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Abstract: In order to optimize the size selectivity of demersal trawl targeting Banded Scad, Alepes
djedaba, in the South China Sea (SCS), we tested and compared the selective properties of four
experimental codends. These codends included two diamond-mesh codends (T0 codends) with
different mesh openings (30 and 35 mm), and two T90 codends (the netting was turned by 90 degrees)
with the relatively same mesh opening. The results demonstrated that the T0_30 codend (diamond-
mesh codend with 30-mm mesh opening) presented the best size selectivity and is a potential choice
to harvest Banded Scad in the studied area among the codends tested. Although applying the T0_35
or T90_30 codend might obtain a little improvement in size selectivity, the loss of marketable-size
individuals could be a compromise. Considering the results in our study and those of previous
studies, we recommend that the T0_30 codend should be mandated in the fisheries management
regulation of trawl fisheries targeting Banded Scad in the SCS.
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1. Introduction

Banded Scad, Alepes djedaba, is a small-sized fish species distributed in the Indo-
Western Pacific Ocean [1,2]. It is also one of the most social-economically relevant species,
which is often targeted by demersal trawl fisheries in the South China Sea (SCS) [3–5].
Additionally, Banded Scad has always played a key role in the ecosystem of fishing grounds
as it is one of the dominant feeding species for some large top-predator fish species in the
SCS [6,7].

Despite its relevance, the by-catch issue of undersized Banded Scad and the poor
exploitation pattern in its fishery are of concern. The main fishing gears to target Banded
Scad are beam trawls [5] and otter-board trawls [3,4]. The codends in these demersal
trawls are all constructed using diamond-mesh nettings, and they need to have a minimal
mesh size of at least 25 mm, according to the current management legislation in China.
The size selectivity of the legislated codend with a mesh size of 25 mm (hereafter D25),
however, was determined to be poor for demersal trawl fisheries targeting Banded Scad in
the SCS. For instance, the results of a study by Yang et al. [8] showed that the D25 codend
was so unselective that nearly no escape of Banded Scad was observed. More recently,
another selectivity experiment was conducted by Yang et al. [9] to test the legal D25 codend
in an otter-board trawl fishery. Their results were much better, obtaining two selective
parameters: L50 (the length with 50% probability of retention) and SR (selection range)
at 6.99 and 1.94 cm, respectively, however, their confidence intervals (CIs) were relatively
wide at (0.10–9.22) and (0.10–6.41) cm, respectively [9]. Moreover, their results showed
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that the exploitation pattern of the D25 codend was undesirable, as more than 20% of
undersized Banded Scad was retained in the SCS.

In order to mitigate the by-catch of undersized individuals in trawl fishery, one simple
modification would be to increase the mesh sizes of the codends. This modification has
been proven to have positive effects on improving the selective properties of demersal
trawls targeting Banded Scad in some previous studies in the SCS [8,9]. For example, the
selective properties were better if the codend mesh-size increased from 25 to 30 mm. When
the mesh size further increased to 40 mm, however, negative effects were demonstrated
by Yang et al. [9], as CIs in the selectivity parameters and selectivity curves became wider
and the loss of marketable individuals of Banded Scad became of concern. Thus, other
alternative modifications need to be considered to optimize the selective properties of
trawl codends for this species. Another simple and potential consideration would be to
apply T90 codends by turning the diamond mesh by 90 degrees. In other words, T90 co-
dends represent the codends in which the direction of diamond-mesh netting is turned by
90 degrees. It has previously been tested and demonstrated through computer simula-
tion [10], flume tank experiments [11,12] and sea trials [13–16] that T90 codends would
present a more stable mesh opening, and consequentially have better size selectivity than
the traditional diamond-mesh codends (also termed as T0). Although T90 codends have
been tested and proven to be effective to improve the selective properties for many fish
species worldwide, they have never been experimentally tested and documented for dem-
ersal trawl fishery targeting Banded Scad in the SCS.

