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This study aims at improving fishery management by testing and comparing the size selectivity and exploitation pattern of diamond-mesh codends, with mesh sizes ranging from 25 to 54 mm, for cocktail shrimp (Trachypenaeus curvirostris) in the South China Sea (SCS). Beginning from 25 mm, the minimum mesh size regulated by the shrimp trawl fishery industry, we investigated how the mesh sizes of the codends would affect the size selectivity and exploitation pattern in reference to the minimum conservation reference size (MCRS, 7.0 cm total length) of cocktail shrimp in the SCS. According to our results, the selective properties of the codend mesh sized at 25 mm in line with the regulation failed to protect the undersized individuals of cocktail shrimp because of its 50% retention length of 5.85 cm (confidence interval, CI: 5.16–6.18 cm), far less than the MCRS of cocktail shrimp. As the retention probability of a shrimp with a MCRS length was as high as 97.45 % (CI: 86.86–100.00%), more than 40% of the undersized shrimp was retained. It was proved that increasing the codend mesh size did not significantly improve the size selectivity and exploitation pattern which might be improved by other gear modifications.
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Introduction

Cocktail shrimp (Trachypenaeus curvirostris) is one of the most ecologically and economically important shrimp species and one of the commercial shrimp species leading the annual landings officially recorded in China (e.g., China Fishery Statistical Yearbook), being distributed in all the coastal waters around China (Liu and Zhong, 1988). Its annual landings fluctuated between 240,249 t and 366,120 t in the past decade, during which the catch stabilized at about 300,000 t between 2011 and 2017, highlighted in 2015. However, the annual landing dropped to 245,035 t in 2018 and to its lowest in 2020 (Figure 1), indicating the stock decline and the overexploitation of cocktail shrimp as demonstrated in some previous surveys (Song et al., 2004).




Figure 1 | Annual landing of cocktail shrimp in China (data from China’s Fisheries Statistical Yearbooks).



The decline and overexploitation of cocktail shrimp stock can be attributed to many factors, especially the fishing gears used and management regulations implemented. Normally, beam trawl and double-rigged trawl are used to target cocktail shrimp due to their high catching efficiency in China (Liu and Zhong, 1988). In spite of their difference in gear components, they are both subjected to one common management regulation—a minimum mesh size (MMS) of 25 mm in the codend, leading to the wide questioning, scepticism, and criticism on the effectiveness and compliance of this MMS regulation (Cao et al., 2017; Liang and Pauly, 2017; Zhang et al., 2020; Zhang and Vincent, 2020). The confusion might be caused by the knowledge gap of selective properties of trawl codend used for catching commercially important species like cocktail shrimp. Unfortunately, the issue is seldom addressed in the perspective of gear selectivity even though low compliance has been outlined in the literature.

It is time to tackle the above-mentioned issue by investigating the codend selectivity for cocktail shrimp based on two experiments on the size selectivity of trawl codends for cocktail shrimp before the MMS regulation was in place for shrimp trawl in 2013. One was conducted in the East China Sea by Sun and Wang (1999), who found that the 50% retention length (L50) was 85.04, 85.96, and 88.32 mm for the diamond mesh codend with a mesh size of 40, 45, and 50 mm, respectively. Later, the other experiment was carried out in the Yellow Sea by Tang et al. (2010) who used three relatively smaller mesh sizes of 30, 33, and 40 mm and got a lower L50 of 59.8, 60.1, and 63.2 mm for the corresponding codends. Given the MCRS of 70 mm (total length of the cocktail shrimp) in the first maturity length (Song et al., 2012), the minimum mesh size of 25 mm might be too small to have a sustainable exploitation pattern. So far, no selectivity result has been documented from either of the experiments, leaving no data for us to evaluate the effectiveness of the MMS regulation for cocktail shrimp in China.

Increasing the mesh size has been proved to be the most simple and effective option to improve the size selectivity of a diamond mesh codend for some species (Wileman et al., 1996; Fryer et al., 2016; O’Neill et al., 2020). L50 and selection range (SR) can be referred to as parameters for size selectivity. Usually, larger mesh sizes in the codend bring about larger L50 values so that more undersized individuals of the target species can be released (He, 2007; Melli et al., 2020; Yang et al., 2021a; Yang et al., 2021b). However, the probable increase of SR values, if exceeding a certain extent, would induce the loss of marketable individuals. Experiments on selectivity are needed to find out the best mesh size that can reach a balance between releasing undersized individuals and maintaining the marketable ones. Additionally, it is imperative to inform the stakeholders how the modification in mesh size of codend would impact the exploitation pattern for their fishing gears (Kennelly and Broadhurst, 2021). This information can be presented by using the exploitation pattern indicators which have been widely used in recent selectivity studies (Wienbeck et al., 2014; Melli et al., 2020; Brinkhof et al., 2020; Herrmann et al., 2021). However, no study concerning the exploitation pattern of trawl codend for cocktail shrimp in the South China Sea (SCS) has been reported so far.

