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Survey transccts often cross thermal (e.g. thermo-
clines and thermal bars) and spatial (e.g. nearshore
vs. offshore) regimes where discontinuities in species
composition, fish lengths, and abundances can occur.
Spatially-explicit analysis of fisheries acoustics data
can preserve heterogeneous fish disinibutions by par-
tittoning data into array cells with rypical dimensions
ol 0.5-1 m (vertical) and 50-100 m (horizonlal). Each
cell has spatially-indexed values of numeric density
and fish length and can be referred to the physical
environinent for quantitative analysis of biological-
physical relationships and  bicenergetic modeling
(Brandt et al., 1992).

The advent of digital cchosounders has greatly
increased the accuracy and dynamic range of sonar
data collected in aquatic systems as well as the overall
speed in processing these data on computers. Digital
echosounders have several advantages: they eliminate
the time consuming step of retricving anajog data. they
can facilitate near real-time processing (Powell and
Stanton, 1983), and they can be directly processed,
visualized, and analyzed on any computer platform.
The Digital Echo Visualization and Information Sys-
tem (DEVIS) software system was developed to read,
process, analyze, and visualize digital data for spa-
tiully-explicit analysis of Hsheries acoustic data.
DEVIS was written and developed at the Great [Lakes
Center, SUNY-College at Buflalo for use with the
scientific community. The impetus for this software
came from the need for higher resolution spatial data
for ecological studies of fish (Brandt and Mason,
1994,

In this paper. we describe DEVIS from the per-
spective of processing fisherics acoustie data for indi-
vidual target  intormation  (spatial  location and
acoustic scattering size) for two-dimensional arrays
of volume scattering. for calculations of numeric
density and for data visualization. We give brief
descriptions of the SONAR equation and demonsirate
the importance of obtaining an accurate ¢stimate of
the ucoustic size of indivicdual targets for applications
to fisheries management and ecological studies. For
more detailed descriptions and derivations of the
SONAR equation. the reader is directed to Forbes
and Nakken (1972}, Urick (1975), Clay and Medwin
{1977, Greenlaw and Johnson (1983), MacLcennan
and Simmonds (1992, Misund (1997), and Medwin
and Clay (1997).

2. Software overview

DEVIS is a fisheries acoustics rescarch (ool that
provides a software cnvironment where new and
innovative data analysis and visualizadon ideus can
be tested and implemented. DEVIS muaintains a con-
stant dara fornrat, which increases the efticiency of
processing.  analyzing, and  visualizing the data.
Results are the spatial or temporal distribution of fish
abundance, fish length, und fish density estinates,
These results are crucial for making hsherics munage-
nwent decisions such as stocking strategies for sport
{ish (Brandt et al.. 1991 Brandt, 1996). for monitoring
programs, and for ccological siudies such as estimat-
ing potential grazing rates of planktivorous fish on
zooplankton (Luo and Brandt. 1993), spatial modeling
{Nero and Magnuson, 1989: Nero et al., 1990: Mason
amd Patrick. 1963, Luo et al.. 1996}, and spatially-
explicit bioencrgetics models (Brandt el al., 1992:
Brandt and Kirsch, 1993: Goyke and Brandt, 1993:
Mason and Brandt, 1996,

The overall fornzat of DEVIS has been separated
into two primary procedures. The first procedure reads
the data, then corrects the daia for time varied gain
(TV G, absorption losses, beampattem etffects, echo-
sounder and transducer gains. and calibration para-
meters (Fig. 1, Digital data processing). We also
incorporate algorithms in this step to discriminate
individual targets [rom multiple targets, DEVIS out-
puts a two-dimensional mean volume backscattering
strength array (5,) and information on individual
targets, The s, array is vertically intergrated and
horizontally averaged ccho energy which is propor-
tional 0 numeric densily. The acoustic buckscattering
cross-section. angles ofl-axis, and spatial target locu-
tion are calculuted lor individual targets.

