eu-
phausiids (n = 27) differed substantially from the other taxa
sampled; their backscatter strength increased strongly with
frequency.

Degree of overlap in Z scores in key taxa

To assess the potential to discriminate among taxa on the
basis of Z score, we evaluated the degree to which Z scores <
2 overlap among taxa. We computed the mean fraction of
analysis cells for each taxon that met the criterion of Z,, <
2, with the Z score based on the observed values for each
taxon, m. The calculations for myctophids exclude 200 kHz
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Fig. 3. Observed frequency response for walleye pollock (Theragra
chalcogramma). Means and standard deviations of ASy are shown
for five groups of pollock and for all groups pooled. The solid error
bars correspond to the pooled values and the shaded error bars cor-
respond to the age-specific values.
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as there was insufficient SNR to warrant inclusion of
200 kHz measurements. The results (Table 3) suggest that
Z, the mean normal deviate of all pairwise AS,, may be use-
ful to distinguish among backscatter from some of the taxa
considered. As seen by the diagonal in the matrix, most of
the cells in taxon m were consistent with the Z,, < 2 crite-
rion. This suggests that the criterion will recover most of
the backscatter in a taxon, which is to be expected as the
test and training data sets are the same. For example, 96%
of the pollock analysis cells passed the Z,onock < 2 criterion.
This behavior also indicates that in most cases, the distribu-
tion of AS, is reasonably well approximated by a normal
distribution.

The entries along a row in Table 3 indicate the degree to
which Z overlaps among taxa and provides an indication of
the potential for successful discrimination among taxa. For
example, the first and last rows indicate that euphausiids
and myctophids can likely be distinguished from the other
taxa on the basis of Z. In contrast, pollock, Pacific ocean
perch, eulachon, and capelin have broad overlap in Z, which
indicates that the potential to discriminate among these taxa
on the basis of Z is low.

Comparison of survey and multifrequency estimates

Initial visual assessment of synthetic echograms indicated
that the multifrequency identification of pollock was consis-
tent with the expectations based on experience in interpret-
ing echograms during the survey (e.g., Fig. 5). In these
surveys, few adult pollock are found at depths <40 m, but
there is often a near-surface scattering layer of unknown
composition (e.g., Fig. 5a). Application of the Zyqjiock Crite-
ria to the multifrequency backscatter recorded during the
survey (Figs. 5b and 5c¢) generally resulted in synthetic
echograms that were consistent with the expectation of pol-
lock distribution based on trawling and interpretation of the
school morphology on echograms (i.e., compare Figs. 5a
and 5d).
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Fig. 4. Means and standard deviations of AS, estimated for groups
of fish and invertebrates commonly encountered during acoustic-
trawl surveys in the Gulf of Alaska and eastern Bering Sea.
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When averaged over the larger 0.5 nmi x 20 m EDSU
scale, analysis cells consistent with pollock (i.e., Zyesh < 2)
at >40 m depth generally exhibited a Zpo]lock < 1.5, particu-
larly when acoustic density was high (Fig. 6a). However,
this was not always the case in the <40 m stratum: in some
years, areas were observed where substantial backscatter
was allocated to pollock, but Zpollock was often >1.5 but be-
low the Zyesn < 2 criterion (Fig. 6b, the red (i.e., high
Zpollock) and large diameter (high s,) symbols observed in
the offshore part of the middle of the survey grid). The dif-
ference between the shallow and deeper Z illustrates the
utility of Z as a quality control measure. The shallow back-
scatter identified as pollock using the Zpollock < 2 criterion at
the analysis cell scale is questionable, as the spatially aver-
aged response is not as consistent with the measured relative
frequency response of pollock as the deeper backscatter (i.e.,
Zpollock is high for the shallower strata). These dubious iden-
tifications were largely eliminated with the application of
the additional criterion of Zpollock < 1.5 at the EDSU scale.

Multifrequency pollock identification yielded pollock
abundance and distribution similar to that obtained with the
traditional identification method (Fig. 7). On a transect ba-
sis, pollock backscatter resulting from the methods agreed
well in almost all cases (Fig. 8). The high coefficient of de-
termination (r2) indicates that, depending on the year, 93%—
99% of the variance in survey pollock abundance was ex-
plained by the Z-score method. The traditional method typi-
cally identified slightly more pollock backscatter than the Z-
score method. This is expected as the multifrequency criteria
used here did not encompass the entire range of relative fre-
quency response observed for pollock (e.g., Table 3). There
was also an outlier: for one of the 2007 transects, the multi-
frequency estimate was much higher than the survey esti-
mate. This was in an area where large aggregations of
Pacific ocean perch were identified during the survey. This
species has a similar relative frequency response to pollock

Table 2. Summary of AS, statistics measured by taxon.
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Table 3. Z-score technique applied to the ground-truthed in situ multifrequency measurements.

