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Abstract

Marine mammal Bycatch Reduction Devices (BRDs) can result in the escape of target fish
species. In the present study, a modified single-layer codend configuration developed from
previous studies was evaluated using BRDs with guide net angles of 30◦ and 45◦. Catch
was collected separately from the codend and the BRD cover to estimate catch loss rates
and characteristics. For caught species, catch loss rates based on the number and weight of
individuals were 9% and 13% for herring with the 30◦ guide net and 16% and 18% with
the 45◦ guide net, respectively. For Korean pomfret, catch loss rates were 24% and 23%
at 30◦ and 4% at 45◦. These results suggest that further modification of BRD is necessary.
In contrast, catch loss rates of mackerel with the 30◦ guide net reached 56%, whereas
hairtail showed loss rates of 60% and 65% with the 45◦ guide net. Underwater observations
indicated that catch loss was influenced by swimming behavior and entanglement with the
guide net. Despite the modification of the codend to a single layer, the present study still
observed high catch loss rates. However, no bycatch of marine mammals occurred during
the experimental operations.

Keywords: marine mammal bycatch; bycatch reduction device; catch loss; midwater trawl;
marine mammals protection act; comparability assessment

Key Contribution: This study evaluated a modified single-layer codend configuration
developed from previous BRD studies. Field experiments were conducted in fishing
grounds along the East and South Sea of Korea, where marine mammals are frequently
observed. Although the modified configuration was evaluated under commercial fishing
conditions, catch loss remained above 10%, indicating that additional modifications to the
bycatch reduction device are still necessary. Across all four encounters, dolphins were
observed to change direction or move away before direct interaction with the vessel or
trawl gear occurred during the four opportunistic encounters.

1. Introduction
Cetaceans, which are representative marine mammals, were once considered competi-

tors of commercially valuable fish species consumed by humans, as they were believed
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to contribute to the decline in target fish populations, thereby causing conflicts with fish-
eries [1]. However, previous studies have suggested that these effects are limited [2]. In
addition, cetaceans are known to consume species other than those targeted by commercial
fisheries, and reductions in fishery resources have been reported in ecosystems where whale
populations have declined, indicative of the positive relationship between whale abun-
dance and fishery productivity [3]. The protection and conservation of marine mammals,
including cetaceans, is therefore considered necessary.

The United States has enacted and enforced the Marine Mammal Protection Act
(MMPA), and various studies on reducing marine mammal bycatch have been conducted
for different fisheries. In Korea, the National Institute of Fisheries Science developed
bycatch reduction devices (BRDs) for trawl gear in accordance with the comparability
finding standards of the U.S. National Oceanic and Atmospheric Administration (NOAA)
under the MMPA [4,5].

Previous studies have primarily used acoustic deterrent devices (pingers) to reduce
marine mammal bycatch [6–11]. However, concerns regarding habituation and long-
term ecological impacts have prompted the development of physical BRDs for fishing
gears [9,11–15]. Therefore, this study evaluated a physical BRD designed to exclude marine
mammals from a midwater trawl. Several physical BRDs, including Seal Exclusion Devices
(SEDs) and dolphin exclusion devices, have been developed for midwater trawl fisheries
to reduce marine mammal bycatch [16,17]. These studies have primarily focused on
improving the exclusion efficiency of marine mammals. However, quantitative assessments
of target species catch loss and the selectivity associated with these devices remain limited.

In Korea, a series of studies have progressively developed and evaluated physical
BRDs for stow nets and midwater trawl fisheries using a catch loss assessment [4,5,18,19].
For the trawl gear, marine mammal BRDs with guide nets tilted at angles of 30◦ and 45◦

were attached and tested along the East and South Sea coasts in June and September 2024 to
evaluate catch loss rates for flying squid, sandfish, and hairtail, horse mackerel, mackerel,
and herring by examining species-specific body characteristics and behavioral traits [4,5].
The successful exclusion of the giant jellyfish, Nemopilema nomurai, has also demonstrated
the discharge capability of BRD for large marine organisms, including marine mammals [5].

Previous studies have demonstrated the applicability of BRDs in Korean stow net and
midwater trawl fisheries using a catch loss assessment methodology [4,5]. Although these
studies have confirmed the feasibility of BRDs under commercial fishing conditions, they
also identified substantial catch loss in several commercially important species, indicating
that further modification of the gear configuration was required.

Based on the findings of these previous studies, the codend configuration was modified
from a triple-layer structure to a single-layer structure, similar to that used in commercial
midwater fisheries. The present study represents the next stage of this continuing research
project and evaluates the modified gear using the same experimental methodology. Specifi-
cally, this study aimed to evaluate the species catch loss and mesh selectivity of the BRD,
investigate fish escape behavior using underwater observations, and identify potential
gear modifications to further reduce catch loss while maintaining the performance of the
BRD. The objective of this study was not to directly compare the modified codend with the
triple-layer configuration, but to evaluate the performance of the modified gear using the
same experimental methodology established in previous studies.

2. Materials and Methods
2.1. Test Fishing Gear with BRD

The fishing gear used in this study was the same gear as described by Jung et al. [4,5]
and was employed in all experiments. Schematic diagrams of the midwater trawl gear and
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the installation configuration of the BRD are shown in Figures 1 and 2, respectively. The
total length of the netting, excluding the towing ropes, was 140 m, whereas the codend
(hereafter referred to as the COD) measured 11.2 m in length. As shown schematically in
Figure 1, the codend consisted of a single-layer net structure, with a mesh size of 120 mm.
To reduce the bycatch of marine mammals, a guide net panel serving as the BRD was
installed immediately ahead of the codend of the mid-water trawl gear, as illustrated in
Figure 2.

 

Figure 1. Design of midwater trawl used in this study.

 

Figure 2. Revised schematic diagram of midwater trawl gear with bycatch reduction device for
marine mammals.