This study aims to address the issues mentioned above by investigating the size selectivity and exploitation pattern of diamond mesh codends for cocktail shrimp in the SCS. We started from 25 mm, the mesh size regulated in the current MMS, and tested six different mesh sizes of 25–54 mm to find out (1) how selective properties of the legal codend with a 25-mm mesh size can fit for cocktail shrimp and (2) whether increasing the mesh sizes of diamond mesh codends can improve the size selectivity and exploitation pattern for cocktail shrimp.



Materials and methods


Experimental setup

The experimental fishing was performed on board Guibeiyu 96899, a 38-m-long commercial trawler of 280-kW engine power, in October 2019 at the area of 20°50′–21°11′ N and 109°06′–109°31′ E northern of the SCS. The maritime operation, such as towing speed and duration, was in line with what is required in commercial fishing.

The fishing vessel employed was equipped with a double-rigged trawling system, hauling two identical trawls simultaneously during the commercial fishing. These trawls had 860 meshes in the fishing circles with a size of 45 mm, and the total stretched length was about 33 m. Two identical sets of trawl doors (weighing 250 kg), made of steel and wood, were applied for the spreading of these trawls.

Focusing on codend selectivity, we adopted the gear components of the commercial vessel except the codends. Six diamond mesh codends with different mesh sizes were designed based on the dimension of the commercial codend, which had 220 meshes in circumference and 192 meshes in length, with a mesh size of 25 mm. We ordered the codends from the local manufacturer of fishing nets, with the following requirements: (1) nominal mesh size (mesh opening) of 25, 30, 35, 40, 45, and 54 mm and (2) being identical to the commercial codend in terms of twine material, color, twine diameter, etc. Additionally, the number of meshes in the codends, both in circumference and length, was designed to decrease as the mesh sizes increased so as to ensure the same stretched width and length of all the codends which were termed as D25, D30, D35, D40, D45, and D54, respectively, according to their mesh sizes. In order to collect the escapees from the codends tested, the covered codend method was applied following the protocol of Wileman et al. (1996). The cover was 1.5 times larger than the codends both in circumference and length (see Figure 2 and Table 1 for the detailed information about the codends and cover). We used 12 sets of flexible kites, made of waterproof canvas, to minimize the potential masking effect, following the recommendation of He (2007) and Grimaldo et al. (2009). Prior to the experiments, the working of the kites was checked by the underwater cameras of GoPro HERO4 BLACK Edition, subject to adjustments if needed.




Figure 2 | Schematic view of the experimental setup tested in the experiments.




Table 1 | Specifications of the experimental codends and cover (SE refers to standard errors).



To facilitate the selective experiments, we made good use of the double-rigged trawling system by testing two codends at a time as follows: D25 vs. D30, D35 vs. D40, and D45 vs. D54, in the hope of finding out how the mesh size of codends would affect the size selectivity for the species studied. Using the covered codend method, we tested one comparison at a time for several hauls before moving on to another test, during which the unified operation procedure was ensured in each of the comparison tests, including the towing speed, duration and length of warp, etc. In every test, the catch of cocktail shrimp from each compartment, cover, and codend was handled separately. All the catches of cocktail shrimp were collected and sub-sampled (if the catch was in a large quantity) before being frozen in specifically marked containers. We measured the total length of all the cocktail shrimp individuals immediately after returning to the laboratory, accumulating basic data for further analysis on selectivity.



Estimation of size selectivity and exploitation pattern indicators

The experimental data of each codend tested was binominal as the shrimp was caught by either the codend or the cover. The catch proportion [rj(l)] of a shrimp in length l within a specific haul j can be easily calculated using the catch quantity from the codend and the cover. The value of rj(l) for the same codend might vary between different hauls (Fryer, 1991). What we focus on, however, was the average value of rj(l) among all hauls conducted, assuming that it would represent how the tested codend perform in a commercial fishery (Millar, 1993; Sistiaga et al., 2010). By incorporating some selectivity parameters, rav(l,v) was used to represent the average size selectivity of a specific codend by pooling the data from all the hauls (Herrmann et al., 2012), where v is the parameter yet to be estimated. Combining the catch data from the cover and the codend and some parametric models, v parameters can be obtained by minimizing the following likelihood function:

	(1)

where the outer summation is over the m hauls conducted for the codend tested and the inner summation is over the length class l of cocktail shrimp; nRjl and nEjl are the quantity of cocktail shrimp caught by the codend tested and cover, while qRj and qEj are the sampled ratio of cocktail shrimp length measured from the codend and the cover, respectively.

