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Size selectivity and catch efficiency of four codends were tested and compared
for mantis shrimp (Oratosquilla oratoria) in demersal trawl fisheries of the South
China Sea (SCS). These codends were differing in mesh shapes, diamond mesh
(TO) and diamond-mesh turned 90° (T90) with mesh sizes of 30 and 35 mm,
respectively. The results demonstrated that the TO codend with a lower mesh
size, 30 mm, presented poorer selective properties for the target species, while
size selectivity would be significantly improved with the mesh size increasing to
35 mm, or substituting the TO codend with the T90 codend. For the T90
codend with a larger mesh size, 35 mm, the size selectivity was the highest,
whereas the loss of the legal individuals was also significantly considerable.
Considering the trade-off between releasing undersized individuals and
maintaining the legal ones, the TO codend with 35-mm mesh size or the T90
codend with 30-mm mesh size might be a better choice to target mantis
shrimp in demersal trawl fisheries of the SCS.
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Introduction

China is the largest contributor to marine capture fisheries
all around the world. However, the biomass of traditional
commercially important fish species, such as small yellow
croaker (Larimichthys polyactis), Spanish mackerel
(Scomberomorus niphonius), and hairtail (Trichiurus spp.), has
dramatically declined (Jin and Tang, 1998; Kang et al.,, 2018). In
contrast, crustaceans have already been the major target species
in marine fisheries due to low trophic levels and highly inherent
productivity. It has been shown that crustacean fisheries are
rising and playing an ever-increasing role in seafood security
globally (Boenish et al., 2021). The situation is the same in
China, and one of its most socio-economically important
crustacean species is mantis shrimp (Oratosquilla oratoria).
Widely distributed in all coastal waters and with relatively
abundant resources, mantis shrimp has been a major target
species for many marine fisheries in China, especially for
demersal trawls (Wang and Xu, 1996; Liu et al., 2020).
Moreover, mantis shrimp is so capable of staying alive, even
when it is captured from the sea, that it greatly satisfies the
consumers’ demand for luxury seafood that is actively moving
when it is purchased.

Although with merits mentioned above, annual landing
statistics show that the resources of mantis shrimp in China
may have been overexploited. For instance, the national landing
of mantis shrimp was 315,400 tonnes in 2010; this landing
dropped to 206,000 tonnes in 2020 (MOA, 2011; MARA,
2021). A decade passed, and the loss in the landing was
109,400 tonnes. These statistics demonstrate that the resources
of mantis shrimp have been suffering huge fishing pressure, and
its fisheries need to be strictly regulated. Some studies indicated
that bycatch and discard issues are attributed to the decline of
stock for mantis shrimp (Ishii and Kitahara, 2002; Yang
et al,, 2017).

Like many shrimp species, mantis shrimp are benthic
organisms and intensively fished by demersal trawls. Due to
poor selectivity, especially by the codend in which most selection
takes place (Glass, 2000), demersal trawling often induces
serious bycatch and discard problems (Cashion et al, 2018).
To address these issues, numerous gear modifications have been
designed, tested, and evaluated. The simplest option to improve
size selectivity is just increasing the mesh size used in the
diamond-mesh codend (Fryer et al., 2016; O’'Neill et al., 2020).
Due to the inherent characteristics of diamond-mesh codends
(Herrmann, 2005a; Herrmann, 2005b), only increasing mesh
sizes may not obtain the intended improvement in selectivity. To
further improve size selectivity, another simple and effective gear
modification is just turning the direction of the diamond-mesh
netting by 90° (termed as T90 codend). Compared with the
traditional diamond-mesh codend (hereafter referred to as TO
codend), T90 codends usually exhibit more mesh opening and
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result in better selective properties. As a result, applying T90
codends could improve the size selectivity of trawl fisheries for
many fishing species. This has been widely demonstrated by
using computer simulation (Herrmann et al.,, 2007), flume tank
test (Madsen et al., 2015; Cheng et al., 2022), and numerous sea
trial experiments (Madsen et al., 2012; Bayse et al., 2016; Cheng
et al.,, 2020; Kennelly and Broadhurst, 2021; Brinkhof
et al., 2022).