The guide net of the BRD was constructed using polyethylene (PE) square mesh netting
with a bar length of 200 mm, corresponding to a mesh perimeter of 800 mm. Two types
of guide nets with tilt angles of 30◦ and 45◦ were prepared. Both guide nets had the same
width of 2.0 m; however, their lengths differed according to the tilt angle, measuring 2.23 m
for the 30◦ and 1.4 m for the 45◦ guide nets, respectively. Consequently, the attachment
positions of the body nets differed between the two configurations. The escape opening
of the BRD measured 2.0 × 1.5 m (height × width). A cover net made of PE netting with
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a mesh size of 46 ± 1.4 mm (D) was attached to the escape opening in order to collect and
investigate the species escaping through the BRD along the guide net.

2.2. Fishing Area

As shown in Figure 3, the fishing experiments in this study were conducted along the
coasts of the South Sea [18,20] and East Sea [21,22] of Korea, where whales and dolphins
are frequently observed.

Figure 3. Map of the trawl fishing grounds (left, April; right, September).

2.3. Fishing Experiment with Test Fishing Gear with BRD

Fishing operations were conducted over 24 days and 24 hauls, with 12 operations
performed between 8 April 2025 and 19 April 2025, and an additional 12 operations
conducted between 8 September 2025 and 19 September 2025. The experiments were
conducted using a research vessel Tamgu-23 (1670 tons, 3474 hp) operated by the National
Institute of Fisheries Science (NIFS). All fishing operations were conducted during the
daytime. The towing duration for each haul was set at 1 h, with the towing speed ranging
from three to five knots. The fishing experiments were conducted in waters with average
depths ranging from 200 to 300 m, targeting both the surface layer (20–50 m) and the
mid-water layer (100–150 m), for a total of 24 tows.

After each haul, the catch was separated into fish retained in the COD and fish that
escaped through the BRD and were collected in the cover net attached to the BRD. The total
length (TL) and body length (BL) of the caught species were measured and further classified
by species into fork length (FL), mantle length (ML), or anal length (AL), depending on
species characteristics. Length measurements to the nearest 1 mm, body weight (W) to
the nearest gram, and maximum body girth (G) to the nearest 1 mm were recorded. For
each haul, up to 200 individuals were randomly sampled separately from the cover net
with BRD and COD catches for biological measurements. When more than 200 individu-
als were retained in either compartment, approximately 200 individuals were randomly
selected from that compartment without regard to body size. For species analyzed in
previous studies [4,5], maximum body girth was not measured for all individuals. Instead,
representative individuals covering the observed body length range were selected for
body girth measurements. These newly collected measurements were combined with the
corresponding data from previous studies to establish species-specific body length and
body girth relationships.
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2.4. Investigation of the Situation of Bycatch Reduction and Catch Loss Using a Camera

To investigate the internal conditions of the fishing gear during operation, a GoPro
Hero 6 underwater camera (GoPro, San Mateo, CA, USA) equipped with an LED under-
water light was installed in front of the guide net, as shown in Figure 4 and Table 1, with
the camera oriented toward it. The camera was positioned 1.5 m from the starting point of
the net section, located immediately ahead of the COD. The camera angle was adjusted to
simultaneously capture both the COD area, where the catches passed through the guide
net, and the escape opening, through which organisms that failed to pass through the
guide net were discharged. After each fishing operation, the underwater video footage was
compared with the catch data to determine how the catches passed through the guide net
and how certain individuals failed to pass through and instead escaped through the BRD
escape opening.

 

Figure 4. Position of the camera for monitoring the trawl net.

Table 1. Information on operations in experiments conducted by Tamgu-23.

Haul No. Date
Start Position of the Haul Tilt Angle of

Guide NetLatitude Longitude

#101 9 April 2025 35◦13.476′ N 129◦40.157′ E 30◦

#102 9 April 2025 35◦12.829′ N 129◦50.713′ E 30◦

#103 10 April 2025 35◦50.705′ N 129◦46.938′ E 30◦

#104 11 April 2025 35◦16.435′ N 130◦16.618′ E 30◦

#105 11 April 2025 35◦13.641′ N 129◦39.653′ E 30◦

#106 12 April 2025 35◦34.920′ N 129◦41.251′ E 30◦

#107 12 April 2025 35◦13.643′ N 129◦39.655′ E 30◦

#108 15 April 2025 36◦09.417′ N 129◦46.514′ E 45◦

#109 15 April 2025 36◦03.010′ N 129◦47.788′ E 45◦

#110 16 April 2025 35◦12.264′ N 129◦39.960′ E 45◦

#111 16 April 2025 35◦07.272′ N 129◦36.145′ E 45◦

#112 16 April 2025 35◦10.126′ N 129◦37.256′ E 45◦

#201 9 September 2025 34◦39.841′ N 128◦57.656′ E 45◦

#202 9 September 2025 34◦58.996′ N 129◦11.542′ E 45◦

#203 9 September 2025 35◦06.996′ N 129◦23.922′ E 45◦

#204 14 September 2025 36◦15.058′ N 129◦41.942′ E 45◦

#205 14 September 2025 36◦00.069′ N 129◦40.300′ E 45◦

#206 15 September 2025 35◦33.585′ N 129◦55.604′ E 45◦

#207 15 September 2025 35◦32.338′ N 130◦01.144′ E 30◦

#208 15 September 2025 35◦32.508′ N 130◦01.012′ E 30◦

#209 16 September 2025 35◦34.740′ N 129◦55.024′ E 30◦

#210 16 September 2025 35◦21.451′ N 129◦49.924′ E 30◦

#211 17 September 2025 34◦27.926′ N 128◦54.718′ E 30◦

#212 17 September 2025 34◦28.616′ N 128◦54.495′ E 30◦
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2.5. Data Analysis

In towed fishing gear, mesh selectivity may vary among fishing operations, even for the
same species [23]. For example, in Mediterranean trawl fisheries, codend mesh selectivity
has been shown to change significantly with variations in swimming ability caused by water
temperature and increases in body girth during the spawning seasons [24,25]. Therefore,
methods that estimate the average mesh selectivity across multiple fishing operations have
been widely used [26–28].