In this study, to mitigate the by-catch problems of undersized Banded Scad and further
improve the size selectivity and exploitation pattern, four experimental codends with two
different mesh-shapes and mesh-sizes were tested and compared.

2. Materials and Methods
2.1. Fishing Vessel, Areas, and Experimental Setup

Experimental fishing trials were carried out onboard a traditional trawler ‘Gui-beiyu
96899′ (overall length of 38 m and engine power of 280 kW) from 17 to 19 November 2020.
The trials took place in the Beibu Gulf in the northern SCS (Figure 1). This fishing area
was selected according to the information of the previous experiment by Yang et al. [9] to
ensure sufficient catch data for the species investigated. To mimic a commercial fishing
condition, the fishing practice was kept identical to that of commercial-fishing trawlers.
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The selected trawler operated a double-rigged, also called out-rigged, trawling system,
in which two trawl-nets were hauled in parallel through two out-rigged derricks applying
two pairs of trawl doors (Figure 2). These trawl-nets were constructed using PE twine with
860 meshes around the fishing circumference. The mesh size was 45 mm from the wing-end
to the fishing circle, and then decreased to 25 mm in the codend. The length of the headline
and footrope was 28 and 36 m, respectively. Detailed information of the fishing gears has
been presented by Yang et al. [9].
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Figure 2. Schematic view of the out-rigged trawling system and the experimental codends.
T0 represents the diamond mesh codend, T90 represents the diamond mesh netting turned by
90 degrees, while 30 and 35 are the mesh sizes.

To test the size selectivity, we utilized the trawl-nets from the fishing vessel and
only replaced the codend with the experimental ones. Four codends were designed and
manufactured. These were termed as T0_30, T0_35, T90_30, and T90_35 according to their
mesh shapes and mesh sizes. In these abbreviations, T0 and T90 represent the mesh shapes,
while 30 and 35 are the mesh size. The two T0 codends had an identical stretched length in
both the circumferential and longitudinal direction, and only differed terms of the mesh
opening. The mesh opening of the T90 codends was the same as those of the T0 codends
with the same mesh size of 29.79 ± 0.65 mm for the T0_30 and T90_30 codends, and
35.66 ± 1.06 mm for the T0_35 and T90_35 codends, respectively. In our study, the T90
codends were designed to be 33% smaller in the circumferential and 30% longer in the
longitudinal direction when compared with the T0 codends with relatively the same mesh-
size [14,17]. Detailed information of the experimental codends is shown in Figure 2.

2.2. Data Collection

Data collection was conducted by applying the covered codend method [18]. Com-
pared with the experimental codends, the cover-nets were about 1.5 times longer and
larger, with a smaller mesh opening of about 12 mm. For the purpose of removing the
potential covered-effects, twelve flexible kites were applied [9,19,20]. To determine how
these kites worked, we used underwater video recordings constructed by GoPro HERO 4.
Additionally, for easy access to the catches in the codends, which were surrounded by the
cover-nets, zippers were attached to the sides of the cover-nets.

We took advantage of the out-rigged trawling system from the fishing vessel by
arranging two pairwised tests: the first test was T0_30 versus T90_30, while the second test
was T0_35 versus T90_35 (Figure 2). One test replicated several hauls, then moved on to
the other. In every valid haul, catches from the experimental codends were first handled
through the zippers. Catches of the target species were sorted and sub-sampling took place
if the catch number was large. Catches were kept in marked cases, frozen, and the length
measured when we got back to the laboratory on land. The counted number and length
values of the Banded Scad from cover and the codend at haul level constituted the majority
of data to be analyzed.
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2.3. Estimation of Size Selectivity and Model Fit

