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Abstract: The authors have developed a method to estimate the catch efficiency of sampling gear
using acoustic information. Since different sampling conditions will cause different sampling results,
it is necessary to know more details about catch efficiency to quantitatively catch juvenile fish. In
this study, we estimated the catch efficiency of a framed midwater trawl (FMT) for juvenile walleye
pollock, and investigated differences in the catch efficiency of the FMT due to various influencing
factors. To clarify the effects of different sampling conditions on catch efficiency, we investigated
changes in catch efficiency by survey time (daytime and nighttime), net color (black and cyan), and
towing speed (2 kt, 3 kt, 4 kt). It was quantitatively shown that the catch efficiency was higher
at nighttime than during the daytime, the catch efficiency of black net was higher than that of
cyan net, and the catch efficiency was higher at the faster towing speed. Comparing the estimated
catch efficiency under different conditions, we found that survey time was the most important
influencing factor.

Keywords: catch efficiency; acoustic method; FMT; survey time; net color; towing speed

1. Introduction

It was thought that sampling tools used in fisheries resource surveys have reached
the stage of perfection in the 1980s, but the existing collection results were not always
quantitative which had become clear with the subsequent generalization of acoustic surveys
and deep-sea observation technology [1]. Furthermore, it is difficult to quantitatively
catch juvenile fish using existing juvenile fish sampling gear in estimating the biomass of
new recruits. Therefore, the MOHT (Matsuda–Oozeki–Hu Trawl) and the FMT (framed
midwater trawl), which are new sampling gear suitable for quantitative collection of larvae
and juvenile, have been developed [2–6]. The development of these sampling gear has
opened new research fields, such as elucidating food webs based on quantitative sampling
results, and estimating the catch efficiency of sampling gear using acoustic observation
equipment, which had been difficult previously [1].

Catch efficiency is an important quantitative indicator for sampling gear such as
FMT [7]. It is known that the size composition and density information of organisms
obtained using sampling gear is biased from the population due to differences in catch
efficiency [8,9]. Therefore, in order to conduct quantitative collection, it is necessary to un-
derstand the efficiency of the sampling gear used for the target organisms. Catch efficiency
is expressed as the product of filtration rate, entering rate, and retention probability [10,11].
Among these parameters, the filtration rate and the retention probability are directly af-
fected by the mesh size of the net used. When organisms are caught using an ideal sampling
device that has sufficiently large net opening area, small mesh size that does not allow
organisms to escape, and is capable of high-speed trawl, then the catch efficiency is equal
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to the entering rate [12]. However, the actual entering rate varies depending on multiple
factors which mainly include the scale of sampling gear used, the towing speed, and the
biological characteristics of target organisms. Fujimori (2007) compared the density of
juvenile walleye pollock (mean body length 17 mm), which was determined in a sampling
test using FMT at various towing speeds, and standardized it with the SV value measured
with a quantitative echo sounder [12]. The results showed that the density increased as the
towing speed increased, with 0.45 ind./m3 at 2 kt, 0.7 ind./m3 at 3 kt, and 1.3 ind./m3 at
4 kt, respectively. Furthermore, Itaya et al. (2007) showed that the sampling density of FMT
for Diaphus spp. and Engraulis japonicus would be higher when using the larger net opening
area and the faster towing speed [13]. As suggested by Barkley (1964), the efficiency of
sampling gear changes depending on the relative relationship between the towing speed
and the escape speed of target organisms [14].

On the other hand, fish mainly recognize the net of sampling gear visually and perform
an escape behavior. Biological factors such as swimming ability and visual recognition
ability change depending on the growth stage of the organism itself, but visual recognition
ability in particular is also influenced by environmental factors. It has been reported that
the response of juvenile walleye pollock to nets differs depending on the illuminance
conditions [15]. However, acoustic resource surveys are often conducted both day and
night. Doray et al. (2010) estimated the trawl efficiency for benthic fish species such as hake
(Merluccius merluccius) using the ratio of catch to biomass estimated by acoustic methods,
and reported that the trawl efficiency was extremely higher at nighttime than during the
daytime [16]. Additionally, Rakowitz et al. (2012) observed the behavior of fish in front
of the net opening of a trawl using a dual-frequency identification sonar DIDSON, and
found that the rate of avoidance responses was higher during the daytime (44%) than at
nighttime (6%), suggesting that differences in the light condition caused this difference [17].
Zooplankton methodology manual of ICES [18] recommended avoiding the use of light-
colored sampling gear and using dark-colored sampling gear instead to reduce the escape
of target organisms. However, according to Jůza et al. (2012) [19], the catch efficiencies
of nets made with black and white fabric were compared during the daytime, and no
significant changes were found in population density or body length of European perch
(Perca fluviatilis), Pike perch (Sander lucioperca), Ruff (Gymnocephalus cernua), and the fish of
Cyprinidae family.