Data set
Pacific Walleye
Z score Euphausiids Jellyfish Capelin ocean perch  Eulachon pollock Myctophids
ZEuphausiid 0.99 0.00 0.00 0.00 0.00 0.00 0.00
Zjellyfish 0.00 0.75 0.68 0.05 0.03 0.48 0.00
ZcCapelin 0.00 0.29 0.99 0.94 0.85 0.99 0.00
Zpacific ocean perch 0.00 0.01 0.78 0.78 0.76 0.78 0.00
ZEulachon 0.00 0.00 0.79 0.83 0.94 0.94 0.00
Zpollock 0.00 0.10 0.90 0.85 0.90 0.96 0.00
ZMyctophid 0.00 0.00 0.00 0.00 0.00 0.00 0.98

Note: Each row shows the taxon, m, used as a reference for the Z score, and the columns indicate the trawl ground-truthed analysis cells

for which the Z score was computed. The numbers indicate the fraction of analysis cells where Z,, < 2. Rows indicate the fraction of
analysis cells for a given taxon that is consistent with the Z score listed in each row. For example, the first row shows the fraction of cells

for which Zeuphausid < 2. Columns show the fraction of analysis cells for a given taxon that is consistent with Z < 2 for the Z score listed in

each row. Results represent the average for all haul locations.

Fig. 5. Example of implementation of the Z-score method in the eastern Bering Sea: (a) original 38 kHz echogram showing backscatter
from demersal and pelagic walleye pollock (Theragra chalcogramma) and a near-surface layer of unknown composition; (b) synthetic
echogram of Zpouock summarizing the frequency responses at 18, 38, 120, and 200 kHz; results are shown for all samples above the integra-
tion threshold of —70 dB at 38 kHz; (c) as in (b), but implementing the Zpoiiock < 2 and Zpoiock = min(Z,,) criteria used to identify pollock;
(d) 38 kHz echogram showing all samples with a frequency response consistent with that of pollock. Color scales for 38 kHz Sy (left) and
Zpollock (right) are shown, and black horizontal lines demarcate 25 m depth intervals.
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(Fig. 4; Table 3), and these aggregations were misidentified
as pollock by the multifrequency method. This outlier illus-
trates one of the limitations of the method: when the relative
frequency response of two taxa is similar, the misidentifica-
tion rate will be high. The comparatively good agreement
for the other transects indicates that this is not a widespread
problem for this survey area.

On a survey-wide basis, there was good agreement be-
tween the survey and multifrequency classification results
(Fig. 9). In 2004, the Z-score method identified less pollock
sa than the traditional method. However, in 2004, the Z-score
method was applied only to cells classified as pollock using
the traditional method due to the influence of age-O pollock,

o, SN

which were not quantified by the traditional method. This
constrained the Z-score method to be lower than or equal to
the traditional estimate. In the other years, pollock abundance
from the survey and multifrequency pollock were closer. The
impact of applying the additional Z,Onock < 1.5 criterion at
the EDSU level differed among years in depth zones. In
2007 and 2008, there were substantial amounts of backscatter
in the near-surface strata with Zpollock > 1.5 (e.g., Fig. 9), and
the EDSU level thresholding made the survey and pollock
abundances more comparable. In contrast, this step had little
impact in 2004, 2006, and 2009.

During the surveys, the multifrequency method associ-
ated a variable amount of the total 38 kHz echo integral
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Fig. 6. Map of Z score for backscatter consistent with walleye pollock (Theragra chalcogramma) (i.e., Zpollock < 2). Results are shown for
the strata (@) > 40 m and (b) < 40 m. Zpollock was used to identify areas where the multifrequency identification is questionable. Symbol
color represents Zpoiiock, and symbol size is proportional to acoustic backscatter. Questionable identifications (red symbols) in areas where
high backscatter was observed (large symbols) are much more prevalent in the near-surface zone. Results are shown for 2007 as this survey
has a large number of questionable identifications in near-surface waters.
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with pollock. A range of 6% to 77% of 38 kHz backscatter
along a transect was associated with pollock by the Z-score
method. On a survey basis, 30%—58% of total 38 kHz back-
scatter was classified as pollock, depending on the year. In-
spection of Zpollock indicates that the confidence in the
multifrequency identifications was fairly consistent among
transects and years (Fig. 10). The overall range of Zpollock
was fairly narrow, suggesting that there are no strong spa-
tial gradients in the degree to which the classified backscat-
ter conforms to the measured relative frequency response of

