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Mining previous acoustic surveys to improve walleye

pollock (Gadus chalcogrammus) target strength estimates
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Acoustic-trawl surveys are widely used to measure the abundance and distribution of pelagic fish. The echo integration method used in these
surveys requires estimates of the target strength (TS, dB re 1 m2) of acoustic scatterers. Here, we present a new automated method to estimate
TS from a large volume of previously collected acoustic survey data recorded near trawl sites. By applying a series of selection and filtering
methods to echosounder data, single echo measurements representative of fish encountered during surveys can be objectively and reliably
isolated from existing survey data. We applied this method to 30 surveys of walleye pollock (Gadus chalcogrammus) conducted in Alaska from
2007 to 2019 and estimated a new length-to-TS relationship. The resulting relationship (T S = 20.0 · log10 L − 66.0) was largely consistent with
previous in situ estimates made during dedicated, mostly nighttime TS collection events. Analysis of this sizeable data set (n = 142) indicates that
increased fish depth, lower ambient temperature, and summer months may increase pollock TS. The application of a new TS model incorporating
these environmental covariates to historic surveys resulted in -16 to +21% changes in abundance relative to the model without environmental
covariates. This study indicates that useful TS measurements can be uncovered from existing datasets.
Keywords: acoustic backscatter, acoustic trawl survey, biomass.
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Introduction

Acoustic-trawl (AT) surveys are widely used to assess the
abundance and distribution patterns of pelagic fish. In these
surveys, acoustic backscatter is combined with species and
length information from trawl samples to calculate fish abun-
dance (Simmonds and MacLennan, 2008). Abundance esti-
mates are typically based on the echo integration method
(Foote, 1983), which depends on knowledge of the backscat-
ter from an individual fish, referred to as the backscattering
cross-section (σbs, m2) or the more commonly used logarith-
mic counterpart, target strength (TS, dB re 1 m2; MacLennan
et al., 2002). While TS is predominantly influenced by fish
species and size, it may also be influenced by physiology (e.g.
maturity and condition) and the behaviour of the fish as en-
countered in situ (e.g. depth and orientation; Miyanohana et
al., 1990; Horne, 2003). Fish abundance estimates are directly
proportional to these TS estimates, and an increased under-
standing of the TS relationship will reduce uncertainties in
survey abundance estimates.

Historically, empirical- and model-based approaches have
been used to measure the TS of fish and other acoustic scatter-
ers. TS measurements of fish and synthetic targets have been
made in tank experiments, which have the benefit of known
length and orientation of the targets (Love, 1971; Midttun,
1984; Foote and Ona, 1985; Sawada et al., 1999; Hazen and
Horne, 2004; Cotter et al., 2021; Yoon et al., 2023). Similarly,
mathematical models have been developed and parametrized
based on the morphology and material properties of the or-
ganisms (Foote and Francis, 2002; Hazen and Horne, 2004;
Fässler et al., 2009; Jech et al., 2015). While the relationship
between animal orientations (or degree of tilt) and their TS
within a tank or based on a model can be established, the ef-
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ect of fish behaviour (which affects TS via changes in orien-
ation and swim bladder inflation) under survey conditions is
enerally unknown. Further, differences in season, depth, ma-
urity state, and stomach fullness may influence the TS (Ona,
990), but are difficult to assess in laboratory measurements
nd models. Thus, many attempts have been made to exam-
ne the distribution of TSs in situ (Foote, 1991; Traynor, 1996;

cQuinn and Winger, 2003; Zhao et al., 2008; Rose, 2009;
otter et al., 2021), as these measurements are likely to most
losely represent survey conditions. However, measuring TS
n situ presents a number of challenging limitations. Resolving
choes from individual fish and determining the correspond-
ng species and size of the TS targets is difficult. Often, lowered
cho sounders have been used to get closer to targets in an ef-
ort to isolate individuals in high-density aggregations (Dalen
nd Bodholt, 1991; Pedersen et al., 2011) and reduce range-
ependent noise biases (Kieser et al., 2005).
An alternative approach to develop a more accurate in situ

stimate of a species’ TS is to examine the information con-
ained in existing AT survey time series rather than only the
ata from dedicated TS collection events. Such surveys consti-
ute large data sets over many years with calibrated acoustic
bservations and trawl samples to verify the identity of the
coustic scatterers. A subset of these observations that meet
pecific single target criteria may be suitable for the determi-
ation of in situ TS under survey conditions. A key advantage
f deriving TS measurements from existing survey data is that
he resulting TS estimates will be more representative of the
ollection conditions and fish distributions experienced during
he surveys. Additionally, re-analysis of existing survey data is
ost-effective as it does not require dedicated ship time for TS
bservations.
xploration of the Sea 2023. This work is written by (a) US Government
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Large AT survey data sets can be reexamined to identify
nd extract suitable TS data, thereby facilitating an increased
nderstanding of TS relationships for use in these surveys.
owever, valid in situ TS measurements require specific con-

itions (Ona, 1999), and only a small fraction of the available
ata is likely to be suitable for this type of analysis. Care must
e taken in this process to identify and isolate valid individ-
al targets, collect a large enough sample size, and verify the
pecies and length composition of the scatterers (Ona, 1999;

cQuinn and Winger, 2003). Typically, the selection of suit-
ble individual targets using these criteria is performed man-
ally (Foote, 1991; Traynor, 1996) and may be subjective (i.e.
he included observations and results may change between an-
lysts). Analysis is time-consuming, even for small datasets.