There are few previous studies that have attempted to estimate the catch efficiency of
sampling gear using acoustic information from quantitative echo sounders [20,21]. Further-
more, there are few studies that estimate the catch efficiency of sampling gear for larvae
and juvenile [22]. Lu et al. (2018) developed a method of using acoustic information to
estimate the catch efficiency of FMT for juvenile fish [22]. Since there are a wide variety
of factors that influence the catch efficiency, it is necessary to know in detail the relation-
ship between various sampling conditions and the catch efficiency in order to ensure the
quantitative catch using FMT. In this paper, we aimed to determine the effects of survey
time, net color, and towing speed on the catch efficiency of FMT for juvenile walleye
pollock (Gadus chalcogrammus) by comparing the densities of fish caught in each haul to the
reference densities derived from quantitative echo-sounder observations.

2. Materials and Methods
2.1. Data Sampling and Preliminary Processing

Experiments were carried out in the water around Funka Bay, Hokkaido (Figure 1),
aboard T/S Ushiomaru (179 t). The samples were caught using a framed midwater trawl
(FMT [5]) which has a square frame composed of four stainless steel pipes (length 2 m,
diameter 43 mm). The length of the net was approximately 8.5 m to the rear end of the
bucket, the front body net was made of nylon moji net (diameter 240, mesh opening
1.5 mm), and the rear codend was equipped with a mesh panel. (Standard: PE40, mesh
inner diameter 526 µm) for draining water appropriately to prevent transient pressure from
water flow from being applied to the caught organisms in the bucket [7]. The FMT was
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horizontally towed through the sound scattering layer (SSL) as seen by the quantitative
echo sounder (please refer to the description below for details). A flowmeter (Rigosha Co.,
Ltd., Tokyo, Japan) was attached to the mouth opening of FMT to calculate the filtered
water volume of each haul. A depth monitor PI50 (SIMRAD, Kongsberg Maritime AS,
Horten, Norway) was attached to the upper part of FMT to monitor the towing depth in
real time (Figure 2).
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To examine the effects of net color and survey time, the experiments using FMT with
different net colors (black and cyan) were conducted in June 2013, June 2014, May and June
2015 (Figure 2). The speed through water (STW) was approximately 3 kt (about 1.5 m s−1)
which was measured by a shipboard acoustic doppler current system. After the black net
(cyan net) was towed three times, the FMT replaced with the cyan net (black net) was towed
three times in the same direction again from the first trawl location. A total of 42 sampling
experiments were conducted by different net colors: 12 times on each color during the day,
and 9 times on each color at night.

On the other hand, to estimate the effect of towing speed, the experiments using FMT
with the black net were conducted in April and May 2015 (Figure 2). The STW was set to
approximately 2 kt, 3 kt, and 4 kt with the propeller pitch angle constant, respectively. A
total of 15 sampling experiments were conducted by different towing speeds: 3 times at
2 kt and 3 kt, and 9 times at 4 kt.

The collected samples were preserved in 10% buffered formalin solution on board. In
the land lab, all juvenile walleye pollock were extracted from the sample and counted, and
then divided by the filtered water volume to calculate the trawl density. The fork lengths
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(FLs), rounded to the nearest 0.1 mm, were measured using an electronic caliper (Mitutoyo,
Absolute 500). In addition, if more than 100 individuals were collected per haul, body
lengths were measured for 100 individuals haphazardly selected.