As its economic and ecologic relevance, reproductive
biology, growth, and age estimation of mantis shrimp have
been widely investigated (Kodama et al., 2004; Kodama et al.,
2005; Kodama et al., 2006; Kodama et al., 2009; Nakajima et al.,
2010; Kim et al., 2017). Some of these studies suggested that the
size selectivity of the trawl should be improved to recover the
stock abundance of mantis shrimp (Kodama et al., 2006;
Nakajima et al., 2010). However, few studies have been
published to address the size selectivity of trawl for this
important target specie (Tokai et al.,, 1990; Tokai et al., 1996;
Wang et al., 2017; Petetta et al,, 2020). Specifically, no selective
experiment has been carried out to investigate the size selectivity
of trawl codend for mantis shrimp in the South China Sea (SCS).
In China, all fishing fleets targeting mantis shrimp and/or other
shrimp species are required to follow a minimum mesh size
(MMS) regulation of 25 mm in the codends. This MMS
regulation is simple, but its effectiveness is questionable.
Recently, Yang et al. (2021) conducted a selectivity experiment
using six diamond-mesh codends, with mesh sizes ranging from
25 to 54 mm, in the SCS. The target species was Southern velvet
shrimp (Metapenaeopsis palmensis), whose body size is often
smaller than that of mantis shrimp. Their results demonstrated
that the legal codend with a 25-mm mesh size was not proper for
protecting juvenile shrimp and that a mesh size increased to
35 mm selectivity would be better (Yang et al., 2021). Will
increasing the mesh sizes of diamond-mesh codend improve size
selectivity for mantis shrimp in the SCS and substituting the T0
codend with T90 result in a positive outcome? These research
questions need to be strictly addressed.

In addition, there is no legal minimum landing size (MLS)
formulated to supplement the MMS regulation to protect
juvenile individuals of mantis shrimp in the SCS. Some studies
from aquaculture showed that the minimum length at maturity
was 8.0 cm for mantis shrimp (Xu et al., 1996; Yang et al., 2004).
Another study based on sea-trial surveys suggested that the
minimum conservation reference size (MCRS) of mantis shrimp
should be 9.5 cm in the Yellow Sea of China (Liu et al., 2020).
The legal formulation of MLS for mantis shrimp should also take
the selective properties of trawl codends into account.

In order to address the issues mentioned above, we tested
and compared the size selectivity and catch efficiency of four
codends, TO and T90 with mesh sizes of 30 and 35 mm,
respectively, and focused on the following research questions:

1) How did the size selectivity and catch efficiency change
when the mesh sizes of the TO codend increased?
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2) How did the size selectivity and catch efficiency change
when the TO codend was substituted with the T90 codend?
(3) Are the potential changes length-dependent or not?

Materials and methods
Sea trials

Sea trials were conducted onboard a commercial demersal
trawler, named Guibeiyu 96899 (38 m, 280 kW) in November
2020. The fishing grounds were located in the Beibu Gulf of the
SCS, with a latitudinal and longitudinal range of N20°53'-21°10"
and E 108°33'-109°09". The water depth in the fishing grounds
varied between 18 and 39 m. All fishing procedures were
identical to the ones of commercial fishing. Prior to the
experimental fishing in 2020, there was a similar codend
selectivity experiment, in which mantis shrimp served as a
bycatch species, carried out by the same vessel on the same
grounds (for detailed information, please refer to Yang et al.,
2021). The experimental data of this earlier sea trial can be used
to supplement the present study by generating another fishing
population scenario of mantis shrimp.

Experimental setup

In order to focus on our research questions, we applied the
gear components of the commercial trawler except for the
codends, in which modifications were made. The selected
trawler provided us with an ideal platform for selectivity
experiments since it operated a double-rigged trawl system, in
which two identical trawls were hauled simultaneously
(Figure 1). These trawls had a fishing circumference of 860
meshes, in which the mesh size was 45 mm, and the stretched
length was about 33 m in total. They were spread by two
identical sets of otter board (250 kg and 1.6 m?), and the
headline height was mainly 1.5 m, and the wing-end was
spaced about 15 m during the commercial fishing.

With the use of the dimension of the commercial codend,
which is made of diamond mesh with a mesh size of 25 mm and
220 and 192 meshes in the circumference and vertical direction,
respectively, four codends were designed and tested. The
modifications in these codends are focused on mesh sizes and
mesh shapes. Two mesh sizes, 30 and 35 mm, and two mesh
shapes, TO and T90, were applied. We identified the codends
according to their mesh shape and mesh size, as follows: T0_30,
T0_35, T90_30, and T90_35. For instance, TO_30 represents the
codend with a diamond mesh, and its mesh size was 30 mm,
while T90_30 represents the T90 codend with a 30-mm mesh
size. Differences between the codends were mainly the mesh
sizes, the mesh numbers in circumference, and the length
direction reduced as mesh size increased to keep their
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FIGURE 1

Schematic view of the experimental codends tested.