Here we describe an automated method applying a suite
f published filtering methods and collection event-level cri-
eria to existing AT survey data to objectively identify situa-
ions where TS observations can be used with confidence. The
ethod was developed and applied to walleye pollock (Gadus

halcogrammus; hereafter referred to as pollock), a com-
ercially important species subject to AT surveys in Alaska

Ianelli et al., 2020). The practical goal of this work was to
valuate and confirm the validity of the length-to-TS relation-
hip currently applied in these surveys. Abundance estimates
f pollock from AT surveys in these regions are based on the
ength-to-TS relationship established in Foote and Traynor
1988) and confirmed in Traynor (1996):

TS = 20 · log10 L − 66.0, (1)

here L is pollock fork length in centimetres. As is the case
n many in situ experiments, this TS relationship was derived
rom a small (n = 16) number of paired trawl and acoustic
easurements made under favourable conditions to assess in-
ividual targets. Differences in conditions between the collec-
ion of TS measurements and the survey to which they are ap-
lied remain a potential source of bias that is challenging to
uantify. In the case of pollock, TS observations were collected
hile anchored (i.e. no vessel movement; Foote and Traynor,
988) or at low vessel speeds and generally at night (Traynor,
996) since the fish tend to be less densely aggregated than
uring the daytime. In contrast, pollock AT surveys are con-
ucted at vessel speeds of up to 5–6 m s−1, typically during
he daytime when pollock are often more densely aggregated.
nother example is that TS measurements collected from pol-

ock that were not in spawning condition (Traynor, 1996) are
outinely applied in surveys of spawning aggregations (Mc-
arthy et al., 2022). We apply a new method to automatically

ift through a large existing AT survey data set with the goal
f improving the length-to-TS relationship of pollock.

ethods

pproach

his analysis aimed to develop an unsupervised procedure to
bjectively screen a large set of combined echosounder and
rawl data near trawl locations during AT surveys in order
o select suitable TS estimates. Measurements were evaluated
ased on trawl catch, filters on volume backscatter, individ-
al targets, and final conditions. The approach allows for the
bjective selection of final candidate TS datasets consisting
f high-confidence targets, similar to targets collected follow-
ng a more traditional manual, subjective process. The steps
escribed below in sections a–c are shown in Figures 1a–c
ith corresponding letters. The primary parameters used in
he analysis are shown in Table 1. An updated length-to-TS
elationship was derived and compared to previous studies
Equation 1). Since these methods produced a large sample
ize from a diverse set of sampling environments, potential ef-
ects on TS were investigated.

. Data selection and extraction

total of 626 sets of data comprised of acoustic observations,
ereafter referred to as TS sets, s, automatically selected in
lose proximity to trawl locations spanning 30 AT surveys
rom 2007 to 2019, were processed to extract TS measure-
ents of pollock. Acoustic backscatter measurements were

ollected on the NOAA ship Oscar Dyson using a Simrad
plit-beam EK60 echosounder operating at 18, 38, 70, 120,
nd 200 kHz (see De Robertis et al., 2019 for details). Stan-
ard sphere calibration procedures (Foote, 1987; Demer et
l., 2015) were performed to determine integration gain and
eam angle parameters at the beginning and end of each sur-
ey and then averaged for use in post-processing. Midwater
rawls targeting acoustically observed fish aggregations were
onducted with an Aleutian Wing Trawl 30/20 (NET Systems,
nc.), which has a headrope and footrope length of 81.7 m.
he mesh sizes taper from 325.1 cm in the forward section
f the net to 8.9 cm in the codend, which was fitted with a
2 mm liner. Each trawl catch was separated by species, and

ndividuals were weighed and measured to identify species and
ize composition. Random length (∼350), weight, and matu-
ity measurements (∼50) on individual pollock were collected
rom each trawl.

Candidate TS sets were initially screened based on prox-
mity to trawls with catch primarily composed of pollock, so
hat single acoustic targets were likely to be from pollock.
coustic data that were in the spatial and temporal vicinity of

rawls with catches dominated by pollock (>95% pollock by
umber) were identified for processing to extract TS measure-
ents. Acoustic data collected during the survey along track

ines <3 h prior to and <2 km from the location when the
rawl reached fishing depth (fishing start, FS) and while the
essel was moving >4 m s−1, which represents normal survey
peed, were selected for analysis. The length of the analysis re-
ions varied since the amount of data available along the sur-
ey track lines within the time and space ranges was unique
o each set. These data were considered as they were collected
uring an initial pass over the fish aggregations during typical
urvey operations prior to trawling.

The average depth of the trawl headrope was computed
or each selected trawl between FS and the hauling back of
he trawl (HB, indicating the end of trawling target fish). The
ootrope depth was assumed to be 25 m deeper, based on the
ypical net opening. Acoustic data from 5 m above the head-
ope to 5 m below the nominal footrope depth (i.e. 35 m total)
ere included in further analyses. In these surveys, pollock

re rarely in the upper 20 m, so data <20 m were excluded
rom further analysis. Backscatter within 5 m of the sounder-
etected bottom, where fish species are more diverse (Lauffen-
urger et al., 2017), was also excluded. Data in partial cells
not full 10 m by 10 pings) were removed from further analy-
is.

Single target detections within the designated location,
epth, and time ranges were automatically processed (i.e. no
ser input due to the large volume of data) using Echoview’s
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(a)

(b)

(c)

Figure 1. Diagram of processing flow for analysis, displaying (a) the extraction of TS data, (b) filtering on targets and cell level, (c) final set quality control
conditions, and manual inspection of each set’s final echograms. Together, these factors determine the final data used to estimate TS.

Table 1. Parameters used for data processing and thresholds applied for filtering.

Quantity Value/Threshold

Percent pollock retained in catch > 95%
Vertical range for target detection around trawl depth 35 m
Time range from trawling < 3 h
Distance range from trawling < 2 km
Minimum vessel speed > 4 m s−1

Deviation in angle for colocation < 1.5◦

Deviation in range for colocation < 0.5 m
Acoustic data cell resolution 10 pings × 10 m
Cell resolution for packing density 100 pings × 10 m
Nv (packing density) < 0.04
Cell resolution for frequency response 10 pings × 10 m
Z38−18 (two frequency response) < 2
Z̄ (mean frequency response) < 2
N filt

s (number of targets retained) > 75
KS test statistic (for Rayleigh distribution) < 0.25
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(version 10.0.298, Echoview Software Pty Ltd) automation
functionality (Figure 2). The single target detection algorithm
for split-beam echosounders, method 2, was used with the de-
fault parameters: pulse determination level of 6 dB, minimum
normalized pulse length of 0.7, maximum normalized pulse
length of 1.5, maximum beam compensation of 4.0 dB re 1 m2,
and maximum standard deviation of major and minor axes
angles of 0.6◦. The detection parameters were chosen to be
broad enough to accept many targets rather than bias the TS
high from the rejection of weaker targets (Soule et al., 1997).
n order to remove noise and weak non-pollock targets while
etaining expected pollock targets, a minimum TS threshold
or export was calculated as 20 dB re 1 m2 lower than the
xpected TS of the smallest pollock in the trawl catch, Lmin,
ollowing Equation 1. The value of 20 dB re 1 m2 below the
xpected mean TS was selected as this corresponds to more
han the lower bound of observed TS in previous observa-
ions (Traynor, 1996; Gauthier and Horne, 2004). The mini-
um thresholds used in exporting TSs ranged from -65.8 dB

e 1 m2 to -52.2 dB re 1 m2. Each target’s TS measured at
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(a)