For each codend, data of the Banded Scad were analyzed to estimate the size selectivity
separately. In a given experimental codend, an individual of Banded Scad with specific
length (l) in a specific haul (j) was either captured by the codend or not (escaping to the
cover). The catch efficiency (or retention probability) is often expressed as rj(l), which has
been proven to vary among different hauls for the same tested codend due to uncertainties
from within- or/and between-haul variations [21]. In the present study, we were interested
in the average retention probability over all fishing hauls for each codend, as this would
inform the consequences by using the tested codends in a specific fishery [22,23]. This
average retention probability could be expressed as rcodend (l, vcodend), where vcodend is the
vector of the selectivity parameters to be estimated using the maximum likelihood method
by minimizing the following expression:

−∑m
j=1 ∑l

{
nRl j

qRj
× ln[rcodend(l, vcodend)] +

nEl j

qEj
× ln[1− rcodend(l, vcodend)]

}
(1)

where nRlj and nElj represent the counted number of Banded Scad in length class l from the
tested codend and cover in haul j, whereas qRj and nEj are the sub-sampled ratio of the
length-measurement from the tested codend and cover, respectively.

Four commonly used models—Logit, Probit, Gompertz, and Richards—were con-
sidered as candidates to represent the catch data for the tested codends. For the Logit,
Probit, and Gompertz models, L50 and SR can be used to fully describe them. For the
Richards model, one additional parameter, D, is needed [18]. The estimation of size se-
lectivity and model fit for each codend tested was carried out following two steps. In
the first step, four candidate models were fitted by applying Equation (1) to obtain their
Akaike’s information criterion (AIC) values, and the best fit model was selected, the one
with the lowest AIC value [24]. In the second step, using the best model, we applied a
double-bootstrapping technique to estimate the Efron 95% [25] confidence intervals (CIs)
for the selectivity parameters and selectivity curves [9,22,23,26].

To determine how the chosen models fit the catch data of the target species, we checked
their p-values and compared them with 0.05. Generally, if the models fit sufficiently well to
the catch data, their p-values would be larger than 0.05. In some cases, when their p-values
were less than 0.05, we needed to check their individual residuals to see whether this was
due to overdispersion in the data or structural problems in the model selected [18].

2.4. Estimation of Delta Selectivity

To estimate the potential differences of codends with different configurations in the
size selectivity, we applied delta selectivity (∆r(l)) using the following expression:

∆r(l) = rx (l) − ry (l) (2)

where rx (l) represents the size selectivity of codend x, and ry (l) is the size selectivity of
codend y. The Efron 95% CIs of delta selectivity were obtained by applying the double-
bootstrapping technique. To determine whether the difference between the codends tested
was statistically significant or not, we checked whether their CIs in delta selectivity would
contain 0.0.

2.5. Estimation of Exploitation Pattern Indicators

In order to supplement the results of size selectivity and delta selectivity, exploita-
tion pattern indicators could provide direction information about how the experimental
codends would affect the exploitation patterns of the target species in some specific fishing
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population scenarios [9,15]. In this study, we estimated three different exploitation pattern
indicators, nP−, nP+, and dnRatio, using the following expression:

nP− = 100× ∑l<MCRS{ rcodend(l,vcodend)×nPopl}
∑l<MCRS{ nPopl}

nP+ = 100× ∑l≥MCRS{ rMCRS(l,vcodend)×nPopl}
∑l≥MCRS{ nPopl}

dnRatio = 100× ∑l<MCRS{ rcodend(l,vcodend)×nPopl}
∑l{ rcodend(l,vcodend)×nPopl}

(3)

where Popl is the fishing population size structure of Banded Scad encountered by the
tested codends, while MCRS represents the minimum conservation reference size (6.4 cm)
of the target species. Two different fishing population scenarios of Banded Scad were
generated by pooling all of the catch data. One was from the data in the present study,
while the other was from the previous fishing trials conducted by Yang et al. [9]. The Efron
95% CIs of the exploitation pattern indicators can be obtained using the same bootstrapped
technique.