pollock. Similarly, Zyouock in 2006-2009  overlapped
broadly (Fig. 10), which indicates that there was a similar
degree of confidence in the classification for these data
sets. In contrast, Zpollock was slightly lower (~0.1 SDs) in
2004 (Fig. 10). This is consistent with differences in appli-
cation of the method: in 2004, the Z-score method was
applied only to those cells identified as pollock during the
survey. This presumably resulted in fewer misidentifica-
tions, which is reflected in the small, but consistent, differ-
ence in Zpoliock-
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Fig. 7. Estimates of walleye pollock (Theragra chalcogramma) acoustic backscatter based on allocating backscatter using (a) traditional
survey methodology and (b) the Z-score multifrequency method. Results are for the 2007 echo integration-trawl survey of pollock in the

eastern Bering Sea.
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Discussion

Empirical measurement of relative frequency response
Our measurements indicate that use of multiple discrete
frequencies in the range commonly used in fisheries acous-
tics (18-200 kHz) has the potential to improve the ability to
discriminate among some of the primary acoustic scatterers
encountered during surveys in the eastern Bering Sea and
the Gulf of Alaska. Overall, our observations are consistent
with previous studies that have demonstrated that one can
potentially distinguish among organisms with contrasting

acoustic properties, e.g., fish with or without swimbladders,
resonant scatterers, and zooplankton, on the basis of relative
frequency response (e.g., Korneliussen and Ona 2002; Lav-
ery et al. 2007).

Fish with gas-filled swimbladders (e.g., pollock, capelin,
Pacific ocean perch) exhibited a similar relative frequency
response. This similarity in relative frequency response is
likely because the contribution from the swimbladder is the
dominant source of the backscattered signal from these fish
(Foote 1980, 1985), which suggests that it will be difficult
to discriminate among these species on the basis of multifre-
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Fig. 8. Comparison of walleye pollock (Theragra chalcogramma)
backscatter based on multifrequency identification of pollock with
pollock backscatter identified in the acoustic survey for five sur-
veys between 2004 and 2009. Each point represents a transect
mean. The figure legend lists the 72 resulting from linear regression
of the multifrequency and survey pollock abundances in each year.
The transects can be seen in Fig. 7.
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quency measurements at these frequencies. Although only
two observations were made, capelin appeared to have a rel-
atively stronger backscatter at 18 kHz than at higher fre-
quencies, which is consistent with previous observations of
capelin (Fernandes et al. 2006).

The other taxa considered appeared to have relative fre-
quency responses that differed from those of the fish with
swimbladders. Eulachon, which lack swimbladders, exhib-
ited a tendency toward a stronger backscattering strength at
120 kHz than at 18, 38, and 200 kHz, which is consistent
with the theoretical predictions of Gauthier and Horne
(2004). Euphausiids exhibited a strong increase in backscat-
ter strength with frequency, which is distinct from the other
taxa considered and consistent with previous studies (Ma-
dureira et al. 1993; Stanton et al. 1996; McKelvey and Wil-
son 2006). Areas where net catches were dominated by
C. melanaster jellyfish exhibited disproportionately stronger
backscatter at 18 kHz. This is consistent with previous target
strength measurements of the jellyfish Chrysaora hysoscella
at 18-200 kHz, in which a strong peak at 18 kHz relative to
other frequencies has been observed (Brierley et al. 2004).
Scattering layers in which net catches were dominated by
myctophids exhibited substantially stronger backscatter at
38 kHz than at 18 kHz or 120 kHz, which may be caused
by resonance of small gas-filled swimbladders at 38 kHz
(Kloser et al. 2002). The primary species of myctophids in
our study area (Sinclair and Stabeno 2002) have swimblad-
ders, although some species (including Stenobrachius leu-
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copsarus, the numerically dominant species) undergo an
ontogenetic shift from a primarily gas-filled swimbladder to
a lipid-filled swimbladder (Butler and Pearcy 1972). These
results indicate that it should be possible to distinguish back-
scatter from swimbladdered fishes and euphausiids based on
the large difference in observed relative frequency response
as has been previously reported (e.g., Miyashita et al. 1997,
McKelvey and Wilson 2006), and likely jellyfish and mycto-
phids as well.