(b)

Figure 2. An example echogram of data used for single target detection
with (a) raw fish backscatter (Sv , dB re 1 m 2 m −3) and (b) initial single
targets detected using Echoview’s single target detection algorithm for
split-beam echosounders, method 2 (see method text for parameter
details, TS, dB re 1 m 2). Vertical black lines denote a horizontal separation
of 100 pings, and horizontal black lines denote a separation of 10 m. The
yellow region highlights the section of the data selected based on trawl
headrope depth (see methods text for data selection parameters).
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8 kHz was adjusted to compensate for the over-amplification
f low-power signals (<-90 dB re 1 W) by EK60 echosounders
ased on measurements of amplifier linearity of the specific
chosounder used in this study (De Robertis et al., 2019, their
igure 8). This correction only had a small effect on TS due to
he relatively short ranges and strong scattering from pollock,
ith the effect on mean TS in a survey averaging -0.26 dB re
m2.
Individual target-strength measurements, compensated

ithin Echoview software for the horizontal position detected
n the beam, were exported, and the mean volume backscat-
er, sV (m−1), values in these regions were exported in 10
ing by 10 m bins, hereafter referred to as cells (see Figure
with 100 ping separation for comparison). Target positions

range and two orthogonal off-axis angles) were computed
or the 18 and 38 kHz frequencies (Ona, 1999). This initial
xtraction of 38 kHz targets generated 604199 TS observa-
ions at 38 kHz and 751409 targets at 18 kHz from 626 TS
ets.

A lower bound of the signal-to-noise ratio was estimated
rom the data by converting each TS (uncompensated for hori-
ontal position detected in the beam) to power and comparing
o the highest historical passive noise measurements from the

scar Dyson (Supplementary Figure S1). Since pollock targets
n the data set were well above the background noise (>10 dB
NR for final targets from 0 to 125 m, see below for the final
arget selection process), no additional filters or compensation
or signal-to-noise ratios were applied.

. Filters applied

olocation
alid targets are likely to be detected in the overlapping por-

ion of multiple acoustic beams, while artefacts and spurious
oise are unlikely to occur simultaneously at multiple fre-
uencies. Thus, the multifrequency method of Demer et al.
1999) was used to identify and exclude targets that were not
imultaneously detected in the same location at multiple fre-
uencies. The relative position of the transducers (38 kHz is
nferred to be 0.5 m ahead of and 0.1 m to the right of the
8 kHz) was computed from the from the measurements of a
8.1 mm tungsten-carbide calibration sphere moved through
oth beams during the sphere calibration in 2016. These es-
imates were consistent with the physical separation of the
ransducers (38 kHz is 0.6 m in front of and in line with the
8 kHz). For each target, the position in the 18 kHz transducer
as translated to the reference frame of the 38 kHz following

Demer et al. 1999). The absolute difference in horizontal an-
le and the difference in range were computed for each target.
argets were retained in this step if they were detected at both
8 and 38 kHz within 1.5 degrees of each other in alongship
nd athwartship angles and 0.1 m in range, as recommended
y Demer et al. (1999).

acking density
n cases where fish are densely aggregated, target detections
an contain echoes from multiple individuals. To reduce the
mpact of this potential bias, TS measurements from areas
ith high fish densities were excluded following the method
f Sawada et al. (1993). To reliably isolate and measure from
ndividual pollock echoes, the density of fish was first exam-
ned. The expected number of fish in an observation volume,

v, was estimated following (Sawada et al. 1993):

Nv = 1
2

cτϕr2 sV

σ̂bs
, (2)

here c is sound speed (m/s), τ is the effective pulse length
s), ϕ is the equivalent beam angle (steradians), r is range
m), and sV is the mean volume backscatter coefficient (m−1)
ithin 10 consecutive cells (i.e. 100 ping by 10 m regions).

b̂s is an estimate of the backscattering cross-section for the
verage pollock in the trawl computed using the relationship
rom Equation 1, converted to linear units (σbs,L = 10TSL/10),
nd weighted by the proportion of pollock at length, PL, in the
rawl,

σ̂bs =
∑

L

[
σbs,L · PL

]
. (3)

argets in regions where Nv <0.04 (the same spatial scale and
hreshold recommended in Sawada et al., 1993) were consid-
red for further processing.

requency response
t is possible that the observed single targets were from small
pecies that were poorly retained in the trawl catch. We thus
xcluded targets with a frequency response that was unlikely
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to be from pollock. To assess whether the backscatter had a
frequency response consistent with pollock, we applied the
method described in De Robertis et al. (2010) within each
10 ping by 10 m cell. The normal deviate relative to the
expectation for pollock in previous measurements, Z, was
computed for the observed frequency response (�Sk = 10 ·
log10[sV ( f )] − 10 · log10[sV (38)]) observed at each pair-wise
frequency combination (k = f-38) relative to 38 kHz,

Zk = �Sk − μk

σk
, (4)

where μk and σk are the mean and standard deviation of the
expected frequency response established in De Robertis et al.
(2010). The mean of the absolute values of normal deviates
at all frequency combinations, Z̄, was computed. Only tar-
gets within cells where Z̄ <2 (De Robertis et al., 2010) and
Z38−18 < 2 were further considered for final processing.

C. Conditions on TS sets

The 433 sets of TS observations (78328 targets) remaining af-
ter data selection and filtering, were subject to three final con-
ditions (see Figure 1c) to ensure the quality of the final data.
First, sets with <75 targets remaining after filtering, N filt

s ,
were excluded from further processing to ensure that there
were enough targets for a representative average.