All of the data analyses including size selectivity, delta selectivity, and exploitation
pattern indicators were carried out using the SELNET software [9,23,26,27]. Statistical tool
R (version 4.1.2) [28] and the ggplot2 package [29] were applied to produce plots in the
population scenarios, size selectivity, and delta selectivity.

3. Results
3.1. Overview of the Experimental Data

In the fishing trials, a total of 32 valid hauls were conducted: nine for the T0_30 codend,
eight for the T0_35 and T90_35 codends, and seven for the T90_30 codend, respectively.
Hauling duration of the fishing vessel was about 131 min, ranging from 115 to 158 min,
while the water depth was about 24 m. Banded Scad was one of the most dominant
species in catch number. A total of 1270 individuals of Banded Scad were length measured
and included in the selectivity analysis. Based on the length data and that of the previ-
ous study [9], two average fishing population scenarios of Banded Scad were generated
(Figure 3). In 2019, the length range of Banded Scad was 5.0 to 14.0 cm with the dominant
catch at 9.5 to 10.0 cm, while the length ranged from 3.5 to 13.5 cm and dominated at
9.5 cm in the population scenario of 2020.
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3.2. Size Selectivity and Model Fit

According to the rule of the lowest AIC values from the candidate models (Table 1),
the Gompertz was selected as the most adequate model for the T0_30 and T90_30 codends,
while the Richards was chosen for the T0_35 and T90_35 codends, respectively. These
selected models were sufficiently able to represent the catch data for the codends tested, as
their p-values were all larger than 0.05 (Table 2). The selectivity parameters showed that the
T0_35 codend resulted in the highest L50 value, which was statistically and significantly
larger than those of the T0_30 and T90_30 codends, but not significant compared with
that of the T90_35 codend. In contrast, the T90_35 codend had the highest SR values.
The differences, however, in the SR values between the different codends tested were not
significant.

Table 1. Akaike’s information criterion (AIC) values obtained from the candidate models for the
tested codends. Selected models in bold.

Model

Codend Logit Probit Gompertz Richards

T0_30 52.62 59.62 50.65 52.79
T0_35 234.67 232.32 246.13 226.47
T90_30 40.92 50.67 38.07 40.36
T90_35 343.45 341.30 346.95 339.14

Table 2. The selectivity parameters and fit statistics obtained for the tested codends. The selectivity
parameters of the D25, D30, D35, D40, D45, and D54 codends were from the previous study by
Yang et al. [9]. L50 represents the 50% retention length, SR represents the selection range, D is the
additional parameter for the Richards model, while DOF represents the degree of freedom.

Parameters

Codends Model L50 (cm) SR (cm) D p-Value Deviance DOF

T0_30 Gompertz 6.50 (5.64–7.24) 0.79 (0.10–1.31) 0.5082 15.23 16
T0_35 Richards 8.70 (8.30–8.96) 0.75 (0.03–1.06) 0.10 (0.10–2.81) 0.9969 4.23 15

T90_30 Gompertz 6.74 (6.39–7.13) 0.51 (0.10–0.85) 0.3904 14.82 14
T90_35 Richards 6.24 (0.10–8.55) 5.32 (0.75–14.39) 0.13 (0.10–10.00) 0.1304 17.54 12

D25 6.99 (0.10–9.22) 1.94 (0.10–6.41)
D30 7.65 (6.34–8.21) 1.18 (0.10–2.49)
D35 8.32 (6.87–9.07) 2.45 (1.24–5.19)
D40 9.72 (3.40–18.01) 4.49 (1.15–100.00)
D45 11.31 (10.01–76.48) 3.22 (1.42–100.00)
D54 14.91 (11.06–97.25) 6.76 (1.92–100.00)