The second procedure (Fig. 1. Post-processing)
meshes the 5, array and individual target information
inte two-dimensional arrays of numeric density. fish
length, and acoustic size for statistical analysis and
visualization. Acoustic echoes can be converted to [ish
length (Cushing, 1973: Midtiun. 1984, Foote, 1991},
and the spatial distribution of numeric density for a
number of user defined length-classes can be com-
puted. The reader should note that the conversion of
acoustic size o fish length is complicated by the
orientation and aspect of fish relative to the transducer,
by the clongated shape ol fish, and the presence or
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Fip. 1. DEVIS flowchart lor processing digital sonar data. The Digitef Date Processing procedure {1eft side) reads raw digitad sonar signals,

parameter vilues, and calibration information to ouput ¥, and acoostic targel size information. The Posg-Proces sing procedure converts this
informiation inle an array of numerical densiry, fish length, and nomerical density of size-classes.

abhsence of a swimbladder (Nakken and Olsen. 1977).
Compensation for these effects is currently an area of
study in the fsheries acoustics research community.
For mobile fisheries surveys., the vertical dimension is
depth. and the horizontal dimension is time or distance
along a transect. Time is the common denominator for
integrating acoustic data  with  zooplankton  data
(Stockwell and Sprules. 1995) and physical data {Nero
etal., 199(; Brandt et al., 1996). DEVIS also contains
algorithms 1o integrate Global Positioning System
(GPS) data. which is useful lor placing the dala in
a geographic contexi.

The software is written in [nteractive Data
Language (IDL) (Rescarch Systems, 1996). IDL
software ix necessary to run DEVIS and can be run
on a variety of platforms, from UNIX workstations to
PCs (both Microsoft Windows based and MaclIntosh),
increasing the portability of the code. Simrad EYS500
split-beam echosounder data have been used as a
model for DEVIS. Post-processing and visualization
procedures arc independent of data input and were
built on more than 6 vears of fisheries and ecological
acousfic processing using a variety of other echosoun-
der systems {Kirsch, 1992),

3. Data processing

DEVIS uses “'raw’ digital data (i.e. gains and
corrcctions have not been applied) allowing greater
flexibility to correct misapplied gains during data
collection, to determine scales of inlegration, and to
diagnose inconsistencies in the data. A parameter file
delines paramelers used by DEVIS, and values are
changed tor the specific environment and echosounder
system (Table 1), Parameters are noted in the text
when applicable to processing procedures. To enhance
processing time. only data in the water column e
processed. In addition, near-surface and near-bottom
data can be ignored (parumeters: transducer depth,
blanking distance — **blind spot’™ distance immedi-
ately below the transducer, and off-hottom integration
distance). Data processing consists of correcting the
signal for transmission losses and echosounder gains,
applying calibrations, discriminating individual tar-
gets from multiple targets, and creating a two-dimen-
sional §, drray.

Acoustic sizes of individual targets are obiained
by solving the SONAR equation. For an individual
target, the SONAR equation is written in linear form
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Table |
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Purameter values
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where pois the echo pressure, ppd the source pressure,
£ the direcuonal response ol the trunsducer. « the
attenuation coefficient (dBm ' R the range tm)
from the transducer to the turget, und Gy iv the
echosounder gain which is presented as a generic term
that is echosounder dependent. The acoustic back-
seattering crovs sectional area, ., (M- 1. s the acolstic
size of the target. It is the ability of the target to scatter
sound back to the transducer and is the primary
variuble used throughout all subsequent calculations
and conversions to numeric density, fish length, and
biomass, A common form of the acoustic size givenin
fisheries acoustics literature is the logarithmic form
of target strength: TS=10Togptrn.} (AB) (Clay and

Medwin. 1977). Terms within brackets in Eq. (1) are
used to correct the signal for source level, trunsmission
losses. and echosounder gains. To obtain accurate
measurements of oy, turgets need o be recognized
as individuals and compensation for the ransducer
directional response must be applied.

Individual targets are diseriminated from multiple
targets using a series of criteria (parameters; min, TS
detection. min, and max. echo length, and phase
deviationt. The first parameter sets the lower limil
in decibels, of target acoustic sizes. For example, if
larger fish are wanted. the user can filter out smaller
fish and zooplankton by setting « Lwger minimum TS,
The next level ol discrimination uses the echo shupe to
discriminate targets. The paranteters min, and max.
echo length are a proportion of the pulse width at the

3 dB points techo width at the half-poweer points of
the peakt The echoe wavelornt is similar o the wave-
form of the incident puise. and the width of the echo
relative o the pulse width has been used to diserimi-
nate individual echoes lrom onverlapping  echoes
{MacLennan and Simmonds, 1992: Traynor and
Ehrenberg, 1979} The final level of individual target
discrimination is i phase devistion purameter. We use
the “standard deviation discriminator™ (0 compute the
standard deviation of phuse values within the echo
tSoule et al.. 1990).