To ensure that the distribution of TS measurements was
likely to be representative of the size distribution of pollock in
the catch, we verified that the TS distribution was consistent
with the expectation of echo amplitudes with a Rayleigh dis-
tribution MacLennan and Menz (1996; Equations 5–8). The
length distribution was converted to a TS distribution using
a Rayleigh scattering assumption, following the methods in
(MacLennan and Menz 1996). The measured TS cumulative
probability distribution was compared with the computed TS
distribution by calculating the Kolmogorov–Smirnov statistic
iterating through intercept values of bo, in one dB re 1 m2 in-
crements from -76 to -56 with a constant slope (20). Set dis-
tributions with a KS-statistic <0.25 for any bo were retained
for further analysis.

To ensure that TS measurements were associated with rep-
resentative and uniform pollock lengths, we implemented a
final condition on the TS sets. The variance of length distribu-
tions of walleye pollock from trawl catches can range greatly.
Using trawls with a wide length distribution or with multi-
ple length modes may result in an average length that is not
representative of a majority of the individuals (e.g. if the dis-
tribution is multimodal or very broad). In addition, size distri-
bution is more likely to be biassed by trawl selectivity, particu-
larly when length distributions are broad and include juvenile
fish (Williams et al., 2011). In order to provide more confi-
dence that the TS measurements were associated with repre-
sentative pollock lengths of a single mode, only those sets with
trawls containing a standard deviation of the lengths <6 cm
were considered uniform in length content and used in further
analysis. The selection of a 6 cm standard deviation threshold
reliably separated the length modes associated with pollock at
year 1, year 2, and year 3 + classes (Jones et al., 2019).

The 144 sets that passed all selection criteria described
above (Figure 1) were used as final candidate TS sets in the
analysis. As a final measure of quality control, each set’s
echogram of SV (volume backscattering strength: 10 · log10sv)
and single target for the exported region were visually in-
pected if any additional artefacts were present. This was the
nly manual step in the analysis and took <1 h to review.
ased on this step, two sets with acoustic interference (noise)
ere identified and removed from the final dataset. A final col-

ection of 142 sets containing 51968 TS observations span-
ing the years 2007–2019, with the exception of 2009 and
010 (11 years), was used in the analysis.

odel fitting and selection

or each selected TS set that passed all conditions after fil-
ering, a mean TS, TSs, was computed by averaging all valid
argets’ backscattering cross-sections, σbs,s, and then convert-
ng to log scale (TSs = 10 · log10(σbs,s)). The mean length, Ls,
f pollock in the associated trawl was then computed. A linear
egression, following the form of Equation 1, was fit:

TSs = m · log10 Ls + b. (5)

onfirming a fixed-slope base model
dditionally, a linear regression, holding the slope, m, con-

tant at 20 dB re 1 m2, was fit:

TSs = 20 · log10 Ls + b f . (6)

sing a constant slope of 20 dB assumes that σbs increases
ith the cross-sectional area of the fish, which scales with L2.
eneralized linear models (GLM) were fit with the R function
GLM” (version 4.0.4, R Core Team, 2021).
To compare the predictive power and assess the practi-

al performance of these two models, leave-one-out cross-
alidation (LOOCV) was performed for each model. Each set
as removed and both models were fit without the withheld
bservation, and the squared difference between the actual,
Ss and predicted, TSpred

s TS of the withheld observation was
omputed. The root mean square error (RMSE) was computed
cross all the predicted values using the total number of sets
:

RMSE =
√∑

s
(TSs − TSpred

s )
2
/N. (7)

he RMSE for the fixed slope model (Equation 6) was
arginally less (1.62 dB re 1 m2) than the free slope model

1.64 dB re 1 m2, Table 2A–B), which indicated that allowing
he model to fit a slope did not add predictive power. There-
ore, Equation 6 with a fixed slope was treated as the base
odel. Rearranging Equation 6 with a constant slope of 20,

he y-intercept becomes the non-dimensional reduced TS (TS
ormalized by surface area), RTS (dB re 1 m2 m−2), which al-
ows convenient comparison of observations across a range of
engths. Starting with rearranging Equation 6:

b f ,s = TSs − 10 · log10 Ls
2. (8)

his can be expressed in linear units:

b f ,s = 10 · log10σbs,s − 10 · log10 Ls
2. (9)

nd expressed as the reduced TS for each set:

RTS = 10 · log10

(
σbs,s

/
Ls

2
)

. (10)

he average RTS over all sets s, an estimate of the average TS
f pollock, regardless of size, is computed for the mean as:

RTS = b f =
(
1/ )

·
∑

RTS. (11)

s
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Sensitivity analysis
Final data selected for model fitting depended on the choice of
filter and set condition values (see Table 1), so it was impor-
tant to assess the sensitivity of our model estimates to changes
in these thresholds. To evaluate the sensitivity of the pollock
TS estimates on each filter or condition, a one-at-a-time sen-
sitivity analysis was performed. Cycling through each filter
or condition, the selected threshold V was varied by the fol-
lowing multiples of the nominal value (Table 1; None, 1

4 · V ,
1
2 · V , V, 2 · V , 4 · V ), with all other terms held at their nomi-
nal value. None was defined as not applying V at all, so that
the influence of removing that filter or condition could be as-
sessed. For each filter and condition in the set, the values of
RTS were derived for each threshold option listed above.

Predictors of TS
The final TS sets spanned many years and conditions, includ-
ing different depths, in situ water temperatures, seasons, pol-
lock maturities, geographical regions, and time of day. We
evaluated the potential influence of these factors on variations
in TS. Mean depths of all filtered targets by the TS set, Ds were
computed to assess a depth effect. Mean sea temperatures
(◦C), Ts, associated with each TS set were computed by aver-
aging the temperature measured with a Sea-Bird temperature-
depth probe (SBE-39, Sea-Bird Scientific) mounted on the
headrope of the trawl between FS and HB. Sets were labelled
with the year, YRs, the time of day estimated from the sun
angle, TDs, at FS to assess diel changes and assigned a sea-
son, Ss, as either winter (February–March) or summer (June–
August). The % of pollock >30 cm that were classified as re-
productively mature, Ms, based on morphological examina-
tion (Williams, 2007) was computed. In a small number of
cases (n = 6), maturity data were not collected in the trawl
sample, and the proportion of mature adults from the near-
est trawl during the same survey was applied. Data were as-
signed a geographic region, GRs (i.e. eastern Bering Sea, EBS,
or Gulf of Alaska, GOA). To identify any collinearity between
the potential predictors, Pearson correlation coefficients were
computed between the non-categorical effects.