In this study, as in previous studies [4,5], analyses were conducted separately for the
BRD guide net with tilt angles of 30◦ and 45◦, as well as for the pooled overall dataset. The
probability that individuals of species belonging to the length class l passed through the
BRD guide net and were retained in the codend, denoted by rc(l), was expressed as follows:

rc(l) =
nl2

nl1 + nl2
(1)

where nl1 is the number of individuals in length class l collected in the BRD section, and
nl2 is the number of individuals in length class l retained in the codend. The representative
retention probability r(l) was then expressed as a function of the length class (l) and ap-
proximated using a logistic equation, according to the analytical methods described below.

r(l) =
exp(a + bl)

1 + exp(a + bl)
(2)

where a and b are parameters of the logistic model. As described previously, mesh selectivity
analyses for species interacting with the 400 mm guide net mesh of the BRD were conducted
using the SELECT model based on the maximum likelihood estimation method [29–32].
Analyses were performed using R (Version 4.3.3) and the selfisher package (1.1.0) [33],
following the procedures applied in previous studies [4,5]. The response variable consisted
of the number of fish caught in the codend and the number collected in the BRD cover net
for each length class. Length classes were grouped at 1 cm intervals.

The selfisher package estimates fishing gear selectivity using generalized linear mixed
models. A logistic SELECT model was fitted using a generalized linear mixed model
framework implemented in the selfisher package. The logistic SELECT model described
the relationship between fish length and retention probability, while haul-to-haul variation
was incorporated through the random effects model. The package provides both a fixed
effects model, in which all haul data are combined into a single dataset by length class to
estimate mesh selectivity, and a random effects model, which accounts for between haul
variability caused by fishing conditions and resource availability. In the random effects
model, haul was treated as the experimental unit, with haul-to-haul variation incorporated
as a random effect. Bootstrap procedures were used to estimate the uncertainty associated
with fitted the selectivity curves and parameter estimates. Using this analytical framework,
gear selectivity was estimated separately for guide nets tilted at 30◦ and 45◦, for the pooled
guide net dataset, regardless of the tilt angle and for the codend itself.

Unlike conventional codend mesh selectivity, the present study defined selection as
fish escaping through the BRD escape opening rather than fish escaping through codend
meshes. Therefore, fish collected in the BRD cover net were regarded as catch loss in the
subsequent analyses. The catch loss associated with BRD was estimated according to the
method of previous studies [4,5,18,19], based on catches collected separately from the cover
net of BRD and COD, as follows:

Catch loss =
Number of catch in BRD cover net

Number of catch (BRD cover net + COD)
(3)

https://doi.org/10.3390/fishes11080489

https://doi.org/10.3390/fishes11080489


Fishes 2026, 11, 489 7 of 21

Catch loss was first calculated separately for each haul using Equation (3). The
species-specific catch loss rate reported in this study represents the arithmetic mean of the
haul-specific catch loss values.

3. Results
3.1. Composition of BL from Catch Results

The results of the 12 fishing operations conducted over 12 days in April and the
12 operations conducted over 12 days in September are summarized in Tables 2 and 3.
In April, the major species caught were herring (Clupea pallasii), with 324 individuals
weighing 12.5 kg; mackerel (Scomber japonicus), with 24 individuals weighing 2.6 kg;
Korean pomfret (Pampus echinogaster), with 509 individuals weighing 97.0 kg; and hairtail
(Trichiurus lepturus), with 30 individuals weighing 6.8 kg. A total of 892 individuals were
caught during the survey period in April.

Table 2. Total catch results from 12 midwater trawl fishing operations in fishing grounds in April.

Common Name Scientific Name Number Caught Weight of Catch

Hairtail Trichiurus lepturus 30 6.77 kg
Korean pomfret Pampus echinogaster 509 96.99 kg

Mackerel Scomber japonicus 24 2.57 kg
Herring Clupea pallasii 324 12.42 kg

Flying squid Todarodes pacificus 5 1.08 kg

Total 892 119.82 kg

Table 3. Total catch results from each of the 12 midwater trawl fishing operations in the fishing
grounds in September.

Common Name Scientific Name Number Caught Weight of Catch

Hairtail Trichiurus lepturus 709 86.48 kg
Blackfin flounder Glyptocephalus stelleri 43 6.51 kg

Grenadier Coelorinchus japonicus 12 0.32 kg
Mackerel Scomber japonicus 194 70.06 kg
Herring Clupea pallasii 70.699 1389.80 kg

Sailfin sandfish Arctoscopus japonicus 25 1.01 kg
Flying squid Todarodes pacificus 54 6.59 kg

Total 71,736 1560.77 kg

In September, the major species caught included mackerel, with 194 individu-
als weighing 70.1 kg; hairtail, with 709 individuals weighing 86.48 kg; flying squid
(Todarodes pacificus), with 54 individuals weighing 6.6 kg; herring, with 70,699 individ-
uals weighing 1389.8 kg; blackfin flounder (Glyptocephalus stelleri), with 43 individuals
weighing 6.5 kg; sailfin sandfish (Arctoscopus japonicus), with 25 individuals weighing
1.0 kg; and grenadier (Coelorinchus japonicus), with 12 individuals weighing 0.3 kg. In total,
71,736 individuals were captured during the September.

The species composition according to BL is shown in Figure 5. Mackerels within an FL
ranging from 16 to 40 cm and 21–35 cm were caught in the BRD section and the codend
(COD), respectively. Hairtails within an AL range of 12–30 cm were caught in both the
COD and BRD sections. Herring with an FL ranging from 9 to 23 cm and 13–16 cm were
caught in the COD and the BRD section, respectively. Sandfish with a TL range of 11–18 cm
and 14–17 cm were caught in the COD section and the BRD section, respectively. Pollock
within a TL of 16–24 cm were caught in the COD. Flying squids within an ML range of
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11–17 cm and 8–24 cm were caught in the COD section and the BRD section, respectively.
Flathead flounders within a total length range of 11–29 cm and 21–30 cm were caught in the
COD section and the BRD section, respectively. Korean pomfrets were caught within an FL
range of 15–28 cm and 15–26 cm in the COD section and the BRD section, respectively.

Figure 5. Body length distribution of catch by Tamgu-23. Gray bars indicate the number of fish
caught in the BRD and open bars indicate the number of fish caught in the COD.