The relative frequency response for pollock was similar
for different age and size groups: the relative frequency re-
sponse of an age-0 pollock was similar to that of an adult
weighing more than 1000 times as much. This lack of size
dependence in the relative frequency response is not surpris-
ing, as the frequencies used do not span the transition from
Rayleigh to geometric scattering for pollock. As a conse-
quence, it will be difficult to invert pollock size distributions
from measurements of relative frequency response with the
frequencies commonly used in fisheries acoustics (Holliday
and Pieper 1995; Horne and Jech 1999). In addition, the rel-
ative frequency response was similar across a wide range of
pollock depths and aggregation types, and during the
summer when there is no spawning compared with in the
winter when pollock are in spawning condition. This indi-
cates that although target strength is strongly dependent on
factors such as fish size, maturity state, behavior, and depth
distribution (e.g., Foote 1985; Ona 2003), these factors did
not have a large impact on the relative frequency response
of pollock. This is likely because the relative frequency re-
sponse is based on the difference in target strength among
frequencies (Gauthier and Horne 2004), which will often be
lower than the absolute change in target strength at a single
frequency. However, the effect of depth on relative fre-
quency response is likely to be important for resonant scat-
ters such as myctophids, which undergo swimbladder
compression during vertical migrations, thus changing the
resonant frequency of the swimbladder (Godg et al. 2009).

This study relied on in situ measurement of the relative
frequency response of trawl ground-truthed backscatter
(e.g., Brierley et al. 1998; McKelvey and Wilson 2006; Kor-
neliussen et al. 2009). However, the dominant organism in
the trawl catch may not be the most abundant organism in
the environment, as the trawls capture organisms selectively
(Nakashima 1990; McClatchie et al. 2000; Wiebe and Ben-
field 2003) and the trawl and acoustic samples are not com-
pletely spatially and temporally coincident. In addition,
organisms differ substantially in their scattering properties,
and the most abundant organisms are not necessarily the pri-
mary contributors to acoustic backscatter (Stanton et al.
1996). Thus, there is some uncertainty in our ground-truthed
identifications of the dominant scatters. This is particularly
the case for the myctophid and jellyfish identifications,
which are more poorly constrained than those of the other
taxa. Although unlikely, it is possible that much of the back-
scatter measured in these trawls was, in fact, backscattering
from taxa that were not observed in the catch, for example,
siphonophores with gas-filled pneumatophores (Stanton et
al. 1996; Lavery et al. 2007). In addition, for some taxa,
there were few replicate samples as they rarely dominated
the trawl catch. Thus, we have the highest certainty for the
measurements on pollock and euphausiids for which the
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Fig. 9. Multifrequency walleye pollock (Theragra chalcogramma) abundance estimate relative to the traditional survey estimate as a func-
tion of identification method for samples > 40 m and < 40 m. For each survey, three bars are shown, representing pollock identified by the

traditional technique (survey), pollock identified as analysis cells with Zpollock < 2 (Zeen), and pollock identified as EDSUs with an average

Zpolock < 1.5 (Zepsu). The dotted line indicates agreement with the survey estimate, as show by the first bar in each group. The 2004 com-
parisons differ from the other cases in that the comparisons are limited to cells assigned to pollock by the survey due to the presence of
large numbers of age-0 pollock that were not included in the survey estimate in 2004.
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Fig. 10. Box plots of transect mean Zpollock of analysis cells classi-
fied as walleye pollock (Theragra chalcogramma). The horizontal
lines within the boxes represent the median values. The box plots
demarcate the 10th, 25th, 50th, 75th, and 90th percentiles of the
observations for each survey.
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most measurements were available, and the identity of the
acoustic scatters is less ambiguous. Because of these uncer-
tainties, and the limited replicate samples, the results for
other taxa should be treated as provisional until substanti-
ated in future studies.