Model selection
The environmental and physiological effects potentially in-
fluencing pollock TS were explored using GAMs were fit
using the R package mgcv (Wood and Augustin 2002, ver-
sion 1.8.33). The set averaged filtered observations, TSs, were
fit with potential predictors expanding the base fixed slope
model in Equation 6. The GAMs assume that each predictor
is an additive factor or a smoothed function implemented as
penalized regression splines. Given that pollock TS scaling by
length was found to be consistent with L2, the mean length,
Ls, was held as an ordinary log-linear parametric term with
a fixed slope of 20. Categorical covariates season and geo-
graphic region were treated as factors. The full model’s form
was:

TSs = 20 · log10 Ls + s (Ts) + s (Ds) + s (YRs) + s (TDs)

+s (Ms) + GRs + Ss + ε, (12)

where ε was assumed to be an independently and identically
distributed error term. The number of splines used as basis
functions for each smooth term was limited to a maximum of
k = 2, since any highly non-linear relationship could not be
easily explained based on current theory.
Backwards variable selection was used to determine the
elative importance of each predictor mentioned above us-
ng the second-order Akaike Information Criterion corrected
or finite sample sizes (AICc; Burnham and Anderson, 2004).
he full model was fit, and then one covariate at a time was
ropped based on the lowest AICc score. Elimination of pre-
ictors continued until the model AICc no longer improved.
orward variable selection produced the same result. Plots of
esidual data were examined to confirm that the error distri-
ution was satisfied as assumed.

erivation of new TS GLM model
o facilitate practical application during AT surveys, it is desir-
ble to parameterize the depth, temperature, and season effect
dentified in the GAM analysis in a simplified form. Thus, the
S GLM (Equation 6) was modified to account for a nonlin-
ar depth effect and the environmental predictors identified in
he GAM analysis that best explained variations in TS. The
odel was developed to parameterize the depth, temperature,

nd season effect for practical application. The basic form of
he final model was:

TSs = 20 · log10 Ls + mD · Ds + mT · Ts + Ss + ba. (13)

iven that the depth effect on TS in the GAM appeared linear
or shallower fish and likely remained constant in deeper wa-
ers (see results, Figure 7a), a hybrid form for the depth effect
as developed. A linear effect was assumed between the sur-

ace and a threshold depth, Dx. No further influence of depth
n TS was assumed to be present below that threshold (i.e. mD

0, where Ds ≥ Dx). This forced TS to remain constant with
espect to depth for all depths greater than the threshold. An
ptimizer (R package optim) was used to minimize the sum
f the squares of the simplified model with length and depth
TSs = 20 · log10 Ls + mD · Dx), allowing the unknown depth
hreshold, Dx, to vary. The full model (Equation 13) was then
t using the estimated depth threshold ( Dx= 126 m). Three
lternative GLM models were fit, each with a single predictor
rom the final set of significant factors (Table 2 G–I).

esults

n situ TS observations

he final TS estimates from the final candidates with filters
nd set-level conditions applied (n = 142) exhibited substan-
ially less variability than those based on the raw (n = 626)
r filtered targets ( n = 433; Figure 3). Linear regressions fit
o the final dataset with a slope fixed to 20 (Equation 6) and
free slope (two-parameter, intercept and slope, Equation 5)
roduced predictions of TS (Figure 3, Table 2). The confidence
ntervals of the intercepts of the free slope model (-63.64 dB
e 1 m2, 95% CI = [-68.1, -58.7]) and the fixed slope model
-66.04 dB re 1 m2, 95% CI = [-66.3, -65.8]) overlapped, in-
icating that they are not statistically different. The slope pa-
ameter estimate of the free slope model (18.3) was also not
ignificantly different from 20 (95% CI = [15.4, 21.3]). Ad-
itionally, the LOOCV analysis did not show a notable dif-
erence in the RMSE between the models (1.62 dB for fixed
lope vs. 1.64 dB for free slope; Table 2 A–B). As noted in the
revious section, this indicated that the addition of a slope
arameter is slightly less predictive when estimating out-of-
ample data. Thus, a model with a fixed slope of 20 was used
n further analyses.
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Figure 3. Average TS measurements by set for raw data without any
treatment (i.e. without any filtering, light grey stars Figure 1a), filtered
data with no set conditions (i.e. haul, target, and cell-level criteria applied,
see Figure 1b, dark grey stars), and final sets selected for modelling (i.e.
all criteria applied, see Figure 1c, black circles). Two linear regression fits
are shown for l og10L as the independent variable and TS as the
dependent variable: Models were fit to the slope and intercept (black line)
and to just an intercept with the slope fixed at 20 (red line).
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Figure 4. Reduced target strength (RTS, dB re 1 m 2 m −2) as a function
of average pollock length. RTS represents the TS normalized to length2

(see Equations 8–11 in the text for details).
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ensitivity analysis

he average RTS in each set was not significantly correlated
ith mean pollock length (Figure 4, r = -0.09), and individ-
al observations ranged from -70.8 to -61.2 dB re 1 m2 m−2

ith a median of -66.2 dB re 1 m2 m−2. The sensitivity analy-
is indicated that RTS was robust to moderate changes in the
hoice of parameters used for processing (Figure 5). Changing
he filter parameters (Figure 5a–c) had a relatively small im-
act on RTS when a threshold was applied (i.e. all cases but
None”), causing differences in the median or mean values of
1 dB over changes of ±50% in parameter thresholds. When
lters were applied (not “None”), 95% confidence intervals
verlapped those of the chosen value (notches, Figure 5). The
reatest changes in RTS resulted when a given filter was not
pplied. The change in the median of RTSs values from fil-
ers (Figure 5a–c) was greatest for the packing density filter
Figure 5, with 2.0 dB re 1 m2 m−2 higher in the “None” case
ompared to the most restrictive case (0.02). RTS showed rel-
tively small changes based on the threshold selection in each
f the set conditions (Figure 5d–f), with the KS-statistic hav-
ng the largest change in distribution from the most to least
estrictive condition thresholds, mainly due to a small sample
ize in the most restrictive case. Median RTS was least sensi-
ive to the minimum number of targets, showing only minor
ffects on the mean RTS (Figure 5d) across all tested thresh-
lds.