(1) represents the first comparison test, and (2) represents the
second comparison test. TO_30 and TO_35 represent the
diamond-mesh codend with mesh sizes of 30 and 35 mm,
whereas T90_30 and T90_35 represent the turned mesh
codend with mesh sizes of 30 and 35 mm, respectively

stretched circumference and length constant. The T90 codends
were manufactured using the same netting of the TO codends
with the same mesh size, but the netting direction turned 90°,
and their mesh numbers in circumference and length direction
were generated based on some previous related studies (Bayse
et al., 2016; Robert et al., 2020). In our practice, the mesh
number of the T90 codend in circumference was about 33%
less and 30% more in the vertical direction compared with that
of the TO codend with the same mesh size (Table 1).

To collect mantis shrimp escaping from the tested codends,
the covered codend method was applied. Following the
recommendation of Wileman et al. (1996), the cover net was
1.5 larger and longer than the tested codends, and its mesh
opening was about 12 mm (Table 1). In order to remove the
potential covered effect, a total of 12 flexible kites were mounted
to the covers (He, 2007; Grimaldo et al., 2009; Yang et al., 2021).
Additionally, underwater video recordings systems, composed of
GoPro HERO4 and a framework, were applied to check how
these kites work during the experiments. If a covered effect
existed, adjustments were made, and the data of the specific haul
were excluded. To facilitate access to the codend catch and avoid
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TABLE 1 Overview of specification of the experimental codends and cover.

codend mesh opening + SE (mm) twine diameter + SE (mm)

T0_30 29.79 £ 0.65 1.24 +0.12
T0_35 35.66 + 1.06 1.29 £ 0.08
T90_30 29.79 £ 0.65 1.24 +0.12
T90_35 35.66 + 1.06 1.29 £ 0.08
Cover 1251 £0.78 1.18 + 0.10

SE, standard errors.

the potential “wash-out” effect, a zipper with a length of 1.1 m
was mounted to the cover net.

As the double-rigged trawl systems were applied, we were
able to test two codends at a time. Codends with the same mesh
sizes but different mesh shapes were arranged as pairwise tests:
T0_30 vs. T90_30 and T0_35 vs. T90_35 (Figure 1). Once the
haul-back process finished, catch in the tested codends were
firstly handled through the zippers. The catch of mantis shrimp
was sorted and sub-sampled if the number of individuals was
large. All mantis shrimp samples were kept in marked
containers, frozen, and taken back to the laboratory for
biological measurement.

Estimation of size selectivity

Catch data of the counted number of mantis shrimp in
length were applied to estimate the size selectivity for the tested
codends. For a given matins shrimp with an /length in a specific
j haul, the fishing data were binominal, as they were either
caught by the codend or covered, and the catch probability
(proportion) can be expressed as 7;(I). The actual value of r,(I)
can be easily calculated with the number of mantis shrimp
caught by the tested codend and the total number; however,
this value has been proved to be varied among different hauls for
the same codend (Fryer, 1991). The variations are often due to
uncertainties in both within- and between-haul. To account for
these uncertainties, we estimated the average retention
probability of the tested codends for mantis shrimp with a
specific length by pooling all catch data and used it to
represent the size selectivity of codends for mantis shrimp in
commercial fishing. This average retention probability can be
further described as r,,(I), in which v is a vector composed of
selectivity parameters in some models. In order to estimate 7,,(I),
we minimized the following expression:

qLj

> { x In(r,,(Lv)) + EJ x In(1.0 — 7, (1, v))}

1)

in which the outer summation is over the m hauls carried out
and the inner summation is over length class L nR;; and nEj;
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mesh number in circumference  mesh number in length

183 160
157 137
122 208
105 178
550 480

represent the catch number of mantis shrimp by the tested
codend and cover, respectively, while gR; and gE; are the sub-
sampled ratios from the tested codends and cover, respectively.
Minimizing expression (1) is equivalent to maximizing the
likelihood for the observed experimental data combined over
hauls based on a binominal distribution.

To describe r,,(I), four commonly used models, Logit,
Probit, Gompertz, and Richards, were used, as candidates.
Two selective parameters, L50 (50% retention length) and SR
(selection range = L75-L25), can fully represent the first three
candidate models; for the last one, another parameter, 1/,
should be added (Wileman et al., 1996).