3.2. Relationship Between BL and Maximum Girth

Based on catch data, the relationships between BL and body girth (G) were estimated
for herring, mackerel, and hairtail, which have been examined in previous studies [4,5], as
well as for Korean pomfret, for which more than 200 individuals were newly collected in
this study. The relationship is shown in Figure 6.

Figure 6. Relationship between body length (fork or anal length) and maximum girth in the most
caught species. The solid line indicates the regression line obtained from the equation in the graph.
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The relationship between fork length (FL) and body girth (G) in herring was estimated
as follows:

G = 0.4918 × FL − 0.7126 (r = 0.72, p < 0.05, n = 431) (4)

The relationship between fork length (FL) and body girth (G) of mackerel was esti-
mated as follows:

G = 0.4877 × FL + 0.1216 (r = 0.83, p < 0.05, n = 443) (5)

The relationship between fork length (FL) and body girth (G) for the hairtail was
estimated as follows:

G = 0.3310 × FL + 1.1142 (r = 0.86, p < 0.05, n = 390) (6)

The relationship between fork length (FL) and body girth (G) of Korean pomfret was
estimated as follows:

G = 1.2291 × FL − 0.9627 (r = 0.92, p < 0.05, n = 303) (7)

For herring, hairtail, mackerel, and Korean pomfret, BL and girth showed proportional
relationships, with body girth increasing significantly as BL increased (p < 0.05).

3.3. Results of the Investigation on Bycatch Reduction and Catch Loss Inside the Gear

The observations of the internal gear conditions are listed in Table 4. For the BRD with
a 45◦ guide net, 22 herring, 7 Korean pomfret, and 3 flying squid were observed over the
course of 3 hauls. Among the 32 observed individuals, 19 herring, 7 Korean pomfret, and
3 flying squid entered the codend, whereas 3 herring escaped through the BRD.

Table 4. Monitoring fish inside trawl nets using the BRD.

Haul No. Date *1 Tilt Angle of
Guide Net

Remark

COD *2 BRD *2

H HR M K O H HR M K O

#101 9 April 2025 30 32 - - - 1 - - - - -
#102 9 April 2025 30 3 - - - 1 - - - - -
#103 10 April 2025 30 - 3 - - - - 1 - - -
#104 11 April 2025 30 5 2 - - 1 - 1 - - 5
#105 11 April 2025 30 - - - - - - - - - -
#106 12 April 2025 30 - - - 30 - - - - 30 -
#107 12 April 2025 30 - - - 3 1 - - 1 - -
#108 15 April 2025 45 - - - 7 1 - - - - -
#205 14 September 2025 45 - 7 - - 1 - 1 - - -
#206 15 September 2025 45 - 12 - - 1 - 2 - - -
#207 15 September 2025 30 - U * - - - 10 - - - -
#208 15 September 2025 30 - U * - - - 21 - - - -
#210 16 September 2025 30 25 - - - - U * - - - -
#211 17 September 2025 30 30 - - - - U * - - - -

*1 All observations were performed during daytime. *2, Number of observed species (“H,” hairtail,
“HR,” herring, “M,” Mackerel, “K,” Korean pomfret, “O” others) were categorized by observed
position (COD or BRD). U *: Uncalculated number of observations.

For BRD with a 30◦ guide net, 63 Korean pomfret were observed over 11 hauls.
In addition, large numbers of herring and hairtail were observed, making it difficult to
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accurately quantify individual counts. Most herring and hairtail entered the codend,
whereas a portion of the herring and most hairtail escaped through the BRD.

In particular, hairtail frequently became entangled in the guide net in large quantities,
thus blocking the guide net structure. Consequently, the escape opening was pushed
downward, preventing other species from passing through the guide net and causing them
to escape through the BRD opening, leading to a substantial catch loss. Such entanglement
of the hairtail occurred not only in the guide net but also frequently in the body net, where
larger mesh sizes were present.

3.4. Mesh Selectivity of the BRD

The mesh selectivity of the BRD was analyzed separately according to the species and
BRD tilt angle. The mesh selectivity results for each species are presented according to
the guide net (30◦ and 45◦ tilt angles) and pooled dataset (total), as shown in Figure 7 and
Table 5.

Figure 7. BRD mesh selectivity curves for species with (a) 30◦ BRD, (b) 45◦ BRD, and (c) total BRD
(30◦ + 45◦) that were caught in this study. The black line shows the selectivity curve averaged from
the selectivity curve of each haul, using a random effects model. The shaded area indicates the 95%
confidence range of the averaged selectivity curve, and the red line indicates the selectivity curve
estimated from the pooled data for all hauls using a fixed effects model. Circles indicate the total
number of fish caught by Tamgu-23.

Statistical analyses indicated that the selectivity results of herring were significant
in both the fixed- and random effects models (p < 0.05). For the 30◦ guide net, the 50%
selectivity length (L50) was estimated at 12.2 cm in both the fixed effects and random effects
models, while the selection range (S.R.) was 1.8 cm in both models. The 95% confidence
interval (95% C.I.) for L50 was 12.1–12.3 cm, and the 95% C.I. for S.R. was 1.6–2.0 cm. For
the 45◦ guide net, L50 was estimated at 5.2 cm in both models. The S.R. was estimated at
4.8 cm in the fixed effects model and 4.7 cm in the random effects model. The 95% C.I. for
L50 ranged from 5.0 to 5.4 cm, whereas the 95% C.I. for S.R. ranged from 4.3 to 4.9 cm. For
the pooled total model, regardless of the tilted angle, L50 was estimated at 9.5 cm in both
the fixed effects and random effects models, and the S.R. was estimated at 2.3 cm in both
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models. The 95% C.I. for L50 ranged from 8.9 to 10.1 cm, while the 95% C.I. for S.R. ranged
from 1.1 to 3.5 cm.

Table 5. Estimated parameters for sorting selectivity curves after capture.