xplanatory variables

TS summarized by depth, region, season, and temperature
hows variation with these factors (Figure 6), suggesting that
ach of these variables may influence pollock TS. The median
TS was highest for the cool temperature (<4◦C) group (-
5.8 dB re 1 m2 m−2) and the lowest in the winter (–67.4 dB
e 1 m2 m−2). The predictor with the largest difference in me-
ian was season, where the change in median between summer
nd winter was 1.3 dB re 1 m2 m−2. All categories except ma-
urity exhibited a difference >0.5 dB re 1 m2 m−2 in median
nd mean RTS between their subcategories (e.g. shallow vs.
eep, winter vs. summer, etc.), indicating that depth, season,
emperature, and region may influence pollock TS.

AM models

hree environmental covariates, depth, season, and tempera-
ure, were retained in the GAM after model selection (Table
), indicating that accounting for these variables can improve
stimates of pollock TS. Mean depth was the most significant
actor in the GAM model fit from the forward variable selec-
ion (Figure 7a). The depth effect showed a close to linear in-
rease in TS at a rate of about 0.2 dB re 1 m2/10 m from depths
0.5 to 125 m, with higher uncertainty and few observations
elow that depth. Season was the second-most significant con-
ributor to the model, with an intercept of -66.0 dB re 1 m2 in
ummer and an intercept of -67.0 dB re 1 m2 in winter. The
ast covariate retained in the model was the in situ trawling
emperature, indicating a decrease of about 1 dB re 1 m2 from
old (-0.9◦C) to warm temperatures (8.9◦C; Figure 7b). Ex-
mination of residual plots and the Q-Q relationship for the
nal GAM model indicated that the residuals were largely ho-
oscedastic and normally distributed (Supplementary Figure

2), consistent with the initial model assumptions.

implified models

he final GLM fit for TS produced results (Table 2F) pro-
ided a good approximation of the final GAM model. Using
linear fit to temperature and a linear depth effect down to
computed depth ( Dx= 126 m) with a fixed depth effect be-

ow that threshold, produced a model with a LOOCV RMSE
f 1.49 dB re 1 m2. This demonstrated that the new model
etter predicted out-of-sample TS data than the GAM (com-
are Table 2E and F) and can be used as a practical replace-
ent for the GAM. Each significant predictor was fit alone in

hree separate models (Table 2G–I) to provide values for ap-
lication in cases when not all environmental indicators have
een collected or are available, although predictive power is
ost in these models.

mpact of a new TS on pollock abundance estimates

e evaluated the impacts of altering the TS relationship on
ollock surveys in Alaska by re-computing abundance using
he final TS relationship, including depth, temperature, and
eason for the summer and winter AT surveys in the GOA
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Figure 5. Sensitivity analysis showing the impact of varying thresholds (Figure 1b–c) of individual criteria used in the analysis of RTS with all other
criteria set at their nominal values (boxed on the x-axis label). The distribution of RTS values is shown for each filter (top row) as (a) packing density, (b)
frequency response, (c) colocation, and set conditions (bottom row) as (d) minimum number of targets, (e) KS-statistic, and (f) standard deviation of
length. “None” indicates that the filter was not applied. All figures show the least restrictive thresholds on the left and the most restrictive thresholds
on the right. The horizontal line within each box represents the median value in that distribution, and the black dot within each box represents the mean
value. The box contains the interquartile range, the whiskers extend to the top and bottom quartiles of the data and notches in each box show the 95%
confidence intervals (subplot e has confidence intervals that exceed the interquartile range for a value of 0.12). Limits on the y-axis vary in each subplot
due to variable ranges between the filters and conditions. For packing density, a single point was omitted in the “None” category at -32.7 dB.

Figure 6. Final reduced target strength (RTS, dB re 1 m 2 m −2) estimates for all sets. Data have been grouped (by colour) into all data, shallow (<90 m,
mean of all depths), deep (≥90 m), summer, winter, EBS (eastern Bering Sea), GOA (Gulf of Alaska), cool temperatures (<4◦C, mean of all
temperatures), warm temperatures (≥4◦C), low ratio of mature fish in the catch (<50%), and high ratio of mature fish (≥50%). The horizontal line within
each box represents the median value in that distribution, and the black dot within each box represents the mean value. The number in each box plot is
the sample size for that category. The box contains the interquartile range, and the whiskers extend to the top and bottom quartiles of the data.
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(a) (b)

Figure 7. GAM fits on TS showing the partial effect of (a) depth (m) and (b) temperature (◦C). The black circles are the partial residuals from the model for
each predictor, and the black lines are the smoothed functions of each term. The shaded regions represent the 95% confidence interval around each fit.
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nd EBS. Pollock abundance estimates were recomputed with
he new TS model (Table 2F) and compared to historic es-
imates based on the base model (Equation 1). Applying the
LM form of the TS model with all significant environmen-

al covariates included (Table 2F) to estimates of pollock nu-
erical abundance from 2007 to present yielded changes that

panned from -16.3 to + 21.0% relative to the historic es-
imates using the base model in Equation 1 (Supplementary
able S1). The average changes were -8.5% in the EBS, -3.4%

n the winter Shelikof survey, and -5.7% in the summer GOA
urvey.

iscussion

ew automated method: mining old surveys

large volume of calibrated echosounder data can be found
n past AT survey archives (Wall et al., 2016). However, it is
hallenging to extract unbiassed targets from these data. An
utomated method to extract existing survey data TS mea-
urements by use of trawl catch and a set of published filtering
ethods (Sawada et al., 1993; MacLennan and Menz, 1996;
emer et al., 1999; De Robertis et al., 2010) has been demon-

trated here and applied to pollock. Although the individual
nalytical components of this study have been established pre-
iously, we present an innovative combination of these meth-
ds to mimic the traditional manual, somewhat subjective, tar-
et selection process in an automated, objective way applied
o a large data set.