The estimation of size selectivity was conducted using a two-
step procedure. First of all, the four candidate models mentioned
above were initially fitted to Equation (1) to generate their
Akaike information criterion (AIC) values (Akaike, 1974), and
the model with the lowest AIC value was considered the best-
fitting model. Second, using these best models, a double-
bootstrapping technique was applied to calculate the Efron
percentile (Efron, 1982) 95% confidence interval (CI) for the
selective parameters and selectivity curves (Millar, 1993;
Herrmann et al., 2012; Herrmann et al, 2018; Yang et al,
2021). Specifically, this bootstrapping method accounts for
uncertainty due to between-haul variation by selecting m hauls
with replacement from the m hauls available during each
bootstrap repetition (Equation 1). Within each resampled
haul, the data for each length class were resampled in an inner
bootstrap to account for the uncertainty in the estimation of the
size selection in the haul resulting from only a limited number of
mantis shrimp being caught, and length was measured in the
specific haul. The inner resampling of the data in each length
class was performed prior to the raising of the data with
subsampling factors gR; and gE; to account for the additional
uncertainty due to the subsampling (Eigaard et al., 2012). After
the two-step procedure, we can evaluate how the selected models
fit the experimental data through their p-values. Normally, when
these models were sufficiently able to describe the fishing data,
their p-values should be larger than 0.05 (Wileman et al., 1996).
If they obtained p-values<0.05, the residuals should be checked
to determine whether this was due to structural problems of the
selected models or simply due to overdispersion in the fishing
data (Wileman et al., 1996).
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Our experimental designs enable us to compare the size
selectivity of codends with different mesh sizes and mesh shapes
for mantis shrimp. To quantify the differences in the size
selectivity between different codends, delta selectivity, Ar(l),
was calculated with the following expression:

Ar(l) = ry(l) = ry(D) 2

where 7, (I) is the size selectivity of codend a, while r,(])
represents the size selectivity of codend b. The Efron
percentile 95% Cls for delta selectivity can be calculated with
the double-bootstrapping approach mentioned above. These Cls
of delta selectivity can enable us to determine a significant
difference if they do not overlap 0.0 in some length classes.

Exploitation pattern indicators

In addition to the size selectivity, it is also fundamental to
estimate how the mesh sizes and mesh shapes used in codends
affect the exploitation pattern of demersal trawl fishing for
mantis shrimp in different population scenarios. The
exploitation pattern can be reflected with four indicators: nP-,
nP+, nRatio, and dnRatio. To estimate these indicators, we first
generated two different fishing population scenarios by pooling
all catch data (both cover and codend) in two selectivity
experiments, and then we combined the size selectivity result
from the previous section as the following expression:

nP— = 100 x Ztecs{Twdend () xnPop}

S temcrs (nPopi}

2P+ = 100 S o vcs eadend (1) X nPopy }

S izmcrs{mPopi}

Stencns {eodena (1) x1Popr}
D i=McRs {Tcodend (1) X nPop; }

dnRatio = 100 X SRR

(©)

nRatio =

where 7,40nq(l) is the size selectivity of the codend tested,
while nPop, represents the fishing population scenarios of
mantis shrimp. Again, the Efron percentile 95% CIs for the
exploitation pattern indicators can also be calculated with the
double-bootstrapping approach mentioned above. For a tested
codend to have ideal selective properties, the lower the nP-,
the better; the higher the nP+, the better; and the lower the
nRatio and dnRatio, the better. To calculate the exploitation
pattern indicators, we applied the minimum length at
maturity of mantis shrimp, 8.0 cm (Yang et al,, 2004), as
the MCRS.

All the data analyses were carried out using the selectivity
software SELNET (Herrmann et al., 2012; Herrmann et al., 2018;
Herrmann et al., 2019; Yang et al,, 2021). The double-
bootstrapping technique was implemented in this software.
Information on how to obtain a copy of SELNET and
instructions on how to use it can be obtained from the second
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author of this study. Additionally, a short description of
SELNET is provided in the supplementary material.

Results
Experimental data

In total, 34 valid hauls were conducted; seven hauls for the
TO_30 codend and nine hauls for the T0_35, T90_ 30, and
T90_35 codends. During these hauls, the average duration was
about 132 min, with a range of 115 to 158 min, and the average
water depth was about 25 m, ranging from 18 to 39 m, in the
fishing grounds (Table 2). Mantis shrimp was present in all these
hauls and represented as one of the most dominant species in
terms of quantity, and the sub-sampling ratios of mantis shrimp
ranged from 0.25 to 1.00 (Table 2). Bycatch species included
white croaker (Pennahia argentata), finespot goby
(Chaeturichthys stigmatias), burrowing goby (Trypauchen
vagina), and southern velvet shrimp (M. palmensis). A total of
1,364 individuals of mantis shrimp were collected, and their
length was measured; 866 individuals were caught by the tested
codends and 498 by their relative covers. By pooling all data
from both codends and covers, we obtained two average
populations of mantis shrimp, in terms of the relative
frequency in length, based on the experimental data collected
in 2019 and 2020 (Figure 2). Different length distribution was
presented, as the length distribution ranged from 6 to 23 cm,
with a mode at the range of 11.5 to 12.0 cm, and a very small
fraction of mantis shrimp with length less than the MCRS was
caught in the data of 2019, while the length range was 3 to 23 cm,
with a mode at the length of 6 cm, and a larger fraction of mantis
shrimp smaller than the MCRS was present in 2020 (Figure 2).