After an echo has been accepted as an individual
return, the angular position is coniputed. Split-beam
and dual-beam systems hay e an advantage over single-
beam systems by direct!y measuring the target’s posi-
tion relative to the acoustic axis. DEVIS calculates the
alongship und athwartship angles of the echo peak
from the Simrad ““<sample angle™ data telegram. This
angular position within the beam is used to compen-
sate Tor the ransducer directional response. The finad
target lilter (parameter: max, angle) eliminates targets
if their maximum angular distance is greater than the
specificd angle. A smaller angle will reduce the num-
ber of aceepied individual targets, and an angle greater
than the beumwidth reduces the certainty of the 7y,
caleulations for targets outside the main lobe.

The echosounder must be calibrated o quantify
acoustic measurements {Foote, 1982). This is accom-
plished using the standard target technique (MacLen-
nan and Simmonds, 1992) with i tungsien carbide ball
{38 mm diaimeter. TS=—40.4 dB at 120 kHz) 1para-
meter: std. target strength). Calibration results consist
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we ¢can obtain p trom

s
g (3)
The

where p (m ") is the density estimate within each cell.
and ay,. is the best estimate of acoustic size for each
cell tmadified from Eq. (7.3.13) in Clay and Medwin,
1977}, To calculate density, we must have an estimale
of the acoustic size for all targets in the cell, and @,
should be representative of all types of scatterers.

., can be obtained from: acoustic measurements of
individual in situ targets, previous knowledge of the
species composition and expected lengths, or derived
using length—[requency information from concurrent
citch data. Using previous biological mformation or
citch data requires a regression equation that relates
cither o, to individual target lengths (i.e. a TS—length
equation (l.ove. 1971; Foole, 1980a)) or volume scat-
tering to density (Love, 1975; Massé and Retiere,
1995). TS-length equations are derived from labora-
tory experiments on a scrics ol individual fish of a
pacticular specics, spanning the length runge expected
in the survey area. It one knows the length distribution
from catch data, these lengths can be converted to &y,
and then used in Eq. (3). Care must be tuken to include
the size selectivily in catch data before relaling acous-
tic size to catch data, Using in siw target data for
estimating a representative acoustic size requires that
fish be recognized as individuals. This constraint is
due to the processcs ol multiple scattcring and/or
gcoustic shadowing. An advantage lo using In situ
targets is that the distribution of acoustic sizes should
be representative of the local distribution of fish
lengths. However, data must be collecied when fish
are not schooling or in densc shoals.

Array cells may have al least one target, no indi-
vidual targets due (o a tight aggregation of hsh, or low
5. and no individual targets (Fig. 2). [n ceils with
individual 1argets, the weighied mean backscatlering
cross-section is caleulated from the distribution of
targets in each cell, and numeric density is computed
by Eq. ¢3). In cases where no individuals are present,
& 1nust be cstimated. In cells with no individual
targets, but with non-zero volurne scattering (c.g. fish
aggregalions with no resolvable targels). acoustic
size can be estimated using (1) a weighted-mean from
all in situ targets in the array. (2) a weighted-random
choice from all in situ targets in the array, (3) a

dynamic local-search window, and (4) a nearcst neigh-
bor (Fig. 2).

The first aconstic size estimation method uses &
weighted-mean o, (rom all individual targets in the
array. This mean acoustic size is placed in all cells
with missing turgets. The second methed uses
weighted-random acoustic sizes chosen from the dis-
tribution of all individual targets in the array. In this
case. the random choice is weighted by the probability
of occurrence for each size and is npdated for each
cell. These methods assume homogeneous fish scat-
tering Lypes or species throughout the array, The third
method uses o dynamic local-search window. This
window scarches for in situ targets by beginning with
array elements immedialely surrounding a cell and
then increasing in size uniil either 2 minimum number
of targets is found or a maximum window size is
reached. Three window paramelers: maximnm win-
dow radius, window shape, and minimumn number of
largets. define the search pattern and the target dis-
tribution used to obtain a represcntalive acoustic size.
The scarch pattern may vary [rom a symmetric shape
o an elongated shape to accommodate different spa-
tial distributions of organisins. Fish species often
scgregate at thermal fronts (Brandt, 1993), and ellip-
tical search patterns will estimate gy, from individuals
more represcnlative of spatial disiributions of species.
A minimum number of targets within the search
window provides a distribution of targets for acoustic
size estitnation and avoids a pearest neighbor search.
A maximum window size restricts the search pattern
to a local area where similar species are cxpected, and
avoids searching the entire array. When the minimum
number of largets is found, the weighted-mean ot
those targets is used as the represcniative acoustic
size. It the maximuimn size is reached and no in situ
targets are found, cell density is set to zero. The fourth
acoustic size estimation method is the nearest neigh-
bor method. where the acoustic size of the nearest
target is used as the representative size. If two or more
targets arc equi-distant, then the weighted-mean of
thosc targets is used as the represcnlative acoustic size.