Z-score approach to multifrequency classification

We developed a method to classify backscatter by com-
paring the mean normal deviate of the relative frequency re-
sponse in an acoustic measurement with the empirically
measured relative frequency response for specific taxa. We
chose the Z score to summarize the relative frequency re-
sponse. This method assumes that AS, is approximately nor-
mally distributed or, at least, that most of the distribution is
encompassed by +2 SDs of the mean. We purposely chose a
method that could be implemented in real time during exist-
ing acoustic surveys using commercially available software
for practical regions. Although this constrained us from ap-
plying more sophisticated classification techniques (e.g., Za-
kharia et al. 1996; Anderson et al. 2007; Korneliussen et al.
2009), which are potentially more effective, the Z-score ap-
proach is robust and requires few assumptions. In addition,
the mean Z score accounts for more variable estimates at
certain frequency pairs (i.e., less weight is given to fre-
quency pairs with a higher observed SD).

A key benefit of the approach is that Z provides an intui-
tive index of classification certainty. The units of Z are such
that they describe how well the sample conforms to the
measured frequency difference for a given class: a Z of 1
indicates that the sample has relative frequency response
with an average of 1 SD relative to what was observed in
the reference samples for a given species. It is important to
recognize that all methods for remote species identification
are likely to fail under some circumstances. To avoid mak-
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ing improper interpretations, it is important to be able to
identify these situations. In this context, Z is a useful metric;
a substantial increase in the average Z suggests a substantial
violation of the underlying assumptions and suspect results.

We used only the relative frequency response, which is
largely dependent on the morphology of the organism, and
avoided incorporating other measures that are likely to be
more variable in an effort to make a more robust classifica-
tion method. We did not use measures of the absolute back-
scatter strength (e.g., a threshold, or an absolute S,) as the
basis for classification. Such measures are a function of the
number of organisms in the range-dependent volume
sampled, as well as the target strength of the organism, and
will be sensitive to changes in the abundance, orientation,
behavior, size, or depth distribution of organisms. In addi-
tion, we did not include other descriptors such as geographic
location, vertical distribution, environmental, or statistical
descriptions of school shape (Reid et al. 2000) in our classi-
fication method, as these are spatially and temporally varia-
ble. For example, pollock are found in a wide depth range
and a variety of spatial patterns, including solitary individu-
als, pelagic and demersal layers, and discrete schools of a
broad range of sizes (Burgos and Horne 2008; Stienessen
and Wilson 2008). Measurements of aggregation morphol-
ogy from our ground-truthed backscatter are unlikely to en-
compass the diversity of aggregations for the taxa under
study here. We chose not to formally include this informa-
tion (e.g., Lawson et al. 2001; Fernandes 2009; Korneliussen
et al. 2009) in an effort to develop a more general approach.
However, this type of information can be used to comple-
ment and assess the validity of the multifrequency analysis.

Validation of the Z-score method

The Z-score method makes several assumptions: (i) the
observed relative frequency response is generally applicable
to the species over the study area (AS, is spatially and tem-
porally consistent and normally distributed); (ii) the relative
frequency response of taxa does not overlap; and (iii) at the
scale of an analysis cell, spatial overlap among taxa is low.

To evaluate whether these assumptions hold in practice
for pollock, we compared the Z-score estimate of pollock
backscatter with the traditional estimate, which is based on
trawl sampling and expert judgment of echograms. The spe-
cies classification methods are independent, as the tradi-
tional method combines prior knowledge about geographic
distribution, depth distribution, and aggregation structure
with targeted trawling on selected aggregations, whereas the
Z-score method uses only the relative differences in back-
scatter at different frequencies. Overall, we observed good
agreement between the methods, particularly after applying
the Zpoiock < 1.5 at the EDSU level criterion, which primar-
ily excluded near-surface backscatter with a relative fre-
quency response that overlapped with that of pollock but
was, on average, only marginally consistent with pollock.
The nested approach of thresholding Zpollock at the scale of
both the analysis cell and EDSU has the effect of classifying
marginal analysis cells (i.e., 1.5 < Zpollock < 2) as consistent
with pollock only when the surrounding analysis cells in the
EDSU are more consistent with the expectation for pollock.

The consistency between the estimates of pollock abun-
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dance based on the two methods indicates that for pollock
in the eastern Bering Sea, the assumptions of the Z-score
method are largely met. Similarly, the low Zpollock for back-
scatter identified as pollock suggests that the assumptions
are not consistently violated. This indicates that an abun-
dance index of pollock approximating that from a traditional
survey can be made with species identification based solely
on the basis of relative frequency response in this environ-
ment. However, one must keep in mind that the eastern Be-
ring Sea midwater community is dominated by a few
abundant species (e.g., Honkalehto et al. 2002), as is typical
in many high-latitude ecosystems. In this environment, the
assumption that backscatter with a relative frequency re-
sponse similar to that of pollock is attributable to pollock is
not unreasonable. Species classification on the basis of rela-
tive frequency response will be more difficult in more di-
verse environments where these assumptions do not hold.