Size selectivity

By comparing the AIC values from four candidate models,
the Gompertz model was selected as the best model for all tested
codends (Table 3). According to the p-values, the selected model
was able to represent the tested codends sufficiently well, except
the T90_30 codend for which a p-value<0.05 was obtained
(Table 4). After checking the length-dependent residuals, we
concluded that this low p-value could be due to overdispersion in
the experimental data since no systematic patterns were
indicated in the residuals. This overdispersion was probably
due to the amount of subsampling in the data collection process
(Larsen et al., 2018).

The selective parameters showed that the values of L50 would
significantly increase when the mesh size increased in the codends
with the same mesh shape, while for the codends with the same
mesh sizes, the T90 codends had larger values in L50. For instance,
L50 of T0_35 was 8.62 (CI: 8.20-9.18) cm, which was significantly
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TABLE 2 Basic information on the experimental fishing and catch.

Codend Haul no. Duration (min)
T0_30 H1 158
T0_30 H2 115
T0_30 H3 137
T0_30 H4 123
T0_30 H5 127
T0_30 HS8 124
T0_30 H9 144
T0_35 H1 124
T0_35 H2 124
T0_35 H3 125
T0_35 H4 130
T0_35 H5 139
T0_35 Heé 134
T0_35 H7 141
T0_35 HS 134
T0_35 H9 127
T90_30 H1 158
T90_30 H2 115
T90_30 H3 137
T90_30 H4 123
T90_30 H5 127
T90_30 Hé6 132
T90_30 H7 129
T90_30 HS 124
T90_30 H9 144
T90_35 H1 124
T90_35 H2 124
T90_35 H3 125
T90_35 H4 130
T90_35 H5 139
T90_35 Hé6 134
T90_35 H7 141
T90_35 HS 134
T90_35 H9 127

10.3389/fmars.2022.939269

Depth (m) nR qR nE qE
20 56 0.25 13 1.00
21 41 0.50 11 1.00
20 34 0.50 11 1.00
22 60 0.50 3 1.00
26 12 0.50 2 1.00
21 15 0.50 0 1.00
26 46 033 9 1.00
32 26 033 28 0.50
34 16 033 16 0.50
39 32 1.00 6 033
30 0 1.00 3 033
26 13 0.50 2 025
22 0 1.00 6 025
21 2 1.00 2 033
18 26 0.50 3 025
20 38 0.50 10 033
20 4 0.25 8 1.00
21 45 0.50 24 1.00
20 17 0.50 38 1.00
22 36 0.50 30 0.50
26 31 0.50 6 0.50
22 7 1.00 14 1.00
20 11 1.00 6 1.00
21 57 0.50 4 1.00
26 42 033 23 0.50
32 19 033 41 0.50
34 28 033 31 0.50
39 18 1.00 16 025
30 22 1.00 14 025
26 24 0.50 14 025
22 20 1.00 40 025
21 7 1.00 30 033
18 27 0.50 17 025
20 34 0.50 17 033

Haul number, duration (min), water depth (m), and the number of mantis shrimp were measured in the codend (nR) and cover (nE), whereas qR and gE represent the sub-sampling ratios

from the codend and cover, respectively.

larger than that of the T0_30 codend, 7.54 (CIL: 7.15-8.05) cm. A
similar result was obtained for the T90_35 codend compared with
the T90_30 codend. Compared with the T0_30 codend, the L50 of
the T90_30 codend was significantly larger, and the same for the
T90_35 vs. T0O_35 comparison. There were some differences in
values of SR among the tested codends, but they were not
statistically significant.

The retention probability of a mantis shrimp with a length of
MCRS would be reduced by modifying the mesh sizes and shape
of the codends used. For instance, the retention probability for
an individual with the MCRS length was 72.62% (CI: 47.66%-
100.00%) for the T0_30 codend, the probability would drop to
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14.81% (CI: 0.60%-27.96%) and 13.83 (0.00%-33.88%) when
the mesh size increased to 35 mm (T0_35) and applying the T90
mesh shape (T90_30), and if both mesh size increment and T90
shape are applied, T90_35, the retention probability would be
0 (Figure 3).