Common Name
(Angle of BRD)

Estimation
Method *1

Logistic Parameters *2 Selectivity Curve Parameters *3 Model Fit

a b L50 C.I. of L50 S.R. C.I. of S.R. Dev df p-Value

Herring (30◦)
Average of
each haul −15.18 (9.41) 1.25(0.77) 12.2 12.1–12.3 cm 1.8 1.6–2.0 cm 0 22 0.02

Sum of hauls −15.23 (0.16) 1.25(0.01) 12.2 - 1.8 - 0 22 <0.01

Herring (45◦)
Average of
each haul −2.43 (1.41) 0.46 (0.21) 5.2 5.0–5.4 cm 4.7 4.3–4.9 cm 0 22 0.02

Sum of hauls −2.39 (1.16) 0.46 (0.09) 5.2 - 4.8 - 0 22 <0.01

Herring (Total)
Average of
each haul −9.08 (5.00) 0.96 (0.52) 9.5 8.9–10.1 cm 2.3 1.1–3.5 cm 0 22 <0.05

Sum of hauls −9.07 (0.18) 0.96 (0.02) 9.5 - 2.3 - 0 22 <0.01

Korean pomfret
(30◦)

Average of
each haul −6.20 (2.29) 0.33 (0.12) 18.5 18.2–18.9 cm 6.6 5.7–7.0 cm 0 27 <0.01

Sum of hauls −6.41 (1.18) 0.35 (0.06) 18.3 - 6.3 - 0.1 27 <0.01

Korean pomfret
(45◦)

Average of
each haul −49.11 (49.11) 3.09 (3.10) 15.9 15.8–16.0 cm 0.7 0.5–0.9 cm 0 27 0.03

Sum of hauls −51.51 (18.84) 3.26 (1.16) 15.8 - 0.7 - 0.1 27 <0.01

Korean pomfret
(Total)

Average of
each haul −4.89 (1.78) 0.31 (0.11) 15.6 15.4–15.6 cm 7.0 6.8–7.2 cm 0 27 <0.01

Sum of hauls −4.96 (1.13) 0.32 (0.06) 15.5 - 6.9 - 0.1 27 <0.01

Mackerel (30◦)
Average of
each haul −1.523 (0.799) 0.003 (0.034) Error Error Error Error 0 39 0.99

Sum of hauls −1.488 (1.377) 0.001 (0.046) Error - Error - 0 39 0.99

Hairtail (45◦)
Average of
each haul −0.25 (0.71) −0.003 (0.04) Error Error Error Error 0 29 0.98

Sum of hauls −0.29 (0.30) 0.001 (0.01) Error - Error - 0 29 0.92

*1 Average of each haul; parameters were estimated using a random effects model for each haul, and
the average values are shown. The sum of the haul parameters was estimated from the catch results
summed from all hauls using a fixed model. *2 Parameters for Equation (2). Values in parentheses are
standard errors. *3 C.I., 95% confidence interval; the value of C.I. (95% confidence interval) of L50 and
C.I. could not be estimated.

Statistical analyses of Korean pomfret showed significant selectivity in both the fixed-
and random effects models (p < 0.05). For the 30◦ guide net, L50 was estimated at 18.3 cm
in the fixed effects model and 18.6 cm in the random effects model. The S.R. values were
6.3 cm and 6.6 cm, respectively. The 95% C.I. for L50 ranged from 18.2 to 18.9 cm, whereas
the 95% C.I. for S.R. ranged from 5.7 to 7.0 cm. For the 45◦ guide net, L50 was estimated at
15.8 cm in the fixed effects model and 15.9 cm in the random effects model. The S.R. was
0.7 cm for both models. The 95% C.I. for L50 ranged from 15.8 to 16.0 cm, and the 95% C.I.
for S.R. ranged from 0.5 to 0.9 cm. For the pooled total model, regardless of the tilted angle,
L50 was estimated at 15.6 cm in the fixed effects model and 15.5 cm in the random effects
model, while the S.R. values were 6.9 cm and 7.0 cm. The 95% C.I. for L50 ranged from 15.4
to 15.6 cm, whereas the 95% C.I. for S.R. ranged from 6.8 to 7.2 cm.

However, the statistical analyses for both mackerel and hairtail did not show significant
selectivity in either the fixed- or random effects models (p > 0.05). For both species, the
retention probabilities did not exceed 0.5 across the observed length ranges. Most of the
measured mackerel exhibited estimated retention probabilities below 0.2. As a result, both
L50 and S.R. values fell outside the observed length ranges, and a reliable estimation of the
95% confidence intervals for L50 and S.R. was not possible.
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3.5. Results of Catch Loss Rate by the BRD

The species-specific catch loss rates associated with the installation of the BRD are
presented in Table 6. For herring, the catch loss rates based on the number of individuals
were 9% at 30◦ and 16% at 45◦. Based on the catch weight, the corresponding loss rates
were 13% and 18% for the 30◦ and 45◦ guide nets, respectively. For Korean pomfret, catch
loss rates based on the number of individuals were 24% at 30◦ and 4% at 45◦. Based on
the catch weight, the corresponding loss rates were 23% and 4% for the 30◦ and 45◦ guide
nets, respectively. Mackerel and hairtail caught under the 30◦ and 45◦ guide nets exhibited
substantially higher catch-loss rates. Based on the number of individuals, mackerel had
a catch loss rate of 56% at 30◦, whereas hairtail had a catch loss rate of 60% at 45◦. Based on
catch weight, the corresponding loss rates were 56% for mackerel and 65% for hairtail.

Table 6. Catch loss rate of species by tilt angle.

Name Scientific Name

Catch Loss Rate (%)

30◦ 45◦ Total (Average)

N * W * N * W * N * W *

Herring Clupea pallasii 9 13 16 18 13 16
Korean pomfret Maurolicus muelleri 24 23 4 4 14 14

Mackerel Scomber japonicus 56 56 - - 56 56
Hairtail Trichiurus lepturus - - 60 65 60 65

N * indicates catch loss rates based on the number of individuals. W * indicates catch loss rates based
on the catch weight.