Extracting TS from survey data (Rudstam et al., 2009;
tevens et al., 2021), if done reliably, is advantageous for com-
uting abundance estimates of fish. Applying TS data collected
uring typical survey conditions (at typical vessel speed, nor-
al hours of collection, etc.) results in a TS relationship that is

epresentative of the fish observed during that survey. In many
ituations, however, it is not possible to estimate TS during
urvey conditions due to the aggregation of the fish. Although
S measurements collected during survey operations may in-
orporate potentially ship-specific vessel avoidance behaviour
De Robertis et al., 2010), the survey-collected TS data are
ost relevant to converting survey-collected backscatter data
o abundance under a specific set of survey conditions (Fleis-
her et al., 1997). Other approaches, including measuring in
itu TS during nighttime operations at reduced vessel speeds
Madirolas et al., 2017), with a lowered echosounder (Kloser
t al., 1997), and ex situ TS measurements collected in a con-
rolled pen or laboratory setting (Thomas et al., 2002), may
ot capture survey conditions appropriately. Additionally, TS
odelling efforts (Sawada et al., 1999; Horne, 2003) have

hown the effects of behaviour (orientation) and physiology
n TS measurements (Ona, 1990), but it is challenging to
xtrapolate those results to survey-averaged conditions. For
xample, even though there is an understanding of how ori-
ntation influences TS (McQuinn and Winger, 2003; Hazen
nd Horne, 2004), the orientation of individuals during sur-
ey conditions remains poorly characterized.

The data selection process (Figure 1) yielded 51968 targets
rom 604199 raw targets, an acceptance rate of 8.6%. Low
etention of targets was expected given the high level of con-
amination in the raw data due to factors such as pollock dis-
ributed in high-density schools, noise, the presence of non-
ollock targets in the water column, multimodal or broad fish
ength distributions, and low numbers of single targets. The
ata filters were designed to identify and exclude these cases.
urther, the sensitivity analysis of the threshold choice for each
lter and set condition suggested that the final results were
ot highly impacted by the specific parameters used for data
election. RTS values were not highly sensitive to the choice of
hreshold applied to each filter and set condition, except in in-
tances where no threshold was applied. Applying the packing
ensity filter had the largest impact on the mean RTS, where
he mean dropped 1.5 dB when changed from “None”to 0.06,
he least restrictive value. This indicated that the use of a fish
ensity filter was likely the most important step in selecting
ndividual targets within each cell. This finding is not surpris-
ng, as trawling typically occurs on high-density aggregations
McCarthy et al., 2022). Varying all the filters resulted in mod-
st changes to the TS distribution, typically by <1 dB re 1 m2,
roviding confidence that the TS estimates were not highly
ensitive to the choice of processing parameters.
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Pollock TS

Without including any covariates, the selection of candidate
targets and sets resulted in a fixed slope length-to-TS relation-
ship (Figure 3), remarkably similar to the one published in the
past with far fewer observations and employing less sophis-
ticated instrumentation and processing techniques (Traynor,
1996). The estimated RTS of -66.04 dB re 1 m2 m−2 is con-
sistent with the measurements of Traynor, 1996 (-66.0 dB re
1 m2 m−2) and Hazen and Horne, 2004 (modelled -67 dB re
1 m2 m−2 and measured -66 dB re 1 m2 m−2). The new mea-
surements reported here give us more confidence in the survey
application of these results, which are based on a larger data
set over a wide range of years and the data are more applicable
(e.g. vessel was at survey speed). The method described in this
paper successfully gathered suitable TS averages for pollock
ranging from 17 to 60 cm in average length, with most obser-
vations corresponding to adult pollock (>30 cm). For juvenile
pollock (10–30 cm, typically ages 1 and 2), the number of final
candidate sets was limited, likely due to schooling behaviour
in younger fish, resulting in fewer individual targets detected
and thus a higher level of exclusion by the packing density fil-
ter (Sawada et al., 1993). The RTS of these juveniles was more
variable than that for adult pollock (Figure 4), and the model
fit may not agree as well for these smaller fish (Figure 3), pos-
sibly due to differences in behavioural effects. Future work on
pollock TS should focus on smaller pollock, which may ex-
hibit a different length-to-TS relationship than adults (Abe et
al., 2004, RTS of -67.8 dB re 1 m2 m−2 for <20 cm pollock).
Despite the advantages of making TS estimates during survey
conditions, other approaches such as lowered platforms trans-
mitting broadband signals offering increased range resolution
(e.g. Lavery et al., 2017; Cotter et al., 2021), may be required
to generate larger sample sizes of reliable in situ TS measure-
ments from aggregated small pollock.

Environmental effects on pollock TS
TS depends on the behaviour and physiological state of fish
as well as size (Ona, 1990), but this is rarely considered for
use in acoustic surveys. The models developed in this paper
give further insight into how the inclusion of both behavioural
and environmental effects may improve pollock TS estimates
for surveys. Target depth was the most significant predictor of
TS. Previous studies of diel migration in gadoids (Atlantic cod,
Gadus morhua, and blue whiting, Micromesistius poutassou)
have observed higher TS in shallower distributions at night
compared to deeper measurements during the day, attribut-
ing the trend to differences in swimbladder inflation (Rose
and Porter, 1996; Johnsen and Godø, 2007), consistent with
an uncompensated reduction in swim bladder volume with
Boyle’s law (Hazen and Horne, 2004 their Figure 7, Mukai
and Iida, 1996). However, in our case, time of day was not
a significant factor in the model, suggesting that the causes
of depth-dependent changes in TS are likely situation- and
species-specific.