Delta selectivity
With the use of the traditional diamond-mesh codend with a

30-mm mesh size as a starting point, the differences in size
selectivity between codends tested could be further
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FIGURE 2

Estimated average population of mantis shrimp from all hauls during the sea trials in 2019 and 2020. Stipple lines show the 95% Efron
confidence intervals, and the vertical line represents the MCRS (minimum conservation reference size) of mantis shrimp derived from the

minimum length at maturity in the South China Sea (SCS)

demonstrated by the delta selectivity in terms of length-
dependent retention probability. Compared with the baseline
codend (T0_30), all codends had significantly lower retention
probability for mantis shrimp at the following length range: 7.4-
8.4 cm for the TO_35 codend, 7.5-15.6 cm for the T90 30
codend, and 7.3-15.3 c¢m for the T90_35 codend (Figure 4).
The T90_35 codend would significantly have less retention
probability for mantis shrimp at the length range of 7.9-13.5
and 7.7-11.2 cm when compared with the T0_35 and T90_30
codends, respectively (Figure 4). Only no significant difference
was obtained for the comparison between the T90_30 and T0_35
codends (Figure 4).

TABLE 3 Akaike’'s information criterion (AIC) values for each model
of the tested codends.

model
codend Logit Probit Gompertz Richards
T0_30 29.88 30.27 26.77 29.04
T0_35 91.96 93.81 85.42 87.98
T90_30 297.79 323.77 280.12 283.41
T90_35 169.78 169.44 166.47 167.61

Selected model in bold.

Frontiers in Marine Science

Exploitation pattern indicators

The exploitation pattern indicators showed that modifying
the mesh sizes and shape would reduce the retention of mantis
shrimp both for the undersized (nP-) and legal-size (nP+)
individuals, although the values were fishing population
scenario dependent. In the fishing population of 2019, for
instance, the values nP— and nP+ were 35.67% (CI: 5.09-
66.52) and 98.88 (CI: 96.69-100.00%) for the T0_30 codend;
when increasing the mesh size or substituting with a T90 mesh
shape, the values would be somewhat reduced; and if both mesh
size increment and T90 mesh shape were applied (T90_35), the
figures significantly dropped to 0.00 (CI: 0.00-0.00) and 78.20%
(CI: 69.61%-86.18%) (Table 5). A similar trend was obtained for
the fishing population in 2020. Relatively small values of nRatio
and dnRatio were presented for the tested codends in these

fishing populations.

Discussion

To the best of our knowledge, we presented the first scientific
study concerning the size selectivity of trawl codends for mantis
shrimp in the SCS. Our results demonstrated that increasing the
mesh size in the diamond-mesh codend or applying the T90
codend could improve the size selectivity for mantis shrimp. The
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TABLE 4 Selective parameters and fit statistics obtained from the selected models for the tested codends.

codends model L50 (cm)
T0_30 Gompertz 7.54 (7.15-8.05)
TO_35 Gompertz 8.62 (8.20-9.18)
T90_30 Gompertz 9.37 (8.59-9.97)
T90_35 Gompertz 10.86 (10.33-11.40)

Confidence intervals are presented in brackets.
DOF, degree of freedom; SR, selection range.

improvement would be greatly achieved by using a T90 codend
with a larger mesh size. As a starting point, we tested a diamond-
mesh codend (T0_30) with a mesh size larger than the current
MMS regulations’ requirement (25 mm). Its selective properties
were not good enough to release undersized individuals of
mantis shrimp. Because its L50 was less than the MCRS of
mantis shrimp, the retention probability at the MCRS length was
above 72%, and more than 35% of undersized mantis shrimp
were retained in the fishing population scenarios of 2019. By
comparison, the size selectivity could be improved through
modification in mesh size or mesh shape. For instance, the
T0_35 and T90_30 codends had larger L50 values than the
MCRS of mantis shrimp and lower retention risk for undersized
individuals. If modifications in mesh size and mesh shape were
both applied, the T90_35 codend, the greatest size selectivity
would be obtained. Applying this T90 codend with a larger mesh
size, however, might compromise the catch of marketable-size
individuals. For instance, the T90_35 codend had lower nP+

Retention probability

Parameters
SR (cm) p-Value deviance DOF
0.94 (0.10-1.38) 1.0000 8.76 34
0.96 (0.22-1.40) 0.9989 12.97 32
2.06 (0.83-3.36) 0.0345 49.21 33
1.34 (0.50-1.69) 0.9954 15.67 33

values than the other three codends, and some of these
differences were statistically significant. Considering the trade-
off between releasing undersized individuals and maintaining
the legal ones, the T0_35 and T90_30 codends might be better
choices to target mantis shrimp in demersal trawl fisheries of
the SCS.