Comparisons among tilt angles indicated that the 30◦ angle produced lower catch
loss rates for herring than the 45◦angle, suggesting a better performance for this species.
In contrast, 45◦ resulted in lower catch loss rates for Korean pomfret than 30◦, indicating
superior performance for this species. Significant differences in catch loss rates according
to tilt angle were observed for both the number and weight of catches (p < 0.05). In contrast,
mackerel caught only at a 30◦ angle and hairtail caught only at a 45◦ angle exhibited catch
loss rates exceeding 50%, indicating that neither tilt angle resulted in satisfactory retention
performance for these species.

3.6. Opportunistic Observations of Marine Mammals During Trawl Field Operations

The occurrence of marine mammals before fishing is shown in Figure 8 and Table 7.
Within the fishing grounds of the East Sea, marine mammals were observed on four occa-
sions during the two years of trawl operations (2024–2025). The 2024 records were obtained
during previous field trials [4,5] and were included here as supplementary field observa-
tions. These encounters were recorded opportunistically by researchers aboard the vessel
rather than through a standardized marine mammal observation protocol. No incidental
bycatch of marine mammals occurred during any of the fishing operations.

Table 7. Occurrence of dolphins during the total trawl operations (2024–2025).

Observed Date Interaction with Gear Bycatch

13 June 2024. Moved from the side depending on the towing direction with faster
swimming speed -

5 September 2024. Appeared in front of vessel and moved toward the gear, but divided into two
groups and evaded the vessel and gear -

9 September 2024. When the operation ended, moved forward to the gear but evaded near the gear -

10 April 2025. Appeared before the operation but disappeared during the operation -
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Figure 8. Mass appearance of dolphins immediately before trawl operation.

4. Discussion
In the present study, the codend mesh size was expanded to 120 mm, which was more

than twice the legally permitted mesh size of 55 mm currently used in commercial trawl
codends in Korea [34]. The fishing gear used in previous studies was originally designed
for resource surveys associated with the Total Allowable Catch (TAC) management system;
therefore, the codend mesh size was intentionally designed to be very small to improve
resource estimation accuracy [4,5]. However, this design may restrict the internal water
flow within the codend [35]. Therefore, the codend mesh size was increased to 120 mm, and
the modified gear was evaluated under commercial fishing conditions. Mesh selectivity
was quantitatively estimated using the covered BRD method, whereas underwater camera
observations were used only to interpret fish behavior around the guide net and escape
opening. The objectives of this study were to evaluate species-specific mesh selectivity
and catch loss associated with the modified BRD configuration and to identify potential
gear modifications that could reduce catch loss while maintaining the intended function of
the BRD.

The major species caught in this study, including herring, Korean pomfret, mack-
erel, and hairtail, are commercially important and widely consumed fish species in
Korea [36–39]. Among these, hairtail and mackerel are designated as target species un-
der the TAC management system, and TAC regulations are particularly applicable to trawl
fisheries that target hairtail [37]. Korean pomfret is an important species widely produced
and consumed in Korea [39,40].

4.1. Efficiency of the Bycatch Reduction Device

The selectivity characteristics of the BRD were analyzed according to the tilt angle,
mesh selectivity, fish schooling behavior, and biological characteristics of the species. In
this study, the marine mammal BRD consisted of a guide net with a mesh size of 400 mm
and guide net tilt angles of 30◦ and 45◦, installed in the section immediately ahead of
the codend.
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4.1.1. Selectivity According to the Tilted Angle of the BRD

From the perspective of the tilt angle of guide net selectivity, catch loss rates for
herring and Korean pomfret were compared according to the number and weight of
catches. Mackerel and hairtail were observed under only one guide net configuration
each and were therefore evaluated descriptively without comparisons between tilt angles.
Herring resulted in lower catch loss rates at 30◦ than at 45◦, suggesting that a 30◦ guide
net is more appropriate for this species. In contrast, Korean pomfret showed lower catch
loss rates at 45◦ than at 30◦, indicating that the 45◦ guide net may be more suitable for
this species.

However, compared to herring, relatively few Korean pomfrets were caught, and
the enlarged codend mesh may have allowed some individuals to escape through the
codend meshes. The body girth of Korean pomfret ranged from 14.1 to 36.9 cm, which was
smaller than the codend mesh perimeter of 800 mm, suggesting that escape through the
codend meshes was physically possible. Previous studies on body girth and codend mesh
selectivity have reported that fish can pass through meshes when the maximum body girth
is smaller than the mesh perimeter [41,42].

Camera observations confirmed that 40 Korean pomfret were observed under the 30◦

guide net, whereas only 10 were observed under the 45◦ guide net. Similarly, catch data
showed that 438 Korean pomfret were caught using a 30◦ guide net, whereas only 71 indi-
viduals were caught using a 45◦ guide net. These results suggest that the poorer retention
performance observed with the 30◦ guide net may have resulted from Korean pomfret
escaping through the codend meshes after entering the codend. In addition, the relatively
small number of Korean pomfret caught under the 45◦ guide net may have contributed to
the lower estimated catch-loss rates. Another possible explanation is related to the body
morphology of Korean pomfret. Because the Korean pomfret possesses a relatively deep
body shape, the projected mesh opening area of the 30◦ guide net may have been too small
to allow passage, whereas the 45◦ guide net provided a larger projected opening area,
allowing more individuals to pass through the guide net and enter the codend.

In contrast, herring were caught in extremely large quantities, and the codend became
densely packed with fish, effectively blocking the codend mesh and preventing escape.
Although the body girth of the herring was smaller than that of the Korean pomfret and
theoretically allowed passage through the codend mesh, observations during hauling
showed that catches exceeding 10,000 individuals completely blocked the codend meshes,
making escape practically impossible. Meanwhile, the mackerel and hairtail could not
be compared directly between tilt angles because they were captured only in a single
configuration. Nevertheless, previous studies have reported substantial catch losses for
both these species when a BRD is used [4,5].