The acoustic data were recorded using a quantitative echo-sounder EK60 (SIMRAD,
Kongsberg Maritime AS, Horten, Norway) with a frequency of 38 kHz, beam width of
7◦, pulse width of 1.024 ms, pulse interval of 1 s, and range of 3 m to seabed or 500 m.
The EK-60 was calibrated every April using a tungsten-carbide sphere with a diameter
of 38.1 mm (WC 38.1) following the method described by Foote et al. (1987) [23]. Since
juvenile walleye pollack has a swim bladder and is larger than zooplankton, the echogram
threshold was set at −70 dB to minimize the effect of acoustic scattering by zooplankton [24].
The noise measurements in passive acoustic mode were conducted at speeds of 0 kt, 2 kt,
3 kt, 4 kt, 9 kt, and 10 kt in May 2014 and April 2016. As a result, we did not find that
the noise level got louder over time and we found that the noise level became lower as
the depth became shallower and the STW decreased. The maximum noise of 300 m was
−81.5 dB at 10 kt, which ensured that the signal-to-noise ratio was greater than 10 under
all experimental conditions [25]. Echograms were processed using the hydroacoustic data-
processing software Echoview 9 (Echoview Software Pty Ltd., Hobart, TAS, Australia). We
preprocess acoustic data using the “Impulse Noise Removal” operator and “Background
Noise Removal” to remove “impulsive noise (IN)” and “background noise (BN)” as the
first step [26,27]. The identification of attenuated signals was carried out through visual
inspection of the echogram and we did not find the existence as a result. The mean SV
(volume backscattering strength) was calculated along the FMT tow trajectories which
were defined as the range enclosed by a width of 4 m (frame height is 2 m) and at the
towing depth (based on the depth sensor attached to the FMT) for the duration of each
haul (Figure 3).
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Figure 3. The typical SV echograms of 38 kHz recorded during the daytime (a) and nighttime (b).
All horizontal hauls of (a,b) were of 10 min duration, and the warp length was 150 m and 25 m,
respectively. Black polygons represent trawl trajectories. The trawls were conducted outside of one
hour before and after sunrise and sunset.

2.2. Estimation of Catch Efficiency Using Acoustic Data

Lu et al. (2018, in Japanese [22]) and Lu et al. (2021, in English [28]) explained the
specific logical derivation process; therefore, we only give a brief explanation in this article.
Catch efficiency, q, can be expressed as:

q =
f ρTrσbs

Sv
(1)

where f is the filtration rate, ρTr (ind.m−3) is the sampling density of organisms caught
by FMT (net density), σbs is the backscattering cross section (equivalent to target strength
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(TS) in decibels, and Sv (m−3) is the volume backscattering coefficient (equivalent to SV
in decibels).

The filtration rate is calculated using the ratio between the volume calculated from
the flowmeter and the volume of the water column that the net passed through, which is
expressed as the product of the towing speed, towing time, and opening area [29]. The
filtration rates of the FMT applied in this study were 1.0 at 2 kt, 0.8 at 3 kt, and 0.6 at 4 kt,
which were the mean value in May 2015, June 2013, and April 2015, respectively. Net
density is expressed as the ratio of trawl catch per haul and the filtered water volume
calculated from the flowmeter value. When the target organism is a single taxon and Sv is
measured by a quantitative echo sounder, σbs and ρTr can be calculated using length and
density from the sampling gear, and the catch efficiency q can be estimated for mean size
which is measured by a quantitative echo sounder.

Sadayasu (2005) measured the TS of juvenile walleye pollock using the tethered
method and calculated the average TS from the pitch angle characteristics of the obtained
TS [30]. Then, the relationship between the average TS (TSAVG) and fork length of juvenile
walleye pollock with a fork length of 10 cm or less was calculated using Equation (2).
Therefore, the average TS of the caught individuals was calculated using the same formula
in this study.

TSAVG = 26.57 log(FL)− 74.03 (2)

3. Results
3.1. Characteristics of Net Sampling under Different Times and Net Colors

The number of individuals collected was 23 to 4402 ind. in 2013, 0 to 872 ind. in 2014,
and 0 to 6794 ind. in 2015 (Table 1). In both experiments, the number of juveniles caught
using the black net was higher than that using the cyan net at night, but there was no
significant difference between net colors during the daytime.

Table 1. Summary of towing conditions of FMT under different survey times and net colors at the
towing speed of 3 kt.

Haul No. Year/Month Day/Night Net Color Towing Duration Warp Length Towing Depth Catch ρTr SV
(min) (m) (m) (ind.) (ind. m−3) (dB re 1m−1)

1 2013/June Day Black 10 150 40 140 0.02 −61.25
2 2013/June Day Black 10 150 40 23 <0.01 −63.63
3 2013/June Day Black 10 150 40 28 <0.01 −67.02

4 2013/June Day Cyan 10 150 40 49 <0.01 −58.24
5 2013/June Day Cyan 10 150 40 92 0.02 −56.55
6 2013/June Day Cyan 10 150 40 31 <0.01 −60.48