We used four parametric models, Logit, Probit, Gompertz and Richards, as candidates to describe rav(l). For the first three models, two parameters (L50 and SR) can describe, while an additional parameter (1/δ) is required for the last model (Wileman et al., 1996). These candidate models were initially fitted in Eq. (1) to obtain their Akaike information criterion (AIC) values. The model with the lowest AIC value was regarded as the best one (Akaike, 1974) and selected for further analysis. After the best model was selected, a double bootstrapping method was applied to calculate the confidence intervals (CIs) of the selectivity parameters and selectivity curves by incorporating both within- and between-haul variations (Millar, 1993; Herrmann et al., 2012; Herrmann et al., 2018). A total of 1,000 bootstrap repetitions were conducted to estimate the Efron percentile 95% CI for the size selectivity curves and parameters (Herrmann et al., 2012; Herrmann et al., 2018). Finally, the ability of the selected model to describe the experimental data can be evaluated by the p-value. For a good-fit model, the p-value is expected to be larger than 0.05, with a deviance less than a degree of freedom; otherwise (p-value<0.05), the residuals will be inspected to find out whether it was caused by the structural problems or just overdispersion in the data (Wileman et al., 1996).

In addition to the selectivity parameters and curves mentioned above, we calculated four exploitation pattern indicators—nP-, nP+, nRatio, and dnRatio—and informed the stakeholders as to how the codends tested would perform in the commercial fishing population scenario. To generate such a fishing population scenario structure (nPopl) for the studied species, we pooled the length data of all tests from both covers and codends (Melli et al., 2020; Einarsson et al., 2021). By taking into consideration the MCRS of the cocktail shrimp (70 mm total length), these exploitation pattern indicators can be obtained by Eq. (2):

	(2)

where rav(l, v) is the size selectivity of the codend tested, and nPopl represents the population structure (in terms of relative frequency) of the target shrimp. nP- and nP+ is the percentage of cocktail shrimp caught with length below and above the MCRS. nRatio refers to the ratio between cocktail shrimp caught with length below and above the MCRS, while dnRatio is the percentage of cocktail shrimp with length below the MCRS caught by the codends tested. For a tested codend with ideal selective properties, nP- is preferred to be close to 0 and nP+ preferred to be close to 100%, while both nRatio and dnRatio are preferred to be low. The CIs of these indicators were obtained using the double bootstrapping approach mentioned above (Herrmann et al., 2012; Herrmann et al., 2018).



Length-dependent difference in selectivity

It is assumed that the size selectivity would be improved when the mesh sizes of the codends increased. This improvement can be reflected by quantifying the length-dependent selectivity difference, delta selectivity [Δr(l)], between codends with different mesh sizes as follows:

	(3)

where r1(l) is the size selectivity of codend 1 with a small mesh size, and r2(l) represents the size selectivity of codend 2 with a relatively larger mesh size. The CIs for the delta selectivity can also be acquired with the double bootstrapping technique (Herrmann et al., 2018; Herrmann et al., 2019). Whether the length-dependent difference is statistically significant or not depends on whether its CIs contain 0.0 or not. In other words, the difference would be significant if the CIs did not contain 0.0.

All the data analyses mentioned above were conducted using the software SELNET (Herrmann et al., 2012).




Results


Overview of the sea trials

A total of 39 valid hauls were conducted, of which six were for the D25, D35, D45, and D54 codends, eight for the D30 codend, and seven for the D40 codend. The experimental fishing was performed in an average duration of 131 min (118–156 min) in the water of 16 m in depth (12–24 m) of the fishing grounds (Table 2). In all these hauls, cocktail shrimp was one of the leading species in terms of quantity, on which we focus for selectivity analysis. Among the total of 1,231 individuals of cocktail shrimp that were identified and measured in length, 725 were from the codends tested and 507 were from the cover, with a sub-sampling ratio of 0.20–1.00 (Table 2). The length of the species varied from 3 to 11 cm, being mostly from 5.5 to 6.5 cm (Figure 3).