Verification using underwater camera footage showed that, as observed in previous
studies, the guide net with a 30◦ guide net maintained a more stable and fully expanded
configuration than the 45◦ guide net [4,5]. Previous studies suggested that this phenomenon
results from a triple-layer codend structure. However, even after replacing the codend with
a single-layer structure and increasing the mesh size, the overall deployment pattern of the
guide net remained similar. Under the 30◦ guide net, a relatively loose and stable structure
is maintained, providing sufficient internal space within the trawl gear. In contrast, under
the 45◦ guide net, the guide net could not expand properly and instead experienced strong
hydrodynamic resistance, causing the BRD section to constrict into the surrounding body
net. Consequently, the water flow inside the codend became unstable, and the escape
opening was pushed downward, causing large quantities of fish to escape through the
BRD instead of entering the COD. Therefore, despite modifications in the net structure, the
present results support previous findings [4,5] indicating that the 30◦ guide net provides
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a more effective configuration than the steeper 45◦ guide net. However, for mackerel and
hairtail, the large catch losses observed in this study were likely influenced by species-
specific behavioral and morphological characteristics unrelated to tilt angle.

4.1.2. Selectivity According to the Mesh Size of the Bycatch Reduction Device

From the perspective of mesh selectivity, the relationships between body girth and
mesh perimeter of the BRD (800 mm) were examined for herring, Korean pomfret, mackerel,
and hairtail. Across the entire body-length range caught in this study, body girth (G) ranged
from 4.5 to 12.9 cm for herring, 14.1–36.9 cm for Korean pomfret, 8.9–16.4 cm for mackerel,
and 3.5–11.5 cm for hairtail. The ratios between the body girth and mesh perimeter ranged
from 0.04 to 0.46. Although the body girths of all species were substantially smaller than
the mesh perimeter, considerable catch loss still occurred through selection by BRD. These
findings suggest that factors such as the projected opening area of the mesh determined by
the tilted angle and species-specific schooling behavior had greater effects on selectivity
than the absolute mesh size itself.

Previous selectivity studies conducted in the Baltic Sea have similarly reported that
selectivity is influenced not only by mesh size, but also by net geometry and hanging
ratio [28,43]. Previous studies have documented substantial catch losses even when the
body girth is considerably smaller than the mesh perimeter [4,5]. Similar patterns were
observed in the present study, indicating that mesh size had a relatively smaller influence
on selectivity than tilt angle and behavioral characteristics.

4.1.3. Selectivity According to Schooling Behavior and Biological Characteristics

Because catch loss occurred despite body girths being markedly smaller than the mesh
perimeter, selectivity was considered to be more strongly influenced by species-specific
behavioral and biological characteristics than by mesh selectivity alone.

Artificial lighting was used to improve image quality during underwater observations.
Although artificial illumination may influence the behavior of some fish species, the camera
was used primarily to qualitatively identify escape routes and interactions with the guide
net rather than to quantify detailed behavioral responses. Therefore, the underwater
observations were interpreted as supporting evidence for the catch data, and BRD escape
opening rather than as an independent behavioral experiment.

Herring are classified as a migratory pelagic fish and are known to exhibit rapid
swimming behavior [44]. In previous camera observations, herring were observed to
continuously swim in front of the guide net and, after becoming fatigued, eventually pass
through the BRD and enter the codend [5]. In addition, even larger herring individuals
remained relatively small compared with the mesh size. Similar to previous studies, herring
located in the upper portion of the fish school could pass through the upper section of the
guide net and enter the codend successfully, resulting in relatively low catch loss rates.

In contrast, relatively little information is available on the behavioral characteristics
of Korean pomfret beyond body morphology and feeding ecology [40,45,46]. However,
underwater camera observations showed that the Korean pomfret either escaped through
the guide net or entered the codend. These behavioral observations are consistent with
the quantitative selectivity results obtained using the covered BRD method and suggest
that the projected opening area of the guide net meshes may influence the escape behavior
of Korean pomfret. Therefore, adjusting the tilt angle may improve selectivity. However,
because the codend mesh size in this study was relatively large, and the catch quantity of
Korean pomfret under the 45◦ configuration was limited, further observations are required
to evaluate the effect of the projected mesh opening area more accurately. Future studies
should investigate the selective characteristics of Korean pomfret in greater detail.
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Behavioral studies on hairtail in handline and longline fisheries have shown that this
species exhibits vertical migration behavior [47]. Acoustic surveys have also reported that
the daytime swimming layer of the hairtail is deeper than its nighttime swimming layer [48].
Previous studies have suggested that the high catch loss rates observed for hairtail are
associated with their vertical swimming behavior and deeper swimming distribution,
which causes most hairtail schools to enter the trawl gear and remain in the upper portion
of the net. Camera observations have confirmed that hairtail frequently escape directly
through the upper BRD opening, leading to substantial catch loss [5]. However, the present
study also revealed that the elongated body shape of hairtail plays an important role in
selectivity. Individual hairtail that did not contact the guide net could pass into the codend,
whereas individuals that contacted the guide net were often wrapped around the meshes
and remained trapped, as shown in Figure 9. These findings indicate that the biological
characteristics of the hairtail, particularly body shape and swimming behavior, are among
the most important factors influencing selectivity.

 

Figure 9. Hairtail entangled in the BRD guide net during towing.

Although mackerel are migratory pelagic fish characterized by rapid swimming
behavior similar to that of herring [43,49,50], catch loss rates exceeded 50%, indicating
that most individuals failed to pass through the BRD and instead escaped through the
escape opening. Mackerels are known to form large schools, possess larger body sizes
than herrings, and swim at relatively high speeds [49,50]. Camera observations in this
study showed that, unlike herring, fatigued mackerel frequently lost equilibrium and
overturned while approaching the guide net. Owing to their relatively large body size,
these individuals were unable to pass through the guide net meshes and instead collided
with the BRD structure before escaping through the escape opening. Similar phenomena
have been reported in previous studies [5]. These findings suggest that enlarging the guide
net mesh size may be necessary to improve the retention performance of mackerel. In
addition, the installation of an upper-panel structure that redirects escaping fish downward
within the trawl gear may help guide individuals toward the lower section of the guide net
and subsequently into the codend, thereby reducing catch loss.