7 2013/June Night Black 10 25 8 1730 0.39 −54.46
8 2013/June Night Black 10 30 8 3094 0.83 −49.92
9 2013/June Night Black 10 25 8 4402 1.13 −49.29

10 2013/June Night Cyan 10 25 8 937 0.09 −53.96
11 2013/June Night Cyan 10 30 7 795 0.09 −51.33
12 2013/June Night Cyan 10 25 7 1264 0.32 −51.93

13 2014/June Day Black 5 99 35 4 <0.01 −57.38
14 2014/June Day Black 5 130 34 4 <0.01 −54.95
15 2014/June Day Black 5 160 36 6 <0.01 −54.59

16 2014/June Day Cyan 5 140 36 3 <0.01 −54.35
17 2014/June Day Cyan 5 150 39 0 <0.01 −57.56
18 2014/June Day Cyan 5 150 37 3 <0.01 −54.23

19 2014/June Night Black 5 40 9 872 0.28 −56.47
20 2014/June Night Black 5 46 11 469 0.15 −58.53
21 2014/June Night Black 5 41 11 471 0.15 −58.54

22 2014/June Night Cyan 5 55 9 66 0.03 −54.65
23 2014/June Night Cyan 5 48 12 119 0.03 −51.54
24 2014/June Night Cyan 5 50 13 90 0.04 −55.37

25 2015/May Day Black 5 156 38 150 0.03 −66.54
26 2015/May Day Black 5 140 36 86 0.03 −66.96
27 2015/May Day Black 5 144 36 69 0.02 −67.12

28 2015/May Day Cyan 5 161 35 166 0.04 −65.17
29 2015/May Day Cyan 5 158 37 181 0.04 −63.25
30 2015/May Day Cyan 5 184 45 187 0.04 −54.9

31 2015/June Day Black 5 164 33 2 <0.01 −59.81
32 2015/June Day Black 5 154 39 0 <0.01 −58.14
33 2015/June Day Black 5 227 85 0 <0.01 −58.04
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Table 1. Cont.

Haul No. Year/Month Day/Night Net Color Towing Duration Warp Length Towing Depth Catch ρTr SV
(min) (m) (m) (ind.) (ind. m−3) (dB re 1m−1)

34 2015/June Day Cyan 5 105 27 3 <0.01 −59.8
35 2015/June Day Cyan 5 170 37 1 <0.01 −61.69
36 2015/June Day Cyan 5 146 34 2 <0.01 −60.92

37 2015/June Night Black 5 46 8 44 0.02 −50.52
38 2015/June Night Black 5 36 9 646 0.28 −47.76
39 2015/June Night Black 5 51 11 6794 2.40 −47.2

40 2015/June Night Cyan 5 49 12 399 0.16 −52.06
41 2015/June Night Cyan 5 49 10 525 0.23 −48.59
42 2015/June Night Cyan 5 64 13 1898 0.74 −48.92

In order to analyze the effects of net color and day/night on the number of juveniles
caught, we conducted a two-way analysis of variance test (ANOVA) and assumed that
catches were not affected by net color and day/night (Table 2). In addition, the trawl was
not carried out at night in May 2015; therefore, a one-way analysis ANOVA was conducted
on net color (Table 2). As a result, p < 0.05 was obtained in all experiments except June 2015,
indicating that there was a factorial effect and interaction between net color and survey
time, which had a strong influence on the number of fish caught.

Table 2. Analysis of variance on the number of catches under different survey times and net colors.

Time Source df Sum of Squares Mean Square F-Ration p-Value

2013 June

Time 1 11,719,657 11,719,657 25.36 <0.01

Color 1 3,254,167 3,254,167 7.04 0.03
Time × Color 1 3,214,710 3,214,710 6.96 0.03

Error 8 3,696,717 462,090

Total 11 21,885,250

2014 June

Time 1 356,041 356,041 26.09 <0.01
Color 1 198,919 198,919 14.58 <0.01

Time × Color 1 194,820 194,820 14.28 <0.01
Error 8 109,155 13,644

Total 11 858,935

2015 May

Color 1 8740 8740 9.00 0.04
Error 4 3883 971

Total 5 12,623

2015 June

Time 1 8,837,400 8,837,400 2.41 0.16
Color 1 1,808,080 1,808,080 0.49 0.50

Time × Color 1 1,814,296 1,814,296 0.50 0.50
Error 8 29,290,276 3,661,285

Total 11 41,750,053

Furthermore, we conducted a simple main effect analysis for 2013 and 2014, where
there was a significant difference in the interaction (Table 3). It was confirmed that the
effect of net color was weak during the daytime (p > 0.05), and the effect of day/night was
particularly strong (p < 0.02).