Compared with the selectivity parameters from Yang et al. [9], the T0_30 codend had
a lower L50 than the D30 codend, while the T0_35 codend had a larger L50 than the D35
codend, but the difference was not significant. The values of SR from the T0_30 and T0_35
codends were smaller than the codends in Yang et al. [9] with the same mesh sizes, but
again not significant. It is noteworthy that the CIs of L50 and SR were relatively wider
for the T90_35 codend. The situations were similar, with the selectivity parameters in the
diamond mesh codend with a mesh size larger than 35 mm in the previous study by Yang
et al. [9]. The retention probability of Banded Scad with a length of MCRS was 42.96% (CI:
0–83.04%) in the T0_30 codend, while it dropped to 23.23% (CI: 0–57.72%) for the T90_30
codend, and further decreased to 1.71% (CI: 0–5.18%) for the T0_35 codend, but increased
to 51.71% (CI: 0–91.60%) in the T90_35 codend (Figure 4).
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Scad caught by the codends, while the red dotted curves represent the ones caught by the covers.
Vertical black lines represent the MCRS of Banded Scad.

3.3. Delta Selectivity

The delta selectivity of the experimental codends demonstrated that the differences
in the two comparisons were statistically significant and length-dependent (Figure 5).
Compared with the T0_30 and T90_30 codends, the T0_35 codend had significantly lower
retention probability in the length range of 7.1 to 8.4 cm. The differences between the T0_30
and T90_30 codends were not significant. Due to the wider CIs of size selectivity in the
T90_35 codend, significant differences were not observed when compared with the other
three codends.

3.4. Exploitation Pattern Indicators

The exploitation pattern indicators of the experimental codends showed that the
T90_30 codend had the lowest retention probability for undersized Banded Scad (nP−) of
less than 1%, and the highest retention probability for preferred size individuals (nP+) of
larger than 99% (Table 3). The T0_30 codend had higher nP− values and the T0_35 codend
had lower nP+ values compared with the T90_30 codend, while the T90_35 codend had the
highest nP− values of larger than 40%. Relatively lower discarded ratios (dnRatio) were
obtained for the experimental codends. These differences, however, were not statistically
significant due to the overlapped CIs (Table 3).

Table 3. Exploitation pattern indicators of the experimental codends in two different fishing popula-
tion scenarios.

Population Codend nP− (%) nP+ (%) dnRatio (%)

2019 T0_30 8.95 (0.00–57.07) 99.63 (98.17–99.99) 0.00 (0.00–0.00)
T0_35 0.72 (0.00–2.70) 93.00 (86.84–97.90) 0.00 (0.00–0.02)
T90_30 0.07 (0.00–12.61) 99.78 (99.18–99.98) 0.00 (0.00–0.08)
T90_35 45.25 (0.00–89.67) 91.92 (79.09–99.01) 0.27 (0.00–0.63)
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Table 3. Cont.

Population Codend nP− (%) nP+ (%) dnRatio (%)

2020 T0_30 4.36 (0.00–37.24) 99.07(96.87–99.93) 0.06 (0.00–0.56)
T0_35 0.46 (0.00–1.89) 85.62 (77.03–94.04) 0.01 (0.00–0.03)
T90_30 0.03 (0.00–7.03) 99.02 (97.72–99.75) 0.00 (0.00–0.10)
T90_35 40.83 (0.00–87.69) 89.64 (75.11–98.37) 0.64 (0.00–1.44)
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4. Discussion

In the present study, we investigated the size selectivity and exploitation pattern
of a demersal trawl fishery targeting Banded Scad through testing and comparing four
experimental codends in the SCS. The results demonstrated that compared with the starting
point (T0_30), increasing the mesh size from 30 to 35 mm would obtain higher L50 and
lower retention probability of Banded Scad with a length of MCRS, while substituting with
the T90_30 codend showed little improvement in L50, but sharpened size selectivity by
decreasing the SR value. However, when it came to the T90_35 codend, negative effects
were observed including lower L50 and higher SR values, and larger CIs in the selectivity
parameters and curves. The results of the exploitation pattern indicators shared a similar
trend. Applying the T0_35 or T90_30 codend would reduce the retention probability
for undersized Banded Scad (nP−), while the T90_35 codend had the negative effect of
increasing the value, though these differences were not significant.