Petetta et al. (2020) compared the size selectivity of the TO
codend with the T90 codend, both with a mesh size of 54 mm,
for another mantis shrimp species (Squilla mantis) in
Mediterranean bottom trawl fisheries. Their results
demonstrated that the T90 codend obtained a significantly
higher L50 value than that of the TO codend, 20.78 (CI: 18.79-
22.27) vs. 13.35 (7.53-17.62) cm in carapace length, and the T90
codend had significantly lower retention probability for
undersized individuals (<26 mm carapace length) (Petetta
et al,, 2020). Although the fishing gears used and codends
tested might have some differences between the present study
and those of Petetta et al. (2020), the data collection and
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FIGURE 3

Experimental catch proportion and selectivity curves obtained for the TO and T90 codends tested. Circle marks represent experimental catch
proportion. Red curves represent the size distribution of fish caught by the cover, and gray curves represent the ones caught by the tested
codend. Solid black curves represent selectivity curves, and stippled curves describe the 95% confidence intervals. Vertical lines represent the
MCRS (minimum conservation reference size) of mantis shrimp derived from the minimum length at maturity in the South China Sea (SCS).
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difference is significant.

analytical methods were the same, and both studies had similar
results that the T90 codends had better size selectivity than the
TO codends with the same mesh sizes for mantis shrimp.
However, because Petetta et al. (2020) used carapace length in
their results while we applied total length, it might be difficult to
further compare their selectivity parameters with ours. There are
also two selectivity studies about the separator grid for mantis
shrimp. One was conducted for shrimp beam trawl fisheries by
Tokai et al. (1996) and the other for stow-net fisheries by Wang
etal. (2017). Though the results of these studies might be hard to
compare with ours, as the working principle of separator grid
and codends differ, their results also have some implications for
future work to further improve the size selectivity of fishing gears
for mantis shrimp.

T90 codends have been widely tested around the world, and
many of these studies proved that the selective properties would
be improved for some species. For instance, Madsen et al. (2012)
demonstrated that the T90 codend improved size selectivity for

Norway lobster when compared with the standard diamond-mesh
codend. More recently, Robert et al. (2020) and Cheng et al.
(2020) reported that applying the T90 codends would improve
selective properties from relative and absolute selectivity
perspectives. To be consistent with these previous studies, our
study also demonstrated that a positive improvement in size
selectivity for mantis shrimp would be obtained by applying the
T90 codends. These significant effects can be due to 1) more open
meshes in the T90 codends and 2) the active swimming capacity
and behavior of mantis shrimp. It has been demonstrated that the
T90 codend would be more open than the traditional diamond-
mesh codend in some previous studies (Madsen et al., 2012; Tokag
et al,, 2014; Bayse et al.,, 2016). After the experiments, we put the
two pairwise codends together, and the meshes of the T90 codend
were more open than those of the diamond-mesh codend with the
same mesh size. When the meshes of the codends were open,
mantis shrimp would have more chance to escape. It has been
reported that the swimming capacity of mantis shrimp was high,

TABLE 5 Performance indicators obtained for the tested codends in fishing population of 2019 and 2020, respectively.

population codend nP- (%)

2019 T0_30 35.67 (5.09-66.52)
T0_35 0.83 (0.00-3.93)
T90_30 3.90 (0.00-20.27)
T90_35 0.00 (0.00-0.00)

2020 T0_30 7.64 (2.20-13.66)

T0_35 0.12 (0.00-0.70)
T90_30 0.77 (0.00-7.32)
T90_35 0.00 (0.00-0.00)

nP+ (%) nRatio dnRatio (%)

98.88 (96.69-100.00)
95.61 (91.19-98.71)
87.99 (79.91-95.72)
78.20 (69.61-86.18)

0.00 (0.00-0.01)
0.00 (0.00-0.00)
0.00 (0.00-0.00)
0.00 (0.00-0.00)

0.41 (0.02-1.24)
0.01 (0.00-0.07)
0.05 (0.00-0.35)
0.00 (0.00-0.00)
0.88-6.19)
)
)
)

97.22 (93.37-100.00) 0.03 (0.01-0.07) 3.11 (

89.83 (84.05-94.03) 0.00 (0.00-0.00) 0.06 (0.00-0.32
83.08 (75.26-90.24) 0.00 (0.00-0.04) 0.38 (0.00-3.97
74.06 (66.80-81.05) 0.00 (0.00-0.00) 0.00 (0.00-0.00

Confidence intervals are presented in brackets.
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and they can squeeze their bodies through some small holes
(Wang and Xu, 1996). Additionally, Jian (2016) estimated the
swimming speed of mantis shrimp from an aquaculture tank and
found that the speed of undersized individuals was mainly 1 to 3.5
cm/s, and 3 to 6 cm/s for adult individuals.