The mean fork length and standard deviation of the juvenile walleye pollock caught
in June 2013 (Figure 4) were 31.8 ± 5.4 mm (day/black), 31.8 ± 4.9 mm (day/cyan),
46.6 ± 10.1 mm (night/black), and 35.1 ± 6.6 mm (night/cyan), respectively. In June
2014 (Figure 4), they were 38.3 ± 5.0 mm (day/black), 31.6 ± 10.0 mm (day/cyan),
43.6 ± 4.9 mm (night/black), and 40.5 ± 5.4 mm (night/cyan), respectively. In May 2015
(Figure 4), they were 27.5 ± 3.3 mm (day/black) and 27.9 ± 3.7 mm (day/cyan), respec-
tively. In June 2015 (Figure 4), they were 50.7 ± 6.0 mm (night/black) and 49.7 ± 5.8 mm
(night/cyan), respectively.

The Kolmogorov−Smirnov test (KS test) was performed to test the difference in the
shape of the body length distribution of juvenile walleye pollock caught by the black net
and cyan net (Table 4). At night, the body length distribution was shown to be significantly
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different depending on the net color (p < 0.01). There was a tendency to catch larger
individuals in the black net than in the cyan net at night (Figure 4). However, there was no
significant difference in body length distribution due to the difference in net color during
the day.

Table 3. Analysis of variance on the simple main effect under different survey times and net colors.

Time Towing Condition Variable df Sum of Squares Mean Square F-Ration p-Value

2013

Black
Time 1 13,605,204 13,605,204 15.21 0.02
Error 4 3,579,067 894,767

Cyan Time 1 1,329,163 1,329,163 45.19 <0.01
Error 4 117,649 29,412

Day Color 1 60 60 0.02 0.89
Error 4 10,717 2679

Night Color 1 6,468,817 6,468,817 7.02 0.06
Error 4 3,685,999 921,500

2014

Black
Time 1 538,801 538,801 20.00 0.01
Error 4 107,741 26,935

Cyan Time 1 12,060 12,060 34.10 <0.01
Error 4 1415 354

Day Color 1 11 11 4.92 0.09
Error 4 9 2

Night Color 1 393,728 393,728 14.43 0.02
Error 4 109,147 27,287
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Figure 4. Comparison of length frequency distribution of juvenile walleye pollock caught by FMT
under different net colors during the daytime (a) and nighttime (b) in June 2013, daytime (c) and
nighttime in June 2014 (d), daytime in May 2015 (e) and nighttime in June 2015 (f).

Table 4. The results of Kolmogorov−Smirnov test on fork length distribution under different
net colors.

Date Day/Night D p-Value Null Hypothesis

2013 June Day 0.096 0.37 Acceptance
2013 June Night 0.533 <0.01 Rejection
2014 June Night 0.258 <0.01 Rejection
2015 May Day 0.093 0.09 Acceptance
2015 June Night 0.123 <0.01 Rejection
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3.2. Characteristics of Net Sampling at Different Towing Speeds

Table 5 shows the FMT towing conditions and measured SV in the towing speed
comparison experiment. The number of individuals caught by different towing speeds was
1204 to 5040 ind. (daytime/4 kt), 896 to 19,616 ind. (night/3 kt), and 8729 to 19,891 ind.
(night/4 kt) in April, and 1654 to 4932 ind. (night/4 kt) and 1059 to 3968 ind. (night/2 kt)
in May, respectively. When the body length of juvenile walleye pollack is relatively small in
April, the number of individuals caught by 4 kt was greater than by 3 kt at night. Similarly,
even at the speed of 4 kt, the number of individuals caught at nighttime was greater than
during the daytime. On the other hand, when the body length of young walleye pollock
grows in May, there was no difference in the number of individuals caught at 4 kt and 2 kt,
even at night.

Table 5. Summary of towing conditions of FMT at different towing speeds.