Table 2 | Overview of the fishing condition and catch information of all the hauls regarding the serial number, duration (min), depth (m), and number of shrimp length-measured from the codend (nR) and cover (nE). qR and qE refer to the sampling ratio from the codend and cover, respectively.






Figure 3 | Estimated average population of cocktail shrimp from all the hauls during the sea trials. Stipple lines show the 95% Efron confidence intervals, and the vertical line represents the minimum conservation reference size (7.0 cm) of the target shrimp.





Size selectivity and exploitation pattern

According to the lowest AIC value criterion, the best model was selected respectively for each codend as follows: the Gompertz for the D25, D45, and D54 codends, the Richards for the D30 and D35 codends, and the Logit for the D40 codend (Table 3). The selected models were sufficiently able to fit the experimental data as they all obtained p-values larger than 0.05, except for the D25 codend which resulted in a p-value lower than 0.05 (Table 4). As the fitness of selectivity curve stands for the main trend of the experimental data for this codend (Figure 4A), we came to the conclusion that the lower p-value resulted from the overdispersion in the data.The selective parameters, both L50 and SR, showed an incremental trend as the mesh sizes increased—for instance, L50 and SR were 5.85 and 0.55 cm, respectively, for the D25 codend; when the mesh size was increased to 54 mm (D54), the values were 6.61 and 1.67 cm, respectively. The differences in L50 values, however, were not statistically significant as their CIs overlapped. A similar trend was obtained for the SR values, except that the SR of the D54 codend was significantly larger than those of the D25 and D30 codends (Table 4). The L50 values smaller than the MCRS led to a relatively higher retention probability of the codends tested for cocktail shrimp with a MCRS length (Figure 4)—for instance, the retention probability values were all above 95% for D25, D30, and D35 codends but dropped to 87 and 79% for the D40 and D45 codends, respectively, even to 62% for the D54 codend.


 Table 3 Akaike’s information criterion values from candidate models for the codends tested.




Table 4 | Selective parameters, fit statistics, and performance indicators obtained from the selected models for the codends tested.






Figure 4 | The experimental catch proportion and selectivity curves are obtained for the tested codends. The circular marks represent the experimental catch proportion. The red curves represent the size distribution of shrimp caught by the cover, and the gray curves represent the one caught by the tested codend. The solid black curves represent the selectivity curves, and the stippled curves describe the 95% confidence intervals. The vertical lines represent the minimum conservation reference size (7.0 cm) of the target shrimp. (A–F) represents the D25, D30, D35, D40, D45 and D54 codend, respectively.



The exploitation pattern indicators showed the decrease of catch efficiency of codends for the target shrimp, both for the undersized (nP-) and legal-sized (nP+) individuals, when the mesh sizes increased. The differences in catch efficiency of the undersized shrimp were not statistically significant due to the overlapping CIs. Differences in catch efficiency of the legal-sized individuals were also insignificant except that the D54 codend caught far less shrimp than the D25 and D30 codends, respectively (Table 4). Similar nRatio values were obtained for all codends, ranging from 0.55 to 0.87. High discard ratios (dnRatio) were obtained for all the codends, all above 35%, with no significant difference found.



Length-dependent difference in selectivity

The result of delta selectivity showed that there was no significant difference in retention probability among the four codends with smaller mesh sizes (D25, D30, D35, and D40) because their CIs contained 0.0 (Figure 5). Compared with the D25, D30, and D35 codends, the D45 codend had a significantly lower retention probability for cocktail shrimp at the following range of length: 7.2–9.6, 7.0–12.0, and 7.3–12.0 cm (Figure 6). A similar trend was obtained for the D54 codend with a significantly low retention probability for cocktail shrimp at the following range of length: 6.3–12.0, 6.7–12.0, and 6.6–12.0 cm, in comparison with the D25, D30, and D35 codends, respectively (Figure 6). No significant difference was found in any of the following comparisons: D45 vs. D40, D54 vs. D40, and D54 vs. D45.




Figure 5 | Delta selectivity from the comparison among four codends—the D25, D30, D35, and D40 codends. The solid black curves represent the delta selectivity for each comparison, and the stippled curves represent the 95% confidence intervals. The vertical lines represent the minimum conservation reference size (7.0 cm) of the target shrimp. (A–F) represents the D30-D25, D35-D25, D35-D30, D40-D25, D40-D30 and D40-D35 comparison, respectively.