The results of our study demonstrated that L50 improved when the mesh size of
the experimental codends increased from 30 to 35 mm, which were partly in agreement
with some previous studies. For example, a study by Yang et al. [9] showed that the
L50 of the diamond-mesh codends for Banded Scad would increase from 6.99 to 8.32 cm
if the mesh size is increased from 25 to 35 mm (Table 2), despite which, the differences
were not significant. A similar trend was also observed by another previous study [8]
conducted on a shrimp beam trawl fishery targeting Banded Scad in the SCS. Although
some studies have documented that applying T90 codends would obtain better selective
properties [10,13,15,16,30,31], the results of our study for Banded Scad were in contrast to
them. As our results demonstrated that the T90_30 codend showed a little improvement
in the size selectivity than the T0_30 codend, whereas the T90_35 codend presented more
negative selective properties than the T0_35 codend. One possible explanation for these
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results might be that the mesh shape of the T0 codends fit more to the morphology of
Banded Scad, which is ship-like, than that of the T90 codend. Additionally, Banded Scad
is a fish species with a small body size, so more mesh openings might not result in better
size selectivity for this species. For example, generally, the T90_35 codend presents more
mesh openings than the T0_35 codend. However, wider CIs were observed for the T90_35
codend in the selectivity parameters and curves. Wider CIs indicated that there were
great uncertainties in the size selectivity. This trend has also been observed by a previous
study [9] where wide confidence intervals, especially in the selectivity parameters, were
present when the mesh sizes of the T0 codends were larger than 35 mm.

Irrespective of the contrasting results of the T90 codends with those of previous studies,
our study will have relevant implications to the fisheries management of demersal trawl
targeting Banded Scad. Previously, the size selectivity of the legal D25 was tested to be
poor for Banded Scad by the two previous studies [8,9]. Improving the size selectivity can
be simply achieved by increasing the mesh size from 25 to 30 mm [9]. Our results further
confirmed that the T0_30 codend would be the best potential choice for a demersal trawl
fishery targeting Banded Scad in the study areas among the four experimental codends.
Although further increasing the mesh size from 30 to 35 mm or applying the T90_30 codend
might obtain a slight improvement in size selectivity, the loss of marketable-size individuals
could be a compromise. Moreover, the fishermen might be reluctant to dramatically increase
the mesh size in their codends or apply the relatively new T90 codends, which might be
time-consuming to construct and operate. Considering the selectivity results in our study
and those of previous studies, we recommend that the T0_30 codend should be mandated
in fisheries management regulations to optimize the size selectivity of s demersal trawl
fishery targeting Banded Scad in the SCS.

It should be noted that the results of our study not only depend on the characteristics
of the codends, but also on the fishing population structure, swimming behavior, and
morphology of the target species. Additionally, the results of the exploitation pattern
indicators were affected by the value of the MCRS. Currently, there is no legal or formal
minimum landing size (MLS) or MCRS for demersal trawl fisheries targeting Banded Scad
in the SCS. A legal MLS (or MCRS) is highly relevant to supplement the recommendation
of the T0_30 codend to ensure sustainable fishing in the studied area.

In our study, the results showed that the mesh size in the trawl codends was not the
larger the better. However, why did huge uncertainties present themselves when the mesh
sizes increased for the species investigated? This question needs further research. The
FISHSELECT and simulation method, together with underwater observation, might be
potential ways to explore it in future research works [32–36].

5. Conclusions

We investigated the size selectivity and exploitation pattern of a demersal trawl fishery
targeting Banded Scad by testing and comparing four experimental codends in the SCS.
Our results demonstrated that the T0_30 codend presented the best selective properties and
is the best potential choice to target Banded Scad, and we recommend that it is mandated
in fisheries management regulations in the studied area.
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