The methods o estimate &y, for calculation of
numeric density in length classes are identical to those
above but use targets in cach length class exclusively.
%, in cach cell. is proportioned to the number of targets
in each length class (a proportion of the number of
targets in all length classes in each cell). Numeric
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density for each length-class ix then computed using
the proportional ecH density and @y, in cach length
class. The proportional number of targets in a length
class (g,) is

)'\lf
== (4)

Nf

=i |
where N is the number of targets in the jth size class
and M i~ the number of length classes. We then
proportion X, in the cell by

o

- {3
The

iy =
where ay,, 1s the acoustic size of the jth size class, This
method assumes that all scattering is due to similar
scallering types. and that velume backscattering fol-
lows the linearity principle {Foote, [983). Acoustic
data can be collected at night, when fish end w be
dispersed and are less likely to be found in tightly
packed schools. Other analytic techniques are required
1o estimate the density of fish schools (Massc e al..
1986; Misund. 1997}

4. Applications and discussion

One caveut for spatiaily-explicit acoustic data ana-
lysis is that each arrav cetl must have an estimate of an
acoustic size, When cell dimensions are small, the
probability ol detecting individual lish decreases and
mnethods other thun using in situ acousiic targets must
be used. Conversely, cells that are too lurge may
contain a greater diversity of target lypes muking
G, toss aceurate. Echo statistics and probability den-
ity [unctions (PDFs) can be used to resolve “deuse™
vi, “loose” aggregations (Stunton, 1985; Stanton and
Clay, 1986). and putentially to resolve scatterers of
similar or vuried types. The acoustic size cstimation
methods currently implemented use a distribution of
targets from cither individual cells or the entire array.
In addition. with the exception of the nearest-ncighbor
acouslic size estimation method, the representalive
acoustic size is caleulated by weighting individual
argets by their frequency of occurrence. Using
weighled distributions should improve estimates of
the representative acoustic size and have been applied
to zooplankton acoustic data (Hewitt and Demer,
1993},

Numeric Deasity:

Acoustic size cstimated (B}

¢ m

MNumeric Density: Acoustic size =80 ()

611
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0 Relative Density 2(:'5

0 Numeric Density |4 m'3| 5

Fiero 30 Acoustic data collected during Sepember B394 i the
castern husin of Lake Lric used to illustrate the necessity fur an
secunite eslimate of acoustic size. Panel A shows §at o spatial
resofution of (L5 m vertical and 50m horizontl. A dense
conceniration of fish are sggregated at the thermochne (223 m
depthir, 1o this agprecation. tes individual Lwpets were detected.
Panel B shows resulring numeric density (m 'y distibution when
T Wwits oslimated inocells withoot jodividual agets osing the
welghted-rmdom acoushie size estmition method. Panel © shows
nuemerie density disteibution when gn, wus set eguual o zero for
cells without individual targets. Panel B better represents the
orginal distribution ol {ish,

Acouslic size estimation methods are necessary to
compute numeric density for spatially-explicit data
analysis, and as with any estimation technique, can
potentially  bias  estimates. 120 kHz  dual-heam
{BioSonics model H32) acoustic data collected during
September 1994 in the eastern basin of Lake Erie
illustrate the necessity for an accurate estimate of Gy,
(Fig. 3). A dense concentration of fish are aggregated
in the thermaciine at 20-25 m depth (Fig. 3A). In this
aggregation. few individual targets were detected.
Two estimales of gy, are compared. The tirst method
used weighted-random estimates. using the distribu-
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ton of all targels in the data array, in cells without
individual targets (Fig. 3B). The second method con-
servatively set the density in cells without individual
targets o zero (Fig, 3C) The spatial density map with
non-zere estimates better represents the original dis-
tribution of lish. whereas the distribution of the “zer-
oed” data does not adequately represent fish density at
the thermocline. This example does not factor changes
in cell size or the sampling design which may com

pound the variability in abundance and biomass esti-
mules. These examples are given to show how one
component of analyzing ascoustic data alfects abun-
dance and biomass estimates. Variability in abundance
and blomass estimates increases the uncertainty for
fisheries managers when stocking or harvest gquotas
must be set. We would like to note that this is an area ot
interest in fshertes acoustics, and estimation methods
are constantly cvolving.