Figure 6 | Delta selectivity from the comparison among six codends—the D25, D30, D35, D40, D45, and D54 codend. The solid black curves represent the delta selectivity for each comparison, and the stippled curves represent the 95% confidence intervals. The vertical lines represent the minimum conservation reference size (7.0 cm) of the target shrimp. (A–I) represents the D45-D25, D45-D30, D45-D35, D45-D40, D54-D25, D54-D30, D54-D35, D54-D40, and D54-D45 comparison, respectively.






Discussion

The documentation of this study marks the first of its kind in history concerning the size selectivity and exploitation pattern of diamond-mesh codends for cocktail shrimp in the SCS. The selective properties of the minimum legal mesh size codend, D25 codend, were proved dissatisfactory in protecting undersized individuals of cocktail shrimp. It obtained a L50 of 5.85 (CI: 5.16–6.18) cm, far less than the MCRS of cocktail shrimp. The retention probability was as high as 97.45% for the shrimp with a length of MCRS (CI: 86.86–100.00%), retaining more than 40% of undersized shrimp, which implies that the current MMS regulation probably has little effect on protecting undersized individuals of cocktail shrimp in the sea area studied. During the fishing seasons when the undersized resources of cocktail shrimp is abundant in the fishing grounds of the SCS, it is important for the shrimp fishing fleets to consider changing their fishing dynamic (fishing time and location) or applying other gear modifications. Our results also demonstrated that increasing the mesh sizes did not have a significant effect on improving the size selectivity and exploitation pattern of the studied species. Compared with the starting point (D25), codends with larger mesh sizes failed to obtain significantly larger L50 values. The exploitation pattern indicators also showed a similar tendency due to the overlapping CIs. Additionally, the loss of marketable individuals in the codend with the largest mesh size (D54) was more significant in comparison with the codends of D25, D30, and D35 with smaller mesh sizes, respectively.

It has been demonstrated that the size selectivity of a diamond-mesh codend not only depended on the gear configuration but also was affected by the morphology and swimming behavior of the target species (Herrmann et al., 2009; He, 2010). There are speculations that the poor selective properties of the tested codends for cocktail shrimp might be associated with its morphology, swimming capacity, and in which direction it contacts the open meshes, but no literature addressing the swimming behavior/capacity of cocktail shrimp has been found. It is time to do a study and make observations on it.

As the first of its kind in the research history about the size selectivity of diamond-mesh codends for cocktail shrimp in the SCS, our result finds no previous study based on which they can be compared with each other. Fortunately, relevant experiments conducted across the country can be referred to as this shrimp species is widely distributed in all coastal waters of China. About a decade ago, a size selectivity experiment of diamond-mesh codends for cocktail shrimp was conducted by Tang et al. (2010) using a traditional otter board trawl (single trawl) with three mesh sizes of 30, 33, and 40 mm in the Yellow Sea. Their results showed that L50 was 5.98, 6.01, and 6.32 cm, while SR was 1.44, 1.60, and 2.29 cm for the three codends, respectively. In the late 1990s, Sun and Wang (1999) carried out a selective experiment of shrimp beam trawl for cocktail shrimp with three diamond-mesh codends with mesh sizes of 40, 45, and 50 mm, respectively. They got larger L50 as 8.50, 8.60, and 8.83 cm, and SR was 1.39, 1.39, and 1.50 cm for the three tested codends. By comparison, the L50 values in our study seem close to those of Tang et al. (2010) and lower than the values of Sun and Wang (1999). We are still not sure whether these differences are statistically significant or not, as the two previous studies failed to present CIs and/or standard errors in their articles. The method of data analysis was different between our study and the previous studies, as they did not take into account the uncertainties from both within-haul and between-haul variations. In addition, our study and theirs vary a lot in the gear configuration, fishing condition, and fishing population, whereas a previous study demonstrated that there was a significant genetic differentiation for cocktail shrimp captured in different areas (Han et al., 2015).

Irrespective of the differences between experiments on cocktail shrimp as mentioned above, our study provides an insight into future research on the related selectivity and fishery management. As increasing mesh sizes has little effect on improving the size selectivity of diamond mesh codends for cocktail shrimp, other modifications are expected to be tested and documented, such as using T90 codend (diamond mesh turns 90°), reducing the open mesh circumference, and adding a square mesh panel.



Conclusion

According to our study, the selective properties of the legal D25 codend were dissatisfactory in protecting the undersized cocktail shrimp. Increasing the mesh sizes has little effect on improving the size selectivity and exploitation pattern of diamond-mesh codends for cocktail shrimp, indicating that other gear modifications are needed.
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