The lower TS observed near the surface in this case is likely
attributable to a depth-dependent fish diving behavioural re-
sponse to the approaching vessel (De Robertis and Hande-
gard, 2013). If pollock closer to the vessel (i.e. shallow fish)
are more likely to exhibit a stronger avoidance response, they
would be more likely oriented vertically (head-down) com-
pared to pollock at greater depths (De Robertis et al., 2010).
As fish dive, TS tends to decrease as the swim bladder sub-
ends a smaller projected area. Modelling work for pollock
as shown a 10◦ change in tilt angle may decrease TS by up
o 3 dB (Hazen and Horne, 2004, their Figure 4), and in situ
arget tracking TS observations during trawling observed a
TS change of 6 dB in Atlantic cod with a change in 10◦ tilt
ngle (McQuinn and Winger, 2003). Rose, 2009 found a sim-
lar effect in the diel behaviour of Atlantic cod in that shal-
ower fish had a lower TS, showing a strikingly similar depth
ependence (0.05 dB/m, see Rose, 2009; Equation 2) to that
etermined here for pollock (0.03 dB/m, Table 2, Equations F
nd G). Comparison of a wind-powered autonomous vehicle
nd the noise-reduced research vessel used to collect the data
n this survey has shown that shallowly distributed pollock
30–100 m) dive in response to the survey vessel used in this
tudy, but that deeper (>90 m) pollock do not (De Robertis
t al., 2019). Thus, the observed lower TS of shallowly dis-
ributed fish is consistent with a depth-dependent avoidance
eaction to the approaching ship, which becomes negligible
or fish deeper in the water column (>125 m).

Temperature was the second most important predictive co-
ariate of pollock TS, decreasing with increased temperature
Figure 7). Again, this is likely not due to changes in swim
ladder volume from Boyle’s law because swim bladder size

s expected to increase with temperature. The effect of tem-
erature on TS is unclear but may be linked to temperature
ffects on behaviour. One study showed that juvenile pollock
end to swim faster and in straighter paths in cold tempera-
ures (Hurst, 2007). If there is indeed more variance in the
irection of swimming paths during warmer temperatures for
ollock, higher temperatures could result in a larger propor-
ion of pollock at orientations deviating from normal to the
chosounder, thus causing a decrease in TS.

Seasonality was the final significant predictor of TS, with a
ower intercept in winter months, which is unlikely to be at-
ributed to temperature differences; season and temperature
ere considered explicitly as a separate effect in our analysis

nd showed an increase of TS in colder temperatures. In fact,
emperature differences in our data set were more strongly as-
ociated with location than with time of year. The computed
earson correlation coefficients between temperature and lati-
ude (-0.68) and longitude (0.80) were much higher than those
etween temperature and month (0.28). Another possible ex-
lanation for seasonality as a predictor of TS could be a re-
uction of the swim bladder volume in winter months due to
he increased size of gonads in the body cavity of mature pol-
ock during spawning (Williams, 2007). This, however, may be
nlikely since maturity state, which is a better proxy for the
mpact of gonad shape/size on the swim bladder, was explic-
tly included in the initial full model but not selected. Another
ossible explanation for the seasonal effect could be lower TS
ue to swimbladder compression by increased stomach con-
ents (Ona, 1990) in the winter months. However, the ratio of
ollock stomach content to body weight tends to be lower in
he winter months (Dwyer et al., 1987). Further work to ex-
mine the cause of the seasonal effect of pollock TS would be
aluable.

Use of a new TS relationship with all significant covariates
ncluded (Table 2F) resulted in modest changes (<9% on av-
rage, see results) in abundance of pollock relative to the his-
oric estimates with a base model (Equation 1). Use of this
ew TS model will introduce behavioural and environmen-
al effects on survey abundance estimates; for example, the
argest annual changes were driven by increases in TS associ-
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ted with relatively deeper pollock in colder water during the
ummer in the EBS (e.g. Supplementary Figure S3, subplot c,
ear 2008) and lower TS from relatively shallower pollock in
armer temperatures during the Shelikof winter survey (e.g.

upplementary Figure S3, subplot c, year 2016). Since there
an be changes in these effects within a survey, the inclusion
f one or more of these parameters likely will increase the ac-
uracy of year-over-year abundance estimates.

imitations

he method outlined here has specific requirements for the
ype of trawl and acoustic data used as input. A calibrated
ultifrequency split-beam acoustic system with multiple fre-
uencies is needed to properly measure TS observations and
mplement these filtering methods. To successfully identify
any final filtered target sets from initial raw data, trawl sites
here single targets are dominated by a single species of con-

istent size are needed to reliably match the fish with TS mea-
urements. Otherwise, the ability to correlate individual TS
easurements with particular species in the catch is lost. In

ddition, fish need to be distributed relatively shallowly or
ithin a modest range of the transducers (<∼150 m below

he ship-mounted echosounders in this case) so that echoes
rom individuals can be resolved. Finally, if the species of in-
erest tends to aggregate into dense schools, single target detec-
ion is limited, and the packing density filter will likely remove
ost of the cells with fish, as very few individual targets will
e valid. These requirements were largely met for the pollock
ata set described here; however, smaller pollock (<30 cm),
hich tend to school more closely (i.e. juvenile pollock aggre-
ate more closely adult pollock, Stienessen et al., 2019), were
robably not as available to TS measurement by this method-
logy as larger pollock were. It is important to recognize that
ven when single targets are detectable outside of aggrega-
ions, the TS measured from individuals outside of a dense
chool may not represent those within the school since there
ould be differences in species, size composition, or behaviour
ithin and outside schools.

onclusions

pplication of a new automated and objective method re-
ulted in the derivation of an updated pollock TS relation-
hip using a much larger volume of data than available from
revious work (Traynor, 1996; Hazen and Horne, 2004). The
esulting length-to-TS relationship with the form 20 · log10 L
as very similar to the existing relationship used in routine

urveys (Traynor, 1996). A new collection of GLM models
based on initial GAM results, Table 2F–I) that included co-
ariates were developed to describe how pollock TS may be
nfluenced by target depth, fishing temperature, and seasonal-
ty. Utilizing additional covariates for survey abundance esti-
ates of walleye pollock should improve accuracy, especially

iven that the TS measurements used in this study were made
nder survey conditions.
The methods presented in this study should generally be ap-

licable to acoustic surveys where large amounts of backscat-
er data are collected in conjunction with trawling samples
ominated by a single species. Survey echosounder measure-
ents with trawl-verified catch are likely to contain informa-

ion that can be used to reduce uncertainties by better es-
imating in situ TS. Although there are many long-standing
T surveys, TS estimates made during routine survey opera-
ions have been historically underutilized due to the difficul-
ies associated with identifying suitable observations of TS in
he context of a large number of potentially biassed observa-
ions. This study indicates that useful TS measurements can be
uried in existing datasets, ready to be uncovered, and with
ome attention to methodology, these datasets can be effec-
ively data-mined to good effect.
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