Haul No. Year/Month Day/Night Towing Speed Warp Length Towing Depth Catch ρTr SV
(kt) (m) (m) (ind.) (ind.m−3) (dB re 1m−1)

1 2015/April Day 4 151 18 5040 0.93 −63.00
2 2015/April Day 4 161 18 4048 0.77 −65.14
3 2015/April Day 4 174 19 1204 0.24 −67.39

4 2015/April Night 3 84 11 19,616 5.44 −59.17
5 2015/April Night 3 74 10 1182 0.58 −67.00
6 2015/April Ngiht 3 61 8 896 0.36 −66.00

7 2015/April Night 4 131 12 19,891 5.41 −60.50
8 2015/April Night 4 114 8 9894 1.96 −63.93
9 2015/April Night 4 150 12 8729 2.02 −63.71

10 2015/May Night 4 131 13 1654 0.29 −58.60
11 2015/May Night 4 121 12 4932 0.81 −59.82
12 2015/May Night 4 96 8 1673 0.82 −58.32

13 2015/May Night 2 32 7 1059 0.36 −58.02
14 2015/May Night 2 46 12 3968 0.38 −58.62
15 2015/May Night 2 45 13 2042 0.36 −60.20

In order to analyze the effects of towing speed and survey time on the number of
individuals caught, a one-way ANOVA was conducted under each condition (Table 6). We
found that there was a difference (p > 0.05) in the number of individuals caught between
different speeds (2 kt, 3 kt, and 4 kt) at night. In addition, in the case of high-speed towing
(4 kt), it was confirmed that there was a difference in the number of individuals caught
between day and night (p = 0.07).

Table 6. Analysis of variance on the number of catches at different towing speeds.

Date Condition Source df Sum of Squares Mean Square F-Ration p-Value

2015 April Night
3/4 kt

Speed 1 45,007,248 45,007,248 0.59 0.49
Error 4 307,845,489 76,961,372

Total 5 352,852,737

2015 April 4kt
Day/Night

Time 1 124,889,313 124,889,313 6.31 0.07
Error 4 79,183,613 19,795,903

Total 5 204,072,926

2015 May Night
2/4 kt

Speed 1 493,067 493,067 0.16 0.71
Error 4 12,393,434 3,098,359

Total 5 12,886,501

The body length distribution of juvenile walleye pollock obtained under each condition
is shown in Figure 5, divided by the time and towing speed. In April 2015, the mean fork
length and standard deviation of juvenile walleye pollock were 16.1 ± 2.8 mm (night/3 kt),
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16.8 ± 5.0 mm (night/4 kt), and 15.4 ± 2.6 mm (daytime/4 kt), respectively. In May 2015,
they were 30.6 ± 5.0 mm (night/4 kt) and 30.1 ± 5.6 mm (night/2 kt), respectively. The
mean body length of the juvenile fish caught using the 4 kt high speed was slightly larger
than that obtained using the low speed.
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Figure 5. Comparison of length frequency distribution of juvenile walleye pollock caught by FMT at
different towing speeds with the black net during the nighttime in April 2015 (a) and in May 2015 (b).
And, comparison of length frequency distribution of juvenile walleye pollock caught by FMT at a
speed of 4 kt with the black net during the daytime and nighttime in April 2015 (c).

The KS test was performed to examine differences in the shape of body length distri-
bution (Table 7). The results showed that there was no change in body length distribution
at night even with different towing speeds (p > 0.05), and the body length was larger at
night than during the day at a high speed of 4 kt.

Table 7. The results of Kolmogorov−Smirnov test on fork length distribution under different
towing speeds.

Date Condition D p-Value Null Hypothesis

2015 April Night-3/4 kt 1.242 0.09 Acceptance
2015 April 4kt-Day/Night 2.123 <0.001 Rejection
2015 May Night-2/4 kt 0.776 0.58 Acceptance

3.3. Estimation of Catch Efficiency under Different Conditions

The catch efficiencies of FMT for juvenile walleye pollock under different survey times
and net colors (Table 8) were calculated using Equation (1). In June 2013, the catch efficien-
cies were <0.01 (day/cyan), 0.01–0.02 (day/black), 0.01–0.04 (night/cyan), and 0.16–0.20
(night/black), respectively. In June 2014, the catch efficiencies were <0.01 (day/cyan), <0.01
(day/black), 0.01–0.02 (night/cyan), and 0.17–0.20 (night/black), respectively. In May 2015,
the catch efficiencies were 0.01–0.06 (day/cyan) and 0.04–0.07 (day/black), respectively.
In June 2015, the catch efficiencies were <0.01 (day/cyan), <0.01 (day/black), 0.03–0.13
(night/cyan), and 0.01–0.32 (night/black), respectively.