Recently, Cheng et al. (2022) tested the hydrodynamic
performance of a TO codend and three T90 codends using a
flume tank in Canada. Their results showed that by applying the
covered codend method, the water velocity between the cover
and the T90 codend was significantly lower than that inside the
TO codend (Cheng et al., 2022). What is the situation in an at-sea
experiment? If this difference exists, would it affect the escape
behavior of mantis shrimp and then further impact the size
selectivity of the tested codends? Unfortunately, however, we did
not have detailed information to address these questions, and
future studies are strictly needed.

At present, there is no official MLS enforced to supplement
the MMS regulation for mantis shrimp in the SCS. Our study
used its first matured length (8.0 cm) (Xu et al.,, 1996; Yang et al.,
2004) as the MCRS to calculate the exploitation pattern
indicators. In order to protect the undersized individuals,
however, some studies suggested that the MLS of mantis
shrimp should be larger than 8.0 cm. For instance, Liu et al.
(2020) recommended that the minimum landing size of mantis
shrimp would be larger than 9.5 cm in the Yellow Sea of China.
Recently, Xu et al. (2022) suggested that the MLS of mantis
shrimp should be larger than 9.42 cm in the Bohai Sea. If the
MCRS is set to be 9.5 cm, the benefit of using the T90 codend
will be further manifested. Because as demonstrated in Figure 3
the retention probability of the two diamond-mesh codends for
mantis shrimp at the length of 9.5 cm was higher than 84%, in
comparison, this value is about 53.38% and 3.14% for the
T90_30 and T90_35 codends, respectively. Correspondingly,
our results demonstrate that if the MCRS of mantis shrimp
increase to 9.5 cm, for instance, the T90 codend would be an
option to improve the size selectivity and to better match the
MCRS regulation.

Facing the overexploited fisheries resources, the large size of
the fishing fleets, and the complicated role of marine fisheries in
China, the technical regulations in fisheries management are
suggested to be simple (Shen and Heino, 2014; Cao et al., 2015;
Cao et al,, 2017; Su et al., 2020). Moreover, simple modification
through codend configuration has been recently highlighted as
an excellent starting point to address bycatch issues of trawl
fisheries by Kennelly and Broadhurst (2021). Specifically, our
study provides a case of gear modification to improve the size
selectivity and catch efficiency for mantis shrimp in demersal
trawl fishery. There are many simple options, however, that need
to be tested and considered. For instance, using the square mesh
panels in the diamond-mesh codends (Graham and Kynoch,
2001; Cuende et al., 2020; Kennelly and Broadhurst, 2021),
shortening the lastridge ropes (Sistiaga et al., 2021), and
adding artificial stimuli (Krag et al, 2017; Grimaldo et al,
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2018; Melli et al., 2018; Ingolfsson et al., 2021) have been
demonstrated to be simple and effective modifications to
improve the size selectivity. It is suggested that future
investigations should test and evaluate these modifications to
further improve the size selectivity and catch efficiency of trawl
fisheries for mantis shrimp in the SCS.

In addition, although our results demonstrated that
modifications in the trawl codend could improve the size
selectivity of mantis shrimp and provide mitigation measures
for the bycatch issues, another major concern is the fate of
escaping mantis shrimp. The mortality of animals escaping from
the fishing gears is becoming an ever-increasingly important
issue in fisheries management decision-making processes
(Broadhurst et al., 2006; Suuronen and Erickson, 2010).
Despite the fact that we did not have detailed data to address
the mortality of mantis shrimp escaping from the codends, the
commercial fishing practice indicates, to some extent, that
mantis shrimp escaping from the gear might not suffer high
mortality. As we witnessed onboard, after the fishing process,
most mantis shrimp were kept alive in some water tanks and
landed several days later. With this evidence, we assume that
mantis shrimp will have low fishing mortality from the trawl
codend. This assumption, however, needs to be validated by
strict field experiments to truly understand the mortality of
mantis shrimp escaping from the codends.

Conclusion

Our study demonstrated that increasing the mesh size of the
TO codend or applying the T90 codend would improve the size
selectivity of the trawl codend for mantis shrimp. Considering
the trade-off between releasing undersized individuals and
maintaining the legal ones, the TO codend with 35-mm mesh
size or the T90 codend with 30-mm mesh size might be a better
choice to target mantis shrimp in demersal trawl fisheries of
the SCS.
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