Data collected during July 1995, as part of
the Trophic Interactions in  Estuarine Systems
(TIES) project. graphically represent various re-
sults using DEVIS, Data from a representative
cross-bay transect. near the middle of Chesapeake
Bay, were collected with a Simrad EY-500 split-beam
echosounder operating at 120 kHz. Data have been
corrected for transmission losses und beampaticn
effects. The two-dimensional 5 array has a resolution
of Tw verticul (V) and 20 pings horizontal (H,)
(Fig. 4a).

Numeric density (m ") tor all Ash sizes was calcu
lated using the weighted-rundom @y, acoustic size
astimation method in cells withour individual targels
{Fig. 4b). Conversion of acoustic size tm,.) to fish
length was computed using a regression equation
derived by Love (1971} Tish lengths in acoustic
dutu correspond well with nudwater trawl caiches
(Fig. 41, where targcts were identitied us primarily
anchovy (Anchoda  mitchiffd in the 30 100 mm
length runge (Edward Houde, personal communica-
tion). Fish in the 12-200 mim length class contribuie
the preatest proportion to overall density (Fig. <4d).
Fish biomuass was culcutated using a length—weight
regression (or buy anchovy (Luo and Brandt. [993)
and biomass density (gm ') distributions are pre-
sentad in Fig. de.

In this paper we have not attempled to determine the
“best™ acoustic size cstimation methed or TS to
length conversions. Methods o convert acoustic infor-

E
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8 ¢

Biomass Density of all fish e}

i Relative Density 2e-3
(J Numeric Density [# m ] 11
}‘ibh Lulblh [mmj 200}

Nimeric IJLnkll\ {12-"1'!01 m 10

[J Riomass Deasity [gm 1]1 2

Frg 4 vu) The s, array, The color scule represents kow v iolety to
high feedn vadues inall echoprames, The top of caclr cehogram
begins at 2.5 m helow the surface (transducer depeh s 1.5 moand
blanking distwtee 1s by amd ends at T wbove ghe bottom. The
ransect is approximately 3.5 ko thy Numeric density (m ) for all
sizes of fisho (o) The average lenglh ol fish in cach array celis 1dy
Numenc density of fish in the siee cliss 12200 mo fey The
biomuss densily oo ot all fish using ao anchony Length—weight
relattonshiip, For all panels, the tawrizontal seale s 3.5 ko, vertical
resalution is 0.5 moand horizomtal resalution s 3 m.

mation Lo biologically meuningtul numbers, espe-
cially the conversion from buackscattering cross
section to fish length. are continually improving.
Buckscattering by lish is strongly dependent on the
orientation of the swimbladder relative to the runs-
ducer {Foote, 1985: Clay and Horne, 1994) which
influences conversion to Hsh length (Foote, 1980b).
Currently we use accepted TS-length equations and
distributions of targets to compute “weighted™ esti-
muates of the representative acoustic size. DEVIS 1s a
fisheries acoustic research tool to provide a convenient
software environment {or testing new algorithms to
improve estimates of Ash density, length, and abun-
dance. As a rescarch tool, the software is availuble for
colluborative work.
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3. Conclusions

Spatialty explicit analysis of tisheries acoustic data
i» desirable because it preserves the heterogencity
ubiquitous in sputisal distributions of fish. We have
developed a software system DEVIS — 10 process.,
and spatially analyze and visualize fisheries acoustic
data. DLEVIS provides a software environment to
efficiently test and implement fisheries acoustic algo-
rithms. We currently use Simrad echosounder data as a
madel for processing and visualization. but post-pro-
cessing. analysis, and visualization are independent of
specific data tormalts. Spatially-explicit data analysis
requires an estimation of average acoustic size. or a
probability density function of acoustic size, for each
array cell. Because acoustic size estimation methods
ntay potentially bias abundance estimates. morc
research fe.g. sensitivity analysis) is needed for better
accuracy and precision ol acoustic estimates used in
fisheries management and ecology.
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