During the day, the catch efficiency of both black and cyan nets was extremely low
(<0.02), and no difference was observed between them. When the black net was used
during the daytime, it was found that the catch efficiency for juvenile walleye pollock
(10–50 mm) decreased as the body length increased (R2 = 0.73). In the case of the cyan net,
the overall catch efficiency was low (<0.01), and the body length dependence seen with the
black net was not observed.
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Table 8. Estimated catch efficiencies under different survey times and net colors.

Date
Towing Conditions (Time/Net Color)

Day/Cyan Day/Black Night/Cyan Night/Black

2013 June <0.01 0.01–0.02 0.01–0.04 0.16–0.20
2014 June <0.01 <0.01 0.01–0.02 0.17–0.20
2015 June <0.01 <0.01 0.03–0.13 0.01–0.32

On the other hand, the catch efficiency at night was clearly higher on black mesh than
on cyan mesh in 2013 and 2014 (Table 8). Regarding the difference between day and night,
it was found that the catch efficiency at night was higher than during the day, regardless of
the net color (Table 8).

Table 9 shows the catch efficiency of FMT with different towing speeds. In April
2015, the catch efficiency was 0.30–0.52 (night/3 kt), 0.56–0.74 (night/4 kt), and 0.15–0.24
(day/4 kt), respectively. In May 2015, they were 0.25–0.47 (night/4 kt) and 0.14–0.22
(night/2 kt), respectively. The catch efficiency was high at a high towing speed of 4 kt in
both cases. At a towing speed of 4 kt, the estimated catch efficiency of nighttime was 3 to
4 times higher than during the day. It was also found that the larger the body length, the
lower the catch efficiency.

Table 9. Estimated catch efficiencies at different survey times and towing speeds.

Date
Towing Conditions (Time-Speed)

Day/4 kt Night/4 kt Night/3 kt Night/2 kt

2015 April 0.15–0.24 0.56–0.74 0.30–0.52 –
2015 May – 0.25–0.47 – 0.14–0.22

4. Discussion
4.1. Effect of Survey Time on Catch Efficiency

According to the model of catch efficiency proposed by Barkley [29], catch efficiency
varies depending on factors such as the area of net opening, the towing speed relative
to water column, the swimming speed when fish avoid the coming net, and the reaction
distance. No matter how other conditions change, when the reaction distance approaches
0 (the reaction time also approaches 0), the catch efficiency approaches 1. The reaction
distance is the distance from trawl to fish when the fish takes action after seeing the trawl,
and it changes depending on the survey times. In this study, it was found that when the
towing speed was 3 kt, the catch efficiency at nighttime was higher than that during the
daytime, regardless of the net color (Table 8). In addition, when the towing speed was 4 kt
with black net, the catch efficiency at nighttime was 3 to 4 times higher than that during the
daytime (Table 9). It can be obtained that the survey time has the most important influence
on the catch efficiency of FMT for juvenile walleye pollock.

On the other hand, the mean body length of the juvenile walleye pollock caught at
nighttime was larger than that during the daytime, regardless of net color (Figure 4). The
differences in the mean body length between nighttime and daytime were 14.8 mm for
black net and 3.3 mm for cyan net in 2013, respectively. In 2014, the differences were 5.3 mm
and 8.9 mm, respectively. The mean body length was also larger at night than that during
the daytime at the high speed.

Vessel noise and warps vibrations have also been implicated as factors that trigger
avoidance/escaping behavior in fish [31]. In this experiment, the night trawl experiments
were mainly conducted near the sea surface due to the diel vertical migration (DVM) of
organisms, and the towing depths were about 10 m located about 15 m behind the vessel.
Although these factors seem to affect the catch efficiency greatly, the catch efficiency at
night was higher than that during the day. It can be inferred that the survey time in the field
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greatly affects the sight of juvenile walleye pollock, and that the escape ability improves in
a bright environment during the day and decreases at night.

4.2. Effect of Net Color on Catch Efficiency

The catch efficiency of bottom trawl for benthic fishes such as hake (Merluccius
merluccius) varied significantly between day and night in the previous studies [16], but
there were few precedents for examining sampling efficiency based on differences in net
color in addition to time. In experiments conducted from 2013 to 2015, the number of
individuals caught using the black net was clearly higher than that of cyan net at night.
However, no significant difference was observed depending on the net color during the
daytime. Specifically, juvenile walleye pollock can visually recognize both black net and
cyan net in the same way during the high-light environments, and perform an escape
behavior. In a low-light environment at night, black mesh is harder to see than cyan mesh;
therefore the catch efficiency of cyan net is lower and that of black net is higher.