Areas for refinement

Although the method is effective as implemented, there
are several refinements that may offer improvements. The
Z-score framework can be used to incorporate new informa-
tion on relative frequency response based on measurements
as reported here, or theoretical predictions (e.g., Gauthier
and Horne 2004; Lavery et al. 2007) as they become avail-
able. The Z-score approach weights the information at all
frequency pairs equally. This is reasonable when attempting
to distinguish a taxon from other, unknown sources of scat-
tering as it uses all available information. However, this ap-
proach may be less effective when the relative frequency
response of an organism is known to differ from other spe-
cies present only at some frequency pairs (e.g., eulachon), as
the similarity at the other frequency pairs will reduce the ap-
parent difference in relative frequency response. In these
cases, one might apply criteria using all frequencies as a
preclassification step to isolate backscatter that is generally
consistent with the taxa of interest and then add additional
requirements at the specific frequency pairs at which these
taxa differ to maximize the probability of discrimination.

Selection of an appropriate scale of spatial averaging is a
central consideration in multifrequency backscatter classifi-
cation. Averaging over several pings reduces random varia-
bility in measurements of relative frequency response and
minimizes biases introduced by differences in the volume
sampled at the different frequencies (Korneliussen and Ona
2002). At the same time, relatively fine-scale averaging is
desirable to minimize the extent to which backscatter from
multiple taxa will be observed in a single analysis cell
(Demer et al. 2009). Performance at either very low or very
high levels of averaging will be poor. The impact of averag-
ing on variance is fairly easy to evaluate, but understanding
the degree to which monospecific aggregations overlap in
analysis cells of a given size remains a challenge as this
will change over space and time. Multifrequency discrimina-
tion can be improved in cases where organisms form well-
defined monospecific aggregations by preclassifying fish ag-
gregations and combining all samples in an aggregation
prior to multifrequency analysis to maximize the degree of
averaging (Fernandes 2009; Korneliussen et al. 2009). In ad-
dition, combining preclassification at a fine spatial resolu-
tion to remove samples that are inconsistent with the taxon
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of interest, followed by classification based on the relative
frequency response in spatially averaged analysis cells, is
promising (Demer et al. 2009).

Utility of multifrequency classification

The Z-score method has the potential to improve the abil-
ity to interpret backscatter during acoustic surveys. Addi-
tional information gained from the relative frequency
response can be used to improve interpretation of acoustic
backscatter strength in several ways. The output of the
method can be used quantitatively, as applied to pollock in
the example given here. Alternatively, it can be used as a
preprocessing step prior to subjective backscatter allocation.
The method will eliminate backscatter that is not consistent
with a target organism, which is useful even if it does not
separate the target organism from all other taxa, as this
changes the interpretation paradigm from “what is” to
“what is not” backscatter from the organism of interest
(c.f., Jech and Michaels 2006). The relative frequency re-
sponse can be summarized in real time, and synthetic echo-
grams can be used as an additional source of information to
interpret backscatter visually or to better inform the decision
of where to target a trawl. For example, if one observes a
subtle shift in the relative frequency response, one might
choose to allocate a trawl to ensure that the species compo-
sition has not changed. In addition, the method provides an
index of certainty in backscatter interpretation, which can be
used to identify areas or times where there is less certainty
in classifications made based on the relative frequency re-
sponse or subjective interpretation. For example, the survey
average Z score can be used to quantify interannual or re-
gional changes in uncertainty in species allocation during a
survey time series in situations where species classification
is based either on relative frequency response or on the tra-
ditional methodology.

Multifrequency information can also provide valuable in-
formation on nontarget species (Koslow 2009) from existing
surveys of commercially important species at a modest in-
crease in effort and cost. In the eastern Bering Sea survey
area considered here, the relative frequency response indi-
cates that euphausiids can be reliably separated from other
dominant scattering groups. We are currently developing an
index of euphausiid abundance for the eastern Being Sea,
with species identification based on the Z-score method and
a limited number of trawl samples for verification. The
multifrequency approach will also likely be helpful when
making inferences from acoustic backscatter when sampling
is limited or not possible, for example, when making oppor-
tunistic observations from platforms such as fishing vessels,
moorings, drifters, and autonomous vehicles.
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