4.2. Catch Loss and Possible Modification Measures

This study examined catch loss in target species associated with the installation of
a marine mammal bycatch reduction device (BRD). Previous studies have reported catch
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loss rates exceeding 10% [4,5]. In the present study, herring exhibited a catch loss rate of 9%
based on the number of individuals in the 30◦ tilted configuration, whereas Korean pomfret
showed a catch loss rate of 4% in the 45◦ configuration, regardless of whether catch number
or catch weight was considered. Under all other conditions, the catch loss rates for herring
and Korean pomfret exceeded 10%, whereas hairtail and mackerel showed catch loss rates
exceeding 50%. Previous trawl selectivity experiments reported that the installation of
a cover net around the codend reduces water flow and alters selectivity characteristics [51].
Accordingly, the triple-layer codend used in previous studies was replaced with a single-
layer codend in the present study. However, despite this modification, substantial catch
losses still occurred, indicating that additional modifications are required. The possible
solutions can be categorized into three approaches:

(i) First, an enlargement of the guide net mesh size is necessary. As observed in the
present study, species such as herring and jack mackerel could pass through the guide
net meshes even after becoming fatigued and overturning because their body sizes
remained within the mesh-opening range. In contrast, the body size of the mackerel
exceeded the effective mesh opening size, which prevented individuals from passing
through the guide net. Therefore, future studies should redesign the guide net by
enlarging the mesh size while maintaining sufficiently small openings to prevent the
passage of marine mammals. Additional experiments are required to determine the
optimal mesh size. However, the enlargement of guide net meshes may also increase
the possibility of dolphins entering the codend. Careful consideration of their effects
on other species is required before the implementation of larger mesh sizes.

(ii) Second, when the escape opening sinks downward and allows a large number of fish
to approach the upper part of the trawl gear, buoyancy should be added to maintain
the escape opening in an elevated position, thereby guiding the fish toward the codend
through the guide net. Such buoyancy can be provided either by attaching floats to
the section where the escape opening and guide net connect, or by installing kites that
lift the escape opening upward. As kites generate a greater lift force as the towing
speed increases, they may be more effective than floats during high-speed towing [52].

In addition, the installation of an upper-panel structure around the escape opening
may help redirect fish that fail to pass through the guide net back toward the lower section
of the trawl gear, thereby reducing escape through the BRD. Reducing the size of escape
openings may also help decrease catch loss. In Australia, such an upper-panel system
has been termed a Seal Exclusion Device (SED), which was developed to reduce marine
mammal bycatch while minimizing catch loss in target species such as mackerel [16,17].
Previous studies have reported that this method successfully released seals without causing
mortality and may also be suitable for reducing dolphin bycatch [16]. Furthermore, the
BRD used in this study employed a relatively large escape opening measuring 2 × 1.5 m,
which may have contributed substantially to catch loss. As an alternative approach, elastic
escape openings similar to those used in stow-net BRDs [18,19] may help reduce catch
loss while allowing marine mammals to escape effectively. Future studies in Korea should
evaluate the applicability of flexible escape opening systems.

(iii) Third, the use of a funnel guide panel structure may help reduce catch loss while
maintaining the ability to release marine mammals effectively. This method has been
applied not only in midwater trawl fisheries overseas [53] but also in Korean stow-
net fisheries [18,19], where it has been used successfully to release finless porpoises
while maintaining catch loss rates below 5% for the target species. However, in trawl
fisheries, funnel guide net systems are associated with operational disadvantages
because their maintenance and handling are relatively difficult. Moreover, few studies
have evaluated the effectiveness of tongue-grid systems specifically for reducing
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marine mammal bycatch in trawl fisheries. Therefore, the introduction of BRDs
with funnel guide nets into trawl fisheries should be approached with caution and
evaluated through additional experimental studies.

4.3. Possibility of Whale Entry into Trawl Gear

In the studies conducted thus far, dolphins were occasionally observed before trawl
operations began. However, once the towing operations began, the dolphins separated
and moved away from the towing path, and no cases of marine mammal bycatch were
recorded. Additionally, studies on the acoustic characteristics of finless porpoises have
reported that vessel noise can alter the behavior of these animals [54]. According to the U.S.
MMPA comparability assessment [55], marine mammal bycatch incidents associated with
trawl fisheries were recorded between 2014 and 2017, resulting in non-compliance with
the assessment criteria during that period. However, no bycatch incidents were reported
in 2018. In the present study, marine mammals observed near fishing grounds swam
away at speeds faster than the towing speed during fishing operations, and no bycatch
events occurred.

Previous studies reported that dolphins exhibit an average swimming speed of approx-
imately 1.5 m/s and a maximum sustainable swimming speed of approximately 11.5 m/s,
which exceeds the average towing speed of 3–5 knots (1.5–2.6 m/s) used in the present
trawl operations [56]. In addition, the behavioral responses of dolphins to vessel engine
noise have been previously documented [57]. These findings suggest that both vessel
engine noise and hydrodynamic noise generated during trawl towing may function as
deterrent factors that discourage marine mammals from approaching the fishing gear.
However, these observations were experienced briefly and were not encountered during
every fishing operation. Therefore, further studies are required to verify its consistency and
better understand the underlying mechanisms.

5. Conclusions
Overall, previous studies [4,5] demonstrated that the marine mammal bycatch reduc-

tion device developed in this study was capable of effectively excluding large jellyfish
species, suggesting that the device may also achieve near-complete exclusion of marine
mammals from trawl gear. However, the installation of the BRD inevitably results in the
catch loss of commercially important target species, which may raise concerns among
fishers regarding its practical application in commercial fisheries. Therefore, to improve
applicability in commercial midwater trawl fisheries, the guide net mesh size tested in the
present study should be enlarged appropriately, while additional devices, such as upper-
panel systems similar to SEDs [50,51], buoyant floats, or kites, should be incorporated to
reduce catch loss.

Furthermore, funnel guide net systems should be considered as a potential method
for substantially reducing catch loss while maintaining effective marine mammal exclusion
performance. In such cases, improvements in maintenance and operational handling
are necessary to facilitate their practical use in trawl fisheries. Therefore, future studies
should focus on further modification of the BRD to reduce catch loss in target species
while maintaining effective marine mammal exclusion performance. In addition, further
research is needed to better understand the behavioral responses of marine mammals to
trawl fishing operations, particularly with respect to attraction, avoidance, and interaction
with active fishing gear.
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