Regarding the results that larger fishes were able to be caught by FMT with the black
net at nighttime than that of cyan net, all trawls were carried out at depths below 15 m
(Table 1), and because the warp length was short, it was likely that the area around the nets
was not completely dark due to the influence of the ship’s lights. In general, the surface
layer is easily affected by environmental illumination, and the net is visible to some extent.
The visual acuity and swimming ability of fish develop as they grow, and large juvenile
fish were able to see the cyan net. As a result of avoiding the coming net, the black net had
higher catch efficiency than the cyan net at nighttime.

It is thought that the illuminance of the survey area and the contrast of net color with
the background color are important for the color vision discrimination ability of fish. In the
future, it was considered necessary to quantitatively measure the light environment such
as light intensity and spectral distribution in the field, and further investigate the visual
acuity and color vision abilities of target organisms.

On the other hand, it was found that the catch efficiency for juvenile walleye pollock
(10–50 mm) decreased as the body length increased when the black net was used during
the daytime in this study. Ryer and Olla [32] showed that the swimming speed of juvenile
walleye pollock (body length 60–75 mm) was 1.0–2.2 times the body length per second
during feeding. The escape speed of fish during collection was close to the maximum
swimming speed and could be thought to also depend on body length. The swimming
speed of the fish increased as the size of the fish increased, and then the ability of the
fish to avoid nets also increased. Fujimori et al. (2008) showed that the body length of
juvenile walleye pollock that has been caught varies greatly depending on season [7].
Therefore, in order to quantitatively evaluate juvenile fish at each growth stage, it will
be necessary to estimate the catch efficiency of each subdivided body length class under
various towing conditions.

4.3. Effect of Towing Speed on Catch Efficiency

In April and May 2015, differences in catch efficiency were observed due to differences
in towing speed (2 kt, 3 kt, 4 kt) at nighttime (Table 6). In general, even if the avoidance
ability of fish remains constant, the reaction time will become shorter and the catch efficiency
will increase with the increase in towing speed. In April and May, high-speed towing
showed higher catch efficiency than low-speed towing (Table 9).

In the case that the towing depth was the same, increasing the towing speed by 1 kt
resulted in a 1.1–2.5 times increase in catch efficiency for juvenile walleye pollock with a
mean fork length of 16 mm caught in April. Furthermore, when increasing the towing
speed by 2 kt, the catch efficiencies were changed by 1.1–3.4 times for juvenile walleye
pollock with a mean fork length of 30 mm caught in May. These results demonstrate that,
the reaction time becomes shorter and the catch efficiency increases with the increase in
towing speed as shown in the Barkley model [9]. However, it was not clear how much the
catch efficiency would increase if the towing speed was increased in steps of 1 kt.
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The filtration rate will be strongly affected by the towing speed [24]. In this study, we
used the ratio between the volume calculated from the flowmeter and the volume of the
water column that the net passed through from echograms. The filtration rate was max
(1.0) at the speed of 2 kt, and it gradually became smaller as the towing speed increased.
The catch efficiency itself is very low during the day and the accuracy of the filtration rate
becomes extremely important in this case; therefore, special caution is required. In the
future, it will be necessary to increase the number of trawls and conduct research on a
finer scale.

Past research on the target of cod (Gadus morhua) and other benthic fishes had shown
that the relationship between acoustic measurements and trawl estimates was dependent on
factors such as time, season, size class, vertical distribution, towing depth, and the effective
fishing range of bottom trawl [33,34]. In this study, we estimated the catch efficiency of
FMT for juvenile walleye pollack under various conditions, but there were a wide variety
of factors that influence catch efficiency, including biological factors, environmental factors,
and towing conditions. In order to ensure the quantitative nature of catch using FMT, it is
necessary to keep in mind the influence of these factors.

5. Conclusions

In order to clarify the influence of various sampling conditions on catch efficiency of
FMT for juvenile walleye pollock, we investigated changes in catch efficiency by survey
time (day and night), net color (black/cyan), and towing speed (2 kt, 3 kt, 4 kt). It was found
that the catch efficiency was higher at night than that during the day regardless of the net
color. The catch efficiency of black net was higher than that of cyan net, but there was not
much difference during the day. As we hypothesized that the catch of high-speed towing
was high, filtration rate issues need to be considered in quantitative trawl resource surveys.
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